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Abstract

The electrical conductivity of soils has become an important topic in geotechnical
engineering as it provides essential information on a specific soil sample from a broader
perspective. Soil electrical conductivity is a function of soil mineralogy, pore water salinity,
pore connectivity, particle size distribution, temperature, degree of saturation, and water
content. Therefore, in-depth research on soil electrical conductivity can guide geotechnical
engineers or soil scientists to a new pathway in determining the geotechnical properties of
soils. Although numerous research studies have been conducted over the past decades to
develop methods for the geotechnical testing of soils, there are still limitations in these
methods in terms of timing, accuracy, reproducibility, and technicality. Therefore, it is
necessary to identify alternative and appropriate methods to address these limitations in the
geotechnical research of soils. The aim of this research is to understand the electrical
conductivity of soils and its application. Hence, at the commencement of this study,
electrical conductivity of clay ingredients is studied. Based on the electrical properties of
clay materials, a new series-parallel structure-oriented model is developed to determine the
electrical conductivity of soils. Later, the new concepts of the aforementioned model are
applied to extend the research and new methods are introduced to determine some of the
basic properties of soils, such as particle size distribution, liquid limit, and plastic limit. In
terms of accuracy and usefulness, it is found that studying the electrical conductivity of
soils is a useful alternative to conventional geotechnical testing methods. The results
obtained from the newly introduced methods are validated through comparisons with the
results achieved by the conventional methods. It is found that it is possible to predict
particle size distribution, liquid limit, and plastic limit of soils by establishing the

connection with the electrical conductivity of the tested specimens.
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Chapter 1

Introduction
1.1 Background

Interest in studying the electrical properties of geo-materials dates back to 1912 when
Schlumberger introduced the idea of using electrical resistivity measurements to investigate
the properties of the subsurface ground to understand the soil characteristics (Herman,
2001; Samouelian et al., 2005). Other areas where an understanding is required of the
electrical properties of soils are: (i) earthing of electrical installations (Laver and Griffiths,
2001; Lim et al., 2013), (i1) measuring moisture content for agriculture applications
(Rhoades et al., 1976; Tabbagh et al., 2002; Brillante et al., 2015), and (iii) electro-osmosis
consolidation and drainage of soils (Casagrande, 1949; Jones et al., 2011). Electrical
conductivity is a fundamental property of a material which quantifies how strongly it can
conduct electrical current. This is actually the opposite of electrical resistivity, which shows
a material’s property to resist the electrical current. Considering the broader applications of
the electrical properties of soils, further research should be conducted to investigate soil
classification applications using the electrical conductivity. The implementation of
electrical conductivity is non-destructive and sensitive and therefore, it offers an attractive

alternative in soil science and agriculture, as well as in geotechnical engineering.

Several studies have indicated that the electrical conductivity of soils is controlled by soil
mineralogy, particle size distribution, void ratio, pore size distribution, pore connectivity,
degree of water saturation, pore water salinity, and temperature (Kalinski and Kelly, 1993;
Abu-Hassanein et al., 1996; Saarenketo, 1998; Samouelian et al., 2005; Kim et al., 2011;
Long et al., 2012; Al Rashid et al., 2018; Ondruska et al., 2018). Nevertheless, in the last

few decades, research dedicated to the applications of electrical conductivity/resistivity of
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soils to investigate soil properties has been limited to the investigation of soil-water
moisture content, pore water salinity, and hydraulic conductivity (Rhoades et al., 1976;
Kalinski and Kelly, 1993; Saarenketo, 1998; Brunet et al., 2010; Gunn et al., 2015; Merritt
et al., 2016). Therefore, it is practical to believe that the electrical conductivity of soils can
be utilised to replace the conventional soil classification applications required in
Geotechnical Engineering. However, before extending the application of electrical
conductivity of soil to geotechnical engineering, a precise electrical conductivity model has
to be developed which considers all the influential attributes. The following section

provides a detailed justification for the requirement of such modelling.

1.2 Problem Statement

Soil is a complex material. Researchers have tried for decades to understand the physico-
chemical properties of clay such as clay surface conductivity, the role of a diffuse double
layer (DDL) and how these interact with the changes under different influential
circumstances such as pore water salinity, temperature, and mineralogy, to name a few. In
general, DDL is an ionic structure that demonstrates changes in electric potential near a
charged clay surface (Mojid et al., 2007). Clay particles are surface-active and their
physico-chemical properties mostly depend on surface phenomena. Therefore, a proper
understanding of the DDL and clay surface conduction is required before including its

effect in the soil electrical conductivity model.

The effect of temperature on the electrical conductivity of soils has been discussed
extensively in the literature (Brevik et al., 2004; Robinson et al., 2004); however, the
possible impact of temperature on the DDL has been barely investigated. On the other hand,
there have been several attempts to introduce simpler and easier soil conductivity models.
To implement such requirements, one of the widely accepted approaches is to consider soil

as a multi-phase material comprising solid (soil), water, and in some case the DDL
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(Waxman and Smits, 1968; Rhoades et al., 1976, Rhoades et al., 1989; Fukue et al., 1999;
Mojid et al., 2007; Ellis et al., 2010; Ming et al., 2019). The models were presented by
considering a soil resistivity element comprising soil, water and sometimes the DDL either
in series-parallel or just parallel connectivity, with at least one conducting phase (water).
By analysing all the models, it was found that there is still a need to answer some of the

concerns which have been identified but not yet resolved.

Application of the electrical conductivity method in the geotechnical field requires
modelling a soil conductivity model that includes all the important parameters that can
influence the electrical properties of soils. Although there are several types of research
available in the literature which focus on understanding soil resistivity/conductivity models
by considering soil as a multi-phase material, there are still some discrepancies surrounding
some other physical properties of soils such as behaviour of DDL, possible involvement of
empirical parameters which are needed to be defined with physical meaning, inclusion of
equivalent conductive solid, to name a few. Despite its shortcomings, this approach has
been widely utilised due to its simpler geometry and easier mathematical formulations.
Most of the soil conductivity models between 1960 to 2010 considered solid soil particles
to be insulators and the pathway for the electrical current flow was restricted through free
water only (Waxman and Smits, 1968; Rhoades et al., 1976; Rhoades et al., 1989; Fukue
et al., 1999). The intriguing inclusion of the DDL was ignored entirely. Later, the
consideration of DDL water was involved in some of the parallel models (Mojid and Cho,
2006; Mojid et al., 2007). Nevertheless, the solid soil particles were still considered to be
non-conductive. In addition, it has been reported that the orientation of the soil fabric can
heavily influence soil conductivity (Abu-Hassanein et al., 1996) and therefore, by studying
the level of anisotropy, it is also conceivable that conductivity can be modelled more
accurately. Furthermore, the models in the literature mostly involve some empirical

parameters which do not have any physical meaning and these models rarely consider the
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effect of surface conduction and size/thickness of the DDL. In some of the literature, the
experimental programmes are unclear, and insufficient validation techniques are proposed.
Therefore, the proper modelling of the electrical conductivity model of clay soils is still

required.

Meanwhile, the existing models in the literature rarely discuss the possibility of extending
the study to determine the geotechnical properties of soils which limits the value of these
models. If the soil electrical conductivity model and its relevant parameters can be utilised
in applications of geotechnical engineering, the research outcomes should withstand a
higher level of scrutiny. It should be mentioned here that some of the conventional
techniques to determine soil properties are still considered to be tedious, time-consuming,
and less reliable, in short, obsolete. For example, the particle size distribution, liquid limit,
and plastic limit of soils can be determined using several techniques that vary based on the
type of standards. Each technique has its own advantages and disadvantages per se, but the
outputs for the identical specimens are not consistent. In addition, some of the modern
devices for determining particle size distribution are delicate, expensive, and not user-
friendly. Therefore, this research concentrates on developing an accurate electrical
conductivity model in such a way that it takes all the essential parameters into account, and
proposes new and simple electrical conductivity test methods that can be used to determine

geotechnical properties of clayey soils.

1.3 Objectives of the Study

The proposed research covers the following objectives:

e Conduct an intensive literature review to assess the robustness of the available
electrical conductivity models of soils and identifying their limitations. The process
includes presenting the existing electrical conductivity models from the literature

with simplified visual representations and mathematical as well as conceptual
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background. After the comprehensive comparisons, the advantages and
disadvantages would be analysed. This part of the analysis would be utilised for the
new electrical conductivity models of soils. Later, the existing soil classification
applications would be analysed for the purpose of application of electrical
conductivity to determine geotechnical properties of soils. The literature review on
the existing methods would provide information on the disadvantages and
shortcomings, which would be solved by the electrical conductivity method.
Develop a simple laboratory test method to assess quantitively the surface electrical
conduction of fine-grained particles and the factors controlling it (pore water
salinity, and temperature). In order to introduce a simple electrical conductivity
model for saturated soils, two new electrical surface conduction parameters would
be introduced namely, electrical conductivity of solid (soil), and thickness/size of
diffuse double layer (DDL) of soils. Later, a proper explanation on the physical
meaning and characteristics of those parameters would be provided. For the purpose
of sensitivity test, the effect of pore water salinity, and temperature would be
investigated.

Propose a novel series-parallel structure-oriented electrical conductivity model for
fully saturated organic-free clays by considering the following:

1. The effect of surface conduction on the electrical conductivity of saturated clay
soils. Experimental programmes would be designed and mathematical formulation
would be provided in order to determine the parameter, subject to the sensitivity
tests as mentioned above.

ii. The role of the diffuse double layer (DDL) to form effective clay particles as a
single unit.

iii. The inclusion of anisotropy in the apparent electrical conductivity of clays. It

has been found in the literature that the particle orientation of the clays controls the
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electrical conductivity of clays, however, it was seldom investigated in detail. The

present electrical conductivity model of saturated soils also considers the level

anisotropy along with other key factors such as pore water salinity, dry density,

moisture contents, to name a few.

Introduce and validate new alternative fine-grained soil classification test methods

that make use of electrical conductivity measurements to determine the following

geotechnical properties of soils:

ii.

Particle size distributions: It has been found that the existing methods to
determine particle size distributions (PSD) have several shortcomings such as
inaccuracy in the results, timescale of the experiments, and cost of the modern
equipment. The present study aims to introduce a novel approach to determine
PSD of soils by EC technique, which can be completed within 1-2 hours, is
repeatable and cost effective (less than $100 for the materials). The PSD
curves obtained from the EC technique would be compared with the existing
methods to assess the level of accuracy.

Liquid and Plastic limits: The methods to determine Liquid Limit (LL) of
soils have been subject to criticism for decades due to not being able to
provide an accurate, repeatable results. The two of the popular methods to
determine LL of soils are Casagrande and Cone techniques, which produce
inconsistent results for the identical soil samples. Therefore, it’s still not
confirmed which test is actually providing the accurate results. On the other
hand, the conventional thread-rolling technique to determine Plastic Limit
(PL) of soils has been labelled as “unscientific” and time-consuming. The
consistency of the results as well as the chances of “human errors” have been
mentioned in the literature too. Therefore, the EC technique introduced in this

study to determine LL and PL of soils would be able to solve most of the
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concerns mentioned above. While it takes 24 hours to get the LL and PL of
soils from the conventional techniques, EC technique would be able to provide
the same within 1 minute with just one experiment. The obtained results were
compared with the conventional techniques and excellent agreement was

observed.

1.4 Outline of the Thesis

e In Chapter 2, the information from the literature regarding the soil conductivity
models considering all the possible effects is reviewed. After this, conventional
methods of determining particle size distribution, liquid limit, and plastic limit are
discussed in light of the advantages and disadvantages.

e In Chapter 3, the research methods and relevant materials/equipment are discussed
in brief.

e In Chapter 4, a new laboratory method to assess the electrical surface conduction of
fine-grained particles is presented. The effect of temperature and water salinity on
clay surface conduction is discussed.

e In Chapter 5, the newly developed electrical conductivity model for fully saturated
clay is introduced and phase relations are discussed, followed by the assumptions
considered in this study. The model is then validated with experimental programs
and by analysing the level of anisotropy. Then, the effects of pore water salinity on
the surface conduction parameter and the size of the DDL are presented based on
the test results.

e In Chapter 6, a new approach to determine the particle size distribution of soils is
introduced by the electrical conductivity method. After a short discussion on the
theory of sedimentation, the proposed method is discussed. The results are validated

with the conventional hydrometer and pipette methods and laser diffraction
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analysis. Good agreement is observed between all the approaches for an identical
soil sample.

In Chapter 7, predicting the liquid limit and plastic limit of soils using the electrical
conductivity technique is discussed. The dimensionless parameters are introduced
with a brief explanation and the new methodology of determining the liquid limit
and plastic limit is introduced. Comparisons with conventional methods are
presented for validation purposes. Comprehensive comparison and research data are
presented in tabular format for better clarification.

In Chapter 8, a summary of the preceding chapters is presented. Lastly,
recommendations for possible improvement and further research in this area are

discussed.
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Chapter 2

Literature Review
2.1 Introduction

In the last four decades, research into the electrical properties of soils has seen remarkable
improvements. Although progress in the research outcomes has been promising, most of
the works were not able to establish a compelling belief in the accuracy of the approach.
While some models were remarkably better in predicting soil electrical resistivity, the
implementation of the proposed models was quite limited. In addition, the inclusion of
some empirical parameters was observed in the literature without any prior explanation of
the formulation or physical properties. Although the limitations of these models were
discussed in the literature, nevertheless, the possibility of expanding their use for practical
engineering applications was seldom mentioned. In fact, before applying electrical
conductivity techniques to determine the geotechnical properties of soils, it is essential to
acquire adequate knowledge and an understanding of the electrical conductivity of soils
including the effect of temperature on clay ingredients. In the following, a literature review
of the existing electrical conductivity models and the available methods to determine soil

classification applications is presented. The review discusses the following points:

- factors influencing electrical resistivity/conductivity of soils
- several relevant soil resistivity/conductivity models in the literature and their
advantages/disadvantages

- available soil classification methods and their limitations
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2.2 Factors Influencing the Electrical Conductivity of Soils

The electrical conductivity of soils can be influenced by several factors depending on the
type of changes. Several studies have shown that changes in the pore water salinity lead to
an increased amount of ions, which conduct electricity. Therefore, as pore water salinity
increases, the soil electrical conductivity should increase. The similar statement could be
mentioned about moisture content and degree of saturation of the soil as well as more
percentage of water ensures the pores of the soils contain free water, which increase the EC
of soils. Furthermore, it has been found also reported that changes in the soil mineralogy
influence the EC of the soils. The ratio of fine and coarse materials in the soil samples will
largely affect the EC of soils. Some of the factors affecting the soil mineralogy were found
to be cation exchange capacity (CEC) and the inclusion of sand fraction. In addition, clay
particles’ orientation in a sample also influences the EC of soils due to the level of

anisotropy. A detailed analysis has been provided in the later section.

2.2.1 Soil Porosity

Porosity is one of the most important indices of soils. Porosity is determined by the ratio of
the volume of the void and the total volume. On the other hand, dry density refers to the
ratio of the mass of the soil and total volume. An increment in dry density or a decrease in
porosity improves the contact between soil particles which leads to enhanced electrical
current flow through the moist soil. Each soil can be prepared at different porosities or dry
densities by either dynamic or static compaction. In dynamic compaction, soils of identical
moisture content will exhibit different porosities if compaction blows are varied (ASTM

D698; AS 1289.5.1.1:2017).
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2.2.2 Soil Moisture Content

The moisture content is determined either in terms of weight or volume. The moisture
content by weight is calculated as a ratio of water present in the solid soil voids, whereas
the volumetric water content is determined in the light of the ratio of water volume present

in the soil and total volume.

In general, the electrical conductivity of clays increases as soil moisture content and dry
density increase (Rashid et al., 2018). As the moisture content increases, the absorbed ions
present in the soil particles are diffused in the pore water. As the soil particles come in
contact with the pore water, they become hydrated. Therefore, it increases soil particle’s
electrical surface activity due to the moisture content. If the moisture content is increased,
soil particle’s electrical surface conduction will increase, leading to an increase in electrical

conductivity of the soil.
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Figure 2.1 : The changes in electrical resistivity (ER) of soils at different water segments
(Pozdnyakov, 2006).
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Mojid and Cho (2006) reported that the electrical conductivity of soils depends on the
moisture content-based phenomena, however, the inclusion of the DDL also has to be taken
into account. Their experimental results show that as moisture content increases, soil
conductivity continued to increase to a certain value and then decreased, regardless of the
high moisture content values. This behaviour was explained in terms of the DDL
development of soils, which is associated with the moisture content and cations of soils. At
low water content, some of the cations form a precipitate on the clay surface. However, the
size of the DDL remains thin due to the lack of moisture. Therefore, when the moisture
content is increased, the DDL becomes larger and it increases soil conductivity until DDL
formation reaches its threshold values for that specific soil. After a while, when further
water is added to the clay, the DDLs begin to lose connectivity with each other and
therefore, the soil conductivity of soil remains almost unchanged, and with the further
inclusion of water, conductivity starts to decrease due to the dissociation of the DDL. This
is supported by Pozdnyakov (2006), who sub-categorised the type of water present in the
soil pore namely, absorbed, film, film capillary, capillary, and gravitational, as shown in
Fig.2.1. It is noted that with an increase in moisture content, soil conductivity increases
concurrently at the absorbed water zone. Although the water molecules are considered to
be static in this zone, the water dipole plays a pivotal role in developing the conductive
pathway for the electrical current. Therefore, soil conductivity increases. In the next stage
(film water), soil conductivity also increases, but the rate of increment is less than that of
the absorbed zone due to the increase in the Van der Waals force, which is associated with
the attraction and repulsion between atoms, molecules, and the clay surfaces (Anandarajah
and Chen, 1997). On the other hand, the molecular attraction force is greater than the
capillary force in the film capillary water area, and as a consequence, the electrical
conductivity of soils increases at a much slower rate at film-capillary and capillary water

areas than the previous segments. Finally, the gravitational water zone contains mobile
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electrical charges which are independent of water ion movement and therefore, the

electrical conductivity remains unchanged despite the increment in the moisture content.

2.2.3 Pore Water Salinity

The term pore water in soil refers to the existence of the water among the gaps in soil
particles, and pore water salinity means the presence of salt concentration in the pore water.
The electrical conductivity of soil is also a function of the salinity of pore water. Pore water
salinity depends on the concentration of the total dissolved salt in water. Therefore, the
presence of different concentrations of salt in the water directly influences the electrical
conductivity of water. Salt dissolves into positively charged and negatively charged ions
which conduct electricity. Therefore, increasing pore water salinity increases pore water
electrical conductivity. Once the saline solutions are mixed with soil samples, it increases
the electrical conductivity of clay soils (Mojid et al., 2007). Figure 2.2 represents the
increase in soil electrical conductivity at different pore water salinity, where soil mixed
with the salt-water solution with the highest electrical conductivity exhibited the most
increase in the dielectric constant (D), which indirectly represents the increase in the overall

electrical conductivity of soils (Bouksila et al., 2010).

However, it has been also found in the literature that the influence of pore water salinity on
soil conductivity goes beyond the direct effect. For example, clay surface conduction is a
function of clay plasticity and pore water salinity. As the pore water salinity increases, the
electrical conductivity of pore water increases, and at the same time, the surface conduction
increases. Therefore, only determining pore water salinity won’t provide a clear insight into
some of major the electrical properties of soils such as information on size of DDL, and

surface conductivity.
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Figure 2.2: Effect of changes in electrical conductivity of water (ECp) on the electrical
conductivity of soils (ECa) and dielectric constant (D) (Bouksila et al., 2010).
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Figure 2.3: SEM photographs of MX80 Bentonite soils mixed with (a) distilled water, and
(b) 4M NaCl solution (Manca et al., 2016).

The salinity of pore water can also affect the microstructure configuration of compacted
clays which is controlled by the magnitude of developed interparticle repulsive forces
during clay particles’ hydration period (Cui et al., 2002; Wang et al., 2014; Lu et al., 2018).
Therefore, a different pore size distribution is expected for soils with a similar dry density
but mixed with water of different salinities. Several researchers showed that reconstituting
clay specimens with distilled water could produce a monomodal pore size microstructure,

whereas aggregated microstructure (bimodal pore size) is expected as the pore water
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salinity increases (Manca et al., 2016; Lu et al., 2018). Figure 2.3 represents SEM
photographs described by Manca et al. (2016), where aggregated microstructure of MX80
Bentonite soil particles could be observed. Therefore, clay specimens prepared at different
water salinity levels will have distinctive interparticle contacts. As a result, the electrical

conductivity of soils will be affected.

2.2.4 Degree of Saturation

It has been mentioned that soil can be represented as a multi-phase complex material
(Rashid et al., 2018). According to phase relation, the combined impact of water content

and dry density can be evaluated by observing changes in the electrical resistivity of soils

PP 20A
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Fully saturated Partially saturated Unsaturated
Figure 2.4: Different stages of the degree of saturation (terraGIS, UNSW).

against the degree of saturation. For fully saturated soils, the degree of saturation is 100%,
which means all the voids among the pores have been completely filled by water, as shown
in Fig.2.4. As a consequence, moisture bridging increases the electrical current flow
through the soil mass and results in low electrical resistivity as the degree of saturation

increases (Rashid et al., 2018).
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Figure 2.5: Impact of degree of saturation on the electrical resistivity of (a) Ca-bentonite, (b)
kaolin, (¢) CL, and (d) CH (Kibria and Hossain, 2015).

Kibria and Hossain (2015) reported that the variations in electrical resistivity of compacted
clay specimens can decrease approximately 11 times the initial value with an increment in
the degree of saturation from 23% to 100%, as illustrated in Fig.2.5, for different types of

materials.

2.2.5 Soil Mineralogy

Soil electrical resistivity is also influenced by fine fraction and surface activity, which is
controlled by soil mineralogy (Friedman, 2005; Kibria and Hossain, 2015). Lu et al. (2019)
conducted an extensive study comprising seven different fractions of fine and coarse
contents in the soil samples and the electrical resistivity values were recorded accordingly,
as shown in Fig. 2.7. As the percentage of sand fraction increases in any soil sample, soil

resistivity is expected to increase since sand acts as insulation.
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Figure 2.7: Influence of CEC on the electrical resistivity of compacted soils (Kibria and
Hossain, 2015).

Shah and Singh (2005) showed that clay fraction can be linearly correlated with the cation
exchange capacity (CEC) of soils, a comprehensive discussion of which was validated by
Kibria and Hossain (2015) by presenting the relation among pore water properties, CEC,
and clay mineral. Soil electrical conductivity can increase due to increasing moveable ions
in the pore water. Since both kaolin and bentonite minerals possess exchangeable ions, the
effect of clay properties in soil conductivity can be presented by CEC concurrently. Fig.

2.8 demonstrates one such example, presented by Kibria and Hossain (2015).
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2.2.6 Liquid Limit and Plastic Limit
The first approach to establish a connection between the electrical conductivity/resistivity

of soils was introduced by Abu Hassanein et al. (1996). The experimental results imply

that soil which has a higher liquid limit (LL) (>70%) and plasticity index (PI) (>35) usually
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Figure 2.8: Possible relationship between electrical resistivity and liquid limit, plasticity
index of soils (Abu Hassanein et al., 1996).

exhibits higher electrical conductivity, as shown in Fig.2.8. Abu Hassanein et al. (1996)
also explained the variations in LL and PI values in terms of mineralogy. The clays with
montmorillonite or smectite were found to have higher LL and also had higher surface

conductivity.

2.2.7 Clay Particle Orientation and Anisotropy

As previously discussed, clay specimens of different porosities are prepared by varying the
number of compactions per layer. Clay specimens are compacted perpendicular to the
orientation. Consequently, clay pore structure and particle orientation can exhibit
preferential orientation (Benson and Daniel, 1994; Abu Hassanein et al., 1996). As a result,
a situation called anisotropy can develop in terms of soil conductivity. Therefore, the soil
conductivity model should assess the degree of anisotropy since the orientation of the clay
fabric influences the conductivity reading which involves Wenner arrays or

electromagnetic methods (Abu Hassanein et al., 1996).
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Abu Hassanein et al. (1996) experimentally showed how anisotropy can change soil
resistivity. They compacted four different soil specimens prepared at the optimum moisture
content using the standard proctor. The compacted specimens were trimmed into cylinders
with their principal axes oriented at 45° and 90° (horizontal position). Then, the electrical
resistivity of each specimen was measured and the effect of anisotropy was evaluated, as

shown in Table 2.1.

Table 2.1: Level of anisotropy in electrical resistivity (Abu Hassanein et al., 1996).

Soil Vertical electrical Horizontal electrical Difference
resistivity (©2-cm) resistivity (€2-cm)
A 620 533 14%
B 550 467 15%
C 3003 2462 18%
D 2010 1688 16%

According to Table 2.1, the electrical resistivity measured from vertical and horizontal
directions varied by almost 16% on average. An isotropic soil specimen should have
identical vertical and horizontal electrical resistivity; however, it is a difficult task to
achieve this as far as experimental research is concerned. Furthermore, Abu Hassanein et
al. (1996) added that the soils compacted at the dry side of the compaction displayed less
anisotropy in terms of soil conductivity than the soil compacted at the wet side. Therefore,
the role of anisotropy should not be neglected in the soil conductivity model. A carefully
developed soil conductivity model should be able to establish a connection between the
conductance of the soil and the anisotropy, which is one of the major objectives of this

study.
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2.3 Effect of Temperature on Electrical Properties of Soils

2.3.1 DDL Properties of Clay Particles

Temperature is one of the important factors influencing soil electrical conductivity (Brevik
et al., 2004; Robinson et al., 2004). In this part of the review, the clay ingredients associated
with the DDL are discussed in terms of the temperature effect. Although several research
works have proven the effect of pore water salinity or electrolytes on the development of
the DDL, most of the research does not provide experimental data regarding the influence
of temperature on the DDL of clay particles. Fig. 2.10 illustrates the DDL development in
clay, where the negatively charged clay particle (anion) is surrounded by the cations to form
a unit of charged particles. Stern layer refers to the first internal layer of the DDL, and is
immobile relative to the surface. The slipping plane shown in Fig 2.10 works as an interface
which keeps mobile and immobile surfaces separate, and the electrical potential at the

slipping plane is defined as the Zeta Potential.

The DDL theory provides a basic understanding of the physico-chemical behaviour of fine-
grained soils. Mitchell and Soga (2005) described the DDL of soils by demonstrating the
role of ion concentration and potential distributions near the charged surfaces. Both of these
are influenced by several parameters, namely surface charge density (c), surface potential
(Wo), electrolyte concentration (no), cation valence (v), the dielectric constant of the
medium (D), and temperature (T). The approximate calculation of the effects of no, v, D,
and T are determined by the Debye length or thickness of the DDL (1/K), which can be

written as follows (Mitchell and Soga, 2005):

1_ ( €oDKT )1/2 @.1)

K 2nge2v2
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where €, is the permittivity of the free space, k is the Boltzmann’s constant

(1.38 x 10723m?kgs?K™"), e is the charge of an electron (1.6 X 1071 C).

According to Eq.2.1, if T increases, the DDL thickness increases. Based on this relation,
Hammel et al. (1983) and Mitchell and Soga (2005) demonstrated that with an increase in
temperature, the DDL thickness increases since the dielectric constant decreases, whereas
for the constant surface charge, the surface potential increases as the dielectric constant
decreases. Therefore, considering both characteristics, changes in DDL thickness have a
negligible impact on temperature. The effect of temperature of the dielectric constant of

water is shown in Table 2.2 (Mitchell and Soga, 2005):

Table 2.2: Effect of temperature on the dielectric constant of water.

T (°C) T (K) D DT
0 273 88 2.40 x 10
20 293 80 2.34 x 107
25 298 78.5 2.34 x 107
60 333 66 2.20 x 10

The small variations in DT values provide the basis of the statement for Mitchell and Soga
(2005). Table 2.2 presents the D values based on several assumptions. Sposito (1989)
showed that D of water in soil could be between 2 and 50, which makes the assumption of
Mitchell and Soga (2005) doubtful. Furthermore, it is observed that the dielectric constant
(D) of a substance (for example, water) decreases as the temperature increases. However,
for soil, the dependency of D on the temperature 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 practical
applications, the effect of temperature on D is highly dependent on the type of soils.
According to Seyfriend and Murdock (2001) and Seyfried (2004), D can either increase or

decrease significantly as the temperature increases, but the impact is not negligible.In
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addition, Eq.2.1 was derived considering the Gouy-Chapman model for the DDL (Gouy,

1910; Chapman 1913).

Negatively charged

Slipping plane

Stern

layer

Diffuse layer

Zeta potential

v

Distance from particle surface

Figure 2.9: Schematic of clay’s DDL development (modified from Mitchell and Soga, 2005).

The Gouy-Chapman theory for DDL has numerous limitations which do not consider the
interaction between clay particles, the electrical properties of water, the hydration
properties of clay, and the interactive attractive forces (Sogami and Ise, 1984; Guven, 1992;
Bharat et al., 2013), which were discussed in Chapter 1. Furthermore, the properties of free

water and DDL water are different. Therefore, the concept regarding DDL thickness,
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presented with Gouy-Chapman theory should be revised, which will possibly introduce a

concept of including the dielectric constant of DDL water.

The statement by Mitchell and Soga (2005) also contradicts the report provided by Zhang
et al. (2004) who explained the changes in the thickness of the DDL by linking it with
Atterberg limits (liquid limit and plastic limit). They stated that with an increase in
temperature, the soil starts to dry out and goes through mechanical, physico-chemical and
chemical transitions. One of the changes in the physico-chemical process involves the loss
of the DDL layer, which also affects the Atterberg limits. Therefore, the thickness of the
DDL should decrease with an increase in the temperature. Dehydrated soils generally
possess strong bonds between the clay particles and restrict themselves from water
penetration (Fookes, 1997). The process cannot be reversed by rewetting since dehydration
causes a significant increase in particle size, and at the same time, the plasticity of soil
decreases (Fookes, 1997). The term “increase in particle size” can be explained in light of
the effect of an increase in temperature on clay particles which results in clay soil particles

being pasted to each other, forming bigger agglomerates (Blight, 1997; Fookes, 1997).

