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effektive thermische Leitfähigkeit abhängig von der effektiven dielektrischen Leit-
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der analytischen Methodenentwicklung erfolgte eine ausführliche Validierung an-
hand unterschiedlicher Geomaterialien und Randbedingungen. Zusätzlich zu den
entwickelten semi-analytischen Ansätzen wurde eine numerische Simulationssoft-
ware, die Lattice-Elemente-Methode (LEM), auf der Mikro- und Mesoskala für gekop-
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experimentelle Analysen die Leistungsfähigkeit und hohe Prognosefähigkeit der en-
twickelten Methode in der Dissertationsschrift dokumentiert. Mit der Entwicklung
der neuen Methodik zur Bestimmung effektiver thermischer Leitfähigkeiten basierend
auf elektromagnetischen Meßmethoden ist ein sehr kraftvolles Werkzeug entstanden,
um zukünftige Erkundungsvorhaben für Bauvorhaben in der Energie-Geotechnik ef-
fektiv durchführen zu können.
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Abstract

Understanding the heat transfer and electromagnetic (EM) porous media behavior is vital in

conducting analysis and modeling operations in various fields of geomechanics and geotech-

nics, engineering, geology, hydrology, agriculture etc. These processes (mainly controlled by

the thermal conductivity and complex dielectric permittivity or complex electrical conductiv-

ity) also play a vital role in solving problems in energy geotechnics with transient tempera-

ture, moisture content, stress and other hydro-mechanical parameter changes in unsaturated

porous media conditions.

Furthermore, the thermal and dielectric processes of porous media are highly correlated

and are both affected by changes in chemical composition, grain structure and hydro-mechanical

conditions. In this thesis, relationships between the effective thermal conductivity and ef-

fective complex dielectric permittivity of soils and oil sands, with known hydro-mechanical

properties, are experimentally studied using transient/steady state and high frequency elec-

tromagnetic (HF-EM) measurement techniques, respectively. As expected, a strong correlation

between the two parameters is obtained for a wide range of porous media hydro-mechanical

conditions such as water content, porosity, matric suction, effective stress and temperature.

Additionally, semi-theoretical models for the prediction of the effective thermal conductivity

of soils and oil sands as a function of effective complex dielectric permittivity are proposed.

The new models can be used to estimate the effective thermal conductivity of large scale sub-

surface porous media deposits using dielectric data collected from non-destructive HF-EM

measurement techniques such as the ground penetrating radar or at laboratory scale mea-

surements using devices such as a time domain reflectometry or a vector network analyzer,

without the need to extract samples for moisture and bitumen content measurement.

The experimental and theoretical findings of the inter-relationship between the effective

thermal conductivity and effective complex dielectric permittivity are further complemented

with the development of a new numerical model based on the lattice element method (LEM).

As a discrete element based approach, the LEM provides a good basis for simulating the

thermal and dielectric behavior of porous media, as the different constituent phases of the

porous medium can be modeled as discrete nodal elements which conduct applied thermal

and electromagnetic energy according to their rates of thermal and electrical conductance,

which would otherwise be difficult to model with continuum based models such as the fi-

nite element method (FEM). The experimental measurements are finally compared with the

predictions of the new semi-theoretical and numerical models with satisfactory results.
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Zusammenfassung

Das Verständnis von Wärmeübertragung und dem elektromagnetischen Verhaltens poröser

Medien ist für die Durchführung von Analyse- und Modellierungsvorgängen in viele Bere-

ichen der Geomechanik, Geotechnik, der Ingenieurwissenschaft, der Geologie, Hydrologie,

der Landwirtschaft und vielen weiteren von grundlegender Bedeutung. Diese Prozesse (vor

allem kontrolliert durch die Wärmeleitfähigkeit und durch komplexe dielektrische Permitiv-

ität) spielen außerdem eine entscheidende Rolle bei der Lösung von Problemen in der Energie-

Geotechnik mit variabler Temperatur, Feuchtigkeitsgehalt, Belastung und weiteren Änderun-

gen hydromechanischer Parameter unter den Bedingungen ungesättigter poröser Medien.

