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Abstract

Soil characterisation is of primary interest for several disciplines, including geotechnical and

geo-environmental engineering, soil science, and agriculture. An upcoming and promising

method for soil characterisation relies on the high-frequency electromagnetic measurement

technique which provides the potential to explore and investigate soils. However, successful

application of this technique requires a profound understanding of the multi-physical pro-

cesses arising from interactions between soil as a porous medium and the propagation of

electromagnetic waves. This thesis focuses on a coupled experimental investigation of the

mechanical, hydraulic, and dielectric characterisation of fine-grained soil during densification.

In the framework of this thesis, the following steps have been completed and novel findings

have been made:

1. Probe designs have been developed, modified and improved to measure the dielectric

soil properties in a frequency range from 1 MHz to 3 GHz during shrinkage and com-

paction. A low-cost in-house-manufactured probe was introduced, which was specif-

ically designed for standardised geotechnical soil shrinkage test. During preliminary

investigations, the calibration procedure and performance of these sensors were ex-

perimentally and numerically tested. The results showed agreement in the targeted

frequency window.

2. Compaction and shrinkage tests on fine-grained soils were conducted in combination

with dielectric and soil suction measurements. The shrinkage curve and soil water char-

acteristic curve (SWCC) was established and successfully parameterised with physical

based models. The complex permittivity was determined in a frequency range from

1 MHz to 3 GHz. The dielectric properties measured during the shrinkage test showed

a sudden drop of complex permittivity which could be located in the residual shrinkage

zone.

3. A theoretical electromagnetic mixture approach was used to model the measured fre-

quency dependent dielectric properties of soils during shrinkage and compaction based

on the parameterised shrinkage curve and SWCC. The theoretical results were com-

pared to the dielectric measurements on different fine-grained soils. The comparison
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showed that the real part of permittivity could be well predicted whereas the imaginary

part suffered inaccuracies.

4. A sensitivity analysis was performed with the theoretical electromagnetic mixture ap-

proach in consideration of the shrinkage behaviour and SWCC in order to investigate

the influence of soil suction and dry density on the frequency dependent permittivity.

The sensitivity analysis showed that the real part of the permittivity near 1 GHz was in-

sensitive to changes in the soil suction and dry density. In the MHz range, the real part

of the permittivity was more sensitive to changes in soil suction than it was to dry den-

sity. The imaginary part of the permittivity was generally observed to be more sensitive

to soil suction over the entire frequency range.

5. The dielectric relaxation spectra obtained during compaction or shrinkage were decom-

posed based on a multimodal Cole-Cole model with a global optimisation algorithm by

means of Markov ChainMonte Carlo algorithm. It was found that the dielectric spectrum

of compacted soil could be modelled with three Cole-Cole type relaxation processes in

the studied frequency range from 1 MHz to 3 GHz. The dielectric spectrum of shrinking

soil was decomposed into two relaxation processes due to the reduced investigated

frequency range of 50 MHz to 3 GHz.
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Chapter 1

Preface

1.1 Background

Constitutive soil properties play an important role in the design of civil engineering structures
because soil is involved in almost every construction project, as part of building foundations,
tunnels, dams and many other aspects. As part of civil engineering, it is the task of geotech-
nical engineers to determine the soil properties of interest and contribute these properties
to other civil engineering disciplines. In order to provide successful and sustainable design
for any construction that involves geotechnical expertise, it is necessary to deliver an accu-
rate prediction of soil properties. In general, the soil properties in traditional geotechnical
engineering can be summarised as either mechanical or hydraulic soil properties which may
be determined either in field or laboratory investigations. However, the existing traditional
experimental techniques used to determine soil properties entail potential disadvantages:

• Sampling may disturb the soil structure.

• Numerous experiments are frequently required to enable complete characterisation of
the mechanical and hydraulic soil behaviour.

• Laboratory and field investigations are highly time consuming and result in increased
costs.

These disadvantages support the need to determine other innovative methods to enable soil
characterisation. Promising techniques include geophysical radio to microwave electromag-
netic (high-frequency electromagnetic - [HF-EM]) methods, which are increasingly used in
geotechnical and geo-environmental engineering to explore and investigate soil properties

1



Chapter 1. Preface 2

[9]. The application of methods such as ground penetrating radar (GPR) or time domain re-
flectometry (TDR) is becoming more attractive, and these are frequently used due to being
non-invasive or less invasive, and because they have the potential to retrieve physical and
structural material parameters in an accurate and time-saving manner [10, 11, 12]. However,
successful application of these methods requires a profound understanding of the measure-
ment techniques, equipment used, and data processing, as well as the constitutive material
properties [13, 14]. These constitutive properties have material-specific parameters that may
be used to derive traditional soil state parameters. Herein, the dielectric property is of interest
and is used to characterise the soil as a porous material.

Early studies mainly focused on TDR, with a particular interest on the relationship between
soil water content and apparent permittivity via material-specific calibration equations [15,
16, 17]. However, soils generally respond dielectrically in a broad frequency range. These
responses not only originate from pore water but also from the soil composition, structure,
and mineralogy, as well as many other important soil characteristics [18, 19]. With continuing
research, the dielectric soil property at around 1 GHz is found to be not only a function of
water content, but also of porosity and saturation [20, 21, 22]. Recent studies have focused
on the broadband electromagnetic behaviour of soil as a porous multiple-phase material.
Hence, the focus is particularly on the relationship between soil hydraulic – especially soil
suction – and mechanical and constitutive HF-EM properties [19, 23, 24].

However, interpreting the relationship between the dielectric properties and mechanical and
hydraulic properties of porous materials is highly complex, particularly for fine-grained soils,
due to the multi-physical and chemical processes involved. In this context Hilhorst et al. [25]
stated:

'Probably the most important drawback to using the dielectric properties of soils is
the complexity of the dielectric theory, which involves a number of physical processes
that are not well understood.'

1.2 Scope and objectives

The scope of this study is to perform mechanical, hydraulic, and dielectric tests to reveal the
characteristics of fine-grained soils during densification. Since the coupled characterisation
involves multi-physical processes with enormous complexity, numerical investigations are
generally not accessible. Hence, this systematic investigation and analysis of the coupled
soil properties is based entirely on experimental work. As this kind of investigation is novel,
the experimental work is focused on laboratory tests with well-defined boundary conditions
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to minimise environmental influences such as temperature changes due to extreme weather
conditions. Many state parameters and variables characterise the mechanical and hydraulic
properties of fine-grained soils. In this study, the primarily investigated soil state parameters
are water content, density, and soil suction because these parameters mainly describe the
densification and consistency of fine-grained soils. In addition, the dielectric properties are
measured in the experiments in a range from 1 megahertz (MHz) to 3 gigahertz (GHz), and
the dielectric results are subsequently related to the obtained soil state parameters.

The study aims to improve understanding of the coupled mechanical, hydraulic and dielectric
properties of fine-grained soils during densification which is the basis for enhanced successful
application of HF-EM methods. The objectives of this study can be summarised as follows:

• developing an experimental methodology and procedure to characterise the coupled
properties of soils based on novel and innovative laboratory setups.

• developing two innovative probes specifically designed for prevailing test requirements,
where the objective is to verify the suitability and applicability of these probes for the
use in standard geotechnical laboratory tests.

• employing standard geotechnical tests to simulate different densification scenarios in
fine-grained soils, with the tests modified to allow characterisation of the coupled prop-
erties of fine-grained soils.

• establishing an analysis procedure to interpret the measured frequency-dependent di-
electric spectrum.

• establishing an enhanced theoretical mixture approach on the basis of parameterised
soil mechanical and hydraulic characterisation.

• undertaking sensitivity analysis to quantify the influence of mechanic and hydraulic soil
parameters on dielectric characteristics.

1.3 Strategy

The strategy of this thesis can be divided into following steps:

1. Identifying practical standard geotechnical testing methods to investigate the densifica-
tion of soils. Fine-grained soils are always subject to volume changes, whether due to
external or internal stress situations. Two different standard geotechnical tests – com-
paction test and shrinkage test – are chosen to simulate the densification of fine-grained
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soils. It is intended to measure the targeted soil state parameters throughout the tests.
Volume measurement techniques are introduced to record density changes during the
test, particularly for the shrinkage test. Since these standard geotechnical tests are not
designed to determine hydraulic properties during testing, appropriate measurement
techniques are sighted based on the literature review, and are introduced to measure
the soil suction in parallel to the densification. Physical and empirical fitting models
are selected to quantitatively describe density changes and soil suction changes as a
function of the water content.

2. Commercial probes fulfilling the requirements of standard geotechnical tests rarely ex-
ist. In order to measure the dielectric properties in a frequency range from 1 MHz
to 3 GHz, appropriate probes to conduct dielectric measurements need to be devel-
oped. Therefore, this study introduces and extensively describes two different innova-
tive probes. The applicability of both probes in standard geotechnical tests is verified.
One of these probes is a low-cost in-house-manufactured probe, specifically designed
to measure the dielectric behaviour of fine-grained soils under shrinkage. During the
first step, numerical simulations of the in-house-made probe are conducted to numer-
ically determine the performance and propagation characteristics of HF-EM waves in
different standard materials in order to assess the sensitive volume of the probe. The
success of the dielectric measurements using these probes strongly depends on the
calibration procedure and data processing. In this study, a calibration procedure for
both probes is proposed and experimentally evaluated with standard calibration ma-
terials. Data processing techniques are compared experimentally and numerically to
existing techniques that are required to deduct the broadband dielectric soil properties
by determining the complex permittivity from 1-port and 2-port reflection and transmis-
sion measurements. Further, the dielectric measurements of these two probes are
compared to commercially available high performance probes to evaluate their perfor-
mance.

3. To compare the dielectric results with existing solutions, first, the measured dielectric
spectrum of soil during densification is compared and verified with existing empirical
material-specific calibration equation and theoretical mixture approaches. Second, it is
aimed to couple the different soil properties. A theoretical mixture approach in combi-
nation with phenomenological relaxation models is further developed and coupled with
parameterised shrinkage curves and soil water characteristic curves (SWCCs) to model
the frequency-dependent dielectric properties based on mechanical and hydraulic soil
characterisation. This coupled model is compared to the measured dielectric spectrum
in a frequency from 1 MHz to 3 GHz. A sensitivity analysis is performed to verify the
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coupled model and give a quantitative description of the influence of soil state param-
eters on the dielectric spectrum in a frequency from 1 MHz to 3 GHz.

4. The dielectric spectrum is analysed with an existing relaxation model to quantify the
dielectric dispersion over the measured frequency range. An optimisation procedure
based on the Markov Chain Monte Carlo algorithm is established to fit the multi-termed
relaxation models and detect the underlining fundamental relaxation mechanism.

1.4 Thesis outline

The remainder of this thesis is structured as follows. Chapter 2 introduces the physics for
characterising fine-grained soils that are relevant in the context of this thesis. It begins by
discussing clay mineralogy which characterises fine-grained soil and general soil composi-
tion. Subsequently, it explains soil-water interaction, and introduces the potential concept.
It then reviews the available models that enable researchers to quantitatively parameterise
the soil-water interaction. Further, it describes soil volume changes due to shrinkage and
discusses the available empirical and physical models.

Chapter 3 focuses on the existing test methods that are available for mechanical and hy-
draulic soil characterisation. It presents a literature review of the existingmethods tomeasure
soil suction and discusses the advantages and disadvantages of existing methods. Further,
this review is complemented by a literature review of the methods available to determine soil
volume changes. It highlights the advantages and disadvantages of the available methods.
In addition, it introduces and details the methods used in this study.

Chapter 4 reviews the electromagnetic characterisation of fine-grained soils by explaining
the electromagnetic theory and constitutive equations. It then details the fundamental mech-
anisms causing dielectric dispersion over a broad frequency range, and introduces models
for quantification. Moreover, it defines the electromagnetic properties of individual soil com-
ponents, and reviews different dielectric models.

Chapter 5 focuses on the electromagnetic measurement technique used in this study. It
details the design and working principle, including calibration procedure of the two probes
used in this study. In addition, it presents the preliminary investigation results, including
the numerical simulation on both probes. Further, it presents the preliminary experimental
results, which evaluate the calibration procedure of the in-house-manufactured probe using
standard calibration materials. At the end of this chapter is an experimental comparison of
the used and commercial probes presented.
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Chapter 6 explains the experimental investigations that were conducted in the frame of this
study. Initially, it introduces the soils tested and classifies them based on the soil parame-
ters gained in the standardised geotechnical testing methods. It then details the combined
mechanical, hydraulic, and dielectric soil characterisation during the compaction test and
shrinkage test, including soil preparation, test setup, methodology and experimental proce-
dure.

Chapter 7 focuses on the analysis of the experimental data of the compaction test and shrink-
age test. This chapter is divided into two sections that have a similar structure: compaction
test and shrinkage test. Both sections extensively describe and discuss the establishment
and parameterisation of the shrinkage curve and SWCC. Subsequently, the sections deter-
mine the dielectric properties of the compacted and shrunk fine-grained soil, and compare
these to material-specific empirical calibration equations and theoretical mixture approaches.
These sections also present a spectrum analysis of the frequency dependent dielectric soil
property for the compaction test and shrinkage test.

Chapter 8 concludes the thesis by providing a summary of the study's outcomes, and pre-
senting an outlook for future studies.



Chapter 2

Characterisation of fine-grained soils

2.1 Introduction

Soil is a porous medium that is composed of different phases. The proportions of these
phases, involved in the soil body, greatly influence the mechanical and hydraulic soil prop-
erties. In the case of fine-grained soil such as clay, the interaction between phases also
plays an important role in influencing the mechanical and hydraulic soil behaviour. To give
an overview and understand the complexity of soil as a porous medium, this thesis begins
with a presentation of the literature review that examines the characterisation of fine-grained
soils.

To begin, the structural composition of soil is explained in general to define the terminology of
the variables used in the thesis. After explaining the soil structure, the composition of clay is
introduced to provide an understanding of the crystalline structure composition of clay parti-
cles at the micro-scale. Understanding of the clay mineralogy is required for the subsequent
explanation of the soil phase interaction. The potential concept used to define the soil-water
interaction is discussed, and models are introduced to enable the quantification of the wa-
ter potential in fine-grained soils. The final sections of this chapter focus on reasons for the
densification of fine-grained soils in the presence of external and internal stress conditions,
which is followed by a detailed explanation of the shrinkage behaviour of soils.

2.2 Structural composition of soil

Soil is generally a porousmedium that can be described as a three-phasemedium, consisting
of a solid, fluid and gaseous phase. The solid phase is built by solid particles, such as clay

7
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minerals, silt, and sand. The porous space, VP, between the solid particles is filled by the
fluid phase (water) and/or gaseous phase (air). The following graph presents an idealised
illustration of a soil body, showing the relationships between those three phases in terms
of volume, V , and mass, M [26]. In this idealised illustration, the solid phase is assumed

Figure 2.1: Phase diagram for a unsaturated soil, adapted from [26].

to be void free. Under this assumption, the density of the solid phase is given by the solid
density, ρG = MS/VS, which is a physical soil property. ρG is taken as a constant value and
is not influenced by any environmental factors. In contrast, there are state parameters that
describe the actual state of a soil in situ. These state parameters are not seen as constant
values and are subject to environmental influences as well as internal and external stress
conditions. The following explains some relevant state parameters for this thesis.

The amount of water in the soil matrix is normally described by the gravimetric water content
which is defined as:

w =
MW
MS

, (2.1)

where, MW is the pore water mass, and MS is the mass of solid particles. The density state
of soil can be expressed by the dry density, ρD, which is per definition ρD ≤ ρG:

ρD =
MS
V

, (2.2)

where, V = VS +VW +VA is the total volume of the soil body, which consists of the pore
volume ,VP =VA+VW, and volume of solid particles, VS. The pore volume might be filled by
air and/or water. A measure of the amount of pore volume filled by water is given by the
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saturation degree, S, according to:

S =
w ·ρD ·ρG

ρW · (ρG −ρD)
. (2.3)

where, ρW is the density of water. However, various other definitions exist – such as void ratio,
volumetric water content and so forth – and can be calculated based on the aforementioned
physical and state parameters [27].

2.3 Clay mineralogy

Fine-grained soils are composed of a high content of clay minerals, which belong to the
group of crystalline materials [28]. These crystalline materials can be further distinguished
into kaolinite, montmorillonite and illite [29]. As shown in Figure 2.2, kaolinite, illite and mont-
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Figure 2.2: Structural composition of different naturally occuring clay minerals, adapted and
modified from [30].

morillonite are commonly composed of silica sheets and alumina sheets. A silica sheet is
formed by silica tetrahedrons which consist of one central silica cation and four surrounding
oxygen anions. In contrast, an alumina sheet is built by aluminium octahedrons where an
aluminium cation is surrounded by six oxygen anions. The crystalline materials are formed
by a stack of several layers of these silica and alumina sheets. The structure of kaolinite
shows a stack of layers that are held together by hydrogen bonds, in between two neigh-
bouring layers. Each of these layers is built by a pair of one silica and alumina sheet which
is coupled by common oxygen anions. In the case of illite and montmorillonite, the structure
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of one layer differs to that of kaolinite. A layer contains one aluminium sheet embedded be-
tween two silica sheets, which are tied up with shared oxygens. For illite, a stack of several
layers is bonded by enclosed potassium ions, whereas layers of montmorillonite are bonded
together by van der Waals forces acting on ions and water molecules of interlayered water.

2.4 Soil - water interaction

2.4.1 Interaction between solid particle surface and water phase

The particle surface area of clay is negatively charged due to the isomorphous substitution
of cations occurring in the silica sheets and alumina sheets, which leads to a charge deficit of
the mineral surface [31, 32]. This negative charge of the mineral surface creates an electrical
field with an electrostatic force – also called 'surface force'. In contrast, a water molecule is
composed of one oxygen atom and two hydrogen atoms, which are bound under an angle
of 104.45 degrees. Due to the fact that the centre of the positive and negative charges is
not aligned under an angle of 180 degrees, a water molecule behaves as a dipole, having
a positively and negatively charged molecule side. The natural dipole character enables
water molecules to produce hydrogen bonds among each other. The electrostatic force of
the mineral surface of particles attracts ions and polarised water molecules from the ambient
pore water solution to neutralise its negatively charged particle surface [33]. However, it has
been observed that the bond between silica sheets and alumina sheets is disturbed at the
edges [33]. Dependent on the chemistry and pH-value, the disturbed bond can lead to a
positively charged edge of the clay particle surface [33, 34].

This attraction and interaction between the particle surface and pore water phase becomes
muchmore dominant in fine-grained soils due to the high particle surface area of clayminerals
[31]. As shown in Figure 2.3c, the electrical potential reaches its maximum on the particle
surface and decreases successively with the distance to the particle surface. As a result,
the electrostatic force attracting cations is also strongest at the particle surface (see Figure
2.3b), which produces an enhanced cation concentration around the particle. In contrast,
anions are repelled by the negatively charged particle surface. With increasing distance to
the particle surface, the electrostatic force reduces which leads to lower cation attraction and
anion repulsion. Hence, the concentration of cations decreases and anion concentration
increases with distance to the particle. The negatively charged particle surface, together
with ion concentration distribution of the pore water, is defined as the diffuse double layer
(DDL) [33, 35]. In this layer, cations and anions are permanently diffusing and changing their
placement. The DDL is characterised by the Stern-Gouy double layer theory [33, 34, 35, 36],
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which considers the surface charge density, adsorbed cation type, and pore solution salinity
upon ion distribution dependent on the particle surface distance [37].
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Figure 2.3: Qualitative illustration of (a) water types existing in fine-grained soil, (b) ionic
concentration dependent on particle distance, (c) electrical potential dependent on particle
distance, and (d) inter-particle force dependent on the particle distance and ionic concentra-

tion, adopted from [35, 37, 38].

The chemistry and cation and anion concentration of the pore water solution are important
factors that have an enormous influence on inter-particle forces [33, 39]. The inter-particle
force between fine-grained soil particles can be distinguished into three categories [34]:

1. Coulomb electrostatic force

2. van der Waals attraction force

3. double layer repulsive force
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The Coulomb electrostatic force is caused by the attraction of negatively charged particle
surfaces and positively charged edges of the particle surface. The quantitative description
of the summation of the van der Waals attraction forces and double layer repulsive forces is
given in the well-known Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [39]. Derjaguin
et al. [40] pointed out that the double layer repulsive force acts in a long range, with a dis-
tance from particle surface x > 500Å, whereas the van der Waals forces are found in a short
distance, from particle surface x < 100Å [41]. Figure 2.3d qualitatively presents the effects of
changing ion concentration on the inter-particle forces. With high ionic concentration in free
water, inter-particle attraction mainly exists due to the van der Waals forces, whereas the
double layer repulsive force between particle surfaces occurs with decreasing ionic concen-
tration. The total inter-particle force, which is the sum of either force, is an attractive force for
extremely short distances of particles. Depending on ionic concentration, the attractive total
force can turn into a repulsive force with increasing inter-particle distance. The direction and
extent of the inter-particle forces, as well as electrostatic forces of the surface, depend on
the specific particle surface, pore fluid chemistry and mineral type [29, 31, 33, 35].

In the case of fine-grained soils, water appears in different bonding states that are dependent
on the distance to the particle surface. Figure 2.3a presents schematic illustration of the water
types that can exist particularly in fine-grained soils. The water types can be classified as
follows:

• The adsorbed water to the particle surface is called adsorption water. It can be further
divided into loosely and tightly bound adsorption water [42]. Tightly bound water forms a
monomolecular layer enclosing the mineral surface [42]. This water layer is also known
as DDL [27]. With further distance to the particle surface, the adsorbed water builds
successively water layers that are loosely bound.

• The surface force acting on water molecules mitigates with increasing distance from
the particle surface. Capillary water is associated with water molecules that are yet to
be attracted by particle surface forces, but are not as tightly bound as adsorption water
to the particle surface [42, 43].

• The water molecules that are not held against gravitational forces are termed free wa-
ter. As soon as the distance from the particle grows too large, the surface force is too
weak to hold the water in the soil fabric, which means that the free water will leak out
of the soil.
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2.4.2 Soil water potential

The particle surface forces acting on the water phase are called 'soil suctions' which describe
how strongly water is bound in the soil matrix. A general thermodynamic characterisation of
the soil suction is given by the chemical potential of the pore water, which is also known as
'water activity' [41, 44, 45, 46, 47]. The absolute chemical potential, µW, of pure water is
related to a reference state by:

∆µW = µW−µ◦
W, (2.4)

where, µ◦
W is the chemical potential of pure water at a reference state (e.g. µ◦

W at 100 kPa and
20 ◦C [23]) and ∆µW is the difference between the absolute chemical potential and chemical
potential at reference state. In order to consider the chemical potentials due to interfacial
processes in the DDL, as well as capillary forces, Equation 2.4 can be rewritten as:

∆µW =
N

∑
k=1

µW,k−µ◦
W,k =

N

∑
k=1

∆µW,k (2.5)

where, ∆µW is the result of the superposition, N, of the appropriate potentials, ∆µW,k, due to
van der Waals forces, ∆µW,V; Coulombian electrostatic forces, ∆µW,E; osmotic forces, ∆µW,O

due to the presence of charges in clay interlayers; and capillary forces, ∆µW,C [39]. If the
molecular volume of pore water is known, the energy status of interface pore water can be
determined by the free enthalpy or Gibbs free energy, which is defined as [23, 48]:

∆G‡
w(T,Ψt) = ∆H‡

w(T,Ψt)−T ∆S‡
w(T,Ψt), (2.6)

where, ∆H‡
w(T,Ψt) is the activation enthalpy, ∆S‡

w(T,Ψt) is the activation entropy, and T is
the temperature. Basically, the Gibbs energy describes the water potential existing between
the reference state (such as pure water) and bonding state [19, 23, 48]. In the case of
thermodynamic equilibrium condition, the water potential defines the amount of work required
to lift a unit quantity of water from a pure water pool at reference elevation to a specific
elevation under investigation [47, 48]. If the unit quantity of water is considered a unit mass,
the water potential equals the chemical potential, ∆µW, which is defined as the energy per
unit mass (e.g., in J/kg) [47]. Under a constant water density, ρW, the water potential is often
referred to as energy per volume, which leads to [23, 47]:

Ψt = ∆µW ·ρW, (2.7)

where, Ψt is the total water potential (also known as soil suction) in a pressure unit (e.g. in
Pa). The total water potential represents all forces that hold pore water in the soil matrix.
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In soil science, the potential concept is used to define quantitatively the soil suction inher-
ent in a soil. In general, the potential is categorised in different components, which give in
summation the total potential, Ψt [47, 49, 50]:

• gravitational potential ΨG

• osmotic potential ΨO

• matric potential ΨM

This study focuses mainly on the osmotic potential, ΨO, and matric potential, ΨM, because
these potentials play a more significant role in fine-grained soils at unsaturated conditions
[26, 47, 51]. The osmotic potential defines the amount of work required to extract a unit
quantity of water at a certain elevation point through a selectively permeable membrane or
diffusion barrier [26]. Osmotic potential usually occurs in soils at air-water interfaces that have
a high amount of solutes in the pore water (e.g. high salinity content). The matric potential
is a result of capillary forces and adsorption forces in the soil matrix [41, 47]. Capillarity is
caused by the rise of water in finer pores in the soil matric [52, 53]. At water table level,
the pore water pressure is assumed to be zero. Below the water table with ongoing depth,
the soil is usually saturated and the pore water pressure increases positively due to the
hydrostatic water pressure [47]. Above the water table, the soil is assumed to be unsaturated.
In unsaturated soil conditions, the energy state of the pore water held in the soil matrix is lower
than the energy state of the free water (e.g. due to the capillary rise of pore water) [50]. Thus,
pore water pressure is noted as a negative quantity.

Soil suction is commonly termed as the ratio of the partial pressure of pore water vapour to
the free energy state of the soil water [26, 49]. In the case of dominating adsorption forces
on the water phase, this relationship is given by Kelvin's equation [41, 54]. By re-arranging
Kelvin's equation, the total soil suction, Ψt , can be expressed as follows [26]:

Ψt =−RGas ·T
Vmol
ρW

· ln p
p0

, (2.8)

where, T is the temperature, RGas is the universal gas constant, Vmol is the molecular mass
of water, ρW is the water density, p is the partial pressure of pore water vapour and p0 is the
saturation pressure of water vapour above a flat surface of pure water. The ratio of p

p0
gives

the relative humidity. It should be noted that this equation is only valid if the partial pressure
of the pore water vapour and saturation pressure of the water vapour above the flat surface
of pure water are in equilibrium.
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The force that drives the capillary rise of pore water is the surface tension, σwa, which occurs
at the interface of the water phase and air phase, and the contact angle, δw (see Figure 2.4,
[26, 55]). The interface of the air and water phase is created by adsorption forces between
the soil particles and water molecules, and by cohesion forces between the water molecules.
The interface, where the surface tension occurs, builds a meniscus that is curved under a
contact angle, δw. The height of the capillary rise, Hc, of pore water can be calculated by the
equilibrium of the forces in the vertical direction, which leads to following equation [38, 56]:

Hc =−2 ·σwa · cosδw
r ·ρW ·g

, (2.9)

where, δw is the contact angle, σwa is the water surface tension at the interface between the
water phase and air phase, r is the radius of the pore size, g is the acceleration of gravity,
and ρW is the density of water. As Equation 2.9 shows, the capillary rise, Hc, increases with
decreasing radius of the pore sizes.

Figure 2.4: Simplified illustration of the capillary rise of pore water in a soil pore, adapted and
modified from [38].

2.4.3 SWCC

The relationship between soil suction and the water content of a soil is defined by the SWCC
[8, 57]. In soil science, soil suction is commonly related to the 'volumetric water content', θ :

θ =
w ·ρD

ρW
, (2.10)
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where, w is the gravimetric water content, ρW is the water density, and ρD is the dry density
of the soil. Figure 2.5a qualitatively shows SWCCs that typically have a S-shape and exhibit
a hysteretic nature [58, 59]. The initial drying curve (IDC) and initial wetting curve (IWC)
constrain the area for the primary drying curve (PDC) and primary wetting curve (PWC). The
IDC and IWC represent the two extreme situations, with either saturated or completely dry
conditions. The IDC describes the soil suction development, starting at saturated condition.
At the saturation condition, the soil suction is relatively low and the entire pore space is oc-
cupied by water, leading to a saturated volumetric water content, θS [60]. With minimally
decreasing water content (e.g. water loss due to soil desiccation), the soil suction increases
while the soil condition remains saturated. With continuously decreasing water content, the
soil suction is insufficient to hold water in the soil, which results in a significant drop of the
volumetric water content. If the soil suction equals ΨAEV, the air phase enters the pore space,
leading the soil from saturated to unsaturated conditions [38]. Beyond this air entry into the
pore space, the soil suction is steadily increasing, with reducing volumetric water content. In
the case of extremely high soil suction, the volumetric water content approaches a residual
water content, θR, at which water is not further drained out and is held in the soil matrix by
adsorptive forces to the particle surface [61]. In contrast to the IDC, the IWC starts at dry
condition, with water content close to zero. The IWC describes the soil suction development
with increasing water content. As can be seen in Figure 2.5a, the IWC converges to a volu-
metric water content, θU, at low soil suction range [58]. θU shows a saturation degree less
than 100% due to entrapped air, which prevents the soil from reaching θS. Within the domain
of the IDC and IWC, the PDC and PWC are found, which are restricted to the water content
range reaching from θR to θU.

This study focuses on the IDC of soils. To avoid confusion, it should be noted that the ex-
pression 'SWCC' is used instead of 'IDC' in the following sections of the thesis.

Figure 2.5b shows a qualitative comparison of SWCCs for different soil types, presenting the
difference in the curve trends. The volumetric water content at a given soil suction is much
higher for fine-grained soils than for coarse-grained soils. This effect can be attributed to two
reasons. First, a fine-grained soil, such as clay, includes finer pores than does sandy soil
[27, 52]. Referring to Equation 2.9, it is obvious that the smaller the pore size radius, r, the
higher the capillary rise in the pore. This leads to enhanced soil suction, holding water in the
soil matrix. Second, the total particle surface area per unit volume of clay, for example, is
typically larger than that of sand [62]. As a result, the amount of superficial adsorptive forces
in fine-grained soils is greater, which causes a higher attraction of water molecules to the
particle surface, and subsequently an increase in soil suction [41, 46, 63].
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Figure 2.5: (a) Schematic illustration of SWCC for initial drying curve (IDC), initial wetting
curve (IWC), primary drying curve (PDC), and primary wetting curve (PWC), and (b) qualita-
tive comparison of SWCC for IDCs in the case of sand, silt, and clay. Adapted and modified

from [38].

In the past, several equations have been proposed to model and parameterise the typical
shape of SWCCs [8]. Most SWCC equations are limited in their application to different soil
types [8, 60]. A thorough review of common existing equations to describe the SWCC is
provided in Leong and Rahardjo [60]. Most SWCC equations can be derived from a single
generic equation. Nevertheless, a general equation describing the Ψt − θ relationship has
not yet been delivered; thus, some existing and well-established equations are frequently
used. One of the most cited and well-known equations is proposed by Brooks and Corey
[64], who developed the equation based on an empirical statistical approach:

Se =
θ −θR
θS−θR

=

(
|ΨAEV|

Ψt

)λBC
|Ψt |> |ΨAEV| (2.11a)

Se = 1 |Ψt | ≤ |ΨAEV| (2.11b)

where, Ψt is the total suction, ΨAEV is the soil suction at air entry into the soil matrix, λBC
is a dimensionless pore size distribution index that shapes the curve slope, and Se is the
dimensionless effective saturation that depends on the residual water content θR, saturated
volumetric water content θS, and actual volumetric water content θ [65]. The θR, ΨAEV, and
λBC are fitting parameters to optimise the curve shape. It should be noted that Equation 2.11
is not a single equation over the entire soil suction range, as the SWCC is split at ΨAEV. In the
case of |Ψt | ≤ |ΨAEV|, the soil suction becomes independent from θ , which means that soil
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suction is continuously increasing with the constant volumetric water content, θ = θS. Another
empirical relationship applicable over the entire SWCC is suggested by van Genuchten [66]:

Se =
θ −θR
θS−θR

=

[
1

1+(avG · |Ψt |)nvG

]mvG

(2.12)

where, avG, nvG, and mvG are constant optimisation parameters that need to be fitted. The
reciprocal value, avG, is closely related to the ΨAEV because it defines the location of the
curve pivot point [65], where avG increases with decreasing ΨAEV.

In contrast to the empirical Equation 2.11 and 2.12, Fredlund and Xing [8] developed a gen-
eral equation for determining SWCC, assuming the SWCC shape is related to the pore size
distribution. The proposed equation represents a modified version of Equation 2.12 accord-
ing to:

Se =
θ −θR
θS−θR

=C(|Ψt |) ·

 1

ln
[
e+
(
|Ψt |
afx

)mfx
]


nfx

with C(|Ψt |) = 1−
ln
(

1+ |Ψt |
|ΨR|

)
ln
(

1+ 1,000,000
|ΨR|

)
(2.13)

where, afx, mfx, and nfx are parameters for optimising the curve fit, e is the void ratio,C(|Ψt |) is
a correction factor, and ΨR is the soil suction when the residual water content, θR, is reached.
Fredlund and Xing [8] defined an correction factor C(|Ψt |), to achieve a better approach for
SWCC at extremely high soil suction. Based on experimental investigations, a soil suction
of 1,000,000 kPa was defined, at which the volumetric water content was θ → 0. As a result,
the correction factor in Equation 2.13 forces the SWCC to approach a residual water content
of θR = 0 for high soil suction.

A modified description of Equation 2.12, proposed by van Genuchten [66], is presented in
Durner [67]. In soils with a heterogeneous pore size system, the SWCC shows a curvilin-
ear and multimodal curve shape [67, 68, 69]. In order to consider the curvilinear shape of
SWCCs, a multimodal function is introduced, based on a linear superposition of subsystems
[67, 68]:

Se =
θ −θR
θS−θR

=
N

∑
i=1

Wi

[
1

1+(avG,i · |Ψt |)nvG,i

]mvG,i

(2.14)

where, i counts for the number of appropriate N subsystems with the weighting factors 0 ≤
Wi ≤ 1, and van Genuchten parameters avG,i, nvG,i, and mvG,i.

The disadvantage of most of these models is their inability to consider volumetric changes
in the SWCC [70]. Most models have been established without accounting for volumetric
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changes of soils. For instance, Equation 2.13 suggested by Fredlund and Xing [8] assumes
that the SWCC shape is related to the single pore size distribution. However, in fact, the pore
size distribution alters with suction-induced volume changes, particularly in fine grained soils.
A SWCC model considering pore size distribution changes was developed by Hu et al. [71].
In this model, a pore size distribution function was introduced into van Genuchten's equation
2.12 to account for the volume changes of deformable soils. Similarly to Hu et al. [71], Gal-
lipoli et al. [72] modelled the volume changes of deformable soils based on van Genuchten's
equation 2.12. Based on experimental evidence, it was found that the van Genuchten pa-
rameter, avG, can be expressed as a function of the soil volume [72, 73]. This re-definition of
avG in Equation 2.12 enables consideration of suction-induced volume changes.

2.5 Densification of fine-grained soils

2.5.1 External stress and internal stress

Soil is subject to stress and changing environmental conditions that cause soil to deform. This
volume deformation causes variations in soil's mechanical, hydraulic and chemical properties
[74]. Considering only a two phase soil system consisting of water and solid particles, the
effective stress of porous medium is described by Terzaghi's effective stress theory [75, 76,
77, 78]:

σ ′ = σ −uw, (2.15)

where σ ′ is the effective stress between solid particles contacts, σ is the total stress, and uw
is the pore water pressure. In unsaturated conditions, the air phase enters the soil matrix,
which leads to soil suction. This soil suction – also often referred to negative pore pressure
– affects the mechanical behaviour and stress conditions of unsaturated soils [47, 76, 79].
Bishop [76] considered the effective stress of a three-phase porous medium as follows:

σ ′ = (σ −ua)+χ · (ua−uw) (2.16)

where, ua is the pore air pressure, and 0 ≤ χ ≤ 1 is a coefficient accounting for the saturation
degree of the soil. At dry conditions with χ = 0, the effective stress equals the total stress, with
σ ′ = σ . In the case of saturated conditions, with χ = 1, Equation 2.16 reduces to Equation
2.15.

Soil stress situations can be distinguished into three categories [77]:

1. external stress
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2. internal stress

3. combination of external and internal stress

External stress is caused by mechanical stress, such as when a soil is exposed to a mechani-
cal load, and the volume changes occur due to exceeding shear resistance between the solid
particles on microscale [77]. Internal stress – also known as 'hydraulic stress' – is applied
to the water phase in the soil matrix. At soil-water phase state equilibrium, hydraulic stress
is described by negative pore water pressure [77, 80]. For instance, volume reduction oc-
curs under soil desiccation due to the suction-induced capillary forces [26, 51, 61, 81]. The
capillary rise of water during desiccation implies a contractile force exerted by the curved
meniscus at the interface of the air and water phase [82]. This contractile force pulls soil
particles together which leads to soil volume reduction. Volume reduction continues as long
as the contractile force of the meniscus is higher than the counteracting shear resistance
between the solid particles [80]. In geoscience, the volume reduction due to desiccation is
widely known as 'soil shrinkage'. However, external and internal stress may also occur in
combination.

2.5.2 Soil shrinkage

As explained in the previous section, shrinkage is caused by soil volume changes due to
an internal stress situation. In engineering science, the extent of soil shrinkage behaviour
can be described by the shrinkage curve which gives the relationship between soil volume
change and water content [83]. Different definitions of the shrinkage curve can be found in
the literature; however, the most commonly used are as follows:

• w−ρD or w−1/ρD - relationship [84, 85]

• ϑ − e - relationship [6, 86]

• ζ −ν - relationship [87]

where, ϑ = w ·ρG/ρW is the moisture ratio, e is the void ratio, ζ = w/wM is the relative water
content given by the ratio of current water content to the maximum water content wM (e.g.
liquid limit), and ν = V/VM = ρD,M/ρD is the relative volume defined as the ratio of the clay
volume, V , at a water content to the clay volume, VM, at maximum water content.

Figure 2.6 qualitatively shows a schematic illustration of typical shapes of observed reference
shrinkage curves with ϑ − e - relationship.
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Figure 2.6: Qualitative and schematic illustration of typical shapes of the shrinkage curve, with
indication of different shrinkage zones: (A) shrinkage curve of pure clay and (B) shrinkage

curve of mixed soil minerals. Modified based on [88].

Two aspects need to be highlighted and explained prior to further description of soil shrinkage
behaviour:

1. In most cases, the shrinkage starts at a relatively high water content that is close to
or even slightly higher than the liquid limit [3]. Considering deformable fine-grained
soils, the liquid limit is generally interpreted as the water content at which soil reveals a
liquid consistency with low shear strength [3, 89]. Hence, in geotechnical engineering,
the maximum water content of interest on the shrinkage curve is usually defined at the
liquid limit [3].

2. The term reference shrinkage curve defines the shrinkage curves without any soil
cracks [88, 90]. The idea behind this concept is that any further measured shrinkage
curve which might include soil cracks, shows the same or greater void ratio at identical
water content. Any shrinkage curve with soil cracks would be shifted relative to the
reference shrinkage curve, without qualitative changes in the curve shape [88]. The
difference between the reference shrinkage curve and any measured shrinkage curve
gives the crack volume contribution [88, 90, 91]. The experimental determination of
the reference shrinkage curve is only achieved at slow soil shrinkage, with a small
sample size. Cracks might still develop on the microscopic scale, but the crack volume
is negligibly lower than the sample volume [88, 90]. This study focuses on the reference
shrinkage curve without taking cracks into account. Hence, the term 'shrinkage curve'
is used instead of 'reference shrinkage curve' in the coming sections of the thesis. To
avoid any confusion, it should be stated that the following explanations will be valid
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for the reference shrinkage curve, but only partly for any shrinkage curve with crack
development.

A soil mixture is usually composed of clay, silt, and sand particles and eventually organic
matter. If the content of the organic matter is zero or negligibly low, then soil shrinkage is
only induced due to the presence of clay particles [88]. However, the shrinkage curve of pure
clay and the shrinkage curve of a soil mixture, composed of broad range of minerals and clay
particles, differ essentially in their shape. Figure 2.6a shows a qualitative shrinkage curve for
pure clay, while Figure 2.6b) shows a qualitative shrinkage curve for a soil mixture containing
partly clay particles.

Comparing Figure 2.6a and b, it is obvious that the curve shapes differ. Different zones during
the shrinkage process are observed, including [92, 93, 94]:

• structural shrinkage

• proportional shrinkage

• residual shrinkage

• zero shrinkage

The proportional, residual and zero shrinkage zones are observed in the shrinkage curves of
both the pure clay and the soil containing a proportion of clay. In contrast, structural shrinkage
only occurs in soils containing clay particles. Figure 2.7 shows a schematic illustration of a
soil structure consisting of grain particles and clay particles.

inter-aggregate pore

intra-aggregate pore

Figure 2.7: Schematic illustration of soil structure, showing inter-aggregate and intra-
aggregate pores, adapted and modified from [19].
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Clay particles build aggregates by accumulation of stacked clay mineral layers in which
coarser grained particles might be embedded. In these aggregates, the pore space between
these clay particles is termed 'intra-aggregate pores' [88, 95]. In addition to intra-aggregate
pores, structural pore space is created between these aggregates, which is associated with
inter-aggregated pores [88, 91, 95]. Both inter-aggregate and intra-aggregate pores are nor-
mally found in structured well-aggregated soils [93, 96], such as a soil mixture with consid-
erably high clay content. Pure clay is associated with structureless soil because it consists
mostly of intra-aggregate pores [88, 96]. In the beginning of soil shrinkage at high water con-
tent – such as at ϑI (see Figure 2.6) – pore water loss appears first in the largest pore space.
In structured, well-aggregated soils (soil mixture containing clay particles), this water loss
only occurs in the largest inter-aggregated pores [96]. At the same time, the volume of water
loss is not completely compensated by the volume reduction of pore space, which leads to
air entry into the soil matrix [90, 96]. This phenomenon causes a water saturation reduction
in the inter-aggregate pores; thus, the shrinkage curve leaves the zero air void line. The area
where the shrinkage curve deviates from the zero air void line is called structural shrinkage
(see Figure 2.6b). In the case of structureless pure clay, the intra-aggregate pores persist
saturated at the beginning of shrinkage because this pore space is relatively smaller than
the inter-aggregate pore space and compensates water volume loss by pore volume reduc-
tion [96]. At this stage, structural shrinkage is not present for pure clay and, as a result, the
shrinkage curve follows the zero air void line.

The stage at which the shrinkage curve follows the zero air void line is termed proportional
shrinkage. Here, the loss of pore water – both in the intra-aggregate and inter-aggregate
pore space – is compensated by pore volume reduction with ongoing soil shrinkage [96],
which maintains the degree of saturation. In pure clays, the pore space is completely satu-
rated and the shrinkage curve is identical to the zero air void line, having a slope equal to 1
[3, 97]. For a soil mixture containing clay particles, the curve leads from structural shrinkage
into proportional shrinkage at the transition water content, ϑR, where the curve slope is then
equal to 1, and follows parallel to the zero air void line [3, 87, 96]. In this context, it should be
mentioned that the curve slope is not necessarily equal to 1. The slope of a shrinkage curve
at proportional shrinkage is equal to 1 only for soils with sufficiently large clay content and
small sample size [88]. Otherwise, soils with low clay content contain intra-aggregate clay
with large 'lacunar' pores that grow with shrinkage [88]. Similarly, soil layers or large soil sam-
ples can contain inter-aggregate (structural) pores and cracks that also grow with shrinkage
[88, 98]. In such conditions, the slope of a shrinkage curve at proportional shrinkage is also
constant, but less than unity [91, 99]. However, this study focuses on soils with sufficiently
high clay content; thus, the curve slope of proportional shrinkage can be considered equal
to 1.
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With further shrinkage, the decrease of pore water results in air-entry into the intra-aggregate
pore space, and residual shrinkage is reached at the transition water content, ϑN [87, 92]. At
this stage, pore water fills only partly intra-aggregate pores, and the decrease of water volume
exceeds the pore volume reduction [96]. The soil shrinkage and void ratio, e, becomes a non-
linear function of water content, and the curve subsequently deviates from the zero air void
line and runs non-proportional to it.