Estabragh et al. (2017) contributed to the research on the formation of bigger clay particles
by conducting experiments to determine the free swelling and swelling potential of clays,
particularly bentonite. Tests were conducted on the dry, optimum, and wet side of the
compaction of bentonite to observe the changes in the swelling behaviour of bentonite.
Although the experiment results did not directly indicate changes in the thickness of the
DDL, it suggested there is a link between temperature, free swelling of clay, and DDL
thickness. Estabragh et al. (2017) found that soil at the wet side of the compaction possesses
thicker DDL than that on the dry or optimum side. This behaviour can be attributed to the
fact that as soils are in contact with water, the dry and optimum side of the compaction soils

require more water to be fully saturated and therefore leads to a greater amount of swelling
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due to the higher suction and over consolidation ratio. The experiment results were subject
to different temperatures, with the highest temperature being 200°C. The results
demonstrate that both swelling potential and swelling pressure decreases with an increase
in temperature. Noting these behavioural changes in bentonite, Estabragh et al. described
this physical change by considering the role of the interaction of clay particles, which leads
to Van der Waals and attractive forces within the adsorbed water layer. The DDL is formed
on the surface of the external clay particles. The DDL can be developed both for an
individual unit layer and clay platelets, and the DDLs of the neighbouring unit layers and
clay platelets interact with each other, which results in a net repulsive force. On the other
hand, the attractive molecular forces can be developed between two double layers if they
are located extremely close to each other (Anandarajah, 1990). The effect on interparticle
attractive and repulsive forces at a variable temperature was previously discussed by Evans
(1991) and Yong et al. (1992), who noted the changes in these two types of forces at
elevated temperatures. It was also reported that an increase in temperature induces ion
exchange inside the clay’s DDL and as a result, it might change the DDL thickness as well

as changing particle orientation.

2.3.2 Changes in Saline Water Conductivity

Temperature also affects the electrical conductivity of saline water. Both the ion mobility
and the electrical conductivity of saline water increases with an increase in temperature,
and the following empirical equation can be utilised to predict changes in conductivity

(Keller and Frischknecht, 1966):

ow = [1 4 Br(T — 18)]oy_1g (2.2)

where Br=~0.025/°C, T is the room temperature in °C (T<150°C), and oy.1s is the water

conductivity at 18°C.
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2.3.3 Overall Electrical Conductivity of Soil

According to Corwin and Lesch (2005), the electrical conductivity of soil can rise by
approximately 1.9% per °C increment in the temperature due to the agitation of ions present
in the soil. Bai et al. (2013) found that the electrical conductivity of soil can increase non-
linearly with temperature and the rate of conductivity increases abruptly once the

temperature is more than 30°C, as shown in Fig. 2.11.

Soil conductivity is considered to be standard at 25°C. Therefore, the conductivity reading
has to be adjusted if the temperature is not standard room temperature using the following

equation (US Salinity Laboratory Staff, 1954):

ECZS = fTECT (23)

where ft is the temperature correction factor. The values of fr are listed in the table provided

by US Salinity Laboratory Staff (1954).
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Figure 2.10: Effect of temperature on the electrical conductivity of lateritic soil (Bai et al.,
2013).
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Figure 2.11: The three possible electrical current pathways through saturated clay.

Soil electrical conductivity is a sensitive measurement. During the experiments, the
temperature of the saline water, suspension or compacted specimens should always be

checked to ensure precise measurement.

2.4 Conceptual Understanding of Electrical Conductivity Models

At the microscopic level, three electrical current pathways through the saturated clays can

be identified as follows (Fig. 2.12):

- Conductance through the solid particle contact points. However, as the clay
particles are surrounded by DDL water, direct solid particle contact is not
possible. Therefore, the conductance at the solid particle contact points occurs
through the contact points of DDL water (path 1).

- Conductance through alternating layers of solid particles, DDL water, and free pore
water (path 2).

- Conductance through continuous free pore water (path 3).

To predict/model the electrical conductivity of saturated clays successfully, the proposed

model includes an accurate representation of the role of the three aforementioned electrical
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current paths in terms of their contributions which are the functions of the volume, the
electrical conductivity of each phase and the geometrical relationship between the phases
(fabric). In light of the aforementioned requirements for developing an accurate electrical
conductivity model for saturated clays, the suitability of the available electrical

conductivity models in the literature can be assessed.

2.4.1 Archie (1942)

Archie’s power-law relation to determine electrical conductivity is still widely utilised, and

can be expressed as follows (Archie, 1942):

0 =0y (2.4)

where n is the porosity, a is the tortuosity factor, and b is the cementation exponent.

Although Archie’s law was found to be accurate in terms of determining the electrical
conductivity of water-saturated soils and rocks, it has been subjected to severe criticisms
as it does not consider the possible effect of surface conduction (o) (Klein and
Santamarina, 2003). Therefore, Archie’s law only considers path 3, ignoring the surface
conductivity of the soil, and as a consequence, Archie’s law is not valid for fine-grained
clays. Furthermore, Archie’s law considers two additional parameters namely, tortuosity
factor and cementation exponent, which could also be affected by the surface conductivity
of soils and pore water salinity (Klein and Santamarina, 2003; Oh et al., 2014). In fact, both
Archie’s parameters have been criticised for failing to carry distinctive identities
particularly in multi-phase soil elements (Glover, 2010). Nevertheless, a few researchers
have attempted to upgrade Archie’s model to fit the electrical behaviour of fine-grained
soils and proposed a modified Archie’s model (Atkins and Smith, 1961; Salem and
Chilingarian, 1999; Glover, 2010). However, these modified models were not established

based on a robust theoretical background. Most of the modified Archie’s models are case-
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dependent, and therefore require a large volume of experimental tests to determine its

parameters.

2.4.2 Rhoades et al. (1976)

The electrical conductivity model of Rhoades et al. (1976) only considers the first and the

third pathway in a parallel configuration as follows (Fig. 2.13):

o = TOo, + o5

Water

1.0

Current flow

Figure 2.12: Schematic diagram of Rhoades et al. (1976) model.

(2.5)

where o, g,,,and g, are the electrical conductivity of soil, free pore water, and solid

particles, respectively. The symbols 6 and T denote the volumetric water content and

transmission coefficient (< 1.0) to account for the tortuosity effect. This model ignores the

possibility of the second pathway. Furthermore, the possible effect of DDL water is implied

indirectly in the value of o, whereas the volume of DDL water is not considered. The
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model also assumes that gy is independent of g,,, which is not correct when o,,<4 deci
Siemens per meter (dS/m) (Nadler and Frenkel, 1980; Shainberg et al., 1980; Mojid et al.,

2007).

2.4.3 Rhoades et al. (1989)

To overcome the limitations in the aforementioned model, Rhoades et al. (1989) introduced
a revised model that uses the concept of series-parallel models proposed by Sauer et al.
(1955) and Shainberg et al. (1980) for saturated media. The Rhoades et al. (1989) model
includes the second and third pathways. The series pathway of this model comprises the
solid particles and part of the soil water, whereas the remaining soil water constitutes the

parallel pathway as demonstrated in Fig. 2.14. The model is expressed as follows:

(eS + eWS)Z()-WSO-S
= +(©—0 2.6
o eso_ws + ewso_s ( WS)GWC ( )

Water Current flow

Water

1.0

Figure 2.13: Replication of Rhoades et al. (1989) model.

where 6 is the volumetric fraction of the solid phase and 65 = 1 — n, where n is the

porosity; 8 — 0, is the volumetric fraction of the water in the parallel configuration, 6,
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is the volumetric water content in the series configuration; og, Oy, and oy, are the
electrical conductivity of the solid phase, soil water in the series and parallel configuration,
respectively. Rhoades et al. (1989) assumed that o, = oyy.. Although the revised model
by Rhoades et al. (1989) incorporates the dependent relationship between the electrical
conductivity of the solid particles and free pore water, it inherited the limitations of the
earlier Rhoades et al. (1976) model in terms of representing the role of DDL water.
Furthermore, the omission of the possible role of the first pathway leads to the
overestimation of 0, to match the soil electrical conductivity measurements (Rhoades et

al., 1989).

2.4.4 Fukue et al. (1999)

Fukue et al. (1999) proposed a micro-structure electrical conductivity model for clays. The
model treats the soil phases as being arranged in a series and parallel configuration where
a structural coefficient F was introduced to determine the share of the series configuration
in the proposed series-parallel soil system (Eq.2.6). For saturated clay, the series part
includes part of the solid and soil water phases, whereas the remaining solid and water
phases were arranged in a parallel configuration, as shown in Fig. 2.15. The equation

proposed by Fukue et al. (1999) is expressed as follows:

r (o2
— _ w 2.7
© T 60— (1-F) (1-F) 2.7)
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Figure 2.14: Model presentation of Fukue et al. (1999).

where r is the radius of the prepared clay specimen, Gs is the specific gravity, and n is the

porosity.

The structural coefficient F in the model by Fukue et al. (1999) is related to the preferred
orientation of the soil particles. The Fukue et al. (1999) model considers the solid phase as
an electrical insulator, hence the electrical current flow through the series part and the
parallel solid phase are neglected and only the parallel soil water phase is considered
responsible for conducting the electrical current through the soil (third pathway). Therefore,
the Fukue et al. (1999) model ignores the possible electrical current flow through the first
and the second pathways. Furthermore, the possible effect of DDL water is not represented
in the model formulation. Therefore, as this model does not capture some of the main
features of the expected electrical current flow behaviour through saturated clays, the
evaluation of the anisotropy behaviour of the electrical conductivity of soil using the

proposed structural coefficient F is doubtful.
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2.4.5 Mojid et al. (2007)

Mojid et al. (2007) proposed an electrical conductivity model for soils that incorporates the
possible effect of DDL water. In this model, the volumetric soil water content is divided
into free water, 0,,, and DDL water, Oppy, which are arranged in a parallel configuration
as presented in Fig. 2.16. The soil electrical conductivity, o , is expressed in this model as
follows, where oy, and oppy, are the electrical conductivity of free water and DDL water,

respectively, and T is a transmission coefficient:

0 = T(8w0ow + OppLODDL) (2.8)

The model of Mojid et al. (2007) ignores the possible electrical current flow through a
series configuration (second pathway). In general, the Mojid et al. (2007) model can be
seen as a modification of the Rhoades et al. (1976) model as the volume of the free water
in the Mojid et al. (2007) model is adjusted to replace the parallel solid phase in the Rhoades

et al. (1976) model by a parallel DDL water phase.

=—r==| Current flow
Free

Water

1.0

A

Figure 2.15: Mojid et al. (2007) model with the inclusion of DDL water.
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2.4.6 Ellis et al. (2010)

Ellis et al. (2010) modified the model of Hashin and Shtrikman (1962) by adding a
geometric factor that can express the possible anisotropy behaviour of the electrical
conductivity of soils. This model considers that soil water is totally interconnected and the
solid phase occurs as totally isolated inclusions. Furthermore, the effect of DDL water is
not incorporated into the model. Therefore, the model considers the second and the third
pathway, whereas the first pathway is ignored, as shown in Fig. 2.17. The proposed
geometric factor by Ellis et al. (2010) is mainly a function of the soil particle aspect ratio.
However, as plate-shaped soil particles in clay exhibit isotropic electrical conductivity
behaviour, the geometric factor by Ellis et al. (2010) cannot be used to assess the anisotropic

behaviour of the electrical conductivity of soil.

—— Current flow
Water

Water

e ~|
~ 1.0 |

Figure 2.16: A simplified diagram of Ellis et al. (2010) model.

For the purpose of better understanding, a comprehensive comparison has been added in

Table 2.3.
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Table 2.3: Comparison among the existing series-parallel electrical conductivity models of

clay.
Model Name Advantages Disadvantages
Archie (1942) One of the pioneers of | Ignores surface conduction of clay,

parallel conductivity
model for soil

not valid for fine-grained clay

Rhoades et al. (1976) | Opens the pathway for Only considered parallel
series-parallel conduction, and considered
modelling pathway through free water only

Rhoades et al. (1989)

Improved version of
Rhoades et al. (1976)

Considers conductive path through
free water only

Fukue et al. (1999)

Considers series-
parallel connection

Considers electrical current flow
through free water only

Mojid et al. (2007)

Considers DDL

Only considered parallel connection

Ellis et al. (2010)

Considers series-

No inclusion of DDL

parallel option

2.5 Correlations between the Geotechnical Properties of Soil and its

Electrical Conductivity

The factors influencing the electrical conductivity of soils were discussed in the previous
section. Based on this discussion, it is clear that soil conductivity monitoring can lead to
the evaluation of the geotechnical properties of soils, which is one of the important aims of
this study. Several researchers have already utilised the soil resistivity method or imaging
with a view to determining moisture content (Kalinski and Kelly, 1993; Goyal et al., 1996;
Ozcep et al., 2009; Brunet et al., 2010), compaction condition (Abu Hassanein et al., 1996;
Rinaldi and Cuestas, 2002), hydraulic conductivity (Arulanandan, 1968; Sadek, 1993;
Bryson, 2005), soil consolidation (McCarter and Desmazes, 1997), clay and mineral
content (Abu Hassanein et al., 1996). Therefore, considering the wide range of applications
of'the electrical properties of soils, this study is hugely motivated by some of the established
applications of the electrical conductivity of soils. In order to provide a short introduction
to the applicability of soil conductivity, several examples from the literature will be

discussed next.
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2.5.1 Determination of Moisture Content

It is undoubtedly true that determining moisture content using conventional method is a
better approach as far as user-friendliness and simplicity are concerned. However, the
overnight drying method is somewhat a bit time consuming to some extent. On the other
hand, when it comes to finding the moisture content of the representative subsurface
moisture profile, researchers have faced certain difficulties due to the lack of homogeneity
as well as the complex hydro-geological structure of soils. Several methods are available
to determine the moisture content of soils, such as time domain reflectometry (TDR),
neutron probes, gypsum blocks, gravimetric scaling, to name a few. However, most of these
methods require skilled operators and these devices are expensive. Therefore, a simple and
direct soil resistivity measurement could be a good alternative since moisture content

affects the electrical properties of soils.
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Figure 2.17: Relationship between 6/cw and volumetric water content (8). c=overall EC of
soils, and oy is the EC of free water (Kalinski and Kelly, 1993).

The experimental investigation by Kalinski and Kelly (1993) with the four-probe circular
cell found that the electrical conductivity ratio of soil and water produces a regression
equation which can be utilised to infer the moisture content of soil. However, one major

concern about their analysis is the assumption of the o5 values, which was considered to be
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0.24 S/cm for each and every segment. The curves obtained from the analysis serves the
basic purpose of the researchers, as shown in Fig. 2.18, but the assumption of surface
conductivity makes the approach doubtful. Based on the regression analysis, the following

equations were proposed (Kalinski and Kelly, 1993):

o = 04 + 6,,0(1.040 — 0.09) (2.9)

Ozcep et al. (2009) suggested two different exponential equations for two different types
of samples using the soil resistivity method, however coefficient correlations were found
to be between 0.75-0.76 which makes the equations questionable. Later, Schwartz et al.
(2008) and Brunet et al. (2010) opted for Archie’s empirical parameters with a view to
establishing the connection between soil resistivity and soil moisture content. Both were
able to validate their experimental results using conventional soil moisture content
techniques, however the possible implications of Time Domain Reflectometry (TDR)
(Schwartz et al., 2008) and Electrical Resistivity Tomography (ERT) (Brunet et al., 2010)
made the process complicated hence these haven’t been discussed in this study. However,
the discussion on the aforementioned literature offers an insight that soil conductivity

monitoring provides a pathway by which to find other geotechnical properties of soils.

2.5.2 Predicting Hydraulic Conductivity

Hydraulic conductivity also depends on the porosity, degree of saturation, soil
microstructure, and tortuosity of the soils (Abu Hassanein, 1996; Bryson, 2005). Since soil
conductivity is also dependent on these attributes, it is generally possible to establish a
correlation between hydraulic conductivity and electrical conductivity (Sadek, 1993; Abu

Hassanein, 1996).

Farzamian et al. (2015) considered ERT to establish a link between soil resistivity and the

hydraulic conductivity of saturated soils. The research was conducted in light of the
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relationships between soil resistivity and degree of saturation using an in-site investigation.
It was found that the predicted hydraulic conductivity from the soil resistivity readings had
less than 10% error when the results were compared with the measured hydraulic

conductivity of the saturated soils.

The statistical model by Niu et al. (2015) considered the tortuosity factor as well as the
correlations between water flow and electrical current flow through a porous medium. In
fact, the model focused entirely on the estimation of unsaturated soil hydraulic conductivity
from electrical conductivity values. In the end, their predicted results had good agreement

with the experimental values with coefficient correlation R*=0.97.

The latest research presented by Lu et al. (2019) considered all the missing attributes
discussed in the preceding paragraph. The model by Lu et al. (2019) was validated in the
light of the type of compaction (dense or slightly dense), pore size distribution as well as
pore water salinity by conducting 54 experimental tests, the graphical representations of
which are shown in Fig. 2.19. Although the model was able to show good comparison
compared well to the existing models, by eliminating complicated equations from the
literature, the introduction of several empirical parameters with ambiguous meanings is one

of the major disadvantages.



61

5 5
*  compaction measured K LY
’? compaction fitting curve 4 - *
4t ¢ slightly dense measured X —l *
- e - = = = slightly dense fitting curve -~ B %
—_ . LS e ®  loose measured K 3 " o
:E’__ e "\\_‘ ffffffff loose fitting curve LIl Y
£3 ‘
=
| =
=
2

0 20 40 60 80 100 120 140 O 200 400 600 800
5 5
4

4+
d 3
Es
; 2
-

2 1

1 : : : ; : 0 ‘ : :

0 200 400 600 800 1000 1200 1400 O 500 1000 1500 2000
5 5
%
at nm 4
e
T s | 3
£ P I
T LY ¢
= 2 Sa 2 ]
— T . * .
B L .
1 * ¢ i * BN 4
(e) 4g/L * + (f) 5g/L A
0 .

L " L L 0
0 500 1000 1500 2000 2500 3000 O 500 1000 1500 2000 2500 3000
EC(ps/cm) EC(ps/cm)

Figure 2.18: The relationship between soil electrical conductivity (EC) and hydraulic
conductivity (Lu et al., 2019).

2.5.3 Monitoring Soil Consolidation Properties

Soil consolidation is considered to be dependent on the intemperance of pore water,
reduction in the void ratio, and changes in soil fabric (Hong et al., 2011; Horpibulsuk et al.,
2012; Zhou and Zhao, 2013). Therefore, the electrical conductivity of soils could be linked
to soil consolidation properties. McCarter and Desmazes (1997) developed a modified
consolidation cell to monitor the changes in saturated soil electrical conductivity along with
the void ratio. They considered both ¢¥' and 6" values by altering effective stress. At the

end of their study, it was deduced that since soil consolidation and soil electrical
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conductivity both are influenced by several similar parameters, it is possible to find a
correlation between them; however, the effect of soil anisotropy was not properly analysed.
Later, McCarter et al. (2005) further developed the consolidation cell to study soil fabric
changes simultaneously and recorded the soil electrical conductivity measurements. The
results obtained were further improvements to the approach in 1997 since the latter

considered the formation factor of Archie’s law as well as the anisotropy condition of soils.

On the other hand, Kibria et al. (2018) observed changes in the electrical conductivity of
soils at different consolidation stages. For each specimen, the scanning electron microscope
(SEM) analyses were described in the light of changes in soil fabric, which also provided
information on the soil anisotropy. It was reported that soil conductivity decreases with an
increase in pressure. Based on their study, the coefficient of soil consolidation and 1D strain

were estimated using the electrical conductivity of soils.

2.5.4 Estimation of Clay Content

Shevinin et al. (2007) studied the estimation of the clay content in soils by monitoring
electrical resistivity, considering the electro-chemical properties of soil at the microscopic
level. The experimental programs were conducted on saturated soil samples at different
pore water salinity. Based on the database established by the experimental values, the
attempt to predict the clay content from a sand-clay mixture had less than 20% error.
Although the variations in the soil samples were not abundant, it still provided a different

application of electrical resistivity, which could be further extended in the future.

2.5.5 Determining Liquid Limit and Plastic Limit

Surface conductivity is considered to be an influential factor in the soil’s liquid limit (LL)

and plastic limit, as reported by Bryson (2005). Based on the conceptual understanding, the
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equations correlating electrical conductivity with LL and plasticity index (PI) are as follows

(Bryson, 2005):

LL = (0%t (2.10)

PI = (0,)?%a, 2.11)

where, a and ¢ are empirical parameters which are functions of clay mineralogy.

Although Bryson (2005) introduced a new approach to estimate the LL and PI of soils, the
empirical parameters in the equations do not have any physical meaning. In fact, at the LL,
distilled water was used, which has very low electrical conductivity. Therefore, the possible
inclusion of the size of the DDL is missing from Eqs. (2.10 and 2.11), which is distinctive
for different types of soils. Chapter 7 of this study addresses this issue, which considers

both o5 and y.

2.6 Review of Particle Size Distribution (PSD) Techniques

Determining the PSD of soil samples is not a trivial task due to the heterogeneity of the
shape and particle density. The techniques to find PSD are generally categorised into two
sections, namely classical and modern. The classical methods are sub-categorised into two
parts: (1) sieve analysis, and (ii) sedimentation. The sedimentation-based technique
generally comprises hydrometer and pipette analysis, which are two of the most commonly
researched. On the other hand, some of the modern techniques also take the sedimentation
theory into account, but the process of analysis is multifarious. For the ease of discussion,
a flow chart is presented in Fig. 2.20 and the analysis is conducted from different

perspectives.
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Figure 2.19: Different methods of measuring the particle size distribution of soils considered

in the literature review.

2.6.1 Sedimentation Methods

Sedimentation refers to the settling of particles under the effect of gravitational or

centrifugal forces. Devices based on gravitational sedimentation measure the velocity of

settling particles due to the gravitational forces acting on the particles against the buoyancy

of the fluid as well as other drag forces against the setting of the particles. The mathematical

relationship is expressed by classical Stokes’ law, which is valid only for particles settling

under terminal velocity and non-turbulent flow (Day, 1950). The terminal velocity (v) can

be expressed as follows:
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v = $Gs—pLg

2.12
™ (2.12)

where d is the particle diameter, g is the acceleration due to gravity, p is the fluid viscosity,
Gs and py, are the specific gravity of soils and fluid density, respectively. The derivation of
Stokes’ law is included in Appendix 1. A chart of viscosity of water at different temperature

is presented in Appendix 2, based on Arora (2008).

From Eq. (2.12), it is possible to find the diameter of the clay particles passing at a specific

time in a column of height h. Therefore, Eq. (2.12) can be re-written as:

_ 18uh
d= \} g(Gs—pL)t 2.13)

In most cases, the velocity of particles depends on its position in the suspension as well as
the size (diameter) of the particle. In addition, due to the increased sensitivity, it is important

that there is a significant difference between the particle density and suspension density.

Figure 2.21 illustrates the theory of sedimentation. Let us assume a soil sample is composed
of particles of only three sizes which have the terminal velocity ratio of 1:2:3. The three
types of soil particles are arranged in three columns and each level contains a pair of
particles as shown in Fig 2.21. At the commencement of particle sedimentation, the
concentration of particles is the same at all depths, as shown in Fig. 2.21 (a). After a while,
the larger particles settle at the bottom (level E) and the smaller ones settle at a certain
depth, as shown in Fig. 2.21 (b). For example, at level B, at the beginning, the concentration
is uniform, but after a certain time period, particle 4 of that particular level settled at level
C. The size of particle D can be calculated from Stokes’ law as described in Eq. 2.13, and

the passing of the soil particles is calculated from the following equation (Arora, 2008):
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(2.14)

Table 2.4: Brief information on sedimentation methods

Particles range 5-150 pm

Standard sample amount 10 g-20 g (pipette), 50 g (hydrometer)

Analysis time 2-24 hours

General cost $50-$100

Advantages 1) Rapid analysis under the particle range,
i1) Well suited for industrial environment,
i11) Inexpensive instrumentation,
iv) Highly skilled operators are not
needed.

Disadvantages 1) Long analysis time,
i1) Accuracy can be affected by certain
physical factors such as particle-particle
interaction, Brownian motion etc,
ii1) Selection of dispersing agent could be
difficult,
iv) Requires a quick start of the
experiment once the sample is prepared.

Level A : v .?._

Level B —¢— 040 OSO .6. Olo

7 8 9 4 2
Level C ¥ | oo OO0 0@ 00 OO0
10 11 12 070 OSO .3.
LevelD | co o0 e
14 15 10,13 * 500 ‘00 0@
Level E 5 00 ee 88 000 00®
(a) (b)

Figure 2.20: Settlement of clay particles in clay-water suspension, at the (a) beginning, and
(b) after a while when the larger particles have reached the basement.

where p; is the density of the solid, Mg is the mass of the soil, and Gg(=

unit weight of solids

)

unit weight of water

is the specific gravity, which is considered to be 2.58 for kaolin and 2.68 for bentonite, as

confirmed by the supplier. The detailed derivation of Eq.2.14 is presented in Appendix 3.
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The sedimentation techniques for PSD can be classified into two categories, namely (i)
incremental, and (ii) cumulative measurements. In the incremental technique, the particle
concentration in the suspension is calculated at a given height (h) and time (t). On the other
hand, the cumulative measurements represent the rate at which the particles settle out of

the suspension.

Information regarding configurations and advantages/disadvantages of the sedimentation
methods is given in Table 2.4. The errors and discrepancies in the reproducibility of the
sedimentation methods may occur at various stages of the experiment. The issues can be
attributed to different cases like the sensitivity of the specimens or the pre-treatment of the
suspension. In addition, since classical methods require the heavy involvement of an
operator, human-made errors can also take place. Some of the commonly encountered

errors or limitations are discussed here in brief.

Theoretically, Stokes’ law is applicable to spherical particles only. For non-spherical
particles, the sedimentation-based PSD method largely depends on the particle shape and
alignment of a particle to the direction of the flow (Kissa, 2017). Moreover, if
sedimentation is considered for particle sizing between 0.1 to 100 um, the particle shape
has to be valued. An extension of Stokes’ law for non-spherical particles yields the Stokes
diameter, which is classified as the effective particle size corresponding to the size of a
sphere that settles at the same velocity. The concept of non-spherical particles is still not

clear to researchers, and hence most of the PSD analysers assume samples to be spheres.

On the other hand, the sedimentation-based techniques significantly depend on the settling
rate which is largely influenced by the surface conditions of particles as the latter is
dependent on particle density. Therefore, the particle size value calculated from the

sedimentation rate depends on the porosity of the particles (n). If this correction is not made,
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the particle size will be undervalued by a factor of V1 — n (Hietala and Smith, 1989). As a

result, the PSD analysis will not be error-free.

Furthermore, the analysis of clay particles finer than 0.5 um can be largely influenced by
Brownian motion (Arora, 1992; Allen, 2013). Brownian motion is a random movement of
particles created by collisions with molecules of the liquid phase. The impact of Brownian
motion is higher on particles with lower density, and due to its interference, the settling
time of particles with lower density increases. However, the impact of Brownian motion is

negligible if the amount of soil samples is (< 50 g/L) (Arora, 1992).

Several researchers raised concerns regarding the sensitivity of the samples. The
involvement of the dispersing agent means the PSD based on sedimentation has to
commence as soon as possible since delays may change the sample properties due to several
chemical and surface phenomena including dissolution, leaching, and re-precipitation

(Jillavenkatesa et al., 2001).

In addition to the general advantages and concerns of the sedimentation techniques, two

well-known methods namely, (i) pipette, and (ii) hydrometer, are discussed here.

2.6.1.1 Pipette method

The pipette method, first introduced by Andreasen in 1928, is a sedimentation-based
procedure which utilises direct pipette sampling at different controlled depths and times. In
other words, the analysis relies on the concept that sedimentation is eliminated from a depth
h in a time t, and all particles in the suspension have terminal velocities greater than h/t
(Jillavenkatesa et al., 2001), as seen in Eq. (2.12). The details on the pre-treatment,
calibration and calculation techniques can be found in the literature (Day, 1965; Arora,

1992; Jillavenkatesa et al., 2001).
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Although the pipette method has the advantage of being a comparatively simple and
inexpensive instrument and clarifies the results upfront, it is an invasive method and
requires a long time-scale to complete the task. Therefore, it was found to be less effective
for investigating samples with faster settling rates (Kissa, 2017). In addition, the pipette
method requires at least 10-20 g of samples (Eshel et al., 2004), which could be an issue if

the availability of a particular soil sample is less than the minimum range.

2.6.1.2 Hydrometer method

The hydrometer measures the density of a settling suspension or dispersion at a known
depth. The method is fairly simple and the instrument is quite cheap. The hydrometer
method was able to produce results identical to the pipette technique. However, similar to
the pipette method, calculating the PSD of the soil samples using a hydrometer is also time-

consuming.

Figure 2.21: Hydrometer for measuring density.

Two common disadvantages should be discussed here. First, if the hydrometer is kept in
the suspension all the time, then the bulb covers the underneath area, and therefore, particles

cannot enter this region from the top. Secondly, every time the hydrometer is inserted into
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the 1000 ml cylindrical glass container, the settling particles are interrupted, the height of
the suspension rises from h' to h (Fig. 2.22), and it sometimes becomes difficult to decide

when the hydrometer will attain equilibrium with the surrounding suspension.