Darüber hinaus korrelieren die thermischen und die dielektrischen Prozesse poröser Me-

dien, stark miteinander und werden beide durch Änderungen der chemischen Zusammenset-

zung, der Kornstruktur und der hydromechanischen Eigenschaften beeinflusst. In dieser

Arbeit wird die Beziehung zwischen der effektiven Wärmeleitfähigkeit und der effektiven

komplexen dielektrischen Permittivität von Böden und Ölsanden mit bekannten hydromech-

anischen Eigenschaften experimentell untersucht, indem transient/stationär und Hochfre-

quenz elektromagnetische (HF-EM) Messverfahren verwendet werden. Wie erwartet wird

eine starke Korrelation zwischen den beiden Parametern über eine Vielzahl hydromecha-

nischer Eigenschaften für poröse Medien. Des Weiteren werden halbtheoretische Modelle

zur Vorhersage der effektiven Wärmeleifähigkeit von Böden und Ölsanden als Funktion der

effektiven Dielektrizitätskonstante geplant. Die neuen Modelle können verwendet werden,

um die effektive Wärmeleitfähigkeit von unterirdischen Ablagerungen poröser Medien unter

Verwendung von dielektrischen Daten abzuschätzen. Diese Daten können aus zerstörungs-

freien HF-EM-Messtechniken gewonnen werden ohne, dass Proben für die Messung von

Feuchtigkeit und Bitumenanteil genommen werden müssen, indem Messtechniken wie das

Bodenradar oder Messungen im Labor mit z.B. einer Zeitbereichsreflektometrie oder einem

Vektornetzwerkanalysator vorgenommen werden.

Die experimentellen und theoretischen Ergebnisse der Wechselbeziehung zwischen der

effektiven Wärmeleitfähigkeit und der effektive komplexe dielektrische Permittivität werden

durch die Entwicklung eines neuen numerischen Modells auf der Grundlage der Lattice-

Element-Methode (LEM) ergänzt. Als Modellansatz bietet die LEM eine gute Grundlage für

die Simulation des Mesoskala thermischen und dielektrischen Verhaltens poröser Medien,

da die verschiedenen konstituierenden Phasen des porösen Mediums als einzelne Knotenele-

mente modelliert werden können, was mit kontinuumsbasierten Modellen wie der Finite-

Element-Methode (FEM) schwierig zu simulieren ist. Der abschließende Vergleich der experi-

mentellen Messungen mit den Vorhersagen der semitheoretischen und numerischen Modelle

führt zu zufriedenstellenden Ergebnissen.
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S23 distance between bottom and reference disc
thermocouples of SS device

m

S∗kl elements of complex scattering matrix –
S∗m measured complex reflection coefficient –
S∗m,eff measured effective complex reflection coefficient of
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–

S∗m,m measured complex reflection coefficient of methanol –
S∗m,o measured complex reflection coefficient of open/air –
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S∗m,w measured complex reflection coefficient of water –
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T1 temperature of the top heating plate of SS device ◦C
T2 temperature of the reference plate of SS device ◦C
T3 temperature of the bottom cooling plate of SS device ◦C
Tav average specimen temperature in SS device ◦C
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◦C

ua pore-air pressure in ATT kPa

uw pore-water pressure in ATT kPa

v propagation velocity of an electromagnetic wave in a
medium

m s−1 (cm ns−1)

V volume fraction –
VE voltage V

Vb volumetric fraction of bitumen –
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Vw volumetric fraction of water –
w gravimetric water content of medium –
wo initial gravimetric water content of medium –
wn natural gravimetric water content of medium –
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Wb weight fraction of bitumen –
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Ww weight fraction of water –
x thickness of medium m

Y ∗ complex admittance S

z attenuation distance vector of an EM wave in a medium m

Z∗ complex impedance Ω

Zo real characteristic impedance of probe Ω

α thermal diffusivity of medium m2 s−1
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αs soil texture dependent parameter of Lu et al. (2007)
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–

β Power-law exponent –
βCC stretching exponent or Cole-Cole parameter –
Γ∗ true complex reflection coefficient –
δ loss tangent of medium ◦