Finally, the zero shrinkage mode for water content, ϑ ≤ ϑZ, is reached, at which the soil
volume is unaltered and the void ratio remains constant with a value of eZ because the resis-
tance against deformations due to solid particle friction is too high. The soil shows its densest
configuration [96, 100] and the water volume loss during shrinkage is equal to the air volume
entering the pore space, which leads to a continuous air-phase in the soil matrix [87].

2.5.3 Shrinkage curve equations

A number of approaches and models have been proposed in previous research to predict
soil shrinkage behaviour and describe the obtained experimental shrinkage curves [3, 83,
84, 86, 87, 96, 101, 102, 103]. Apart from the model of Chertkov [3, 87], the currently
available approaches are empirical fitting models that are based on approximation of the
experimental shrinkage data. However, these models vary in their approach. Some models
describe the experimental shrinkage curve via different geometrisation using a number of
straight lines or exponential or polynomial description of curvilinear parts [84, 102, 104, 105].
Other models use mathematical parametric expressions to represent the shrinkage curve
[6, 86, 96, 103, 106]. The mathematical expressions used in most of the models, fit the
experimental data with a number of independent parameters (the number of the parame-
ters varies depending on the models). The common feature of these approaches is that
the fitting models and their parameters are not derived from theoretical and physical consid-
erations of the soil structure, such as the inter- and intra-aggregate pore space, pore water
distribution, and pore size distribution [91, 95, 107, 108]. The only available theoretical model
was proposed by Chertkov [3, 87], which couples the shrinkage curve of a pure clay with its
microstructure and pore-size distribution.

In the following, two selected models are further explained. The first model was suggested
by Peng and Horn [6], which is a mathematical parametric expression. This model was
essentially chosen in this study for two reasons:

1. the model represents an rearranged type of van Genuchten [66] equation (see Equation
2.12)
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2. instead of visual determination, the model enables the mathematical determination of
the different shrinkage zones, as explained in Section 2.5.2

Under the assumption that the shrinkage curve of a soil is the inverse of its SWCC, Peng
and Horn [6] rearranged Equation 2.12 in order to express the shrinkage curve as follows:

e(ϑ) =


eZ if ϑ = 0 (2.17a)

eZ+
eI− eZ[

1+
(

ap·ϑ
eI−ϑ

)−np
]mp if 0 < ϑ < ϑI (2.17b)

eI if ϑ = ϑI (2.17c)

where, eI is the void ratio at the beginning of the shrinkage curve at the initial moisture ratio,
ϑI, eZ is the void ratio at the moisture ratio ϑ = 0, and ap, mp, and np are the fitting parameters
that control the shrinkage curve shape.

Equation 2.17 allows the mathematical determination of the shrinkage zones [6]. As can be
seen in Figure 2.8, the shrinkage curve reveals one inflection point at the moisture ratio, ϑ2

and, void ratio, e2. This inflection can be found either by the extreme of the first derivative,
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Figure 2.8: Schematic illustration of the determination of different shrinkage zones as sug-
gested by [6].

e′(ϑ), of Equation 2.17b, or by finding the root of its second derivative, e′′(ϑ). Further, the
shape of the shrinkage curve shows two maximum curvatures, where one is found on the
wet side of the shrinkage curve (ϑ3,e3) and the other on the dry side (ϑ1,e1). The location
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of these maximum curvatures is obtained by the extremes of e′′(ϑ). The endpoint of the
structural shrinkage zone (ϑR,eR) is suggested to be at the maximum curvature on the wet
side, according to ϑR = ϑ3 and eR = e3 [6, 86]. The endpoint (ϑN, eN) of the proportional
shrinkage zone and transition to the residual shrinkage zone is found by the intersection
between the tangent e2(ϑ) through the inflection point (ϑ2,e2), and the tangent e1(ϑ) through
the moisture ratio (ϑ1,e1) at maximum curvature on the dry side. Finally, the transition (ϑZ,eZ)
from residual shrinkage to zero shrinkage zone is defined as the intersection of the tangent
e1(ϑ) and the horizontal line e0(ϑ) through the point (ϑ0,eZ). In the case of soil shrinkage
without a distinctive structural shrinkage zone, such as pure clay, the maximum curvature
on the wet side is not found on the shrinkage curve. In this case, the proportional shrinkage
zone starts from the initial shrinkage conditions (ϑI, eI).

The second model used in this study, is the theoretical model for the shrinkage curve of pure
clays developed by Chertkov [3, 87]. In this model, the macro-parameters that characterise
the shrinkage behaviour of clay are linked with its micro-parameters. In the following, the
ζ −ν - relationship is used to explain the macro-parameters of an observed shrinkage curve,
with 0 ≤ ζ ≤ 1 and 0 ≤ ν ≤ 1, respectively [87]. Figure 2.9 shows a qualitative illustration of
a shrinkage curve in the ζ −ν - relationship compared to one in the ϑ − e - relationship. In
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Figure 2.9: Schematic illustration of macro-parameters observed in the shrinkage curve in
the ζ − ν and ϑ − e - relationship, including shrinkage zones in case of pure clay, adapted

and modified from [3].

this ζ −ν - relationship, the transition points from proportional to residual shrinkage (ζN,νN)
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and from residual to zero shrinkage (ζZ,νZ) correspond to the points (ϑN,eN) and (ϑZ,eZ) in
the ϑ − e - relationship.

On one hand, Chertkov [3] stated that the three essential macro-parameters expressing the
shrinkage curve are νS, ζZ, and νZ. On the macroscopic scale, the νS value is given by the
volume ratio of the solid phase volume, VS, to the volume at maximum water content, VM,
according to νS = VS/VM = ρD,M/ρG. The relative water content, ζZ, defines the transition
from residual to zero shrinkage. The minimum relative volume, νZ, for 0 ≤ ζ ≤ ζZ is defined
as νZ =VZ/VM = ρD,M/ρD,Z, with clay volume, VZ, at zero shrinkage and clay volume, VM, at
maximum water content. The relative water content, ζN, at the transition from proportional to
residual shrinkage is then determined by νS, ζZ, and νZ.

On the other hand, the microstructure of a clay matrix is determined through the following
factors, according to Chertkov [3]:

1. the average thickness, ∆, of deformable clay particles which build up the pore space

2. mininum external pore dimension, r0

3. maximum external pore dimension, rm

4. pore dimension distribution, f (r/rm).

Based on these factors, the macro-parameter, νS, is expressed on the microstructure scale
as follows [3]:

νS =
∆M

rm,M
·ACH

with ACH = 3
∫ 1

0

1
x
d f (x)
dx

dx
(2.18)

where, x is the ratio of x = r/rm, ∆M is the average thickness of clay particles at maximum
water content and rm,M is the maximum pore dimension at maximum at water content. The
νZ value is related to the microstructure by the following expression [3].

νZ =
r0,Z
∆Z

∆M
r0,M

(2.19)

where, r0,Z is the minimum pore dimension at νZ, r0,M is the minimum pore dimension at the
maximum water content (ζ = 1), and ∆Z is the average thickness of the clay particles at νZ.

Based on these microstructural parameters, the characteristic fraction of pore volume oc-
cupied by pore water, equivalent to the saturation, is defined as a function 0 ≤ F ≤ 1 [3],
dependent on:

F(ζ ) = f (
ri(ζ )

rm(ζ )−∆(ζ )
) (2.20)
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where, ri is the internal pore dimension with r0(ζ )−∆(ζ )≤ ri ≤ rm(ζ )−∆(ζ ).

At the same time, the characteristic fraction of pore volume occupied by pore water, F(ζ ), can
be expressed by the macro-parameters νS and νZ, which are related to the microstructure
according to Equation 2.18 and 2.19, respectively. F(ζ ) is written in a general form by [3]:

F(ζ ) =
VW(ζ )
VP(ζ )

(2.21)

where, VW is the pore water volume and VP is the pore volume. The pore water volume in
the clay at maximum relative content (ζ = 1) is identical to the pore volume, VP, at ν = 1.
Therefore, the pore water volume, VW, at any given relative water content, 0 ≤ ζ ≤ 1, can be
expressed:

VW(ζ ) = ζ ·n(ζ = 1) ·VM (2.22)

where, VM is the clay volume at maximum water content, and n(ζ = 1) is the porosity at
maximum water content with its general form according to:

n =
V −VS

V
= 1− VS

VM

VM

V
= 1− νS

ν
(2.23)

where, V is the total clay volume, and VS is the volume of clay particles. Further, the pore
volume at any given ζ can be written by means of Equation 2.23 as:

VP = n ·V (2.24)

Using Equation 2.23 and 2.24, Equation 2.21 can be rewritten to:

F(ζ ) =
VW(ζ )
VP(ζ )

=
ζ ·n(ζ = 1) ·VM

n ·V

=
1−νS

ν(ζ )−νS
·ζ

(2.25)

Thus, the relative water content, ζZ, can be expressed by:

ζZ =
νZ−νS
1−νS

·FZ (2.26)

Finally, the three essential macro-parameters in the shrinkage curve (ζZ, νZ, and νS) are
expressed bymicrostructural parameters with Equation 2.18, 2.19, and 2.26. Based on these
equations, the entire shrinkage curve can be formulated by the following set of equations:

ν(ζ ) =


νS+(1−νS) ·ζ if ζN < ζ ≤ 1 (2.27a)

νZ+ach · (ζ −ζZ)2 if ζZ < ζ ≤ ζN (2.27b)

νZ if 0 ≤ ζ ≤ ζZ (2.27c)
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where, ach is defined as:

ach =
(1−νS)2

4 · (νZ−νS)(1−FZ)
(2.28)

where, FZ is the pore volume fraction occupied by pore water at transition from residual to
zero shrinkage (ζ = ζZ). The coefficient ach is related to the minimum internal pore dimension
at ζ = ζZ, at which the air-phase is continuous and the last isolated air pore vanishes.

As explained in Section 2.5.2 and shown in Figure 2.9, the shrinkage curve follows the zero
air void line in the proportional shrinkage zone (ζN ≤ ζ ≤ 1). Hence, the pore volume fraction
occupied by pore water is F = 1 for ζN ≤ ζ ≤ 1. Substituting F = 1 in Equation 2.25, the
shrinkage curve of pure clay as a function of ν(ζ ) in the proportional shrinkage zone can be
expressed according to Equation 2.27a. In the residual shrinkage zone, air enters the pore
space, which results in a pore volume fraction occupied by pore water, F ̸= 1. Then, the
shrinkage curve ν(ζ ) in the residual shrinkage zone is described by Equation 2.27b as an
expansion to the second power of (ζ −ζZ) in consideration of νZ [87]. In the zero shrinkage
zone, the shrinkage curve reaches a constant value according to Equation 2.27c. In the case
of an experimental shrinkage curve with known macro-parameters (ζZ, νZ, νS), it is possible
to describe the shrinkage curve by means of this theoretical shrinkage model.

2.6 Conclusion

The introduction of fundamentals has demonstrated the complexity of the characterisation
of volume changes in fine-grained soils. This review showed that there is strong interaction
of the soil phases existing in fine-grained soils. This is due to the nature of the negatively
charged clay particle surface, and the dipole character of pore water molecules. The literature
review further showed that the SWCC is commonly used in geoscience to define the soil
phase interaction on the basis of the potential concept. Several models exist to quantitatively
describe the SWCC, in which soil suction is expressed as a function of the water content.

Moreover, soil as a porous medium is subject to densification due to volume changes. This
may be caused either by internal or external stress conditions, or a combination of both.
Soil shrinkage induced by internal stress causes remarkable volume changes due to pore
water evaporation. During the shrinkage process, soil undergoes different shrinkage modes,
which is linked to the aggregate structure of fine-grained soils. Several fitting approaches
and a theoretical model are presented in the literature to describe the shrinkage curve and
determine the different shrinkage zones.
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The following chapter focuses on reviewing the existing test methods to measure soil suction
and volume changes. These measurements are needed to establish the SWCC and shrink-
age curve to enable a quantitative description of soil's mechanical and hydraulic properties.
The chapter introduces different methods and discusses measurement principles. It also
highlights the limitations of the introduced techniques. Based on the review, the preferred
methods, used in this study, are justified and explained in detail.



Chapter 3

Test methods for hydraulic and
mechanical soil characterisation

3.1 Introduction

The previous chapter theoretically explained the characterisation of fine-grained soils. It
showed that the behaviour of fine-grained soils, as a porous medium, depends strongly on
the interaction of the phases of air, pore water and solid particles [50]. This chapter introduced
structural and mineralogical aspects, as well as soil state parameters, which represent the
interaction of the phases. The important state parameters, among others, that govern the
mechanical and hydraulic behaviour of saturated and unsaturated fine-grained soils, are [47]:

• water content

• compaction state (such as density and void ratio)

• soil suction.

An exact determination of these parameters provides the basis for successful interpretation
of the mechanical and hydraulic behaviour of soils. Hence, the focus in this chapter is on
test methods for the experimental determination of these soil state parameters. A literature
review of existing methods is given for measuring the soil suction, which is required to es-
tablish the SWCC. The principles of the methods are explained, and the measurable soil
suction range is highlighted. The advantages and disadvantages of these methods are ad-
dressed and discussed. In addition, the available soil volume measurement methods are
introduced, which are used to determine the compaction and density state of soils, such as

31
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during shrinkage. The test methods are discussed and evaluated in respect to the applicabil-
ity of the experimental objectives of this thesis. Subsequently, the soil volume measurement
methods preferably used in this study are pointed out and justified by their advantageous
applicability. The experimental procedure and measurement methodology of the used test
methods are then introduced in detail.

3.2 Soil suction measurement methods

There are several methods available to investigate the soil suction to establish the SWCC,
which are partly summarised and standardised in ASTM D6836-02 [109], ASTM D5298-10
[110], and ASTM D3152-72 [111]. These methods differ in their measurement approach, test
design, performance and soil suction range under investigation. The use of an appropriate
test method mainly depends on the considered soil suction range. For instance, if nearly
saturated soil conditions are given, the soil suction range is expected to be lower than in the
case of low saturated soil conditions. Therefore, the selected test method should be suitable
to measure precisely at the low suction range. In contrast, for low saturated soil conditions,
the test method should measure at high soil suction range as accurate as possible. Table
3.1 provides an overview of the most common test methods used in geotechnical engineer-
ing and soil science, together with a description of the test principles and possible suction
measurement range.

Basically, the different test methods can be divided into the following categories depending
on their measurement principles and the soil suction that is measured [38, 114]:

• static methods

• equilibrium of vapour pressure

• equilibrium of moisture condition between the soil sample and porous medium

• equilibrium of moisture condition between the soil sample and porous medium but mea-
sured at different physical properties

The static method comprises tests such as the axis translation technique and hanging col-
umn test. In the case of static methods, soil samples are exposed to an air-overpressure
or negative pressure of the pore water phase, which induces drainage of the pore water out
of the soil matrix. At equilibrium, when pore water drainage stops, the difference between
the atmospheric pressure and applied pressure on the soil equals the soil suction. It should
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Table 3.1: Summary of methods available for the establishing the SWCC

Test method Test principle Range Potential Literature
Centrifuge Application of centrifugal veloc-

ity on soil sample
0-120 kPa ΨM [112]

Non-contact
filter paper
method

Vapour equilibrium between air
phase and pore water phase

3-100 MPa Ψt [113, 114,
115]

Contact fil-
ter paper
method

Suction induction on soil water
phase by filter paper

0.01-
100 MPa

ΨM [115, 116]

Axis trans-
lation tech-
nique

Application of air-overpressure
on soil matrix

0-1500 kPa ΨM [117, 118,
119]

Tensiometer Infiltration applied on soil matrix 0-100 kPa ΨM [119, 120,
121]

Psychrometer Vapour equilibrium between air
phase and pore water phase

0.1-8 MPa Ψt [113, 114,
116, 117,
122]

Hanging col-
umn

Equilibrium measurement of
negative pressure applied on
pore water

0-80 kPa ΨM

Thermal con-
ductivity sen-
sors

Indirect measurement of thermal
properties at moisture equilib-
rium condition

1-1500 kPa ΨM [114, 123,
124]

Chilled mirror
hygrometer

Water vapour equilibirium be-
tween soil surrounding air-phase
and pore water phase

0.5-100 MPa Ψt [113, 114,
118, 119,
125, 126,
127]

Sorption
method

Water vapour equilibrium be-
tween aqueous solution and
pore water

0-700 MPa Ψt [113, 122]

be pointed out that the static method measures soil suction as the matric potential, ΨM (see
Section 2.4.2). The water content, corresponding to the applied pressure difference, is de-
termined by balancing the initial water content with the water drainage. This procedure is
repeated for several pressure steps in order to obtain multiple points of the SWCC. As Table
3.1 shows, the axis translation technique and hanging column test also differ in their appli-
cable suction range. The application of negative pressure to the pore water phase with a
hanging water column is more practical for the very low suction range. As a result, the hang-
ing column test is recommended for use in a low suction range from 0 to 80 kPa, which is
suitable for less cohesive soils (coarse-grained soil) or fine-grained soils at high water con-
tent where low suctions are expected [38]. In contrast, the axis translation technique based
on the application of air-overpressure is able to measure up to a suction of 1500 kPa, which
covers a broad suction range for fine-grained soils.
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Another measurement principle is based on an indirect measurement principle, which mea-
sures the vapour pressure at moisture equilibrium condition [114] between the air phase
and pore water phase of the soil sample. This vapour pressure is subsequently related to
the soil suction based on Kelvin's Equation 2.8. The SWCC is established pointwise by mea-
suring several moisture equilibrium conditions and determining each soil water content. In
contrast to the static method, this method measures the soil suction as total potential, Ψt .
Test methods based on this measurement principle are the non-contact filter paper method,
psychrometer, chilled mirror hygrometer, and sorption methods. As shown in Table 3.1, the
test methods cover the extremely high suction range (>100 MPa). Therefore, these methods
are best suited to suction measurement on fine-grained soils with low water content, at which
high suction is assumed due to the exclusive presence of adsorbed water.

A further indirect measurement principle measures the equilibrium of the moisture condi-
tion between the soil sample and porous medium. A test based on this principle is the
contact filter paper method, in which soil is placed directly on filter paper. At constant envi-
ronmental conditions, there is moisture exchange initiated between the soil and filter paper,
which reaches equilibrium after a while. At equilibrium conditions, the water content of the fil-
ter paper is determined and the suction is obtained based on the filter paper calibration curve.
The contact filter paper method measures the soil suction as matric potential, ΨM. The use
of the contact filter paper method is proposed in a suction range from 0.01 to 100 MPa.

Another basic principle measures the different physical properties at moisture equilib-
rium condition between the soil sample and porous medium. An example is the thermal
conductivity sensor, which consists of a porous block with a heater and temperature sensor
in the centre. If the sensor is embedded in a soil sample, moisture exchange will occur due to
a suction gradient. The water content variation in the porous block is determined indirectly by
measuring the heat dissipation in the block [124] because the magnitude of the head dissipa-
tion is governed by water as a thermal conductor. The heat that does not dissipate through
the porous block leads to a temperature rise in the block. Since the relationship between
the water content and suction of the porous block is known, the temperature rise determined
by the sensor can be calibrated to measure the soil suction. A thermal conductivity sensor
measures the soil suction as matric potential, ΨM, in range from 1 to 1500 kPa.

A special case of a measurement principle is given by the test method using a centrifuge. In
this method, drainage of the pore water of a soil sample is initiated by applying an increased
gravity due to centrifugal velocity [128]. At equilibrium between the soil sample and increased
gravity, the soil suction can be related to the angular velocity of the centrifuge [109]. The
SWCC is then constructed by increasing step-wise the centrifugal velocity, and recording
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the corresponding water content. This method is recommended to measure soil suction as
matric potential, ΨM, in range from 0 to 120 kPa.

As Table 3.1 and the current literature show, numerous test methods are available to deter-
mine the SWCC of fine-grained soils. However, the use of some techniques entails disad-
vantages, which are further discussed in the following section:

1. Given that most techniques determine the soil suction at equilibrium conditions, a long
measurement time may be expected.

2. Since fine-grained soils cover a broad suction range, there is currently no experimental
technique available that allows determination of the entire SWCC by means of a single
experiment. The construction of the SWCC of fine-grained soils is normally obtained by
a combination of several measurement techniques, which is evenmore time consuming
and tedious. Further, the combined use of several techniques may be accompanied
by another drawback. As Table 3.1 lists, diverse techniques may measure different
soil water potential – namely Ψt and ΨM. Hence, the application and combination of
multiple techniques to obtain the SWCC may cause discontinuities in the curve.

3. As explained in detail in Section 2, the fundamentals of SWCC and soil shrinkage are
closely related. Volume changes in fine-grained soils can be caused by internal stress
due to soil suction. Even though volume changes play an important role and are nec-
essary to calculate the volumetric water content (see Equation 2.10), most techniques
do not allow the observation and quantification of volume changes during testing. The
assumption that volume changes are negligibly low is reasonable and satisfying in the
case of coarse-grained and less deformable soils. For fine-grained soils with water
content below the shrinkage limit and a high suction range, the assumption may still be
appropriate. However, this assumption is not correct with water content higher than the
shrinkage limit because remarkable volume changes are expected in the suction range.
Therefore, there is an obvious need for the possibility to record volume changes in or-
der to ensure successful determination of the entire SWCC, ranging from high water
content at the liquid limit to w = 0%.
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3.3 Soil volume measurement methods

3.3.1 Review of available methods

The soil volume is an important parameter for determining the porosity of a soil, which can be
described by its density (see Equation 2.2). Further, volume changes play a significant role
in the shrinkage behaviour of fine-grained soils. Therefore, there is a need for techniques to
enable the accurate determination of soil volume and volume changes.

Numerous authors have proposed the indirect determination of the total soil volume via the
fluid displacementmethod based on Archimedes' principle [96]. Saturated soil samples are
submerged into a fluid (such as kerosene or toluene – for details, see [96]), and displacement
of the fluid by mass or volume is measured and used for the subsequent calculation of the
soil volume. A similar technique is based on the same principle, but uses water as the fluid in
which the sample is submerged. Prior to submerging the soil sample into water, the sample
is coated with paraffin or resin in order to prevent dissolution of the soil in water [1, 2, 83, 92].
Another technique uses the rubber balloon method proposed by Tariq and Durnford [129],
which is also based on Archimedes' principle. A soil sample is packed into a rubber balloon
and submerged in water. Based on the water displacement, the volume of the soil sample
is determined. The disadvantage of this rubber balloon method is that the soil sample is
usually disturbed when packed into the rubber balloon [130], which influences the accuracy
of the volume determination. Further, the general disadvantage of all techniques based on
Archimedes' principle is that the sample is not reusable after applying this method. Each
volume determination requires a new single specimen. This implies that numerous speci-
mens are needed to determine, for example, the entire shrinkage curve [130]. In addition,
it is nearly impossible to prepare several soil samples with exactly the same initial test con-
ditions in terms of water content, density and so forth. Hence, these techniques require an
enormous and tedious laboratory effort that does not even ensure successful determination
of the shrinkage curve.

Other techniques found in the literature are based on direct determination of the soil vol-
ume by measuring the sample dimensions in height and diameter [131, 132, 133, 134, 135].
Berndt and Coughlan [131] measured the dimension of soil cores during shrinkage by mea-
suring the sample height using a dial gauge and the diameter using a flexible ruler. Similar
to [131], Schafer and Singer [132] measured the length of a rod-shaped soil sample under
shrinkage using a calliper. The major disadvantage of measuring the soil sample dimen-
sion is that axis-symmetric volume changes are typically assumed [130]; hence, the volume
determination of the irregular sample shapes is complicated.
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A more sophisticated measurement technique was proposed by Braudeau and Boivin [133]
and Braudeau et al. [134], which allows continuous measurement of the dimension of irregu-
lar soil sample shapes by means of a retractometer. Using the retractometer, the dimensions
in height and diameter of a soil sample are measured during shrinkage with several laser
sensors. A new technique called the 'clodometer method' was suggested only recently by
Stewart et al. [130]. This method determines the dimension of a soil sample based on images
taken with a standard digital camera. Here, a soil clod is placed on a rotating image stand
that includes a reference object with a known volume. Both the soil clod and reference ob-
ject are imaged from 360◦. Based on open-source software, three-dimensional (3-D) surface
meshes of both the soil and object are created, and the reference object is subsequently used
as a calibration to determine the soil volume [130]. Both the retractometer and clodometer
method have the disadvantage that the soil sample needs to be visually detectable. How-
ever, in the case of a shrinkage test, a soil sample at slurry conditions typically needs to be
installed into a mould or sample ring. The mould or sample ring then covers the soil sample,
and it is nearly impossible for a laser or imaging technique to measure the soil dimensions.
As a consequence, these techniques seem to be more suitable to measure soil clods and
stiff soil samples.

3.3.2 Methods used in this study

Two different measurementmethodswere used tomeasure soil volume changes in this study:

1. direct determination of the sample geometry

2. the water displacement method

Direct determination of the sample geometry based on height and diameter measure-
ments was the preferred method for recording the volume changes during the shrinkage
process of the soil sample. As stated in the Section 3.3.1, the major disadvantage of this
method is found in the general assumption of axis-symmetric volume changes. Moreover,
this method requires an enormous amount of work and time to determine the sample geome-
try and its volume. Despite these disadvantages, a couple of benefits need to be considered,
which strongly encourage and support the use of this method.

• This study used shrinkage rings with cylindrical geometry to obtain a regular sam-
ple shape at the beginning of the shrinkage test. Given that axis-symmetric volume
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changes are expected at the beginning of the shrinkage test in the case of a cylindri-
cally shaped homogeneous soil sample, it is believed that this assumption is plausible
and applicable.

• This study measured the sample dimensions in diameter and height in four different
directions, with a rotating pattern of 45◦. Hence, it was possible to detect and determine
soil shrinkage with occurring irregular and axis-dissymmetric volume changes.

• This method is considered ideal for measuring shrinkage at soft conditions close to the
liquid limit, at which a sample ring is required to keep the soil mass in a regular sample
shape.

• This method requires limited and low-cost equipment to perform the volume measure-
ments.

The shrinkage tests for the slurry and compacted soil samples conducted in this study were
not notably different in their procedures. The shrinkage rings used were identical in geometry
and dimensions. Figure 3.1A represents the shrinkage rings with dimensions in diameter and
height. Shrinkage rings made of stainless steel were manufactured to be 70 mm in diameter
and 14 mm in height. One side of the shrinkage rings was sharpened to allow coring and
retrieving of undisturbed samples from the compacted soil specimen. Further, the same
experimental procedure was applied for shrinkage tests on the slurry and compacted soil
samples. Shrinkage tests on the slurry and compacted soil sample only differed in terms of
their soil preparation. The following section describes the general procedures to continuously
measure mass and volume changes during soil shrinkage, without explaining the soil and
sample preparation prior to the actual shrinkage tests. The soil and sample preparation will
be explicitly described later in the section for each particular test.

Prior to the shrinkage tests, the bulk soil mass, M, and initial water content, wI, of the sample
were determined both for the slurry and compacted soil samples. The initial dry density
was calculated based on the known ring volume and measured bulk soil mass and initial
water content. As soon as the shrinkage test began, the mass and volume changes were
continuously recorded every two hours. For each record, the soil sample was weighed by a
balance with 0.01 g precision, and the diameter and height of the sample were measured. A
high-precision calliper was used to determine the height and diameter changes in 0.01 mm
increments. As Figure 3.1C shows, the diameter changes were measured in four different
directions, di (with i = 4), indicated by red lines, with a rotating pattern of 45◦. The height
changes were measured for each diameter direction at five predefined points. Figure 3.1B
shows the location of the points for the height measurements with their distance to the sample
centre. One height measurement was exactly taken at the sample centre, h3. Two further
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Figure 3.1: (A) Geometry and dimension of the shrinkage ring used in this study; (B) sample
cross-section showing the five measurement points, with distance to the sample centre, used
to measure the changes in sample height, hi, for one measurement direction; (C) sample top
view indicating four directions (di) in a 45◦ rotating pattern for measuring changes in diameter.

Additionally, the points for height measurement are indicated by black dots.

sample heights, h2 and h4, were measured at 15 mm distance to the sample centre. The
heights of h1 and h5 were taken at the shrinkage ring corner at a distance of 35 mm from the
sample centre.

The soil volume, V , for each two-hour reading was calculated by the averaged volumes of
the measured directions, with their determined diameters and average heights, according to
the following equation:

V =
1
4
·

4

∑
i=1

Vi =
1
4
·

4

∑
i=1

π ·
(
di

2

)2

·
(
hi,1 +hi,2 +hi,3 +hi,4 +hi,5

5

)
(3.1)

where, di with i = (1,4) is the diameter measured in each direction, i, and hi, j with i = (1,4)

& j = (1,5) is the sample height in direction, i, and point, j. Since the dry soil mass, MS, is a
constant value throughout the shrinkage test, it can be calculated by the initial water content,
wI, and bulk soil mass, MI, at the shrinkage test beginning. By substituting wI and MI into
Equation 2.2, the dry density for each reading can be expressed with following equation:

ρD,k =
MI

(1+wI) ·Vk
(3.2)
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where, Vk is the measured and calculated soil volume at the k-te reading. By using Equation
2.1, the water content, wk, corresponding to the measured dry density, ρD,k, is calculated by:

wk =
Mk · (1+wI)

MI
−1 (3.3)

where, Mk is the weighed bulk soil mass at the k-te reading, wI is the initial water content,
and MI is the bulk soil mass at the beginning of the shrinkage test.

The shrinkage tests with continuous readings were run beyond the shrinkage limit, until no
significant mass changes were observed. Once the shrinkage test was finished, the entire set
of readings was analysed and the shrinkage curve of the investigated soil was constructed
based on the relationships explained in Section 2.5.2.

The second method employed in this study was the water displacement method based
on Archimedes' principle. The water displacement method is a standardised procedure that
is commonly used to measure, for example, the soil sample volume at the shrinkage limit
[1, 2]. In this study, the water displacement method was used whenever only a single-volume
determination of a soil sample was required. For example, when a specific shrinkage test was
finished, the water displacement method was employed to determine the final dry density.
The water displacement method was performed as an additional test to compare, check and
confirm the final result of the direct measurement of the sample geometry.

(a) (b)

Figure 3.2: Preparation steps for water displacement method according to ASTM D4943-08
[1], ASTM D7263-09 [2]: (A) melting process of a paraffin block in a pot on a hot plate, (B)

prepared soil sample with a wax coating

Prior to the test, the soil sample needed to be coated with paraffin to prevent dissolving of the
soil mass when submerged in the water. Commercially available and purchased paraffin with
known density, ρwax, was first heated in a pot on a hot plate (see Figure 3.2A). As soon as
the entire paraffin block was melted, the heating temperature of the paraffin was lowered and
kept constant at 75◦C. The soil sample was then pre-treated and prepared. The soil sample
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was trimmed to remove any irregular shape and visual large air voids, which might cause
later air gaps between the soil and paraffin coating. After pre-treatment and preparation, the
soil sample was weighed to determine the bulk soil mass, M. In order to minimise water evap-
oration and any loss of water content during the test, the experimental work was undertaken
under controlled environmental conditions. In the next step, the prepared and weighed soil
sample was submerged into the melted paraffin to coat the entire soil body. While coating
with paraffin, visual inspection of the soil sample was undertaken with special care to avoid
any large air enclosure and air gaps underneath the wax coat, which might cause additional
buoyancy of the soil sample under water. The soil sample was submerged multiple times into
the melted paraffin, as long as the entire sample body was covered by paraffin and the sam-
ple was completely air-sealed and water proof. Next, the weight, Mwax, in the air of the soil
sample – including the paraffin coat – was determined. Then, the paraffin-coated soil sample
was placed on a wire basket, which was hooked onto the balance as shown in Figure 3.3.
Before submerging the soil sample into the water container, the temperature, T , of the water

Figure 3.3: Measurement setup for water displacement method; paraffin coated soil sample
placed in a wire basket that is hooked onto the balance.

was measured and recorded in order to determine the exact water density. Subsequently,
the soil sample was slowly submerged into water by elevating the water filled container with
a small lifting ramp. The soil sample mass, MU, under water buoyancy was determined when
a constant value was indicated by the balance. Then, the volume, V , of the soil sample was
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calculated based on the following relationship:

V =
Mwax−MU

ρW(T )
− Mwax−M

ρwax
(3.4)

where, Mwax is the weight in air of the paraffin-coated soil sample, MU is the weight in water
of the paraffin-coated soil sample, M is the bulk soil mass without paraffin coating, ρwax is
the density of the paraffin, and ρW(T ) is the water density at the measured temperature, T .
After conducting the water displacement method, the paraffin coating was peeled off and
completely removed from the soil sample. The retrieved soil sample was taken to determine
the water content, w, according to ASTM D2216-10 [136]. Finally, the dry density could be
calculated based on Equation 3.2.

3.4 Conclusion

This chapter has presented a literature review of the available methods (see Table 3.1) to
measure soil suction and establish the SWCC. It introduced the different test methods and
categorised them into measurement principles. It also highlighted the application limits in
terms of the measurable soil suction for each individual method. In addition, it highlighted
and discussed the disadvantages of the methods, relevant to the presented study. The major
disadvantages found in the literature review can be summarised as follows:

• A combination of methods is required to measure soil suction over a range that is as
broad as possible.

• Different methods measure different water potential – namely Ψt and ΨM – which may
result in a mismatch while establishing the SWCC.

• There is a lack of possibility to measure the volume change of soil.

These highlighted disadvantages are relevant to this study, and will be further investigated
later in the thesis.

In addition, this chapter reviewed the soil volume measurement methods, and their applica-
bility to the experimental investigations in this study. On the basis of the literature review and
the experimental objectives, two soil volume measurement methods were selected for this
study:

• direct determination of the soil sample geometry
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• the water displacement method

Subsequently, the experimental procedure of the selectedmethodswas extensively explained.

The following chapter introduces the electromagnetic properties of fine-grained soils in order
to understand the correlation between the mechanical, hydraulic, and dielectric aspects of
soils.



Chapter 4

Electromagnetic (EM) characterisation of
fine-grained soils

4.1 Introduction

Due to their less or non-invasive nature, geophysical electromagnetic (EM) methods are
increasingly used to explore and investigate soils [9]. Generally, these methods have the
potential to retrieve physical and structural state parameters in both laboratory and field in-
vestigations [12]. However, a profound knowledge of both EM theory and EM soil properties
is required to achieve successful application of these methods [13].

This chapter begins with a general description of the EM theory in order to provide a gen-
eral understanding of EM wave propagation and the constitutive equations that describe the
material response under the EM field exposure. The phenomenological aspects – namely
polarisation and relaxation effects – that influence the material-specific constitutive parame-
ters are discussed over a broad frequency range. Since soil is considered a porous medium,
the EM properties of the individual phases in fine-grained soils are introduced. Approaches
to determine the EM properties of the individual soil phases are provided. Finally, a literature
review of the dielectric models relevant to this study is provided to predict the EM properties
of fine-grained soils.

44
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4.2 EM theory

4.2.1 EM wave propagation

In general, the propagation of a plane EM wave can be described by a space and time
harmonic field, as shown schematically in Figure 4.1, in which the electric Ē and magnetic
H̄ wave are transversely oscillating. The Ē and H̄ are propagating in time and space with
period, TP, and wavelength, λP. The period time, TP, describes the time distance between
the two repeating waves. The relationship and interactions of the EM fields are expressed
by four Maxwell equations [137]:

∇̄× Ē =−∂ B̄
∂ t

(4.1a)

∇̄× H̄ = J̄+
∂ D̄
∂ t

(4.1b)

∇̄ · D̄ = q (4.1c)

∇̄ · B̄ = 0 (4.1d)

where:

Ē is the electric field vector,

H̄ is the magnetic field vector,

D̄ is the electric flux density,

B̄ is the magnetic flux density,

J̄ is the electric current density,

q is the electric charge density,

∇̄× is the curl operator,

∇̄· is the divergence operator.

Equation 4.1a states that a rotation of an electric field is equal to the negative temporal
change of a magnetic field. A temporal change of a magnetic field induces an electric field.
Similar to Equation 4.1a is Equation 4.1b, where a rotation of the magnetic field is equal to
the sum of the temporal change of the electric field and electric current density. Equation
4.1c states how the electric field of an electric charge changes with increasing distance to it.
In contrast to Equation 4.1c, the divergence of the magnetic fields is equal to zero, as stated
in equation 4.1d.
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4.2.2 Constitutive equations

AsMaxwell's Equation 4.1 describes in mathematical terms the relationship between electric-
ity and magnetism [138], the following constitutive Equations 4.2 describe the macroscopic
response of a material when it is exposed to harmonic EM fields [139]:

J̄C(ω) = σ⋆
EĒ(ω) (4.2a)

D̄(ω) = ε⋆Ē(ω) (4.2b)

B̄(ω) = µ⋆H̄(ω) (4.2c)

where, σ⋆
E is the electrical conductivity; ε⋆ = ε0ε⋆r is the complex absolute permittivity with per-

mittivity of free space ,ε0, and relative complex permittivity, ε⋆r ; and µ⋆ = µ0µ⋆
r is the complex

absolute magnetic permeability with magnetic permeability of free space, µ0, and relative
complex magnetic permeability, µ⋆

r . The parameters ε⋆r , µ⋆
r , and σ⋆

E are generally a second-
order tensor with nine independent material parameters [140]. However, quasi-isotropy is
assumed at the sample scale [141]. Hence, ε⋆, µ⋆, and σ⋆

E are assumed to be material-
specific parameters with scalar quantities, which is a valid assumption especially in the case
of soils. It should be noted here that the material-specific constitutive parameters depend
on the frequency, f , temperature, T , and pressure, p. The importance of each of these
material-specific parameters is dependent on the purpose of the investigation. The parame-
ters investigated in this research study are the dielectric permittivity and electric conductivity.

Commonly, the electrical conductivity, σ⋆
E, characterises the movement of free charges in a

material if an external electric field is applied [138]. In the case of a 'perfect' conductor, σ⋆
E

appproaches an infinite value because all charges are able to move freely in the medium. In

Hy

Ex P

Figure 4.1: One-dimensional propagation of an EM signal as a transverse oscillating wave of
coupled electric (blue) and magnetic (red) fields, dependent on time.
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contrast, a medium is called a 'perfect' dielectric if σ⋆
E is zero, which means that the bonding

forces between electrons and atoms are too tight, and free charge movements do not occur
[138]. Therefore, the electrical conductivity is commonly associated with high conductive
materials (such as metal) and is expressed by Equation 4.2a.

However, it should be noted that different mechanisms of conductivity exist. Low conductive
materials, such as insulators and dielectrics, also exhibit conductivity due to the displacement
of charges in the presence of an external alternating electric field [29, 142, 143]. A third
mechanism is observed in terms of electrolyte conductivity. When an electric field is applied
to a material with a high ionic concentration, ions in the material move towards the opposite
charge and cause electrolyte conductivity [142]. In the presence of an electric field with
alternating potential, the electric current density, J̄C, as in Equation 4.2a, is replaced by the
effective current density, J̄eff, in order to consider the displacement current density [143]:

J̄eff = J̄C + J̄D = σ⋆
EĒ + ε⋆

∂ Ē
∂ t

= jωε0

(
ε⋆r −

jσ⋆
E

ωε0

)
Ē = jωε0ε⋆r,effĒ (4.3)

where, j is the imaginary unit; J̄D is the displacement current density, which is a function of ε⋆

and Ē; ω is the angular frequency; and ε⋆r,eff is the relative effective complex permittivity. The
relative effective complex permittivity is generally dependent on the frequency, temperature,
and pressure. The real part, ε ′r,eff of ε⋆r,eff, characterises the storage ability of EM energy in
a medium when an EM field is applied [144]. The imaginary part, ε ′′r,eff of ε⋆r,eff, represents
the electrical losses and dielectric losses of materials that occur due to polarisation effects
[145]. At low frequencies, the direct current conductivity, σDC, can be separated from the
imaginary part, ε ′′r,eff of the ε⋆r,eff, of low conductive soils [29, 146, 147, 148], which leads to
an additional term accounting for σDC. Thus, the relative effective complex permittivity, ε⋆r,eff,
can be expressed as follows:

ε⋆r,eff(ω,T, p) = ε ′r,eff(ω,T, p)− j · ε ′′r,eff(ω,T, p) = ε ′r,eff(ω,T, p)− j
(

ε ′′r,d+
σDC
ωε0

)
(4.4)

where, ω = 2π f is the angular frequency , T is the temperature , p is the pressure, ε ′r,eff
is the real part and ε ′′r,eff is imaginary part of the complex relative effective permittivity, ε⋆r,eff,
σDC is the direct current conductivity describing electrical losses, and ε ′′r,d is the imaginary
part standing for dielectric losses. A measure for the strength of losses is given by the loss
tangent δ [42, 149], which is defined as:

tanδ (ω) =
ε ′r,eff
ε ′′r,eff

(4.5)
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4.3 Polarisation and relaxation effects

4.3.1 Background

In simple terms, the permittivity is a dielectric material property that measures the storage
ability and release of electrical energy when an external field is applied [144]. In the absence
of an electric field, charges in a material are randomly orientated and non-polarised. As
soon as an electric field is applied, charges in a dielectric become displaced relative to each
other [29, 144] in order to compensate for the applied electric field. This phenomenon of
charge displacements and reorientations is termed 'polarisation'. The real part, ε ′r,eff of ε⋆r,eff,
measures the material polarisability when an external electric field is applied, and is often
referred to as the ability of materials to store electrical energy [23, 145, 150, 151]. The
imaginary part, ε ′′r,eff, represents the electrical losses and dielectric losses of materials that
occur due to polarisation effects [18, 25, 145].

4.3.2 Polarisation effects

There are several polarisation mechanisms active at the specific frequency range under in-
vestigation. Figure 4.2 shows a simplified schematic illustration in which different polarisa-
tion mechanisms are shown in a frequency range from ∼ 1 Hz to ∼ 1015 Hz. In the frequency
range f > 1010Hz, only single component polarisation – that is, dipolar, atomic, and electronic
– is observed on pure homogeneous materials [142, 154]. At extremely high frequency (HF)
in the terahertz (THz) range, only electronic polarisation can operate. With decreasing fre-
quency, progressively more polarisation effects occur, such as atomic and dipolar polarisa-
tion, which contributes to the dielectric property of a material and results in an increasing ε⋆r,eff.
At frequency lower than f < 1010Hz, additional polarisation mechanisms occur in heteroge-
neous materials with multiple phases such as soils [153, 154, 155], which include interfacial
and counterion polarisation [23, 152, 156].

In the presence of an EM field at HF f >∼ 10GHz, only atomic and electronic polarisation
effects occur in a material [29, 141, 142]. An atom consists of an atomic nucleus that is pos-
itively charged and surrounded by a negatively charged electron cloud. In the presence of
an externally applied EM field, the electron cloud becomes displaced relative to the atomic
nucleus in the direction of the EM field [142]. This displacement of the electron leads to an
induced dipole moment, which causes electronic polarisation [142]. In the case of atomic
polarisation, an EM field disturbs the equilibrium between different atoms in a molecule,
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Figure 4.2: Schematic illustration of diverse polarisation mechanisms occurring over a broad
frequency range, adapted and modified from [19, 29, 152, 153]. Shown are (a) electronic, (b)
atomic, (c) dipolar, (d) double layer, (e) Maxwell- Wagner, and (f) counterion polarisation. An
additional graph is given relating the soil phases and their individual dielectric properties to

the polarisation effects

which results in atom displacements. Due to this displacement of atoms to each other, an-
other additional dipole moment is induced [142].

At frequency f < 10 GHz, dipolar polarisation is present. A water molecule is composed of
one oxygen atom and two hydrogen atoms which are bound under an angle of 104.45◦. Due
to the fact, that the centre of the positive and negative charges is aligned under an angle of
180◦, a water molecule behaves naturally as a dipole with a positively and negatively charged



Chapter 4. Electromagnetic characterisation of fine-grained soils 50

molecule side. Water molecules in soils that are not bound to the solid particle surface are
randomly orientated in the absence of an external EM field [29]. As soon as an EM field is
applied, water molecules become polarised as the dipoles begins aligning in the direction
of the EM field [29]. If an alternating EM field far below the relaxation frequency is applied,
water molecules reorientate in phase with the direction of the EM field [25].