On the other hand, though the calibration of the suspension is relatively easier compared to
other procedures, it may still create concerns regarding the concentration of the suspension
since at high concentrations, particle-particle interactions can be observed. As a
consequence, based on the surface chemistry of the sample powder, high solid
concentrations can hinder the settling of particles, causing a decrease in the settling
velocity. This reduction in the settling velocity may provide erroneous values in the PSD
and produce an effect that shows a greater concentration of fines than what is actually

present in the suspension.

2.6.2 Sieve Analysis

Sieving is one of the oldest techniques for PSD. The preponderance of this method can be
attributed to the relative simplicity of the technique, the low involvement of capital, high
reliability, and low level of technical expertise requirements. Although there are different
opinions on the size range which is covered by this technique, it is safe to say the method
is useful within a size range of 2000-50 um (Eshel et al., 2004), with more details on the
advantages and disadvantages described in Table 2.5.A test sieve is a device that retains
particles larger than the designated size and it allows smaller particles to pass through, as
shown in Fig.2.23. Sieve analysis can be performed either for free-flowing powders and
some precisely prepared slurries, if applicable. In general, the method consists of agitating
the sample through a fixed series of sieves with decreasing mesh size (from top to bottom).
PSD is reported as the mass of the material retained on a mesh of a given size. However,
the distribution can also be reported as the cumulative mass retained on all sieves above a

particular mesh size or the cumulative mass fraction above a specified mesh size. Details
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on the procedures have been reported in the literature (Leschonski, 1979) so are not

discussed in depth here.
Table 2.5: Information on sieve analysis

Particles range 2000 um to 50 um

Standard sample | Approximately 100 gm (depends on the size
amount of the sieves)

Analysis time Depends on the size range, can be done

within 10 minutes, or it may 2-3 hours.

General cost $21-$100 (manual shaker), $1,300-$4,000

(mechanical shaker)

1) Broad size range,

Advantages / Strengths | ii) Does not require highly-skilled operators,

i11) A relatively low-cost instrument,

iv) Easier sample preparation.

1) Long analysis time,

Disadvantages/ i) Lacks automated task, hence more chance
Limitations of human-made errors,

ii1) Repeatability and reproducibility have
been questioned due to the impact of
mechanical motion.
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Figure 2.22: Sieve analysis (911 metallurgist).

The amount of time needed to complete the analysis can cause a major concern if the

operational technique is not designed properly. Since the aperture openings become smaller
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from top to bottom, the analysis time becomes longer. Therefore, it is important to study
the powder size range and size resolution and fix the size of the sieve in the stack before

starting the experiment, which increases the time of the pre-treatment procedure.

Another major and well-known limitation of sieve analysis relates to the size range it
covers. A particle size of less than 50 um cannot be sieved through the procedure. Although
computerised tools are not generally required, there is a chance of human-made errors
impacting the results. In some cases, there is a possibility that agitation may affect the
repeatability and reproducibility of the result. In general, a mechanical shaker maintains the
consistency during the agitation time, but the same confidence cannot be guaranteed for

manual shakers. Therefore, there could be discrepancies in the results.

2.6.3 Laser Diffraction (LD)

LD can provide PSD in a range from approximately 2-300 um with adequate precision.
This method does not disturb the sample by probing unless it is necessary to dilute the
sample. The optical fundamentals were introduced by Fraunhofer over 100 years ago but
the mathematical calculations for the analysis of the laser diffraction pattern were
considered to be complicated (Kissa, 2017). It became much simpler when computers were

included in the setup. Summary of LD analysis for soil PSD has been mentioned in Table

2.6.

The LD method provides an average diameter over all orientations of the particles as
particles with random orientation pass through the light beam. A collimated and vertically
polarised laser beam illumes a particle dispersion and creates a diffraction pattern with the
non-diffracted light beam at the centre (Eshel et al., 2004; Kongas, 2003; Blott and Pye,

2006), as shown in Fig. 2.24. The energy distribution of the diffracted light is provided by
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Table 2.6: Summary of Laser Diffraction Analysis for PSD of Soils.

Particles range

2-300 um (effective range), may cover 0.04 pm-8000 pm with less
accuracy

Standard
sample amount

lg-5¢g

Analysis time

5-10 minutes

General cost of

$60,000-$120,000

equipment
1) Quick analysis,
i1) Dispersion/extra pre-cautionary approach regarding specimen
preparation is generally not required,

Advantages ii1) Calibration is not needed if the particle size is within the device
range,
iv) Excellent reproducibility,
v) Fully computerised calculation/algorithm. Rare chance of human-
made errors.
1) Particles smaller than the range of theory are treated as “ghost”
particles (Fraunhofer),
i1) Computer algorithms are yet to be known completely to the users,
1i1) Density for all particles must be exactly the same,

Disadvantages | iv) Knowledge of optical properties of the sample is required,

v) Expensive instruments,
vi) Highly sensitive, therefore, maintenance cost is quite high.

a detector with light-sensitive concentric circles, separated by isolating circles of identical

width. The increase in the diffraction angle, created inside, is inversely proportional to the

particle size of the sample. The intensity distribution, which is dependent on the diffraction

angle (Fig. 2.25) is converted by Fourier optics into a spatial intensity distribution, which

is the sum of the Fourier transformed projections of the sample’s particles. Later, the spatial

intensity is converted into a set of photocurrents, and the PSD is measured by the computer.
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Figure 2.23: Laser diffraction technique (Kongas, 2003).

One advantage of LD based on Fraunhofer theory is that if the particle size of the sample
is within the range of the theory, then calibration is not required. However, it is not possible
to know the range of the particle size of a sample without prior experimentation, which puts

the practicality of Fraunhofer theory into question.

Incident light
Small angle scattering

Incident light /
» ( Large angle scattering

Figure 2.24: Formation of a diffraction angle (source: Malvern).

In addition, the LD technique based on Fraunhofer theory is not valid for particles whose

diameter is much larger than the wavelength (A) of illumination. In general, a He/Ne laser
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is used with A=632.8 nm (Kissa, 2017) for particle size within the 2-120 um range.
According to the optical properties of sphere-shaped particles, the diameter of these should
be at least four times the A, therefore the accuracy of the instrument based on Fraunhofer
theory is questioned severely for dispersion containing a large fraction of particles in the
<10 um range (Sperazza et al., 2004). The particle size range can be broadened if a He-Cd
laser is used, which has A=325.8 nm, but this would be expensive. For small particles (<10
um in diameter), a different theory called the Mie theory is applied, which is found to be
more accurate than the Fraunhofer theory (Kissa, 2017). Mie theory is not entirely based
on the diffraction phenomena, rather it considers Maxwell’s equations in the
electromagnetic field when the interaction between the particle and laser takes place. One
of the disadvantages of Mie theory is that it considers transmission through the particle
(Fig. 2.26), therefore it will require extra knowledge on the refractive index of the sample

(Eshel et al., 2004).
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Figure 2.25: Difference between Fraunhofer and Mie theory (Source:
https://www.pharmaceutical-networking.com/laser-diffraction, accessed on June 21, 2019).

On the other hand, diffraction patterns are affected significantly by the dispersion medium

and particle shape. Similar to the classical methods, LD techniques also assume all particles
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are spheres (Kissa, 2017). There are real dispersions which contain irregular-shaped
particles, and therefore, the differences in the shape of a geometrical particle dimension and
the measured equivalent particle diameter must be recognised. There have been attempts to
consider non-spherical particles in the laser diffraction method. For example, Gabas et al.
(1994) analysed the PSD of non-spherical particles using laser diffraction and concluded
that the mean surface area of anisometric particles could not be calculated using this
technique. Therefore, obtaining meaningful data regarding the PSD of clay soils is still a
challenging task. In addition, at moderate and high particle concentrations, particles do not
scatter light independent of each other. Therefore, an accurate calculation of particle size
in a certain dispersion is required before starting the PSD task. Furthermore, the
surrounding environment has to be considered as well. A delicate device, which is used

very carefully inside a laboratory, may not survive at a plant site.

2.6.4 SediGraph Technique

The SediGraph method is also established based on the settling theory (Stokes’ law).
Therefore, a precise measure of the cumulative size distribution of the sediments in the
suspension can be achieved by observing both the particles’ settling rate and monitored
volume. The latter monitoring involves the rate at which the particles settle below a certain
depth in the sedimentation column. Further information has been added in Table 2.7 for

better understanding.

The procedure is illustrated in Fig. 2.27. It requires the use of a collimated beam of x-rays
which sense the change in the concentration of fine sediments settling in a suspension with
time. Compared with the other procedures discussed in the literature, this process does not
disturb or create obstacles for particles. The quality of the suspension remains consistent as
well. Being an entirely computerised technique, there is minimal chance of operator error

or human-made error which is possible with the classical techniques. In addition, the
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involvement of the closed sensor-housing chamber, which is mandatory before using an x-
ray beam for safety reasons, isolates the soil sample from certain surrounding effects such
as temperature fluctuations, physical disturbance from any external source, and

contamination, thus increasing the efficacy of the method.

Table 2.7: Summarised information on SediGraph from the Literature.

Particles range 100-0.1 um

Standard sample amount | <3 g

Analysis time Maximum 10 minutes

General cost of | $60,000 (AUD)

equipment

Advantages 1) A quick analysis with no loss of accuracy,

i1) Automated operation,

1i1) Small size of sample required,

iv) Isolation from the surrounding influence,

v) Adaptability with computerised data processing.
Disadvantages 1) Erroneous results for particles with high absorption rate,
1) Size of hose/pump of the reservoir has to be exactly
accurate,

1i1) Suspension has to be very dilute.

iv) A sensitive device requires continuous maintenance.

The device has the capability of generating results within a short period as it functions
through an organised downward movement of the sedimentation cell with time and this
constantly minimises the depth of the x-ray sensor below the cell surface. Therefore, the
effective settling depth decreases with an increase in time. As a consequence, the analysis
can be completed within 10 minutes measuring particle size down to 0.1 um, and the
diameter of the soil particles is calculated from Stokes’ law. The technique provides

accurate data even for a small sample size such as 3g or less.
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Figure 2.26: SediGraph method to measure PSD (source: Micromeritics).

However, the SediGraph technique faces criticism when it comes to linking absorption
effects. The instrument assumes uniform x-ray absorption by all particles in a certain
suspension. But in practical life, this is not always the case. Some of the x-rays produced
by the primary beam can be absorbed due to inter-atom contacts of different elements in
the sample, thus reducing the intensity of the x-ray radiation (Goldstein,1986; Syvitski,
2007). Samples containing a significant amount of Mg, Fe, and Ti have a very high
absorption coefficient. It is possible that particles with a high absorption rate can literally
blind the device, and hence the accuracy of the particle analysis will be doubtful (Jones et
al., 1988). Moreover, similar to Mie theory of LD, SediGraph may require the operators to
know the refractive index (RI) of a particle, but for particle size less than 2 pm, RI has to
be assumed (Jillavenkatesa et al., 2001). This assumption is made based on the optical
properties of the particle and a wrong assumption will lead to a significant error in the

measurement.

In addition, the relatively high cost (approximately $60,000 AUD) is a substantial financial

expenditure for all but the larger research laboratories.
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2.6.5 Integrated Suspension Pressure Technique

The integral suspension pressure (ISP) method considers the temporal change of suspension
pressure determined precisely at a certain depth such as hydrometer or pipette analysis, as
shown in Fig.2.28. The pressure integrates the spatially changing particle density in the
suspension above a certain depth (Durner et al., 2017). Basic information on the ISP

technique could be found in Table 2.8.

Table 2.8: Basic information on the ISP technique

Particles range 630-0.63 pm
Standard sample amount |40 g

Analysis time 30 minutes to 6 hours
General cost $1500 (USD)
Advantages 1) Automated analysis,

i1) No suspension disturbance,

1i1) Relatively cheaper than other computer-based devices,
iv) Good repeatability (almost 95% accurate), if conducted in
6 hours.

Disadvantages 1) Random or systematic errors lead to severe PSD errors,

1) Experimental results obtained at 30 minutes are mostly
erroneous at the beginning,

1i1) Complicated mathematical formulation,

iv) A sensitive device, and requires completely secured
surrounding to avoid noise in the system.

Sampling
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Figure 2.27: Schematic presentation of the PSD measurement domain of ISP compared to
pipette and hydrometer (Durner et al., 2017).
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The determination of the time scale of the suspension pressure is based on a combination
of a mathematics and statistics model, where the PSD of each sample is calculated by fitting
the simulated time series of the observed pressure by inverse modelling by global
optimisation. Although the technique is also based on the sedimentation theory, the device
doesn’t create interference in the suspension which occurs with pipette and hydrometer. In
addition, since the sensor is fixed at a certain depth and the results are recorded
automatically onto a computer, there is no chance of a manual operating error. Considering
the automated procedure and easy-to-use software, the device is cheaper compared to other

automated equipment such as laser diffraction or SediGraph.

It should be mentioned here that the ISP method is considered to be very sensitive by the
inventors themselves who stating that it was not possible for them to obtain complete error-
free data for any soil (Durner et al., 2017). One of the reasons for this can be explained in
terms of the surrounding noise which creates systematic or random errors where the latter
lead to stochastic errors. Another reason was observed in terms of the duration of the
experiment. It is a well-known fact that particle settlement is a quicker process at the
beginning after which it slows, therefore fast-forwarding the procedure leads to severe
errors in the measurement at the initial stage, as reported by Durner et al. (2017). Therefore,
the ISP method requires more or less six hours to completely obtain the PSD curve for a
soil sample. In general, automated devices like laser diffraction or SediGraph do not require
more than 10 minutes to display the full PSD curves. As a result, the ISP method-based

PSD analyser device still falls behind in relation to the duration of the experiment.

2.6.6 Comprehensive Analysis of Current PSD Techniques

Most of the classical methods have been criticised for being unable to provide the PSD of
a narrow particle diameter range. For example, sieve analysis is only useful if the soil

particle diameters are within the range of 50 pm to 2000 pm (coarse-grained) (Gee and
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Bauder, 1979). On the other hand, concerns regarding the particles’ diameter range can be
reduced to some extent by using both the hydrometer and pipette methods as they generally
cover from 5 pm -150 um (fine-grained) (Allen, 2013). Nevertheless, the ability of these
two sedimentation-based techniques has produced inconsistent results for particles smaller
than 1 pm due to the existence of Brownian motion and its influence on the rate of
sedimentation (Eshel et al., 2004; Allen, 2013). Furthermore, some researchers were not
satisfied with the amount of samples required for PSD analysis based on classical methods.
Sieve analysis, for instance, may require 100 g of soil samples based on the size of the
sieve. Although the amount is reduced for the hydrometer (20g-30 g) and pipette (10g-20g),
sometimes the unavailability of certain soil samples in these amounts creates a perplexing
situation for researchers. In addition, sedimentation-based techniques are time-consuming,
depending on the particle size range. Conducting standard PSD analysis using a hydrometer
may take 24 hrs to finalise. Classical methods also suffer from the disadvantage of creating
a possible disruption during the settlement of the particles. It is a well-known fact that
pipette and hydrometer techniques require operators to interrupt particle settlement. The
pipette technique requires operators to collect a sample after a certain time-scale from a
certain depth, however a hydrometer has to be submerged in the suspension freely to record
the density readings. Meanwhile, the calibration techniques of these methods are tedious to
some extent. For instance, a hydrometer has to be calibrated to find the effective depth, at
which the specific gravity is measured (Arora, 1992). The calibration for the pipette
requires a sensitive balance and skills to operate quickly. Therefore, there is a greater
likelihood of human error since none of the classical methods are automated or controlled

by a computer.

In addition, Stokes’ law considers the particle’s shape to be a sphere for the ease of
measurement, which is one of the major limitations of sedimentation theory. In sieve

analysis, the likelihood of a non-spherical solid particle passing through depends on the
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sieve size and the time allowed for the operation. Nevertheless, such an orientation exists
when particles with the smallest cross-section can easily pass through the sieve’s aperture.
Exceptions may occur if there are very flat disk-shaped particles in the sample. Therefore,
that specific soil particle will be retained by the sieve. In the sedimentation-based
technique, a settling non-spherical particle is considered to have the most stable position
when it has the maximum cross-sectional area orthogonal to the direction of the fluid
motion (Eshel et al., 2004). This stable position is the factor behind the augmented particle
drag force, which in return, decreases the settling velocity. Therefore, the PSD analysis is
mostly overestimated. As a result, when using sedimentation-based techniques, PSD

analysis contains discrepancies in the results generated by modern equipment.

To solve most of the drawbacks of the sedimentation-based techniques, SediGraph has
gained popularity recently as it is able to produce a PSD curve in just 10 minutes. The
procedure takes Stokes’ law into account, therefore the limitation regarding the particle
shape remains, but the other disadvantages of the classical methods can be avoided.
Although the whole procedure is automated, it still requires skilled operators to conduct the
analysis. Prior to this, the calibration technique of SediGraph is considered to be
complicated and time-consuming (Allen, 2013). Furthermore, a delicate device that is
worth $60,000 (AUD) also needs extra attention in terms of maintenance, whereas the
whole hydrometer or pipette setup may cost only $50-$100 (AUD) and sieves are even
cheaper. To summarise, SediGraph is able to solve the disadvantages of the classical
methods regarding particle diameter range, time constraints, precision of the results,
reproducibility, the required amount of samples, but it increases the cost of maintenance,
sensitivity, and most importantly the calibration technique remains a lengthy part of the

experimental program.
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The introduction of LD in PSD analysis solves most of the problems from the past. Built
on the concept of the diffraction of lights, the LD device is able to cover a wide range of
particle diameters between 0.04 um-8000 pm (Pye and Blott, 2004; Ryzak and Magdalena,
2011), which is better than the hydrometer, pipette or SediGraph. LD is also able to
complete the analysis within 10 minutes, utilising only 1g-5g of soil samples. The device
is credited to have excellent repeatability in terms of both natural and laboratory-based soil
samples. Nevertheless, the device prefers dry samples, and hence the use of a dispersing
agent can be avoided. In most cases, calibration is not required if a soil sample has particles
within the preferred range. Therefore, it possesses a significant advantage over the
SediGraph technique. However, it was found in the literature that the laser diffraction
approach underestimates the PSD values of soils particularly in clay fraction (Konert and
Vandenberghe, 1997; Taubner et al., 2009). It was observed that a pipette fraction <2 um
corresponds to <8um for laser diffraction, which is one of the major technical
disadvantages of the LD method. In addition, the LD device is also one of the most
expensive in the current market, being worth $120,000 (AUD) based on functionality and
versatility. As a consequence, purchasing LD equipment is a substantial financial

expenditure for all but the larger research laboratories.

It is evident from the current research that there are multiple alternatives available to any
application. The ISP method is one of the alternatives to LD or SediGraph, which
surprisingly reduces the expenditure to only $1500 (AUD) including the commercial
software for data logging purposes. Introduced by Durner et al. (2007), the ISP method
considers the chronological change in pressure measured with precise accuracy at a certain
depth in the soil-water suspension to find the PSD. Although the device is considered to be
user-friendly, the analysis time is a concern (6hrs-8hrs), which is again the problem
researchers wanted to avoid in the past regarding the classical methods. Furthermore, the

principle of the device is highly statistical, and the inventors reported the existence of
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stochastic errors in the mathematical analysis. A comprehensive comparison of the

aforementioned techniques is presented in Table 2.9.

Based on the brief discussion above, it is clear that both classical and modern techniques
have advantages and disadvantages to some extent. It is highly unlikely that an automated
and human-operated manual device will provide identical results for a specific soil sample.
Therefore, no technique serves as a universal yardstick because of the existence of inherent
flaws. The choice of instrument or technique depends on the specification and budget

available.



Table 2.9: Comprehensive comparisons of the different techniques to find the PSD of soils
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Methods

Particles

Samples Analysis time Remark on | Reproducibility | Cost (AUD)
range required (g) calibration process
(pm)
1. Sieve analysis 50-2000 100 10 mins-3 hrs N/A Low $20-$50
2. Hydrometer/pipette 5-150 10g-20g (pipette), | 2 hrs-24 hrs (pipette) | Tedious and lengthy Low $50-$100
20g-30g 24 hrs (hydrometer)
(hydrometer)
3. SediGraph 0.1-250 lg-5¢ 5 mins-10 mins Lengthy and High $60,000
complicated

4. Laser Diffraction | 0.04-8000 1g-5¢ 5 mins-10 mins Not needed if the Very high $120,000

particle diameter is

within the range
5.1SP 3-300 40g 30 mins-6hrs Complicated and Moderate $1500

crror-prone
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2.7 Discussion on the Available Liquid Limit Test Methods

2.7.1. Casagrande method

The Casagrande method is widely used in geotechnical industries to determine the liquid
limit (LL) of soils. The most challenging part is to predict the water content at which 25
blows will accomplish the task. Therefore, the test is conducted using a different number
of blows ranging from 10 to 40. Water is added to the sample randomly as it is not feasible
to add the targeted water content. At each step, more water is added, therefore it is expected

that the water content reading will be larger than the previous reading.
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Figure 2.28: Finding the liquid limit of a specific soil using the Casagrande method.

Once 4-5 readings have been recorded, a plot known as a flow curve is generated with the
water content shown on the vertical axis and the blow numbers shown on the horizontal
axis. A line is drawn which connects all the points and the LL is determined from the curve
corresponding to 25 blows (Fig.2.29). Due to the continuous rapping in the Casagrande

device, the sample faces small shear stresses. It is reported that a soil sample can withstand
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these stresses if induced in 25 blows (Arora, 2008). The accuracy of this concept is,

however, not welcomed by everyone.

2.7.2. Cone penetration method

The cone test originated in Scandinavia to determine the strength of remoulded cohesive
soils and later became a technique to predict the LL of soils (Koumoto and Houlsby, 2001).
However, the standard cone penetration test was first developed in France by the

Laboratoire Central des Ponts et Chaussees in 1966, as described by Sherwood et al. (1970).

The flow curve is plotted with water content shown on the horizontal axis and penetration
(mm) shown on the vertical axis. The LL is specified at a penetration of 20 mm, as
illustrated in Fig. 2.30. The cone penetration method has also received severe criticism such
as a longer time-scale to complete the task for one sample, inaccurate and inconsistent

results for soils with low plasticity, and so on, which is discussed in the following section.
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Figure 2.29: Finding W.'" of a specific soil using the cone penetration technique.
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2.7.3. Limitations and drawbacks of the existing methods

Although the Casagrande and cone penetration methods are preferred by different
researchers, none fully satisfy the standard requirements based on accuracy, repeatability,
and suitability. The Casagrande device, for example, has been criticised for failing to
produce identical results for similar soil samples (Haigh, 2012). In fact, Casagrande (1958)
himself postulated that his proposed method was established on the fact that the LL test
was actually a dynamic shear test. The statement highlights the major drawback of the
Casagrande technique, this being that it does not provide a clear insight into determining
the LL of fine-grained soils such as kaolin or bentonite, which exhibit different reactions
when they are subjected to a different number of blows. In addition, researchers have
reported the difficulties they faced while cutting the groove in some sandy soils. In other
cases, some of the soils with low LL were reported to slide into the cup or became further
liquefied with blows instead of flowing as plastic (Sherwood et al., 1970). The Casagrande
cup and test method has undergone significant changes since it was proposed in 1932, such
as changes to the type of base or resilience of the cup. Casagrande (1958) also found that
the flexibility or type of base influences the LL values. Further research was carried out by
Norman (1958) to test the impact of the base on the LL. His experiments were conducted
in two stages, one with the soft base and the other with the hard base. The findings show
there is approximately a 7% difference in LLs when the base was changed from soft to
hard. On the other hand, the durability of the Casagrande cup sometimes varied based on
the geographic locations (Powell et al., 2015) and therefore could also affect the LLs of
identical samples. Several literature reviews criticise the Casagrande technique for being

a time-consuming method without a procedure to speed up the progress (Sowers et al.,

1960; Hanks, 1981).

The cone penetration method, on the other hand, is able to solve most of the drawbacks of

the Casagrande method. The cone test is easier to conduct and the accuracy of its results
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has been proved in the literature. However, the issue of soils being liquefied has not been
completely overcome by the cone technique (Sherwood et al., 1970). In terms of
repeatability, cone penetration was reported to have errors of around 0.7%, whereas this is

around 1%-3% for the Casagrande method (Sherwood et al., 1970).

Many researchers have tried to explain why the Casagrande and cone methods do not
produce identical LL values for the same sample (Budhu, 1985; Sivapullaiah and Sridharan,
1985; Wasti and Bezirci, 1986). For instance, the cone penetration method often produces
a higher LL value than the Casagrande method if the soil has low plasticity. On the other
hand, Casagrande has been criticised for overestimating the LL values if any soil has a high
LL (Mishraetal., 2011). This difference could be attributed to the impact of the clay content
in the soil sample, where the deformation of clay is not the same in both devices (Budhu,
1985). In addition, the shear strength of any soil at LL consists of two types of shear
resistance namely, viscous and frictional. Therefore, it is not possible for a device to
determine both types simultaneously (Mishra et al., 2011). Based on this conceptual
understanding, LL by the Casagrande method is focused primarily on the predominant
viscous shear resistance (number of blows), whereas the cone is based mainly on frictional
shear resistance. As a result, it said it is clear that Casagrande is better suited to soils that
have high LLs, and the cone method is better suited to soils that have lower LLs (Sridharan

and Prakash, 2000).

2.8 Methods of Predicting Soil Plastic Limit

The characterisation or prediction of soil plastic limit is mostly operator-dependent, hence
the inconsistency in the results for identical samples. The Atterberg method is widely used
in the geotechnical field to determine the plastic limit of soils, however there are alternative

methods such as Pfefferkorn, stress/strain curves, and indentation measurements (Van der
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Velden, 1979; Bekker, 1981; Ribeiro et al., 2005; Vaillant, 2008; Sharma and Sridharan,

2018).

In general, the Atterberg and Pfefferkorn techniques are based on determining water
content at which the soil sample exhibits some randomly defined uniformity. The higher
the water content, the higher the plasticity and vice versa. On the other hand, stress/strain
curves and indentation measurements evaluate the relationship between the applied force
and the resulting deformation (Andrade et al., 2011). However, these methods are

comparatively expensive and may require expert operators.

2.8.1 Atterberg Method (Thread Rolling)

Calculating the plastic limit using the Atterberg method has been criticised in the field of
geotechnics. Although the method has been considered “unscientific”, this is one of the
most commonly used methods to determine the plastic limit. According to Atterberg, there
is a unique amount of water at which a clay specimen will be easily mouldable or rolled
like a thread (Fig. 2.31). With lower water content, the soil body will crack. The Atterberg
method determines the plastic limit at the lowest water content at which the soil specimen
can be rolled into threads without any cracking or breaking (Bergaya et al., 2006, Haigh et

al., 2013; Barnes, 2013; Shimobe and Spagnoli, 2019).
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Figure 2.30: Atterberg’s thread rolling test to determine the plastic limit (Arora, 2008).

However, Wintermeyer (1926) and Terzaghi (1926) separately modified the Atterberg test
to measure soil plasticity, which is now defined as BS 1377-2:1990. They argued that thread
rolling should be continued until the thread itself shears both longitudinally and
transversely up to 3mm in diameter, as gauged by a standard rod with known thickness.
While rolling the thread, it is advised not to gather the broken pieces together after they
have crumbled to reform a thread and continue rolling, since the first crumbling point is the
corresponding soil’s plastic limit. It should be mentioned here that even though Casagrande
(1932) supported the 3 mm diameter of the thread rolling test, there was no precise evidence
to support the claim. In fact, Prakash et al. (2009) reported that there is no mathematically
or statistically proven theory to support the relation between the varying moisture content

with the thread diameter at the breakdown stage.

2.8.2 Pfefferkorn Technique

This method finds the amount of water needed to obtain a 30% contraction in relation to
the initial height of a tested specimen under the action of a standard mass (Pfefferkorn,

1924; Modesto and Bernardin, 2008; Andrade et al., 2011).
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Using the Pfefferkom technique to determine the plastic limit is dependent on the concept
of impact deformation and a sample apparatus setup is shown in Fig. 2.32. For
experimental purposes, the soil sample is reconstituted with a diameter of 33 mm and an
initial height of 40 mm. The height can be adjusted by extrusion or manual compression
using a free-falling metal plate with a mass of 1.192 kg (Modesto and Bernardin, 2008;
Andrade et al., 2011). The initial height adjustment is related to the impact deformation
height and the ratio of these two heights yields a deformation ratio. At multifarious water
content, the deformation ratio is plotted (Fig. 2.33). The steeper the curve, the more

intensely the soil reacts to water content variations.

Figure 2.31: Pfefferkorn apparatus (Andrade et al., 2011).
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Figure 2.32: Sample examples of deformation ratio (H0/Hf) as a function of moisture
content (Andrade et al., 2011).
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2.8.3 Penetration and Indentation Method For Plastic Limit

The fall cone penetration method is similar to the test to determine soil liquid limit, as
discussed in section 2.7.2. The plastic limit is determined by the same cone, but for the
liquid limit, the amount of soil was roughly between 80g to 85g, whereas at least 240g of
soil specimen is required to determine the plastic limit by cone penetration (Campbell,

1976; Harison, 1988; Feng, 2000; Sharma and Sridharan, 2018).

Modesto and Bernardini (2008) used indentation equipment to show that as penetration
occurs, cracks surrounding the penetration indicate a lack of plasticity or low water content.
The threshold value corresponds to the soil plastic limit. Adequate plasticity implies that

there should not be any crack or inconsistency in the soil texture, as shown in Fig. 2.34.

Figure 2.33: Clay indentation illustrating (a) lack of plasticity, and (b) excessive water
(Modesto and Bernardini, 2008).