δb loss tangent of bitumen ◦

δeff effective loss tangent of medium ◦

δg loss tangent of solid grains of porous medium ◦

δnp,3 water-driven settlement potential of medium –
δsd skin depth of medium m

δsw loss tangent of saline or seawater ◦
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∆e change in void ratio of medium –
∆G#

w free enthalpy of activation or Gibbs free energy of water J mol−1

∆h change in height of porous medium m

∆H#
w activation enthalpy of water J mol−1

∆Si distance between respective temperature gradient
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m

∆S#
w activation entropy of water J mol−1 K−1

∆T change in temperature of medium K / ◦C
∆ε relaxation magnitude –
∆σ′ applied effective stress increment kPa

ε LEM model convergence error –
ε∗ complex absolute permittivity of medium F m−1

ε∗eff effective complex absolute permittivity of medium F m−1

ε′eff real part of effective complex absolute permittivity of
medium

F m−1

ε′′eff imaginary part of effective complex absolute
permittivity of medium

F m−1

εm,w empirical parameter for permittivity limits of water of
the Kaatze (2007b) model

–

εr,a real apparent relative permittivity of medium according
to Topp et al. (1980)

–

ε∗r,a relative complex dielectric permittivity of air –
ε∗r,b relative complex dielectric permittivity of bitumen –
ε′r,b real part of relative complex permittivity of bitumen –
ε′′r,d dielectric loss of medium –
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ε∗r relative complex dielectric permittivity of medium –
ε′r real part of relative complex permittivity of medium –
ε′′r imaginary part of relative complex permittivity of

medium
–

ε∗r,eff relative effective complex permittivity of medium –
ε′r,eff real part of relative effective complex permittivity of
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–

ε′′r,eff imaginary part of relative effective complex permittivity
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–

ε∗r,f relative complex dielectric permittivity of fluids –
ε∗r,g relative complex dielectric permittivity of solids of

porous media
–

ε′r,g real part of relative complex permittivity of solid grain
particles of porous media

–

ε∗r,m relative complex dielectric permittivity of methanol –
ε∗r,sw relative complex dielectric permittivity of saline or
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–

ε′r,sw real part of relative complex permittivity of seawater –
ε′′r,sw imaginary part of relative complex permittivity of

seawater
–

ε∗r,w relative complex dielectric permittivity of water –
ε′r,w real part of relative complex permittivity of water –
ε′′r,w imaginary part of relative complex permittivity of water –
εs static permittivity –
ε∞ high frequency limit of permittivity –
η parameter of the Côté and Konrad (2005) model –
θ volumetric water content of medium –
θo initial volumetric water content of medium –
κ soil texture dependent parameter of the Côté and

Konrad (2005) model
–

λ thermal conductivity of medium W m−1 K−1

λa thermal conductivity of air W m−1 K−1

λb thermal conductivity of bitumen W m−1 K−1

λd effective thermal conductivity of medium in dry
condition

W m−1 K−1

λdom thermal conductivity of the dominant mineral of the
Hailemariam and Wuttke (2018b) model

W m−1 K−1

λf thermal conductivity of fluids W m−1 K−1
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λl lower bound of thermal conductivity W m−1 K−1

λmeas measured thermal conductivity W m−1 K−1

λo thermal conductivity of minerals other than quartz W m−1 K−1

λp thermal conductivity of specimen in SS device W m−1 K−1

λparallel thermal conductivity in parallel condition W m−1 K−1

λpre predicted thermal conductivity W m−1 K−1

λq thermal conductivity of quartz mineral W m−1 K−1

λs thermal conductivity of solids of porous media W m−1 K−1

λsw thermal conductivity of saline or seawater W m−1 K−1

λs‖ thermal conductivity of solids parallel to the c-axis W m−1 K−1

λs⊥ thermal conductivity of solids perpendicular to the
c-axis

W m−1 K−1

λsat effective thermal conductivity of medium in saturated
condition

W m−1 K−1

λseries thermal conductivity in series condition W m−1 K−1

λTo thermal conductivity at reference temperature of the
Hailemariam and Wuttke (2018b) model