Bound water and interfacial polarisation arises at frequencies lower than f < 1 GHz in
the MHz and kilohertz (KHz) range [43, 157]. Interfacial polarisation mostly appears at the
interface between the two phases, due to their different EM properties [153, 157]. Interfacial
polarisation is based on two polarisation mechanisms [19, 144, 145, 157, 158]: the Maxwell-
Wagner effect, and electrical double layer polarisation, as shown in Figure 4.2. Bound water
polarisation similarly follows the principles of the dipolar polarisation mechanism. In contrast
to free water and capillary water, bound water is subject to enormous binding forces that are
caused by the attraction of water molecules at the interface to the solid particle surface [159].
Due to this binding force of water molecules to the particle surface, bound water dipoles are
restricted in their mobility and ability to rotate under the influence of an alternating EM field
[23, 43, 159]. As a result, bound water polarisation occurs at lower frequencies than in the
case of the dipolar polarisation of free water and capillary water [43]. Double layer polarisa-
tion is caused by charge displacements, where the positively charged ionic cloud is displaced
in relation to the negatively charged solid particle [160]. Maxwell-Wagner polarisation occurs
in heterogeneous materials in which spatially separated phases with different EM properties
and charges with different mobilities are connected by common interfaces. Under the effect
of an EM field, the normal component of the EM field must be equalised [161, 162]. This
leads to an enhanced charge accumulation at interfaces perpendicular to the direction of the
EM field [152, 153, 157, 162]. Counterion polarisation emerges in the frequency range of
kHz, as well as relaxation effects referred to as the adsorption/desorption rates of counterions
in clay interlayers with relaxation times in the range of 2 to 8 ns [163]. Here, the tangential
movements and normal diffusion of ions along the solid particle surface are observed, as
well as perpendicular movements through the water-filled pores, eventually resulting in an
induced dipole moment [155, 164, 165, 166, 167].

4.3.3 Relaxation models

As explained in Section 4.3.2, polarisation describes the storage ability of EM energy in a
material due to the charge displacements under the impact of an EM field. Thus, the complex
permittivity as a function of frequency is determined by the material polarisability and the
dielectric losses. However, when the EM field is removed, the stored energy in the material
starts to dissipate with time [18]. The charges return to equilibrium due to the absence of the
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Figure 4.3: Qualitative illustration of the dielectric spectrum under the effect of a relaxation
process, with static permittivity, εS, HF limit of permittivity, ε∞, and relaxation magnitude, ∆ε.
Shown is the relaxation process according to the Debye Equation 4.6, modified Debye Equa-
tion 4.7 (including direct current conductivity contribution σDC) and Cole-Cole Equation 4.8,

representing relaxation time distribution and direct current conductivity contribution.

EM field which is termed 'relaxation' [29, 142, 156]. A typical frequency and temperature-
dependent response for single type relaxation behaviour is described by the Debye equation
[23, 168]:

ε⋆r,eff(ω ,T ) = ε∞(T )+
∆ε(T )

1+ jωτ(T )
(4.6)

where, ε∞ is the HF limit of permittivity, ∆ε is the relaxation magnitude, and τ is the relax-
ation time. Figure 4.3 shows a schematic illustration of relaxation behaviour according to the
Debye equation 4.6, which is the simplest form of the dielectric spectrum and is typically ob-
served in the case of single-phase homogeneous materials, such as pure water [149, 169].
According to the Debye-equation, the real part of complex permittivity shows two asymp-
totes, where the static permittivity, εS, is found at low frequency ( f → 0), and the HF limit
of permittivity, ε∞, is found at HF ( f → ∞). The characteristic difference between εS and ε∞

gives the relaxation magnitude ∆ε = εS− ε∞. The imaginary part of complex permittivity ide-
ally shows a log-normal distribution of the dielectric spectrum, in which the peak value is
located at the inflection point of the relaxation magnitude, with tan(δ ) = 1, which indicates a
single relaxation time, τ. As indicated in Equation 4.4 and Figure 4.3, the imaginary part of
complex permittivity is affected by the electrical conductivity. In order to take the conductivity
contribution into account, the Debye Equation 4.6 has been modified by an additional term
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for the direct current conductivity, σDC [143, 170]:

ε⋆r,eff(ω,T ) = ε∞(T )+
∆ε(T )

1+ jωτ(T )
− j

σDC
ωε0

(4.7)

As a heterogeneous porous material composed of multiple phases with different EM prop-
erties, soil may reveal not only a relaxation behaviour with a single relaxation time, but also
a distribution of relaxation times. This phenomenon of a relaxation time distribution results
from the complexity of soil structure, including its texture, composition and binding forces
on the water phase [29, 146, 149, 158]. In respect to the range of a distribution of relax-
ation times, the Cole-Cole model is introduced, and qualitatively illustrated in Figure 4.3
[19, 165, 169, 171, 172, 173, 174]:

ε⋆r,eff(ω ,T ) = ε∞(T )+
∆ε(T )

1+( jωτ(T ))βCC
− j

σDC
ωε0

(4.8)

where, βCC is the stretching exponent or Cole-Cole parameter, which varies between 0 ≤
βCC ≤ 1 and refers to the relaxation time distribution. In the special case of βCC = 1, Equation
4.8 equals Equation 4.7.

4.4 EM properties of individual soil phases

As explained in Section 2.2, as a porousmaterial, soil is generally composed of three different
phases. Figure 4.2 shows a simplified illustration of these phases and their EM properties. It
should be noted that, in this study, the water phase is distinguished between pore water and
bound water. Here, pore water is associated with free water and capillary water, whereas
bound water only accounts for the type of water that is adsorbed to the surface of solid
particles.

Each of these phases exhibits individual EM properties in terms of ε⋆ = ε0 · ε⋆r,eff and σ⋆
E. The

EM properties of the solid particles are generally a second-order tensor with nine independent
material parameters. However, mono-crystallinemineral phases are not expected in a natural
porous material; thus, quasi-isotropy at the sample scale is assumed [141]. Hence, the
material parameters are assumed as scalar qualities, which is a valid assumption, especially
in the case of most heterogeneous mixtures. Moreover, in the present study, the relative
magnetic permeability of the soils is assumed to be one; hence, µ is equal to the permeability
of free space, µ = µ0 [19]. As a result, the effective EM soil properties are influenced by the
EM properties of the individual phases, the interaction between these phases and the soil
structure [19, 143].
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4.4.1 Solid phase

The relative permittivity of the solid phase in the case of mineral grains is considered not
frequency or temperature dependent in the investigated T, f -range [140]. Thus, the rela-
tive permittivity of the solid phase is considered a constant real number, and found to be in
the value range between 3 to 15 [19, 175]. Diverse empirical equations were suggested to
give the relationship between relative effective real permittivity εr,G and solid density ρG. An
empirical equation for dry soils is suggested by Dobson et al. [37] and Hallikainen et al. [176]:

εr,G = (1.01+0.44 ·ρG)
2 −0.062, (4.9)

Another relationship between εr,G and ρG is proposed with the following empirical equation
[177, 178]:

εr,G = AρG, (4.10)

where, A is an empirical fitting parameter and is suggested to be A = 1.93± 0.17 [177] or
A = 1.96 [178].

Moreover, the εr,G of the solid phase can be estimated based on the mass fraction of the soil
mineralogy [141, 175, 179]:

εr,G =

(
N

∑
k=1

MS,k
ρG

ρX ,k

√
εr,G,k

)2

, (4.11)

where, k describes the number of different mineralogical components, εr,G,k is the relative
effective permittivity of the kth mineralogical soil component and ρX ,k is its X-ray density,
ρG is the solid density, and MS,k describes the mass fractions of the kth mineralogical soil
component.

4.4.2 Free water phase

The dielectric properties of water are strongly frequency and temperature dependent. For ex-
ample, for a temperature of T = 20◦, the real part of the complex permittivity around 1 GHz of
pure water is ε ′r,eff= 80.17±0.12 [172]. In contrast, in the case of ice at T =−20◦, ε ′r,eff is found
to be ∼ 3.18 [180, 181, 182]. Further, the dielectric properties of water vary with frequency in
the GHz-range. Figure 4.4 shows a dielectric measurement taken on deionised water over
a frequency range from 100 MHz to 40 GHz. The equipment used to measure the dielec-
tric spectrum, includes a vector network analyser (VNA; Agilent PNA E8363B) in combination
with a commercial open-ended coaxial line probe (Agilent probe performance). For frequency
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at the MHz range, the real part, ε ′r,eff, of permittivity reaches a constant value and no dielectric
losses are observed, giving an imaginary part of ε ′′r,eff ≈ 0. With increasing frequency into the
GHz range, ε ′r,eff decreases continuously, whereas ε ′′r,eff shows a parabolic curve shape with
a peak located at the inflection point of the ε ′r,eff - curve. Since water molecules own a natu-
ral dipole moment, this dielectric behaviour of pure water is influenced by dipolar relaxation
effects in the GHz-range, and can be characterised by the simple Debye Equation 4.6.

Extensive studies on the dielectric behaviour of pure water have been undertaken [172, 183,
184, 185]. As Equation 4.6 shows, the complex permittivity, ε⋆r,eff, is also a function of tem-
perature, T , with ε∞(T ), εS(T ), and τ(T ). In the literature, the HF limit of the pure water
permittivity is often given to ε∞,FW = 5.5 [186] or ε∞,FW = 4.22 [187]. Kaatze [184] proposed
an empirical equation for the temperature dependence of the permittivity, ε∞,FW, of pure water
based on a simple Debye-model, including HF extrapolation:

ε∞,FW(T ) = 5.77−2.74 ·10−2(T −273.15). (4.12)

where, temperature T is in kelvins.

The static permittivity, εS, reflects the constant permittivity value, which is achieved at low-
frequency range. An empirical equation is suggested to model the static permittivity of pure
water in the temperature range 0◦ ≤ T (in ◦C)≤ 60◦, as follows [172, 188]:

εS,W(T ) = 78.35exp(−4.55 ·10−3(T −298.15)). (4.13)

where, temperature T is in kelvins. Alternatively to Equation 4.13, εS,W(T ) can be calculated
in a temperature range 0◦C ≤ T ≤ 100◦C using [189, 190]:

εS,W(T ) = 87.9144−0.404399 ·T +9.58726 ·10−4 ·T 2 −1.32892 ·10−6 ·T 3. (4.14)

where, temperature T is in celsius. The relaxation time, τFW(T ), of pure water dependent on
the temperature, T , can be approached by the following expression [191]:

τFW(T ) = 1.1109 ·10−10 −3.824 ·10−12 ·T +6.938 ·10−14 ·T 2 −5.096 ·10−16 ·T 3 (4.15)

where, temperature T is in celsius. Using Equation 4.12, 4.14, and 4.15 in combination with
the Debye Equation 4.6, the complex permittivity of pure water can be calculated dependent
on the temperature. Figure 4.4 shows a comparison of the calculated andmeasured dielectric
spectrum for deionised water at a temperature of T = 22◦C, which are identical, and proves
the accuracy and quality of the dielectric measurement.
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Figure 4.4: Measured dielectric spectrum of deionised water measured over a frequency
range from 100 MHz to 30 GHz under defined environmental conditions (T = 22◦C) and mod-

elled dielectric spectrum based on the Debye Equation 4.6.

Free water in fine-grained soils is not subject to binding forces to the particle surface, and
the water phase is seen as an aqueous solution with a certain ion concentration that not
only causes dielectric losses, but also contributes to the direct current conductivity [140].
Thus, the frequency and temperature dependent complex permittivity of free water can be
described by the modified Debye model, according to equation 4.7 [140, 173, 189].

4.4.3 Bound water phase

The dielectric properties of the bound water phase in the high MHz range can be determined
by an extreme value consideration. It is known that the complex permittivity of bound water
at the GHz range is generally lower than the permittivity for free water due to the restricted
mobility of water molecules under the influence of an EM field [186]. As stated at the begin-
ning of this section, the permittivity around 1 GHz of pure water is ε ′r,eff = 80.17± 0.12 with
T = 20◦, whereas the permittivity of ice is ε ′r,eff(T = −20◦) ∼ 3.18. Therefore, Dirksen and
Dasberg [182] assumed only one monomolecular bound water layer surrounding the solid
particles with a permittivity of bound water, ε ′BW = 3.2. However, the permittivity of bound
water is higher than the permittivity of ice [186]. Looking at these extrema, it can be sum-
marised that the permittivity of bound water must be between 3.2< ε ′BW< 87.85±0.12. Based
on this observation, Friedman [186] suggested the complex permittivity of bound water as an



Chapter 4. Electromagnetic characterisation of fine-grained soils 56

exponential function dependent on the distance, x, to the particle surface:

ε⋆BW(x) = εW,min+(εW− εW,min) · (1− e−λx), (4.16)

where, εW,min = 5.5 is the minimum permittivity, εW is the maximum permittivity of free water
at a given temperature, and λ = 108cm−1 is a parameter describing the slope of Equation
4.16 and accounting for binding forces caused by the particle surface [192]. With increasing
distance (x → ∞) to the particle surface, ε⋆BW in Equation 4.16 approaches the permittivity of
free water εW. With decreasing distance (x → 0), the permittivity of bound water comes to
ε⋆BW(0) = εW,min.

An exponential description of bound water permittivity as function of distance from the particle
surface was proposed by Robinson et al. [193]:

ε⋆BW(x) = εW · (1− e−
1

dBW
·x
), (4.17)

where, dBW is the thickness of the bound water phase (in Å). In contrast to Equation 4.16,
Equation 4.17 approaches a different permittivity value for decreasing distance to the particle
surface. For x → 0, the permittivity of bound water is ε⋆BW(0) = 0.

Previous studies present the average values of the bound water permittivity, which may be
used for a first approach, and are suggested to be ε⋆BW = 35− j ·15 [37]. However, depend-
ing on the soil investigated, the amount of bound water and binding forces to the particle
surface can vary significantly due to the specific particle surface area. Thus, an average
permittivity of the bound water phase is debatable and should not be assumed to be a con-
stant parameter. Boyarskii et al. [12] showed that the complex permittivity of bound water
changes with increasing distance from the particle surface. For almost dry conditions, the
permittivity of fine-grained soils is determined by one monomolecular layer of bound water
having a complex permittivity close to that of ice. With increasing wetness of the soil, more
and more monomolecular water layers surround the solid particles differing in their permit-
tivity with distance Boyarskii et al. [12]. The study showed that at 10 monomolecular water
layers, the water molecules are distant enough from the particle surface and can be treated
as free water Boyarskii et al. [12]. The water molecules are no longer influenced by surface
binding forces. As a consequence, the permittivity is close to that of free water. While in-
creasing the wetness of the soil, all additional water is assumed to be free water. Further,
Boyarskii et al. [12] indicated that the complex permittivity of bound water depends strongly
on the frequencies. For high frequencies in the GHz-range, bound water is not polarised,
which leads to a lower permittivity of bound water.
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4.5 Dielectric mixture approaches

In the past, dielectric mixture approaches have been developed in order to relate the di-
electric soil properties to mechanical and hydraulic state parameters. Here, the relation-
ship between soil water content and relative permittivity at around 1 GHz has been of par-
ticular interest. Extensive research was undertaken in early studies focusing on empirical
determination of material-specific calibration equations [15, 194, 195, 196]. With advanc-
ing studies on dielectric soil properties, it has been found that relative permittivity is not
a function of soil water content, but is also influenced by the porous structure of a soil
[20, 21, 22, 197, 198, 199]. In order to consider this, semi-empirical material-specific cal-
ibration equations have been developed to consider the dry density of soils. Since material-
specific calibration equations generally disregard the composition of soil as multiple-phase
material, theoretical mixture approaches have been introduced to describe the bulk dielectric
property of soils as a function of the volume fraction and relative permittivity of each individ-
ual phase [12, 25, 37, 182, 187, 200, 201, 202]. Recently, researchers have investigated the
relationship between hydraulic properties and dielectric soil properties, in which the focus
is the influence of soil suction on relative permittivity. Here, theoretical mixture approaches
are combined with phenomenological relaxation models which are used to describe the soil
suction effect on the dielectric soil property [19, 140, 152, 153, 156, 158, 203, 204, 205].

4.5.1 Material-specific empirical calibration equations

Material-specific equations are generally determined empirically in the laboratory, thereby
ensuring defined and controlled environmental conditions. In order to determine an empirical
calibration equation, several soils need to be tested with varying water content to fit the
relationship between water content and relative permittivity Topp et al. [15]. Only the real
part of relative permittivity is used to determine the calibration equation, while the imaginary
part is neglected. The most popular mathematical equation to fit the experimental data and
express the θ -ε ′r,eff-relationship is the third degree polynomial Topp et al. [15]:

θ = A+B · ε ′r,eff+C · (ε ′r,eff)
2 +D · (ε ′r,eff)

3, (4.18)

Numerous empirical calibration equations are available which differ in their applicability for
different soil types. Table 4.1 compiles parameter sets for selected calibration equations.
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Table 4.1: Parameters of empirically determined material-specific calibration equations using
a third degree polynomial according to Equation 4.18

A B C D
Dasberg [17] -751.0 424.0 -18.5 0.38
Jacobsen [195] -701.0 347.0 -11.6 0.180
Roth [194] -728.0 448.0 -19.5 0.361
Topp [15] -530.0 293.0 -5.5 0.043

One of the most frequently applied and cited calibration equations is given by Topp et al.
[15], where the equation is fitted based on a set of test data of four non-organic soils us-
ing TDR. This equation is supposed to be universal and applicable regardless of the soil
type. However, it is found that this calibration equation is limited in its use and not applica-
ble for fine-grained soils and soils containing organic matter [17, 182]. Further calibration
equations based on extensive experimental investigations on mineral soils are proposed by
[17, 194, 195]. All material-specific calibration equations compiled in Table 4.1 are frequency
independent and commonly refer to a frequency ∼ 1 GHz. In this frequency range, the di-
electric behaviour of the free water phase is dominant in soils with low clay content, but
may change in soils with higher clay content. Wensink [196] considered the frequency de-
pendence of the relative permittivity and investigated the relationship of water content and
relative permittivity at different frequencies. Three calibration equations for frequencies at
5 MHz, 50 MHz and 1 GHz were empirically determined based on measurements taken with
11 different soils:

ε ′r,eff(5 MHz) = 279.8−272.2 ·θ (4.19a)

ε ′r,eff(50 MHz) = 1.4+87.6 ·θ −18.7 ·θ 2 (4.19b)

ε ′r,eff(1 GHz) = 3.2+41.4 ·θ −16.0 ·θ 2. (4.19c)

It should be noted that the calibration equation at 1 GHz in Equation 4.19c differs from the
polynomial in Equation 4.18. It is evident that Wensink [196] calibrated the relationship at
1 GHz frequency using a second-degree polynomial instead of the third-degree polynomial
that was commonly used in other studies.

An advanced calibration equation was proposed by Malicki et al. [20] that also considers
the influence of dry density on the dielectric soil behaviour. The following equation was
suggested to describe the relationship between relative permittivity, ε ′r,eff, volumetric water
content, θ , and dry density, ρD:

θ =

√
ε ′r,eff−0.819−0.168 ·ρD −0.159 ·θ 2

D

7.17+1.18 ·ρD
(4.20)
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A similar equation that considers the dry density, ρD, relates the gravimetric water content,
w, to the relative permittivity, and was suggested by [199, 206, 207]:√

ε ′r,eff ·
ρW
ρD

= asoil +bsoil ·w (4.21)

where, asoil and bsoil are soil-specific calibration constants that need to be determined in
laboratory investigations. Equation 4.21 can be rewritten in terms of the volumetric water
content, θ , using the relationship defined in Equation 2.10, which leads to [22]:

θ =
1

asoil

√
ε ′r,eff−

asoil

bsoil
· ρD

ρW
(4.22)

Comparing Equation 4.21 and 4.22, it should be noted that the former is supposed to be used
as a universal equation, whereas the latter contains specific calibration constants that must
be determined for each individual soil. A standard procedure was developed to determine θ
and ρD based on Equation 4.22 and regulated in ASTM D6780 / D6780M-12 [208].

Generally, it should be noted that the accuracy of empirically determined calibration equa-
tions depends on the quality of the fitted experimental data and root mean square deviation
(RMSE), which has been achieved by its derivation. The major disadvantage of material-
specific calibration equations arises from questions about the influence of temperature and
frequency dependence on the dielectric soil properties, which are completely neglected in the
derivation. Almost all calibration equations were determined under controlled environmental
conditions in the laboratory, where temperature changes do not exist. Controversially, these
calibration equations are also promoted to be used in field investigations to determine the
dielectric soil behaviour in situ, where temperature changes do exist and definitely reduce
the success of applications. Therefore, successful application and practical use of the cal-
ibration equations requires not only a profound understanding of the soil investigated, but
also a good knowledge of EM theory and the techniques used to measure the dielectric soil
behaviour.

4.5.2 Theoretical mixture approaches

Theoretical mixture approaches consider the soil as a porous medium that is composed of
different phases [200]. The relative permittivity of the soil is the result of the sum of the
dielectric properties of each individual phase, multiplied by its volume fraction. This structure-
sensitive relationship can be written in a general form as follows [200]:

ε⋆r,eff = (∑
i

εα
r,eff,i ·Vi)

1
α (4.23)
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Figure 4.5: Simplified illustration describing the value range of the structure parameter, α, by
parallel and perpendicular alignment of soil components to the direction of the EM field.

where, i is the number of phases, α is a parameter dependent on the soil structure, V is the
volume fraction of the individual phase, and εr,eff,i is the permittivity of the i-te soil phase.

The value range of the structure parameter, α, can be explained from a simplified obser-
vation. Dependent on the alignment of the soil components to the applied EM field, two
extrema are observed, as shown in Figure 4.5. If layers of soil components are aligned in
the direction of the EM field, a parallel circuit of dielectric is assumed [187]. In this case, the
permittivity reaches a maximum value, giving structure parameter of α =+1. Looking at the
other extrema, gives a series circuit of dielectrics, where the soil components are layered
perpendicular to the direction of the applied EM field. In this situation, the permittivity of di-
electric gives a minimum value leading to α =−1 [187]. It is unlikely that the components of
the soil are exactly arranged in a parallel or series circuit. Therefore, the structure parameter
usually takes a value between −1 < α <+1. Some studies have been undertaken on the de-
termination of the structure parameter. The complex refractive index model by Birchak et al.
[201] proposed a structure parameter of α = 0.5 for an isotropic soil [209]. However, Hilhorst
[48] stated that the assumption of a constant α = 0.5 can only be seen as an approximation
for polar substances because the physical meaning of the dielectric soil properties in terms
of the composition and microstructure is not considered. In another study, the structure pa-
rameter was investigated for a broad range of soil types, from sandy loam to silty clays [37].
Herein, the structure parameter was fitted by regression from dielectric measurement data in
a frequency range of 1.4 to 18 GHz, and determined to α = 0.65. However, experiments on
moist mineral soils show that the structure parameter is a non-constant parameter and can
change between 0.4 ≤ α ≤ 0.8 [210]. Zakri et al. [200] indicated that the structure parameter
is dependent on the prevailing soil density, where α reduces with increasing soil porosity.
However, recent studies suggest that the structure parameter is not constant and remains a
fitting parameter [197, 207].

In its simplest form, soil is seen as a material composed of three phases: solid, air and
water phases [16, 209]. The distinction of the water phase in regard to its binding states
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is neglected, and the complete pore fluid is considered free water. In the 3-phase model,
Equation 4.23 can be expressed using the porosity, n, and volumetric water content, θ , ac-
cording to:

ε⋆r,eff(ω,T ) = ((1−n) · εα
r,G +θ · εα

W(ω ,T )+(n−θ) · εα
A )

1
α . (4.24)

where, the permittivity of air is εA = 1; the permittivity of solids, εr,G, can be determined using
one of the Equations 4.9 to 4.11 presented in Section 4.4.1; and the permittivity of the free
water phase is given by Equation 4.7. As only the contribution of the relative permittivity of
free water is considered, the 3-phase model is reasonable to use for cohesion-less soils,
such as sand.

In the case of cohesive soils, such as fine-grained soils, the water phase consists of free
water and bound water that is attracted to the particle surface by adsorption forces. Due to
the particle surface forces, the boundwater phase is restricted in its mobility. As a result of this
restricted mobility, the permittivity of bound water is lower than the one of free water [211],
which subsequently reduces the permittivity of the soil. In order to consider the effects of
bound water on the dielectric soil behaviour, the 3-phase model is extended by an additional
term to a 4-phase model [12, 37, 182, 187, 202]:

ε⋆r,eff(ω ,T ) = ((1−n) · εα
r,G +θFW · εα

W(ω ,T )+θBW · εα
BW(ω,T )+(n−θ) · εα

A )
1
α . (4.25)

where, θBW is the volumetric water content of the bound water, θFW is the volumetric water
content of the free water, and θ = θFW+θBW.

The volumetric water content, θBW, of the bound water phase, which is dependent on the
temperature, T , can be estimated in a simplified form according to [43, 205]:

θBW(T ) = dBW(T ) ·As ·ρD (4.26)

where, As is the total specific area of the solid particle surface, ρD is the dry density and dBW
is the thickness of the bound water phase, which is a function of temperature, T . Or and
Wraith [205] predicted the thickness of the bound water phase and suggested the following
equation:

dBW(T ) =
ax

−d +T · ln( kB
8·π2·r3·cx· f ⋆

·T )
(4.27)

where:

ax = 1621 in ÅK is a constant adjusted by Low [7],

cx = 9.5 ·10−7 Pa·s = dynamic viscosity of interfacial water,

d = 2047K,
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f ⋆ ∼ 0.8−1.0GHz = cut-off frequency

r ∼ 1.8−2.5 Å = radius of water molecule

kB = 1.38066 ·10−23 J
K = Boltzmann constant

T = temperature in kelvins degree

In contrast to the material-specific calibration equations (see Section 4.5.1), theoretical mix-
ture approaches are based on physical models. The dielectric behaviour of each component
of a soil mixture can be described depending on temperature and frequency. Hence, the
theoretical mixture approaches are more flexible and adaptable in order to consider aspects
such as environmental changes. However, the major disadvantage in using theoretical mix-
ture approaches is the simplification of the soil structure, such as in the case of the structure
parameter, α, which is commonly assumed to be a constant value. Under this assump-
tion, the microstructural and compositional physical effects on the dielectric soil behaviour
are completely neglected. Further, there is still a knowledge deficit regarding soil phases
interaction and influence on dielectric soil properties [143]. As a result, theoretical mixture
approaches are preferably used for cohesive-less soils or for cohesive soils in a frequency
range where soil phases interactions are negligibly low.

4.5.3 Theoretical mixture approaches combined with phenomenologi-
cal relaxation models

Theoretical mixture approaches are combined with phenomenological relaxation models in
order to consider the soil phases interactions and effects on the macroscopic EM properties
of the soil. Current research focuses on the systematic analysis and inclusion of EM waves
interactions in soils in consideration of structural, mineralogical, and compositional aspects,
as well as soil phase interactions [14, 19, 23, 25, 140, 152, 153, 204, 212]. Subsequently, two
innovative theoretical approaches are introduced that couple the hydraulic and EM properties
of soils in consideration of the relaxation behaviour of free water and bound water [19, 23, 25,
48, 140]. One of these approaches is the theoretical mixture equation proposed by Hilhorst
[48], which is based on depolarisation factors:

ε⋆r,eff(ω ,T,θ) =
n

∑
i=1

ε⋆r,eff(ω,T,θ) ·Sdep,i(t,θ) ·Vi (4.28)

where, i is the number of soil phases,V is the volume fraction of the individual soil phase, and
Sdep,i is the depolarisation factor of each soil phase. Based on the experimental investiga-
tions measuring the dielectric properties on glass beads, it was found that the depolarisation
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factors of air (Sdep,A) and solid particles (Sdep,r,G) are negligibly low, and are assumed to be
Sdep,A = Sdep,r,G = 1 [48]. Further, it was pointed out that an acceptable approach for the
depolarisation factor of water, Sdep,W, is given by:

Sdep,W(θ) =
1

3(2n−θ)
(4.29)

Subsequently, Equation 4.28 can be rewritten to [48]:

ε⋆r,eff(ω ,T,θ) =
Ω⋆

1(ω,T,θ)
3(2n−θ)

+(1−n) · εr,G(T )+(n−θ) · εA, (4.30)

where, Ω⋆
1(ω,T,θ) gives the complex permittivity of water in consideration of binding forces

on the water phase, which is dependent on the frequency, ω = 2π f , temperature, T , and
volumetric water content, θ . Ω⋆

1(ω,T,θ) is defined as [48]:

Ω⋆
1(ω ,T,θ) =

∫ Ψt(θ)

Ψt(0)

(
∆ε(T,θ)

1+ j ω ·h
kB·T exp(∆G‡

w+|Ψt(θ)·|Vmol)/(RGas·T )
· dθΨt

dΨt
·dΨt

)

+θ ·
[

ε∞ − j
σDC(T )

3ωε0(2n−θ)

] (4.31)

where,Vmol is the molecular mass of water, RGas is the gas constant, h is Planck's constant, kB

is Boltzmann's constant, κ ≈ 1 is the transmission coefficient, ∆G‡
w(T,Ψt) is the free enthalpy

of activation or Gibbs energy, and Ψt is the total soil suction.

It can be seen in the model proposed by Hilhorst [48] that the complex permittivity of water
Ω⋆

1 is expressed as a function of soil suction, Ψt , which is dependent on the volumetric water
content, θ .

The other approach is an extended equation based on the complex refractive index model
(CRIM) [140, 201]:

ε⋆0.5
r,eff (ω,T,θ) = Ω⋆

0.5(ω,T,θ)+(1−n) · ε0.5
r,G(T )+(n−θ) · εA, (4.32)

where, Ω⋆
0.5(ω,T,θ) describes the complex permittivity for free and bound water. Ω⋆

0.5(ω,θ ,T )
at a specific volumetric water content, θ , is calculated by the following general equation [19]:

Ω⋆
0.5(ω ,T,θ) =

Ψt(θ)∫
Ψt(0)

ε⋆0.5
W (ω ,T,Ψt)

dθ(Ψt)

dΨt
dΨt , (4.33)

where, Ψt is the total suction and ε⋆0.5
W (ω ,T,Ψt) is the complex relative effective permittivity of

interfacial water, which depends on frequency, ω , temperature, T and total suction, Ψt . The
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frequency dependence of ε⋆W(ω,T,Ψt) as a function of the distance from the particle surface
is modelled based on a modified Debye type relaxation function [172, 173, 189]:

ε⋆W(ω,T,Ψt)− ε∞(T ) =
∆ε(T,Ψt)

1+ jωτw(T,Ψt)
− j

σDC(T,Ψt)

ε0ω
, (4.34)

where, the direct current conductivity, σDC, of pore water, relaxation strength, ∆ε, and di-
electric relaxation time of water, τw, are considered to be dependent on the total suction, Ψt .
The temperature-pressure dependent dielectric relaxation time of water, τw, is calculated by
Eyring's equation [173, 191, 213]:

τw(T,Ψt) =
h

kBT
κ exp

(
∆G‡

w(T,Ψt)

RGasT

)
, (4.35)

where, RGas is the gas constant, h is Planck's constant, kB is Boltzmann's constant, κ ≈ 1 is
the transmission coefficient, and ∆G‡

w(T,Ψt) is the free enthalpy or Gibbs energy [19, 140,
173, 191, 213], according to Equation 2.6. In addition to Equation (2.6), the explicit coupling
of the soil suction, Ψt , and Gibbs energy, ∆G‡

w(T,Ψt), of dielectric relaxation, proposed by
Hilhorst et al. [23], is used and extended by Wagner and Scheuermann [19] based on:

∆G‡
w(T,Ψt) = ∆G‡◦

w (T )−Ψt(T ) ·Vmol. (4.36)

where, Vmol is the molar volume of water and ∆G‡◦
w (T ) is Gibbs energy of water at a reference

state (10.4 kJ/mol at atmospheric conditions and T=293.15 K). To consider the dependence
of the dielectric relaxation strength as a function of Ψt , the following relationship is used,
according to [214] (see Wagner and Scheuermann [19] for details):

∆ε = εS,W
[

1+
(

εS,W
εS,G

−1
)

exp
(
− 2θ

AsρDλ

)]−1

− ε∞ (4.37)

where, εS,W is static free water permittivity, εS,G is static permittivity at the particle surface, θ
is the volumetric water content, As is the total specific surface area, ρD is the dry density, and
λ = 10 nm is chosen as the correlation length between pure water with 15 nm and a 10−3 M
NaCl solution with 6.9 nm. The direct current conductivity, σDC, in the modified Debye model
(Equation 4.7) is estimated by an empirical relationship, according to Wagner et al. [140]:

σDC = σw,U ·Ψ′
t
B
+σw,S, (4.38)

where, σw,S is the electrical conductivity at saturation, Ψ′
t = Ψt/Ψ1MPa

t is the normalised to-
tal suction, log(σw,U [S/m]) is an empirical coupling parameter for electrical conductivity at
unsaturated soil conditions, and B is a coupling exponent.
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4.6 Conclusion

This chapter has demonstrated the principles of the EM characteristics of fine-grained soils
starting from the EM theory over the constitutive equations which describe the material re-
sponse when exposed to EM fields. The focus of this study is on one specific dielectric
parameter, which is the relative effective complex permittivity, ε⋆r,eff, including the direct cur-
rent conductivity contributions, σDC. This chapter has discussed the frequency dependence
of ε⋆r,eff and highlighted the relevant polarisation mechanisms in the frequency window under
investigation. It has introduced different empirical relaxation models to approach ε⋆r,eff as a
function of frequency and illustrated the differences in these models.

This chapter has studied the dielectric parameters of the individual soil phases, and pre-
sented the available approaches to determine them. It has reviewed dielectric models to
calculate the dielectric parameters of soils. It has extensively explained two theoretical mix-
ture approaches in combination with phenomenological relaxation models that can potentially
be used to consider the mechanical and hydraulic aspects of soils.

Since this chapter has focused on the EM characterisation of fine-grained soils, the follow-
ing chapter targets the necessary instrumentation to enable dielectric measurements. EM
methods are introduced, which are used in this study to measure the dielectric parameters
of soils as a function of frequency f .
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EM measurement Techniques

5.1 Introduction

The choice of an appropriate instrumentation setup is essential for accurate measurement of
dielectric soil parameters. Moreover, calibration of the instrumentation and an understanding
of data processing are required to enable successful application of EM methods.

This chapter begins with a summary of measurement techniques relevant to the frequency
window under investigation in the experimental study. Following this, this chapter introduces
in detail the measurement technique preferred in this thesis – the broadband EM technique.
It then explains the principle of a VNA and calibration of the network system. Further, it
proposes two probes that differ in their measurement principle. The probes were selected
based on the objectives of the experimental investigations. As the broadband EM technique
is not a standard technique in geotechnical laboratory investigations, commercial probes
specifically designed for standard tests, rarely exist. Hence, this chapter presents a novel
low-cost in-house-manufactured probe, which is designed to be used in shrinkage tests.

This chapter evaluates the in-house-manufactured probe using numerical simulations to in-
vestigate the propagation characteristics of EM waves and the sensitive volume of the probe
performance in order to define minimum sample height. The calibration procedure and data
processing for both probes are determined and tested on different calibration materials. Fi-
nally, the used probes are compared against commercially available probes to test and eval-
uate the probe performance.

66
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5.2 Measurement techniques

The literature presents a number of non-invasive geophysical EM methods that are able to
measure the EM soil parameters and generally provide the potential to explore soils and
retrieve physical and structural soil parameters [14, 215]. The relevant methods found in the
literature [185, 216, 217, 218] and considered in this thesis are summarised graphically in
Figure 5.1, where the grey shaded area indicates the frequency range covered in this study
to investigate the dielectric soil properties.
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Figure 5.1: Schematic illustration of measurement techniques dependent on the applicable
frequency. Grey shaded area indicates the aimed frequency window under investigation

The methods illustrated in Figure 5.1 differ in their test design, measurement approach and
applicable frequency range. As can be seen, four methods actually cover the indicated fre-
quency window under investigation: (i) ground penetration radar (GPR), (ii) TDR, (iii) open-
ended coaxial line method and (iv) coaxial transmission line method. These four methods
again differ in their measurement approach. In general, the EM material response can be
measured as a function either of time (time domain) or frequency (frequency domain). Meth-
ods such as TDR or GPR are based on time domain measurements. The dielectric soil prop-
erties are normally determined based on the reflection travel time of a reflected wave due
to a step voltage pulse or incident wave [216, 219]. The TDR measurement results can be
analysed in the frequency domain using Fourier series transformation [216, 220]. For several
practical reasons, time domain measurement methods are widely applied to investigate soils.
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For example, GPR is already used in field applications to image and characterise ground sub-
surface [13, 144, 219, 221]. TDR is found in frequent applications in geo-environmental and
geotechnical engineering for measuring soil water content and monitoring earth structures
[21, 222, 223, 224]. In contrast to TDR and GPR, the open-ended coaxial line method and
coaxial transmission line method measure the EMmaterial response directly in the frequency
domain via a VNA [216]. Thus, a Fourier series transformation into the frequency domain is
not required. Further, the use of a VNA allows fast repetition measurements over a broad fre-
quency range in order to average data and reduce easurement error [185, 216]. In this study,
the open-ended coaxial line method and coaxial transmission line method, as broadband EM
techniques, were selected for the experimental investigation. In the following sections, these
methods are further explained, including the principle setup of the VNA and the introduction
of two different probe types.

5.3 Broadband EM technique

5.3.1 HF network analyser

VNAs can generally be used to measure the dielectric response of materials, using appro-
priate measurement cells. Figure 5.2 shows a simplified schematic of a VNA with two ports
and a material filled in a measurement cell (material under test – MUT). A VNA consists of
a signal source, receiver and signal processor unit [225]. The VNA is connected via coaxial
cables to probes that are used to probe the MUT. Under testing conditions, the signal source
generates a mono-frequency EM wave, A1, at Port 1. This incident wave, A1, travels through
a coaxial cable to the MUT. One part of the incident wave A1 is reflected as signal B1, and an-
other part of the wave is transmitted as signal B2 through the material. The receiver is tuned
to the applied frequency of the wave, and measures the reflected signal, B1, at Port 1 and
transmitted signal, B2, at Port 2 of the incident signal, A1, from Port 1. The same equivalent
scheme can be applied if the incident mono-frequency EM wave, at the same frequency with
amplitude, A2, is applied from Port 2. The incident wave A2 entering the opposite end of the
MUT, is partly reflected as signal B2 at Port 2 and transmitted as signal B1 to Port 1. Same
again, the receiver measures the reflected signal B2 and transmitted signal B1. Once the
measurement is finished, the source launches again waves from both ports, but stepping in
another frequency, and the entire measurement procedure is repeated. The data measured
by the receiver are analysed with the signal processor unit so that the appropriate frequency
dependent complex scattering parameters Si,j can be exported for a further analysis. Hence,
the frequency dependent EM response of the MUT in terms of the reflection and transmission
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Figure 5.2: Schematic illustration of VNA, showing signal flow chart from measurement ports
to MUT, adopted and modified from [225].

of the waves A1 and A2 can be written as a function of the frequency according to:(
B1(ω)

B2(ω)

)
=

(
S11(ω) S12(ω)

S21(ω) S22(ω)

)(
A1(ω)

A2(ω)

)
(5.1)

where, Ai is the signal source, Bi is the signal response, and Si,j are the scattering S- pa-
rameters that give the ratio of the signal source to signal response. Herein, the subscripts
i and j describe the port of the signal response and port of the signal source, respectively.
For example, S12 gives the ratio of incident signal A2 from Port 2 to the transmitted signal
B1 that was measured at Port 1. The S-parameters are complex numbers and describe the
magnitude and phase shift of the EM response.

As the term 'network' indicates, several electronic components in the VNA build a network that
finally enables the completion of EM measurements. All these electronic components must
be attuned in a manner to minimise the systematic errors that are caused by imperfections in
the single components forming the VNA. Systematic errors in the VNA falsify measurements
and cause noise of the signal, unexpected signal reflections and signal leakage. However,
the design of a VNA without any imperfections and systematic errors, is time consuming
and leads to unjustifiably high costs [225]. As a result, a full 2-port calibration procedure is
suggested and performed in order to eliminate the systematic errors inherent in the VNA.

Depending on the measurement type – whether 1 or 2 port are used – two different calibration
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procedures are available that follow nearly the same principle. In the case of 1-port measure-
ments, the VNA must be calibrated by three defined standard measurements – called one
port calibration – with different properties:

1. open-standard measurement simulates an open-ended coaxial line that reflects the
signal completely without any phase shift (δ = 0)

2. short-standard measurement gives a total reflection of the signal, but the response has
a phase shift (δ = 180◦) against the incident signal

3. load-standardmeasurement ends the coaxial line with defined impedance. The defined
impedance is usually set to the system impedance which is 50Ω in most cases. A load
standard measurement shows no signal reflections.

For a 2-port measurement, the calibration procedure also includes the above mentioned
calibration standard measurements. However, because the open, short, and load standard
calibrations are all reflection measurements, a full 2-port calibration requires an additional
calibration measurement that simulates the transmission of a signal from one to the other
port. Hence, an additional standard measurement is required:

4. through connects either port with a defined impedance and accounts for the transmis-
sion of a signal.

Once the calibration standards are measured, the VNA uses the measurement results to
obtain the deviation from the theoretical definition of the standards that are implemented in
the VNA software. This deviation is used to create an error model in order to eliminate these
systematic errors for future measurements.

In order to measure the EM soil parameters, different types of probes or cells are avail-
able. These probes vary in their design, application purpose, performance and applicable
frequency. For HF-EM measurement, the probe type and measurement technique can be
categorised into the open-ended coaxial line (OE) technique (1-port), coaxial transmission
line (CT) technique (2-port), as well as rod based transmission line technique (2-port) [226].

5.3.2 OE measurement technique

In this study, an in-house-made probe was manufactured based on the OE technique. The
in-house-manufactured probe was based on a conventional coaxial line and modified N-type
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connector, as shown in Figure 5.3. On top of the connector tip, a copper plate and sealed
sample holder were assembled to allow the investigation of liquids and soft materials. As
shown in Figure 5.3, the diameter of the copper plate (which served as the outer conductor
of the coaxial line) was 70 mm. The diameters of the probe inner connector and dielectric
were 3 mm and 5 mm, respectively. The most significant benefits of the in-house-made
probe were the cost-effectiveness compared to commercial probes and the individual design
with the sample holder, which enabled the investigation of liquids and soft materials. The

VNA + coaxial line probe MUT

(I) (II)

S11 S'11
S'22

A1

B1

A1

B1

B2
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A2
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Cf *r,eff C0
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coaxial line probe MUT

(a)

(d)
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(b)

Figure 5.3: Schematic illustration of (a) measurement planes of an OE probe, (b) design of the
in-house-made probe based on a modified N-type connector, (c) the probe's lumped-element
equivalent circuit presentation, and (d) graph of signal flow, adopted and modified from [227].

relative effective complex permittivity, ε⋆r,eff, was calculated using vector network analysis in
combination with a 1-port reflection, S11, measurement based on the OE technique. The
complex impedance of the sample at the interface between the OE probe and the sample
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was theoretically determined based on the complex reflection coefficient [227]:

Γ =
Z0 −Z⋆

S
Z0 +Z⋆

S
. (5.2)

where, Γ is the reflection coefficient, Z0 is the real characteristic impedance of the probe
(Z0 = 50Ω) and Z⋆

S is the complex impedance of the sample under investigation.