2.8.4 Pros and Cons of Available Plastic Limit Methods

As previously discussed, the Atterberg method is comparatively cost-efficient and easier to
perform, however the calculation of plasticity may not be accurate for organic or marine

soils (Andrade et al., 2011). Due to the fact that the one-point method requires the operator



94
to judge the plastic limit, it may not be a suitable method for inexperienced users.
Furthermore, as the specimen has to be homogeneously mixed with water, it requires
careful attention to avoid erroneous results. Another source of error could be an incorrect
final thread diameter or stopping the rolling procedure earlier than expected. The premature
breakdown of soil was explained by Schofield and Wroth (1968), who showed that tensile
failure could be the primary reason behind this since the mechanical processes while rolling
the thread are not mathematically understood. Therefore, discrepancies in the plasticity of
the identical sample may exist depending on the operator’s judgement. Sherwood (1970)
found that the results of tests conducted by 45 independent UK soil-testing labs differed by

around 3% for the plastic limit measurement of identical soil samples.

The Pfefferkorn method avoids the need to conduct the tedious thread rolling task, however,
as discussed in the literature, the Pfefferkorn method is not appropriate for stiffer soil
specimens (Andrade et al., 2011). In addition, similar to the thread rolling test, the
Pfefferkorn technique is also time-consuming since it requires the operator to continuously
add small amounts of water concurrently until a contraction of 30% has been reached. As
a result, the reproducibility of the results may not be easily attained, as reported in the

literature (Andrade et al., 2011).

The penetration tool was found to be more precise in terms of repeatability and less
operator-dependent (Domenech et al., 1994; Feng, 2004). However, Benbow and
Bridgwater (1993) focused on bridging the gap between the accuracy of the plastic limit
and the depth of penetration by saying that if penetration is comparatively smaller, the
results will not always be precise. If the sample is predominantly viscous rather than plastic,
the time of penetration will determine the penetration of the sample. Moreover, the small
force due to the deceleration of the cone is never taken into account in the penetration tool,

which might alter the soil texture to some extent (Haigh et al., 2013).
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2.9 Concluding Remarks

After the thorough discussion in the literature concerning the existing electrical
conductivity/resistivity models of saturated soils and the applications of electrical

conductivity in geotechnical engineering, the following crucial points should be mentioned:

2.9.1 Soil Electrical Conductivity Models

- Most of the relevant electrical conductivity/resistivity models consider only
connections between water, solids, and sometimes diffuse double layer of soils
(Mojid et al., 2007). In these models, a solid is considered to be non-conductive and
the electrical conductivity through the water was the only pathway for the electrical
current flow. The possibility of combining a solid with DDL to form an equivalent
conductive material was not considered in any of the existing literature.

- Apart from the work of Abu Hassanein et al. (1996), none of the models considers
the effect of clay fabric on electrical conductivity. Therefore, further improvement
is required to connect the missing dots.

- Most of the soil conductivity models have empirical parameters which do not have
any physical meaning. In addition, some of the models attempt to establish a
connection with Archie’s power-law equation. However, there is no consistent

discussion on the impact of Archie’s elusive parameters on soil conductivity.

2.9.2 Conventional PSD Techniques

- Conventional methods (hydrometer, pipette, sieve) of determining the PSD of soils
are cheaper and easier to operate, but they are time-consuming and operator-related
errors are likely to occur. In addition, the repeatability of these methods has been

questioned for the same reason.



96
Modern devices (laser diffraction, SediGraph, ISP) are generally quicker than
conventional ones but these delicate devices are very expensive and are not suitable
for inexperienced operators. Although all of these tools are run by computerised
programs, operators must input the required settings for flawless operation. In
addition, since laser and SediGraph are based on the optical properties of soil
particles, civil and geotechnical engineers require some basic knowledge in this

field, should any discrepancy arise or if the results require analysis.

2.9.3 Liquid Limit Methods

The most commonly used Casagrande or cone penetration methods display
inconsistent results for identical samples, particularly at higher liquid limits.
Although it is unlikely that natural soils will have a liquid limit higher than 100%,
none of these techniques have been reported to be reliable for all types of soils.
Both techniques are mostly operator-based, therefore, a small error in the
homogeneity of soils will lead to erroneous results. Mixing the soil with water,
which is a tedious job, requires quick judgement to avoid moisture loss during the
test.

None of the aforementioned techniques can be finished in a day. The sample has to
be kept inside the drying oven for at least 24 hours. Therefore, researchers have to

wait 24 hours before finalising the test.

2.9.4 Plastic Limit Measurements

The thread rolling tests are considered to be non-scientific and are entirely
dependent on the operator’s call. In addition, the technique is also time-consuming

and has been criticised for being a less efficient method.
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The inclusion of any device, rather than thread rolling by hand, will not necessarily
solve the inaccuracy in determining the plastic limit. For example, the cone is
widely used for both liquid limit and plastic limit measurements, however the
penetration of each soil will not be the same, and as discussed in the literature, soils
with smaller penetration are not suitable for the cone test.
Alternative tests like Pfefferkorn or soil compression require further validation to
improve their suitability for all types of soils. Thread rolling is still the most used
technique due to the ability to produce a result for all types of soils, whereas the
other techniques have some restrictions as far as the classification of the soils is

concerned.
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Chapter 3

Experimental Tools and Materials
3.1 Introduction

In this study, the electrical properties of soil ingredients at different temperatures were
experimentally measured. Then, a new clay electrical conductivity model for fully saturated
fine-grained clays was proposed and validated experimentally. The experimental validation
program includes reconstituting different types of soil specimens at different dry densities,
degree of saturation, and pore water salinity levels. After this, new electrical testing
methods were proposed in this study to determine the particle size distribution and
consistency limits of fine-grained soils. Therefore, this chapter includes basic properties on

the tested soil materials, followed by a discussion of the experimental equipment.

3.2 Tested Soils

Although this study contains experimental results using different types of soils, only kaolin
and bentonite were consistently used in all the applications. The other soils played different
roles based on the requirements and purpose of the tests. Therefore, in the following

section, only the properties of kaolin and bentonite are discussed.

3.2.1 Kaolin

The laboratory-based kaolin used in this research is chemically known as hydrous
aluminium silicate, purchased from BASF Australia. In general, this type of kaolin is
chemically inert and highly pulverised for better dispersion. The relevant geotechnical
properties are listed in Table 3.1, followed by the composition of kaolin in Table 3.2.

Distinctive information is available on the tested kaolin, provided by the manufacturer, as
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listed in Table 3.3. The particle size distribution obtained by laser diffraction (Taubner et

al., 2009) is shown in Fig.3.1.
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Figure 3.34: Particle size distribution of tested kaolin.

Table 3.10: Properties of tested kaolin.

Properties Values

Liquid limit (%) 74
Plastic limit (%) 32

Gs 2.58

Cation exchange capacity (meq/100g) 0.075
Total surface area (m*/g) 20

Surface charge density (uC/m?) 0.36
Optimum moisture content (%) 29




Table 3.11: Composition of kaolin.

Composition of Kaolin Weight%
Si02 45.2
Al>O3 38.8
NaO» 0.05-0.3
TiO2 0.6-1.7
CaO 0.02

Table 3.12: Miscellaneous information on kaolin provided by the manufacturer.

Form Powder
Special Modification None
Brightness (%) 87
pH 7
Oil Absorption 40

3.2.2 Bentonite

100

Bentonite is an expansive soil with low permeability, high plasticity and swelling potential.

These attributes make this type of soil well-suited to be used as a buffer and sealing material

as the clay liner as well as the cover of landfill.

Sodium bentonite from Sibelco’s Trugel 100 was used in different experiments in this

study. The clay contains a large ratio of active minerals such as montmorillonite, as

presented in Table 3.4, followed by the composition of bentonite in Table 3.5, and

suspension properties in Table 3.6. The particle size distribution was obtained from the

laser diffraction method (Taubner et al., 2009), as shown in Fig.3.2.



Table 3.13: General properties of bentonite, provided by supplier.

Properties Values
Natural Moisture Content (%) 10
Liquid limit (%) 504
Plastic limit (%) 53
Gs 2.68
Cation exchange capacity (meq/100g) 80
Total surface area (m?/g) 750
Surface charge density (uC/m?) 10.24
Optimum moisture content (%) 23
Swelling Index (ml/2g) 32

Table 3.14: Composition of bentonite, as provided by supplier.

Composition of Bentonite Weight %
Si0, 63.8
ALO; 13.6
Ti0O, 0.3
Fe>O3 2.8
CaO 0.2
NaO 23
MgO 2.0
K20 0.2

Table 3.15: Typical suspension properties of tested bentonite provided by the supplier.

Suspension Properties (kg/m?%) 40 50 60
Form Powder

Apparent viscosity (cP) 12 17 23
Plastic Viscosity (cP) 7 9 12
Yield Point (1b/1001t?) 5 8 11

Gel - 10 sec (Ib/100ft?) 2 4 6
Gel - 10 min (Ib/100ft?) 4 8 12
Marsh Funnel (sec/l) 37 43 60

pH 9.5 9.5 9.5

101
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Figure 35: Particle size distribution of bentonite considered in this study.

3.2.3 Natural Soils

Most of the natural soils were utilised to assess the suitability and accuracy of the newly-
proposed techniques to determine particle size distribution, liquid limit, and plastic limit,
introduced in this study. Information on the used natural soils has been included in the
relevant chapters since these soils were not used in all the experiments. Most of the basic
properties of natural soils were collected from the supplier. However, some of the electrical
properties of these soils were determined from the approach introduced in this study

(Chapter 4 and Chapter 5).
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3.3 Experimental Devices and Apparatus

3.3.1 Electrical Conductivity Meter

In order to develop an electrical conductivity model of saturated soils, it is essential to find
the electrical conductivity of soil-water suspension. This experiment was carried out using

an electrical conductivity meter (Horiba Scientific LAQUA-PC1100), as shown in Fig.3.3.

Activation

Electrodes status

G o
ONductivity ¢ 8

=

~Cmm

P

Figure 36: Electrical conductivity meter used to measure soil-water suspension conductivity:
a) complete set up of the device, b) brief information on meter display, c¢) a sample
experiment process, and d) solutions with known EC values for the calibration purpose.

The unit consists of one display unit with function keys for calibration, measurement, and
settings. The device is connected to two different probes to determine pH and electrical

conductivity, as shown in Fig.3.3a. Before each operation, probes should be washed
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carefully with de-ionised water, without touching the probes. Next, the probes are wiped
smoothly with filter paper or tissues. Before starting the test, the respective probe has to be
activated and “ACT” should be displayed on top of the respective function, as shown in
Fig.3.3b (pH probe is activated). Once the probe is activated, it is immersed inside a glass
beaker to measure the electrical conductivity/pH of the liquid at a specific temperature
displayed at the right corner of each respective operation. For the conductivity
measurement, three black electrodes must be submerged together, leaving no electrode
outside the liquid in order to obtain a precise measurement, as shown in Fig.3.3c. The
device provides the average electrical conductivity (EC) measurement coming from each
electrode at a different distance. The pH probe doesn’t have any special instructions;
however, the probe has to be submerged at least 3 cm into the solution from the tip. Each
probe is also able to provide the temperature of the solution, and therefore careful attention

must be paid to the temperature exhibited by the active probe only.

However, before the commencement of any test, the device is calibrated (CAL tab) at
standard room temperature with three different conductive solutions with known EC and

pH, as shown in Fig.3.3d.

3.3.1 Soil Resistivity Meter (Wenner Method)

The soil resistivity (SR) meter used in this research considers the Wenner four-electrode
method (Wenner, 1915; Sangray and Mitchell, 1976), as shown in Fig. 3.4. For this
purpose, a modified plastic cap containing four copper electrodes (two outer and two inner
electrodes, each 0.8 mm in diameter) was used, as shown in Fig. 3.4b. As per the
configuration, the electrical current flows through the two outer electrodes and the voltage
drop is monitored by the inner electrodes. It has been reported in the literature that a four-

terminal pair configuration deals with perturbation better than a two-electrode method, as
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the former is capable of reducing electrical interference and electrode polarisation (Wenner,

1915).

To measure soil resistivity, the plastic probe has to be placed through the soil specimen.
The specimen has to be placed inside a plastic or glass or any non-conductive container to
ensure consistency in the reading. Once the set up is ready, the “push test” button is pressed
and the reading is taken after 3 seconds. If the device shows an error or 1, the range of the
resistor has to be adjusted by tuning the black regulator, as shown in Fig.3.4c. If the
resistance range is higher than 1, the value has to be included in the calculation. Each test
has to be repeated at least three times and the average should be recorded. The display
provides the reading, which is also shown in Fig.3.4d. Later, electrical resistivity is
calculated by utilising the same equation. The conversion formulae are also available on

the device, as seen in Fig.3.4e.

The Wenner four-electrode method provides an average ER of a hemisphere of space within
the test specimen where the radius of the hemisphere space is approximately proportional
to the electrode spacing and the term 2ma is a geometric factor defined based on a semi-
infinite boundary condition (half space). The impact of geometric factors is decisive to
confirm the precise measurement of ER. To calibrate the experimental setup used in this
study, the test cell was filled at different heights with two reference salt concentrated water
solutions of known ER. A similar approach has previously been used by several researchers

(Wenner, 1915; Al Rashid et al., 2018).



106

TWKER & FASOR

| 352

4 PIN METHOD

ol
e

(d)

Hasio scares o e (@)

i v
| ISH AND
| OLD TO TEST,

Figure 37: Soil resistivity meter and its specifications: a) complete set up, b) four
pins representing four electrodes, c) range selector for resistance, d) a sample experiment,
and e) information on the formulae for the conversion purpose.

3.3.2 Heat-Based Distilled Water Maker

Distilled water is prepared by the heat-based distilled water maker, as shown in Fig.3.5.
The device is connected to a nearby tap, from where the water goes into the reservoir. The
black tube at the right supplies the distilled water, which is collected in a glass beaker. A
safe distance should be maintained between the user and the unit since the device works
with a heating system. The collection beaker shouldn’t be touched without heat-protective
thick gloves (latex gloves should not be worn). In addition, it is also mandatory that no

parts of the unit are touched or dismantled while an operation is being performed.
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Distilled water is used exclusively in almost all the major experiments of this study. For
example, distilled water is required for the free swelling test described in Chapter 4. In the
experiments described in Chapter 5, distilled water is prepared first and allowed one day to
cool down. Once the temperature reaches 25°C, different amounts of NaCl are mixed to
form different salt concentrations in the water to vary water salinity as well as the electrical
conductivity of the water. A similar approach is followed to prepare the particle size
distribution’s soil-water homogeneous suspension, described in Chapter 6. The
conventional liquid limit and plastic limit have always necessitated the use of distilled water

at room temperature, as well as the newly introduced approach (Chapter 7).

Collection
container

Figure 38: Heat-based distilled water maker.

3.3.3 Soil-water Suspension Mixer

The MATEST suspension mixer is used extensively in this study mostly to make the
homogeneous suspension described in Chapter 5 or the suspension for particle size
distribution detailed in Chapter 6. The unit has a rotary blade that spins through the

suspension to ensure homogeneity, as shown in Fig.3.6. The standard container is made of



108
aluminium and has to be adjusted and aligned properly with the black holder (Fig.3.6a),
otherwise the blade won’t rotate despite pressing the start button. The time-scale to mix the
suspension with the mixer depends on the amount of sample present in the water, however,
before re-using the unit for another sample, the metal rod and blades are washed with de-
ionised water to avoid contamination. One sample of mixing is demonstrated in Fig.3.6b

for a clear view.

Container
holder

Figure 39: Soil-water suspension mixer used in this study: a) information on the parts of the
device, and b) a sample mixing process ongoing.

3.3.4 Automatic Mortar Mixer

In order to mix soil specimens at a targeted water content in the soil electrical conductivity
tests, the automatic mortar mixer is utilised. The device comprises a lightweight aluminium
construction and comes with a stainless steel/plastic stirrer and a mixing bowl, as shown in
Fig.3.7. Once the soil is completely mixed with water, the soil specimens are transferred to

a sealed plastic bag for moisture equilibrium.
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Speed
regulator

Mixer

Figure 40: Automatic mortar mixer used in this study to mix dry soil samples at different
moisture contents.

3.3.5 Standard Proctor

The standard proctor compaction test (ASTM D698; AS 1289.5.1.1:2017) is used to
reconstitute soil specimens at a targeted water content in a standard compaction mould
using standard compaction energy. The mould’s diameter is 4 inches and a 2.7 kg hammer
is used for compacting clays in 3 separate layers (Fig.3.8). In addition, the compaction

energy is approximately 591.3 kN-m/m? for 25 blows per layer.
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2.5 kg (5.5 Ib) hammer
25 blows
per layer

Compactive

effort 16 778 Nm
(12,375 ft-Ibs) Q¢
L

Soil
sample
0,001 m?
(0.03 ft3)

3 layers

Figure 41: Sample diagram of the standard proctor compaction test for soils.

3.3.6 Optimised Temperature Controlling Water Bath

The temperature controlling water bath from Thermo Scientific (Fig.3.9a) is used for the
free swelling test of soils at different temperatures ranging from 15°C to 35°C (Chapter 4).
The water bath has a reservoir inside where the beaker or container with soil-water
suspension is placed, as shown in Fig.3.9b. The power touchscreen works both as the
display unit as well as the operation indicator. Once the container or beaker is placed inside
the water bath, the top lid is closed and the targeted temperature is entered (Fig.3.9¢). Since
the inner temperature varies, it takes a while to reach the desired temperature. However,
after the device confirms the inside temperature, a further assessment is conducted to check
the consistency of the temperature of the beaker’s fluid as well, where the free swelling of

soils takes place.
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Figure 3.42: The optimised temperature controlling water bath used in this study: a) front

set up of the device before starting the experiment, b) beakers are merged into the water to

reach the targeted temperature, and c) display of keypad to enter the desired temperature
input.

3.3.7 Hydrometer

A hydrometer comprises a bulb and a graduate stem. It is designed with sloping sides which
are able to decrease the settling of the particles on the hydrometer. The hydrometer is left
in the suspension for a while so the density reading can be taken. After the reading is
recorded, the hydrometer is withdrawn from the suspension and inserted later to take the

next reading.

In order to determine the particle size distribution, the hydrometer needs to be inserted into
the suspension when the density needs to be recorded. Once the density is recorded at a
specific time, the hydrometer is later submerged into another 1000 ml cylindrical beaker

filled with distilled water, as shown in Fig.3.10.
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Hydrometer into distilled water

Sample soil-water suspension

Figure 3.43: Hydrometer used to determine the particle size distribution of soil (AS
1289.3.6.3-2003).

3.3.8 Pipette

The pipette technique is another way to determine the particle size distribution of soil. A
volumetric pipette made of borosilicate glass is used only for validation purposes in relation

to the technique introduced in this study in Chapter 6.

For PSD analysis, a pipette was fixed at a specific height by a clamper (Fig.3.11a) and a
fraction of the suspension was collected at a specific timeframe. During the test, at the time
of sample collection, the spherical-shaped black rubber suction bulb shown in Fig.3.11a is
pressed gently to avoid air going in or out and knob A at the top is slowly pressed using the

index finger and thumb at the same time. When pressure is applied to knob A, the sample
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slowly goes into the pipette. This task has to be done at one go with minimum disruption

to the particle settlement.

Rubber suction

Clamper to adjust height

Collected sample

Figure 3.44: Sample pipette analysis for particle size distribution of soils: a) complete set up,
and b) sample collection procedure.

Before the test, the thoroughly mixed suspension is poured into a graduated cylinder and
after 2 hours and then 24 hours, approximately 1 ml of sample is withdrawn from 5 cm
below the surface of the cylinder (Fig.3.11b) and the mass of the dry solid matter is

calculated after drying out the suspension inside the oven overnight.
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3.3.9 Laser Diffraction Particle Size Analyser

Laser diffraction (LD), one of the modern techniques, uses the optical properties of particles
and light to find the PSD of soil particles. The basic theory of any light scattering method
significantly depends on the interaction between a particle and light incident upon that
particle. This interaction creates four different but inherently related scattering patterns,
namely diffraction, refraction, reflection, and absorption of the incident beam. The
magnitude of each aforementioned phenomenon varies based on nature, size of the particle

and wavelength of the light beam. One of the recent techniques involves using the LD of

the particle to find the PSD.

Chamber to
disperse soil
particles

Figure 3.45: Malvern Mastersizer 3000 Laser Diffraction Particle Size Analyser setup.

The Malvern Mastersizer 3000 device was used to determine the particle size distribution
of soils to assess the accuracy of the proposed method introduced in Chapter 6. The device
disperses soil samples in the liquid, as shown in Fig.3.12. A laser beam is passed through
the cell and the soil particles scatter the light to create scattering patterns. The automated
device’s optics determine the angles and intensity of the light, scattered by the particles and

the PSD curve is generated within 5-10 minutes.
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3.3.10 Casagrande Device for Determining the Liquid Limit (LL) of Soil

The Casagrande technique requires a brass cup that drops from a pre-determined height on
a flat, hard base when operated by the handle (Fig. 3.13). The height of the cup is adjusted
by tightening the screw by hand. Then, the device is ready for the test. During the operation,
when the handle is turned, the brass cup is raised and allowed to drop on a hard base. The
method requires around 120 gm of oven-dried soil sample passing through the 425u IS
sieve. The sample is then transferred to a clean dish and mixed with de-ionised water to
form a uniform paste. A portion of the paste is placed in the cup and the surface is labelled
and smoothened. A spatula is used for the labelling or smoothening step to a depth not
exceeding 1 cm. Then, a smooth groove is cut by a standard grooving tool in one attempt
along the symmetrical axis of the cup. The Casagrande tool cuts a groove of 2 mm at the
bottom and 11 mm at the top with a depth of 8 mm (Arora, 2008). After the creation of the
groove, the handle is turned at 2 rev/s until the two parts of the sample come into contact
at the bottom part of the groove along a distance of approximately 12 mm. The soil is then
again mixed and a similar step is repeated until the two consecutive experiments provide
the results with the same number of blows. Once the repeated test provides a similar result,
a small portion of the sample is taken (around 15 gm-20 gm) from the cup and transferred
to a container with a known mass. Then, the container with the wet sample is kept inside

an oven under a constant temperature of 104.5° C to determine the water content.
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Figure 3.46: Sample Casagrande test to determine LL: a) groove creation before the actual
test begins, and b) different parts of the Casagrande device.
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A portion of the sample is kept inside the oven, the rest of the sample is transferred to the
sample dish, and another homogeneous paste is formed by adding more water than the
previous sample. Then, these steps are repeated. According to this technique, the LL. is the
water content at which the soil exhibits the same behaviour as the liquid when the device

is subject to 25 blows.

The Casagrande LL test was performed to create a database with a view to validating the
experimental results of the new approach introduced in Chapter 7, which involves
determining the liquid limit (LL) and plastic limit (PL) of soils using the electrical

conductivity method.

3.3.11 Cone Penetration Device for Liquid Limit

The cone penetration device is an alternative to the Casagrande method. As previously
mentioned, the new technique to determine the LL introduced in Chapter 7, requires
validation with conventional techniques. As a result, both Casagrande and cone Penetration
techniques were considered for identical soil samples to gain more confidence in the

accuracy of the EC method.

The setup of the cone penetration method includes a 35 mm long stainless-steel cone with
a top angle of 30°+1° There is a sliding rod that can move up and down, and the cone is
fixed at the lower end of the rod. According to the British Standard 1990, the total system

has a mass of approximately 80 g+0.05 g.

The procedure of sample preparation is similar to that of the Casagrande. However, the
homogeneous paste is transferred to a different type of cup with a diameter of 50 mm and
a height of 50 mm. The cup has to be completely filled with the sample, without entrapping
air. When the cup is completely filled and levelled, the rest of the samples are transferred

to the sample preparing dish for the next step. The cup is then placed below the cone and
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the cone is carefully lowered closer to the top surface of the cup without touching it. The
height can be adjusted by pressing the circular tab, as labelled in Fig. 3.14. Once the height
is fixed, leaving the circular tab free tightens the sliding rod, and after this, the graduated
scale is reset to zero. Once the scale displays zero, the circular tab is pressed and the sliding
rod is released leading the cone inside the soil. It is recommended to wait for 30 seconds to
let the cone penetrate the soil. The penetration is then recorded and the test is repeated to

observe the repeatability.

Penetration

Moving

Sliding

Tab to release
the cone

Figure 3.47: Cone penetration method for soil.

If the second values vary £0.5 mm, then a third reading is taken and the average is
calculated. The test is then continued by adding more water in the sample and taking the
penetration reading. The penetration reading may range from 12 mm to 25 mm, depending

on the amount of water and the properties of the soils.
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3.4 Summary

The purpose of this chapter was to briefly introduce some of the important materials and
equipment used for the experiments. Other materials are utilised in different stages of this
study, however, information on these will be discussed when necessary. In general,
bentonite and kaolin were considered in most of the experiments due to their availability at
the La Trobe University laboratory as well as in Australia. Since kaolin and bentonite are
laboratory-based clays, it is easier to initiate experiments with these rather than natural
soils. Natural soils were only considered in the experiments once the experimental results
with kaolin and bentonite were in accord with the theoretical predictions. The devices were
always used in line with the safety and professional standards specified by both the

manufacturer and La Trobe University.



120

Chapter 4

Electrical Properties of Clay Particles
4.1 Introduction

In this chapter, the effect of temperature and pore water salinity on the electrical surface
conduction of clay particles and its diffuse double layer (DDL) thickness are studied
experimentally. Two new electrical surface conduction parameters that can be measured
experimentally are introduced in this study. The testing soils in this study include two
commercially available clays (kaolin and bentonite) and two natural soils (dermosol and
chromosol). The proposed two surface conduction parameters can also be used to assess
the effects of temperature and pore water salinity on the thickness of DDL indirectly. The
observed results indicate that as the temperature and pore water salinity increase, the DDL
thickness decreases. As the free swelling index (FSI) of the clay is a function of the DDL
properties of its particles, the FSI of the tested soils was measured at different temperature
and water salinity levels. The results of FSI directly confirm the observed effect of

temperature and pore water salinity on DDL thickness.

4.2 Effect of Pore Water Salinity and Temperature on DDL

Fully saturated soil is considered to be a multi-phase material consisting of a solid and pore-
water/fluid phase. The pore water could contain different salt concentrations (molarity)
which directly influence the electrical conduction through the soil liquid phase. However,
the soil electrical conduction also varies with the mineralogical properties of soils which
control the fluid-particle interactions that could lead to the formation of a surface
conduction layer that surrounds the solid particle surface (Klein and Santamarina, 2003;
Mojid et al., 2007). This layer is called the diffuse double layer (DDL) and it plays a major

role in the overall electrical conductivity of soils. The electrical properties of this layer are
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controlled by pore water salinity and the surface charge properties of clay particles.

However, it also evolves with temperature changes due to the temperature effect on ion

mobility (Revil et al., 1998).

Several researchers (Mitchell and Soga, 2005; Mojid et al. 2007; Lu et al., 2019) have
reached agreement on the effect of pore water salinity on the surface conduction and DDL
thickness. As pore water salinity increases, the surface conduction effect and DDL
thickness decrease. On the other hand, several studies have investigated the effect of
temperature on the electrical properties of soils and showed that the electrical conductivity
of soils increases as the temperature increases (Brevik et al., 2004; Robinson et al., 2004;
Zhang et al., 2020). This behaviour was mainly attributed to the increase in electrical
conductivity of free saline water as the temperature increases. Mitchell and Soga (2005)
stated that the physico-chemical properties of DDL water change as the temperature
increases due to the thermally induced changes in electro-osmotic potential. However, DDL
thickness is temperature independent. According to Mitchell and Soga (2005), the
temperature should have an insignificant effect on DDL thickness. However, Towhata et
al. (1993), Cho et al. (1999), and Estabragh et al. (2016) suggested that at an elevated
temperature, the adsorbed water may be converted into bulk pore water and DDL thickness

decreases.

Based on the above discussion, it clear that more research is required to find a simple testing
approach that can quantify the effect of pore water salinity and temperature on the
geometric and electrical properties of the DDL of clay particles. In fact, determining these
properties is crucial to better understand the electro-chemical behaviour of soils and

develop an accurate electrical conductivity model of soils.
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4.3 Proposed Surface Conduction Parameters

4.3.1. Phase Relationship

As discussed in the literature review, all the soil conductivity models consider solid soil
particles as an insulating material and electrical conduction goes through the conductive
fluid path only. To include the role of DDL in the electrical conductivity (EC) of soils, the
newly proposed approach in this study considers the clay particle and its surrounding DDL
as a single unit called an effective clay particle, as shown in Fig 4.1. It could be observed
that insulated solid is being surrounded by DDL water, and later an equivalent conductive

material/effective solid has been formed.

Following the proposed concept of an effective solid phase, the total volume of saturated

clay V can be expressed as follows:

V=V +Ve (4.1)
where V{,and V¢ are the volumes of the free water and effective solid, respectively. These
volumes are different from the total volume of water Vy and volume of solid Vs and is

determined as follows:

V=V — Vol =n-(1-n)x-1D]V (42)
Ve =V, +VOPL = (1 —n)xV 4.3)
where:

_Y% 4.4

X - VS ( . )

Vy
n= v (45)
vE,
ne =~' (4.6)
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X= 4.7

DDL water

l
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Vs = Vg + VPt

Free water

1

V=Vl+Ve

Figure 4.48: Postulation on effective clay particle/effective solid formation with DDL water.

where VEPland V, are the volumes of DDL water and void, respectively; n is the porosity,

and n. is the effective porosity. Therefore, the term x ( > 1.0) can express the overall size

of the DDL water per unit volume of soil.

As the temperature increases, the solid undergoes physical changes as its volume changes

at the elevated temperatures due to the thermal expansion. The thermal expansion could be

observed in terms of changes in shape, area, volume, and density as a function of

temperature. In this study, the thermal expansion has been considered to change the volume
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of the soil, hence referring as soil thermal expansion of volume. At the elevated
temperature, the soil particles start to vibrate and become mobile. Therefore, the
interparticle distance increases, leading to expansion of volume of solid. 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 the soil solids is considered to determine

the volume of the solid. This can be expressed as follows:
Vs = V[(T' = T)a + 1] (4.8)

where Vg is the final volume of the solid at elevated temperature T' and T is the room
temperature (typically 25°C). The parameter o is known as the thermal expansion
coefficient of the solid soils and has a typical value of 10 °C™! (Abuel-Naga et al., 2006 ;

Maranha et al., 2017; Cui et al., 2018; Zhou et al., 2018).