W m−1 K−1

λu upper bound of thermal conductivity W m−1 K−1

λv thermal conductivity of reference disc in SS device W m−1 K−1

λw thermal conductivity of water W m−1 K−1

λwl wavelength of an electromagnetic wave in a medium m

λwl,0 wavelength of an electromagnetic wave in free space m

µ∗ complex absolute magnetic permeability of medium H m−1

µ∗eff effective complex absolute magnetic permeability of
medium

H m−1

µ∗r,eff relative effective complex magnetic permeability of
medium

–

µv dynamic viscosity of bitumen Pa s

µv,30 dynamic viscosity of bitumen at 30◦C Pa s

ρ bulk density of medium kg m−3

ρd bulk density of medium in dry condition kg m−3

ρdo initial bulk density of medium in dry condition kg m−3

ρE electrical resistivity Ω m

ρs density of solids of porous media kg m−3

ρv density of free electric charges C m−3

σ∗ complex absolute electrical conductivity of medium S m−1

σ′ effective stress kPa

σDC direct current conductivity of medium S m−1
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σE electrical conductivity S m−1

σ∗eff effective complex absolute electrical conductivity of
medium

S m−1
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τ relaxation time s

τsw relaxation time of saline or seawater s

τw relaxation time of water s
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modification factor of Blanch and Aguasca (2004) model

–

φL LEM model preset error limit –
χ parameter of the Côté and Konrad (2005) model W m−1 K−1
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∆ change / variation of
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Chapter 1

Introduction

1.1 Background and motivation

Heat transfer and electromagnetic (EM) processes in porous media play a key role
in the understanding and modeling operations in various fields of energy geotech-
nics and engineering in general. Understanding of the interrelation and coupling of
these two processes provides key tools and solutions for several problems in energy
geotechnics. In this regard, knowledge of EM processes and geophysical approaches
have recently gained much interest in solving major problems facing the fields of en-
ergy geotechnics and geotechnical engineering in monitoring the spatial and temporal
variations of temperature and moisture content as well as the recovery of bituminous
or heavy oils from oil sands and shales by EM heating among others.

With regards to the first application (temperature monitoring), several geophys-
ical approaches such as electrical resistivity tomography (ERT) or electrical resistiv-
ity imaging (ERI), in-situ fiber optic distributed temperature sensing (DTS) and self-
potential method (SP) are widely used to study/monitor geothermal systems (Her-
mans et al., 2014) and to monitor temperature distribution of heat tracing experiments
(Hermans et al., 2015). When compared to other alternative methodologies such as
thermal tracing experiments (solute tracer experiments) (Vandenbohede et al., 2011;
Giambastiani et al., 2013), which could not fully capture the heterogeneity and com-
plexity of geothermal and hydrogeological systems (Brouyère, 2001; Jardani et al.,
2013), the geophysical approaches have found to be more useful in monitoring the
temporal and spatial and temperature distributions of shallow geothermal systems.

Considering the second application (moisture monitoring), geophysical methods
such as high-frequency electromagnetic (HF-EM) measurement techniques (remote
sensing, TDR, GPR, FDR and capacitance methods) are typically used to obtain tem-
poral and spatial variations of soil moisture within several scientific and practical
fields of geotechniques, hydrology and soil physics (Rowe et al., 2001; Huisman et al.,
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2003; Robinson et al., 2003). Furthermore, HF-EM techniques exhibit high accuracy
and precision, are comparatively non-invasive, are relatively insensitive to extreme
physical and chemical conditions, and are flexible to automation and multiplexing
needs (Wraith and Or, 1999; Heimovaara et al., 2004; Wagner et al., 2014).

The third application (EM heating of porous media) contributes in several fields
of geotechnics and engineering such as the clearing of porous media from viscous
hydrocarbons and other contaminants by selective heating, indirect (without contact)
charging/loading operations of saturated porous media based sensible heat energy
storage systems, thermal desorption of pollutants from porous media (vapor extrac-
tion and stripping), biodegradation or bioremediation of porous media, thawing of
frozen porous media deposits etc. Furthermore, EM heating of porous media plays
a key role in solving one of the main challenges of the 21st century, which is closing
the gap between energy demand and supply by using alternatives or providing ad-
ditional options to the increasingly unreliable and cost fluctuating light oil resources
with the widely available and mostly undiscovered unconventional fossil fuels such
as heavy oil deposits around the world (OPEC, 2011; Banerjee, 2012; Robinson et al.,
2014), until we have the technologies and resources capable to fulfill the global en-
ergy demand with clean and reliable sources of energy. The shift from the use of
conventional oil resources to renewable energies can be generally expected to happen
gradually over the coming decades, considering the fact that the current world oil de-
mand (which contributes to around 86% of the overall worldwide energy demand) is
expected to increase from 85 million barrels/day to 110 million barrels/day by 2030
(Robinson et al., 2014).