However, the actual reflection coefficient, S11, measured by the VNA was not identical to the
reflection coefficient, Γ. As shown in Figure 5.3a and 5.3c, S11 was measured at the interface
between the coaxial cable and OE probe. Therefore, S11 not only contained information
about the MUT, but also about the probe itself. In addition, the characteristic impedance,
Z0, was mostly unknown. Thus, a two-step calibration procedure was required [11, 227] to
eliminate imperfections and systematic errors in the network system [228]. By doing so, the
measurement reference plane (I) was shifted from the end of the coaxial cable to the interface
between the probe and MUT (II) in order to obtain the pure reflection coefficient, Γ, of the
sample. In the first step, a mechanical calibration kit (Agilent 85032F) was used to remove
errors from the VNA and coaxial cable. In the second step, an additional probe calibration
was performed to remove errors from the probe. According to the signal flow graph in Figure
5.3, the scattering parameters of the OE probe can be written to:(

B1

B2

)
=

(
S′11 S′12

S′21 S′22

)(
A1

A2

)
(5.3)

By substituting S11 =
B1
A1
and Γ = A2

B2
in Equation 5.3, the complex reflection coefficient, Γ, can

be formulated as follows [227]:

Γ =
S11 −S′11

S′22S11 −detS′ (5.4)

Further, Figure 5.3(c) presents the appropriate lumped-element equivalent circuit of an OE
probe, which can be approximated by two parallel capacitors [172, 227, 229, 230]. Hence,
the impedance of the interface between probe aperture and MUT can be modelled according
to:

Z⋆ = ( jω ·C f + jω · ε⋆r,eff ·C0)
−1 (5.5)

where, ω is the angular frequency, j =
√

1 is the imaginary unit, C f is the capacitance de-
pendent on the fringing fields effect inside the probe, C0 is the capacitance dependent on
the fringing fields effects outside between the probe tip and sample, and ε⋆r,eff is the relative
effective complex permittivity of the MUT. Based on Equations 5.2, 5.4 and 5.5, a bilinear re-
lationship between S11, measured by the VNA, and ε⋆r,eff of the MUT was derived by Marsland
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and Evans [231] and Bao et al. [232]:

ε⋆r,eff =
c1 ·S11 − c2

c3 −S11
. (5.6)

where, S11 is the measured reflection coefficient with the VNA, and ci are complex calibration
constants according to:

c1 =
1−S′22

jωZ0C0(1+S′22)
+

C f

C0
, (5.7a)

c2 =
S′11 −S′11S′22 +S′12S′21

jωZ0C0(1+S′22)
+

C f (S′11 +S′11S′22 −S′12S′21)

C0(1+S′22)
, (5.7b)

c3 =
S′11 +S′11S′22 −S′12S′21

1+S′22
. (5.7c)

where, ω is the angular frequency, j =
√

1 is the imaginary unit, C0 is the capacitance de-
pendent on the fringing fields effects outside between the probe tip and sample, C f is the
capacitance dependent on the fringing fields effect inside the probe, and S′i j are scattering
parameters according to the signal flow graph presented in Figure 5.3(a).

As a consequence, the calibration procedure was based on the bilinear relationship in Equa-
tion 5.6, which was used to calculate the ε⋆r,eff of the MUT based on the measured S11-
parameter and different calibration measurements [173, 227, 232, 233, 234]. The complex
calibration constants, ci, must be determined by at least three calibration measurements with
known ε⋆r,eff(ω).

The open-water-short (OWS) calibration uses an air, short circuited, and deionised water
measurement. For the short measurement, Γ = −1 and S11 = SS

11 can be substituted into
Equation 5.7c to give [227, 232]:

c3 = SS
11 (5.8)

By replacing εr,O = 1 and S11 = SO
11 for the open measurement and ε⋆r,eff = ε⋆r,W and S11 = SW

11

for the deionised water measurement in Equation 5.6, the following two expressions can be
derived [227, 232]:

SO
11c1 − c2 − c3 =−SO

11 (5.9)

SW
11c1 − c2 − ε⋆r,W c3 =−ε⋆r,W SW

11 (5.10)

By solving Equations 5.8, 5.9 and 5.10 and obtaining the c1, c2 and c3 parameters, the un-
known ε⋆r,eff in Equation 5.6 can be found from its measured S11-parameter at each frequency.
However, the OWS is found to have limitations for the frequency range higher than 500 MHz
[227]. These limitations are caused by the inaccuracy of the short measurement at HF, which
shows an unstable signal response. To overcome this HF limitation of the OWS calibration,
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the open-water-liquid (OWL) calibration is proposed [227], which uses an additional electri-
cal lossless liquid calibration instead of the short calibration. Substituting ε⋆r,L and SL

11 for this
additional liquid calibration in Equation 5.6 leads to:

SL
11c1 − c2 − ε⋆r,Lc3 =−ε⋆r,LSL

11 (5.11)

Then, the OWL calibration with the obtained Equations 5.9, 5.10 and 5.11 can be formulated
in matrix form, as follows:

M · c = e. (5.12)

where, the complex calibration constants c = M−1 · e are found numerically. Once the com-
plex calibration constants are determined, the ε⋆r,eff of the MUT is calculated from the mea-
sured complex reflection coefficient, S11, using Equation 5.6. In general, the OWL calibration
performs more accurate results in the HF range due to the more stable and accurate di-
electric response of the additional calibration liquid. Despite better calibration performance
at HF, the OWL normally fails for electrical lossy materials at low-frequency measurements
(<50 MHz) because only lossless calibration standards are applied. In order to obtain stable
measurement results over the entire frequency range, a combined OWS and OWL calibra-
tion procedure is suggested, at which OWS covers the low-frequency range (<500 MHz) and
OWL the HF range (>500 MHz) [227].

5.3.3 CT measurement techniques

The CT measurement technique is based on 2-port coaxial reflection and transmission mea-
surement giving the full set of Si j-parameters. Figure 5.4 shows a schematic illustration of
the CT measurement setup used in this study.

A CT cell consists of an inner and outer conductor, which are made of highly conducting
material. As shown in Figure 5.4A, both conductors of the CT cell have a length of 50 mm.
The MUT is placed between the inner and outer conductor. The inner diameter of the outer
conductor is 38.8mm, and the outer diameter of the inner conductor is 16.9mm, which results
in a sensitive investigation volume of 47.6cm3. One side of the inner and outer conductor
is edged to create a sharp end that allows the cell to be cut into soil. With this designed
feature, the major advantage of the CT cell is its possibility to core a soil sample in situ
or in laboratory experiments [235]. Figure 5.4B schematically presents how the CT cell is
assembled between two flange connectors, which are defined adapter units connecting the
CT cell via coaxial cable to the VNA. After calibration of the VNA and coaxial cable, the
measurement reference plane is set on Position 1 between the end of the coaxial cables
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(a) (b)

Figure 5.4: (A) Dimension of the CT cell and (B) schematic illustration of a CT setup, including
the signal flow of Si j and incident Ai and reflected Bi from either ports (i = 1,2). A, B, and C
represent the propagation matrices with length lA, lB, and lC and calibration reference plane

1 and 2.

and flange connectors. Hence, the measurement setup can be divided into three sections,
where Sections A and C are the flange connectors, and Section B is the CT cell with the MUT.
Further, Figure 5.4B shows the signal flow of the scattering parameters, Si j. It can be seen
that the signal reflection of the incident waves (A1 and A2) occurs at the reference Plane 1,
with S11 and S22, whereas the transmitted signal crosses the entire three sections from A to
C.

Generally, in the case of transverse EM mode propagation in non-magnetic materials, the
ε⋆r,eff can be described by the following set of equations [140, 215, 226, 236, 237]:

ε⋆r,eff =
(

Z0

Z⋆
S

)2

, (5.13)

ε⋆r,eff =
(

c0γ⋆S
jω

)2

, (5.14)

ε⋆r,eff =
c0Z0

jω

(
γ⋆S
Z⋆

S

)
. (5.15)

where, c0 = (ε0µ⋆
0 )

−0.5 is the light velocity, Z0 is the characteristic impedance of the empty
CT cell, Z⋆

S is the complex impedance of the sample, and γ⋆S is the complex propagation
factor. In order to calculate Z⋆

S and γ⋆S based on the measured values of Si j, quasi-analytical
approaches and an iterative technique are applicable [215], which are:

• the Nicolson-Ross-Weir (NRW) algorithm [237, 238]
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• the modified NRW algorithm (BJ) [239, 240]

• the propagation matrix (PM) method [236, 241, 242]

• the iterative method (BJI) [180, 243].

In the NRW algorithm, the scattering parameters are expressed according to the following
set of equations:

sNR
1, j =

(
Si je(lA+lC)+S j je2l j

)
e

jω
c0 , (5.16)

sNR
2, j =

(
Si je(lA+lC)−S j je2l j

)
e

jω
c0 , (5.17)

g j =
1− sNR

1, j s
NR
2, j

sNR
1, j − sNR

2, j
. (5.18)

where, i ̸= j and i, j = {1,2}. The reflection coefficient, Γ j, and the transmission coefficient,
ϒ j, are subsequently determined as follows:

Γ j = g j ±
√

g2
j −1, (5.19)

ϒ j =
sNR

1, j −Γ j

1− sNR
1, j Γ j

. (5.20)

The NRW algorithm was modified by Baker-Jarvis [240], and the modified algorithm BJ was
subsequently proposed, which is based on the following description of scattering parameters:

sBJ
1 = (S21S12 −S11S22)e

[
2 jω

c0
(l−lB)

]
, (5.21)

sBJ
2 =

S21 +S12

2
e
[

jω
c0

(l−lB)
]
. (5.22)

where, l is the total length between the reference calibration Planes 1 and 2 of the two mea-
surement ports, with l = lA+ lB+ lC, as shown in Figure 5.4B. In this algorithm, Γ and ϒ are
given as follows:

Γ =±

√
sBJ

1 −ϒ2

sBJ
1 ϒ2 −1

, (5.23)

ϒ =
sBJ

1 +1
2sBJ

2
±

√√√√(sBJ
1 +1
2sBJ

2

)2

−1. (5.24)

In order to solve one of the appropriate Equations 5.13, 5.14 and 5.15, the complex impedance
Z⋆

S and complex propagation factor γ⋆S of the MUT are calculated, both in the NRW and BJ
algorithm, by the following relationships:

γ⋆S =− ln(ϒ)
l

, (5.25)
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Z⋆
S = Z0

(
Γ+1
1−Γ

)
. (5.26)

A further quasi-analytical approach is the PM method, which is based on the propagation
matrix A, B and C. As shown in Figure 5.4B, A and C (with Â = C, Ĉ = A; [236, 244]) refer to
the sections between reference Planes 1 and 2, which include the adapter units. The matrix
B (B̂ = B, [236, 244]) describes the section with the MUT between reference Planes 2-2. The
appropriate formulation of the propagation matrices is given by two equations:[

1

S11

]
= ABC

[
S21

0

]
, (5.27)[

1

S22

]
= ÂB̂Ĉ

[
S12

0

]
. (5.28)

where, A and C own identical propagation properties in the numerically implemented struc-
ture. In the case of B, the MUT is assumed to be isotropic and homogeneous. The PM
algorithm determines the Z⋆

S and γ⋆S of the MUT from measured Si, j-parameters, which are
subsequently shown in the case of S11 and S21. The propagation matrices are developed as
follows:

A = (PA
1 )

−1

[
k=p−1

∏
k=2

PC
k (P

A
k )

−1

]
, (5.29)

B = PC
B(P

A
B)

−1, (5.30)

C =

[
k=N−1

∏
k=p+1

(PA
k )

−1PC
k

]
PC

N . (5.31)

with the section interface from k to k+ 1 and the matrices PA
k and PC

k (see Figure 5.4B) ac-
cording to:

PA
k =

[
exp(−γ⋆k lk) 1

1
Zk

exp(−γ⋆k lk) − 1
Z⋆

k

]
,PC

k =

[
1 exp(−γ⋆k lk)
1

Z⋆
k

− 1
Z⋆

k
exp(−γ⋆k lk)

]
. (5.32)

where, γ⋆k is the complex propagation factor and Z⋆
k is the complex impedance of the k-th

section. The dielectric spectrum of the material is found in matrix B, which can be rewritten
using Equations 5.30 and 5.32 to:

B =
1
2

 eγ⋆plp + e−γ⋆plp Z⋆
p

[
eγ⋆plp − e−γ⋆plp

]
1

Z⋆
p

[
eγ⋆plp − e−γ⋆plp

]
eγ⋆plp + e−γ⋆plp

 . (5.33)

Then, Equation 5.27 with S11 and S21 can be rewritten as follows:[
a

b

]
= B

[
c

d

]
,

[
a

b

]
= A−1

[
1

S11

]
,

[
c

d

]
= C

[
S21

0

]
. (5.34)
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Substituting B from Equation 5.33 into Equation 5.34 and eliminating the exponential terms,
the Z⋆

S of the sample results in:

Z⋆
S =±

√
a2 − c2

b2 −d2 . (5.35)

After eliminating the impedance expression, γ⋆S is found to be:

γ⋆S =±acosh
(

ab+ cd
ad +bc

)
l−1. (5.36)

All three quasi-analytical approaches are expressed in a general manner to allow the ex-
plicit determination of Z⋆

S and γ⋆S based on the measured Si j-parameters. Subsequently, it is
possible to determine ε⋆r,eff based on one of the appropriate Equations 5.13 to 5.15.

The iterative method BJI uses the Levenberg-Marquardt algorithm [245, 246] to calculate
ε⋆r,eff iteratively by finding the minimum difference, D, between the measured and numerical
calculated scattering parameters [180, 243]:

D =
W2 f1 +(1−W2) f2

2
. (5.37)

where, f1 and f2 are defined as:

f1 = S11S22 −S21S12 −
Γ2 −ϒ2

1−ϒ2Γ2 , (5.38)

f2 =
W1(S21 +S12)+(1−W1)(S11 +S22)

2

− W1ϒ(1−Γ2)+(1−W1)Γ(1−ϒ2)

1−Γ2ϒ2 .

(5.39)

where, Si j are measured scattering parameters, Wi are weighing factors with 0 ≤Wi ≤ 1, Γ is
the ideal reflection factor and ϒ is the ideal transmission factor. For a given sample length
of lB, Γ and ϒ are defined according to Equations 5.25 and 5.26, with Z⋆

S and γ⋆S given by
Equation 5.13 and 5.14, respectively. However, in an initial step, the PM method in com-
bination with Equation 5.15 is used to obtain an appropriate starting guess for the iterative
computation. The calculation of the starting guess for the iteration process is modified after
1000 frequencies (≈ 630 MHz), and the initial value for the iteration is then determined by
the median of the previously calculated 100 results.
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5.4 Numerical simulations of probes

5.4.1 OE probe

In order to understand the propagation characteristics of HF-EM waves, numerical simula-
tions of the in-house-madeOE probe on different MUTwere conducted using High Frequency
Structure Simulator (Ansoft HFSS). The numerically determined propagation characteristics
of HF-EM waves in different MUT are necessary to know and understand the sensitive vol-
ume of the probe and the overall performance.

HFSS solves Maxwell's Equations 4.1 via a finite element method to determine the propa-
gation of HF-EM waves in the MUT [137, 247]. Several electrically low-loss and high-loss
dispersive materials with EM material properties were chosen to perform numerical simu-
lations. The 3-D finite element structure of the OE probe was adopted from Wagner et al.
[227]. Figure 5.5 shows the 3-D finite element structure of the OE probe implemented in
the HFSS. The OE probe was designed exactly with the dimensions shown in Figure 5.3,

air ethanol methanol deionised water
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Figure 5.5: Numerical simulation of the OE probe for air, ethanol, methanol, deionised water,
and tap water: (a) top view and (b) cross-sectional view on the 3-D finite element structure
and tetrahedral mesh of the OE probe at 10 GHz, and cross-sectional view on the magnitude

of the (c) electrical and (d) magnetic field distribution at 1 GHz.

with a 70 mm diameter of the outer conductor, 5 mm outer diameter of the dielectric and
3 mm diameter of the inner conductor. The height of the MUT was set to 10 mm. The simu-
lated 3-D finite element structure was meshed by tetrahedral elements, as shown in Figure
5.5a and 5.5b. The mesh was generated automatically using 1/3 wavelength-based adaptive
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mesh refinement at a solution frequency of 10 GHz [227]. Tangential vector basis functions
interpolated field values from both nodal values at the vertices and edges. The outer sur-
face of the MUT determined the boundary condition of the simulation domain [227]. The
numerical simulations were run for air, ethanol, methanol, deionised water and tap water,
with theoretically calculated input data obtained from [227]. Figure 5.5c and 5.5d present the
propagation characteristics of the magnitude of the electrical and magnetic field distributions
in a cross-sectional view. The electrical field distribution showed stable results, where the
wave propagation or influencing zone was located in the simulated domain (<10 mm) without
exceeding the height of the MUT. Further, the electrical field distributions of all MUTs were
consistent in magnitude, indicating that the distribution was less dependent for these EM
material properties. In contrast, the magnetic field distribution of the MUT showed a different
trend, without consistent results. A negligibly low magnetic field distribution was observed for
the simulation on air, whereas, for high-loss materials, such as tap water, a larger magnetic
field distribution and higher radiation effect were noted. Based on the results of the numeri-
cal simulation, it was determined that the sensitive region of the electrical and magnetic field
distribution was within 7 mm in height from the probe aperture and ±10 mm in the lateral di-
rection. Hence, the influence of the boundary layer can be neglected for a distance of 10 mm.
Further, a minimum sample height of 10 mm was suggested for dielectric measurements on
materials to ensure an electrical and magnetic field distribution in the MUT.

5.4.2 CT cell

In Section 5.3.3, three quasi-analytical approaches and an iterative method were introduced
to calculate ε⋆r,eff based on 2-port CT measurements. Numerical simulations on CT cells
filled with tap water were performed to evaluate and compare these three quasi-analytical
approaches – namely NRW, BJ, PM – and the iterative method, BJI. The objective was to
find the most accurate and appropriate method to calculate ε⋆r,eff based on 2-port measure-
ments on a CT cell. Numerical simulations were conducted in the same order as with the
OE probe, explained in Section 5.4.1, using HFSS. The dimension for the 3-D finite ele-
ment structure of the CT cell was chosen according to Figure 5.4a, with a 50 mm cell length,
38.8 mm inner diameter of the outer conductor, and 16.9 mm outer diameter of the inner con-
ductor. The structure was built and implemented with different excitation fields and boundary
conditions. The mesh generation was performed automatically with 1/3 wavelength-based
adaptive mesh refinement at a solution frequency of 10 GHz Wagner et al. [227]. The input
spectra used for the numerical simulations on tap water were taken from the experimental
results obtained in Wagner et al. [227]. The scattering Si j=parameters were simulated in a
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Figure 5.6: (left) Numerical determined full S-parameter set Si j for tap water and (right) appro-
priate dielectric spectra obtained with the quasi-analytical approaches and iterative method

based on the NRW, BJ, PM and BJI methods.

frequency range from 1 MHz to 10 GHz, including direct current conductivity extrapolation,
as shown in Figure 5.6(left).

Based on the numerically calculated Si j parameters, the real and imaginary parts of ε⋆r,eff of tap
water were computed with the three quasi-analytical approaches and the iterative method.
Figure 5.6(right) shows a comparison of the results obtained by numerical simulations, where
the real ε ′r,eff and imaginary part ε ′′r,eff of ε⋆r,eff are plotted. It can be seen that all methods gave
nearly identical results in frequency range between 30 MHz to 6.5 GHz. While PM, NRW, and
BJI still showed consistent results, the ε⋆r,eff of the BJ method deviated from the other methods
below 30 MHz. This indicated that the BJ approach failed for dielectric lossy materials, such
as tap water, at frequencies lower than 30 MHz. In contrast, all three analytical approaches
demonstrated an unexpected remarkable drop of ε ′r,eff and ε ′′r,eff in the HF range from 6.5 GHz
to 10 GHz. At the same time, BJI still showed stable results in this HF range. Therefore, it can
be concluded that the BJI gave reasonable and stable results over the complete frequency
range investigated in this study.
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5.5 Preliminary experimental investigation

5.5.1 Calibration of OE probe

The OE probe needed to be calibrated by at least three different independent calibration
standards in order to ensure accurate measurements. This calibration procedure had to be
evaluated to ensure an accurate and successful calculation ε⋆r,eff of the MUT. To do so, two
different calibration procedures were introduced in Section 5.3.2 [227]: (i)OWS and (ii) OWL
calibration. In this thesis, six different standard calibration materials were tested:

1. air

2. short

3. ethanol

4. methanol

5. deionised water

6. tap water

Figure 5.7 illustrates an example of the calibration procedure performed in the case of the
commercial Agilent P probe (see probe specification in Table 5.1 in upcoming Section 5.5.2).
These six different calibration standards were tested and the absolute value and phase shift of
the measured S11-parameter were recorded over a frequency range from 10 MHz to 40 GHz.
Subsequently, the dielectric spectra, ε ′r,eff and ε ′′r,eff, of the liquids were calculated based on
the OWL calibration procedure. In addition to the measured dielectric spectra, the theoreti-
cally expected ε⋆r,eff for deionised water, ethanol and methanol [172] were plotted. The results
showed that the measured dielectric spectrum of the deionised water, ethanol and methanol
were characterised by stable and smooth curves, which agreed with the expected values in
a frequency from 50 MHz to 40 GHz. Below 50 MHz, unstable measurement results were
observed that deviated from the theoretically expected dielectric spectra. On the one hand,
the deviation is caused by conductivity effects in the imaginary part. On the other hand, it
can be seen in Figure 5.7 that the absolute values of the S11-parameter show nearly identical
measurement results below 50 MHz for all calibration reference materials which causes un-
certainties in the determination of the complex permittivity. To minimise these uncertainties,
a device such as the Agilent E5061B ENA VNA (coupled impedance analyser and VNA) is
required with higher precision and better performance in the low frequency range. In order
to obtain stable measurement results over the entire frequency range, a combined OWS and
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r,eff, parts of calibration reference materials.

OWL calibration procedure was suggested, at which OWS covered the low frequency range
andOWL the HF range. Minor probe andmeasurement errors are caused by radiation effects
and probe geometry above 1 GHz. However, the OE probe generally measures accurately
broadband frequency dependent dielectric properties. A detailed error estimation of the OE
probe in the frequency range from 100 MHz to 10 GHz is provided in Wagner et al. [227]
which shows that the mean error of the real and imaginary part of the complex permittivity is
1.1 % and 3.2 %, respectively.

5.5.2 Verification of probe performance

Different techniques and probes are available to measure the frequency dependent dielec-
tric soil parameters [216]. Section 5.3.2 and 5.3.3 introduced the theoretical background
of two different techniques based on 1-port and 2-port measurements. Different types of
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probes based on these two techniques are available, which differ in their design, application,
performance and applicable frequency range [234]. Table 5.1 compiles the probes and their
features used for the experimental probe comparison. The in-house-made OE probe and CT
cell (CC1 5/8), which were introduced in Section 5.3.2 and 5.3.3, were the probes primarily
used for the experimental investigations of fine-grained soils in this study. In order to evalu-
ate these probes, their performance was compared experimentally to commercially available
probes – Agilent HT (HT), Agilent P (P) and Sequid SDM-10G (SDM) – and a smaller CT cell
(CC7/8). Three different VNAs were used to test the probes on a fine-grained soil:

1. Rohde & Schwarz ZVR ('R&S'; 10 kHz to 4 GHz),

2. Agilent PNA E8363B ('PNA'; 10 MHz to 40 GHz),

3. Anritsu Handheld VNA MasterTM ('AHM'; 2 MHz to 6 GHz).

VNA 1 and 2 are high-precision laboratory devices that allow EM measurements in a broad
frequency range with high sensitivity and precision. However, due to the precise and sen-
sitive measurement properties of these devices, their application is normally restricted to
a laboratory environment, where defined conditions prevail with constant temperature and
humidity. Hence, an additional handheld VNA 3 was included, which is a frequently used
laboratory and field device [234]. Table 5.1 lists the VNAs to show which VNA was com-
bined with the probes. The dielectric measurements were performed on clay (C), whose soil
parameters are listed in Table 6.1. Prior to the experiment, sieving with a mesh opening of
0.4 mm was conducted in order to segregate coarse particle sizes. In a following step, the
soil was mixed with deionised water to reach a water content of 1.1 times the liquid limit.
The soil was then left to settle for at least 24 hours in an airtight container to achieve suf-
ficient homogenisation of the soil structure. After homogenisation, the soil was slowly air
dried and frequently mixed until the desired water content of 44.0 % was achieved. This
water content lay approximately in the middle of the plastic range between the liquid and
plastic limit. Dielectric measurements were then undertaken on the same soil with different
probes. However, different installation techniques had to be applied (details can be found
in Schwing et al. [234]) to ensure full contact between the probes and soil samples, and to
avoid evaporation of water. However, the exact water content was determined directly after
each measurement, which fell in the range of 42.9 % to 45.0 % for all measured samples.
It should be pointed out that the exact water content of the measured sample with different
probes varied slightly due to uncontrolled water loss. Further, the microscopic soil structure
of the sample could not be controlled and might be different for the different probes.
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Table 5.1: Summary of used OE probes of which three are commercially available probes
and one is an in-house manufactured probe.

Probe Agilent HT Agilent P Sequid in-house CT cell
SDM-10G OE probe

Abbreviation HT P SDM OE-N CC7/8 /
CC1 5/8

Frequency [GHz] 0.1 - 20 0.5 - 50 0.1 - 10 0.05 - 10 0.0001-10 /
0.0001-5

VNA PNA PNA PNA AHM R&S / PNA
Inner conductor
diameter [mm] 0.66 1.6 1.0 3.0 8.7 / 16.9
Outer conductor
diameter [mm] 19.0 9.5 30.0 70.0 20.0 / 38.8

Figure 5.8 presents the results of the soil measurements showing the ε ′r,eff and ε ′′r,eff obtained
by using different probes and/or devices, as listed in Table 5.1.
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Despite slight differences in the water content in the samples, Figure 5.8 indicates that the
measurement results were consistent and agreed well with each other, particularly for the fre-
quency range between 100 MHz and 3 GHz. This result further supports the accuracy and
validity of the data processing methods, as well as calibration procedures introduced in the
previous sections. Moreover it can be seen that the measurement with commercial probes
(HT-PNA, P-PNA and SDM-PNA) covered the HF range up to 40 GHz. At the same time, the
in-house-made OE probe (OE-N-AHM), connected to the portable field device (AHM), suf-
fered from noise and instablemeasurement for frequencies higher than 3GHz, which resulted
in slight inaccuracies, particularly in the imaginary part, ε ′′r,eff, of ε⋆r,eff. This was mainly caused
by two reasons: (i) portable VNAs, such as AHM, are less accurate than high-precision lab-
oratory VNAs, and (ii) a few imperfections in the manufacturing process of the probes might
cause noise and signal disturbances in the sensitive HF range. However, as this HF range
( f > 3GHz) is not the subject of this thesis, slight inaccuracies were acceptable and hence
negligible. For the measurement using a CT cell in combination with the laboratory VNAs,
the results were consistent for frequencies higher than 100 MHz, whereas obvious discrep-
ancies could be seen in the frequency range between 2 MHz and 100 MHz. This was mainly
due to the following three factors:

• slight differences in water content

• soil structure variation (such as in the density)

• inhomogeneity at the microscopic scale.

The observation indicated that the dielectric behaviour of fine-grained soil was sensitive to
both soil microstructure and water content at frequencies lower than 100 MHz. This ob-
servation further supported the objective of the thesis to investigate the dielectric spectrum
over a broad frequency range from 1 MHz to 3 GHz in consideration of soil structure and
composition.

5.6 Conclusion

This chapter has extensively explained the broadband EM technique that was used for di-
electric measurements in this study. It presented an in-house-manufactured probe that was
designed and optimised for the experimental study. The in-house-made probe was based on
a conventional coaxial line and modified N-type connector, and relies on the 1-port reflection
OE technique. To evaluate the propagation characteristics of the EM waves and probe sen-
sitivity, numerical simulations on the in-house-made OE probe using five different calibration
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materials were performed. The results showed that the sensitive region can be localised
within 7 mm in height and ± 10 mm in lateral direction from the probe aperture.

This chapter has extensively discussed the calibration procedure and data processing of 1-
port reflection OE technique, and derived and presented relevant equations. The experimen-
tal investigation of the calibration procedure on six calibration materials showed good results
in the aimed frequency window. The measured dielectric spectrum matched the theoretically
expected dielectric spectrum of the selected calibration materials. However, a combination of
OWS and OWL calibration is recommended to improve the probe performance over a broad
frequency range.

In addition to theOE probe, this chapter intriduced aCT cell. It explained the principles of data
processing of 2-port reflection and transmission measurements using CT cells. It presented
three quasi-analytical approaches and an iterative technique, which can be used to process
the measured Si j parameters and calculate ε⋆r,eff as a function of frequency, f . Numerical
simulations on the CT cell using tap water were performed to evaluate and compare the
different approaches. The numerical simulation showed that the iterative technique (BJI)
provided the most stable and reliable results. Therefore, the use of the iterative technique is
strongly recommended and enforced in this thesis.

Finally, these two probes were experimentally compared against commercial probes. Di-
electric measurements using each probe were performed on a fine-grained soil. The ob-
tained ε ′r,eff and ε ′′r,eff with different probes were compared to each other over the entire mea-
sured frequency range. The results showed good agreement in the frequency range between
100 MHz to 3 GHz, which generally suggests the use of the OE probe and CT cell.



Chapter 6

Experimental investigation

6.1 Introduction

To investigate the coupled mechanical, hydraulic, and dielectric aspects during soil densifi-
cation, two different laboratory experiments were conducted. As explained in Section 2.5,
the densification of fine-grained soils may be driven by internal stress, external stress or
combination of both.

The study chose the shrinkage test to examine soil densification induced by internal stress.
The shrinkage test basically follows the standardised procedure according to [1]. However,
the objective of the shrinkage test is not only to measure densification, but also to measure
SWCC and dielectric properties during shrinkage. Since coupled mechanical, hydraulic and
dielectric soil characterisation during soil shrinkage has never been studied to this extent,
the standardised shrinkage test was modified and enhanced to develop a test methodology
and experimental procedure to enable the coupled investigation of these parameters. For
these investigations, the novel in-house-manufactured OE probe was used to continuously
measure the dielectric spectrum of the shrinking soil sample.

To examine the densification induced by external stress, this study chose to use the standard-
ised compaction test, according to [4] and [5]. Similar to the shrinkage test, there is limited
literature that simultaneously examines the mechanical, hydraulic, and dielectric aspects of
standardised compacted fine-grained soils. Hence, a modified test methodology and exper-
imental procedure, developed in this thesis, is proposed to perform coupled investigations
during densification due to external stress conditions.

88
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This chapter begins by introducing the fine-grained soils under investigation. It presents the
preliminary work, including classification of the fine-grained soils and determination of stan-
dard geotechnical parameters. Subsequently, this chapter is divided into sections according
to the compaction test and shrinkage test. For each test, the soil preparation, test setup,
developed test methodology and experimental procedure are explained in detail.

6.2 Classification of soils under test

The soils investigated in this thesis were chosen depending on their plasticity in order to
cover the range of high plastic soils. Prior to the actual experimental work, preliminary tests
were conducted to classify the soils and obtain standard geotechnical parameters. Table 6.1
lists the selected soils together with the obtained parameters.

Table 6.1: Standard parameters and particle size fractions of the investigated soils, with ab-
breviations in parenthesis.

Soil Clay Kaolin Alluvial soil
(C) (KA) (AS)

Liquid limit (LL) [%] 61.70 89.95 52.50
Plastic limit (PL) [%] 23.90 35.66 22.31
Shrinkage limit (SL) [%] 17.59 34.76 14.74
Plasticity index (PI) [%] 37.80 54.28 30.19
Solid density [-] 2.707 2.615 2.713
Total specific surface area [m2/g] 32.7 16.86 34.28
Cation exchange capacity [meq/100 g] 10 26.5 39.7

Particle size fraction
Sand [%] 4.2 0 23.2
Silt [%] 18.0 13.9 30.9
Clay [%] 77.8 86.1 45.9

The consistency limits – namely liquid limit (LL) and plastic limit (PL) – were determined
using the well-known methods established by Casagrande [248, 249], which were adopted
as a standard procedure in ASTM D4318-10 [250]. The results showed that the highest
LL and PL were measured for KA. Classification of the investigated soils was undertaken
based on their plasticity range [251]. The consistency limits are generally a measure of the
soil water retention behaviour and sensibility to water content changes. Hence, the plasticity
chart was used to classify the soils based on the LL and plasticity index (PI). PI defines the
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extent of the plasticity range, which is given by the difference between LL and PL. Figure
6.1 shows the classification of soils in the plasticity chart according to Casagrande [249] and
ASTM D2487-11 [251].
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Figure 6.1: Classification of investigated soils in the plasticity chart according to Casagrande
[249].

It can be seen that all soils were highly plastic because the measured LL values were higher
than 50 % water content. Due to high plasticity indices, the selected soils were consistently
located above the A-line, which separated inorganic soils from organic soils. Based on this
observation, the soils were classified, according to ASTM D2487-11 [251], as inorganic clays
with high plasticity. In addition to the LL and PL, the shrinkage limit (SL) was determined
using the water displacement method [1]. The difference between LL and SL gives an idea
about the extent of water content changes in which volume changes are expected. The result
showed that the SL and PL are nearly identical in the case of the investigated KA. This meant
that no volume change was expected at the lower limit of the plasticity range. In contrast,
distinct differences between SL and PL were measured for C and AS. The solid density of
each soil was determined by means of a gas pycnometer [252].

As mentioned in Section 2, the soil behaviour and plasticity of fine-grained soils strongly de-
pend on the type and quantity of clay minerals and their particle surface area. However, it is
not possible to obtain a reasonable quantitative description of the mineralogical composition
on the basis of the consistency limits. As a result, the particle size distribution, soil mineral-
ogy, total specific surface, and cation exchange capacity were separately determined. The
total specific surface area was determined by measuring the amount of physically adsorbed
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nitrogen according to the Brunauer-Emmett-Teller (BET) method, in combination with the
single-point differential method [253, 254, 255]. The cation exchange capacity for AS and
KA was determined by means of silver thiourea methods (for method details, see [256] and
for soil C by means of Cu-Triethylentetramin (modified method of Meier and Kahr [257] – see
Kaden [258]). Sedimentation tests using a hydrometer were conducted to determine the par-
ticle size distribution finer than 75 µm according to ASTMD422-63 [259]. Figure 6.2 presents
the results of the particle size distribution analysis. The KA and C showed the highest clay
content, with a percentage of clay mass of 86.1% and 78.0%, whereas the AS revealed the
most coarse-grained particles.
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Figure 6.2: Particle size distribution of the three investigated soils determined using hydrom-
eter tests according to ASTM D422-63 [259].

It is worth emphasising that, in order to avoid confusion, the term 'clay' in the particle size
distribution determined by the sedimentation tests [259] relates to any particle of sufficiently
small size. However, in this study the term 'clay' is considered only shrink-swell mineral par-
ticles of sufficiently small size. Due to this consideration, the mineralogical composition was
determined to distinguish between clay particles contributing to the shrink-swell behaviour
and non-clay particles. X-ray diffraction analysis, in combination with total elemental mi-
crowave digestion, was used to determine the mineralogical composition of the AS and KA
soil (for details, see [256, 260]). In the case of C, X-ray diffraction method, in combination
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with infrared spectroscopy, was applied to determine the mineralogy. Table 6.2 lists the ob-
tained result of the mineralogical investigation of the soils, where the single mineral fractions
are expressed in mass per cent.

Table 6.2: Overview of the results of the mineralogical composition of clay particles contribut-
ing to the shrink-swell behaviour and non-clay particles (in mass per cent).

Soil Clay Kaolin AS
C KA AS

Clay content [%] 45.0 72.7 26.1
Illite-mica [%] 19 20.0 0
Kaolinite [%] 23 52.7 26.1
Quartz [%] 41 26.6 64.8

The results in Table 6.2 show that the highest amount in mass per cent of shrink-swell clay
minerals was found in KA, with 52.7% kaolinite and 20.0% illite-mica. This observation is
definitely supported by the determined consistency limits, shown in Table 6.1, which also in-
dicate that the most distinctive shrinkage behaviour, from LL to SL, was found for the soil AS.
The lowest amount of shrink-swell clay minerals, with 26.1% mass per cent, was measured
for AS. At the same time, the highest amount of non-clay minerals – mostly quartz – was
determined for AS, whereas the lowest amount was for KA.

6.3 Compaction test

Standard and modified compaction tests, according to ASTM D698-12 [4] and ASTM D1557-
12 [5], were chosen as an experimental standard procedure because these methods are
widely used to determine the compaction behaviour of soils in laboratory investigations [261].
The standard and modified compaction tests were established in order to determine the op-
timum water content, wPr, at which a specific soil is compacted to be as dense as possible
to an optimum dry density, ρD,Pr, under a given compaction energy [262]. These compaction
characteristics are often used in field engineering applications [261, 262]. In this study, the
standardised procedure was preferably used to obtain different soil compaction tests by ap-
plying a defined external compaction energy.

The compaction of soil influences not only the strength and compressibility [263], but also the
hydraulic behaviour in terms of permeability and soil suction [264, 265, 266, 267]. In partic-
ular, in unsaturated soil conditions, the influence of compaction on the hydraulic behaviour –
such as soil suction changes due to change in compaction – is not well understood [264, 268].
Hence, in order to cover a broad density and water content range, conventional and stan-
dardised compaction tests were conducted, together with measurements of hydraulic and
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dielectric soil parameters, under controlled test conditions. The objective was to investigate
the effect of the different density states – achieved by applying different external stress – on
the soil suction and complex permittivity at different water contents.

The following section details the experimental methodology that was developed in this study,
including the experimental setup and standard test procedure. This experimental methodol-
ogy was used to systematically measure and analyse not only the soil compaction state, but
also the hydraulic and dielectric soil properties.

6.3.1 Conventional standardised compaction tests

This section first presents a short review of the experimental concept of the standard and
modified compaction tests. According to commonly used standards [4, 5], three different
methods are available to conduct compaction tests. These methods differ in their sample
mould dimension, number of compaction blows and soil pre-treatment in terms of particle
segregation. Prior to testing, the soil is always pre-treated and segregated by sieving at a
specific particle size, which depends on the chosen method. After soil pre-treatment and
preparation, compaction tests are then conducted on soil materials which pass the mesh
opening of the desired segregation particle size. In this study, in order to achieve compara-
ble soil conditions, it was necessary to segregate all soils consistently at the identical particle
size. Further, it was decided to use the same compaction mould dimension for all tests to de-
velop an identical experimental investigation procedure, and prevent any possible influence
of sample dimension on the experimental results. For these two reasons, Method A – as it
is defined in the corresponding standards – was chosen for both the standard and modified
compaction tests. The specifications for the compaction tests are listed in Table 6.31.

Table 6.3: Specification of the standard and modified compaction according to ASTM D698-
12 [4] and ASTM D1557-12 [5].

Standard compaction test Modified compaction test
Method A A
Soil segregation [mm] 4.75 4.75
Mould diameter [mm] 101.6 101.6
Mould height [mm] 116 116
Rammer weight [kN] 24.5 44.5
Compaction energy [kN-m/m3] 600 2700
Falling height [cm] 305 457.2
Number of blows [-] 25 25
Number of soil layers [-] 3 5

1listed valuesmay differ minimally to ASTMD698-12 [4], ASTMD1557-12 [5] due to conversion from imperial
to SI units
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6.3.2 Soil preparation

The investigated soils were pre-treated and prepared in dry conditions after slowly air drying
under controlled environmental conditions, as standardised in ASTM D698-12 [4] and ASTM
D1557-12 [5]. When necessary, soil aggregates were carefully broken apart without crush-
ing single mineral particles. The chosen method required segregation of the soil mass at
4.75 mm particle size. Prior to the sample preparation, a reasonable optimum water content
for each soil and test was approximated. Based on this assumption, several soil samples
were prepared with water content lower and higher than these approximated values. During
the soil preparation, only deionised water was used to wet soil samples to the desired water
content in order to avoid significantly influencing the hydraulic and dielectric soil properties
(such as osmotic suction and pore water conductivity) and to avoid any unexpected and un-
controllable side-effects. The prepared soil samples were packed into plastic bags that were
air-tightly sealed. The soil samples were stored and left to settle for at least three days to
ensure homogenisation.

6.3.3 Experimental procedure of standardised compaction test

After soil pre-treatment and sample preparation, the soil was installed layer-wise into the
compaction mould with defined dimensions of 101.6 mm in diameter and 116 mm in height
(see Table 6.3). The standard and modified compaction tests differed in the number of lay-
ers, rammer weight and rammer falling height. Each soil layer was compacted by a number
of certain rammer blows with a specific falling height. The standard compaction test required
the soil to be installed into the mould in three layers, with each layer compacted by 25 ram-
mer blows, with a weight of 24.5 kN and a falling height of 305 mm. Overall, the applied
number of blows with the specified rammer weight and falling height resulted in a total com-
paction energy of 600 kN-m/m3. In contrast to the standard compaction test, the modified
compaction test was specifically designed to achieve a higher applied compaction energy.
To do so, the soil was installed with five soil layers, instead of three, into the compaction
mould with the same dimension. Further, the modified compaction tests employed a heavier
rammer weight of 44.5 kN, with a higher falling height that applied a total compaction energy
of 2700 kN-m/m3.
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(a) (b)

Figure 6.3: Dewpoint potentiameter WP4T used to measure soil suction, based on the chilled
mirror hygrometer technique.

6.3.4 Test setup

To measure the hydraulic and dielectric soil properties during the compaction tests, appropri-
ate measurement techniques and additional equipment were chosen. Further, it was neces-
sary to develop a methodology and experimental procedure that enabled the measurement
of these additional soil properties without influencing or altering the standardised compaction
tests.

To measure the soil suction for the compacted soil samples, a suitable experimental method
had to be chosen. As the optimum water content for soils is generally found at values much
lower than the LL and located below the zero air void line, which means at unsaturated soil
conditions (see data presented in Pandian et al. [263] and Birle et al. [127]), the soil suction
was expected to be at a high suction range. Due to this expectation, the chosen method
should be able to cover and measure the high suction range. Additionally, the intention
was to choose a method that allowed quick measurements with high accuracy. Section 3.2
presented an extensive literature review on available methods for measuring soil suction,
which differ in technique, applicable suction range and measurement time. Based on this
literature review, it was decided to use the chilled mirror hygrometer technique to measure
the soil suction of the compacted soil sample.

The device that was used for the experimental investigation was a commercially available
WP4T Dewpoint Potentiameter from Decagon Devices, as shown in Figure 6.3. The WP4T
Dewpoint Potentiameter uses the chilled mirror dewpoint technique, which measures soil
suction based on the thermodynamic relationship (given by Kelvin's Equation 2.8) between
relative humidity, temperature and water potential [118, 119]. The measured water potential,
as a sum of the osmotic and matric potential, is determined by the equilibrium between the
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vapour pressure of the water phase in the soil, and the air phase surrounding the soil sam-
ple [127]. The sample is equilibrated in the headspace of a sealed chamber. The sealed
chamber contains a mirror and photoelectric cell for detecting condensation on the mirror. At
equilibrium, the water potential of the air in the chamber is equal to the water potential of the
sample. A dewpoint sensor measures the dewpoint temperature of the air, and an infrared
thermometer measures the sample temperature. The WP4T Dewpoint Potentiameter allows
precise and fast measurements of soil suction in a range from 0.1 to 100 MPa [127]. The
WP4T measures temperature (in Celsius) and soil suction (in MPa and pF-value) as a sum
of osmotic and matric potential, and visualises the measured values on a front screen (see
Figure 6.3B). Since deionised water was used to prepare the samples (see Section 6.3.2), it
is assumed that the influence of the osmotic potential is negligibly low.

In order to measure the dielectric parameters, an Agilent E5061B ENA VNA was employed
in combination with the CT technique. The use of the CT technique was preferred because
it is advantageous in investigating soil samples under a defined volume and compaction
state. The design of the coaxial cell enables coring undisturbed soil samples; thus, it is
suitable for both laboratory and field investigations. Commercially available copper tubes
were purchased with diameter dimensions as shown in Figure 5.4A. The copper tubes were
precisely cut into a length of 5 cm to obtain CT cells with an inner and outer conductor. One
side of the cell was sharpened, as shown in the photograph in Table 5.1, in order to be able
to core samples from the compacted soil specimen.