A novel type of experimental test is proposed in this study to determine the volume and the
electric properties of effective clay particles (solid + DDL water). The proposed method
involves measuring the electrical conductivity of a diluted clay-water system, 0pix-
Assuming that the clay particles in this system do not contact each other, this system can
be mathematically expressed using a series-parallel approach (Fig. 4.1) as follows (Ohm’s

law):

a
Omix = 7 5=a T POw (4.9)
o5 ow
where oy, is the electrical conductivity of free water and oy 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 Eq. 4.9 can be identified as follows:

ad=1-n, (4.10)
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a=+(1—-n)y (4.11)
b=1-(1—-n)x (4.12)

In the unit diluted clay-water system, the empirical parameters (a=d), and b refer to the
areas of the free water, and effective solid and free water, respectively. For a better

clarification, Fig.4.2 has been illustrated.

Therefore, Eq. 4.9 can be written as follows:

(1-n)x
Omix = Ty e (1- V@ =n)x)ow (4.13)

N

Effective
Solid

10 Free =l— | Current flow
- Water -

Free
Water 1-d

Figure 4.49: Representation of diluted clay-water system.

To find the unknown electrical surface conduction parameters x and og, the electrical
conductivity of two different diluted clay-water systems in terms of their n value (ni, ny)
should be measured experimentally. The results of the tests can be used to find x and o by

back-calculation as follows (Wolfram Mathematica V11):

X = (N2—N1)Omix1wOmixzw (4 14)
owl(N2)20mix1—(N1)?Omixz +ow{(N1)2—(Nz)?}]
0. = N1 N3 (N1 —N2)0w Omix1wOmixzw(N20mix1iw+N10mixaw) (4 1 5)
s (N1)2(N2)20mix1,2wCmix1wOmixzw=N1N2[0mix1wOmixzw{(N2)20mix1w—(N1)?0mixzw ] +ow{(N2)*Omix1w? +(N1) *Omixzw?} ’
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Details of the notations and expressions of Eqs. (4.14-4.15) can be found in Appendix 1,

and the Mathematica script is included in Appendix 2.

4.4 Experimental Programmes

The experimental programmes were conducted into two major phases. The first phase
includes the experiment to determine X and 5. The second and last phase includes the free
swelling test at the elevated temperature to observe the changes in x and og. A flowchart
outlining the experimental programmes has been provided in Fig. 4.3, for a better

representation.

Experimental programmes to determine EC

properties of clays

l

Step 1: Determine x and og. Then, check sensitivity of x and ogsat pore-water

salinity and temperature

l

Step 2: Determine Free Swelling Index (FSI) of each soil, and monitor the

changes in FSI at elevated temperature

Figure 4.50: Flowchart depicting the major steps of the experimental programmes.
4.4.1 Testing soils

Four types of soils are considered in this study, namely kaolin and bentonite, and two
natural soils, dermosol and chromosol. The geotechnical properties of kaolin and bentonite
were discussed in Chapter 3 and the particle size distribution of dermosol and chromosol
is shown in Fig. 4.4, obtained by laser diffraction method. Chromosol has a liquid limit of

58% and a plastic limit of 27.4%, whereas dermosol has a 59% liquid limit and a 28.4%
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plastic limit. Chromosol and Dermosol were collected from Culcairn, NSW and Kinglake,

VIC, respectively.
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Figure 4.51: Particle size distribution of dermosol and chromosol, obtained by laser
diffraction technique.

4.4.2 Determining Electrical Surface Conduction Parameters (cs and %)

The experiment to determine the surface conduction parameters x and o involved some

easy-to-implement experimental techniques, which are described as follows:

I. 2L of de-aired water at the targeted salinity was prepared (in two identical 1L
beakers) and kept inside the temperature bath to reach the targeted temperature of
the test (25°C, 30°C, 35°C, and 40°C).

II.  Once the temperature of the beakers reached the targeted temperature, the electrical
conductivity of the saline water (ow) was measured by the EC metre.

III.  Using the saline water, two different soil-water homogeneous suspensions were
prepared at 10g/L (Opix1) and 20g/L (Opixz) by mixing it vigorously for
approximately 30-40 minutes with the soil-water suspension mixer, as described

illustratively in Section 3.3.3 of this thesis. The MATEST suspension mixer was
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used to make the homogeneous suspension. The unit has a rotary blade that spins
through the suspension to ensure homogeneity. The standard container is made of
aluminium and has to be adjusted and aligned properly with the black holder\,
otherwise the blade won’t rotate despite pressing the start button. The time-scale to
mix the suspension with the mixer depends on the amount of sample present in the
water, however, before re-using the unit for another sample, the metal rod and
blades are washed with de-ionised water to avoid contamination. In general, the
standard timescale to complete preparing homogeneous mixture was to wait for at
least 30-40 minutes.

IV.  Once the mixing was completed, the suspensions were allowed a few seconds to
become steady and the EC of the suspensions (omix1 and omix2) and temperature were
measured.

V. Finally, Eqs (4.14-4.15) were utilised to determine the surface conduction

parameters s and .

4.4.3 Modified free swelling index test
4.4.3.1 Methodology

To investigate the effect of temperature and water salinity on the electrical properties of the
clay’s DDL thickness, the FSI test (Gibbs and Holtz, 1956; Nagaraj et al., 2010; Zumrawi,
2013) was 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
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Figure 4.52: Free swelling test (Gibbs and Holtz, 1956).

poured into the 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:

Final volume (Vg)—initial volume(V;)

FSI =

x 100 (4.16)

initial volume(V;)

Figure 4.5 demonstrates an example of the free swelling test, as discussed in Gibbs and
Holtz (1956). However, since the motivation of this study is to investigate the effect of
temperature on the clays’ DDL thickness, the temperature was varied up to 40°C with a
view to recording the changes in the clay volume. In addition to the distilled water, two
different types of saline water with different NaCl salt concentrations were considered in
this study (0.5g/L and 1g/L).

4.4.3.2 Sample preparation

To conduct the FSI test at different temperatures and water salinity levels, the following
procedures were followed:

I.  For each type of soil, around 20 g of oven-dried soils were passed through

the sieve 40 (a 425 pm sieve) and the fraction of soils which passed through

the sieve were collected in a dry container. Since different temperatures
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were considered to investigate the changes in the DDL thickness, the soils
were dried at the targeted temperature overnight.

Clean glass beakers which were filled with water and prepared at the
targeted salinity level (0.0, 0.5, 1.0 g/L) were kept inside in the temperature
controlling unit overnight to ensure the targeted temperature of the water
was reached. The targeted salinity refers to the salt-water solutions with
different concentrations of salt. 0.0g/L means the absence of NaCl in the
solution, which is directly representing the distilled water. On the other
hand, 0.5g and 1.0g NaCl per litre will exhibit different electrical
conductivities, which allowed to conduct further analyses at different pore
water salinity.

For each sample, two identical samples were prepared with a view to testing
the reproducibility of the results. Two identical 100 ml cylindrical glass
beakers were quickly filled with the prepared water at the targeted
temperature and salinity and then placed in an oven at the targeted testing
temperature. The temperature bath has a lid which needs to be closed to
guarantee smooth execution.

The dry soil sample at the targeted testing temperature was poured inside
the 100 ml glass beakers steadily. Then a lid was used to reduce the water
evaporation effect.

The soil particles were allowed to settle down at controlled temperature as

shown in Fig.4.6.
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Figure 4.53: Soil suspensions inside the oven.

VI.  After 24 hours or more, the beakers were taken out of the oven and checked
as to whether the water on the top has become transparent, as shown in
Fig.4.7. Although the finest particles might remain in the suspension, these

can be ignored, as described by Holtz and Gibbs (1956).
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Figure 4.54: Soil samples after being subjected to a constant temperature for 24 hours.
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VII.  In the final step of the experiment, the latest volume of the soil was recorded
and the free swell was calculated using Eq.4.16. It should be mentioned that

there was a marginal loss of water due to overnight evaporation; however,

this has an insignificant impact, as recording the changes in the height of the

soil was the primary objective.

4.5 Results and Discussion

The changes in the aforementioned properties and parameters were later collectively used
to explain the behavioural changes in the DDL of each soil. The following section discusses

on the parametric sensitivity as a function of pore water salinity.

4.5.1. Effect of Pore Water Salinity on 65 and

Figures 4.8-4.9 show the changes in y and o of different clays as the salinity of the water
changed. K-B mixture refers the clay mixture containing 50% Kaolin and 50% Bentonite.
There is no specific guideline or standard to choose such proportion, however, making a
clay mixture of 50% Kaolin and 50% Bentonite was easier to prepare inside the laboratory

environment.

In general, the results show that the particles of bentonite have higher o, due to its larger
electro-chemical surface activity compared to the kaolin clay particles. The trendlines
depicted on the points showed fit-quality/coefficient correlations R? between 0.92 to 0.99,
which show the trend to be consistent and predictable. Furthermore, the results indicate that
for different clay types, as the salinity of the free water increased, the value of o increased,
whereas y decreased. In this regard, the coefficient correlation R? were found to be between
0.91 to 0.99, and it provides further confidence on the experimental results. Therefore, as
the salinity of the free water increased, the size of the DDL decreased, whereas its electrical

conductivity increased. The reduction in the size of the DDL was expected as increasing
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the pore water salinity decreases the electro-osmotic potential, which was responsible for
the development of DDL (Mitchell and Soga, 2005). Therefore, the observed behaviour of

y supports its proposed physical meaning.
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Figure 4.55: Effect of saline water on electrical conductivity for different clay particles.
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Figure 4.56: Effect of saline water on different values of ¢ for different clay particles.
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4.5.2 Coupled Thermo-chemical Effect on o5 and
Figure 4.10 illustrates the evolutions of electrical conductivity parameters o5 as a function
of orw and T, showing that the parameter relies significantly on the changes of orw and T.

In general, the non-linear surface analyses were conducted based on the experimental

results obtained from this study, and coefficient correlations (R?) were found to be between

Table 4.16: Equations to determine o; of tested soils considered in this study.

Soils Equations R?
Bentonite 65=0.032+(0.0003*T)+(38*crw) | 0.99
Kaolin 6:=0.00323+T+(0.32*Grw) 0.97
Chromosol 65=0.0042+(- 0.94
0.00004*T)+(0.8*Fw)
Dermosol 6:=0.0035-T+(0.9*Grw) 0.88
(a) (b)
Bentonite Kaolin
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Figure 4.57: Evolution of o, as a function of T and orw for a) bentonite, b) kaolin, c)
chromosol, and d) dermosol.
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0.85 to 0.99, which lead to unique empirical equations for each soil so that an estimation
can be made at a further elevated temperature or water salinity. Table 4.1 details the

equations for each soil for better clarification.
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activity (Fig.4.11). It was also seen earlier that an increase in 65 of kaolin was quite marginal
as pore water salinity increases. Furthermore, the changes in o in distilled water for all
types of soils were almost negligible due to the absence of salt concentration in the water,
i.e., almost zero electrical conductivity of water. All the soils considered in this study
exhibited similar behaviour in this regard. However, as saline waters were considered to
determine o, each soil demonstrated an increase in the values of osas T increased, which

was expected. The comprehensive results are presented in Table 4.2 for better view.

The next parameter y, which represents the size/thickness of DDL, was also subject to study
as a function T. It was found that for all soils, the size of DDL decreased as T increased.
However, the rate of decrease was also less pronounced for kaolin, chromosol and dermosol
compared to Bentonite. The 3D surface analyses presented in Fig.4.12 were considered to
present equations to predict the y of each soil. The equations are detailed in Table 4.3, where
coefficient correlations R? have also been included. Pure bentonite possesses large DDL,
therefore the changes are more influenced by temperature. As T increased to 40°C, y of
bentonite decreased by approximately 23.75% in saline water-1 (0.5g/L NaCl), and 24.82%

in saline water-2 (1g/L NaCl), but only 4.5% in distilled water, as shown in Fig.4.13.

It should be mentioned here that there are several inconsistencies in the literature regarding
the effect of T on the size of the DDL. Hammel et al. (1983) and Mitchell and Soga (2005)
demonstrated that with an increase in temperature, the DDL thickness increases since the
dielectric constant decreases, whereas for the constant surface charge, the surface potential
increases as the dielectric constant decreases. Therefore, considering both characteristics,

changes in temperature have a negligible impact on DDL thickness. The effect of



Table 4.17: Comprehensive experimental results for all types of tested soils in this study.

Soil Water type | T (°C) Gfw* Vi(ml) | Va(ml) | Vavg (ml) | FSI (%) | os(S/m) X GDDL
(S/m) (S/m)
25 0.000085 69 72 70.5 605 0.0412 | 2.01 0.102
Distilled 30 0.000092 51 53 50 420 0.0436 | 2.00 0.108
35 0.000096 44 43 43.5 335 0.045 1.99 0.113
40 0.0001 31 30 30.5 205 0.0464 | 1.92 0.122
25 0.0014 55 58 56.5 465 0.08201 | 1.81 | 0.23461
10B Saline-1 30 0.00195 48 43 45.5 355 0.09829 | 1.66 | 0.32222
35 0.0026 30 33 31.5 215 0.13951 | 1.51 | 0.55045
40 0.00472 26 23 24.5 145 0.195723 | 1.38 | 0.97511
25 0.002 47 46 46.5 365 0.10593 | 1.59 | 0.37487
Saline-2 30 0.002915 39 39 39 290 0.13738 | 1.38 | 0.66824
35 0.003616 24 26 25 150 0.16147 | 1.23 | 1.20138
40 0.00496 22 21 21.5 115 0.20766 | 1.19 | 1.79426
25 0.000085 21 21 21 110 0.003425 | 1.08 | 0.06776
Distilled 30 0.000092 19 19 19 90 0.0035 | 1.077 | 0.0715
35 0.000096 18 17.8 17.9 79 0.00358 | 1.076 | 0.07405
40 0.0001 17 17 17 70 0.003614 | 1.075 | 0.0758
25 0.0014 18.4 18.5 18.45 84.5 0.00374 | 1.042 | 0.1821
10K Saline-1 30 0.00195 18.2 18 18.1 81 0.00401 | 1.034 | 0.2071
35 0.0026 17 17 17 70 0.00461 | 1.029 | 0.20919
40 0.00472 16 16 16 60 0.004763 | 1.020 | 0.27789
25 0.002 18 17.5 17.75 77.5 0.003988 | 1.024 | 0.2455
Saline-2 30 0.002915 17 17 17 70 0.004257 | 1.021 | 0.30776
35 0.003616 15 14.5 14.75 47.5 0.004963 | 1.018 | 0.3571
40 0.00496 13 13.5 13.25 32.5 0.005258 | 1.014 | 0.51121
25 0.000085 17.3 17.3 17.3 73 0.00112 | 1.106 | 0.0168
Distilled 30 0.000092 17 17 17 70 0.00147 | 1.082 | 0.02809
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Dermosol 35 0.000096 | 16.7 16.8 16.75 67.5 0.00178 | 1.076 | 0.03672
40 0.0001 16.4 16.5 16.45 64.5 0.00186 | 1.074 | 0.03935
25 0.0014 16.5 16.7 16.6 66 0.003661 | 1.031 | 0.17532
Saline-1 30 0.00195 16.3 16.3 16.3 63 0.00381 | 1.029 | 0.1958
35 0.0026 15.9 15.9 15.9 59 0.004103 | 1.028 | 0.22103
40 0.00472 15.6 15.6 15.6 56 0.00433 | 1.026 | 0.24776
25 0.002 16 16.2 16.1 61 0.004532 | 1.022 | 0.31326
Saline-2 30 0.002915 | 15.7 15.6 15.65 56.5 0.00493 | 1.020 | 0.36734
35 0.003616 | 154 15.3 15.35 53.5 0.005301 | 1.018 | 0.4421
40 0.00496 15 15 15 50 0.00584 | 1.014 | 0.62995
25 0.000085 19 18.8 18.9 89 0.003279 | 1.055 | 0.092718
Distilled 30 0.000092 | 17.5 17.7 17.6 76 0.003291 | 1.054 | 0.094343
35 0.000096 17 16.8 16.9 69 0.003306 | 1.052 | 0.09794
40 0.0001 16.2 16 16.1 61 0.003318 | 1.050 | 0.102083
Chromosol 25 0.0014 15.3 15.2 15.25 52.5 0.00454 | 1.025 | 0.27689
Saline-1 30 0.00195 15 14.8 14.9 49 0.005284 | 1.023 | 0.34544
35 0.0026 14.8 14.7 14.75 47.5 0.00591 |1.022 | 0.40183
40 0.00472 14.5 14.5 14.5 45 0.006294 | 1.020 | 0.47135
25 0.002 15 15 15 50 0.005104 | 1.022 | 0.353099
Saline-2 30 0.002915 | 14.7 14.5 14.6 46 0.005598 | 1.020 | 0.419265
35 0.003616 | 14.3 14.2 14.25 42.5 0.006035 | 1.018 | 0.49873
40 0.00496 14 14 14 40 0.00652 | 1.015 | 0.63699
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temperature of the dielectric constant of water is shown in Table 4.4 (Mitchell and Soga,

2005):

Table 4.18: Equations to determine y of tested soils considered in this study.

Soils Equations R?

Bentonite x =1.85+(0.007*T)- 0.91
(158*crw)

Kaolin x=1.032+(0.0013*T)- 0.90
(16*Grw)

Dermosol | y =1.02+(0.0007*T)-(8*crw) | 0.89

Chromosol | 3 =1.01+(0.001*T)-(13*crw) | 0.85

Bentonite

Figure 4.59: Behavioural changes in y as T and Grw vary.

99999
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Table 4.19: Effect of temperature on the dielectric constant of water.

T (°C) T (K) D DT
0 273 88 2.40 x 10
20 293 80 234 % 10°
25 298 78.5 2.34 x 10
60 333 66 2.20 x 10

The dielectric constant is the ratio of permittivity of the substance to the permittivity in the
free space, therefore D in Table 4.4 doesn’t have any unit (Mitchell and Soga, 2005). The
small variations in DT values provide the basis of the statement by Mitchell and Soga
(2005). Table 4.4 represents D values based on some assumptions. Sposito (1989) showed
that D of water in soil could be between 2 and 50, which casts doubt on the assumption of
Mitchell and Soga (2005). Furthermore, it is known that the dielectric constant (D) of a
substance (for example, water) decreases as the temperature increases. However, for soil,
the dependency of D on the temperature is more complicated due to the existence of the
surrounding or bound water. As the temperature increases, the molecular vibrations of the
water and cations attracted to the soil particles can affect the dipole. In practical

applications, the effect of the temperature on D is highly dependent on the type of soil.
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Figure 4.60: Effect of T on i as the salinity of water changes for (a) bentonite, (b) kaolin,
(c) dermosol, and (d) chromosol.

According to Seyfriend and Murdock (2001) and Seyfried (2004), D can either increase or

decrease significantly as temperature increases, but the impact will not be negligible. In



144
addition, the aforementioned statement was postulated, considering the Gouy-Chapman
model for DDL (Gouy, 1910; Chapman 1913). The Gouy-Chapman theory for DDL has
numerous limitations which do not consider the clay particles’ interactions, electrical
properties of water, hydration properties of clay, and interactive attractive forces (Sogami
and Ise, 1984; Guven, 1992; Bharat et al., 2013). Furthermore, the properties of free water
and DDL water are different. Therefore, the concept regarding the DDL thickness,
presented with the Gouy-Chapman theory, has been subject to numerous criticisms which
make the concept of the negligible impact of the temperature on DDL thickness doubtful.
It should also be noted that none of these assumptions or theories was experimentally
validated. Therefore, further evidence is needed which can be used as part of the validation

of the effect of T on DDL.

The statement by Mitchell and Soga (2005) also contradicts the report provided by Zhang
et al. (2004) who explained the changes in the thickness of DDL by linking with Atterberg
limits (liquid limit and plastic limit). Zhang et al. (2004) stated that with an increase in
temperature, the soil starts to dry out and goes through mechanical, physico-chemical and
chemical transitions. One of the changes in the physico-chemical process involves the loss
of the DDL layer, which also affects the Atterberg limits. Therefore, the thickness of DDL

decreases with an increase in the temperature.

Based on the above discussion, it is clear that more evidence is required to support the
observed behaviour of y in this study which indicates that as temperature increases, DDL
thickness decreases. For this purpose, a modified free swelling index test was used in this

study to qualitatively validate the observed effect of temperature and water salinity on y

and DDL thickness.
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4.5.3 Effect of Temperature and Water Salinity on FSI

Studying the impact of temperature on DDL thickness or changes in the size of the DDL is
one of the prime objectives of this research. The theoretical assumptions and literature
analyses have already been discussed. However, in order to establish confidence in the
current theory, a simple experimental test (modified free swelling test) was conducted for

all types of soils.

® C
EROROA A

. Reduced height
DDL development  Free swelling at due to DDL

as particles settle the base thickness

reduction

Figure 4.61: Schematic diagrams explaining DDL development and reduction in free
swelling and DDL size due to temperature.

In the FSI test, when soil particles come into contact with water or fluid, the particles
develop their own DDL and settle down as presented in the schematic diagrams in Fig.4.14.
The volume of the settled soil comprises the volume of the solid particle, the DDL water,
and the free water between the particles. By changing the temperature or/and water salinity
of the FSI test, the change in the final settled volume is mainly a function of the geometric
and electrical properties of the developed DDL water around the clay particles. In other

words, if FSI decreases, the volume of DDL water also decreases and vice versa. Therefore,
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the FSI test can provide a qualitative indication of the effect of temperature and water

salinity on DDL thickness.

The predominant forces, namely the attractive and repulsive forces among the clay particles
play vital roles in affecting the size of the DDL. The physico-chemical interactions take
place once the clay particles come in contact with the water, which leads to the formation
of the adsorbed water layer. The adsorbed layer behaves similarly to a typical electrolytic
solution which allows electrostatic interactions. The interactions lead to ion exchange
between the negatively charged clay particles’ surfaces and the pore water. Therefore,
double layer repulsion is generated during the ion exchange, which is actually the
electrostatic repulsion among the clay particles. An increase in the temperature significantly
influences both attractive and repulsive forces, and as a consequence, the charges of the
clay particles are changed. Heat also reduces the DDL thickness as well as the orientation

of the soil particles (clay fabric) (Almanza et al., 1996).

The results of FS, as shown in Table 4.2 and Fig.4.15, indirectly indicate that as the
temperature increases, the volume of DDL water (DDL thickness) decreases. However, the
rate of decrement in the DDL thickness was more influenced for the saline water than the
distilled water due to the cation exchange capacity and ion concentration in the water. The
electrical conductivity of water also increases with an increase in temperature, therefore it
was expected that surface conduction will increase. At the same time, an increase in
temperature also caused the montmorillonite mineral to undergo microstructural
deformation which led to the lower capacity of the adsorbed water than the initial condition.
Therefore, the surface potential of clay increased as a function of the temperature and at the

same time, the thickness of DDL decreased.

It should be mentioned here that while bentonite’s DDL volume of water reduced from 1.81

to 1.38 from 25°C to 40°C (0.5g/L NaCl saline water), the changes were not effective for
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kaolin, dermosol or chromosol. The explanation for this lies in the microstructural
behaviour of the clay particles as none of the soils, apart from bentonite, have large
electrical surface activities and low plasticity. Therefore, the reduction in DDL thickness
was barely affected by the increasing temperature as these soils have low DDL in a
room/laboratory-based temperature. This behaviour can be validated by the explanation of
de La Fuente et al. (2000) and Drief et al. (2002), who explained that only bentonite
undergoes significant changes in surface activities as a function of temperature ranging

from 25°C to 150°C.
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Figure 4.62: Effect of temperature on the FSI of soils.

Table 4.1 and Fig. 4.15 exhibit the experimental results achieved from this study on the

effect of temperature on FSI. It was observed that bentonite demonstrated high FSI
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compared to kaolin and the natural soils, namely chromosol and dermosol. Bentonite has a
high liquid limit (504%) and plastic limit (53%). Bentonite consists mostly of
montmorillonite or smectites and physically expands when it comes in contact with water.
The other soils in this study have a liquid limit less than 100% and do not display a high
swelling capacity. Kaolin is mainly composed of kaolinite mineral and has a low shrink-
swell capacity, a liquid limit of 74%, a plastic limit of 32%, and low Cation Exchange
Capacity (CEC) (Al Rashid et al., 2018) due to the chemical composition. Chromosol and
dermosol have even lower liquid limits than kaolin, with measured values of 58% and
58.9%, respectively. Dermosol, in general, doesn't have a strong texture and is mostly
siliceous, whereas chromosol is also siliceous but has a strong contrasting texture, which is
due to the abrupt change in the texture of the soil between the topsoil and subsoil. In
addition, none of the natural soils were strongly acidic or sodic (Wang et al., 2015). Since
these soils have low liquid limits similar to kaolin, none of them demonstrated significant
changes in their free swelling behaviour, regardless of the type of water used to prepare the

suspension.

Furthermore, the effect of saline water on the FSI of bentonite was found to be more
pronounced due to its high liquid limit and high expansion capability. The FSI of bentonite
was observed to be 605% in distilled water at 25°C, however it decreased significantly to
365% at the same temperature when or=0.002 S/m (1g/L NaCl concentrated saline water).
These significant changes are also in accord with the experimental works reported by
Shirazi et al. (2005) and Yukselen-Aksoy et al. (2008), where the former showed that the
liquid limit of bentonite decreased from 497% to 112% when distilled water was replaced
by 0.5M of NaCl solution, and the latter demonstrated that the impact of saline water on FS
is more pronounced when the soil has a liquid limit of more than 110%. Therefore, the
aforementioned statements generally agree with the experimental results found in this

study.



150

4.6 Summary

This chapter introduced two new parameters, namely the surface conduction parameter (Gs)
and the DDL volume ratio (y). A simple experimental approach was proposed in this study
to measure these new parameters. The effect of pore water salinity and temperature on these
parameters was also investigated experimentally. The results show that surface
conductivity (os) increased with increasing salinity and DDL thickness decreased
concurrently. However, as the temperature increases, the thickness of DDL decreases

whereas o increases.

To qualitatively validate this observation, modified free swelling index tests were
conducted with the results showing that FSI decreases as the water salinity and temperature
increase. The agreement between the physical meaning of the proposed surface conduction

parameters and the FS experimental results give confidence in the finding of this study.
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Chapter 5
Series-Parallel Structure-Oriented Electrical Conductivity Model
of Saturated Clays
5.1 Introduction

A new series-parallel model for the electrical conductivity of saturated clays that considers
particle structure orientation is presented in this chapter. The new model introduces a
simple approach to consider the effect of the surface conductivity of clay particles on the
electrical conductivity of saturated clays. The proposed approach considers a clay particle
and its surrounding diffuse double layer (DDL) as a single unit called an effective clay
particle, and assigns it an isotropic apparent electrical conductivity that can be determined
using a simple experimental method. Therefore, the saturated clay can be considered as a
two-phase material (binary mixture) namely, free pore water and effective clay particles.
Considering the clay particles’ structure orientation, the proposed electrical conductivity
model in this study geometrically configures the components of two-phase saturated clays
in a series-parallel form to determine the electrical conductivity of clay. The proposed
electrical conductivity model uses one parameter that can be determined experimentally
and it reflects the anisotropic condition of the clay fabric. The validity of the proposed
model is verified by comparing its results with the experimental results of three different
clay types reconstituted at different dry density levels and the particles’ structure
orientations. The comparison shows the accuracy of the proposed model in predicting the

electrical conductivity of saturated clays.

Based on the theoretical assumptions of the concept of effective solid and apparent
electrical conductivity, the surface conduction parameters were considered in this study,

which were introduced in Chapter 4. The electrical conductivity of clays was measured
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from two different directions namely, vertical and horizontal and the level of anisotropy
was also determined. In general, isotropic soils maintain consistency in the electrical
conductivity values regardless of the direction of the measurement, whereas anisotropic
soils exhibit discrepancies in horizontal and vertical electrical conductivity values in the
same saturated soil samples. The experiment results in this study were in accord with the
aforementioned statement, which serves as one of the validations of the proposed model.
Furthermore, the inconsistency in vertical and horizontal electrical conductivity values was
proved by determining the level of anisotropy of clay soils re-constituted in different
compaction levels (dry density). In addition, it was also found that the electrical
conductivity of soils from a vertical direction can also be predicted from the electrical
conductivity of the same from a horizontal direction with one single reading, which

provides more confidence in the accuracy of the findings in this study.

5.2 Background

Although there are many electrical resistivity/conductivity models in the literature, the
empirical model of Archie (1942) is widely used for clay-free saturated porous media. For
this type of soil, as the solid particles of soil are considered to be electrical insulators, the
conduction of an electrical current through this saturated soil is mainly dependent on the

geometrical characteristics of its voids network and the salinity of its pore water.

For saturated clays, the physico-chemical interactions between the electrically charged
surface of the clay particles and the surrounding pore water create a DDL that surrounds
the clay particles and possesses different electrical properties from the free water (Mitchell
and Soga, 2005). This DDL creates a third phase in saturated clays that is usually considered
as a two-phase material (solid particle and water). In fact, as the electrical conductivity of
the solid clay particle is very low, the existence of DDL develops a surface electrical

conduction on clay particles which plays an important role in the electrical conduction
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behaviour of saturated clays. The surface electrical conduction of a clay particle is a
function of clay mineralogy and electrolyte concentration in its pore water (Robain et al.,
2003). The electrical conductivity of saturated clays shows anisotropy behaviour (Abu-
Hassanein et al., 1996). Therefore, the electrical conductivity of saturated clays is a function

of the clay particles’ structure orientation (fabric).