Furthermore, the recovery of bituminous materials from oil sands contributes in
enriching the supply of bitumen for civil engineering and construction purposes all
around the world. Bitumen is a comparatively cheaper (cost usually around 30 -
40% lower than concrete), non-spalling, flexible (little cracking as compared to con-
crete), durable and high performance construction binding material, and requires
lower maintenance costs when compared to the other main construction materials.
The demand for bitumen in the construction industry is expected to rise rapidly over
the coming decades, and world oil reserves containing massive quantities of bitumen
(Alboudwarej et al., 2006) are expected to play a big role in satisfying this demand.

Studying the variations of effective thermal conductivity and effective complex di-
electric permittivity of oil sands with moisture or bitumen content is essential for use
in the recovery of highly viscous bituminous or heavy oils from oil sands and shales
using both conventional (such as ex-situ hot water separation techniques and in-situ
thermal and non-thermal techniques) and unconventional (such as electromagnetic
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heating) techniques. Accurate determination of the two parameters of oil sands is es-
sential for the simulation / operation of both methods of recovery of heavy oils and
bitumen from oil sands.

The accurate estimation of thermal conductivity of soils is also essential in the
simulation of the operation of seasonal thermal energy storage systems (Doughty et
al., 1983; Hart and Whiddon, 1984), embedding of underground high-voltage cables
in suitable geomaterials, assessing the effects of berms on the heat loss from thermal
energy storage tanks (Rosen and Hooper, 1990), ensuring the safe design and location
of underground storage facilities for nuclear and other hazardous waste materials etc
(Doughty et al., 1983; Hart and Whiddon, 1984; Rosen and Hooper, 1989).

Furthermore, the effective thermal conductivity and effective complex dielectric
permittivity or complex electrical conductivity of soils and oil sands are highly corre-
lated and are both affected by the changes in chemical composition, grain structure,
percolation and hydro-mechanical conditions. The findings of several studies on the
behavior of effective thermal conductivity and dielectric permittivity or electrical con-
ductivity of porous media (independently and/or in combination), which have been
carried out in the past (Archie, 1942; De Vries, 1963; Fragkogiannis et al., 2010; Logs-
don et al., 2010; Hailemariam et al., 2017), confirm the strong correlation between
the two parameters. The strong correlation between the two parameters is essential
in order to employ geophysical approaches such as high frequency electromagnetic
(HF-EM) measurement techniques (in the form of the effective complex dielectric per-
mittivity) to monitor porous media thermal properties such as the effective thermal
conductivity via theoretical modeling (Hailemariam et al., 2017).

In this research, new semi-theoretical models for the prediction of the effective
thermal conductivity of unsaturated soils and bitumen-water saturated oil sands from
effective complex dielectric permittivity are developed and experimentally validated
to provide a direct correlation between the two parameters. Unlike most of the exist-
ing effective thermal conductivity prediction models of porous media, the new mod-
els presented in this study do not require moisture or bitumen content as an input pa-
rameter, thus providing the opportunity to obtain accurate estimation of the effective
thermal conductivity of soils and oil sands both in-situ and in the laboratory using
dielectric measurements only, avoiding medium disturbance or the need to extract
samples for moisture/bitumen content determination. For large scale sub-surface
thermal exploration purposes, spatial sub-surface dielectric data over high depths
and wide areas of soil and oil sand deposits can be obtained using non-destructive
HF-EM measurement techniques such as ground penetrating radar (GPR), to be used
as an input for the effective thermal conductivity models presented in this research.
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For laboratory and small scale in-situ measurements, complex dielectric permittivity
measurement techniques such as an open-ended coaxial line with time domain reflec-
tometry (TDR) or vector network analyzers (VNAs) are typically employed.