Based on this setup, the relative effective complex permittivity, ε⋆r,eff, was determined, un-
der controlled environmental conditions and density, in a frequency range from 1 MHz to
3 GHz. Figure 6.4 shows the experimental setup used in this study to measure the dielectric
parameters.

(a) (b)

Figure 6.4: Configuration of the experimental setup to measure the dielectric soil property:
(A) Agilent E5061B ENA in combination with (B) CT technique. The CT cell was installed

between two flange connectors which were connected via coaxial cable to the VNA.
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Technically, the VNA covers the frequency range from 5 Hz to 3 GHz and can be used for
both impedance and S-parameter measurements. However, as the low frequency limitation
of the CT cell was at 1 MHz, the effective and usable frequency range for the dielectric
measurement technique was restricted to 1 MHz to 3 GHz.

6.3.5 Experimental procedure

The methodology and experimental procedure were established and strictly followed during
the experimental investigations. One objective was to develop a standard procedure that
enabled determination of different soil parameters in one and the same experiment. Another
important objective was to ensure the consistency of the procedure throughout the experi-
ments, and minimise any possible and undesired experimental influences. In the following, a
compaction test is described as an enumeration to provide a better and more understandable
overview of the step-wise experimental procedure:

1. Prior to beginning the compaction tests, both the VNA and coaxial cable had to be
calibrated. A mechanical calibration kit was used to eliminate systematic imperfections
and errors in the VNA and coaxial cables. Figure 6.5A shows a photograph of the
mechanical calibration kit used in this study.

(a) (b)

Figure 6.5: (A) Mechanical calibration kit (Agilent type N 85032F) that includes open, short,
load and through calibration standards and (B) additional two standard calibration materials
– Teflon and short – used to check the performance and success of the VNA calibration.

The kit from Agilent, type N 85032F, included the open, short, load and through calibra-
tion standards. These calibration standards were connected at the end of the coaxial
cables, one after the other, and measurements were taken. Based on the difference
between the measured and theoretically expected values, the VNA software calibrated
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(a) (b)

Figure 6.6: (A) standard compaction test with rammer compaction of the soil into the mould.
(B) Compaction pattern proposed by ASTM D698-12 [4] and ASTM D1557-12 [5].

the network to remove any error and noise of the EM signal. Additionally, two other cal-
ibration materials – namely short and Teflon, as shown in Figure 6.5B – were measured
to check the performance and success of the mechanical VNA calibration.

2. After successful calibration of the VNA and coaxial cables, the actual compaction test
was prepared. Before compacting soil into the mould, the dimension and weight of
the compaction mould were determined because these values were required for the
later calculation of the soil dry density. The soil was layer-wise compacted into the
mould. Special care must be taken on the soil layers, which should be compacted into
equal thicknesses in the compaction mould. To do so, a special compaction pattern is
proposed by ASTM D698-12 [4] and ASTM D1557-12 [5]. As Figure 6.6B indicates, the
first four rammer blows should hit the soil layer equally in area. The following rammer
blows then compact each soil layer equally, with a rotating compaction pattern. After
25 rammer blows, the next soil layer is filled into the mould, and the same procedure
is repeated for each consecutive layer. Once all layers are installed into the mould, the
excessive soil on top of the mould must be removed using a knife or other appropriate
tool. The soil surface must be trimmed to be even with the top of the mould, using a
straightedge scraper. This means that the volume of the compacted soil body equals
the mould volume (see Figure 6.7A). Subsequently, the weight of the filled mould is
determined to obtain the bulk soil mass of the compacted specimen.

3. Once the soil specimen was compacted into the mould, the coaxial cell was pushed
into the specimen via a hydraulic jack in order to core a soil sample. Before coring the
sample, the dimensions and weight of the empty CT cell were determined.
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(a) (b)

Figure 6.7: (A) Compacted KA sample with trimmed soil surface even to the top of compaction
mould and (B) AS sample compacted according to the standard compaction test [4], with the
CT cell, including the sample holder, placed on the top center of the compacted soil specimen.

Figure 6.7B shows a photograph of the mould filled with compacted AS soil, where the
CT cell is placed on the top centre. A special sample holder was manufactured to hold
the inner and outer conductor of the CT cell, while pushing the cell into the compaction
mould. The sample holder was necessary to place the inner conductor exactly in the
centre of the outer conductor. In order to take accurate and successful dielectric CT
measurements, the inner conductor must be perfectly centred and parallel with the
outer conductor. In addition, the sample holder was important to keep the inner and
outer conductor in centre position of the mould, while pushing the cell into the mould
using a hydraulic jack, which applied the load onto the sample holder and not onto
the cell itself. By employing this procedure, damage to the CT cell was minimised. As
Figure 6.7B demonstrates, the sample holder contained small holes that were designed
to observe the point at which the CT cell was filled completely with soil. As soon as the
cell was filled, the applied load onto the sample holder was released to stop the cell
being further pushed into the compaction mould. The sample holder was then removed
and an appropriate cap was used to close the top end of the CT cell and prevent any
water evaporation of the soil sample.

4. In the next step, the compaction mould was unscrewed and disassembled from the
compaction base. The compaction mould was turned around and set upside down
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(a) (b)

Figure 6.8: (A) Standard compacted AS soil, in which the shrinkage rings were pushed into
the bottom centre of the compactionmould, and (B) extraction process of standard compacted

AS soil sample from compaction mould using a hydraulic jack.

onto the compaction mould. Then, a shrinkage ring of 70 mm in diameter and 14 mm in
height was used to core the shrinkage test sample from the compacted soil specimen.
Similar to the CT cell, one side of the shrinkage ring was sharpened prior to the test to
allow the ring to be easily cut into the compacted soil specimen. Before cutting out the
soil sample, the weight of the shrinkage ring was measured. Then, the shrinkage ring
was placed on the centre of the compaction mould and an additional ring was placed
on top of it. A metal plate was placed on top of both rings, which was used to transmit
the applied load from the hydraulic jack to the shrinkage rings. By doing so, the shrink-
age rings were slowly pushed into the compacted specimen. The second shrinkage
ring was necessary to push the first shrinkage ring slightly deeper into the specimen
without causing additional compaction of the samples. As soon as the second shrink-
age ring was half-filled with soil, the hydraulic load was released and the metal plate
and second shrinkage ring were removed. Figure 6.8A shows a compacted sample of
AS soil, where the shrinkage rings were perfectly pushed into the bottom centre of the
compacted specimen. It can be seen that the second shrinkage ring was only half-filled
with compacted soil.

5. Once the CT cell and shrinkage ring were driven into the compacted specimen, the
entire soil body was extracted from the compaction mould using the hydraulic jack.
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Figure 6.8B shows a photograph during the extraction process. The compaction mould
was positioned below the extraction plate, containing a tapered hole with an opening
size of the inner diameter of the compaction mould. The compacted soil body was
extracted upwards by applying the load to the bottom of the specimen.

6. As soon as the compacted soil specimen was extracted, three samples were taken
according to ASTM D2216-10 [136] to determine the water content. Three samples
were collected from different layers across the specimen, and the averagewater content
value was calculated in order to obtain a representative water content over the entire
compacted specimen. Subsequently, the dry density of the compacted sample was
calculated based on the measured bulk soil mass and average water content.

7. In a further step, three additional samples were taken from the compacted soil spec-
imen to measure the soil suction using the WP4T. The samples were collected from
different sections of the compacted soil specimen with a minimum weight of 10 grams
to achieve a representative suction value. Where possible, the three samples were
cut out of the specimen to obtain more or less undisturbed samples. Special care was
taken when preparing and placing the soil into the sample cups. To obtain good and
satisfying measurement results, the bottom of the sample cup was completely covered
by soil, and the cup should not filled more than halfway in height. Then, each prepared
sample cup was placed into the draw of the WP4T, and the chamber was closed. The
measurements were taken and the readings of soil suction and soil temperature were
recorded. The temperature of the device was set as close as possible to the sample
temperature in order to reduce the equilibrium time and speed up the measurement
time. A low temperature difference between the device and soil sample may enhance
the measurement accuracy. Two repetition measurements were additionally taken for
each sample to calculate an average suction value. After the suction measurements
were completed, the water content of each sample was determined by oven drying at
105 ◦C for 24 hours, according to ASTM D2216-10 [136].

8. The shrinkage ring was retrieved from the compacted soil specimen. Soil mass ex-
ceeding the ring dimension was removed. Both sides of the soil sample were carefully
levelled to the edges of the ring in order to define the soil volume according to the
ring volume, as shown in Figure 6.9A. After preparing the shrinkage test sample, the
shrinkage sample was weighed to determine the bulk soil mass. Based on the aver-
aged water content of the compaction test, the initial water content of the shrinkage test
sample was known, and the dry density could be calculated based on the weight of the
shrinkage ring, bulk soil mass and water content. Since the shrinkage test could not be
started immediately after retrieving the sample, the soil samples had to be preserved
temporarily in vacuum-sealed plastic bags.
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(a) (b)

Figure 6.9: (A) Compacted shrinkage test sample of AS soil after retrieving from compaction
mould and preparation and (B) CT cell with cored soil sample after retrieving from the com-

paction mould and preparing for dielectric measurement.

9. The CT cell was retrieved from the compacted soil specimen directly after the shrinkage
ring. Soil that was also cored into the inner conductor was removed, and the CT cell
was carefully cleaned of excess soil covering the surface of the outer conductor, as
shown in Figure 6.9B. Similar to the shrinkage ring, both sides of the soil sample in the
CT cell were trimmed to form an even surface at the CT cell ends. A careful cleaning
and preparation of the CT cell was required for two reasons: (i) to ensure a successful
dielectric measurement and (ii) to determine precisely the soil volume and soil weight.
By doing so, the soil volume could be calculated based on the dimensions of the CT
cell, which were previously presented in Figure 5.4A in Section 5.3.3. The soil sample
was weighed to determine the bulk mass. The dry density of soil in the CT cell was
then calculated based on the soil volume, bulk soil mass and water content determined
previously in the compaction mould. These dry density values of the soil in the CT cell
could be compared to the values obtained in the compaction mould in order to assess
the extent of soil disturbance due to coring the soil samples.

10. After preparing a sample in the CT cell, it was installed between flange connectors, as
shown in Figure 6.4A. Then, the 2-port coaxial reflection and transmission measure-
ments were taken using the VNA to measure the full set of Si j parameters. The Si j

parameters were determined as an average of 50 measurements with a logarithmic
sweep in a frequency range from 1 MHz to 3 GHz to reduce random noise in the mea-
surements. Based on a MATLAB code, a post-processing phase shift correction was
performed to eliminate the influence of the flange connectors. The iterative BJI method
(introduced in Section 5.3.3) was employed to calculate the complex permittivity ε⋆r,eff
from themeasured and post-processed Si j parameters for the covered frequency range.

11. Once the CT cell was measured with the VNA and the dielectric soil properties were
obtained, the soil sample in the CT cell was used to measure the dry path of the SWCC
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for the compacted sample. In order to collect several points of the SWCC, the soil in the
CT cell was removed and portioned into subsamples of at least 10 grams mass. These
subsamples were then air dried under controlled environmental conditions to slowly re-
duce the water content from the compaction water content to dry conditions. Succes-
sively, subsamples were taken at different time steps to measure the soil suction using
the WP4T. Again, three suction measurements were performed on each subsample to
obtain a representative average soil suction value. After the suction measurement, the
water content of each subsample was determined. The SWCC of one compaction test,
as a relationship of soil suction versus gravimetric water content, was then constructed
by plotting the results of all measured subsamples.

12. A shrinkage test was performed on the soil sample cored with the shrinkage ring from
the compaction mould. The soil sample was unpacked from the vacuum-sealed plastic
bag and a control weighting was conducted to check whether water evaporation oc-
curred. Then, the shrinkage test was begun under controlled environmental conditions,
and mass and volume changes were recorded every two hours. The volume changes
were measured with the direct determination of the sample geometry, as explained in
Section 3.3.2. At the end of the shrinkage test, the final density beyond the SL (w <SL)
was additionally measured, with the water displacement method (see Section 3.3.2).
The shrinkage curve was modelled based on the known initial soil conditions, as well
as the continuous readings of mass and volume change.

13. This entire experimental procedure was implemented for each compaction test.

6.4 Shrinkage test

Shrinkage tests on fine-grained soils were conducted to investigate volume changes induced
by internal stress due to pore water evaporation. Changes in water content result in changes
in soil volume, particularly for fine-grained soils, which leads to different consistencies [30,
248]. The shrinkage test was designed to determine the SL, which describes the water
content at the transition from semi-solid to solid state, where no further volume changes are
expected [30]. A standardised procedure for conventional shrinkage tests was proposed by
ASTM D4943-08 [1].

As explained in Section 2.4, mass and volume changes during shrinkage influence the hy-
draulic behaviour of fine-grained soils – such as soil suction for a given water content – and
vice versa. However, changes in hydraulic behaviour are usually not investigated together
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with soil shrinkage. Therefore, there is a need that has also been identified in the litera-
ture for coupled investigations of soil shrinkage and SWCC. In this study, shrinkage tests
were conducted in parallel with determining the SWCC, starting with exactly the same initial
conditions and comparable boundary conditions. Further, a broadband EM measurement
technique was employed to measure the dielectric behaviour during soil shrinkage.

6.4.1 Conventional shrinkage test

ASTM D4943-08 [1] describes the standardised procedure for determining the water content
at the SL for fine-grained soils. The soil under investigation was remoulded and prepared to a
water content at approximately the LL. In this study, the initial water content at the shrinkage
test was chosen to be 1.1 times the LL. In the next step, the soil slurry was placed in a
shrinkage dish. Directly afterwards, the soil mass and volume were recorded to determine
the water content and dry density at the beginning of the shrinkage test. Then, the soil
sample was slowly air dried under controlled conditions to try to prevent soil cracking. The
point of the SL was reached when the soil colour changed from dark to light. In the next step,
the final volume at w = 0% was measured with the water displacement method. The SL was
calculated based on the initial water content and volume, as well as the volume after reaching
the SL. There were two major disadvantages observed for the conventional shrinkage test:

1. As explained in Section 2.5.2, different zones are generally observed in the shrinkage
behaviour of fine-grained soils. However, volume and mass changes are usually not
continuously recorded during the shrinkage test. The conventional shrinkage test is
only used to determine the SL. Thus, it is not possible to model the shrinkage curve,
for instance, as a function of w and ρD. As a result, the different shrinkage zones cannot
be quantified.

2. Given that the whole shrinkage curve is not recorded, it is impossible to determine the
exact SL. In the conventional shrinkage test, the SL is defined as the water content
at which the imaginary shrinkage curve would theoretically leave the zero air void line.
This is only valid under the assumption that the residual shrinkage zone does not exist.
However, it is normally expected to have residual shrinkage, especially in highly plastic
soils. Therefore, the exact SL is found to be somewhere at lower water content.

To obtain a quantitatively better description of the shrinkage behaviour and shrinkage zones
of fine-grained soils, it is inevitable to determine the exact shrinkage curve. Thus, the stan-
dardised shrinkage test was modified to measure mass and volume changes during the
shrinkage in order to model the entire shrinkage curve, starting from initial conditions (w =
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1.1 LL) to the end state at w = 0, together with determining the SWCC for the same bound-
aries.

6.4.2 Test setup

It was necessary to develop a methodology for the simultaneous determination of the cou-
pled behaviour. To do so, appropriate measurement techniques were selected in order to
measure the hydraulic and dielectric parameters during soil shrinkage. Further, an experi-
mental procedure was elaborated to quantify the coupled parameters simultaneously, without
altering the standardised procedure of the shrinkage test.

The conventional shrinkage test on fine-grained soils starts at slurry condition, with a gravi-
metric water content of w ≥ LL. At this stage, the soil suction is predicted to be very low. In
contrast, fine-grained soil is at almost completely dry conditions at the end of the shrinkage
test. The soil suction at this stage can be expected to reach maximal values due to unsat-
urated conditions, with a gravimetric water content close to w = 0.0%. As a result, the soil
suction range is extremely large for the entire shrinkage process. Thus, in this study, appro-
priate experimental methods had to be selected and combined to measure the soil suction
over a range that was as broad as possible. Based on the literature review given in Section
3.2, this study chose three different methods:

1. the hanging column test method

2. the axis translation technique using the pressure plate apparatus

3. the chilled mirror hygrometer

The hanging column test method was chosen to measure the low suction range between
0 kPa ≤ Ψt ≤ 20 kPa. Figure 6.10 schematically illustrates the experimental setup for this
hanging column test method. The soil sample under investigation is placed in a measuring
glass on top of a saturated ceramic plate. The measuring glass, including the sample, is
placed into a climate chamber to keep the environmental conditions controlled during the
test. The climate chamber is located on a platform to elevate it to a height of about 2.0 m.
The measuring glass inside the climate chamber is connected via a water pipe to a burette,
which is located outside the climate chamber. The burette is fixed to a rack that is held by
the platform. The burette can be vertically adjusted in height along the rack.

Prior to the test, it is necessary to completely saturate the ceramic plate. Once the ceramic
plate is saturated, the burette needs to be adjusted so that the water level inside is at the
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Figure 6.10: Schematic illustration of the setup for the hanging column test method.

same level as the top end of the ceramic plate. The water level inside the burette is recorded
prior to the test. After that, the prepared soil sample is placed on top of the saturated ceramic
plate. Then the actual test begins by lowering the elevation level of the burette. With lowering
the elevation level, soil suction is induced in the soil sample due to the hanging water column.
As a result, the soil starts draining water and the water level rises accordingly in the burette.
The soil drains until the hanging water column is in equilibrium for the given induced suction
in the soil sample. Equilibrium is indicated when the water level in the burette stops rising
and a constant value is reached. At this point, it can be assumed that the induced soil
suction equals the applied negative water pressure below the ceramic plate applied as the
height difference of the actual water level in the burette and the top of the ceramic plate. The
corresponding gravimetric water content is found by balancing the water levels in the burette
before and after lowering the burette. The burette is step-wise lowered to further decrease
the water pressure by the hanging water column. Each time, the gravimetric water content
is determined by balancing the water level in the burette at equilibrium. By doing so, several
points of the SWCC are determined in a range from 0 kPa ≤ Ψt ≤ 20 kPa by combining the
induced soil suctions with the corresponding gravimetric water contents.

The axis translation technique using the pressure plate apparatus was employed to
measure the intermediate suction range from 25 kPa ≤ Ψt ≤ 400 kPa. Figure 6.11 presents
a schematic illustration of the used setup. The soil sample is placed on a saturated ceramic
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Figure 6.11: Schematic illustration of the axis translation technique setup using a conventional
pressure plate apparatus.

membrane plate at known initial water content and dry density. The ceramic membrane
plate, including the soil samples placed on it, is installed into a pressure chamber that is
air-tightly closed. The ceramic membrane plate is connected via water pipe to a burette
outside the pressure chamber. The water in the burette is balanced at the top of the ceramic
membrane plate to keep the plate saturated. Prior to the test, the water level is recorded to
obtain an initial value. In contrast to the hanging column test, the pressure plate apparatus
uses air overpressure to induce suction in the soil samples. A pressure gauge is used to
apply a defined air overpressure that forces the soil samples to drain water. As the soil
samples start draining, the water flows through the water pipes out of the chamber into a
burette. The drainage of water causes the water level in the burette to rise. The water
drainage continues until equilibrium is reached. At equilibrium conditions, the soil suction
compensates the applied air overpressure, which is indicated by a constant water level in
the burette. The water levels before and after application of the air-overpressure are used to
balance the amount of drained water, and to calculate the actual gravimetric water content
based on the initial water content. Then, the air overpressure is step-wise increased to obtain
several points on the SWCC in a suction range from 25 kPa ≤ Ψt ≤ 400 kPa.

The chilled mirror hygrometer method was used to determine the high suction range from
400 kPa ≤ Ψt ≤ 100 MPa. As with the compaction test, a WP4T Dewpoint Potentiameter
from Decagon Devices was employed to measure the soil suction (see Section 6.3).

The measurement principles of the methods used for soil suction below 400 kPa and the
chilled mirror hygrometer are very different. The literature review showed that these methods
even measure different water potentials. As shown in Table 3.1, the hanging column test
and pressure plate apparatus measure the matric suction, ΨM. In contrast, the chilled mirror
hygrometer measures the total suction, Ψt , which includes the ΨM and osmotic suction, ΨO.
However, since deionised water for pre-treatment and preparation of the soil samples was
used, it can be assumed that the influence of osmotic suction was negligibly low. Under
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this assumption, the matric suction was equal to the total suction, Ψt = ΨM. By combining
these three experimental methods, the measurable suction range was maximised from 0 kPa
≤ Ψt ≤ 100 MPa.

To measure the dielectric behaviour of the soil under shrinkage, the VNA technique was
employed in combination with 1-port reflection measurements. An Agilent E5061 ENA VNA
(see Figure 6.4A) was used with an in-house-made OE probe to measure the reflection S11-
parameter in a frequency range from 1 MHz to 3 GHz. As no appropriate commercial probes
were available, the in-house-made probe was specifically designed for the shrinkage test of
fine-grained soils. Figure 6.12 shows a photograph of the in-house-made OE probe.

Figure 6.12: Photograph of the in-house made OE probe based on a modified N-type con-
nector. On top of the probe, a copper plate and sealed sample holder were assembled to

serve as a cup to contain liquids and other materials.

The OE probe was connected via a conventional coaxial cable to the VNA. The soil samples
were installed into the container of the OE probe. While the soil was shrinking, the reflec-
tion S11-parameter was measured under controlled environmental condition in a frequency
range from 1 MHz to 3 GHz. Based on the S11-parameter measurement, the relative effective
complex permittivity, ε⋆r,eff, could be determined for this frequency range.

6.4.3 Soil preparation and experimental procedure

A methodology and experimental procedure were developed that had to be strictly followed
to correctly test the soils to determine the coupled mechanical, hydraulic and dielectric soil
parameters. Since the experiments were run individually, starting from the same initial condi-
tions and with similar boundary conditions, several factors could influence the success of the



Chapter 6. Experimental investigation 109

subsequent combined analysis. Thus, it was of paramount importance to maintain consis-
tency throughout the experiments. The following conditions were identical for the shrinkage
test, soil suction measurements and dielectric measurements:

• Soil pre-treatment, such as segregation of coarse-grained particles, was conducted
according to ASTM D4943-08 [1].

• Soil sample preparation plays an important role because several parameters can af-
fect the shrinkage behaviour and SWCC, such as initial water content and density
[127, 269]. Therefore, the procedure for soil sample preparation was identical for all
experiments in order to ensure exactly the same initial conditions at the beginning of the
tests. Special care was taken during soil sample preparation to guarantee well-defined
and reproducible initial conditions.

• The same sample sizes were chosen for all experiments to avoid any effect caused by
the geometry on the results. The shrinkage ring, sample ring for the SWCC determi-
nation, and sample holder of the OE probe were identical in dimension, with the same
diameter and height.

• The tests all used the same technique to install the soil mass into the sample ring and
sample holder.

• The environmental conditions were controlled and kept constant throughout the exper-
imental process, at 23 ◦C temperature and 55 % relative humidity.

The initial water content was chosen to be 1.1 times the LL for all tests. Prior to the shrinkage
test, the investigated soils, AS and KA, were pre-treated and prepared according to ASTM
D4943-08 [1]. The soils were pre-treated at dry conditions after slowly air drying under con-
trolled environmental conditions. The dried soil was sieved with a mesh opening of 425 µm
to segregate possible coarse-grained particles. Samples were prepared from soil fraction
passing through the mesh opening. The soil was wetted with deionised water to a water
content of 1.1 times the LL to obtain slurry soil consistency. The soil at slurry state was left
to settle for 72 hours in a sealed container in order to ensure homogenisation of the soil.

In the following, the test methodology is explained and the experimental procedure is sum-
marised to provide a better overview of the overall experimental process:

1. Six shrinkage tests on each sample with the same initial condition were performed to
determine the average and deviation of the shrinkage curve. A plastic plate was used
as a base for the shrinkage test. The shrinkage ring, with dimensions according to
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Figure 3.1, was placed on top of the plastic plate. Prior to the test, the inside of the
shrinkage ring and surface of the shrinkage plate were slightly lubricated with grease
to prevent soil sticking to the surface, which may have caused shrinkage cracks or irreg-
ular and asymmetric volume changes. The mass and volume of the greased shrinkage
ring and shrinkage plate were regularly weighed and recorded. Then, the prepared soil
mass was carefully installed into the shrinkage ring using a spatula. A small amount of
soil was first placed into the shrinkage ring and distributed to the ring edges by slightly
tapping the base on the preparation table. Then, more soil mass was added and the
procedure was repeated until the soil mass was equally distributed and slightly over-
filled the shrinkage ring. Special care had to be taken to avoid any air bubbles and air
gaps in the soil sample. The soil mass should fill the complete volume of the shrink-
age ring to obtain a regular cylindrical shape. By doing so, the soil sample volume
corresponds to the shrinkage ring volume. A straight edge was used to level the soil
surface to the top of the shrinkage ring, and excess soil was removed. Following that,
the base and outer face of the shrinkage ring were cleaned ofadhering soil. Once, the
shrinkage sample was prepared, the initial weight was immediately determined. Addi-
tionally, three samples were taken from the remaining prepared soil mass to check and
determine the initial water content. The soil sample was then air dried under controlled
conditions. To do so, the shrinkage test was conducted in a climate chamber (MRC

Figure 6.13: Photograph of the AS sample in the early stage of the shrinkage test.

CCG-250) to keep the environmental conditions controlled and constant, as explained
before. Themass and geometrical changes while shrinking were recorded continuously
in two-hours intervals. To do so, the sample was taken out of the climate chamber and
the soil mass was weighed. Figure 6.13 shows a photograph taken during the early
stage of a shrinkage test on AS. Geometrical changes were measured using direct de-
termination of sample geometry (see Section 3.3.2). After that, the sample was placed
back into the climate chamber. At night, a cap was placed onto the shrinkage ring to
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cover the sample in order to minimise the water evaporation and slow the shrinkage
process of the sample. The shrinkage test was finished when the sample mass was
constant with time. After finishing the shrinkage test, the soil samples were dried com-
pletely in an oven at 105◦C for 24 hours, and then the final dry density of the samples
was determined by the water displacement method (see Section 3.3.2). The final dry
density measured by the water displacement method and the directly measured dry
density were compared to evaluate and assess the accuracy of the dry density result-
ing from the direct measurements.

2. The soil suction was tested parallel to the shrinkage tests. The hanging column test
was prepared similarly to the shrinkage test. A sample ring was placed on a saturated
filter paper. The weights of the sample ring and wet filter paper were recorded. Then,
the sample ring and filter paper were placed on a plastic plate to prepare the sample.
The sample preparation followed exactly the procedure explained previously for the
shrinkage test. Figure 6.14A shows a soil sample prepared in a sample ring that was
placed on the saturated filter paper and plastic plate.

(a) (b) (c)

Figure 6.14: Photographs of hanging column test on KA: (A) soil sample prepared in a sample
ring placed on a saturated filter paper; (B) close-up view of measuring cylinder containing a
KA sample, which is placed on top of the saturated ceramic plate; and (C) view of the entire

setup, as schematically shown in Figure 6.10.

After sample preparation, the sample ring with soil was weighed and recorded. Three
samples were taken from the remaining prepared soil mass to determine the initial wa-
ter content. Then, the prepared sample, including the filter paper, was installed into the
measuring cylinder. As shown in Figure 6.14B, the sample was placed on top of the
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saturated ceramic plate in the measuring cylinder. The filter paper between the sam-
ple and ceramic plate prevented fine soil particles from blocking the micro-pores in the
ceramic plate. Further, it was absolutely necessary to ensure good hydraulic contact
between the sample and saturated ceramic plate. A foil was used to close the mea-
suring cylinder and prevent water evaporation of the sample. Figure 6.14C illustrates
the entire test setup of the hanging column test, which indicates the climate chamber
located on the platform. The burette was fixed to the left of the climate chamber, which
was elevated to the level of the saturated ceramic plate. Once the sample was accu-
rately installed into the measuring cylinder, the actual hanging column test began, as
explained in Section 6.4.2. Different soil suctions were induced by the hanging water
column up to 2 m, which was equal to Ψt = 20kPa. The gravimetric water content was
balanced for each hanging water column level. After finishing the hanging column test,
the soil sample was removed and the volume change was determined by the water
displacement method, according to Section 3.3.2.

3. The pressure plate apparatus available for this study had the capacity to install four
membrane plates at the same time. As the use of the pressure plate apparatus was
extremely time consuming, four sets of soil samples were tested simultaneously. Figure
6.15B illustrates the entire setup of the pressure plate apparatus.

(a) (b) (c)

Figure 6.15: Photographs of axis translation technique on KA using the pressure plate appa-
ratus: (A) photograph prior to the test, showing five prepared soil samples placed on saturated
ceramic membrane plate; (B) view of the entire setup during axis translation technique test,
showing the pressure plate apparatus with four burettes; and (C) five soil samples placed
on saturated ceramic membrane plate after the 400 kPa pressure step, indicating that the

volume changes occurred during the test.
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Four burettes were used to balance the water drainage during the test for each ce-
ramic membrane plate. The sample preparation procedure basically followed the pro-
cedure for the hanging column test, with the difference being that many more samples
needed to be prepared. To obtain a representative average value of the soil suction
measurements, five soil samples were tested on each ceramic membrane plate (see
Figure 6.15A). The ceramic membrane plate was connected via water tube to a burette
that balanced the water drainage as a sum of the five samples. The pressure plate
apparatus held a pressure gauge that allowed accurate adjustment of the desired air
overpressure. Once all soil samples were prepared onto the ceramic membrane plate,
the pressure chamber was air-tightly closed and the first pressure step of 25 kPa was
applied. Once the water level in the burettes indicated a constant level, equilibrium
was reached. At this point, the water level was recorded and the gravimetric water
content corresponding to the pressure step was balanced using the initially measured
water content. The magnitude of the further pressure steps were doubled each time,
up to 400 kPa. Figure 6.15C shows soil samples of KA on a ceramic membrane plate
after the 400 kPa pressure step was applied. Comparing the sample before the test in
Figure 6.15A and after the test in 6.15C, it is obvious that the soil samples underwent
remarkable volume changes due to water drainage. In order to quantify the extent of
volume changes, a ceramic membrane plate was removed from the pressure chamber
after each pressure step of 100, 200 and 400 kPa, and the volume of the removed
samples was determined with the water displacement method.

4. As aforementioned, three ceramic membrane plates were removed from the pressure
plate apparatus and used to measure the volume changes during the axis translation
technique. Thus, one ceramic membrane plate was left after the test to measure soil
suction up to 100 MPa using the chilled mirror hygrometer. The five remaining soil sam-
ples were divided into subsamples with a minimum weight of 10 g, similar to the soil
suction measurement on the compacted samples in Section 6.3.5. These subsamples
were air dried under controlled environmental conditions to slowly reduce the water
content. Successively, the subsamples were taken at different time steps to measure
the soil suction using the WP4T Dewpoint Potentiameter. Three measurements were
performed on each subsample to obtain an average soil suction value. The gravimet-
ric water content corresponding to the suction measurement was measured on each
subsample.

5. Dielectric measurements on shrinking samples were taken using the VNA in combi-
nation with the OE probe. Since dielectric measurements are extremely sensitive to
any movement and disturbance of the OE probe, it was not possible to measure mass
and volume changes of the sample in the OE probe. Hence, three reference samples
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were prepared to representatively measure mass changes during shrinkage, parallel
to the dielectric measurements. Further, the test needed to be conducted under abso-
lutely controlled environmental conditions because dielectric measurements (or ε⋆r,eff)
are strongly temperature dependent. To achieve this, the dielectric measurements on
soil samples were undertaken in a climate chamber (MRC CCG-250) with 23 ◦C tem-
perature and 55 % relative humidity. Figure 6.16A illustrates the entire setup for the
combined investigation of the dielectric properties and shrinkage behaviour. The VNA
was located on the right side of the climate chamber during the test. The coaxial ca-
bles of the VNA were led through an air-tightly sealed opening into the climate chamber.
The VNA was featured with a PC screen to observe the changing dielectric spectrum
during the shrinkage test. Further, a PC located on the left side of the climate chamber
was used to control the balance inside the climate chamber. Figure 6.16B shows a
close-up view of the inside of the climate chamber. On the right, two OE probes are
shown containing the sample at which the dielectric properties were measured during
the shrinkage. The balance (Ohaus PioneerTM) can be seen on the left side of Fig-
ure 6.16B. Three samples were placed on the top of the balance as reference to the
samples in the OE probes. The balance was connected via a RS-232 interface to the
PC, which was located on the left to the climate chamber. A MATLAB based code was
written to control the balance via the PC. This code allowed continuous measurement
of mass changes during shrinkage. A Visual Basic code was used to control the VNA
and to take continuous dielectric measurements at defined time intervals. The PC and
VNA were synchronised in order to take dielectric measurement and sample weight
readings at the same time in 10-minute intervals.

Prior to the test, the VNA and coaxial cable were calibrated using a mechanical cali-
bration kit from Agilent, type N 85032F. As explained in Section 5.3.1, 1-port reflection
measurements using a VNA require an open, short, and load calibration. After this
first calibration step, the OE probe was connected to the end of the coaxial cable. The
second calibration step, for the OE probe itself, included measuring six additional cali-
bration materials, as explained in Section 5.5.1. Once the entire setup was calibrated,
the two samples were prepared in the OE probes. The OE probes with the soil sample
were weighed to determine the soil mass. Three samples were prepared as reference
samples, and placed on the balance. The test began by simultaneously running the
MATLAB code and Visual Basic code. Then, three samples were taken from the re-
maining soil mass to determine the exact water content at the beginning of the test. The
experiment was stopped when the output of the continuous mass measurements indi-
cated a constant value. The soil samples were then removed from the climate chamber,
as shown in Figure 6.16C. It can be seen that the samples shrunk similarly in dimen-
sion. The soil samples of the OE probe were visually investigated in detail to check
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(a)

(b) (c)

Figure 6.16: Photographs of the combined dielectric measurement and shrinkage test on
KA: (A) view of the entire setup – PC controlling the balance on the left, climate chamber
containing the samples under test in the mid, and VNA on the right; (B) view inside the climate
chamber, showing the balance with three reference samples on the left, and two OE probe

containing samples on the right; (C) five soil samples after the test was finished.

whether there was good contact between the soil sample and probe aperture. The im-
portance of this investigation will be discussed in detail later. In a final step, the volume
of samples was measured with the water displacement method to determine the dry
density and to compare them in regard to value consistency.
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6.5 Summary

This chapter introduced the soils under investigation and the related standard soil parame-
ters, including mineralogy. It determined the particle size distribution and consistency limits in
preliminary experimental investigations. Based on the standard parameters, the soils under
investigation were classified as inorganic clays with extremely high plasticity.

This chapter extensively explained the developed methodology and experimental procedure
of coupled soil characterisation during the compaction test and shrinkage test. A step-wise
procedure had to be developed, together with the development of setups for the combined
investigation of the shrinkage curve, SWCC and dielectric behaviour.

The following chapter focuses on the results and analysis of the experimental data.
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Results and analysis

7.1 Introduction

This chapter presents the results of the experimental investigations explained in the previ-
ous chapter. This chapter is divided into two sections with similar structure – compaction
test and shrinkage test. The first section presents the results of the compaction tests, in-
cluding analysis of the compaction curve itself. The second section presents the results of
the shrinkage test. In both sections, the measured experimental data are first explained
and discussed. Subsequently, appropriate models are taken from the literature to quantita-
tively describe and parameterise the experimental results. The shrinkage curve and SWCC
of compacted and shrinking soil samples are established and parameterised. In a further
step, the measured dielectric spectra are analysed and, for selected frequencies, compared
against existing material-specific empirical calibration equations and theoretical mixture ap-
proaches. The results of the dielectric spectrum prediction, based on enhanced theoretical
mixture approaches coupled with the shrinkage curve and SWCC, are shown and compared
to the dielectric measurements. Finally, the results of the spectrum analysis of the frequency
dependent dielectric soil parameters during compaction and shrinkage are presented.

7.2 Compaction test

7.2.1 Compaction curve

The experimental procedure, as explained in the previous chapter, was performed on all
prepared soil samples of AS and KA. Thus, the analysis of the experimental data for each

117
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compaction test followed the same principle and analysis pattern. The compaction curve
for each test was constructed based on the record of the bulk soil mass, compaction mould
volume and water content determination after the compaction procedure. The compaction
curve results of each tests, both standard and modified, are illustrated in Figure 7.1, in which
the dry density is plotted against the gravimetric water content. The compaction tests were
conducted in nearly 2.0% water content steps. A slightly larger gap of compaction tests can
be observed for the standard compaction tests on KA in the water content range from 36.0%
to 40.0%.
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Figure 7.1: Standard and modified compaction curve determined on AS and KA according
to ASTM D698-12 [4] and ASTM D1557-12 [5]. The curve fits are indicated, which were
used to determine the optimum water content, wPr, and optimum dry density, ρD,Pr, for each

compaction curve.

It can be seen that the obtained compaction curves satisfied the typical curve trend of com-
paction tests, with distinct peak values that are widely known as optimum water content,
wPr, and optimum dry density, ρD,Pr. Figure 7.1 shows additionally the curve fits for the
compaction tests on AS and KA, based on polynomial fitting equations (see Appendix A.1).
Based on these curve fits, both wPr and ρD,Pr were determined for each compaction curve
as they are shown in Figure 7.1. The region with water content lower than wPr is defined
as the dry side of the compaction curve. The region with higher water content than wPr is
considered the wet side. For water content higher than wPr on the wet side of the compaction
curve, the curve runs along the zero air void line at nearly saturated soil conditions. On the
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dry side of the compaction curve with w ≤ wPr, the curve runs in highly unsaturated soil con-
ditions, with a saturation degree of S ≪ 1.0. The appearance of a peak in the compaction
curve can be explained from microstructural considerations. As schematically shown in Fig-
ure 2.7 in Section 2.5.2, fine-grained soils form a pore structure consisting of intra-aggregate
and inter-aggregate pores. Soil prepared with a water content located on the dry side of the
compaction curve exhibits a continuous air phase [265]. Menisci between the air and water
phase are built at contact points between the clay aggregates. When applying compaction
energy to the soil, these menisci resist aggregate slippage, which results in a decrease of
densification, with dry density lower than the optimum dry density [265]. In contrast, a con-
tinuous water phase with included air bubbles is found on the wet side of the compaction
curve, at which the soil is nearly saturated. When soil prepared on the wet side is subject
to compaction, the water is restricted in draining out of the soil. This effect creates partially
undrained conditions [265] at which pore water pressure increases under compaction, which
prevents further densification of the soil located on the wet side [265].

In general, it is expected that tests with enhanced compaction effort result in higher densi-
fication of soil. As a result, the modified compaction tests showed higher values of ρD at a
given water content than did the standard compaction tests. As can be seen in Figure 7.1,
the modified compaction tests on AS and KA showed a curve that was clearly located above
the standard compaction curves. Moreover, the modified compaction curves shifted to lower
water content, relative to the standard compaction curves. As a result, the wPr values of
the modified compaction curves were found for both AS and KA at lower water content than
the wPr values of the standard compaction curves. The ρD,Pr of the modified compaction
curves for AS and KA were generally higher than those of the standard compaction curves.
Comparing the compaction tests between KA and AS, it can be noted that the optimum dry
densities of standard and modified compaction tests of KA showed lower values than those
of AS. This is reasonable because KA soil consists of a much higher clay content than does
AS; thus, KA is less compactible. In addition, the compaction curves of KA shifted relative to
higher water content compared to the compaction curves of AS. This resulted in higher wPr

values of the compaction curves of KA.

It was observed, particularly in the case of KA, that the soil surface of samples on the dry side
and wet side of the compaction curve looked different in terms of the visual soil texture. High-
resolution photographs of the soil texture were taken with a digital single-lens reflex camera.
Figure 7.2 shows high-resolution photographs of soil texture of two KA samples that were
compacted with modified compaction effort. Figure 7.2A is a photograph of a sample at
22.3% water content that was located on the dry side of the compaction curve. Figure 7.2B
shows a photograph of a sample at 32.0% water content that was located on the wet side
of the compaction curve. Despite the same soil preparation and experimental procedure for
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(a) (b)

Figure 7.2: High-resolution photographs of the texture of soil samples after compaction test
with modified effort: (A) modified compacted KA sample at 22.3% water content on the dry
side of the compaction curve, with water content lower than the optimum water content. (B)
modified compacted KA sample at 32.0% water content on the wet side of the compaction

curve, with water content higher than the optimum water content.

both samples, it is clearly visible that the soil textures differed remarkably. The soil texture
on the dry side of the compaction curve exhibited distinct inhomogeneities that were visible
as distinguishable shaded spots on the soil surface. Darker shaded spots indicate areas
with higher water content, while lighter spots are areas with lower water content. Thus,
these observed inhomogeneities suggest that unequally distributed soil water phase was
present in more unsaturated soil conditions. In contrast, the soil texture on the wet side
of the compaction seemed to be more homogeneous. As can be seen in Figure 7.2B, no
inhomogeneities were identifiable, and the same soil colour was found all over the sample
surface. This indicated that an equally distributed soil water phase could be assumed to exist
for nearly saturated soil samples on the wet side of the compaction curve close to the zero
air void line.

One might argue that this phenomenon was caused by inappropriate soil preparation and
different sample water content. Hence, it should be further noted that the soil texture can
differ even if the water content of two samples is the same. For instance, two soil samples of
KA were prepared in the same manner with nearly identical water contents (w = 25.5% and
w = 25.8%). Thus, it can be assumed that the water distribution in the loose soil state before
compaction was exactly the same for both samples. Then, the sample with w = 25.8% was
compacted with standard compaction effort, and the sample with w = 25.5% was compacte
with modified compaction effort. Figure 7.1 shows that the standard compacted sample was
located on the dry side of the compaction curve, with w = 25.8 < wPr = 29.83%. The modified
compacted sample with w = 25.5% was located on the wet side of the compaction curve, but
close to wPr = 24.72%. Both samples were visually inspected and, again, the same pattern of
soil textures was identified, regardless of the water content. The sample on the dry side of the
compaction curve showed a soil texture with a visually inhomogeneous soil water distribution
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Figure 7.3: SWCC of drying path for standard and modified compaction curve of KA and AS
measured by the WP4T: (A) SWCC in a semi-logarithmic illustration of soil suction related to
the measured gravimetric water content, and (B) SWCC in a semi-logarithmic illustration of

soil suction related to the calculated volumetric water content.

similar to Figure 7.2A. The soil texture on the wet side of the compaction curve was found to
bemore homogeneous with equal water distribution, similar to Figure 7.2B. It can be said that,
regardless of the water content, homogeneous soil texture and water distribution were found
for compaction tests close to the zero air void line, where a nearly saturated condition was
expected. Thus, homogeneous soil texture with equal water distribution can be determined
by appropriate compaction effort and soil densification to achieve almost saturated conditions
for a given water content.

In addition to the compaction tests, the soil suction was measured using the WP4T to obtain
the SWCC for each compaction curve. Figure 7.3 shows the obtained SWCCs for both the
standard and modified compaction curves of KA and AS. Figure 7.3A illustrates the SWCCs
in a semi-logarithmic relationship of soil suction and gravimetric water content. It was ob-
served for all SWCCs that the lowest soil suction values were measured for the highest water
content. Consistently for all SWCCs, the soil suction increased with decreasing gravimetric
water content. The highest soil suction was measured at the lowest water content. It became
obvious when comparing the SWCCs dependent on the gravimetric water content of AS and
KA that the curves differed in their trends and shapes. In the case of KA, the SWCCs of
both the standard and modified compaction curves followed a nearly linear relationship in a
semi-logarithmic plot. Both SWCCs of KA were almost identical, with no distinct difference
observed. In contrast to the SWCCs of KA, the SWCCs of AS followed a different trend that
seemed to indicate a more bilinear relationship with the gravimetric water content. In both
curves of AS, a water content could be observed that could be considered the intersection
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of the bilinear relationship. The intersection point was found at a water content of w = 17.5%.
For water content below this intersection point, the slope of the SWCC was much steeper, re-
sulting in much higher suction changes with varying water content. For water content above
this intersection point, the slope of SWCCs was low, which resulted in little suction changes
with varying water content.