Various models are available in the literature to predict the electrical conductivity of clay
soils (Waxman and Smits, 1968; Rhoades et al., 1976; Rhoades et al., 1989; Revil et al.,
1998; Linde et al., 2006; Mojid et al., 2007; Greve et al., 2013; Alsharari et al., 2020). To
include the effect of the possible surface conduction of clay particles, most of these models
use some empirical parameters that have no physical meaning and cannot be measured
experimentally. Furthermore, there are very few electrical conductivity models that
consider the anisotropy behaviour of electrical conductivity (Ellis et al., 2010). Therefore,
there is a need to find an electrical conductivity model of saturated clays that considers the
effect of surface conduction and the fabric of clays using model parameters that have

physical meaning and can be determined using conventional laboratory experiments.

5.3 Proposed Model

5.3.1 Model Assumptions

The proposed electrical conductivity model of saturated clays in this study has the

following assumptions:

the proposed model is valid for organic-free clays only;
e the clay is fully saturated,
e the size and electrical properties of DDL water is clay-porosity independent;

e the voltage or electrical current applied during the electrical conductivity

measurements have an insignificant effect on clay fabrics;
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e increasing the density of clay has an insignificant effect on the preferred clay
particle orientation (Meade, 1966; McConnachie, 1974; Martin and Ladd, 1975;
Anandarajah and Kuganenthira, 1995);
e the electrical conductivity of a diluted clay-water system, where clay particles are
not in contact, has an isotropic behaviour;
e the solid clay particle and its surrounding DDL water layer can be combined to form
an effective solid clay particle that is assigned an apparent electrical conductivity
(Tabbagh and Cosenza, 2007). Therefore, the saturated clay will consist of two

phases, namely effective solid and free water.

5.3.2. Model Formulation

The series and the parallel configurations express the condition where the electrical current
flow is normal or parallel to the preferred particles’ orientation, respectively. Using Ohm’s

law, the electrical conductivity for the parallel case 0‘61 can be expressed as follows:
o)l = ne0y + (1 — n)og (5.1)

where oy, and o are the electrical conductivities for water and effective solid particles,
respectively. Following the same approach, the electrical conductivity for the series case

o¥! can be expressed as follows:

1
Os' = Tohe me (5.2)

O0s Ow
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Figure 63: Series and parallel configurations of electrical conductivity of clay.
The two aforementioned special cases of electrical conductivity, 0‘61 and 6¥!, can be
considered as the upper and lower boundary limits, respectively, for the possible value of
electrical conductivity of any material consisting of a binary mixture (Nielsen, 1974;

McCullough, 1985), as shown in Fig. 5.1c. Therefore, the general model of clay can be
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represented by a weighted combination of series and parallel configuration, as observed in
Figs. 5.2a-b, where the expected possible three electrical current pathways (Figs. 5.2a-b)

are included as follows:

e The first pathway is represented by the parallel effective solid phase in the parallel
configuration where the solid and DDL water phases are merged together.
Consequently, the volume and the electrical conductivity of DDL water are already
incorporated into the model.

e The second pathway is represented by the series configuration of the effective solid
phase and the free water.

e The third pathway is represented by the parallel free water in the parallel
configuration.

The weightage of the contribution of both configurations (series and parallel) in the
combined representative clay element can be expressed using a morphological parameter

Q which can be determined as follows:

VP
Q= (5.3)
V=VP+VS (5.4)

where VP and V® are the volumes of the clay in the parallel and series configuration,
respectively. The morphological parameter ) can also be seen as a parameter that
establishes an intermediate behaviour between the two cases (series and parallel).
Therefore, the vertical electrical conductivity equation of clay ¢¥! can be expressed as

follows:

"' = (1- oy + oy (5.5)
oVl = _%fn_ﬁ Q[neoy, + (1 — ne)os] (5.6)

Os Ow
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Figure 5.64: Proposed series-parallel electrical conductivity model for clays in this study.

Here, c"!

is the electrical conductivity of clay in the vertical direction. It should be

mentioned that for Q =1 and Q =0, Eq. 5.5 represents the perfect parallel and the perfect

series flow models, respectively. However, the values of Q) between 0 and 1 represent the

series-parallel flow condition in different combination degrees of the two extreme limits as

shown in Fig. 5.1c. The space between the two extreme limits (series/parallel current flow)

expresses the possible zone of the electrical conductivity value for the clay in omix-ne plane.

The morphological parameter (2 can be determined by re-arranging Eq. 5.5 as follows:

vl_ vl
T (5.7)

vl_ v
Op —Og
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The parts of the clay which are represented by series and parallel configurations under the
vertical electrical current flow condition (Fig.5.2a) can be expected to act in parallel and
series configurations, respectively, under the horizontal electrical flow condition as
presented in Fig. 5.2b. Therefore, the horizontal electrical conductivity equation of clay

o™ can be expressed as follows:

ol = QoY + (1 — Q)o}]! (5.8)
Q
o" = = e + (1~ D)[neow + (1 - ne)os] (5.9)

Therefore, for isotropic clays where 6™ = 6"}, the value of Q should be equal to 0.5. The
theoretical and experimental approach to determine surface conduction parameters cs and
v, as well as their influential roles in the soil conductivity model was demonstrated in
section 4.2 in Chapter 4. Finally, the morphological parameter Q2 can be determined using
Eq. 5.9 where only one measurement of saturated electrical conductivity of clay o¥! is

required.

5.4 Laboratory Testing

5.4.1. Testing Materials and Experimental Programmes

Three different types of clay were used in this study to validate the proposed electrical
conductivity model namely, kaolin, bentonite, and a kaolin-bentonite mixture (50% K- 50%
B) by weight. The properties of kaolin and bentonite were shown in Figs. 3.1-3.2 and Table

3.1-3.6 in Chapter 3.

The experimental programme in this study comprise two parts. The first part determines
the parameters of the proposed model ¥, og, and QO whereas the second part assesses the

validity of the proposed model in predicting the electrical conductivity of saturated clays.
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For this purpose, a laboratory test was conducted to measure the surface conduction
parameters x and og of the three tested clays in this study at four different salt
concentrations in the water. The test results of this experiment are helpful in understanding
the effect of clay mineralogy and pore water salinity on surface conduction. The second
experiment involves the preparation of six compacted clay specimens for each clay type
used in this study at different densities and clay fabrics. Then, their electrical conductivities

were measured and compared with the proposed model predictions.

5.4.2. Test Setup and Procedures

To assess the effect of ow change on the surface conduction parameters x and o of the three
tested clays (kaolin, bentonite, 50% kaolin+ 50% bentonite), four different salt

concentrations in the water were used in this study.

For the validation experiment, saturated clay specimens were prepared at different dry

densities (porosities) and particle orientations. The dynamic compaction approach using

1.5 T
4s £ (@) & Optimum
: o Moisture
_l4q ' Content
E i g E [}
L 135 + !
N - |
.é\ 13 -5 .:- : ..E‘
z : 0 : |,
125 + o '
> ; .
a i | .
12 £ : , &
i - |
115 .
: Dry Side 1 Wet Side
L e .
15 20 25 30 35 40 45

Water content (% by mass)



14 T
135 4

13

Dry Density (g/cm3)

11 ¢

1.05 1

160

1.25
12 1

1.15

« Optimum
(b) AA """"" 4, Moisture
; ... Content
A
A .
A™,
"
Dry Side Wet Side
5 10 15 20 25 30 35 40 45

Water content (% by mass)

50

Figure 5.65: Dry density curve against different moisture contents for (a) kaolin, and (b)

bentonite.

the standard proctor (ASTM D698; AS 1289.5.1.1:2017) was used to prepare specimens at

different dry densities by changing the compaction efforts (number of blows). Four

different numbers of blows per layer (5, 10, 15, 25) were used in this study. Furthermore,

the clay fabric (particle orientation) of the dynamically compacted clay specimen can be

controlled by its moisture content during the orientation) is expected for a specimen with a

moisture content below the compaction optimum moisture content (dry side), whereas

dispersed fabric (perfect particle orientation) can be obtained for specimens compacted

with moisture content larger than the compaction optimum moisture content (wet side). Fig.

5.3 provides the curves highlighting the changes in dry density for both kaolin and bentonite

at different moisture contents. Meanwhile, the assumption regarding clay particle

orientation at different Q is illustrated in Fig. 5.4 for a better understanding.
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Figure 5.66: Assumption of particle orientation of clay fabric.

For each soil composition, a known mass of the dry sample was mixed with a specific
amount of water to obtain the desired moisture content. In order to ensure uniform
distribution of moisture, water was sprayed on each sample to reach the targeted water
content (Fig. 5.5a-b). An automatic mortar mixer was used to guarantee the proper mixture
of soil samples and water (Fig. 5.5¢). After the mixing procedures, each sample was
carefully placed inside air-tight bags at room temperature after 24 hrs for moisture

equilibrium, as shown in Fig. 5.5d.
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@ (b)

© (d)

Figure 5.67: A sample procedure of mixing clay with water at a targeted moisture content:

(a) spraying water to reach targeted moisture content, (b) mixing procedure of water with

clay, (c) further mixing with mortar mixer, (d) some fractions of clay being transferred to
sealed bag to ensure moisture equilibrium.

After the moisture equilibrium process, the compaction part was completed with the

standard proctor. After the compaction process, the compacted specimens were placed in a
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CBR soaking tank to fully saturate them, as shown in Fig. 5.6. The electrical conductivity
of the mixing and soaking water is 0.0014 Siemens per meter (S/m). The compacted
moisture contents for the dry side and wet side specimens are listed in Table 5.1. After
this, each fully saturated compacted clay specimen was trimmed into two cylinders (3 cm
in diameter and 6 cm in height) with their principal axes orientated vertical and horizontal
to the compaction direction, as shown in Fig. 5.7. The trimmed specimens were used to

VI and o™ of each

determine the vertical and horizontal electrical conductivity values o
saturated compacted clay specimen using the four electrodes test setup (Abu-Hassanein et
al., 1996). In this test setup, a one-dimensional electrical field was applied across the
cylindrical specimen via circular plate electrodes pressed against the ends of the specimen
and two inner electrodes inserted at equal spaces L along the height of the testing specimen

to measure the electrical potential difference v as illustrated in Fig. 5.7. The electrical

conductivity ¢ can be expressed as follows:

_L
o= (5.10)

where I and A are the electrical current and the cross-sectional area of the test specimen

normal to the current flow direction, respectively.

5.5 Results and Discussions

5.5.1. Model Parameters

Table 5.1 reports the value of Q for each clay type tested in this study. The values of Q
were calculated using Eq. 5.9 for the clay specimen that was compacted using five blows.
The results in Table 5.1 demonstrate that the value of Q for the clay specimen compacted
dry of optimum was about 0.50, whereas the clay specimens compacted wet of optimum
showed higher values of Q (0.7 to 0.75). This result supported the concept of the effect of

the moisture content on the fabric of compacted clay (Lambe and Whitman, 2008) as the
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clay specimen compacted dry of optimum had an isotropic fabric, whereas the clay

specimen compacted wet of optimum showed anisotropic fabric behaviour.

Figure 5.68: Saturation process inside a CBR soaking tank.

Compaction
direction

Top electrode
plate
l Clay sample inside

Bottom

i electrode
: plate

Figure 5.69: Arrangement for measuring electrical conductivity of saturated clays (¢"':
principal axis orientated parallel to the compaction direction; o™': principal axis orientated
perpendicular to the compaction direction).



Table 5.20: Comparison of results for all three types of clay for both dry and wet of optimum water content tests
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Initial b .
W.C egree 0 .
Fosting cys oor * o S o G lljlgxg Sa::'l/:jgon’ Fl?.;:)?,:'c n n, a' (S/m) 6" (S/m) GVlc(l':f)) of 0‘;;1 (S/m) o (S/m) ot
5 94.15 68.35 0.55 0.53 0.002471 0.002231 90.3 0.002499 0.0019832 0.48
Dry 10.2 10 94.44 56.25 0.51 0.49 0.002500 0.002267 90.7 0.002593 0.0020561
15 94.47 51.75 0.48 0.46 0.002612 0.002379 91.1 0.002664 0.0021144
Kaolin 1.04 0.00374 25 95.23 45.80 0.43 0.41 0.002758 0.002517 91.4 0.002781 0.0022192
5 94.50 60.95 0.54 0.52 0.005719 0.002362 413 0.002523 0.0020009 0.70
40.1 10 95.46 54.95 0.50 0.48 0.006213 0.002448 39.4 0.002617 0.0020751
Wet 15 95.32 53.45 0.49 0.47 0.006432 0.002489 38.7 0.002640 0.0020946
25 95.67 43.72 0.41 0.38 0.007080 0.002704 38.2 0.002851 0.0022873
5 97.29 80.80 0.69 0.44 0.026952 0.025146 93.3 0.046536 0.0031142 0.51
Dry 10.3 10 97.41 67.47 0.65 0.37 0.030978 0.028748 92.8 0.052178 0.0036769
0.0014 15 97.57 61.40 0.62 0.31 0.035936 0.032486 90.4 0.057014 0.0043508
Bentonite 1.81 0.082 25 97.94 55.33 0.56 0.20 0.044590 0.040963 91.9 0.065880 0.0065525
5 98.50 78.10 0.68 0.42 0.099362 0.036963 37.2 0.048148 0.0032566 0.75
40.1 10 98.69 63.69 0.63 0.33 0.115385 0.0435001 37.7 0.055402 0.0041003
Wet 15 98.80 58.30 0.60 0.28 0.131268 0.0487004 37.1 0.059432 0.0047898
25 98.23 53.30 0.54 0.17 0.158881 0.0567668 35.7 0.068298 0.0076016
5 95.27 75.81 0.64 0.55 0.011597 0.010634 91.7 0.019625 0.0024777 0.48
50% K+50% B Dry 10.3 10 95.38 65.81 0.60 0.50 0.013129 0.011882 90.5 0.021650 0.0027094
15 95.63 59.60 0.57 0.47 0.014674 0.013119 89.4 0.022865 0.0028706
1.24 0.0419 25 96.00 50.91 0.50 0.38 0.016731 0.015073 90.2 0.026510 0.0034937
5 96.07 73.60 0.63 0.54 0.037972 0.014940 39.4 0.02003 0.0025208 0.72
40.1 10 96.75 62.21 0.58 0.48 0.048325 0.017542 36.3 0.02246 0.0028148
Wet 15 97.05 56.50 0.55 0.44 0.056517 0.019668 34.8 0.02408 0.0030520
25 97.25 49.54 0.49 0.34 0.070165 0.026123 34.9 0.02813 0.0038668

W.C.= Water content by mass

* at the dynamic compaction stage
** at the end of saturation process

* Calculated using the test results of No. of blow




5.5.2. Electrical conductivity measurements and model validation

Table 5.1 and Figs. (5.8-5.9) present the measurements of the vertical and horizontal
electrical conductivities 6¥! and o™ of the clay specimens compacted dry and wet of
optimum. The results in Figs. 5.8 and 5.9 show that the compactability of kaolin is better
than bentonite as the porosity of kaolin (0.55 to 0.41) is smaller than bentonite (0.69 to
0.54). This behaviour is attributed to the effect of clay plasticity on its compactability,

which decreases as plasticity increases (Lambe and Whitman, 2008).

The results imply that for bentonite and the kaolin-bentonite mixture, electrical
conductivity increased as porosity decreased. However, changing the porosity of kaolin has
an insignificant effect on its electrical conductivity. For bentonite and the kaolin-bentonite
mixture, as the electrical conductivity of their effective solid os is much larger than the
electrical conductivity of the free pore water 6w, reducing the clay porosity (volume of free
pore water) should increase the electrical conductivity of clay. In fact, it should be
mentioned that the rate of change of the clay electrical conductivity as its porosity decreased
should be a function of the ratio s/ ow. As this ratio increases, the rate of change of the
clay electrical conductivity will be higher. Therefore, as bentonite had o/ ow larger than o
/ ow of K-B mixture and kaolin, its rate of change should be larger as illustrated in Figs. 5.6
and 5.9. Furthermore, for the case where 65/ ow= 1.0, changing the clay porosity will have

no effect on its electrical conductivity.

The results of the ratio of 6¥'/o as listed in Table 5.1 indicates that the clay specimens
compacted dry of optimum had almost isotropic electrical conductivity behaviour as the
values of 6¥1/o™ were very close to 1.0. On the other hand, the clay specimen compacted
wet of optimum showed anisotropic electrical conductivity behaviour. This outcome

supported the physical meaning of the proposed morphological parameter Q in this study.
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Furthermore, the results in Table 5.1 show that ¢¥'/c™ was almost independent of the
number of blows. Therefore, the assumption made in the proposed model regarding the
insignificant effect of clay density change on the preferred particle arrangement was

reasonably correct.
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Figure 5.70: Variation of " at different porosities (n).
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Using the model parameters listed in Table 5.1 for each clay type tested in this study, the

\'%

vertical and the horizontal electrical conductivity ¢¥' and 6™ were predicted using the

model proposed in this study (Egs. 5.6 and 5.9). Good agreement between the electrical
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conductivity measurements and the proposed model predictions is illustrated in Figs. 5.10
and 5.11. In fact, the ability of the proposed model to predict the horizontal electrical
conductivity of the clay o™ simply by using the proposed morphological parameter Q
which was obtained from one measurement of ¢"' is the most important achievement of
this model as it gives more confidence in the proposed physical meaning of Q in terms of
its configuration of the clay structure and its effect on the anisotropic behaviour of the

electrical conductivity of clay.

5.6 Summary

A simple new electrical conductivity model for saturated clays has been presented after
considering the effect of the surface conductivity of clay particles. A clay particle and its
surrounding DDL were represented as an individual unit in this experiment. The electrical
conductivity model was considered to have two-phase materials, free water and effective
clay particles, and the model was represented in a series-parallel configuration together
with mathematical expressions. The proposed model was validated by comparing the
theoretical results with the experiment results for three different clays (bentonite, kaolin,
and 50% bentonite+50% kaolin). The good agreement in the comparison validates the
accuracy of the proposed electrical conductivity model for saturated clays. However, the
model can be extended further, considering soils instead of only clays and observing the

changes in electrical conductivity of soils at different temperatures.
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Chapter 6

Particle Size Distribution of Soils using the
Electrical Conductivity Technique

6.1 Introduction

In this study, a new method to determine the particle size distribution (PSD) of soils is
introduced by considering the electrical conductivity (EC) technique. The proposed method
considers the conventional sedimentation theory and Stokes’ law to determine particle
diameter, and at the same time, the EC of soil-water homogeneous suspensions is calculated
at different densities for the purpose of calibration. The calibrated EC values are recorded
for different densities of soils and later these values are utilised during the conventional
sedimentation process. As the particles start to settle down at the base due to gravitational
sedimentation, the EC is measured at different depths and the corresponding EC values are
then matched with the calibrated EC values at different densities, therefore the density of
the solid is determined. The PSD curve is then obtained using Stokes’ law and the particles’
passing formula is used for the hydrometer or pipette method. The PSD analysis using the
EC approach is later compared with that of the hydrometer, pipette, and laser diffraction
methods, and in general, good agreement was obtained for identical soil samples. The
proposed approach is able to produce the PSD curve of each soil within just 2 hours, which

is a major advantage over the conventional sedimentation methods.

PSD is a fundamental property of any sedimentary material. In general, the dynamic
situations of transport and the properties of the constituent particles of rocks are usually
determined from their size. The distribution is an essential property for analysing the

behaviour of granular material under any applied fluid or gravitational forces.
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Figure 6.74: Particle size analysis by (a) Histogram of colloidal gold nanoparticles (Link and

El-Sayed, 1999), and (b) Cumulative plot on log-scale (x-axis).

A conventional PSD analysis involves the determination of the mass fractions of clay, silt,

and sand. These mass fractions can be presented as a histogram (Fig.6.1a) or as a

cumulative plot (Fig.6.1b). For both plots, the same particle size axis can be utilised. In the
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histogram plot, the area of each rectangle corresponds to the amount of soil particles and
the width of the rectangle refers to the width of the size class. If there are significantly more
rectangular bars in the histogram, a smooth curve can be drawn to show the PSD. On the
other hand, a cumulative plot represents the amount of particulate matter belonging to
particles below a specified size. The y-axis of this plot is generally expressed as a
percentage, with 100% corresponding to the entire amount of the measured particles in the

soil sample.

In most PSD analyses, soil particles are considered to be spheres as of all the solid bodies,
only a sphere has a single characteristic linear dimension. Irregularly shaped particles may
have different properties from which various distinctive linear dimensions can be acquired.
The different properties include a particle’s projected area, volume, settling velocity,
length, and the size of the pathway through which the particle will pass (Syvitski, 2007).
The dimensions of these properties are of course not counterpart to the actual PSD, but
these are usually discounted. In civil engineering, engineers deal with geological samples
and find the PSD of the given sample. It does not necessarily represent the whole population
or properties. Geological materials generally comprise particle sizes ranging from tens of

millimetres down to clay of colloidal (<1 um) size.

Most of the PSD test is performed in the laboratory. However, for better explanation and
understanding, the PSD methods are divided into two categories, namely classical and
modern techniques. The classical techniques include sieving and sedimentation. Two
traditional sedimentation techniques namely, the hydrometer and pipette method are still
popular among researchers as they are less expensive and readily available. On the other
hand, the standard method of PSD determination involves a combination of sieving and
hydrometer. The modern approach to PSD analysis involves expensive and automated

devices such as laser diffraction and SediGraph, with each piece of equipment having
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distinct disadvantages as discussed in section 2.6 of Chapter 2. Therefore, the need to
identify a less expensive, easy-to-implement and accurate method of PSD determination is

still open.

Although there have been numerous attempts to find alternative methods for the PSD
analysis of soils, a method based on the electrical resistivity/conductivity of soils has not
yet been considered. Since electrical conductivity is a function of soil mineralogy, and each
soil exhibits unique electrical conductivity, this could be another option for the PSD
analysis of soils. In general sedimentation theory, soil particles are allowed to fall freely
due to gravity, and thus variation in the density can be recorded. A hydrometer directly
provides the overall density of the suspension which varies with time due to the free fall of
the soil particles’ sedimentation. From the suspension’s density, the density of the solid is
determined. With the density of the solid, the percentage of passing of soil particles
corresponding to the measured diameter can be calculated. As the particles start to fall
freely, the presence of soil particles will be different at different depths. Therefore, the
electrical conductivity is also different. Considering the fundamentals of sedimentation
theory, it could be possible to establish a connection between the density and electrical

conductivity of soil suspension.

The purpose of this chapter is to introduce a new technique to determine the PSD of soils
using electrical conductivity. The method, which is based on conventional sedimentation
theory, records the changes in electrical conductivity of a homogeneous suspension as a
function of density for calibration purposes and aims to predict the density of solids from
the calibrated, temporal electrical conductivity values of each soil at different depths.
Although the method is conducted in a similar environment as the hydrometer or pipette,

the sedimentation process remains uninterrupted. The procedure yields continuous readings
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of the electrical conductivity of soils, but it does not require any complicated mathematical

formulation or statistical analysis.

In the following, first, the theory of sedimentation is re-visited, followed by the introduction
of the new approach to determine the PSD of soils, before discussing the manufacturing of

the new probe, the experiments and the results.

6.2 Proposed Theory

The proposed approach is similar to the sedimentation theory, but instead of following the
hydrometer or pipette method, the electrical conductivity of the suspension is included in
the experiment to determine the density of the soil suspension at different times. At the
beginning of the sedimentation, the soil particles are homogeneously dispersed throughout
the suspension, therefore the concentration of soil particles of different sizes should remain
consistent at different depths. After a certain period of time, only unsettled particles remain
at a certain depth. In other words, all particles larger than a particular size D will settle

below a certain depth. The following equation is utilised to find the diameter of the particle:

_ 18uh
d= \} g(Gs—pL)t -1

Where, Gs is the specific gravity of the material, g is the acceleration due to gravity, h is

the distance a particle travels in time t, then v=h/t, u is the viscosity of the water.

The size of particle D can be calculated using Stokes’ law as described in Eq. 3.1 and the

passing of soil particles is calculated from the following equation (Arora, 2008):

N = (&) 20 100 (3.2)
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unit weight of solids

where pg is the density of the solid, Mg is the mass of the soil, and Gg(=

)

unit weight of water
is the specific gravity, which is considered to be 2.58 for kaolin and 2.68 for bentonite, as

confirmed by the supplier.

The proposed approach utilises this theory of sedimentation and relies on Eqgs. (3.1-3.2) to
find the PSD, similar to the hydrometer or pipette method. However, the proposed approach
is highly dependent on the electrical properties of soils, such as soil conductivity or
resistivity. It is necessary to perform the calibration by finding the electrical conductivity
of the suspension at different densities. Later, these calibrated data are used to predict the

density of the solid from the electrical conductivity values.

The experiments comprise three parts. The first part requires pre-treatment to prepare the
soil samples for both the calibration and the experimental analysis. After the pre-treatment,
the samples are calibrated at different amounts of soil samples (nearest to 0.1 g). In the final
part of the experiment, the PSD is calculated and comparisons are made with other

approaches.

6.3 Experiments

6.3.1 Testing Materials and Tools

The testing materials comprise soil samples, a dispersion agent, and the device to analyse
the PSD. Soil samples consist of natural soils from different locations in Australia and

laboratory-suited clays from industry.

The physico-chemical properties of natural soil samples are presented in Table 6.1. The
geotechnical properties of kaolin and bentonite were detailed in Chapter 3. The soils
characterise a wide range of textures with clay contents ranging from 15% to 37%. All are

top soils and were collected within 0-25 cm depth of the ground. The natural soils were
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collected from AgriBio Industry at La Trobe University and were subject to chemical pre-

treatment procedures following the standard demonstrated by Head (1980) and Arora

(2008).

In addition to the proposed approach, three other PSD analyses were conducted using
hydrometer, pipette and laser diffraction techniques for each soil sample. The results of the

other PSD approaches are considered as part of the validation of the proposed approach.

6.3.2 Role of Dispersion Agent

As Stokes’ law is influential in sedimentation analysis, the individual soil or clay particles
must be dispersed to ensure PSD accuracy. However, the finer grains of soil carry charges
on their surface, therefore there is a chance of forming flocs. As a consequence, instead of
considering the diameter of the individual grain, the grain diameter obtained will be equal
to the flocs diameter, which will jeopardise the purpose of the experiment. Therefore, in
sedimentation analysis, dispersion agents are added. In other words, the dispersion agent
ensures the proper separation or dispersion of discrete particles of soil, especially from the

silt to clay range.

Table 6.21: Physical and chemical properties of three natural soils considered in this study.

Soil name Location Clay content (%) Organic C/g/kg™! pH (0.01M CaCl)
Dermosol | Kinglake, VIC 33 69.2 43
Vertosol Horsham, VIC 37 15.9 7.1

Chromosol | Culcairn, NSW 15 15.8 4.6
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A small quantity of soluble chemical is added before the commencement of any
sedimentation test, generally in the form of a certain amount of a prepared solution. In most
of the experiments, sodium hexametaphosphate (also commercially known as Calgon), is
considered to be one of the most appropriate and convenient dispersants (Head, 1980;
Arora, 2008; Ryzak and Bieganowski, 2011). However, the choice of dispersion agent
solely depends on the type of soils which are used in the test. The properties of Calgon are

presented in Table 6.2.

Table 6.22: Properties of sodium hexametaphosphate.

Empirical formula NasO15Ps
Molecular weight 611.77
Appearance White crystals
Density (g/cm?) 2.484
pH (in water) 8.2

It is recommended that a fresh solution containing Calgon be prepared fortnightly or
monthly as it is considered to be unstable. In the present experiment, the solution was
prepared just before the commencement of the experiments. Inaccurate dispersion forms
flocs of soil particles which makes the particles fall relatively rapidly through the water,
leaving a transparent layer above the suspension. According to the British Standard, 2 g/L

of Calgon or 50 ml of dispersant solution per litre should be considered (Head, 1980).

6.3.3 Acrylic-Brass Probe for Calibration and PSD test

In this experiment, the probe was constructed with a 50 cm length clear acrylic tube

containing six slots (Fig. 6.2a) and was customised with Tormach Inc. The tube’s inner
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and outer diameters were 0.6 cm and 0.8 cm, respectively (Fig.6.2b). Each slot was 0.03
cm (0.3mm) in width (Fig. 6.2¢), placed at different heights of the tube. Each slot contains
two half circles made of brass, each 0.12 cm thick, as shown in Fig. 6.2(d)- Fig 6.2(e). A
total of 6 pairs of half-circle-shaped brass were the electrodesand were insulated from each
other by a 0.1mm laser transparency film, as shown in Fig. 6.2 (f). The first slot starts at 28
cms (height) from the top of the tube (Fig. 6.2 g) and from that particular height, the tube
is submerged in the soil/clay-water suspensions. The other five slots are placed 5 cm from
each other. Point A in Fig. 6.2a was left open to create a pathway for the wires to go through.
On the other hand, point B, which was always inside the suspension while the experiments
were being conducting, was sealed completely to prevent water from going inside. Later,
wires of distinct colour differences were soldered into the electrodes to create firm
connections. The other side of each wire was taken outside through the channel (point A),
as shown in Fig. 6.2 (h). Soldering the wires was one of the challenging tasks as during the
process, excessive pressure on the tube would have caused cracks or damaged the acrylic
tube. In the next step, in order to maintain a good connection and the reliability of the tool,
the electrodes were affixed with waterproof epoxy adhesive to fill the void of the slots. The
tube was kept in a secure place for 24 hours to allow the epoxy to dry out completely. The
electrodes were connected with wires to establish a 2-pin electrical circuit configuration.
The effective/optimum distance between the slots was found to be approximately 1.5 cm,

as discussed in Appendix 6.
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Figure 6.75: Different parts of the probe considered in this research: (a) acrylic tube with
grooves, (b) width of each groove, (¢) inner and outer diameter of the tube, (d) dimension of
the brass electrodes, (e) assembly of electrodes and insulation, (f) approximate height
(position) of each pair of electrodes submerged into the soil-water suspension, and (g)
complete tool after the setup.