Considering the various applications of thermal conductivity and complex dielec-
tric permittivity in energy geotechnics and engineering, it is vital to develop models
which can accurately predict their local spatial distributions considering the hetero-
geneity of naturally occurring porous media formations. Majority of the available
continuum based models fail to include information on the heterogeneous nature
of porous media fabric at the micro- and meso-scale levels (i.e. actual thermal and
electric conduction paths). To overcome these shortcomings, a new lattice element
method (LEM) based numerical model, which replicates the actual heat and electric
conduction paths of the constituent phases of the porous media thus providing ac-
curate simulations for the magnitude of the two parameters and their local spatial
variations within the porous medium, is presented in this study. The model is also
able to provide estimates of the two parameters and their local spatial distributions at
various medium temperatures, pore-water salinities, frequencies (in case of complex
dielectric permittivity) and moisture or bitumen contents.

The predictions of the new semi-theoretical and numerical models are validated
via experimental measurements of the effective thermal conductivity and effective
complex dielectric permittivity of an oil sand and soils at different hydro-mechanical
conditions such as water content, porosity, stress, matric suction, temperature etc.
with good results.

1.2 Scope

The main objectives of this thesis are to:

• Study the heat transfer and electromagnetic porous media processes and the
parameters affecting them.

• Analyze the variations of key thermal and electromagnetic parameters, such as
thermal conductivity, specific heat capacity and dielectric properties of soils and
oil sands for different hydro-mechanical conditions.

• Propose new semi-theoretical prediction models for the thermal conductivity of
soil deposits and oil sand reservoirs from dielectric measurements carried out
using small and large scale exploration techniques such as GPR.
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• Propose a new LEM based numerical model for predicting the effective thermal
and dielectric porous media parameters as well as their spatial distributions.

To achieve these objectives, the thesis is structured accordingly as shown next.

1.3 Organization of the thesis

The thesis consists of nine chapters, of which the content can be summarized as fol-
lows:

• Chapter 1: Introduces the background, scope and objectives of the thesis.

• Chapter 2: Presents a literature review on heat transfer and electromagnetic phe-
nomenon.

• Chapter 3: Discussion on the structure and thermo-dielectric behavior of unsat-
urated soils and bitumen-water saturated oil sands as part of the developments
for the new semi-theoretical and numerical models is presented.

• Chapter 4: Presents a detailed study on the theoretical modeling of the thermo-
dielectric porous media parameters, and the new theoretical models for the pre-
diction of the thermal conductivity of porous media based on dielectric mea-
surements are developed. The model results are further compared to experi-
mental results and prediction of existing models in chapter 7. Furthermore, the
influence of applied vertical stress and the associated settlement as well as ma-
tric suction and temperature on the thermal and dielectric properties of porous
media is studied, and prediction models are presented.

• Chapter 5: The new LEM model for predicting the effective thermal and di-
electric porous media parameters is presented. The model results are further
compared to the experimental results in chapter 8 for verification.

• Chapter 6: The different materials analyzed in this thesis, the equipments used
and the experimental procedure followed for obtaining the thermo-dielectric
parameters are discussed.

• Chapter 7: Presents the results and key findings of the research with focus on the
semi-theoretical models. The new findings are discussed in detail in view of the
existing body of knowledge on the topics of heat transfer and electromagnetic
theory. The model prediction results are further verified by comparing with the
experimental results.
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• Chapter 8: Presents the results and key findings of the research in view of the
newly developed LEM model. The model prediction results are further verified
by comparing with the experimental results.

• Chapter 9: Concludes the thesis by providing a summary of the study’s out-
comes, and presents an outlook for future studies.
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Chapter 2

Heat transfer and electromagnetic
phenomenon

2.1 Introduction

In this chapter, a literature review of the basics of heat transfer and electromagnetic
wave propagation in porous media is provided. Furthermore, the most commonly
used theoretical and empirical thermal and dielctric parameter prediction models are
discussed.