The SWCCs of AS and KA in Figure 7.3A can be directly compared to each other in an
overlapping gravimetric water content range from 18% to 24%. In this water content range,
the SWCCs of KA were located above the SWCCs of AS. The soil suctions at a given water
content in this range were higher for KA than AS. This might be for two reasons:

1. The clay content of KA was much higher than for AS; thus, an increased interaction
between the solid particle surface and water phase was expected, as theoretically ex-
plained in Section 2.4. This increased interaction results in higher capillary and ad-
sorptive forces, which dominate the SWCC of natural soils (with low salinity at which
osmotic suction is reasonably neglected).

2. This water content range is lower than the wPr of the standard and modified compaction
curve of KA. Looking at Figure 7.1, it can be seen that this water content range is lo-
cated on the dry side of both compaction curves of KA, which means unsaturated soil
conditions were expected. At unsaturated soil conditions, the amount of interfaces be-
tween the water and air phase increases with a decreasing degree of saturation as
more air enters the water-filled pore space. As discussed in Section 2.4.2, these inter-
faces between the water and air phase are described by capillarity. Thus, an increased
amount of interfaces results in higher soil suction due to increased capillary forces.

A quantitative description of the SWCC for the compaction curves based on the gravimetric
water content is not realisable because the SWCC equations (previously introduced in Sec-
tion 2.4.3) describe the soil suction as a function of the volumetric water content. Therefore,
Figure 7.3B shows the soil suction of the compaction tests related to the volumetric water
content, which is calculated based on Equation 2.10, with ρD measured in the compaction
mould. As can be seen, the shape and curve trends of the SWCC change when depend-
ing on the volumetric water content. Instead of a linear relationship, as in Figure 7.3A, the
SWCCs of KA depending on θ show a curvilinear relationship. Comparing the SWCCs in
Figure 7.3B, it can be seen that the SWCCs of KA and AS show different curve shapes. The
SWCCs of KA show a smooth progression over the entire curve, whereas the SWCCs of AS
show distinct points in a water content range from 25 ≤ w ≤ 30, where the curve progression
changes abruptly. In order to deliver a quantitative description and investigate the difference
of curve shapes, the SWCCs were parametrised using a bimodal van Genuchten equation,
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according to Equation 2.14 in Section 2.4.3. Two assumptions were made to enable a suc-
cessful and accurate parametrisation of the SWCCs:

1. In order to set upper and lower limits to model the SWCCs, θS and θR were approx-
imated. The experimental data measured with highest water content were taken as
θS to limit the low suction range of the SWCC. In a first approach, this assumption
was justifiable because the highest water content was located on the wet side of the
compaction curve, where nearly saturated soil conditions prevail.

2. θR was taken to be zero for all investigated soils. Even though the low suction range
was not fully covered by the SWCCs, it was reasonable to assume that θR = 0 for
sufficiently high soil suction.

Based on these two assumptions, the SWCCs of both AS and KA were modelled with two
weighting factors, Wi, representing the bimodal relationship between Ψt and θ . Table 7.1
gives a tabular overview of the fitting parameters obtained by modelling the SWCCs.

Table 7.1: Tabular overview of parameters obtained by fitting the SWCCs of the standard and
modified compaction tests on KA and AS.

Soil AS KA
Compaction test Standard Modified Standard Modified

θS 37.32 37.62 49.62 44.45
θR 0 0 0 0

Mode 1

W 0.77 0.73 0.98 0.99
avG 0.958 0.162 0.854 0.449
nvG 1.248 1.665 1.858 2.658
mvG 0.199 0.399 0.462 0.624

Mode 2

W 0.23 0.27 0.02 0.01
avG 3.342 3.254 1.640 1.010
nvG 25.583 0.000 44.363 45.319
mvG 0.961 0.900 0.977 0.978

The results of this parameterisation are shown in Figure 7.3B. It can be seen that the parametrised
models perfectly fitted the experimental data of the SWCCs. To illustrate the fundamental
difference of the SWCCs between AS and KA, Figure 7.4 shows the SWCC modelling re-
sults with different modes for the modified compaction tests. It should be mentioned at this
point that almost identical trends were obtained for the SWCCs of the standard compaction
test. Figure 7.4A shows the parameterisation of the SWCC for AS. A distinct change in
curve shape was observed at θ ≈ 27.5%. Two explicit modes were observed for the SWCC
of AS with weighting factors, as shown in Table 7.1. For low water content, associated with
the dry side of the compaction curve, the soil suctions were perfectly described by Mode 1
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Figure 7.4: Fitting result of the SWCC for modified compaction curves of KA and AS using
bimodal van Genuchten model. Shaded areas indicate the different modes observed in the

SWCC.

of the van Genuchten equation (see the green shaded area in Figure 7.4A). For high water
content located on the wet side of the compaction curve, a second mode was required to
parametrise the soil suction as a bimodal relationship. This result indicated that the com-
pacted soil samples of AS were characterised by a heterogeneous pore system over the
entire compaction curve, which caused the bimodal character of the SWCC [68]. In contrast,
the parameterisation of the SWCC of KA in Figure 7.4B showed a completely different result.
The weighting factor of the second mode was W= 0.01, and was significantly lower than the
first mode. As a result, the influence of the second mode on the SWCC was negligibly low.
Subsequently, the SWCC of KA revealed an unimodal relationship over the entire SWCC.
The result demonstrated that the compacted KA soil exhibited a homogeneous pore struc-
ture. This observation was reasonable and can be reinforced by Figure 6.2 in Section 6.2,
which shows the particle size distribution of the investigated soils. Soil KA is mainly com-
posed of clay with similar particle sizes. Therefore, packing solids with similar size should
produce a pore structure with unique dimensions. In contrast, the AS is composed of both
clay and silt, which have different particle sizes. A broad range of particle sizes create a
more heterogeneous pore system with different pore sizes and dimensions.

To attain more detailed explanations of this finding, additional experiments were required
to provide better insight to the pore structure of soils. Possible techniques enabling this
insight – such as mercury porosimetry and scanning electron microscopy – have already
been proposed and introduced to measure pore size distribution [268, 270, 271, 272, 273,
274, 275, 276]. However, this additional experimental investigation was not the aim of this
work; thus, this finding needs to be addressed and further investigated in future research.
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7.2.2 Shrinkage behaviour of compacted soil

The shrinkage curve of each compaction soil sample was determined according to the tech-
nique and experimental procedure explained in the previous Section 3.3.2. Due to time re-
strictions in this study, it was not possible to determine the shrinkage curves of the standard
compacted KA samples. Figure 7.5 shows the shrinkage curves measured on the compacted
soil samples, in which the dry density is plotted against the gravimetric water content.
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Figure 7.5: Standard and modified compaction curves of AS and KA, including shrinkage
curves. The blue symbols indicate the compaction tests and black symbols show the cor-
responding shrinkage curve. The zero air void line and saturation lines are indicated by the
dashed lines. Additionally, shrinkage curves are parameterised using the fitting equation

proposed by Peng and Horn [6].

The shrinkage tests were run as long as the SL was reached and no volume changes were
observed. In addition to the compaction and shrinkage curves, the zero air void lines and
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saturation lines are indicated by dashed lines. The compaction tests are illustrated by blue
symbols, and their corresponding shrinkage curves with smaller black symbols. All shrinkage
curves started with an initial water content and density close to the compaction test. This
confirmed that the shrinkage test samples were not disturbed much when cored from the
compaction mould. With ongoing desiccation, the soil lost water content due to water evapo-
ration. The soil volume reduced with decreasing water content, which resulted in increasing
dry density. As theoretically explained in Section 2.5.2, the SL was reached when no further
soil volume changes occurred. These SLs were observed for all soils, regardless of soil type
and compaction effort. The trend of the shrinkage curves indicated that the samples on the
wet side of the compaction curve tended to show more distinct shrinkage behaviour than did
samples on the dry side of the compaction curve. Further, it was observed for the modified
compaction tests that soil compacted on the dry side of the compaction curve presented only
minimal or nearly zero shrinkage. This indicated that the higher compaction effort on the soil
resulted in lower shrinkage behaviour on the dry side of the compaction curve.

To obtain a quantitative description of the shrinkage behaviour of the compacted soil, the
shrinkage curves were parameterised by the fitting Equation 2.17, proposed by Peng and
Horn [6] (Section 2.5.3). A MATLAB script was coded that fitted the shrinkage curve based
on an algorithm of nonlinear least-squares problems. Figure 7.6 shows two fitting results
of AS samples after modified compaction. Sample C8 was located on the wet side of the
compaction curve, while C3 was on the dry side. The fitting results of the shrinkage curve
are presented in the ϑ − e - relationship, as proposed by Peng and Horn [6], which can be
transferred into the w−ρD - relationship (see Section 2.5.2). However, it is more convenient
to present the shrinkage curve and its derivatives in the ϑ − e - relationship.

Figures 7.6A and 7.6C shows the measured shrinkage data indicated by the symbols. To
allow optimal comparison of the results, the scale of axis coordinates is kept identical. When
comparing the measured shrinkage curves, it is obvious that sample C8 that was compacted
on the wet side of the compaction curve showed much more distinct shrinkage behaviour
than did C3, which was compacted on the dry side. In addition to the experimental data, the
shrinkage curve fits, e(ϑ), are illustrated by the black line. For both samples, the obtained
fits agreed perfectly with the measured experimental data over the entire shrinkage curve.
Based on the fitting results, the first three derivatives of the shrinkage curve – e′(ϑ), e′′(ϑ)

and e′′′(ϑ) – were developed. Figure 7.6B and 7.6D show the curve progression of e′(ϑ),
e′′(ϑ) and e′′′(ϑ). The derivatives were used to determine the different shrinkage zones of
the shrinkage curves (see the shaded areas in Figure 7.6A and 7.6C). The shrinkage zones
were found by the intersections of tangents e0, e1 and e2 (see details in Section 2.5.3). The
tangent points of e0, e1 and e2 were determined by finding the roots of the e′′(ϑ) and e′′′(ϑ) in
a water content from 0 ≤ ϑ ≤ ϑI. Figures 7.6B and 7.6D present the calculated roots of these
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Figure 7.6: Example of two shrinkage curves of AS from modified compaction tests that are
modelled with fitting equation proposed by Peng and Horn [6]: (A) and (C) shrinkage curves
and fits of sample C3 and C8, including the observed shrinkage zones and their intersec-
tion points between the shrinkage zones, and (B) and (D) derivatives of fitted parametrised
shrinkage curve equations that are used to determine the inflection points and extremes of

the shrinkage curve.

functions, e′′(ϑ) and e′′′(ϑ), in the observed moisture ratio range (0 ≤ ϑ ≤ ϑI). It can be seen
that, for sample C8, one root was only detected for e′′′(ϑ), whereas two roots of e′′′(ϑ) were
observed for sample C3.

In both cases, one root was calculated for e′′(ϑ). The slope of the tangents, presented in Fig-
ure 7.6A and 7.6C, were calculated using e′(ϑ). By constructing the tangents to the shrink-
age curve, the transition moisture ratios could be calculated from proportional to residual
and residual to zero shrinkage. The transition moisture ratio from structural to proportional
shrinkage was found at the maximum curvature of e(ϑ) on the wet side of the shrinkage curve
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([6, 86], see details in Section 2.5.3). It can be seen in Figure 7.6A and 7.6C that four shrink-
age zones were determined for C3. Similar results with four distinct shrinkage zones for
compacted samples were presented in Dhawan et al. [277]. However, the shrinkage curves
in Dhawan et al. [277] were not parametrised by an equation, and the shrinkage zones were
approached by the geometrisation of straight lines. For sample C8, only three shrinkage
zones (proportional, residual, and zero) were detected. Similar results were presented in
Birle et al. [127], who observed three shrinkage zones for the shrinkage of standardised
compacted soil samples. As stated before, the e′′′(ϑ) of sample C8 revealed only one root
that was located on the dry side of the shrinkage curve. As e′′′(ϑ) did not show a second
root on the wet side at high moisture ratios, the maximum curvature of the shrinkage curve
was missing, which was required to determine the structural shrinkage zone. For sample C3,
a maximum curvature of the shrinkage curve was found with a second root of e′′′(ϑ). As a
result, sample C3 showed potential structural shrinkage.

Two observations that were made when fitting the shrinkage curve with the proposed model,
are worthy of discussion:

1. It was occasionally found that the mathematical determination of the transition mois-
ture ratio from residual to zero shrinkage zone was imprecise. Theoretically, the zero
shrinkage zone defines the area where soil should not expose any volume changes.
For example, as shown in Figure 7.6A, the intersection of the tangents e0 and e1 was
located at a moisture ratio of ϑ ≈ 0.36. However, it can be seen that the zero shrinkage
zone was visually not reached at this moisture ratio. Further volume changes and thus
void ratio changes were observed with ongoing moisture ratio decrease below ϑ ≈ 0.36.

2. It is noted that the determination of the shrinkage zone of the low shrinking sample
located on the dry side of the compaction curve (such as sample C3 in the modified
compaction curve of AS) required special discussion. As shown in Figure 7.6B, four
shrinkage zones were theoretically identified. Three shrinkage zones – structural, pro-
portional and residual – were determined in an extremely narrow moisture ratio range,
where few measurement data existed. When looking at the shrinkage curve of C3 in
Figure 7.5C, it seems that the shrinkage curve exhibited only two shrinkage zones: zero
and residual shrinkage. It is questionable to expect a proportional shrinkage of soil on
the dry side of the compaction curve, where volume changes are extremely low and
the shrinkage curve does not proportionally follow a saturation line. The determination
of shrinkage zones for soil on the dry side of the modified compaction curve suffered
inaccuracies due to the negligibly low shrinkage behaviour. Therefore, it is reasonable
to assume that compacted soil with low shrinking behaviour, normally found on the dry
side of the compaction curve, is only subject to residual and zero shrinkage modes.
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Despite inaccuracies in the determination of the shrinkage zones, the fitting equation pro-
posed by Peng and Horn [6] delivered a perfect fit of the experimental shrinkage curve. Table
7.2 provides a tabular overview of the parameters obtained by fitting the shrinkage curve. It
can be seen that the fitting parameters of sample C1 of the modified compaction test on AS
and KA is ap = np = mp = 1. Since the shrinkage curve of these samples essentially rep-
resents a straight horizontal line, the fitting algorithm could not optimise the parameters to
predict a curve. Because eZ and eI were nearly identical, the second term of Equation 2.17b
was zero and the shrinkage curve reduced to e(ϑ) = eZ. Reasonable fitting results were
obtained for all other shrinkage curves.

Table 7.2: Overview of the parameters obtained by fitting the shrinkage curves of the standard
and modified compaction tests on KA and AS using the model of Peng and Horn [6].

Soil Compaction test Test No. eZ eI ap np mp resnorm

AS standard

C1 - - - - - -
C2 0.5682 0.6452 0.9218 26.0683 0.1996 3.71E-5
C3 0.531 0.6403 0.6698 45.0673 0.0779 4.08E-5
C4 0.5006 0.6034 0.4775 7.2959 0.4427 1.24E-4
C5 0.4673 0.5875 0.3047 5.2951 0.4961 2.23E-4
C6 0.4309 0.611 0.3882 2.6712 1.2352 2.33E-4
C7 0.4086 0.6246 0.9934 1.6376 5.4839 2.46E-4
C8 0.4393 0.6988 0.4232 2.2253 1.4227 3.79E-5

AS modified

C1 0.5655 0.5637 1 1 1 -
C2 0.4785 0.4841 0.6165 3.7455 0.4359 1.44E-5
C3 0.3891 0.4197 0.6833 9.3945 1.5322 1.36E-5
C4 0.3138 0.38 0.3101 3.2609 1.6902 1.30E-5
C5 0.3511 0.4204 0.1304 4.0701 0.5566 8.76E-5
C6 0.3674 0.5022 5.7133 1.4153 73.667 1.37E-4
C7 0.3956 0.5773 0.2722 2.2002 1.161 1.85E-4
C8 0.397 0.6334 0.5644 1.5107 2.6556 1.41E-4

KA modified

C1 0.8034 0.8034 1 1 1 -
C2 0.7669 0.7789 1.1915 7.2417 13.6663 3.24E-6
C3 0.7375 0.7574 0.5073 8.2341 0.8679 4.48E-7
C4 0.6817 0.7341 0.5634 2.4936 4.0171 3.89E-5
C5 0.6904 0.7562 0.1101 2.4765 0.6232 5.78E-5
C6 0.755 0.816 0.2897 4.8473 4.6614 4.52E-8
C7 0.816 0.8813 0.2881 4.6678 3.7805 3.37E-7

The fitting equations were used to determine the SL for all shrinkage curves. The SL was
determined based on the moisture ratio at the transition from the residual to zero shrinkage
zone, according to Peng and Horn [6]. Figure 7.7A compares the SL to the initial gravimetric
water content at the beginning of the shrinkage tests for the shrinkage curves of AS and KA. It
can be observed that the SL increased with increasing gravimetric water content, regardless
of the compaction state and soil type. The higher the initial water content at the beginning of
the shrinkage test, the higher is the SL.
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Figure 7.7: Shrinkage behaviour of sample from standard compaction tests on KA and AS,
and modified compaction test on AS: (A) relationship between SL and initial gravimetric water
content at the beginning of the shrinkage test, and (B) relationship between volume strain of

shrinkage and initial gravimetric water content at the beginning of the shrinkage test.

In addition, the extent of the shrinkage behaviour of the compacted soil sample was inves-
tigated based on the shrinkage ratio. The shrinkage ratio was defined in this study as ∆ρD

ρD,I
,

with the shrinkage area ∆ρD = ρD,F −ρD,I, in which ρD,I is the initial dry density and ρD,F is
dry density at the SL. Figure 7.7B shows the volume strain or shrinkage ratio plotted over
the initial gravimetric water content at the beginning of the shrinkage tests. It can be seen
that the trends of the shrinkage behaviour of the standard and modified compacted samples
of AS were similar. Generally, the volume strain continuously increased with the increasing
initial gravimetric water content. The higher the initial gravimetric water content, the higher is
the volume stain. In both tests, the relationship between volume strain and initial gravimetric
water content was nearly identical. A difference of volume strain dependent on the com-
paction effort could hardly be found. For an initial gravimetric water content of ≈ 13.0%, the
volume strain ratio was even identical for both standard and modified compaction. For higher
initial gravimetric water content, differences in volume strain between standard and modified
compacted conditions were found. The relationship of volume strain and initial gravimetric
water content for AS was nearly linear, regardless of the imposed compaction effort. For
the modified compacted KA, the observed trends differed to AS. First, the volume strain
increased with initial gravimetric water content up to ≈ 25.0%, which is close to the ρD,Pr.
Second, the volume strain remained constant for an initial gravimetric water content higher
than ρD,Pr. Therefore, the relationship of volume strain and initial gravimetric water content
was nonlinear. Similar results were reported in Osinubi and Nwaiwu [278] and Daniel and
Wu [279]. However, those observations were made on lateritic soils and low plastic soils,
which differ to KA. As a result, a general description and prediction of the influence of initial
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water content on volume strain is not clear and requires further experimental research.

7.2.3 SWCC of compacted soil

As explained in Section 6.3.5, the drying path of the SWCC was determined for each individ-
ual compaction test. Due to time restrictions in this study, it was not possible to determine
the SWCC of the standard compacted KA samples.

The soil in the CT cell was taken and divided into subsamples. Then, soil suction was mea-
sured at different water contents. After each suction measurement, the gravimetric water
content of the investigated subsamples was determined. Figure 7.8 shows the results of
the suction measurements for the standard and modified compaction tests on AS, and the
modified compaction tests on KA, as a relationship of soil suction and gravimetric water con-
tent. The initial conditions for all samples were defined by the initial gravimetric water content
and dry density existing after compaction. The soil suction increased continuously with the
decreasing water content. Regardless of the investigated soil, the SWCCs showed similar
trends. At the beginning, with high water content and low soil suction, the SWCCs followed
different relationships in all three compaction test sets. This indicated that, at the low suction
range, the initial water content of the compacted soil strongly influenced the evolution of the
SWCC. The SWCCs converged with further decreasing water content, and met at one spe-
cific water content. After this water content, the SWCCs were nearly identical and followed
one curve. Below this water content, the SWCCs remained identical, approaching almost
complete dry conditions with extremely high soil suctions.

Similar results were presented in Romero et al. [273] and Birle et al. [127]. Romero et al.
[273] investigated the SWCC and microstructure of unsaturated clay compacted on the dry
side of the optimum compaction point. The authors defined a delimiting water content of
the converging SWCCs for statically compacted soil samples. This delimiting water content
essentially divided the SWCCs into regions that were governed either by intra-aggregate or
inter-aggregate pore structure. In the region at low water content below the delimiting point,
the influence of the dry density on the SWCC was negligibly low. Instead of dry density, the
SWCC was influenced by the specific particle surface and microstructure of intra-aggregate
pores. Generally, this observation seems reasonable for the dry side of the compaction
curve, with previous porosimetry experiments reporting that soil samples compacted on the
dry side of the compaction curve showed a bimodal pore structure [127]. This structure is
associated with intra-aggregate and inter-aggregate pores [35, 127]. Further, it has been
shown in porosimetry investigations on high plastic clay that the intra-aggregate pore struc-
ture is not influenced when subject to compaction on the dry side of the curve [270, 272, 273].
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Figure 7.8: SWCC as relationship of soil suction, Ψt , dependent on the gravimetric water
content: (A) SWCC of standard compaction test on AS, (B) SWCC of modified compaction

test on AS and (C) SWCC of modified compaction test on KA.

One possible explanation for this is that, at lower water content on the dry side of the com-
paction curve, the soil aggregates reveal an enhanced stiffness that results in insensitivity
of the intra-aggregate pore structure under compaction [280]. This essentially implies that
the SWCC must be equal for the same intra-aggregate pore structure. Moreover, Romero
et al. [273] identified a region at water content higher than the delimiting point, in which the
SWCC is influenced by the initial dry density and inter-aggregate pore structure. This obser-
vation is supported by the results presented in [281], which reports that the initial dry density
influences the SWCC of unsaturated compacted soil specimen. This means that changes in
macro-porosity (in terms of inter-aggregate pores) caused by compaction affect the SWCC
at high water content. Birle et al. [127] showed in experimental investigations that compacted
soil samples with different gravimetric water contents and similar dry densities exhibit con-
verging SWCCs, which also highlights the influence of the initial water content on the SWCC.
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Tinjum et al. [282] also explained that the shape of the SWCC changes with pore structure,
which is strongly influenced by initial water content and compaction effort.

By comparing the measurement results obtained in this study to the results reported in the
literature, two major differences were identified:

1. Diamond [276] found that the microstructure of the soil compacted on the dry side of
the compaction curve is different than it is for soil compacted on the wet side of the
compaction curve. This justifies that SWCCs generally differ at high water content close
to the initial water content after compaction. Similar to Romero et al. [273], a delimiting
point can be observed at which the SWCCs converge. However, in contrast to Romero
et al. [273], the current study found that the SWCCs converged with decreasing water
content, regardless of whether the samples had been compacted on the dry or wet side
of the compaction curve.

2. Changes in the shape and slope of the SWCCs were observed at the delimiting point.
This essentially indicates that the soil structure or the origin for suction governing the
SWCC at low water content beyond the delimiting point, is different for high water con-
tent.

This observation leads to the following questions:

1. Why do the SWCCs of compacted soil converge at the delimiting point?

2. Why does the shape of the SWCCs change at the delimiting point?

The SWCCs were parameterised to allow the development of answers to these questions.
It was found in the literature that the SWCC of compacted fine-grained soil was mostly de-
scribed qualitatively, without quantitative description or parametrisation. One of the few quan-
titative descriptions of the SWCCs of compacted soil samples is presented in Tinjum et al.
[282]. The SWCCs were parameterised by the unimodal van Genuchten Equation 2.12 and
the empirical statistical Equation 2.11 proposed by Brooks and Corey [64]. Yet, the inves-
tigated soil suction was constrained with an upper suction limit of 1.35 MPa and, because
of that, convergence of SWCCs was not measured. Given that the SWCC equations (intro-
duced in Section 2.4.3) describe the soil suction as a function of the volumetric water content,
a quantitative description based on the gravimetric water content was not possible. There-
fore, the SWCCs needed to be related to the volumetric water content in order to enable
a quantitative description of the SWCC measured for the compaction curves. The drying
path of the SWCC of the compacted soil samples arose with significant volume changes due
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Figure 7.9: SWCCs and parameterisation as relationship of soil suction, Ψt , dependent on
the volumetric water content: (A) SWCC of standard compaction test on AS, (B) SWCC of
modified compaction test on AS, and (C) SWCC of modified compaction test on KA. The
dashed line shows the delimiting point. The solid lines present the total fit using the bimodal
van Genuchten Equation 2.14. The shaded areas indicate the determined individual modes

of the compacted soil samples.

to shrinkage. However, the volume changes, in terms of dry density changes, were not di-
rectly determined when measuring the soil suction. As a result, the parameterised shrinkage
curves of the compacted soil samples (see Table 7.2 in Section 7.2.2) were used to calculate
the volumetric water content. This approach seems reasonable under the assumption that
the volume changes in the SWCCs correspond to the measured shrinkage behaviour of the
compacted soil. This assumption will be addressed and further discussed later.

Figure 7.9 shows the SWCCs of standard and modified compaction tests on AS and KA,
dependent on the volumetric water content. In contrast to the gravimetric water content, the
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volumetric water content considers volume changes indirectly by using the dry density to cal-
culate the volume of pore water. Even though the volume changes are indirectly considered,
the SWCCs dependent on the volumetric water content converge at a pronounced delimiting
point, similar to Figure 7.8. Figure 7.9 shows the identified delimiting points, θDP, with the
indicated dashed lines. In order to parameterise the soil suction measurements, θR and θS
needed to be determined for each individual SWCC. As explained in Section 2.4.3, θS orig-
inally describes the upper boundary of the SWCC at high water content, at which saturated
soil conditions are expected [127]. In this case, θS is used as a mathematical boundary to
define the asymptote for the highest observed water content. The lower boundary, θR, limits
the SWCC to a residual water content. Two assumptions were made in this study:

1. For the compacted soil on the dry side of the compaction curve, the drying path of
the SWCC started with a maximum volumetric water content that was measured at
unsaturated soil conditions. As a result, the actual θS of the SWCC of the compacted
soil did not exist from the physical point of view. Despite this, θS was used only to
establish an upper boundary water content to fit the SWCC. This assumption needs to
be further evaluated, yet this was not the aim of this research. However, the assumption
is certainly reasonable as a first approach.

2. Due to a lack of soil suction measurements at extremely low water content, the residual
water content, θR, was always taken to zero. This was justified by the assumption
that no water remains in the soil under sufficiently high soil suction. An equivalent soil
suction for Ψt = 103 MPa for θR = 0 was approximated according to Fredlund and Xing
[8].

The bimodal van Genuchten equation, according to Equation 2.14, was used to parameterise
the SWCCs. The applied parameterisation process of the SWCC was divided into a two-step
procedure:

1. Since SWCCs are identical beyond the identified delimiting point, it was suggested in
this study that the first mode needed to be same for the SWCCs in each test. In order
to achieve the best results, the data of all measured SWCCs were collected together
for measurements at water content lower than the delimiting point. Then, in the first
step, a unimodal van Genuchten Equation 2.12 was used to parameterise the common
mode below the delimiting point, with θS = θDP.

2. As the second step, the second mode was added to the van Genuchten equation ac-
cording to Equation 2.14. with weighting factors, Wi. The determined fitting parameters
of the first mode were included, and then the fitting parameters and weighting factors
Wi for the second mode were approached.
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For both steps, a MATLAB script was coded that fitted the SWCC based on an algorithm of
nonlinear least-squares problems. The fitting parameter, mvG, is frequently written in terms
of nvG according to mvG = 1− 1/nvG [282]. This relationship constrains the flexibility of the
van Genuchten Equation 2.14, yet enhances the stability of the fitting process [282]. As a
bimodal van Genuchten equation was employed to fit the SWCC, the nvG-mvG-relationship
was used to reduce the number of fitting parameters. Further, upper and lower boundaries
were set to minimise the value range of the fitting parameters. Based on the previous fitting
results found in Tinjum et al. [282], the lower and upper limits of avG for both modes were set
to zero and one, respectively. The lower and upper limits of nvG were set to zero and infinite.
A secondary condition was implemented with ∑2

i=1Wi = 1.

The entire dataset of the determined fitting parameters is compiled in Table A.1 in the ap-
pendix of this thesis. In Figure 7.9, the parametrisation results of the SWCCs are graphically
presented for the standard and modified compacted AS, as well as the modified compacted
KA. The solid lines represent the total fit of the bimodal van Genuchten equation. It can be
noted that reasonable fits of the SWCCs were obtained. The shaded areas indicate the indi-
vidual modes of the parameterisation. As previously suggested, the first mode was identical
for each SWCC. It is found that the first mode (with θDP = 11.3%) of the SWCCs of the modi-
fied compacted AS was the smallest, whereas the largest first mode (with θDP = 17.0%) was
determined for the SWCCs of the modified compacted KA. An interesting finding was ob-
served when comparing the delimiting point as a gravimetric water content and the SL. The
gravimetric water content, wDP, of the delimiting point could be calculated for each SWCC
based on the volumetric water content, θDP, and the void ratio, eZ, at the SL determined by
the shrinkage curve parameterisation (see values in Table 7.2). Figure 7.10 compares the
gravimetric water contents of the delimiting point, wDP, and the SL, also determined by the
shrinkage curve parameterisation. The solid line defines the 1:1 line with a slope of 45◦. The
area below the 1:1 line highlights the area of the zero shrinkage zone. It can be seen that all
delimiting points were located in the zero shrinkage zone. This result demonstrates that no
volume changes were expected in the water content range 0 ≤ θ ≤ θDP, where SWCC were
identical. This subsequently signifies that the influence of volume changes on the SWCC
was expected to be low.

Following the explanation of Romero et al. [273], it was further suggested that a bimodal van
Genuchten equation was suitable to parameterise the SWCC of compacted soils. It was as-
sumed in this study that the second mode represented the inter-aggregate pore structure that
governed the soil suction at water content higher than θDP. With decreasing water content,
the influence of the first mode became more dominant. This also seems reasonable because
inter-aggregate pores are associated with larger pore sizes, which are expected to drain first.
Then, at the delimiting water content and below, the SWCC was only governed by the first
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Figure 7.10: Comparison of gravimetric water content at the SL and delimiting point of the
SWCC. The solid line indicates the 1:1 line with a 45◦ slope. The shaded area below the

1:1 line represents the zero shrinkage area.

mode, regardless of whether it was initially compacted on the dry or wet side of the com-
paction curve. This first mode is always located in the zero shrinkage zone of the shrinkage
curve. Thus, it was assumed in this study that the first mode refers to the intra-aggregate
pore structure, which is characterised by a constant void ratio for θ ≤ θDP. These suggestions
require further research work – particularly investigations of the pore structure variations in
the SWCCs and shrinkage curves of compacted soils – in order to provide evidence for these
assumptions. However, this was beyond the scope of the present study.

7.2.4 Dielectric behaviour of compacted soil

CT measurements were conducted on the standard and modified compacted soil samples
of KA and AS. CT cells were used to core samples from compacted soil in the compaction
mould. Prior to the dielectric measurement, the mass of the soil in the CT cell was determined
to obtain the dry density of the soil. By doing so, it was possible to compare the dry density
values in the compaction mould and CT cell in order to evaluate the degree of disturbance
while coring the soil samples. Figure 7.11 shows a comparison of the results, in which the
dry density values in the CT cell are plotted against the values in the compaction mould.
The black line defines the slope of unity (1:1) at which the dry density values are identical.
The comparison shows that the largest differences in dry density values were measured for
the standard compaction tests on AS. However, the overall results showed only minimal
differences in the dry density values between the compaction mould and CT cell. In general,
the dry density values in the CT cell tended to be slightly higher. This trend can be simply



Chapter 7. Results and analysis 138

1.0 1.2 1.4 1.6 1.8 2.0 2.2
dry density D in mould [g/cm3]

1.0

1.2

1.4

1.6

1.8

2.0

2.2

dr
y 

de
ns

ity
 

D
 in

 c
oa

xi
al

 c
el

l [
g/

cm
3 ]

KA - standard

KA - modified

AS - standard

AS - modified

1:1 line

Figure 7.11: Comparison of dry density values measured in the compaction mould and CT
cell for standard and modified compaction tests on AS and KA.

explained by the fact that soil became additionally compacted when pushing the CT cell into
the compaction mould. Nevertheless, the comparison shows good agreement between the
dry density values in the compaction mould and CT cell. This result further suggests the
practical use of coring more or less undisturbed samples by means of a CT cell. Since the
differences were negligibly low, the dry density measured in the CT cell was used in the
further analysis.

The Si j-parameters, both for the signal reflection and transmission, were measured in a fre-
quency range from 1 MHz to 3 GHz. As the CT cell was assembled between two flange
connectors (see Figure 5.4B), the measured Si j-parameters included not only soil informa-
tion, but also the influence of the flange connectors. To eliminate this influence, the measured
Si j-parameters on each compacted soil sample were post-processed. A phase shift correc-
tion was performed on the measured Si j-parameters over the entire frequency range. Figure
7.12 shows an example of a post-processing phase shift correction on the Si,j-parameter
of a dielectric measurement on sample C1 of the standard compacted AS. Figures 7.12A
and 7.12C compare the measured and corrected values of the magnitude of reflection Sii-
parameters and transmission Si j-parameters, respectively. It can be seen that the measured
reflection parameters, S11 and S22, were nearly identical. Given that it did not matter from
which end of the CT cell the measurement was taken, this indicated that sample C1 of the
standard compacted AS was homogeneous. Similarly, the transmission parameters, S21 and
S12, were identical. Further, it was observed that the measured and corrected values were
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Figure 7.12: Example of post-processing phase shift correction on Si,j-parameter of a dielectric
measurement on sample C1 of standard compacted AS. Shown is comparison of measured
and corrected values of: (A) magnitude of reflection S-parameters (S11 and S22), (B) phase
shift of reflection S-parameters, (C) magnitude of transmission S-parameters (S21 and S12)

and (D) phase shift of transmission S-parameters.

identical, which meant that the flange connector did not influence the magnitude of the mea-
sured reflected and transmitted signal. Figures 7.12B and 7.12D compare the measured
and corrected phase shift of reflection Sii-parameters and transmission Si j-parameters, re-
spectively. Similar to Figure 7.12A and 7.12B, the reflection parameters, S11 and S22, and
transmission parameters, S21 and S12, were the same in each case. However, it should be
also noted that there was a distinct difference between the measured and corrected values
of the phase shift, which essentially highlights the influence of the flange connectors.

Following the post-processing, the corrected S-parameters were used to calculate the com-
plex permittivity, ε⋆r,eff, for each individual compacted soil sample. To do so, the iterative
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method (BJI) was employed to calculate the permittivity, ε⋆r,eff, as a function of the frequency
from 1 MHz to 3 GHz. As an example, the results of the iteratively determined ε⋆r,eff are pre-
sented in Figure 7.13 for standard compacted samples C1 to C8 on AS. Figures 7.13A and
7.13B show the real part, ε ′r,eff, and imaginary part, ε ′′r,eff, as a 3-D plot dependent on the fre-
quency, f , and volumetric water content, θ . The figures of the dielectric measurements of
the standard and modified compacted KA samples, as well as the modified compacted AS
samples, are included in Appendix A.3.
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Figure 7.13: 3-D illustration of complex permittivity, ε⋆
r,eff, of standard compacted AS depen-

dent on the frequency, f , and volumetric water content, θ : (A) real part, ε ′
r,eff, of complex

permittivity and (B) imaginary part, ε ′′
r,eff, of complex permittivity.

It can be seen that the ε ′r,eff of a single measurement varied only slightly at high frequencies
( f > 500 MHz) close to the GHz range. As shown in Figure 4.2, the ε ′r,eff was expected to



Chapter 7. Results and analysis 141

be nearly constant due to dipolar polarisation of the pore water in the soil matrix. With de-
creasing frequency below f < 500 MHz, the ε ′r,eff changed remarkably. ε ′r,eff revealed much
higher values at frequencies near the low MHz range. The frequency dependence of ε ′r,eff is
also known as 'dispersion' [283]. This frequency dependence is explained by two different
effects. An additional different polarisation mechanism occurs in the low range of MHz. This
mechanism is associated with interfacial polarisation, which occurs at the interface of hetero-
geneous multiple-phase material, such as soils. This interfacial polarisation superimposes
the dipolar polarisation at lower frequency, which results in an increase of the ε ′r,eff. Another
effect is related to the dipolar polarisation. In the theory of dipolar polarisation, the dispersion
is caused by particle surface forces obstructing water molecules to rotate in phase with the
applied frequency of the EM field [42, 284]. For low frequency at MHz range, water molecules
may be easily polarised, which results in an increase of ε ′r,eff. For higher frequencies at GHz,
water molecules – particularly bound water molecules – are restricted in their mobility to ro-
tate in the EM field, which leads to minimised permittivity. As a result, the dispersion might
be associated with different water phases and the binding forces acting on them [42, 284].

Similar effects were observed for the ε ′′r,eff of a single measurement. However, in contrast
to ε ′r,eff, it should be noted that ε ′′r,eff does not reach a constant value at HF. Moreover, a
slight increase of ε ′′r,eff can be seen for f > 1 GHz due to dipolar relaxation. With decreasing
frequency, ε ′′r,eff is similar to ε ′r,eff, also increasing due to the possible presence of interfacial
polarisation. However, much higher values of ε ′′r,eff were observed than for ε ′r,eff at a given
frequency at low MHz range. This effect is described by the contribution of direct current
conductivity, σDC, to the low-frequency range.

By carefully examining the relationship between ε ′r,eff and θ at one given HF close to the GHz
range, it can be seen that the real part varied with water content. ε ′r,eff showed its maximum
value at the highest water content, then ε ′r,eff decreased with decreasing water content. A
similar trend was identified for the relationship of ε ′′r,eff and θ . This relationship is explained
by the fact that less water was available in the soil matrix at which dipolar polarisation can
occur. As a result, the contribution of the complex permittivity of water, ε⋆W, to the overall
complex permittivity of the soil, ε⋆r,eff, as a mixture of phases, became less dominant, which
led to a decrease of both ε ′r,eff and ε ′′r,eff. Thus, it can be stated that there was a strong
relationship between ε⋆r,eff and θ at HF close to the GHz range.

In contrast, a different behaviour was observed at frequencies near the low MHz range. It
can be seen that there was no distinct relationship between θ and ε ′r,eff or θ and ε ′′r,eff. Nev-
ertheless, the strong increase of ε ′r,eff and ε ′′r,eff at the low MHz range needs to be further
investigated and discussed later. First, the focus is on the dielectric soil behaviour at a HF at
1 GHz. Figure 7.14 compares the measured real part, ε ′r,eff, with material-specific empirical
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calibration equations and theoretical mixture approaches. As most empirical equations and
mixture approaches refer to a frequency range close to GHz, the measured ε ′r,eff was taken
at 1 GHz.

Two material-specific empirical calibration equations were chosen for comparison – the well-
known equations proposed by Topp et al. [15] and Wensink [196]. As shown in Figure
7.14, the dielectric measurements were additionally modelled with two theoretical mixture
approaches.

In a first step, ε ′r,eff was calculated based on a 3-phase model according to Equation 4.24, in
which the complete pore water was considered free water. In this 3-phase model, the permit-
tivity of the solid phase, εr,G, was approached by the previously introduced empirical fitting
Equation 4.9. The complex permittivity of the pore water, ε⋆r,W , as a function of temperature
and frequency was approached based on a Debye model, according to Equation 4.6. To do
so, the literature values for εS,W, ε∞,FW and τFW were adopted from Wagner et al. [227] to
calculate the ε⋆r,W at a frequency of 1 GHz and temperature of 23◦C. The structure parameter
was suggested to be α = 0.5, according to Birchak et al. [201]. The volume fractions of the
individual phases, expressed in terms of porosity, n, and volumetric water content, θ , were
known parameters from the compaction tests.

In a second step, ε ′r,eff was calculated using a 4-phase model that included the bound water
as an additional phase. In this model, the water phase was divided into the free water and
bound water phase, in which the bound water was considered with a thickness of two water
molecule layers. The complex permittivity of the solid phase, εr,G, and free water, ε⋆r,W , were
calculated according to the 3-phasemodel. Similar to the ε⋆r,W , the frequency and temperature
dependent complex permittivity of bound water, ε⋆BW, was modeled by the Debye equation
(see Equation 4.6) at a frequency of 1 GHz and temperature of 23◦C. ε∞,FW was assumed to
be the same value as for the 3-phase model. The static permittivity of bound water, εS,BW, in
the first and second water molecule layers was taken from the literature presented in Wagner
and Scheuermann [19]. The corresponding relaxation time, τBW, for the first and second
water molecule layers was calculated based on Eyring's Equation 4.35, with literature values
for Gibbs energy, ∆G‡

w, taken from Wagner and Scheuermann [19]. The volumetric water
content of the first and second bound water layer was predicted by Equation 4.26 [205]. As
for the 3-phase model, the structure parameter was set to α = 0.5.

In a final step, the frequency dependent dielectric spectrum was predicted based on two
theoretical mixture approaches in combination with a phenomenological relaxation model,
which were coupled with the ρD/Ψt-information derived from the parameterised shrinkage
curve and SWCC. One of the approaches, called the Hil-model, is the theoretical mixture
Equation 4.30 proposed by Hilhorst [48], previously introduced in Section 4.5.3. The other
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approach – the WS-model – is based on an extended version of the complex refractive index
model model presented by Wagner and Scheuermann [19], according to Equation 4.32. For
both models, the parameterised SWCC for each compacted soil sample was used to predict
the complex permittivity for free and bound water, using Equation 4.31 for the Hil-model, and
the set of Equations 4.33 to 4.38 for theWS-model. Then, the theoretical mixture approaches
according to Equations 4.32 and 4.30, in combination with the information provided by the
shrinkage curve, were applied to calculate ε⋆r,eff in frequency range from 1 MHz to 3 GHz. To
be consistent with 3-phase model and 4-phase models, the permittivity of the solid phase,
εr,G, was also calculated with Equation 4.9. The results of ε ′r,eff at 1 GHz are presented in
Figure 7.14 with the solid red line for the WS-model, and dashed red line for the Hil-model.
In Figure 7.14, the results of the approaches are shown in comparison to the measured ε ′r,eff
for the standard and modified compacted samples on KA and AS. Since the shrinkage curve
and SWCC for the standard compaction tests on KA were not measured, it was not possible
to predict the dielectric spectrum using the Hil-model and WS-model.

In general, it can be seen that thematerial-specific empirical calibration equation proposed by
Topp et al. [15] tended to overestimate the real part, ε ′r,eff, of KA, particularly at high volumet-
ric water content, θ , and underestimated the ε ′r,eff of AS at low water content. In contrast, the
equation by Wensink [196] gave a slightly better prediction, but still tended to overestimate
ε ′r,eff in the low volumetric water content range of the standard compaction test. Essentially,
the material-specific empirical calibration equations gave a quick approximation of the rela-
tionship between ε ′r,eff and θ . However, the results emphasised that a universal approach
of the dielectric behaviour dependent only on the water content does not reproduce the be-
haviour for all soils. The results further highlighted that not only water content influences
the permittivity at 1 GHz, but also mineralogy [204], soil structure [285] and particularly soil
suctions acting on the bound water phase [19, 23, 212].