6.3.4 Preparation of Suspension

It is essential to prepare the suspension to ensure a more accurate prediction of the PSD.
Soils may contain organic matter or calcium compounds, and without proper pre-treatment,
the PSD will be erroneous. The standard steps according to 1S:2720 Part [V were followed

throughout the pre-treatment procedure (Arora, 2008).

1) About 25 g of oven-dried soil was weighed accurately with a balance and transferred to
a glass beaker (Fig.6.3). The glass beaker was washed properly with distilled water before

the commencement of the test.
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Figure 6.76: Oven-dried soil sample for PSD test.

i1) The soil was then subject to chemical pre-treatments which were performed in two stages
namely, organic material removal and calcium compound elimination. First, the soil was
pre-treated with a 20 volume hydrogen peroxide (H202) solution to remove the organic
matter at the rate of 1ml/g of the sample, as shown in Fig.6.4 (a-b). Then, the mixture was
kept steady to allow oxidation to take place. Hydrogen peroxide caused oxidation of the
organic matter and a small amount of gas was generated. The mixture was kept steady for
10-15 minutes until no more bubbles appear. After this, the mixture was filtered with a 75
sieve. If less concentrated hydrogen peroxide is used, the mixture will require heating with

a Bunsen burner, with a temperature not exceeding 60° C (Arora, 2008).

ii1) The soil remaining from step (ii) was transferred to another clean glass beaker. To
remove the calcium compounds, 0.2M hydrochloric acid (HCI) was added to the soil at a
rate of 1ml/g soil, as shown in Fig.6.5 (a-b). When the reaction ended, the mixture was
filtered again. The filtrate was washed properly with distilled water until it was completely
free from the acid. The damp soil was transferred to an evaporating dish. Both the damp

and filtrate soils were oven-dried overnight and their mass was recorded.
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Figure 6.77: Steps of removing organic carbon from soil: (a) mixing H:0,, and (b) reaction
process.

Figure 6.78: Methods of removing calcium compounds by HCI: (a) pouring HCI into the soil
sample, and (b) after the reaction.



186
iv) The next day, the oven-dried pre-treated soils were transferred to a clean beaker. To
ensure proper dispersion, around 100 ml of a dispersion solution was added in the beaker

to cover the soil.

Distilled water should always be used to make the solution with the dispersing agent. The
dispersing solution was then completely added to the sample. The distilled water was
collected from a heating-based device, therefore the temperature of the water was still warm
(roughly 60° C when the experiment started). The newly prepared distilled water was

allowed to cool to 25°C and after this, Calgon was mixed in the water.

v) The mixture was then stirred vigorously for 30 minutes using a mechanical stirrer. The
contents of the mixture were then transferred to the cup of a mechanical stirrer. The cup
should not be filled to more than % as the turbulence created by the rotating blade may
cause the mixture to spill out of the cup. Stirring time may vary based on the soil properties.

For more clayey soils, the stirring period should be increased.

vi) The suspension was washed through the 75u sieve again using distilled water. The
portion which passed through the sieve was taken for the experiment. The specimen was
washed in a cylindrical 1000 ml glass jar and adequate water was added to make 1000 ml

of suspension. After this, the whole suspension was mixed properly to ensure homogeneity.

vii) The cylindrical glass jar was then kept inside a water tank which has a temperature
controlling motor. The whole experiment was conducted inside the water tank (Fig.6.6) so
that the temperature did not affect the conductivity value. Figure 6.7 illustrates several parts

of the experiment procedures.
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Figure 6.79: The EC setup before the commencement of the PSD test.

6.3.5 Calibration Technique

Using Stokes’ law to determine particle size requires accurate knowledge of sedimentation
theory. Failure to meet this requirement is one of the limitations of the hydrometer
technique. In the present research, a new calibration technique has been introduced, the

physical basis of which has been described in brief.
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Figure 6.80: Snippets of the experimental procedures as part of the calibration and PSD
analysis: (a) a sample test for kaolin, and (b) resistivity reading from the SR-2 meter.

In a particular soil/clay suspension settling under gravity, the concentration of the
suspended soil/clay does not stay constant at every location inside the beaker. This means
the density will be different at each brass slot. This concept led to the idea that the
suspension of different densities can be calibrated with electrical resistivity values. For
example, the density of the water is approximately 1 g/cm?®. The total density will increase
to 1.025 g/cm?® if 25g of soil is added to create a suspension. The amount of dispersing
agents should be deducted while recording the density values. At a particular density,
electrical resistivity/conductivity can be recorded. All the available PSD techniques require
calibration to some extent. It can be seen that the requirement to utilize the calibration
technique in this research gave satisfactory results for all soil samples. The repetition of the
technique provided more confidence in building calibration data. It should be mentioned

that the amount of dispersing agent was kept the same for the actual test as well.
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Figure 6.81: Comparison between direct calibration and 3-point calibration of (a) kaolin,

and (b) vertosol.

For each type of sample, calibrations can be done in two different ways namely, (i) straight

calibration at different densities, and (ii) three-point calibration and interpolations.
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Technique (i) is time-consuming but more accurate. Calibrations were conducted at
different densities of soils, ranging from 1.0025 g/cm® to 1.0001 g/cm®. At different
densities of suspension, different values of electrical resistivity were recorded with a two-
pin SR-2 soil resistivity meter (ASTM G57-06). Each test was repeated thrice and only
0.1% - 0.5% discrepancies were noted. Meanwhile, the three-point calibration requires
taking the EC readings at the lowest, mid, and the highest density range. After this, the rest
of the EC values can be predicted by linear or polynomial interpolations, based on the EC

behaviours of the soil samples.

It was necessary to correct the dispersing agent’s density since all of the tested suspensions
were a fixed amount for both calibration and the final experiment to find the PSD. This is
why one dispersing agent’s density correction test was conducted before starting the

calibration.

Readings were taken carefully using Tinker and Raser SR-2 meter and the whole test was
conducted within one hour, but this can vary depending on sample type. As the electrical
interactions between one type of soil particle are not similar to another soil type, the
individual calibration of each soil sample was mandatory in order to obtain precise data
during the actual experiment. The calibration curves are shown in Fig. 6.8, where both
kaolin and vertosol have different electrical conductivity values at different densities due
to the differences in their electro-chemical properties. The overall process is presented in a

schematic diagram in Fig.6.9 to provide a clear view.
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Phase 1 (Pre-treatment and calibration)
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density of 1.008 g/cm’ as per the calibration

Figure 6.82: A complete overview of the PSD analysis of soils using the EC technique.
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6.4 Test Results and Discussion

At the commencement of the test, the suspensions were uniformly distributed and the
acrylic-brass tube was submerged inside. Although the suspensions were homogenous at
the beginning, the readings were expected to be different at different slots after 2 minutes
as the particles started to settle. Based on these readings, electrical conductivities were
calculated. The calculated values were matched with the calibrated values which gave the
densities of the solid. After this, Eq. (2.12) was utilised to calculate the diameter of the
clay/soil particles and Eq. (2.13) was used to find the percentage passing on a logarithmic

scale.

After the experiment with one soil/clay had been completed, the cylindrical beakers were
removed from the water tank and cleaned properly with de-ionised water. Before starting
the experiment with the next sample, all of the tools were cleaned and dried out

appropriately in order to avoid contamination of the samples.

The PSD results of laboratory-based clays and natural soils are presented in Fig.6.10. After
generating curves from the PSD data, the results were subject to accuracy and repeatability

analysis. In the following section, the accuracy and repeatability are analysed.
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— = = Bentonite 120 +
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Figure 6.83: PSD curves from the EC approach of (a) laboratory clays, and (b) natural soils.

The PSD curves obtained from the proposed approach were subject to a discussion on
accuracy and reproducibility. As previously mentioned, the PSD of each soil sample was

also found using the hydrometer and laser diffraction technique.

6.4.1 Validation

Figure 6.11 shows that the proposed approach is able to produce the PSD curves of the
corresponding soil samples, which are almost identical to the laser diffraction method. On
the other hand, notable discrepancies can be observed in terms of the results obtained from
the hydrometer. Several studies in the literature have also reported that the hydrometer
overestimated the PSD analysis compared to the laser diffraction approach (Cheetham et
al., 2008). The results demonstrate that the electrical conductivity method is be an excellent

alternative to finding the PSD of both laboratory clays as well as natural soils.
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Figure 6.84: Accuracy analysis of the proposed method to find the PSD (kaolin).

As discussed in section 2.6.7 in Chapter 2, LD underestimates the PSD analysis compared
to the pipette method for an identical sample, therefore, in this present study, the results are
subjected to comparison with pipette fractions as well to establish a compelling belief in
the accuracy of the proposed approach (Fig. 6.11). The limitations and elaborate
discussions are in Chapter 2. Table 6.3 details the quantitative comparisons of the
conventional methods and the proposed approach. It can be seen that the results were
almost identical to each other. It should be mentioned here that for the quantitative analysis,

only kaolin was considered.
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Table 6.23: Quantitative comparisons between laser diffraction, hydrometer, pipette, and
the proposed approach for particle size analysis of kaolin.

Diameter Laser diffraction Hydrometer Pipette Proposed

(mm) (%) (%) (%) approach
(%)
0.02273 95.83 95.93 96.70 97.97
0.01607 88.93 93.89 91.62 92.56
0.011366 80.54 78.83 78.33 81.24
0.008301 71.01 73.69 66.67 67.39
0.005869 54.89 57.15 56.56 53.07
0.004150 38.65 44.90 41.67 41.55
0.002935 28.32 20.41 18.33 18.89
0.001467 9.15 15.71 11.67 11.25

6.4.2 Repeatability

The reproducibility of the proposed approach was tested and the results of the laser
diffraction were used as the benchmark data. As shown in Figs 6.12, there is a difference
of approximately10%-12% in the results for bentonite and vertosol, whereas there is
difference of approximately 1%-2% in the repeated results of the proposed test. Since the
probe was always submerged in the suspension, it created less disruption in the particle
settlements, and hence the results are almost identical. In addition, calibration was
conducted based on the EC-density relation which does not interfere with the particle’s free
fall. Therefore, the results provide compelling evidence that the proposed approach is able

to provide better results than the hydrometer in a time-scale of 1-2 hours.
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Figure 6.85: Reproducibility of (a) hydrometer, and (b) EC approach for the PSD tests for
kaolin.
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6.5 Summary

In this chapter, a new approach for calculating the particle size distribution of soils was
presented. The acrylic-brass probe is calibrated for different soils based on the relationship
between the electrical conductivity of soil particles and sample density. The concept of the
approach follows the sedimentation theory and takes Stokes’ law into account to find the
diameter of the particles of the corresponding soil samples. The empirical results of the
electrical conductivity technique using five soil samples (two laboratory-based clays and
three natural soils) provide strong evidence to support its reliability for routine soil particle
size analysis within just one hour. The device was also able to provide consistent results
from repeated measurements on the same sample, which confirms the good precision of the
results. Furthermore, the experimental approach was found to be insensitive to the mass of
the soil sample analysed, provided the obscuration level was sustained within the
recommended range. It is important to understand that all the available techniques to find
PSD have both advantages and disadvantages. Inconsistency in the results are primarily a
reflection of the differences in the physical properties of samples, the time-scale to conduct
the test, and the type of operation (manual/automated). Nevertheless, the results obtained
from this approach imply that these have a greater resemblance to the accuracy of the laser

diffraction process and pipette.
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Chapter 7

A New Electrical Approach to Predict the Liquid Limit and Plastic
Limit of Soils

7.1 Introduction

In this chapter, a new method to determine the liquid limit and plastic limit of soils is
introduced. The proposed method uses the non-dimensional electrical surface conduction
parameters o, and  to develop a robust relationship between the liquid limit and plastic
limit of soils, and a volumetric water content ratio F that describes the ratio between the
volume of DDL water to the volume of free water at both limits. A total of 39 different
fine-grained soils were considered in this study, where F is initially calculated by back-
calculation using their pre-determined liquid and plastic limit. The resampling approach
was considered to predict and validate the correlations among o, %, and F. The resampling
approach involves using all 39 soils by sub-categorising soils into 7 different sets, with each
group having 34 soils chosen arbitrarily and the remaining 5 soils of each group for
validation purposes. The predicted F values of the liquid and plastic limits using the
resampling statistical approach were used to predict the liquid limits and plastic limits of
the 39 soils used in this study and promising agreement was observed between the
experimentally measured and the predicted values. Further study is recommended to
explore the other fine soil parameters that could be included to improve the prediction

accuracy of the liquid and plastic limits.

7.2 Background

Clay-rich soils need to be sensibly treated when it comes to engineering applications (civil

or geotechnical) such as to support structures and embankments, or in planetary science to
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study topsoil or subsoil for plant growing (Mitchell and Soga, 2005; Zbik et al., 2015).
However, clay-rich soils exhibit different characteristics due to the differences in the
micropore structures, mineralogy, particle size distribution, and degree of saturation (Abu-
Hassanein et al., 1996; Kibria and Hossain, 2012; Rashid et al., 2018; Hasan et al., 2018;
Luetal., 2019) and these characteristics can be attributed to the unwanted damaging effect
on the engineering structures. In general, these soils behave as semisolids within a
particular range of water content and its physical and engineering properties are a function
of its water content. The different soil states can be determined by three water contents
limits (Atterberg limits); shrinkage limit (SL), plastic limit (PL), and liquid limit (LL) as

shown in Fig.7.1 (Das, 2013).

Volume

golid Semi solid Plastic Liquid

SL PL LL

Figure 7.86: Different stages of Atterberg Limits.

Atterberg limits, first introduced by the Swedish scientist A. Atterberg in 1915, and later
re-defined by Arthur Casagrande, are determined with a view to classifying and describing
the characteristics of cohesive soils like clays under different water contents (Zbik et al.,
2015; O’Kelly et al., 2018). The characteristics, in most of the cases, provide a basis upon

which to predict soil properties like deformability, expansion ability, soil strength,
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hydraulic conductivity, to name a few (Dolinar et al., 2007; Young, 2012). The laboratory
tests, primarily initiated by Atterberg, are still considered to be the standard testing method

in modern soil mechanics.

Of the Atterberg limits, the LL and PL are defined as the upper and lower water content
limits, respectively, at which a specific soil ceases to exhibit behaviour as plastic (Coduto
etal., 2011; Briaud, 2013; Haigh et al., 2013). Both of these limits are important since they
indicate how much water can be retained in a particular soil sample before it transforms
from a plastic state to a liquid state. The transformation is gradual rather than a sudden
change, therefore the proper definition of the transformation boundary is inherently

arbitrary (Haigh et al., 2013).

The LL could vary in a wider boundary based on the physical properties of clays. For
example, bentonite clay has a surface area which is almost 40 times greater than that of
kaolin (Young, 2012), and therefore, a greater amount of water will be required to fill the
small pores of bentonite. Other major factors which influence the LL of soils are the
interparticle forces and surface area of particles (Warkentin, 1961; Nagaraj and Jayadeva,
1981). In general, LL is determined by the Casagrande device (Haigh, 2012; Di Matteo,
2012; Haigh and Vardanega, 2014) or by the fall cone test (Wood, 1982; Feng, 2000;
Sharma and Bora, 2003). Although both of these methods have received criticism to some
extent in relation to their erratic results, their tedious nature, and the possibility of operator-
made errors, they are still considered to be accurate by different standards. While the
Casagrande method is preferred in the United States (defined in ASTM D4318-10;
AS1289.3), the cone penetrometer method has always been preferred in the United

Kingdom (BSI, 1990) and Eurocode (BSI, 2007).

On the other hand, the plastic limit of a specific soil sample is defined as the specific water

content at which the transition of soil from ductile to brittle behaviour takes place (O’Kelly
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et al., 2018). Unlike the liquid limit, there are less variations of test methods in the plastic
limit of soils are less (Prakash et al., 2009). The most commonly used method to determine
the soil plastic limit is associated with the conventional thread-rolling technique. However,
as discussed in Chapter 2 (section 2.7.5), the method is based purely on the operator’s
decision, and hence discrepancies in the results have been reported in the literature by
researchers (Schofield and Wroth, 1968; Sherwood, 1970; Feng, 2004; Andrade et al.,

2011).

Recent trends in soil mechanics or geotechnical engineering aim to look for alternative
methods for different soil properties tests. For example, while hydrometer or pipette
analysis were some of the classical methods for determining the particle size distribution
of soils, researchers are developing new devices/techniques with laser diffraction analysis,
sedigraph, integral suspension pressure methods, to name a few (Eshel et al., 2004, Durner
etal., 2017). Therefore, the possibility of identifying a different soil classification technique

to determine the LL or PL of soils remains open.

7.3 Proposed Method and its Mathematical Formulation

The water volume at LL and PL comprises volumes of DDL water VOPL and free water

VEW, that satisfy the limit criteria.

where

viwW

VR-D L

OppL = v (7.2)

So, a method is required to determine both volumes of water. The volume of DDL water

at LL and PL are similar and can be related to the two electrical conductivity parameters of
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fine soil solid particles namely, the surface conduction parameter (cs) and the size of the

DDL (), as proposed in Chapter 4 (Hasan et al., 2018). A new parameter F is introduced

in this study to present the ratio between the DDL volumetric water content and the free

water as follows:

0
F — SooL
OFw

Consequently, at LL and PL, the parameter F can be expressed as follows:

__ 6ppL
FLL - eLL
FW

_ OppL

FPL ~ @PL

FW

Therefore, the following expression can be written for LL:
WLL — WFW + WDDL
C C C
where

WDDL — (X - 1)‘/SYW
‘ GsVsYw

x-1)
WCDDL — -

Therefore, WEW can be interpreted from Eqs. 7.4 and 7.7 as follows:

WFW _ (x-1
¢ FLLGs

Combining Egs. 7.7 and 7.8, the water content at LL hence can be represented as:

(x—1)+(x—1)

WLL —
‘ FLLGS Gs

(7.3)

(7.4)

(7.5)

(7.6)

(7.7)

(7.8)
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> Wi = (1+:-) (5 (7.9)

Similarly, the equation to determine the plastic limit of soils can be expressed in the light

of Eq. 7.9 as follows:

Wl = (1+=) (XG‘—l) (7.10)

FpL

7.4 Soil Samples

Of the soils used in this study, kaolin was the only treated clay, whereas the rest of the soils
were natural soils collected from different locations in Australia. The geotechnical
properties of kaolin were detailed in Chapter 3 in Table 3.4. The range of the o5 of the soils
used in this study was found to be between 0.0006 S/m to 0.0062 S/m, whereas y varied
from 1.01 to 1.25. In addition, soils possessed 29%=< LL < 96%, and 50%<PL <21% . For
validation purposes, the cone penetration technique was considered for all the samples. In
addition, the Casagrande method was also considered for some of the samples to compare
the results. The normalised on=(cs/cw) was considered for the numerical analyses where
ow is the electrical conductivity of distilled water. Conventionally, distilled water is used
to determine the LL and PL of soils and a similar approach was also considered in the

present approach, where ow=0.000082 S/m was recorded.

To understand the range of the LL and PL of the soils considered in this study, the plasticity
range for the ASTM soil classification system (ASTM D2487-93; AS1726-1993) is
illustrated in Fig.7.2. The PI in Fig.7.2 refers to plasticity index, which is the difference
between the LL and PL of each soil. The plasticity chart provides information on the types
of soils considered in the study. U-line is not used in the classification, but it is the upper
boundary of the LL -PI values and is only checked to identify the errors. A-line separates

clay from silt and provides more information on the type of soils based on the values of the
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PI as a function of LL. The explanation of the group symbols detailed in Fig.7.2 is given in
Table 7.1 for a better understanding. The positions of A-line and U-line were determined

by the following equations (ASTM D2487-93; AS1726-1993):

A-line: Horizontal at PI=4 to LL=25.5, then PI=0.73(LL-20) (7.11)

U-line: Vertical at LL=16 to PI=7, then PI=0.9(LL-8) (7.12)
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Figure 7.87: Plasticity range for the ASTM soil classification system (ASTM D2487-93;
AS1726-1993).

According to the soil classification in Table 7.1, the soils considered in this study for both
the resampling approach and validation consist of soils of different categories. Although
most of the soils dominate the CH & MH zone, the present EC approach was able to predict

the LL and PL of soils from the CL & ML groups as well.

The results in Table 7.2 show that soils with higher o values were found to have lower Fr.

and Fpr. This behaviour can be explained by studying the changes in the electrical surface
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conduction activities. As previously discussed, the electrical conductivity of soil slurry can
be affected by the soil’s mineralogy, the electrical conductivity of water, temperature, to
name a few (Mojid et al., 2007; Rahid et al., 2018; Hasan et al., 2018). According to Eqgs.
7.4-7.5, F is a ratio of two volumetric water contents, namely, DDL and free water at the
liquid limit/plastic limit. As a result, if F decreases, this means the volumetric water content
at the LL or PL is increasing and 0}, < OpLr. Therefore, it is expected that lower values of

F represent soil exhibiting higher LL or PL values.

Table 7.24: Soil Classification System (ASTM D2487-93; AS1726-1993). Only relevant soils
are included in the chart.

Major Divisions Typical Names Group Symbols

Inorganic silts and very ML
fine sands, rock flour, silty
or clayey fine sands with

Silts and clays with low plasticity
LL<50% Inorganic clays of low to CL
medium plasticity, gravelly
clays, sandy clays, silty
clays, lean clays
Organic silts and organic OL
silt-clays of low plasticity
Inorganic silts, micaceous MH
Silts and clays with or diatomaceous fine sandy
LL>50% or silty soils, elastic soils
Inorganic clays of high CH
plasticity, fat clays
Organic clays of medium OH
to high plasticity

7.5 Determination of Fr. & FpL using the Resampling Approach

The resampling approach was considered to develop non-linear three-dimensional surface
analyses to determine equations to predict FLL and FpL of soils as a function of 6, and ¥.
For this purpose, Frr and FpL were determined by back-calculation, and the comprehensive
database is presented in Table 7.2. The obtained results were then subject to resampling

non-linear surface analyses to identify suitable equations to predict Frr and Fpr
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numerically. This process involves using all 39 soils by sub-categorising soils into 7
different sets, with each group having 34 soils chosen arbitrarily and the remaining 5 soils
of each group for validation purposes, as shown in Table 7.3 and Table 7.4. For each set of

the resampling process, the coefficient correlations were found to be 0.93 <Fr1 <0.95, and

0.90 < FprL <0.95.

Based on the results found from the resampling approach, the general equations for the FrL

and FpL are proposed as follows:

FLi=-0.5+0,1+0.52y, R>=0.94 (7.13)

Fpr=-1.498-0.96,+1.491y, R?=0.90 (7.14)

The performance of these two equations in predicting Fir and Fpr for the 39 soils used in

this study is shown in Fig. 7.3 and a high correlation coefficient can be observed.

7.6 Test Results and Discussions

7.6.1 Differences between the Casagrande and Cone Methods

The present method was subject to a validation test with the LL and PL of each soil sample,
which was determined by cone penetration and thread-rolling techniques, respectively.
However, for 10 soil samples, the cone penetration and Casagrande method were used to
determine their LL as detailed in Table 7.2. The results in Fig. 7.4 show good agreement

between the LL values obtained by the cone penetration and Casagrande methods.
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Figure 7.88: Non-linear surface analyses to observe behaviours of (a) Fr. and (b) Fpr, as
functions of 6, and 7.

Several studies have highlighted that the LL values obtained from both methods vary
significantly at higher LL values, particularly >70% (Budhu, 1985; Sivapullaiah and

Sridharan, 1985; Wasti and Bezirci, 1986).

The shear strength of any soil at LL consists of two types of shear resistance, namely

viscous and frictional. Therefore, it is not technically possible for a device to determine
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both components simultaneously (Mishra et al., 2011). Based on this conceptual
understanding, LL by the Casagrande method focuses on the predominant viscous shear
resistance to calculate LL (number of blows) and the cone is mainly based on frictional

shear resistance. As a result, it can be said that Casagrande is well-suited for soils that have

high LLs and for lower LLs, the cone is preferred (Sridharan and Prakash, 2000).
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Figure 7.89: Agreement of values obtained from the Casagrande and cone technique at low
LL (the straight line is the identity line).

However, Ozer (2009) showed that if a soil has LL < 70%, then < 2% difference can be
achieved between the LL of an identical sample. In general, most of the natural soils have
an LL less than 100%. Therefore, it can be postulated that the Casagrande and cone
penetration techniques produce similar LL values to identical natural soil samples

(LL<100%). The results in this study (Fig. 7.4) support this statement.
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7.6.2 Validation of EC Technique to Determine LL and PL

The EC approach proposed in this study to predict the LL and PL of soils involves
determining o, and y and using them to determine Frp and Fpr using Eqs. 7.13-7.14,
respectively. Then, LL and PL can be predicted using Eqs. 7.9-7.10, respectively. Figures
7.5-7.6 compare the LL and PL measured experimentally and predicted using the EC
approach proposed in this study, respectively, and promising agreement is observed for the
39 soils tested in this study. Table 7.2 also demonstrates a comprehensive comparison of
results for both LL and PL. The LL and PL values obtained by the EC method were found
to be quite similar. In general, most of the predicted results were found to be within +10%
error lines, which provide more confidence in the accuracy of the approach. The percentage
of error can be reduced with the availability of more soil databases to improve the prediction

of FLr and Fpr.
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Figure 7.90: Agreement between the liquid limit values of soils obtained from the cone and
EC techniques.
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For the further validation purpose, resampling approach was considered as discussed in
Section 7.5. The resampling approach contains creating seven different sets with 34 soils,
leaving 5 soils arbitrarily. For each set, the database was created along with 3D surface
analyses and equations were proposed to numerically predict Frr or Fpr, as shown in Tables
7.3-7.4. For each set, 5 distinctive soils were left out and were later subject to validation,
which includes predicting Frr or Fpr by the equations. In general, coefficient co-relations
of R? >0.90 were obtained. For each set of resampling approach, the predicted Fr. or Fpr
of the soils were found to be within the 10% error line, which provides more confidence in

the accuracy of the predicted results.



Table 7.25: Soils considered in this study for the sampling approach to predict LL and PL along with their geotechnical properties.

LL (%) PL (%)
No Soil O X FLL FrL Gs
(S/m) EC | Cone | Casagrande | EC | Thread
-rolling
1. Kaolin 0.0034 | 1.07 0.12 0.11 | 2.58 | 74 74 74 32 32
2. Dermosol 0.0011 1.1 0.06 0.16 | 2.6 59 59 58 28 29
3. Chromosol 0.0032 1.05 0.04 0.08 | 2.59 | 58 58 58 28 27
4. Vertosol 0.0009 1.07 0.06 0.11 | 2.58 | 49 49 49 28 28
5. Red mud 0.0020 | 1.09 0.07 0.15 2.6 50 50 51 27 26
6. Expansive 0.0025 1.18 0.1 022 | 257 | 77 77 77 39 39
7. Red mud-2 0.0018 1.06 0.05 0.09 |2.62 | 47 47 47 29 29
8. Flowerdale 0.0007 1.02 0.03 0.11 | 2.56 | 29 29 29 21 21
9. Coburg-2 0.0007 1.07 2.62 | 50 50 - 28 28
0.06 0.11
10. Coburg-3 0.0007 1.06 0.05 0.09 | 2.55 | 51 51 - 28 28
11. | Craigieburn-1 | 0.0062 1.25 2.6 97 96 - 50 50
0.11 0.19
12. | Craigieburn-2 | 0.0008 1.12 2.65 | 61 61 - 29 29
0.08 0.12
13. | Wonterxina 0.0047 1.22 0.11 0.07 1259 | 90 90 - 44 44
14. Wollert-1 0.0022 1.15 0.09 0.02 | 262 | 70 69 - 33 33
15. Wollert-2 0.0015 1.17 0.07 034 | 2.6 62 62 - 38 38
16. Jae 0.0045 1.22 0.11 0.14 | 2.61 | 93 92 - 46 46
17. Officer 0.0007 1.11 2.63 | 57 57 - 26 26
0.04 0.47
18. BH1 0.0006 | 1.08 0.06 0.14 | 2.58 | 55 55 - 26 26




19. S16 0.0069 1.3 0.13 04 261 | % 94 - 40 40
20. S17 0.00078 | 1.031 0.12 045 | 256 | 73 72 - 25 25
21. S18 0.00079 | 1.03 0.11 0.445 | 2.56 | 75 74 - 24 24
22. S1 0.0062 | 1.23 0.13 02 1259 92 92 - 49 48
23. S2 0.00077 | 1.031 0.09 022 | 256 | 73 73 - 22 22
24. S3 0.00072 | 1.03 0.04 0.07 ] 2.56 | 60 59 - 21 20
25. S4 0.00088 | 1.038 0.11 0.3 261 | 75 75 - 22 23
26. S5 0.00069 | 1.015 0.05 0.11 | 255 | 60 60 - 20 20
27. S6 0.00266 | 1.21 0.12 0.3 2.62 | 81 81 - 36 36
28. S7 0.00534 | 1.228 0.13 0.3 2.61 | 85 84 - 45 45
29. S8 0.00225 | 1.2 0.12 0.3 2.6 78 78 - 42 42
30. S9 0.00382 | 1.214 0.12 0.31 2.6 84 84 - 40 40
31. S10 0.00136 | 1.17 0.10 025 | 2.58 | 73 73 - 38 38
32. S11 0.00083 | 1.035 0.06 0.12 | 2.55 | 67 67 - 24 24
33. S12 0.00149 | 1.22 0.16 0.4 2.6 86 86 - 40 40
34. S13 0.00081 | 1.034 0.05 0.11 | 2.55 | 62 62 - 23 23
35. S14 0.00125 | 1.16 0.07 0.16 | 2.57 | 69 69 - 36 36
36. S15 0.00422 | 1.217 0.12 0.3 2.6 84 84 - 40 39
37. Bendigo 0.0021 1.01 0.02 0.02 1259 | 39 39 40 23 23
38. | Clyde North | 0.0035 | 1.02 0.024 0.03 | 2.65| 49 48 49 22 22
39. Coburg-1 0.0008 | 1.07 0.05 0.16 | 2.64 | 52 52 - 29 29

212



Table 7.26: Statistical resampling approach to validate the accuracy of Fy. prediction.
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FrLi=-0.52+6,1+0.49y,
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FrLi=-0.5+0,+0.54y,
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Table 7.27: Statistical resampling approach to assess the accuracy of Fpr, prediction.
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Set No

Equations

3D Surface Analyses

Validations

FpL=-1.49-0.910,+1.49,
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Figure 7.91: Agreement between the thread-rolling test and the EC technique to determine
the plastic limit of soils.