2.2 Heat transfer in porous media

2.2.1 Background

Heat transfer in porous media occurs via three main processes, namely conduction,
convection and radiation. Out of the three, conduction is the dominant form of heat
transfer, while convection and radiation generally have relatively small contribution
but they may have a significant influence in certain conditions (Farouki, 1981; Clauser
and Huenges, 1995).

Heat conduction occurs in all the constituent phases of porous media (i.e. solids,
liquid and gaseous phases). Although a considerable contact resistance exists, the
predominant form of conduction occurs via the soil grains (such as quartz) and paths
through contacting solid grains.The heat flow in the crystalline solids is mainly at-
tributed to increased atomic vibrations (also known as phonons) and their corre-
sponding collisions upon the application of heat (Farouki, 1981; Hofmeister, 1999;
McKenzie et al., 2005). Other paths include portions of solid grains and fluid-filled
pore fractions or solely of fluid-filled spaces. Conduction in the liquid and gaseous
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phases is facilitated due to the collisions between the molecules and a consequent
increase in their mean kinetic energy as heat energy passes from warmer to colder
regions (Sengers and Watson, 1986; Ramires et al., 1995). In the case of liquid water,
energy transfer due to the breaking or forming of hydrogen bonds also contributes to
conduction.

The convective mode of heat transfer involves fluid flow accompanied with con-
duction, or diffusion, and is essentially divided in to two processes. When the motion
of the fluid arises from an external cause, the process is termed as forced convection.
Whereas, if no such externally caused flow exists and the flow arises naturally from
the effect of a density difference, resulting from a difference in the concentration or
temperature in body forces such as gravity, the process is known as natural or buoy-
ancy driven convection (Farouki, 1981; Hailemariam and Wuttke, 2016). Natural con-
vection is typically seen for porous media with high hydraulic permeabilities (Clauser
and Huenges, 1995; Hailemariam and Wuttke, 2016). In this thesis, heat transfer due
to conduction only is considered, and the effects of convection on the heat transfer
mechanism of a porous medium was studied in Hailemariam and Wuttke (2016).

Radiative heat transfer occurs across air spaces (or within transparent media) by
heat energy propagation in the form of electromagnetic waves. The temperature of
the radiating body plays the most crucial factor, and heat transfer by radiation in
solids is usually neglected for temperatures below 727◦C (Farouki, 1981; Hofmeister,
1999; Jokinen, 2000; McKenzie et al., 2005), and hence has not been considered in our
study.

2.2.2 Conductive heat transfer

According to the theory of heat conduction, heat flows from regions of higher temper-
ature to regions with a lower temperature. The heat flux density (commonly known
as heat flux) is defined as the rate of heat energy transfer per unit area (amount of
heat transferred per unit area per unit time). The heat flux is expressed as q = Q/Ah

(Q, J s−1 or W, is the rate of heat transfer and Ah, m2, is the total area through which
the heat flows). The heat flux is proportional to the gradient of the temperature in the
direction of heat flow, and for an infinite and isotropic medium, the one-dimensional
conductive heat flux is given by:

q = −λ∇T = −λ∆T

∆x
(2.1)

where, q (W m−2) is the heat flux, T (K) is the temperature, x (m) is the medium
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thickness (distance along which the heat flows) and λ (W m−1 K−1) is the proportion-
ality constant or the thermal conductivity of the medium. The negative sign indicates
that heat flows in the direction of the lower temperature. ∇T is the temperature gra-
dient. Equation 2.1 is typically known as the Fourier’s law of heat conduction. For a
three-dimensional heat flow case:

q = −λ
(

∆T

∆x
+

∆T

∆y
+

∆T

∆z

)
(2.2)

Except in the special case of steady state condition, the conductive heat flow is
always associated with a change in temperature, which for an infinite and isotropic
medium is given by:

∂T

∂t
=

λ

ρc

(
∂2T

∂x2

)
(2.3)

And the thermal diffusivity of the medium is given by:

α =
λ

ρc
(2.4)

where, α (m2 s−1) is the thermal diffusivity of the medium, ρ (kg m−3) is the den-
sity of the medium and c (J kg−1 K−1) is the specific heat of the medium. Combining
Equations 2.3 and 2.4 we get:

(
1

α

)
∂T

∂t
=

(
∂2T

∂x2

)
(2.5)

And for a three-dimensional conductive heat flow, we obtain the general form
(Equation 2.6) which was first derived by Fourier in 1822.