Therefore, theoretical mixture approaches for cohesive soils should be more suitable to bet-
ter reproduce the dielectric measurement for fine-grained soils. In Figure 7.14, it can be
seen that the Hil-model tended to overestimate the dielectric spectrum, resulting in serious
deviations from the experimental data. Further, it was observed that the Hil-model showed
decreasing ε⋆r,eff-values at the high water content range. A considerable disadvantage of the
theoretical mixture equation was found for soils at high water content close to saturated con-
ditions. In Equation 4.29, the depolarisation factor of water, Sdep,W, was defined as a function
of the volumetric water content, θ , and porosity, n. At saturation with n = θ , the depolarisa-
tion factor became to Sdep,W = 1/(3θ). Hilhorst et al. [25] assumed a fixed value of 28.5 for
the real part of the saturated permittivity. Due to this assumption, the first term in Equation
4.30 is independent of θ with Ω⋆

1/(3θ) = ε⋆W/3 for saturated soil conditions. Hence, ε⋆r,eff in
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Figure 7.14: Comparison of dielectric measurements with material-specific empirical calibra-
tion equations and theoretical mixture approaches. The real part, ε ′

r,eff, at 1 GHz is plotted
versus the volumetric water content, θ .

Equation 4.30 reduces to following expression:

ε⋆r,eff(ω,T,θ) =
ε⋆W
3

+(1−θ) · εr,G (7.1)

Equation 7.1 demonstrates that ε⋆r,eff decreases with increasing volumetric water content, θ .
Controversially, it is generally assumed that ε⋆r,eff increases with increasing volumetric water
content. Therefore, it is likely that the Hil-model fails with increasing water content due to its
inability to take into account changes in porosity.

The results of the other theoretical mixture approaches gave a much better prediction over
nearly the entire water content range. In the case of the AS, the best approach was found
for the 3-phase model and WS-model. An interesting feature was observed for the 4-phase
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model with two water molecule layers. It can be seen that the results of the 4-phasemodel de-
viated more from the dielectric measurements with an increasing number of water molecule
layers. This essentially highlighted that the bound water phase does not influence the dielec-
tric behaviour of AS at a frequency of 1 GHz.

In contrast to AS, it should be noted that, for KA, the theoretical mixture approaches gave
nearly the same results, regardless of the type of mixture approaches. The results of the 4-
phase model deviated only minimally from the results of the 3-phase model and WS-model.
This effect was explained by the lower specific particle surface and dry density in comparison
to AS. According to equation 4.26, a lower specific particle surface and dry density lead to
lower volumetric water content of the bound water phase. This subsequently reduces the
influence of the bound water phase on the dielectric soil behaviour when considering a 4-
phase model.

Figure 7.14 only shows a comparison of the measured dielectric spectrum and approaches
for ε ′r,eff at 1 GHz frequency. However, as shown in Figure 7.13, the dielectric spectrum is
strongly frequency dependent in the range from 1 MHz to 3 GHz. Hence, the aim of this
study was to predict the dielectric properties at different frequencies based on the theoreti-
cal mixture approaches. Since the Hil-model overestimated the dielectric soil properties of
compacted soil samples (see Figure 7.14), only the WS-model was applied to predict the di-
electric spectrum in the observed frequency range. Figure 7.15 presents the results in which
the prediction of the WS-model is compared to the dielectric measurements. The predicted
and measured real, ε ′r,eff, and imaginary, ε ′′r,eff, part are compared as a function of the volu-
metric water content at 1 GHz, 100 MHz, 10 MHz and 1 MHz frequency. The comparison of
the real ε ′r,eff and imaginary, ε ′′r,eff, part of AS is shown in Figures 7.15A and 7.15B, in which
the results of the standard and modified compaction tests are highlighted with red and black,
respectively. The comparisons for KA soil are shown in Figure 7.15C and 7.15D.

It can be seen that the dielectric spectra for the standard and modified compaction tests
varied slightly. At high volumetric water content, close to saturation, the dielectric spectra
were similar, only showing minor deviations. In contrast, differences in dielectric spectra
were observed with decreasing volumetric water content. The dielectric spectrum of modified
compaction tests tended to exhibit higher values, which can distinctly be seen in the case of
ε ′′r,eff of KA soil.

The WS-model accurately predicted the real part, ε ′r,eff, of the dielectric measurements at
1 GHz and 100 MHz. For KA, the entire dielectric spectrum of the modified compaction test
was predicted well, even at low frequency 10 MHz to 1 MHz. For AS, the WS-model slightly
overestimated ε ′r,eff with decreasing frequency. This led to increasing deviations with reducing
frequency from 10 MHz to 1 MHz. A different trend was observed for the imaginary part, ε ′′r,eff,
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Figure 7.15: Comparison of dielectric measurements with the results of the WS-model at
specific frequencies of 1 GHz, 100 MHz, 10 MHz and 1 MHz: (A) to (B) comparison of real,
ε ′

r,eff, and imaginary, ε ′′
r,eff, parts of standard (red) and modified (black) compaction test on

AS, and (C) to (D) comparison of real ε ′
r,eff and imaginary, ε ′′

r,eff, parts of standard (red) and
modified (black) compaction test on KA. The WS-model could not be used for the standard

compaction test because the shrinkage curve and SWCC were not available.

of the dielectric spectrum. In general, the prediction of ε ′′r,eff was higher than the measured
values for ε ′′r,eff. The results of the WS-model deviated more with decreasing frequency. The
reason for this was found in the direct current conductivity of the pore water, which was
estimated based on Equation 4.38. In this equation, the values of the empirical coupling
parameters – σw,U = 10−0.36 and B = 0.572 – were taken from the literature [140]. However,
it is likely that these two empirical coupling parameters are material-specific parameters that
should be investigated in detail in future studies to find better predictions of ε ′′r,eff. However, the
WS-model is the only approach available that enables prediction of the dielectric spectrum
based on the shrinkage curve and SWCC. The results showed that the WS-model sufficiently
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predicted the ε ′r,eff as a function of frequency.

The distinct increase of complex permittivity with decreasing frequency below 100 MHz in-
dicated that dielectric relaxation processes occur due to certain polarisation mechanisms. It
was interesting to find that the measured ε ′r,eff and ε ′′r,eff at low frequency, such as at 1 MHz,
did not monotonically decrease with decreasing volumetric water content. Furthermore, the
measured ε ′′r,eff does not show a clear trend with variations of water content due to following
reason. On the one hand, the pore water conductivity which contributes to the complex per-
mittivity is a function of water content which generally decreases with an increase of water
content [140, 143]. On the other hand, the ε ′′r,eff also depends on the water content according
to Archie's law [140]. However, in contrast to the pore water conductivity, the ε ′′r,eff generally
increases with increasing water content. Because of that reason, there are two competing
factors which complicate the interpretation of an obvious trend in the ε ′′r,eff of the complex per-
mittivity. In particular, for AS soil, there was a sudden increase of the measured ε ′r,eff and ε ′′r,eff
observable at low frequency. This observation must be connected to the density and/or struc-
tural changes of the soil. However, this type of data illustration is not suitable for quantitative
description of soil states, and only allows a qualitative interpretation of the frequency depen-
dence of complex permittivity. In order to investigate the underlining mechanisms causing
the dielectric dispersion and the relation to soil states, the measured dielectric spectrum was
analysed using an empirical relaxation model, as discussed in the following section.

7.2.5 Spectrum analysis of frequency dependent dielectric behaviour

As the measured dielectric spectrum ranged from 1 MHz to 3 GHz, it was expected that
not only a single relaxation process occurs, but multiple superimposed relaxation processes
characterise the dielectric spectrum in the considered frequency range. According to Figure
4.2, three relaxation processes can be assumed in the measured frequency window:

• HF relaxation due to dipolar polarisation

• intermediate-frequency relaxation due to interfacial polarisation

• low-frequency relaxation associated with counterion polarisation

In order to fit the dielectric spectra measured on the compacted soil samples, a three-term
Cole-Cole model was employed, according to Equation 4.8. Since a three-term Cole Cole
model is highly complex, with a large number of unknown fitting parameters, it is practically
impossible to calculate analytically the solution one by one. As a result, a Markov Chain
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Monte Carlo (MCMC) algorithm was used to optimise the fitting results. There are many
different MCMC algorithms available in the literature [286, 287]. The algorithm used in this
study is the Random Walk Metropolis-within-Gibbs (RW-MWG) algorithm. The RW-MWG
algorithm is based on the original work of Metropolis et al. [288] and Hastings [289], which
was further improved by Tierney [290], with the implementation of the Gibbs sampler into the
original algorithm to increase the acceptance ratio. Figure 7.16 schematically illustrates the
operation principle of the algorithm, in which N is the number of unknown parameters and K

is the maximum of iteration steps. If x ∈RN is the set of unknown parameters of interest and

Figure 7.16: Diagram of the RW-MWG method. N is the number of unknown parameters, K
is the maximum number of iterations, and si defines the size of the neighbourhood in which a

new candidate will be proposed, based on [290, 291].

y ∈ CM is the set of observation points, the objective of an inverse problem is the estimate
x from y [290]. The mathematical problem can be formulated as an independent, identically
distributed, Gaussian noise model according to [286]:

y = f (x)+ ε, with ε ∼ N (0,Σ), (7.2)

where, f (x) models the mathematical function from x to y, excluding noise, and ε accounts
for the Gaussian noise. The expected value of the posterior distribution is calculated based
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on the posterior mean estimation method according to Tierney [290]:

x̂ =
∫

x∈RN

x p(x|y)dx =
∫

x∈RN

x p(y|x) p(x)dx, (7.3)

where, p(x|y) is the posterior distribution, p(y|x) is the likelihood, and p(x) is the prior distri-
bution, which is assumed to be a uniform distribution without further prior information. In this
case, the posterior mean estimation was equivalent to the likelihood. However, due to the
high complexity of the integral in Equation 7.3, the mathematical problem was solved using
the RW-MWG algorithm.

A RW-MWG algorithm allows the generation of samples in the parameter space that follow
an objective distribution up to a normalised constant. If the posterior distribution, p(x|y),
is denoted as the objective distribution, the posterior mean estimator can be predicted by
averaging all samples in the algorithm. The RW-MWG algorithm began with a random initial
guess, x(0), in the parameter space. For each iteration step, k, a new candidate, x(p), was
predicted in the direction nearby of the active parameter, xk, with a walk step, si. When x(p)

gave a better likelihood than the previous candidate, the active parameters, xk, was accepted.
Otherwise, xk was only accepted subject to a probability. After warming up the algorithm, the
generated samples followed the posterior distribution. The fundamental criterion of the RW-
MWGalgorithm is the calculation of the logarithmic ratio of the posterior distributions between
the actual candidate, x(p), and the active parameter, xk, according to Tierney [290]:

ln

[
p(x(p)|y)
p(x(k)|y)

]
= ln

[
p(y|x(p)) p(x(p))

p(y|x(k)) p(x(k))

]
= ln

[
p(y|x(p))

p(y|x(k))

]
. (7.4)

As mentioned above, with uniform prior distribution, p(x), the logarithmic ratio of the posterior
distribution equals the logarithmic likelihood ratio. As a result, the expectation value of the
posterior distribution can be approximated at the end of the RW-MWG algorithm as follows:

x̂ =
∫

x∈RN

x p(x|y)dx ≈ 1
K −Kw

K

∑
k=Kw

xk, (7.5)

where, Kw is the number of warming up iterations.

The unknown parameters, x, of interest in the three-term Cole-Cole model were ε∞, σDC, ∆εi,
τi and βCC,i, with i = 1,2,3 for the number of relaxation processes. The stretching parameter,
βCC, of HF relaxation associated with dipolar polarisation, was set to one. The measured
dielectric spectrum was denoted as the observations point, y, in the RW-MWG algorithm.
The number, K, of maximum number of iteration steps was set to 5 · 105 in order to ensure
best convergence of the algorithm.
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Figure 7.17 presents two fitting examples on two modified compacted samples of AS: C3 is
located on the dry side of the compaction curve, and C8 is located on the wet side. Figures
7.17A and 7.17C show the fitting results for C3 for the real, ε ′r,eff, and imaginary, ε ′′r,eff, parts
of the complex permittivity, respectively. The results for C8 are presented in Figures 7.17B
and 7.17D.
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Figure 7.17: Fit of relaxation processes on the dielectric spectrum of compacted samples of
AS using a 3-term Cole-Cole model optimised using the RW-MWG algorithm: (A) relaxation
magnitude, ∆ε ; (B) relaxation time, τ; (C) stretching exponent, βCC; and (D) direct current con-
ductivity, σDC ,as function of volumetric water content, θ . The results of high-frequency (HF)
relaxation, intermediate-frequency relaxation and low-frequency relaxation are highlighted by

various colours.

The total fit of the three-term Cole-Cole agreed perfectly with the measured dielectric spec-
trum. The fits on the ε ′r,eff and ε ′′r,eff gave an extremely low RMSE< 0.5. This essentially sug-
gests that the assumptions of the three superimposed relaxation processes were reasonable
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in themeasured frequency range from 1MHz to 3 GHz. The extent of the individual relaxation
processes is indicated with coloured dashed lines, and the σDC contribution in the imaginary
part is indicated by a black dashed line. It should be noted that the low-frequency relaxation
and HF relaxation can only be partly revealed, which indicates that measurements should
be undertaken with even broader frequency range to cover the entire relaxation spectrum.
The low-frequency relaxation was found to be in the kHz range, whereas the HF relaxation
was found at a frequency range of several tens of GHz. In contrast, Figure 7.17 demon-
strates that the intermediate-frequency relaxation was around 20 MHz which was completely
covered in the measured frequency window. The fits on the other compacted soil samples
showed similar trends, but with different fitting parameter values.

Figure 7.18 summarises the obtained fitting parameters, including the standard deviation,
of the Cole-Cole model as a function of the volumetric water content. The relaxation mag-
nitude, ∆ε , of each relaxation process is illustrated in Figure 7.18A, and its corresponding
relaxation time, τ, is shown in Figure 7.18B. The obtained stretching exponents, βCC, and
direct conductivity, σDC, are shown in Figures 7.18C and 7.18D. The results of the direct cur-
rent contribution in Figure 7.18D show a couple of points that are shifted to lower values and
deviate from the other fitting results. A possible reason for this shift in σDC can be found in the
quality of the deionised water used for the soil preparation. In general, the σDC contribution
is significantly affected by the ionic concentration of the pore water solution, temperature and
molecular composition [42]. Hence, little changes in water quality will affect the chemistry of
the pore water solution, which subsequently influences the dielectric properties, particularly
the σDC contribution. However, apart from this deviation, there was still a trend observable.
In Figure 7.18D, the fitting results of the σDC contribution demonstrated a constant value at
high volumetric water content. Then the σDC decreased with decreasing water content as
less pore water existed in the soil matrix, which can contribute to direct current conductivity.

A similar trend was observed for the HF relaxation magnitude in Figure 7.18A, which shows
a distinct linear relationship with volumetric water content, indicated by the black trend line.
Regardless of the soil type or compaction test, the HF relaxation magnitude decreased with
decreasing volumetric water content, which accompanied minimal decrease in relaxation
time, τ (see Figure 7.18B). This suggests that the HF relaxation magnitude purely depends
on the volume fraction of the available water in the soil matrix.

In comparison to the HF relaxation magnitude, there was no clear trend observable in the
relationship between low-frequency relaxation magnitude and volumetric water content, as
the obtained data points were too scattered. A similar scattering effect can be seen for the
stretching exponent in Figure 7.18C, with variation of 0.6 < βCC < 1. However, as aforemen-
tioned, only a part of the frequency range covering the low-frequency relaxation processes
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Figure 7.18: Relaxation parameters for the measured dielectric spectrum of compacted sam-
ples of AS using 3-term Cole-Cole model combined with MCMC algorithm.

was measured with the given frequency range of 1 MHz to 3 GHz. As a result, the fitting
on the low-frequency relaxation suffered uncertainties, despite the good fitting results for the
relaxation time, which showed constant values with low RMSE (Figure 7.18B).

Further, Figure 7.18A shows the intermediate-frequency relaxation magnitude, in which the
trend of each compaction test is indicated by the black trend line. It was interesting to find
that the variation of the relaxation magnitude with volumetric water content had a similar ten-
dency to that of the compaction curve, shown in Figure 7.1. Similar to the compaction curve,
the relaxation magnitude demonstrated a peak value. The peak value of the relaxation mag-
nitude of the modified compacted soil samples showed higher values than did the standard
compacted soil samples, which was also consistent with the compaction curves.
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This result indirectly implies that the magnitude of intermediate relaxation has a strong corre-
lation with the compaction state of a soil. As aforementioned, the intermediate-relaxationmay
include bound water polarisation and Maxwell-Wagner polarisation. However, in the present
study, the intermediate polarisation occured at a low-frequency range at several tens of MHz.
This frequency is normally considered too low for polarisation processes connected to the
bound water relaxation and, as a result, the Maxwell-Wagner polarisation is assumed to be
overwhelming dominant [292]. The Maxwell-Wagner polarisation arises from the accumula-
tion of space charges at the interfaces between two phases with different electrical properties.
For clay minerals, it has been found that the magnitude of the Maxwell-Wagner polarisation
is strongly dependent on the total surface area of the clay minerals [48]. This is unsurprising
because the clay surface is actually the interface that induces the Maxwell-Wagner polarisa-
tion. This essentially explains the observed trend for the intermediate-frequency relaxation
in Figure 7.18A, similar to that of the compaction curve. With the increasing dry density of
the compacted soil sample, the weight and thus the amount of solids in a unit volume in-
creases, which results in a larger total specific surface area. As a result, the magnitude
of the Maxwell-Wagner polarisation – the relaxation strength of the intermediate-frequency
relaxation – increases.

At first glance, one feature that seemed not to correlate with the compaction curves was the
relaxation magnitudes of AS soil, which was lower than that of the KA soil. In contrast, the
compaction density of AS was generally higher than that for KA (see Figure 7.1). One may
argue that the explanation given above is wrong because, otherwise the relaxationmagnitude
of AS must be higher than it is for KA due to its higher compaction density, and thus specific
particle surface area. However, the specific particle surface area is dominated by the clay
fraction. As shown in the particle size distribution in Figure 6.2, the amount of clay particles
in AS was less than 50%, whereas KA consisted of nearly pure clay. As a result, the average
total particle surface area of KA was higher than that for AS. Thus, the magnitude of the
intermediate-frequency relaxation was expected to be higher for KA than for AS.

7.2.6 Summary

This section performed standard and modified compaction tests on AS and KA, in combina-
tion with shrinkage tests, soil suction measurements and dielectric measurements. As such,
the following observations and findings need to be highlighted:

• The shrinkage tests were parameterised with an empirical fitting equation that was also
used to predict different shrinkage zones. In general, the empirical fitting equation
was suitable to provide a sufficient fit of the entire shrinkage curve. However, it was
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also found that soil compacted on the dry side showed negligibly low shrinkage be-
haviour, which complicated interpretation of the fitted shrinkage zones. However, soil
compacted on the wet side exhibited distinct shrinkage behaviour, and hence allowed
better interpretation of the shrinkage modes.

• The SWCCs of each compacted soil sample were measured as a function of the gravi-
metric water content. The shrinkage curve was used to define the SWCCs dependent
on the volumetric water content. The SWCCs of each set of compaction tests were
quantified and parameterised using a bimodal fitting equation. A delimiting water con-
tent for each set of compaction tests was found at which the SWCCs converged, re-
gardless of the soil compaction state. These delimiting water contents were compared
to the parameterised shrinkage curve with the obtained shrinkage zones. It was found
that the SWCCs beyond this delimiting water content were associated with the intra-
aggregate pore structure, and the delimiting water contents were all located in the zero
shrinkage zone.

• Dielectric measurements using the CT cell in a frequency range from 1 MHz to 3 GHz
were presented. It was found that the CT cell only minimally varied the density when
coring soil samples. This suggests that the use of the CT cell is suitable for both in
laboratory and field investigations, where it becomes important to core undisturbed
soil samples for subsequent laboratory investigations. The dielectric measurements
were compared to existing material-specific calibration equations and theoretical mix-
ture approaches. Moreover, two novel theoretical mixture approaches –WS-model and
Hil-model – were applied in combination with the parameterised shrinkage curve and
SWCC to predict the dielectric spectrum on the compacted soil samples. The results
showed that material-specific calibration equations gave a satisfying approximation of
the measured dielectric parameters. However, theoretical mixture approaches were
more suitable to consider the structural composition of the soil. Further, it was found
that the coupled Hil-model overestimated the dielectric parameters and failed at high
water content due to its instability in accurately predicting the porosity. The WS-model
was successfully applied to predict the real part, ε ′r,eff, at 1 GHz of the compacted soil
samples. Moreover, the real part, ε ′r,eff, was sufficiently predicted at four specific fre-
quencies in a range from 1 MHz to 1 GHz. In contrast to ε ′r,eff, the imaginary part, ε ′′r,eff,
was generally overestimated by the WS-model, which needs to be investigated in more
detail and adjusted in future research.

• The frequency dependence of the complex permittivity of compacted soil was inves-
tigated. Three underlining mechanisms causing dielectric dispersion were elaborated
by means of a three-term Cole-Cole relaxation model. A MCMC model was applied
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to successfully fit the dielectric spectrum. The results showed that the high-frequency
relaxation magnitude, associated with dipolar polarisation, was purely dependent on
the volumetric water content. In addition, it was found that the intermediate relaxation
magnitude, predominantly influenced by Maxwell-Wagner polarisation, showed a simi-
lar trend to the compaction curve. Hence, the intermediate relaxation is not only related
to the water content, but also to the compaction state due to the influence of the particle
surface area on the underlining polarisation processes. The low-frequency relaxation
suffered from inaccuracies and insufficient coverage of the low-frequency range and
thus requires measurements in a broader frequency range to enable better interpreta-
tion.

7.3 Shrinkage test

Densification of soil can be induced by internal stress due to desiccation, as discussed in
Section 2.5.2. In order to investigate volume changes caused by pore water evaporation,
shrinkage tests on fine-grained soils were conducted in parallel with the dielectric measure-
ments and determination of the SWCC. The methodology and experimental procedure was
introduced in Section 6.4; thus, the following sections will focus on the results.

7.3.1 Shrinkage curve

Figure 7.19 shows the results of the shrinkage tests conducted on AS and KA, in which the
shrinkage curve is presented in w-ρD-relationship. Six shrinkage tests with identical initial
conditions were performed for each soil. The shrinkage tests started at an initial water content
of 1.1 times the LL, which was found at wI = 58.0% for AS and wI = 99.0% for KA. It can be
seen that the six measured shrinkage curves were consistent and nearly identical.

Minor deviations of the shrinkage curves were only observed for KA for water content below
w = 40%. The final dry density of the shrinkage curves (w = 0%) was additionally determined
with the water displacement method and compared to the values obtained by the direct mea-
surement method. Based on that, RMSE was calculated to give the standard error of the
final density of the direct measurement method to the average value obtained by water dis-
placement method. As shown for both soils in Figures 7.19A and 7.19B, the RMSE values
were extremely low, thereby suggesting reliable and consistent results from measuring the
shrinkage curve using the direct measurement method.
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Figure 7.19: Shrinkage curves obtained from shrinkage tests on AS and KA with initial water
content of 1.1 times the LL. RMSE gives deviation of the final dry density by direct measure-
ment to the average final density determined by the water displacement method. Shown are

the shrinkage curves of (A) AS and (B) KA.

Two different geometrical deformation behaviours could be observed during the shrinkage
process. In the first stage of the shrinkage test, the soil only experienced a one-dimensional
deformation in sample height. At the beginning of the shrinkage tests, the soil samples were
nearly saturated. With the beginning of desiccation of the soil samples, the dry density in-
creased with the decreasing gravimetric water content. Further, the shrinkage curve ran
along the zero air void line, which meant that the volumetric loss of water was compensated
by the volume changes of the sample. This behaviour is commonly referred to as 'propor-
tional shrinkage', as explained in Section 2.5.2 [3, 87, 97]. A structural deformation mode
was not observed for AS or KA, which highlights that the clay content of both soils was suf-
ficiently high, so that intra-aggregate pores dominated the pore structure [88, 96]. Then, in
a second stage, the one-dimensional deformation turned into isotropic deformation mode, in
which radial deformations occurred. In this stage, the soil shrinkage was still subject to pro-
portional shrinkage. With continuing soil shrinkage, the measured curves left the zero air void
line, which can be associated with the residual shrinkage zone. With sufficient loss of wa-
ter content, the zero shrinkage zone was reached, at which no further volume deformations
were observed. Qualitatively, it can be said that the zero shrinkage zone of AS appeared at
a lower water content than that of KA.

This phenomenological description of the shrinkage process based on observations given in
Figure 7.19 is only qualitative. Thus, the shrinkage curves were subsequently parametrised
in order to deliver a quantitative description of the shrinkage behaviour and shrinkage modes.
To do so, three facts should be pointed out:
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• The shrinkage test started at an extremely high water content of 1.1 times the LL at
which soil is seen as 'liquid'. At this water content, the soil consistency is like a clay
paste.

• Prior to the test, the samples were remoulded. In contrast to the shrinkage test sam-
ples in Section 6.3, the samples were not subject to mechanical stress (such as static
compaction).

• During the shrinkage test, crack development could not be visually detected in the sam-
ples. This means that desiccation occurred sufficiently slowly during soil shrinkage,
given the appropriately chosen sample size. As the samples were crack free, the ob-
tained experimental data could be considered the reference shrinkage curve.

The model proposed by Chertkov [3] for modelling soil clay pastes was used to parameterise
the shrinkage curve and determine the shrinkage zones of the different shrinkage curves
(see Section 2.5.3). Figure 7.20 shows an example of the parameterised shrinkage curve for
Run 1 of KA.
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Figure 7.20: Shrinkage curve of Run 1 of KA parameterised by the model proposed by
Chertkov [3]. The macro-parameters are indicated by symbols. The obtained shrinkage

modes are indicated by shaded areas.

For convenience, the results are shown in ζ -ν-dependence, as the model was originally
based on this relationship. To do so, the experimental data of the shrinkage curve – originally
measured in w and ρD – had to be converted into ζ and ν , respectively. A MATLAB based
code was written to model each individual shrinkage test on AS and KA. First, the zero air
void line was calculated dependent on ζ and ν . By doing so, the macro-parameter, νS, was
found at ζ = 0. The νZ parameter was simply determined by the measured final dry density of
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the shrinkage test. The transition from proportional to residual shrinkage was determined by
finding the point (ζN,νZ), at which the shrinkage curve leaves the zero air void line. Similarly,
the transition from residual to zero shrinkage was determined with the relative water content,
νZ, at which relative clay volume remained constant. Figure 7.20 illustrates the obtained
macro-parameters that were used to highlight the different shrinkage zones (shaded areas).
Based on the obtained macro-parameters, the shrinkage behaviour was modelled by the
previously introduced set of Equations 2.27. It can be seen from Figure 7.20 that the model
perfectly reproduced the experimental data in the case of the shrinkage test Run 1 of KA.
Each individual shrinkage curve of AS and KA was modelled by the model of Chertkov. The
results of this parameterisation are compiled in the Table B.1 of the appendix.

Based on the model results shown in Table B.1, the standard deviation of the individual
shrinkage curves for AS and KA was calculated. In addition, the standard deviation was
calculated for the transition water content, ζZ and ζN, between the shrinkage zones. Figure
7.21 shows the standard deviation of the shrinkage curves of AS and KA in w-ρD-relationship,
in which the standard deviation is multiplied by factor 2 in order to highlight the deviation
zone. The mean values of the macro-parameters were used to model the average shrinkage
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Figure 7.21: Standard deviation of model according to Chertkov [3] used to parameterise
the shrinkage curves of AS and KA. Shrinkage curves are shown in w-ρD-relationship. The
shrinkage zones are indicated by shaded areas, including transition water content, with stan-

dard devation.

curve of the entire experimental dataset of the shrinkage tests, as shown by the red line in
Figure 7.21. As qualitatively observed in Figure 7.19B, the standard deviation of themodelled
shrinkage curves of KA confirmed that a larger uncertainty of the shrinkage curves could
be expected at water content lower than w = 30%. This uncertainty began in the residual
shrinkage zone, but was mainly located in the zero shrinkage zone. The uncertainty may
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be explained by the fact that, for KA, the samples did not shrink uniformly in sample height.
Rather, the sample's top surface shrank in a parabolic profile, with larger deformations in
the sample centre. Thus, the calculation of the volume change during soil shrinkage based
on a cylindrical sample shape may cause inaccuracies. In contrast to KA, minor deviations
were only observed in the shrinkage curve of AS at a water content of around w = 15%. For
AS, it was observed that the sample surface nearly shrunk uniformly in sample height, which
satisfied the assumption of a shrinking cylindrical sample.

It can be seen that the actual SL – considered as the transition from residual to zero shrinkage
– was found at a much higher water content for KA (wZ = 27.8%) than for AS (wZ = 9.6%).
As a result, the zero shrinkage zone for KA covered a much broader water content range.
Similar to the SL, the transition from proportional to residual shrinkage was measured at
a much higher water content for KA (wN = 45.0%) than for AS (wN = 18.8%). Based on the
parameters, wZ andwN, the water content range of the residual shrinkage zone was localised,
which suggested that KA showed amore distinct residual shrinkage zone with a water content
range of w = 17.2%. The mean value and standard deviation of the shrinkage zones were
quantified. It can be noted that the standard deviation of the transition water contents, wN and
wZ, was generally low. A minimally larger deviation of wN and wZ was observed for KA, which
was simply a result of slightly higher uncertainties and deviation of the shrinkage curves.
However, it can be seen that the model of Chertkov accurately reproduced the experimental
data. This suggests that determination of the shrinkage curve by the direct measurement
method was reliable and that the model proposed by Chertkov [3] successfully reproduced
the shrinkage curve of fine-grained soils.

7.3.2 SWCC

The soil suction, Ψt , was measured dependent on the gravimetric water content, w, using
different measurement techniques. Figure 7.22 shows the result of the soil suction measure-
ments for AS and KA, which were used to establish the SWCC as a function of w. The result
shows the drying path of the SWCC measured by the combined use of hanging column test
(0 ≤ Ψt ≤ 20kPa), pressure plate apparatus (25kPa ≤ Ψt ≤ 400kPA) and chilled mirror hy-
grometer (400kPa ≤ Ψt ≤ 105kPa; WP4T). As aforementioned (see Section 6.4.2 and Table
3.1), the applied methods vary in their measurement principles, and even measure different
water potentials. Based on that, critical reviews of the combined working principles and error
in soil suction measurements have previously been discussed in the literature [49, 118, 119].
However, the results in Figure 7.22 show a smooth transition at the points where the mea-
surement methods were changed. This strongly suggests that the SWCC can be reliably
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measured in a broad soil suction range, when the osmotic potential is negligibly low, by
preparing soil samples with deionised water.

The initial water content was prepared to be w = 59.9% and w = 99.5% for AS and KA, re-
spectively. It can be seen in Figure 7.22 that soil suction increases with decreasing water
content. Considering Equation 2.9 for the capillary rise of pore water, it becomes obvious
that capillary suction is strongly dependent on the pore size. With this in mind, it can be
suggested that the largest pore size starts to drain first. With increasing suction, smaller
pore sizes are also subject to air entry. As a result of the higher bonding forces on the water
phase in smaller pore sizes, the applied pressure to drain the pores also increases signifi-
cantly. For low water content, the soil suction increases rapidly because the fact that water
is mostly present in the finest pore sizes. As seen in Figure 7.22, the SWCC of AS and KA
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Figure 7.22: SWCC of AS and KA measured using the hanging column test, pressure plate
apparatus and WP4T dewpoint potentiameter. The drying path of SWCC is shown starting
from a gravimetric water content of 1.1 times the LL, with w = 59.9% and w = 99.5% for AS

and KA, respectively.

showed an overlapping water content range from 0 ≤ w ≤ 55%. Comparing both SWCCs,
it can be qualitatively observed that KA generally demonstrated higher soil suction at the
same water content than did AS in the range from 15% ≤ w ≤ 55%. This observation can
be essentially explained by the soil composition. Referring to the mineralogy and particle
size distribution (Section 6.2), it was found that KA is composed of a higher amount of clay
particles, which results in a finer pore system. A finer pore system, in turn, leads to a higher
soil suction, according to Equation 7.22. A change in this trend was observed for a water
content lower than w ≤ 15% at which higher soil suction was measured for AS. As adsorptive
water is subject to the strongest binding forces to the particle surface, the highest soil suction
is reached when only adsorptive water phase is present. Therefore, it was expected that the
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SWCC was influenced by adsorptive water in the low water content range. According to the
soil investigation in Section 6.2, AS has a clay fraction with higher specific particle surface
than does KA, which explains why a higher soil suction was measured below w ≤ 15 % water
content.

However, soil suction measurements dependent on the gravimetric water content do not
consider the influence of volume changes on the SWCC due to soil shrinkage. Further, one
must consider that the SWCC equations give a quantitative description of the SWCC that is
only dependent on the volumetric water content (see Section 2.4.3). In conflict with this, the
introduced test methods are usually designed in a manner that makes the determination of
volume changes during the test impossible. To overcome this shortcoming, it was assumed
that volume changes in the SWCC and shrinkage curve were identical for the entire water
content range. Under this assumption, the parameterised reference shrinkage curve was
used to match the corresponding dry density for a given water content. In order to justify
this assumption, all four samples of soil suction measurements for AS and KA were taken to
determine the volume by the water displacement method (see Section 6.4.3). Subsequently,
the dry density was calculated and compared to the values obtained by the shrinkage curve.
Figure 7.23 demonstrates the comparison between the dry density obtained by the shrinkage
curve and the dry density measured by the water displacement method after soil suction
measurements.
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Figure 7.23: Comparison of sample densities measured with the water displacement method
and density values obtained by the shrinkage curve based on the measured gravimetric water

content and geometrically measured volume.
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The result shows that the measured values were nearly identical. The dry density defined by
the shrinkage curve tended to be slightly higher than the values during the soil suction mea-
surement. A possible reason can be found in the difference in the testing procedures. There
are certainly differences in the boundary conditions, leading to the dewatering of the samples
in the shrinkage and SWCC tests. It is obvious that the shrinkage test represents a process
of continuous desiccation of the soil samples depending on the prevailing atmospheric con-
ditions. In contrast, the measurement using the hanging column test method and pressure
plate apparatus is a discontinuous, yet monotonous, process in which the soil suction is
determined step-wise by applying a pressure step in the water or air phase, and awaiting
equilibrium conditions between both phases. This discontinuous process of dewatering soils
may lead to slightly lower values than those measured in the shrinkage test. This must be
investigated in more detail in future experiments. However, based on the results shown in
Figure 7.23, it can be concluded, that the assumptions of the same volume changes in the
shrinkage and SWCC tests were reasonable.

Figure 7.24 shows the SWCCs of AS and KA dependent on the volumetric water content,
which implicitly considers volume changes during the test. Further, the parameterised shrink-
age curve of each soil used to convert the SWCC into volumetric water content is also il-
lustrated. The initial volumetric water content of the SWCCs was found to θ = 61.8% and
θ = 70.6% for AS and KA, respectively. Similar to Figure 7.22, a smooth transition is given
between the different experimental measurement methods. It can be seen that the SWCCs of
AS and KA revealed bumps at which the curve shape changed. These bumps indicate a het-
erogeneous pore system [68], which seems plausible when considering the distinct shrinkage
behaviour of fine-grained soils. However, comparing the SWCC with the shrinkage curve, it
can be seen that these bumps are located in the residual shrinkage zone, whereas, in the
range of the proportional and zero shrinkage zones, the SWCCs exhibit a smooth shape
without significant bumps.

Three different equations were applied to describe and parameterise the SWCC quantita-
tively. Due to the lack of soil suction measurement at a water content close to θ = 0%, the
residual water content was assumed to be θR, with an equivalent soil suction of Ψt = 106kPA
[8]. The initial volumetric water contents, as aforementioned, were taken as θS. First,
the experimental data were fitted by two unimodal van Genuchten equations with two un-
known fitting parameters (avG and nvG), in which mvG was expressed by nvG according to
mvG = 1− 1/nvG. Second, a unimodal van Genuchten equation with three unknown fitting
parameters (avG, nvG and mvG) was used. In order to respect the observed heterogeneous
pore system, a 4-modal van Genuchten equation was applied, according to 2.14. For the
4-modal van Genuchten equation, mvG was also expressed by mvG = 1−1/nvG to reduce the
number of unknown fitting parameters and ensure sufficient stability of the fitting process.
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Figure 7.24: Combination of SWCC and shrinkage curve of (A) AS and (B) KA – (Top) SWCCs
parameterised by (i) a multimodal van Genuchten model (solid line), and a unimodal van
Genuchten with (ii) two unknown fitting parameters and (iii) three unknown parameters. The
individual modes of the multimodal van Genuchten model are indicated by the shaded areas.
Experimental data were determined by a combination of the hanging column test method
(hanging column), pressure plate apparatus (pressure plate), and chilled mirror hygrometer

(WP4T). (Bottom) Parameterised shrinkage curves, including shrinkage zones.

All three equations were fitted by the RW-MWG algorithm, introduced in Section 7.2.5. The
fitting parameters, including RMSE, are compiled in Table B.3 and B.2.

The solid lines in Figure 7.24 represent the total fit of the 4-modal van Genuchten model
for AS and KA. The shaded areas in Figure 7.24 represent the individual modes that were
obtained by weighting the four subsystems of the SWCC. The dashed and dotted lines show
the results of the unimodal van Genuchten models, with two and three unknown parameters,
respectively. It can be seen that the 4-modal van Genuchten model best reproduces the
observed bumps in the curve and provides a perfect fit for AS and KA with the lowest RMSE
(see Table B.2). In contrast, the fitting results of the unimodal van Genuchten models reveal
higher RMSE, which indicates greater deviations from the experimental data. In addition, it
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can be seen that the unimodal van Genuchten model with two unknown parameters varies
particularly at the high soil suction range with low water content. This is due to the expression
mvG= 1−1/nvG, which additionally constrains the flexibility of themodel at high suction range.
In comparison, the unimodal van Genuchten model with three unknown parameters agrees
better with a experimental data, especially at a high soil suction range, where only minor
deviations were observed.

The importance of the accuracy of the SWCC fitting process and influence when modelling
the dielectric spectrum will be discussed at a later stage in this thesis.

7.3.3 Dielectric behaviour of shrinking soil

Shrinkage tests on AS and KA were conducted in combination with continuous dielectric
measurements. In parallel, three reference samples were prepared to record continuously
the gravimetric water content changes during the shrinkage process. A MATLAB based code
was developed to control the balance and automatically measure the weight changes of the
three reference samples. Since the weight of the sample cups was known a priori, the total
bulk soil weight of all reference samples could be plotted over the test time. Figure 7.25A
shows the results of the recordings on the reference samples.
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Figure 7.25: Continuous balance measurement on reference samples during shrinkage tests
on AS and KA. (A) bulk soil weight as function of time, and (B) gravimetric water content as

function of time including fit using a 9th degree polynomial.

The experiments were performed in a climate chamber; thus, the environmental conditions
were perfectly controlled to prevent any external influence on the soil shrinkage behaviour.
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The result of the measurements on AS and KA showed a smooth curve over the entire mea-
surement time. The soil weight was continuously decreasing with ongoing test time. At the
beginning of the shrinkage test, there was a clear linear relationship between soil weight and
time. This linear relationship turned into a nonlinear evolution with increasing time. At this
point, the soil weight reduction significantly slowed down. Towards the end of the experi-
ments, the soil weight reached a constant value.

The initial gravimetric water content of the reference samples was determined before starting
the shrinkage test, and was found to wI = 60.3% and wI = 99.7% for AS and KA, respectively.
Based on wI and the measured bulk soil weight, the gravimetric water content changes dur-
ing the shrinkage test could be determined. Figure 7.25B illustrates the gravimetric water
content as a function of time. The trend of the curves followed the ones in Figure 7.25A.
Subsequently, a ninth degree polynomial was used to fit the gravimetric water content evo-
lution as a function of time. As shown in Figure 7.25B, the fit reproduced the experimental
data perfectly.

Another MATLAB based code was used to calculate automatically the permittivity, ε⋆r,eff, from
the 1-port reflection measurements based on the technique introduced in Section 5.3.2. As
previously explained in the experimental procedure (Section 6.4.3), six calibration materials
were measured prior to the shrinkage test. By doing so, both OWS and OWL calibrations
were combined, as recommended in Section 5.5.1. The OWS calibration was applied to cal-
culate the ε⋆r,eff in a frequency range from 1MHz≤ f ≤ 400MHz, whereas the OWL calibration
was used to calculate ε⋆r,eff at HF range (400MHz< f ≤ 3GHz). That meant that each individ-
ual dielectric measurement was analysed to calculate ε⋆r,eff in a frequency range from 1 MHz
to 3 GHz. As balance weight measurements and dielectric measurements ran simultane-
ously and were synchronised, the calculated ε⋆r,eff could be directly related to the measured
gravimetric water content changes during shrinkage. Figure 7.26 and 7.27 show the result
of dielectric measurements during the shrinkage tests on AS and KA.

In these figures, the dielectric spectra with the real part, ε ′r,eff, and imaginary part, ε ′′r,eff, of ε⋆r,eff
are illustrated in a 3-D plot as a function of frequency, f , and gravimetric water content.

Two aspects should be highlighted concerning the evolution of the dielectric spectra of AS
and KA:

1. Minor noise and small ripples were observed in the imaginary part, ε ′′r,eff, for the fre-
quency range, f ≥ 1GHz. This unwanted artefact may have been caused by two rea-
sons. First, calibrationmaterials (such as deionisedwater andmethanol) have dielectric
parameters with strong temperature dependence. Accurate determination of the tem-
perature is required during the calibration measurement with accuracy of 0.1◦C [293].
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Figure 7.26: 3-D illustration of complex permittivity measured during the shrinkage tests on
AS. Shown are (A) ε ′

r,eff and (B) ε ′′
r,eff as a function of frequency and gravimetric water content.
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Figure 7.27: 3-D illustration of complex permittivity measured during the shrinkage tests on
KA. Shown are (A) ε ′

r,eff and (B) ε ′′
r,eff as a function of frequency and gravimetric water content.
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Hence, an imprecise temperature determination when measuring the dielectric param-
eters of calibration materials may cause inaccuracies in the subsequent calculation of
the permittivity. Second, calibration materials (such as methanol and ethanol) have a
hygroscopic nature. As a result, potential contamination of the calibration liquids may
influence the results of the dielectric measurements [293].

2. Remarkable noise was obtained in both the real and imaginary part for the low fre-
quency range f ≤ 10MHz at lower water content. The value of the complex permittivity
is generally expected to be smaller in the low water content range. At low permittivity,
the sensitivity of permittivity from the measured reflection coefficient, S11, was higher.
Hence, minor inaccuracies in measuring the reflection coefficient may cause remark-
able noise in the computation of the dielectric spectrum.

Looking at the relationship between ε⋆r,eff and f at given water content, it can be noted that
the real part only varied slightly at the HF range of 0.5GHz ≤ f ≤ 3GHz, which essentially
demonstrates the area of dipolar polarisation of water molecules. In contrast, the real part
increased strongly with frequency lower than 500 MHz. This was a result of the additional
presence of other polarisation mechanisms (such as interfacial and counterion polarisation)
that superimpose at a low-frequency range. A different trend was observed when examining
the relationship of ε ′′r,eff and f at given water content. In a logarithmic plot, ε ′′r,eff exhibited
higher values at 3 GHz frequency than at 1 GHz, which may already indicate dipolar re-
laxation. Further, ε ′′r,eff steadily increased with decreasing frequency, which is caused by the
same polarisation mechanisms as mentioned for ε ′r,eff. However, direct conductivity may also
contribute to the magnitude of ε ′′r,eff at a low-frequency range. When carefully examining the
relationship between ε ′r,eff and w at a given frequency (such as 1 GHz), it should be noted
that the real part varied with the water content. The highest values of ε ′r,eff were measured at
the highest water content. Then, ε ′r,eff decreased with a reduction of water content due to soil
shrinkage. A similar trend was observed for ε ′′r,eff. However, in contrast to ε ′r,eff, the imaginary
part generally had much lower values in the frequency range of GHz.