7.7 Summary

A new technique to determine the liquid and plastic limits of soils by utilising the electrical
conductivity of soils was introduced. In order to develop the numerical prediction model,
the non-dimensional electrical surface conduction parameters o, and y were considered to
develop the relationship with volumetric water content ratio F using the resampling
approach. The parameter F was initially predicted by the back-calculation approach with
soils of known liquid limit and plastic limit. Later, numerical analyses were performed to
determine the equations to predict F and the statistical resampling approach was performed
in different sets to assess the accuracy of the prediction. A total of 39 different fine-grained
soils were considered in this study. The statistical resampling approach comprised the
selection of 34 soils in each group and predicting the Fri and FpL of 5 other soils. There
were 7 sets of groups created for the statistical resampling approach to ensure all the soils

fall into one set for the validation. The predicted F was later utilised to calculate the liquid
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limit and plastic limit of soils and the obtained results were validated by conventional

methods and showed good agreement.
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Chapter 8

Conclusions and Recommendations
8.1 Summary

In this thesis, a new approach for modelling the electrical conductivity of fully saturated
fine-grained soils was proposed. Furthermore, the application of electrical properties in the
soil classification field was explored. At first, a simple method was proposed to determine
the electrical surface conduction of the solid clay particles and its evolution as the
temperature and pore water salinity change. The proposed electrical conduction parameters
of'the solid clay particles were used to develop a series-parallel, structure-oriented electrical
conductivity model of fully saturated fine-grained soils. In the next stages, the electrical
properties of soils were used to introduce new testing approaches in the soil classification
field to determine particle size distribution, liquid limit (LL) and plastic limit (PL) All of
the experimental results were subject to adequate validations to gain more confidence in
the study. The following sections contain chapter by chapter summaries of the work, along

with a short discussion on the shortcomings, if applicable.

8.1.1 Findings After Literature Review

At the initial stage, extensive literature review was conducted to identify the ongoing trends
in the soil classification applications and possible inclusion of electrical conductivity
technique in the same. To serve this purpose, at first, the existing electrical conductivity
models were thoroughly studied, and the advantages and disadvantages of those proposed
approaches were recorded in the light of the requirement of the present approach. It was
found that empirical parameters would be required to propose the new series-parallel

model, however, those parameters would require standard representation and definition.
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Therefore, the parameters os and  were introduced. Later, the sensitivity of the parameters

was studied.

In the second phase of the literature review, the existing soil classification applications,
with or without the involvement of electrical conductivity (EC) technique, were studied.
EC technique was identified to have the potential to replace the existing conventional
methods, which are time-consuming and less accurate. The detailed literature review has

been included in Chapter 2.

8.1.2 Electrical Surface Conduction of Solid Clay Particles

Most of the electrical conductivity models in the literature include some empirical
parameters which have no physical meaning to consider the role of the electrical surface
conduction of solid clay particles in the electrical conductivity (EC) of soils. The first aim
of this research was to model the EC of soils with well-defined parameters that include the
effect of electrical surface conduction of solid clay particles. Therefore, Chapter 4 provided
more information on the definition and determination of the proposed electrical surface
conduction parameters of the solid clay particles in this study (os and y). The effect of pore
water salinity was investigated and the test results show that with an increase in pore water
salinity (EC of water), os increased and  decreased. Later, temperature was varied to
observe the effect on the EC of clay ingredients. It was found that as the temperature
increased, the EC of water increased and at the same time 7y also decreased due to the
increase in the salinity of water. A further validation test was conducted to assess the
changes in the thickness of the diffuse double layer (DDL) at elevated temperature and pore
water salinity. The free swelling test showed that with an increase in temperature, the

thickness of the DDL decreases as the EC of water increases.
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8.1.3 Series-Parallel, Structure-oriented EC Model of Saturated Clays

A new series-parallel model was introduced to determine the EC of fully saturated, organic-
free clays. The model considers the role of the electrical surface conduction parameters of
clay particles by including two parameters that describe the apparent electrical conductivity

of effective clay particle (os) as well as the size of the DDL (), as presented in Chapter 4.

The clay particle and the DDL were combined to form one single unit which was defined
as the equivalent conductive material, assigned with isotropic apparent electrical
conductivity. Therefore, saturated fine-grained soils were considered to be two-phase
material comprising free water and effective clay particles. The particle orientation was
denoted by one single parameter (O, which can be determined by a simple experiment. The
parameter Q represented the anisotropy of the clay fabric, which was considered in the
model for validation purposes. The model was validated by the experiment results of 10K,
10B, and 5K-5B clays, reconstituted at different compaction levels and particle
orientations. The comparisons between the predicted and experimentally measured values

displayed good agreement.

8.1.4 Particle Size Distribution of Soils

Although there are several ways to determine the PSD of soils, they all have advantages

and disadvantages which were discussed in Chapter 2.

The electrical conductivity approach proposed in this study to determine the particle size
distribution (PSD) of soils provides a new basis for research which aims to reduce the
limitations and expenditure of the available techniques. A new tool was developed in this
study which replaces the conventional hydrometer with metal electrodes, placed at different
distances from the sedimentation base. The proposed method involves the electrical

conductivity calibration of the fine soil suspension at three different densities. The new
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method proposed in this study considers the conventional sedimentation theory and Stokes’
diameter of soil particles. With this new approach, it was possible to obtain the PSD curves
of soils in only 1-2 hours and the results were validated against the results obtained by
hydrometer, pipette, and laser diffraction analysis. The comparisons between the results

provide strong support for the new method.

8.1.5 Liquid Limit and Plastic Limit of Soils

The electrical conductivity approach to determine the liquid limit and plastic limit required
os and x and a new volume fraction parameter F which is the ratio volumetric water content
of DDL and free water. A new equation was introduced which considered the effect of the
aforementioned parameters along with the specific gravity (Gs) of soils. A sampling
approach was considered based on the back-calculation to initially determine F using soils
with a known liquid limit and plastic limit. Later, the statistical resampling approach was
used to determine equations to predict F for both liquid limit and plastic limit. With the F
obtained from the new equations, the liquid limit and plastic limit of each soil was predicted
and compared with the results obtained from the conventional methods. In general, good

agreement was observed.

8.2 Recommendations for Future Studies

This research provides a new platform from which to study the electrical properties of soils
with a view to addressing the different geotechnical testing of soil. However, further
research is still required to properly investigate the electrical conductivity models of soils.

The following recommendations are highlighted for future studies:

- The effect of temperature on the size of the DDL requires further investigation along
with the free swelling test. Although the free swelling test has provided guidelines

and information regarding the decrease in the DDL thickness at elevated
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temperatures, further numerical modelling needs to be undertaken to properly
understand and predict behavioural changes in the thickness of DDL.

- The series-parallel model for saturated soils can be extended further to consider the
effect of coarse-grained material. In this case, a new parameter could be included
to define the percentage of fines in a specific soil sample.

- The electrical conductivity model contains mere experimental works. The model is
valid for fine-grained saturated clays only. The model could be further extended to
predict both fine-grained and coarse-grained soils

- Determining the PSD of soils using the EC method should be computer-operated
rather than relying on manual handling. A simple software program could be
developed which will create a spreadsheet calculating particle diameter at different
electrode locations at certain time intervals. A similar approach could be initiated
in terms of calibration as well. In this way, the possibility of human-made error is
lessened.

- Determining the liquid limit and plastic limit values using the EC method showed
promising results in this dissertation. However, more samples are required to build
a strong belief in the accuracy of the liquid limit and plastic limit. In addition, soils
with different geotechnical properties such as liquid limit and plasticity index

should be considered to build a better correlation between the parameters.

8.3 Concluding Remarks

The electrical conductivity of soils has been studied over the centuries, but few studies used
the electrical properties of soil in the soil classification field. This thesis enhanced the
understanding of the electrical surface conduction of solid clay particles and incorporated
this knowledge in developing the electrical conductivity model of saturated clays. This

study also makes use of the sedimentation-induced evolution of electrical conductivity of
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fine soil suspension to determine the particle size distribution of fine soil. Finally, as clay
mineralogy and pore water salinity control the electrical surface conduction parameters of
the solid clay particles proposed in this study, these parameters could also be used to predict
the LL and PL of soils. This chapter provides a summary of the thesis and re-visits the
earlier discussions on the contribution of each chapter. In order to open the door for further
research, some recommendations have been made which will improve both conceptual and

experimental understanding.

One of the major advantages of this study is the cost effectiveness of the experimental tools
presented in this study. In Chapter 6, a new PSD tool was presented. The acrylic tool itself
cost $3, and the brass metal sheet was purchased with $10. The wires and epoxy combinedly
cost less than $8. Therefore, the total cost to purchase was the materials to make the tool
was approximately $21, and all the items were Australian made. The costs of the available
devices to determine PSD range from $100 to $50,000 (presented in Tables 2.3-2.7). In
addition, the equipment/material used in the experimental programmes were also
Australian made and relatively cheaper. No equipment or tool was used in this study which

was purchased from outside Australia.

The application electrical conductivity method can be further expanded to find other
geotechnical properties of soils such as shrinkage limit (part of Atterberg Limit), shear
strength, deformation properties of soils, to name a few. As mentioned in Chapter 7, a soil
has a specific moisture content at liquid limit and plastic limit, and hence the similar
database could be built to identify shrinkage limit, and hence the whole Atterberg Limit of
soil could be determined by EC technique. Meanwhile, soil deformations are subject to the
influence of mechanical loading or environmental changes. Deformation due to the loading
is governed by the appropriate stress-strain curve of the soil, which could be calibrated by

recording EC. In addition, environmental changes will lead to changes in microstructural
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properties of the soil, and hence EC of the soil would be different at different stage. On the
other hand, to determine shear strength of the soil, the magnitude of the shear stress that a
soil can sustain needs to be determined. This characteristic can also be developed by the
calibration technique, where EC would be determined at the shear strength of the soil and
later by using the calibrated values of EC, shear strength of the soil can be predicted.
However, further experimental analyses and validation would be required, which is under

consideration for the future study.
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Appendices

Appendix 1

Derivation and Simplifications of the y and o

For two different diluted clay-water systems, The Eq. (25) from Chapter 4 can be divided in two ways as follows:

(1-m)x
T G mox 11— 0 nx EEVE s N

Os Ow

(1-mny)x
et T Ja—mx 1- 0 -npx % e

Os Ow

Egs. (1.A1-1.A2) can be inserted to represent two expressions for y and oy, and with the help of Mathematica, the following was found:

. (Nl - NZ)(amixl - aw)(aw - Umixz)
Uw{(Nz)zamixl - (Nl)zamixz + (Nl)zaw - (NZ)ZUW}

X:

=y = (NZ - Nl)amixlwamiXZW
Ow[(N2)20mix1 — (N1)?Omixz + 0w {(N1)* — (N2)?}]
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Where,

N; = vV (1—-ny),N, = vV (1 —12), Omixiw = Omix1 — Ow> Omixaw = Ow — Omix2

And, g, was found as follows (from Mathematica):

Os
_ Nl(Nl - NZ)NZ(Gmixl - O-W)O-W(O-W - gmixz){NZ (Gmixl - Gw) + Nl (gw - gmixz)}
_(Nl)z(NZ)Z(O-mixl + O-mixz)(o-mixl - O-w)(o-mixz - Jw) + Nl (N2)3(O-mix1 - Uw)z(o-mixz - Jw) + (N1)3N2 (O-mixl - o-w)(o-mixz - O-w)z + (N2)4(Jmix1 - O'W)ZO'W + (N1)4(O-mix2 - JW)ZJW

o . = N1N2 (Nl B NZ)UmeixlwamixZW(Nzamixlw + NlamixZW)

s =

(Nl)z(NZ)ZUmixl,ZwamixlemixZW - Nl (Nz)go-mixlwzo-mixZW + (Nl)3NZO_mix1w0-mixZw2 + (N2)40mix1w20w + (N1)40mix2w20w

> g Ny N, (Ny = N3) 0w Omix1wOmixzaw (N2 0mix1w + NiOmixow)

S

B (Nl)z(Nz)zUmixl,ZmeixlwamiXZW - N1N2 [JmixlwamixZW{(Nz)zUmixlw - (Nl)zamixZW}] + Uw{(N2)4Umix1w2 + (N1)4Jmix2W2}

Where, Omix1,2w = Omix1 t Omix2
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Mathematica Script of Determining y and o

NlXexsw
Inf201):= B.implify[snlva[{ou TR (1 - N1X) 8w - sml,
H2 X 58X BW
0m ————— T (1 - N2x) nw~nm2}, {sx, x}]]

Cul[201]= {{sx-p (N1 (N1 -N2) N2 (sml - swW) 8W (-8m2 + 8W) (N2 (sml - saw) + N1 {-sm2 +sw]]]_/

(-w1? w2? (sml + sm2) (sml - sw) (sm2 - sw) + N1 N2* (sml -sw)? (sm2 - sw) + N1? N2 (sml - sw) (sm2 - sw)? +

Nl -N2) (sml - sw) (-sm2 + sw
u2' (sml - sw)? sw+ N1* (sm2 - sw) ¥ sw), X - ¢ 1 ) € ! . ]]
aw |'lN.1.2 (sm2 - sw) + N2* (-sml + 8w) |

Hl1Xsx sw
In[188]:= sa].va[o ] + (1 - N1X) sw -8ml, sx
NlXsw+ 8x (1-N1X)
Nl swX (sml - sw+ Nl swX) 11
Oui{188]= {[ax—p ]LL
—sml +sw+NlsmlX-NlswX+nNi1®swx? '/
H2 X sx sW
In[188]= Sa].va[b: + {1 - N2 X) 8w - 8m2, 8%
N2Xew+ 8x (1-N2X)
N2 sw X (sm2 - 8w + N2 sWX)
Oul188]= { {sx-p 11
—sm2 + 5w+ N2 sm2 X - N2 swX + N2 swx? )
Nl ew X (sml - ew + N1 sw X) N2 ew X (Bm2 - sw + N2 EW X)
In[184]:= c:auact[s.tmpufg[[ - ].
-sml +sw+HlsmlX-HlswX+N1® swX® -sm2 +sw+N2sm2X-NH2swX+N2* swx®

(~anl+sw+H1nnlx~N1on+N12nwx]*|{~an+nH+N2nm2x—Nanx+N22nwxz]], x]

Oul[184]= |"swu(|'l—.'!ml+sw+1~l.1.s!mlJ(—NJ.sw'JHNJ.2 SWX)
(N1 (sml - sw) (-sm2 + sw) + N1* aw (-8m2 + sw) X + N2 (sml - sw) (sm2 + sw (-1 +N2X)) ]|/
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In[195]-= Ba].rn[ - =0,X
-sml + 8w+ N1smlX-N1swX+N1? swXx? -sm2 + sw + N2 sm2 X - N2 sw X + N2? sw x?

N1 - N2 1- —sm2 +
Out[195]= {{x-, 0%, {X—r - ¢ i e il ]}

sw (N2? sml - N1% sm2 + N1? sw - 2% sw)

N1 X sx sw (N1l -N2) (sml - sw) (-sm2 + sw)
In188]= smpufg[saue[o = + (1 -N1X)sw-sml/.X—- ;
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sx|]

Oul[196]= {{sx-p (N1 (N1 - N2) N2 (sml - sw) sw (-sm2 + sw) (N2 (sml - sw) + N1 (-sm2 + sw))) /
{-n1* N2 (sml + sm2) (sml - sw) (sm2 - sw) + N1 N2* (sml - sw)”® (sm2 - sw) +

N1* W2 (sml - sw) (sm2 - sw)® + N2* (sml - sw)® sw+ N1 (sm2 - sw)® sw| L}
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Appendix 3

Stokes’ Law to Find Diameter of the Soil Particles

The sedimentation analysis follows Stokes’ law, which provides the terminal velocity of a
small sphere-shaped particles settling in a specific fluid of infinite extent. As an individual
particle reaches the base, the velocity increases due to the influence of gravity. However,
due to the existence of the drag force, the free-falling particles get interrupted, and as a
result, the velocity gets hindered. After an initial period of time, velocity becomes constant
once the steady conditions are attained. This velocity, is, however known as terminal

velocity.

Let’s consider F)p be the drag force, and a particle has a radius ». The particle is settling
with a velocity v through the fluid which has a viscosity p. Hence the following expression

can be established:
Fp = 6murv (A3.1)

There are two other forces acting on the particle namely, weight (W) of the sphere particle,

and the buoyant force (U), which can be found by the following relations:
W =2nrdy, = i717"3(p 9) (A3.2)
3 S 3 s ’
U=2nrdy, = i717"3(p 9) (A3.3)
3 w3 L ’
Here, y, and y,, are the unit weight of the material of sphere, and water, respectively.

As the equilibrium of forces is attained, the following expression can be established:

W=U+F,
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4 4
= §m‘3(psg) = §m‘3(pLg) + 6murv

2712
= V= 57(/?5 -p,)9
2(Gom
= L9V G, (A3.4)

18 u

Where, d is the diameter of the spherical particle, Gg is the specific gravity of the

material, g is the acceleration due to gravity.

If the particle travels a specific distance / in time ¢, then v=h/t. Therefore, Eq. (A3.4) can

be written as the following:

_ 18uh
d= \9Gs—p)t (A3.5)



Appendix 4

Viscosity (1) of water at different temperature (T) (Arora, 1992)

T(CC) | u(mN-s/m?) | T (°C) | p(mN-s/m?) | T (°C) | p (mN-s/m?)
0 1.794 11 1.274 22 0.961
1 1.732 12 1.239 23 0.938
2 1.674 13 1.206 24 0.916
3 1.619 14 1.175 25 0.895
4 1.568 15 1.145 26 0.875
5 1.519 16 1.116 27 0.855
6 1.473 17 1.088 28 0.836
7 1.429 18 1.060 29 0.818
8 1.387 19 1.034 30 0.8
9 1.348 20 1.009 31 0.783
10 1.310 21 0.984 32 0.767
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Appendix 5

Derivation of Percentage Finer (passing)

Let’s consider the total mass of the dry soil sample is Msin a suspension which has a volume
V, and the mass of water in the suspension be My. Since at the beginning of the test, the
suspension is homogeneous, the mass of soil (solid)/unit volume of suspension at any depth

can be considered to be My/V.

Therefore, the initial density, p, can be expressed as the following:

_ Mg+My

= (AS.1)

It’s also known by the definition that volume of solid, Vs= My/Gsp, . Hence the volume of

. . \'% .
the solids per volume of suspension (let 75 = V,) can be written as

_ M
GspwV

A (A5.2)

Considering the relation from Eq. (A5.2), volume of water per volume of suspension (let

1 :
TW =V,) can be written as below:

(A5.3)

Eq. (A5.3) can be further transformed into the mass of water per volume of suspension (%

=M,,"), and thus implies the following:

M, =(1- cfﬁlv) Ow (A5.4)

Therefore, Eq. (A5.1) can be re-written as the following:
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= p, =p, +2(*) (A5.3)

However, after a specific time-scale t, the suspension will no longer be homogenous, and
mass of solids will be different at different depth. Let’s consider M4 be the mass of solids

at a depth after time t. Therefore, the density of solids, p_ can be expressed as

Py = pw + 32 (%57) (AS.6)

The percentage finer N than any particle size is given by the following equation (Arora,

1992):

N = % X 100 (A5.7)

In Eq. (A5.6), m¢= Md/V, and ms= My/V. So Eq. (A5.7) can be further extended as the

expression below:

Nms (Gs — 1
Ps = Pw+ S<S )

100 \' G

Nm, /G, — 1
=p,~p (=)

w =100\ G,
= N= (G—)ﬂ x 100 (A5.8)
Gs—1 mg
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Appendix 6

Determination of Effective Distance of Electrodes by Analysing Electric
Field

The two electrodes, separated with thin film layer, are modelled in ASNYS Maxwell. As
mentioned in the physical description of the probe, the radius of each electrode is 1.5 mm,
while the thickness is 1.3 mm. The thickness of thin film layer is 0.01 mm. The elctrodes
are made from brass, while the thin film layer is made of insulation material. The modelled
tube is made from acrylic. In order to find the effective distance, the applied voltage to the
electrodes was 5V. For the ease of the analysis, only 2 sets of electrodes were taken into
account. After the few iterations, the results have shown that the lines doesn't overlap at the
distance of 1.4 cm, as shown in Fig. A6.1. For further clarification, the distance between
the pairs of electrodes was reduced to 1.3 cm, and overlapping of the electric field was
observed (Fig.A6.2). It implies that a minimum distance of 1.4 c¢cm is required in order to

avoid overlapping of electric fields of the electrodes.



E--4 Model
B Selids
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El--g wvacuum

E-dP Region
m-l2, Coordinate Systems
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Figure A6.1: Physical model designed on Ansys.

= ——————T=

Brass

electrodes

Figure A6.2: Zoomed in photo of electrodes and the insulation.
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Figure: A6.3: Electric fields don't overlap at 1.4 cm of distance.

Mathematical equation used to calculate electric field is written as the following:

o070, 20
E=-V¢p= (axl+ay]+azk) (A6.1)

where ¢ is the voltage vector potential, and 7,7, k are the unit vectors at X, y, and z axes,

respectively.

The boundary conditions were put on the faces of the calculation area with restriction to
the voltage. At V=0, so the lines of electric field will be zero on the face of the calculation
area. In such case, the calculation area should be sufficiently large compared to the model,
and therefore, it won’t affect the result. It can be seen from the results that the calculation

area is enough large because the value of electric field comes to zero before touching the
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boundary face (Fig.2C.3). Nevertheless, at 1.3 cm of distance, at the same applied voltage,

an overlapping of electric field can be seen (Fig.2C.4).
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Figure A6.4: Electric fields overlap at 1.3 cm of distance.



	Table of Contents
	List of Tables
	List of Figures
	Abstract
	Statement of Authorship
	List of Publications
	Australian Postgraduate Research (APR) Internship

	Acknowledgment
	Chapter 1
	Introduction
	1.1 Background
	1.2 Problem Statement
	1.3 Objectives of the Study
	1.4 Outline of the Thesis

	Chapter 2
	Literature Review
	2.1 Introduction
	2.2 Factors Influencing the Electrical Conductivity of Soils
	2.2.1 Soil Porosity
	2.2.2 Soil Moisture Content
	2.2.3 Pore Water Salinity
	2.2.4 Degree of Saturation
	2.2.5 Soil Mineralogy
	2.2.6 Liquid Limit and Plastic Limit
	2.2.7 Clay Particle Orientation and Anisotropy

	2.3 Effect of Temperature on Electrical Properties of Soils
	2.3.1 DDL Properties of Clay Particles
	2.3.2 Changes in Saline Water Conductivity
	2.3.3 Overall Electrical Conductivity of Soil

	2.4 Conceptual Understanding of Electrical Conductivity Models
	2.4.1 Archie (1942)
	2.4.2 Rhoades et al. (1976)
	2.4.3 Rhoades et al. (1989)
	2.4.4 Fukue et al. (1999)
	2.4.5 Mojid et al. (2007)
	2.4.6 Ellis et al. (2010)

	2.5 Correlations between the Geotechnical Properties of Soil and its Electrical Conductivity
	2.5.1 Determination of Moisture Content
	2.5.2 Predicting Hydraulic Conductivity
	2.5.3 Monitoring Soil Consolidation Properties
	2.5.4 Estimation of Clay Content
	2.5.5 Determining Liquid Limit and Plastic Limit

	2.6 Review of Particle Size Distribution (PSD) Techniques
	2.6.1 Sedimentation Methods
	2.6.1.1 Pipette method
	2.6.1.2 Hydrometer method

	2.6.2 Sieve Analysis
	2.6.3 Laser Diffraction (LD)
	2.6.4 SediGraph Technique
	2.6.5 Integrated Suspension Pressure Technique
	2.6.6 Comprehensive Analysis of Current PSD Techniques

	2.7 Discussion on the Available Liquid Limit Test Methods
	2.7.1. Casagrande method
	2.7.2. Cone penetration method
	2.7.3. Limitations and drawbacks of the existing methods

	2.8 Methods of Predicting Soil Plastic Limit
	2.8.1 Atterberg Method (Thread Rolling)
	2.8.2 Pfefferkorn Technique
	2.8.3 Penetration and Indentation Method For Plastic Limit
	2.8.4 Pros and Cons of Available Plastic Limit Methods

	2.9 Concluding Remarks
	2.9.1 Soil Electrical Conductivity Models
	2.9.2 Conventional PSD Techniques
	2.9.3 Liquid Limit Methods
	2.9.4 Plastic Limit Measurements


	Chapter 3
	Experimental Tools and Materials
	3.1 Introduction
	3.2 Tested Soils
	3.2.1 Kaolin
	3.2.2 Bentonite
	3.2.3 Natural Soils

	3.3 Experimental Devices and Apparatus
	3.3.1 Electrical Conductivity Meter
	3.3.1 Soil Resistivity Meter (Wenner Method)
	3.3.2 Heat-Based Distilled Water Maker
	3.3.3 Soil-water Suspension Mixer
	3.3.4 Automatic Mortar Mixer
	3.3.5 Standard Proctor
	3.3.6 Optimised Temperature Controlling Water Bath
	3.3.7 Hydrometer
	3.3.8 Pipette
	3.3.9 Laser Diffraction Particle Size Analyser
	3.3.10 Casagrande Device for Determining the Liquid Limit (LL) of Soil
	3.3.11 Cone Penetration Device for Liquid Limit

	3.4 Summary

	Chapter 4
	Electrical Properties of Clay Particles
	4.1 Introduction
	4.2 Effect of Pore Water Salinity and Temperature on DDL
	4.3 Proposed Surface Conduction Parameters
	4.3.1. Phase Relationship

	4.4 Experimental Programmes
	4.4.1 Testing soils
	4.4.2 Determining Electrical Surface Conduction Parameters ((s and ()
	4.4.3 Modified free swelling index test
	4.4.3.1 Methodology
	4.4.3.2 Sample preparation


	4.5 Results and Discussion
	4.5.1. Effect of Pore Water Salinity on (s and (
	4.5.2 Coupled Thermo-chemical Effect on (s and (
	4.5.3 Effect of Temperature and Water Salinity on FSI

	4.6 Summary

	Chapter 5
	Series-Parallel Structure-Oriented Electrical Conductivity Model
	of Saturated Clays
	5.1 Introduction
	5.2 Background
	5.3 Proposed Model
	5.3.1 Model Assumptions
	5.3.2. Model Formulation

	5.4 Laboratory Testing
	5.4.1. Testing Materials and Experimental Programmes
	5.4.2. Test Setup and Procedures

	5.5 Results and Discussions
	5.5.1. Model Parameters
	5.5.2. Electrical conductivity measurements and model validation

	5.6 Summary

	Chapter 6
	Particle Size Distribution of Soils using the  Electrical Conductivity Technique
	6.1 Introduction
	6.2 Proposed Theory
	6.3 Experiments
	6.3.1 Testing Materials and Tools
	6.3.2 Role of Dispersion Agent
	6.3.3 Acrylic-Brass Probe for Calibration and PSD test
	6.3.4 Preparation of Suspension
	6.3.5 Calibration Technique

	6.4 Test Results and Discussion
	6.4.1 Validation
	6.4.2 Repeatability

	6.5 Summary

	Chapter 7
	A New Electrical Approach to Predict the Liquid Limit and Plastic Limit of Soils
	7.1 Introduction
	7.2 Background
	7.3 Proposed Method and its Mathematical Formulation
	7.4 Soil Samples
	7.5 Determination of FLL & FPL using the Resampling Approach
	7.6 Test Results and Discussions
	7.6.1 Differences between the Casagrande and Cone Methods
	7.6.2 Validation of EC Technique to Determine LL and PL

	7.7 Summary

	Chapter 8
	Conclusions and Recommendations
	8.1 Summary
	8.1.1 Findings After Literature Review
	8.1.2 Electrical Surface Conduction of Solid Clay Particles
	8.1.3 Series-Parallel, Structure-oriented EC Model of Saturated Clays
	8.1.4 Particle Size Distribution of Soils
	8.1.5 Liquid Limit and Plastic Limit of Soils

	8.2 Recommendations for Future Studies
	8.3 Concluding Remarks

	List of References
	Appendices
	Appendix 1
	Derivation and Simplifications of the 𝝌 and ,𝝈-𝒔.

	Appendix 2
	Mathematica Script of Determining 𝝌 and ,𝝈-𝒔.

	Appendix 3
	Stokes’ Law to Find Diameter of the Soil Particles

	Appendix 4
	Viscosity (() of water at different temperature (T) (Arora, 1992)

	Appendix 5
	Derivation of Percentage Finer (passing)

	Appendix 6
	Determination of Effective Distance of Electrodes by Analysing Electric Field