A characteristic phenomenon was observed in the dielectric spectra measured on AS and
KA during the shrinkage test. For AS, a remarkable drop of both dielectric parameters, ε ′r,eff
and ε ′′r,eff, was found at a volumetric water content range around θ = 25%, and a minor drop
was observed for KA at a water content near to θ = 58%. To provide a better view of this
phenomenon, Figure 7.28 illustrates the real, ε ′r,eff, and imaginary, ε ′′r,eff, parts of complex
permittivity at selected frequencies (1 GHz, 100 MHz, 10 MHz and 1 MHz) as a function of
volumetric water content.
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Figure 7.28: Dielectric measurements at frequencies of 1 GHz, 100 MHz, 10 MHz and 1 MHz
during soil shrinkage of AS and KA as a function of volumetric water content, θ , with pre-
dictions of WS-model: (A) to (B) measured real, ε ′

r,eff, and imaginary, ε ′′
r,eff, parts on AS in

comparison with prediction using the WS-model, and (C) to (D) measured real, ε ′
r,eff, and

imaginary, ε ′′
r,eff, parts on KA in comparison with prediction using the WS-model. Additionally,
the shrinkage zones, including standard deviations, are illustrated.

The prediction of the theoretical mixture approach WS is also shown for comparison. The
prediction of ε⋆r,eff using the WS-model followed the same scheme as previously explained in
Sections 4.5.2 and 7.2.4. The SWCC modelled with 4-modal van Genuchten equation and
the parameterised shrinkage curve were used as input for the WS-model.

In the case of AS at 1 GHz, it can be seen prior to the drop (θ > 25.0%) that ε ′r,eff was slightly
underestimated by the WS-model. After the drop, the trend changed significantly and the
measured ε ′r,eff was much lower than predicted, which meant the permittivity, ε ′r,eff, was over-
estimated by the model. For lower frequencies, the WS-model approached ε ′r,eff sufficiently
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well prior to the drop. In particular, a good estimation was found for ε ′r,eff at 1 MHz, where the
measurement showed nearly constant value for water content prior to the drop (θ > 25%).

For KA, the WS-model tended to overestimate ε ′r,eff at 1 GHz over the entire volumetric water
content range. With decreasing volumetric water content, the prediction of the model de-
viated more and more from the measured ε ′r,eff. Especially at 1 MHz, a reliable prediction
was not possible. Prior to the drop (θ > 58%), the measured ε ′r,eff at 1 MHz showed much
higher values than were predicted using the WS-model, which suggests that additional polar-
isation effects may occur. Further, the ε ′r,eff at 1 MHz exhibited extreme noise after the drop
(θ < 58%), which indicated that the measurement results could not be considered reliable at
this low-frequency range.

It was interesting to find in this analysis three different aspects which need to be discussed
further:

1. The influence of soil suction, Ψt , and dry density, ρD, on the WS-model seemed un-
clear. The question to be addressed is how the prediction of the WS-model varies with
a changing shrinkage curve and SWCC. For example, as shown in Figure 7.24, the
SWCCs were fitted by various van Genuchten models, which gave a different quality of
fitting results, at which the best fit was obtained with a 4-modal van Genuchten equa-
tion. The question is how the accuracy of the SWCC fit influences the prediction of the
WS-model.

2. The WS-model essentially cannot reproduce the measured drop of ε⋆r,eff. This suggests
that the drop is not directly related to changes in water content, density or soil suction.
In Figure 7.28, the shrinkage zones obtained by the Chertkov model are illustrated
together with their standard deviations. It was interesting to find that the drop of ε ′r,eff
for AS fell exactly in the range of the residual shrinkage zone. For KA, the drop of ε ′r,eff
was located in the residual shrinkage zone, including standard deviation. This drop will
be numerically investigated and further discussed in Section 7.3.4.

3. It can be seen that ε ′r,eff at 1 GHz for AS and KA decreased with decreasing volumetric
water content. However, a different trend was observed at 1 MHz and 10 MHz for AS,
at which ε ′r,eff and ε ′′r,eff showed a constant value prior to the drop. This observation will
be further investigated in Section 7.3.5.

In order to study the influence of the shrinkage curve and SWCC on the performance of the
WS-model, two sensitivity analyses were separately performed. To gain a representative and
meaningful result from this sensitivity analyses, two different scenarios were considered. In
the first step, only the measured standard deviation of the shrinkage curve was taken into
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account, as shown in Figure 7.21, in combination with the SWCCs of AS and KA parame-
terised by the 4-modal van Genuchten equation. The SWCC and shrinkage curve, including
the standard deviation, were used to predict the dielectric spectrum of AS and KA using the
WS-model in a frequency range from 1 MHz to 3 GHz. Then, in a second step, only the
SWCC was varied using the different parameterisation based on the used van Genuchten
equations, as shown in Figure 7.24, in combination with a fixed averaged shrinkage curve.
The shrinkage curve and variation in the SWCCs were used to predict the dielectric spectrum
of AS and KA in a frequency range from 1 MHz to 3 GHz.

Figure 7.29 illustrates the results of the sensitivity analysis. The grey shaded area shows the
sensitivity of ε ′r,eff and ε ′′r,eff at specific frequencies (1 GHz, 100 MHz, 10 MHz and 1 MHz) as
a function of the volumetric water content due to variations in the SWCC. The red shaded
areas show the sensitivity due to standard deviation of the shrinkage curve. Figures 7.29A
and 7.29B present the results for AS, while Figures 7.29C and 7.29D present the results for
KA.

It can be seen that, at 1 GHz, the ε ′r,eff was identical for both soils. This indicates that the
WS-model was insensitive to the deviations in SWCC and shrinkage curve, which means
that the influence of Ψt and ρD was negligibly low. As a direct result, one can conclude that,
at 1 GHz, ε ′r,eff is proposed to be only a function of water content. Another trend in Figure
7.29B and 7.29D is found for ε ′′r,eff at 1 GHz, which seemed to be more sensitive to changes in
SWCC, but not so much to changes in the shrinkage curve. Analogue trends were obtained
for ε ′′r,eff at lower frequencies (100 MHz, 10 MHz and 1 MHz). The influence of the standard
deviation of the shrinkage curve on the modelled permittivity was relatively low. It seems
that the sensitivity to the variations in the SWCC is much higher than it is to the standard
deviation of the shrinkage curve. Similar results were obtained for ε ′r,eff at low frequency. The
results showed that the SWCC had the dominating influence because the ε ′r,eff varied more
with SWCC variations.

To conclude, the sensitivity analysis showed that the ε ′r,eff at 1 GHz was insensitive to soil
suction, Ψt , and dry density, ρD, when predicted by the WS-model. With lower frequencies,
ε ′r,eff became increasingly sensitive to Ψt and ρD; however, the influence of changes in Ψt

definitely dominated. Further, the sensitivity analysis demonstrated that the ε ′′r,eff was sensi-
tive to soil suction over the entire illustrated frequency. Generally, the sensitivity of ε ′′r,eff to
variations in ρD was much lower than it was to variations in Ψt . Of course, Ψt and ρD were
strongly correlated, and the considered variations may not represent natural variability. While
ρD was varied based on observed deviations during the test, the SWCCs were varied based
on the usage of different parameterisations. Nevertheless, this study could demonstrate the
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Figure 7.29: Frequency dependent sensitivity analysis on WS-model applied on AS and KA
based on parameterised SWCCs and shrinkage curve standard deviation: (A) to (B) show
the sensitivity of ε ′

r,eff and ε ′′
r,eff at 1 GHz, 100 MHz, 10 MHz and 1 MHz on AS, and (C) to (D)

show the sensitivity of ε ′
r,eff and ε ′′

r,eff at 1 GHz, 100 MHz, 10 MHz and 1 MHz on KA.

influence of both, Ψt and ρD, on the performance of the WS-model. It will be a task of future
studies to systematically investigate, also experimentally, the influence of Ψt and ρD on ε⋆r,eff.

7.3.4 Numerical simulation

A possible scenario that might have caused the sudden drop in the complex permittivity, is
illustrated in Figure 7.30. The soil sample in the OE probe was subject to volume changes
due to soil shrinkage. Figure 7.30 schematically shows stages of geometrical changes dur-
ing the shrinkage test, which might have caused the observed drops in ε ′r,eff and ε ′′r,eff. As
reported in Section 7.3, at the beginning of the shrinkage test, the soil sample shrank only
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one-dimensionally in sample height, which is highlighted by Stage I in Figure 7.30. With
ongoing shrinkage, the soil experienced isotropic geometrical changes at which the sample
shrank not only in height, but also in radial direction, as indicated by Stage II. In the last stage
(Stage III), the soil sample also shrank minimally in a one-dimensional direction, but this time
from the bottom upwards. At this stage, soil started detaching from the base, which was the
copper plate of the OE probe, as shown Figure 7.30.

35 mm

Figure 7.30: Schematic illustration of air gap between soil sample and OE probe: (left) ge-
ometrical changes detected during the shrinkage test in which Stage III causes an air gap
between soil sample and OE probe and (right) definition of dimension of air gap propagation,

starting from the sample outside to the OE probe aperture.

This Stage III created an air gap between the soil and copper plate of the OE probe, which
approached the probe aperture with advancing shrinkage. Theoretically, a complete loss
of contact would create an air gap between soil and probe aperture. Water has a complex
permittivity with the real part in the range of 78 ≤ ε ′r,eff ≤ 80 at a frequency of f = 1GHz (see
measurement in Figure 4.4). The permittivity of solid particles was found to be between 3 to
15 [175]. In contrast, air has much lower permittivity than water and solid particles, which is
commonly known as εA = 1 (see Figure 4.2). As a result, an air gap due to complete loss of
contact between the probe aperture and soil certainly influences the dielectric measurement.
However, shrinkage Stage III in Figure 7.30 does not represent a complete loss of contact.
Hence, two fundamental questions arise when considering the scenario of this shrinkage
Stage III:

1. Does an air gap between the soil and copper plate influence the dielectric measurement
of the soil sample?

2. What are the dimensions of an acceptable air gap that does not influence the measure-
ment result?

To address these questions, numerical simulations using HFSS were performed to conduct
a sensitivity analysis on the influence of an air gap between the soil sample and copper plate
of the OE probe. The 3-D finite element structure of the OE probe was adopted fromWagner
et al. [227]. The adopted 3-D finite element structure was modified in this study by adding
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an artificial air gap between the soil sample and copper plate. As shown in Figure 7.30, the
artificially introduced air gap was described by two variables: hGap and rGap. hGap defines
the height of the air gap, while rGap is the length of the air gap.

In the first step, a virtual calibration of the OWL calibration materials (air, methanol and water)
was conducted over the entire frequency range from 1 MHz to 3 GHz. The theoretically
calculated ε⋆r,eff of the OWL calibration materials was taken from [227] and used as an input
for the numerical calculations. The reflection parameter, S11, of the OWL calibration materials
was numerically computed. Subsequently, the complex calibration constants, ci, required
according to Equation 5.6 were calculated for the virtual calibration.

Then, in the second step, the dielectric spectra for ε ′r,eff and ε ′′r,eff as a function of f , measured
with the OE probe on AS and KA, were used as input data to investigate the effect of a
propagating air gap. For AS, the drop of the complex permittivity, ε⋆r,eff, during the shrinkage
test was observed in a water content range of 10.5% ≤ w ≤ 15.9%. Figure 7.31A shows the
dielectric measurements that were used for the numerical simulations on AS.
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Figure 7.31: Dielectric spectra, ε ′
r,eff and ε ′′

r,eff as a function of f at selected water contents
characterising the drops of ε⋆

r,eff, used as input data for numerical simulations on (A) AS and
(B) KA.
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In total, six dielectric spectra were selected to cover the entire drop of ε⋆r,eff. Figure 7.31B
shows the selected dielectric spectra for KA. In this case, only five measurements covered
the drop in ε⋆r,eff and were taken for the numerical simulations in a water content range be-
tween 52.1% ≤ w ≤ 61.6%. The dielectric spectrum of the selected measurements were used
to back-calculate the reflection parameter, S11, in consideration of the presence of an air
gap with dimensions characterised by rGap and hGap. The reflection S11 parameter was used
in combination with the previously virtually determined calibration constants, ci, to compute
ε⋆r,eff, based on Equation 5.6, under the influence of the air gap. A parametric study on hGap
and rGap was performed to systematically investigate the influence of a propagating air gap
on the dielectric spectrum, ε⋆r,eff. The propagation of the air gap was simulated starting from
the sample outside, and propagating towards the probe aperture. The length of the air gap
was simulated in a range of 0 ≤ rGap ≤ 35mm, with a propagation rate of 0.5 mm towards the
probe aperture. The height of the air gap was set to hGap = 1mm and 2mm.

The results of the numerical simulations on AS are presented in Figure 7.32A and for KA in
Figure 7.32B. The results show the real part of the complex permittivity, ε ′r,eff, at 1 GHz as a
function of air gap length, rGap, with a fixed height of hGap = 1.0mm.
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Figure 7.32: Results of numerical simulations on air gap between soil sample and OE probe
aperture. Air gap effect on (A) six measurement on AS and (B) five measurement on KA,
at selected gravimetric water contents. Shown is ε ′

r,eff at 1 GHz as function of air gap length
rGap, with a fixed height of hGap = 1.0mm. The propagation of the air gap length rGap starts

from sample outside to OE probe aperture (at 35 mm, see Figure 7.30).

The dashed lines represent the dielectric measurements without the gap as reference data.
The solid lines show the result of the parametric study in consideration of a propagating air
gap. Since there is no influence of an air gap below 25 mm length, the results are only
shown for an air gap length in the range from 25 mm to the OE probe aperture at 35 mm.
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(a) (b)

Figure 7.33: High-resolution photographs of soil sample KA in the sample holder of an OE
probe after shrinkage test: (A) soil sample in the OE demonstrating that contact existed after
the shrinkage test, and (B) footprint of the OE probe showing the contact zone between the
probe aperture and soil (area indicated by solid line). The sensitivity zone for air gaps is

demonstrated by a circle with a dashed line.

It can be observed that the influence only became significant when the air gap propagated
close to the OE probe aperture. Further, it can be noted that the influence of the air gap
was independent of the gravimetric water content because the ε ′r,eff of all curves dropped
nearly at the same air gap length. Similar results were obtained for ε ′′r,eff at 1 GHz, which
can be found in Appendix B.4. Further, the numerical simulations with an air gap height of
hGap = 2.0mm showed similar results (see results attached in Appendix B.4). This suggests
that hGap influences the dielectric measurements less than rGap. Based on the numerical
simulation results, the influence of an air gap on the dielectric measurement can be confined
to a sensitive zone with 4 mm distance from probe aperture, as indicated in Figure 7.30 by
the grey shaded area.

Figure 7.33A shows a high-resolution photograph of a KA soil sample in the sample holder of
an OE probe. It shows that the soil sample underwent significant volume changes during the
shrinkage test, and demonstrates that the sample stuck to the OE probe. This implies that
there was still contact between the probe and sample. The soil sample was removed from the
OE probe, and the sample bottom was visually inspected in order to determine the contact
area. Figure 7.33B shows the footprint of the OE probe aperture in the contact area between
the soil and OE probe, which is highlighted by the solid line. In addition, the sensitive zone
of the influence of the air gap is indicated by a dashed line. It can be seen that the observed
contact area was significantly larger than the numerically determined sensitive zone of the
air gap. It is unlikely that an air gap caused the drop of ε⋆r,eff. as observed in Figure 7.26 and
7.27.
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As a consequence of this sensitivity analysis, this study could conclude that the drop of ε⋆r,eff
must have another origin as an air gap between the soil sample and OE probe aperture.
As previously shown in Figure 7.28, the drop of ε⋆r,eff was located in the residual shrinkage
zone of the shrinkage curve. The residual shrinkage zone is designated as the zone at which
air begins entering the intra-aggregate pore structure for the first time, as the water volume
reduction exceeds the pore volume reduction [96], which changes soil state from saturated
to unsaturated conditions. In his model for the shrinkage curve, Chertkov [3] assumed a
discontinuous air phase with isolated bubbles in the intra-aggregate pores in the residual
shrinkage zone. With ongoing shrinkage, successively more air enters the soil matrix, result-
ing in an enhanced accumulation of isolated air bubbles. With this enhanced accumulation,
air bubbles merge, which leads to a partly continuous air phase. Chertkov [3] assumed that
a continuous air phase throughout the pore system is given at the transition water content
from residual to the zero shrinkage zone.

The hypothesis proposed in the present study is that the drop of ε⋆r,eff is caused by this entry
of the air phase into the intra-aggregate pores in the soil matrix during the residual shrinkage
zone. The intra-aggregate pore water is associated with bound water, whose permittivity at
1 GHz ranges within ε ′BW ≈ 3−35 (see Section 4.4.3). The entry of air with εA = 1 changed
the phase composition and structure. Thus, the bulk permittivity of soil must decrease signif-
icantly with decreasing water content in the residual shrinkage zone. However, further and
more detailed experimental investigations are required to exactly determine the continuous
air phase in order to reinforce this hypothesis.

7.3.5 Spectrum analysis of frequency dependent dielectric behaviour

As shown in Figure 7.28, the dielectric properties measured during soil shrinkage were
strongly frequency dependent in a range from 1 MHz to 3 GHz. It was demonstrated in
Section 7.2.5 that it is reasonable to assume three relaxation processes in this frequency
range. However, OE measurements may suffer inaccuracies and noise at frequencies lower
than f < 50MHz (see Figures 7.26 and 7.27), which impede successful detection of the low-
frequency relaxation. Hence, frequencies lower than f < 50MHz were not considered, and
only the frequency range from 50 MHz to 3 GHz was investigated. As a consequence, only
two relaxation processes – intermediate-frequency and HF relaxation – were determined, as
the low-frequency relaxation was expected to be in the kHz-range, which was far from the
observed frequency window. In order to fit the dielectric spectrum using the two relaxation
processes, a 2-term Cole-Cole model was considered, including direct current conductivity
contribution. Similar to the spectrum analysis in Section 7.2.5, the RW-MWG algorithm was
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used in the same manner to fit the unknown parameters in the 2-term Cole-Cole model (de-
tails of the algorithm are presented in Section 7.2.5). Due to the enormous amount of data,
the number of measurements to be fitted was reduced to 62 for AS and 79 for KA.

Figures 7.34 and 7.35 show the fitting results of the spectrum analysis on AS and KA. To
avoid any confusion, it should be mentioned that the magnitude of HF relaxation in Figures
7.34A and 7.34B is a sum of ε∞ and ∆ε, which is in contrast to the actual definition of the
relaxation magnitude. However, this is justified for illustration purposes.

It was interesting to find that all fitting parameters showed a sudden change in trend that
fell together with the observed drop for ε ′r,eff and ε ′′r,eff in Figure 7.28. Prior to the drop, it
can be seen in Figure 7.34A and 7.34B that the HF relaxation magnitude, both for AS and
KA, decreased monotonically with water content, which agreed with the results presented in
Ishida et al. [174]. At the same time, the HF relaxation in Figure 7.34C and 7.34D was the
same for AS and KA. The initial relaxation time for both soils was found to be around f =

·10−11 s which fell in the range observed in Escorihuela et al. [43]. This further indicates that
the HF relaxation is dependent on neither the mineralogy nor the soil suction. The stretching
exponent of the HF relaxation in Figures 7.34E and 7.34F was located between 0.7 < βCC< 1

prior to the drop, and showed a remarkable change to βCC ≈ 0.1− 0.2 after the drop. Yet,
the HF relaxation, due to dipolar polarisation of free water, can be modelled by a modified
Debye equation [43], which implies a stretching exponent equal to βCC = 1. However, the
results in Figure 7.34C differed remarkably to βCC = 1. An entirely accurate interpretation of
HF relaxation was not possible because the measured frequency range was too narrow. The
effectively measured frequency was between 50 MHz to 3 GHz, and the HF relaxation was
located around 10 GHz. As a result, the fitting of the HF relaxation may suffer inaccuracies
due to lack of data at frequencies f > 3GHz. This becomes more obvious in Figures 7.34C
and 7.34D, in which intermediate-frequency relaxation time after the drop tended to approach
values of f ≈ 10−13 s, which were not reasonable.

In contrast, the fitted relaxation time of the intermediate-frequency relaxation in Figures 7.34C
and 7.34D was found between 10−7 s< f < 10−8 s, which agrees with the results from liter-
ature [174]. In general, it can be seen that the magnitude of intermediate-frequency, prior to
the drop, was much higher than that for HF relaxation. However, there were two differences
observed between AS and KA. One difference was that the magnitude was higher for KA
than for AS, which means that the contribution of interfacial polarisation was more dominant.
This seems to correlate to the results obtained for the spectrum analysis on compacted soil,
and can be explained by the same reasons already presented in Section 7.2.5. The other
difference was that the intermediate-frequency relaxation of AS decreased slightly with volu-
metric water content prior to the drop, whereas the intermediate-frequency relaxation of KA
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Figure 7.34: Fit of relaxation processes on the dielectric spectrum of shrinkage samples
of AS and KA using a 2-term Cole-Cole model combined with the RW-MWG algorithm: (A)
relaxation magnitude ∆ε of AS, (B) relaxation magnitude ∆ε of KA, (C) relaxation time τ of AS,
(D) relaxation time τ of KA, (E) stretching exponent βCC of AS, and (F) stretching exponent βCC
of KA. The results of high-frequency (HF) relaxation and intermediate-frequency relaxation

are highlighted in various colours.



Chapter 7. Results and analysis 180

0 20 40 60 80
volumetric water content [%]

1E-5

0.0001

0.001

0.01

0.1

di
re

ct
 c

ur
re

nt
 c

on
du

ct
iv

ity
 

D
C
 [S

/m
]

KA - standard

AS - standard

Figure 7.35: Result of the fit of direct current conductivity contribution on the dielectric spec-
trum of shrinkage samples of AS and KA.

increased with reducing volumetric water content. This result is actually in contrast with the
result obtained for compacted soil. However, there is a fundamental difference between this
spectrum analysis and the spectrum analysis applied to the results of compacted soils in Sec-
tion 7.2.5 – the number of fitted relaxation processes. The dielectric spectra of compacted
soil was analysed with a 3-term Cole-Cole model, whereas this spectrum was fitted with a
2-term Cole-Cole model, without considering the low-frequency relaxation, which may still
contribute to the dielectric spectra analysed for the shrinkage tests. Hence, a direct compar-
ison to the spectrum analysis shown in Section 7.2.5 was only possible in limited manner.

After the drop, a meaningful interpretation of the results was difficult because the frequency
range of trustworthy and accurate data was too narrow. As shown in the 3-D illustrations
in Figures 7.26 and 7.27, the measured permittivity at low-frequency range, particularly of
ε ′′r,eff, suffered inaccuracies from noise. These inaccuracies cause an unsuccessful fit of the
relaxation parameters, as well as the direct current conductivity, as shown in Figure 7.35, as
indicated by high standard deviations.

Nevertheless, the low-frequency range of the dielectric spectra is of enormous interest. How-
ever, the broadband EM method is limited to a low-frequency limit of f ≈ 1MHz. To have a
better success in measuring the dielectric spectrum in this frequency range, other measure-
ment methods need to be adopted. For example, as shown in Figure 5.1, the parallel plate
method based on impedancemeasurements is a feasible way to measure the dielectric spec-
trum in the kHz-range. Therefore, it is recommended to take advantage of the combined use
of different measurement setups and methods (such as broadband EM method in line with
the parallel plate method) to enlarge the frequency range and achieve a broadband dielectric
characterisation.
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7.3.6 Summary

This section introduced the results of novel experiments in performing shrinkage tests in
combination with dielectric measurements, together with soil suction measurements. The
following observations and finding were made:

• The shrinkage curve of two fine-grained soils was accurately determined by the direct
determination of sample geometry. An analytical model derived based on the physics
of shrinkage was successfully used to parameterise the shrinkage curve and define the
shrinkage zones, thereby characterising the entire shrinkage behaviour.

• Soil suction measurements were performed to determine the drying path of the SWCC.
Three different measurement methods were used to cover the entire soil suction range.
The results of the measurements were subsequently combined to establish the entire
SWCC. The results showed a smooth curve, which strongly suggests that combined
usage of suitable methods enables measurement of the entire soil suction range. How-
ever, the soil suctions were measured together with the loss of water weight, which only
enabled establishment of the SWCC as a function of the gravimetric water content. In
this study, the parameterised shrinkage curve was taken to convert the SWCC as a
function of the gravimetric water content into a function of the volume water content. It
was experimentally found that it was reasonable to convert the SWCC using the shrink-
age curve. Further, the SWCC was modelled with different van Genuchten equations.
A 4-modal vanGenuchten equation was required to obtain the best fits for themeasured
SWCC.

• This chapter presented the results of the shrinkage tests in combination with the contin-
uous dielectric measurements using an in-house-manufactured OE-probe. The gravi-
metric water content and dielectric properties in a frequency range from 1MHz to 3 GHz
were automatically recorded during the soil shrinkage process. The useful frequency
range of the dielectric properties was restricted to 50 MHz< f <3 GHz due to noise that
is caused by the design and performance of the probe in the low-frequency range.

• The theoretical mixture approach, WS-model, was coupled with the parameterised
shrinkage curve and SWCC and used to predict the dielectric spectrum of shrinking
soil at 4 specific frequencies. The predictions of the real part, ε ′r,eff, of the permittiv-
ity were reasonable, particularly for AS. In contrast, the imaginary part, ε ′′r,eff, suffered
inaccuracies, among others connected to the representation of the direct current con-
ductivity in the model (Section 7.2). In addition, the result of a sensitivity analysis on the
WS-model from 1 MHz to 1 GHz showed that the ε ′r,eff at 1 GHz was insensitive to rea-
sonable deviations of soil suction, Ψt , and dry density, ρD. For frequencies lower than
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f < 1 GHz, ε ′r,eff became increasingly sensitive to changes of Ψt and ρD; however, the
dominating parameter seemed to be the soil suction, Ψt . The imaginary part, ε ′′r,eff, was
sensitive to soil suction, Ψt , over the entire investigated frequency range, with minor
sensitivity to the dry density, ρD.

• A remarkable phenomenon was observed in the measured dielectric spectra during soil
shrinkage. A drop in ε⋆r,eff was found, which could be located inside the residual shrink-
age zone. It was numerically shown that it is unlikely that this drop was caused by an
air gap between the soil sample and OE probe, which might propagate from the sam-
ple outside towards the probe aperture due to soil shrinkage. A hypothesis explaining
the observed phenomenon was proposed, stating that this is caused by the air phase
entering the soil matrix during the residual soil shrinkage. However, this explanation
requires further experimental investigations in order to reinforce the hypothesis.

• The frequency dependent (50 MHz< f <3 GHz) dielectric properties of the shrinking
soil were investigated with a 2-term Cole-Cole model in combination with a MCMC algo-
rithm. It was found that the HF relaxation magnitude, due to dipolar polarisation, during
shrinkage was independent of mineralogy and soil suction, and seemed only a func-
tion of the volumetric water content. The intermediate-frequency relaxation magnitude
during shrinkage did not show a clear trend, as observed for the spectrum analysis on
compacted soil. This might be because the spectrum could only be fitted by a 2-term
Cole-Cole model due to the narrow frequency range. Hence, it is highly recommended
that future research enlarge the frequency range of dielectric measurement to achieve
better broadband dielectric soil characterisation.



Chapter 8

Conclusion and Outlook

8.1 Conclusion

Geophysical radio and microwave EM methods are increasingly and successively applied in
geotechnical and geo-environmental engineering because these methods offer the potential
to explore and investigate soil parameters. However, successful application of these meth-
ods requires a profound knowledge of the multi-physical processes involved in EM wave
propagation, which are currently far from being well understood. In order to contribute to
a better knowledge of these processes, this thesis has focused on an experimental investi-
gation to characterise fine-grained soils mechanically, hydraulically and dieletrically and has
considered their interconnection during shrinkage and compaction.

This study first selected a suitable broadband EM technique to determine the dielectric pa-
rameters of soils in a frequency range from 1 MHz to 3 GHz. Two different probes were intro-
duced, based on the OE and CT technique. As commercial probes for standard geotechnical
tests barely exist, an in-house-manufactured OE probe was proposed and specifically de-
signed to measure the dielectric properties of fine-grained soils during shrinkage. The prop-
agation characteristics of EM waves and the probe sensitivity were numerically simulated on
calibration materials to define the sensitivity volume and minimum sample height. In addition,
a combination of calibration procedures was developed to ensure stable and reliable mea-
surement results. A CT cell was also introduced, and three quasi-analytical approaches and
iterative analysis techniques were proposed to calculate the permittivity from the measured
S-parameters. Based on the numerical simulation, it was found that the iterative technique
provided the best results. Subsequently, these two probes were experimentally compared
to commercial probes and showed satisfying agreement in the observed frequency window.

183
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The experimental investigation focused on the compaction and shrinkage of fine-grained
soils, which represented different soil densification scenarios. In the first test series, stan-
dard andmodified compaction tests, in combination with CTmeasurements, were conducted.
It was found that the CT cells were suitable and practical for coring undisturbed soil samples.
In addition, the shrinkage curve and SWCC of these compacted samples were measured and
parameterised with existing models. It was interesting to find delimiting points in the SWCCs
for each set of compaction tests, at which the curves converged, regardless of the initial soil
compaction state. Further, this study assumed that this delimiting point must be associated
with intra-aggregate pore structure because it is located in the zero shrinkage area. This
observation requires further investigations on the pore structure to reinforce this assump-
tion. Two theoretical mixture approaches – the Hil-model and WS-model – in combination
with a phenomenological relaxation model, were coupled with the parameterised shrinkage
curve and SWCC to predict the frequency dependent dielectric properties of compacted fine-
grained soil based on its mechanical and hydraulic characterisation. It was generally found
that the Hil-model overestimated the dielectric properties and failed at high water contents
due its instability when predicting the porosity. For the WS-model, it was found that ε ′r,eff of
compacted soils could be predicted reasonably in a frequency range from 1 MHz to 1 GHz.
However, the prediction of ε ′′r,eff suffered inaccuracies due to empirical coupling parameters,
which also need to be further investigated in future studies. The frequency dependence of
the dielectric properties of compacted soil was additionally investigated. Three underlining
relaxation processes causing dielectric dispersion were fitted with a 3-term Cole-Cole model
in combination with a MCMC algorithm. It was found that the HF relaxation magnitude was
purely dependent on the volumetric water content. The intermediate-frequency relaxation
magnitude could be associated to the compaction state.

In a second test series, a novel experimental setup was suggested to automatically perform
shrinkage tests in combination with OE measurements, using the in-house-manufactured
OE probe. In parallel, the drying path of the entire SWCC was successfully determined
using a combination of three measurement methods, covering the entire suction range. The
shrinkage curve was coupled with the SWCC to express soil suction as a function of the
volumetric water content. It was experimentally proven that coupling of the shrinkage curve
and SWCC is a valid procedure to determine the SWCC as a function of the volumetric
water content, which is usually not possible with conventional measurement methods. For
the shrinkage test, only the WS-model was coupled with the parameterised shrinkage curve
and SWCC to predict the dielectric properties of shrinking samples. The real part, ε ′r,eff,
of shrinking soil could be predicted reasonably well in a frequency range from 1 MHz to
1 GHz. Similar to the compaction tests, the imaginary part, ε ′′r,eff, suffered inaccuracies due
to the same restrictions on the model mentioned above. Further, a sensitivity analysis was
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conducted to characterise the influence of soil suction, Ψt , and dry density, ρD, on the results
of the WS-model. The results of the analysis showed that the real part, ε ′r,eff, at 1 GHz was
insensitive to changes in Ψt and ρD, which was not observed for the imaginary part, ε ′′r,eff.
At lower frequencies, both ε ′r,eff and ε ′′r,eff, are sensitive to Ψt and ρD. However, it was also
generally found that the dominating parameter in the sensitivity analysis seemed to be the
Ψt . The measured dielectric spectra during shrinkage showed a distinct drop in ε⋆r,eff, which
could be located in the residual shrinkage zone. This thesis hypothesised that the drop in ε⋆r,eff
was originated from air entry in the intra-aggregate pore structure, causing a continuous air
phase. This hypothesis is a possible explanation of this; however, future research is required
to prove this idea. Finally, the frequency dependent dielectric parameters of shrinking soil
were fitted with a 2-term Cole-Cole model analysis using the MCMC algorithm. Similar to
the compaction tests, the high-frequency relaxation magnitude was found to be a function of
the water content. In contrast, the intermediate-frequency relaxation magnitude was difficult
to interpret because it did not show a distinct trend, as given for the compaction test. The
reason for this might be the dielectric spectrum measured during the shrinkage test, which
was too narrow to allow a reasonable fit using the 3-term Cole-Cole model. As a result, it
is recommended that future research modifies and extends the EM measurement technique
to increase the dielectric spectra to the low-frequency range and achieve better broadband
dielectric soil characterisation.

8.2 Outlook and recommendations

The objective of this thesis was the mechanical, hydraulic, and broadband dielectric charac-
terisation of fine-grained soils. In addition, the objective was to investigate different densifica-
tion scenarios of fine-grained soils. The results showed that a novel experimental methodol-
ogy and procedure could successfully be established to characterise fine-grained soils, dur-
ing standardised geotechnical compaction and shrinkage tests. Further, it could be shown
that broadband dielectric measurements from 1 MHz to 3 GHz are suitable to investigate
compaction and shrinkage behaviour of fine-grained soils. A theoretical mixture approach,
coupled with the shrinkage curve and SWCC, was established to predict the measured di-
electric spectrum, which showed promising results in describing the frequency dependent
permittivity. The results signify the potential of EM measurement methods to investigate and
characterise mechanical and hydraulic behaviour of fine-grained soils.

However, it was found that this type of experimental investigations is complex and requires
interdisciplinary expertise. Especially, the establishment of the SWCC of fine-grained soils
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is found to be highly time consuming. Further, the dielectric characterisation of the fine-
grained soils was restricted from 1 MHz to 3 GHz due to the equipment available. Higher and
lower frequencies could not be considered; hence, it was not possible to access a broader
frequency range. On the one hand, the proposed probes are applicable only to a minimum
frequency of 1 MHz. On the other hand, the probes could theoretically measure higher than
3 GHz frequency, but it was not possible due to the limitations of the used VNA. The challenge
is to find an ideal compromise between probe and VNA. As a consequence from the results
and findings of the presented study and these shortcomings of the measuring technique, the
following future works are suggested across the disciplines:

• The low-frequency dielectric spectrum provides more information than does water con-
tent only (such as soil compaction, particle surface area and mineralogy). Future work
in electrical engineering could include the development of probes, specifically designed
for standard test methods, to allow measurements at lower frequencies than 1 MHz in
order to enable a better broadband dielectric soil characterisation.

• Potential future work for soil scientists and geophysicists should focus on the broadband
dielectric spectrum analysis because it offers the potential to better understand the
underlining mechanisms of multi-phase and multi-physical processes.

• The shrinkage tests in combination with dielectric measurements showed that broad-
band dielectric characterisation is able to provide more information on soils than can
water content alone. The observed drop in permittivity during the shrinkage could be
a significant finding, proving the hypothesis that residual shrinkage is accompanied by
an entry of the air phase into the intra-aggregate pore system. This hypothesis re-
quires further experimental work, which might be of interest to all soil-related scientific
disciplines. It will be a future task to further develop and modify the setups used in
geotechnical engineering to better understand and employ this additional information.

• The theoretical mixture approach, WS-model, was extensively studied and coupled with
the parameterised shrinkage curve and SWCC. The empirical coupling relationships
– such as the direct current conductivity – need to be further investigated to improve
predictions of the dielectric soil behaviour based on mechanical and hydraulic soil char-
acterisation.
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Appendix A

Compaction test

A.1 Optimum water content and optimum density
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Figure A.1: (A) Standard compaction test on KA indicating the optimum water content and
optimumdensity and (B)modified compaction test on KA indicating the optimumwater content

and optimum density.

212



Appendix A. Compaction test 213

10 15 20 25 30
gravimetric water content w [%]

1.4

1.5

1.6

1.7

1.8

1.9

2.0
dr

y 
de

ns
ity

 
D
 [g

/c
m

3 ]
AS - standard compaction

zero air void line

3rd polynomial fit
y = 2.309 - 0.164*x + 0.0123*x2 - 0.0003*x3

wPr = 18.80%

Pr = 1.70 g/cm3

(a)

5 10 15 20 25
gravimetric water content w [%]

1.6

1.7

1.8

1.9

2.0

2.1

2.2

dr
y 

de
ns

ity
 

D
 [g

/c
m

3 ]

AS - modified compaction

zero air void line

5th polynomial fit
Y = 5.630 - 1.691*x + 0.269*x2 - 0.0120*x3

+ 0.00066*x4 - 8.48E-6*x5

wPr = 12.82%

Pr = 1.94 g/cm3

(b)

Figure A.2: (A) Standard compaction test on AS indicating the optimum water content and
optimumdensity and (B)modified compaction test on AS indicating the optimumwater content

and optimum density.
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A.2 SWCC of standard and modified compaction tests

Table A.1: Tabular overview of fitting parameter obtained for the dry path of the SWCCs
of standard and modified compaction tests on KA and AS using a bimodal van Genuchten

model.

Mode 1 Mode 2
Soil Test No. θS θR W avG nvG mvG W avG nvG mvG

AS

st
an
da
rd

C1 16.70 0 0.80 0.028 2.511 0.602 0.20 0.053 41.447 0.976
C2 20.29 0 0.66 0.028 2.511 0.602 0.34 0.086 3.032 0.670
C3 23.96 0 0.56 0.028 2.511 0.602 0.44 0.135 2.808 0.644
C4 27.82 0 0.48 0.028 2.511 0.602 0.52 0.192 2.193 0.544
C5 30.42 0 0.44 0.028 2.511 0.602 0.56 0.437 1.764 0.433
C6 33.82 0 0.40 0.028 2.511 0.602 0.60 0.256 1.961 0.490
C7 36.85 0 0.36 0.028 2.511 0.602 0.64 0.519 1.740 0.425
C8 37.60 0 0.36 0.028 2.511 0.602 0.64 0.590 1.771 0.435

AS

m
od
ifi
ed

C1 11.32 0 1 0.021 2.563 0.610 0 - - -
C2 16.81 0 0.67 0.021 2.563 0.610 0.33 0.038 20.144 0.950
C3 19.66 0 0.58 0.021 2.563 0.610 0.42 0.050 3.991 0.749
C4 24.63 0 0.46 0.021 2.563 0.610 0.54 0.080 2.205 0.546
C5 26.64 0 0.42 0.021 2.563 0.610 0.58 0.081 3.607 0.723
C6 31.33 0 0.36 0.021 2.563 0.610 0.64 0.219 2.158 0.537
C7 34.02 0 0.33 0.021 2.563 0.610 0.67 0.285 2.021 0.505
C8 38.44 0 0.29 0.021 2.563 0.610 0.71 0.494 1.785 0.440

KA

m
od
ifi
ed

C1 26.01 0 0.65 0.154 1.947 0.486 0.35 0.205 28.638 0.965
C2 30.30 0 0.56 0.154 1.947 0.486 0.44 0.182 7.016 0.857
C3 33.44 0 0.51 0.154 1.947 0.486 0.49 0.231 6.882 0.855
C4 38.27 0 0.44 0.154 1.947 0.486 0.56 0.228 3.873 0.742
C5 41.18 0 0.41 0.154 1.947 0.486 0.59 0.280 3.698 0.729
C6 42.56 0 0.40 0.154 1.947 0.486 0.60 0.274 4.336 0.769
C7 43.97 0 0.39 0.154 1.947 0.486 0.61 0.296 2.906 0.656
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A.3 3-D illustration of dielectric measurements taken from
compaction tests
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Figure A.3: 3-D illustration of complex permittivity, ε⋆
r,eff, of standard compacted KA depen-

dent on the frequency, f , and volumetric water content, θ : (A) real part, ε ′
r,eff, of complex

permittivity, and (B) imaginary part, ε ′′
r,eff, of complex permittivity.
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Figure A.4: 3-D illustration of complex permittivity, ε⋆
r,eff, of modified compacted KA depen-

dent on the frequency, f , and volumetric water content, θ : (A) real part, ε ′
r,eff, of complex

permittivity, and (B) imaginary part, ε ′′
r,eff, of complex permittivity.
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Figure A.5: 3-D illustration of complex permittivity, ε⋆
r,eff, of modified compacted AS depen-

dent on the frequency, f , and volumetric water content, θ : (A) real part, ε ′
r,eff, of complex

permittivity, and (B) imaginary part, ε ′′
r,eff, of complex permittivity.



Appendix B

Shrinkage test

B.1 Model parameter of the shrinkage curves of soils

Table B.1: Tabular overview of parameters modelling the shrinkage curve based on Chertkov
[3].

Soil Run No. ach FZ νZ νS νN ζN ζZ

AS

1 1.065 0.415 0.537 0.386 0.624 0.390 0.102
2 2.252 0.709 0.526 0.380 0.567 0.305 0.167
3 4.494 0.855 0.527 0.379 0.547 0.273 0.204
4 1.784 0.626 0.523 0.379 0.579 0.320 0.146
5 2.692 0.750 0.520 0.375 0.555 0.290 0.174
6 2.138 0.702 0.534 0.386 0.579 0.313 0.169

KA

1 2.070 0.760 0.539 0.273 0.596 0.454 0.278
2 1.218 0.588 0.537 0.275 0.641 0.510 0.212
3 2.492 0.803 0.541 0.271 0.584 0.444 0.298
4 2.899 0.823 0.530 0.270 0.565 0.418 0.292
5 2.120 0.762 0.533 0.268 0.580 0.449 0.276
6 3.052 0.843 0.548 0.271 0.580 0.439 0.320
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B.2 Model parameter of the SWCC using van Genuchten
equations

Table B.2: Tabular overview of parameters modelling the SWCC of AS and KA based on a
multimodal van Genuchten equation

Mode Parameter AS KA
RMSE 0.634 0.970

θS 61.8 70.6
θR 0.0 0.0

1

W 0.050 0.049
avG 0.036 1.8E-05
nvG 1.949 2.193
mvG 0.487 0.544

2

W 0.435 0.591
avG 8.7E-05 3.5E-04
nvG 1.941 3.314
mvG 0.485 0.698

3

W 0.165 0.140
avG 0.005 2.3E-03
nvG 2.480 5.905
mvG 0.597 0.831

4

W 0.350 0.220
avG 0.274 0.056
nvG 1.347 1.976
mvG 0.257 0.494

Table B.3: Tabular overview of parameters modelling the SWCC of AS and KA based on an
unimodal Genuchten equation, with two and three unknown fitting parameter

Parameter AS KA
θS 61.8 70.6
θR 0.0 0.0

two unknown parameter
RMSE 3.942 5.184
avG 0.042 0.003
nvG 1.199 1.688

three unknown parameter
RMSE 2.498 2.958
avG 1.4E-07 1.0E-07
nvG 0.296 0.607
mvG 8.879 1.3E+02
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B.3 Standard deviation of SWCC fits using van Genuchten
model
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Figure B.1: Standard deviation of the SWCC fits on (A) AS and (B) KA using unimodal van
Genuchten model with two unknown parameters, avG and nvG.
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Figure B.2: Standard deviation of the SWCC fits on (A) AS and (B) KA using unimodal van
Genuchten model with three unknown parameters, avG, nvG and mvG.
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Figure B.3: Standard deviation of the SWCC fits on (A) AS and (B) KA using multimodal van
Genuchten model, with two unknown parameters, avG and nvG, for each mode.
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B.4 Numerical simulations on the effect of an air gap be-
tween OE probe and a soil sample under shrinkage
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Figure B.4: Results of numerical simulations on the air gap between the soil sample and OE
probe aperture. Air gap effect on (A) six measurement on AS and (B) five measurement on
KA, at selected gravimetric water contents. Shown is ε ′′

r,eff at 1 GHz as a function of air gap
length, rGap, with a fixed height of hGap = 1.0mm. The propagation of the air gap length, rGap,

starts from sample outside to OE probe aperture (at 35 mm, see Figure 7.30).
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Figure B.5: Results of numerical simulations on the air gap between the soil sample and OE
probe aperture. Air gap effect on ε ′

r,eff at 1 GHz as a function of air gap length, rGap, for (A)
AS and (B) KA, with a fixed height of hGap = 2.0mm. Air gap effect on ε ′′

r,eff at 1 GHz as a
function of air gap length, rGap, for (C) AS and (D) KA, with a fixed height of hGap = 2.0mm.
The propagation of the air gap length, rGap, starts from sample outside to OE probe aperture

(at 35 mm, see Figure 7.30).
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