(
1

α

)
∂T

∂t
=
∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2
(2.6)

Generally, the medium temperature changes with time for the non-steady state
(transient) solution of Equation 2.6. However, for a steady state heat flow condition,
the temperature does not change with time and the term ∂T/∂t is zero.
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2.2.3 Thermal conductivity

Thermal conductivity plays a vital role in the conductive heat transfer analysis of
engineering applications, such as the operation of small and large scale seasonal ther-
mal energy storage, embedding of underground power cables in porous media, nu-
clear waste disposal facilities, heat exchanger piles of structures, assessing the effect
of berms on the heat loss from thermal energy storage tanks etc. (Doughty et al.,
1983; Hart and Whiddon, 1984; Rosen and Hooper, 1989). The thermal conductivity
of porous media is highly dependent on the number and quality of contacts in the
solid matrix, moisture content and to a slightly lower extent on the medium density
(degree of packing). Other factors which play a significant role on the thermal con-
ductivity of a medium are: grain size arrangement, particle size, solute concentration,
mineralogy and temperature (De Vries, 1963; Tarnawski et al., 2000; Smits et al., 2013).

Several methods exist for measuring the soil thermal conductivity (Mitchell and
Kao, 1978). These methods generally fall into one of two categories: steady state or
non-steady state (transient) methods (Farouki, 1981; Mitchell and Kao, 1978).

Steady state methods involve the application of one-directional heat flow through
a specimen and the observation of power or temperature difference across the speci-
men when a steady state condition is reached (Mitchell and Kao, 1978; Farouki, 1981;
Low et al., 2013; Hailemariam et al., 2016). The thermal conductivity of the specimen
is calculated using the Fourier’s law. Generally, steady state methods are employed
when the temperature of the specimen does not vary with time, and are deemed to be
more accurate than transient methods (McGuinness et al., 2014; Hailemariam et al.,
2016). However, the main limitation of these methods is that a well-engineered ex-
perimental setup and ample time is needed for establishing a steady state condition.
Steady state techniques are further classified as absolute and comparative methods
(Alrtimi, 2008). The former includes the guarded hot plate method, unguarded hot
plate method and the heat flow meter technique, where the determination of power
and temperature distribution across the specimen is directly obtained from the input
power and temperature parameters. The latter includes methods, such as the divided
bar apparatus and the guarded comparative longitudinal heat flow technique, which
uses a series of reference materials of known thermal conductivity aligned in series
with the specimen (Momose et al., 2008; McGuinness et al., 2014; Hailemariam et al.,
2016).

Transient methods on the other hand involve the application of heat to the spec-
imen and monitoring the temperature changes over time, and then after using the
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transient data to determine the thermal conductivity of the specimen, usually by ap-
plying analytical solutions to the heat diffusion equation (Mitchell and Kao, 1978;
Farouki, 1981; Low et al., 2013; Alessandro, 2007). The method by which the transient
data is analyzed can affect the obtained thermal conductivity considerably. Transient
methods of measuring thermal conductivity provide better versatility when com-
pared with steady state methods because of their ease of application and the required
short measurement time. Some of the most commonly used transient methods in-
clude the hot wire method, transient plane source method and the thermal needle
probe (single or dual probes) method. The probe methods have been widely in use
for the past century (Farouki, 1981).

Due to the difficult and time consuming nature of experimental techniques of
thermal conductivity determination, several researchers have proposed models re-
lating thermal conductivity of porous media to readily obtainable parameters, such
as porosity, mineral content, particle size, water content etc. (Kersten, 1949; Johansen,
1975; Farouki, 1981; Gavriliev, 2004; Gori and Corasaniti, 2004; Côté and Konrad,
2005; Lu et al., 2007; Yun and Santamarina, 2007; Abuel-Naga et al., 2008). Some of
the common theoretical and semi-empirical thermal conductivity prediction models
are discussed next.

2.2.4 Theoretical models of thermal conductivity

Numerous theoretical approaches have been developed in the past to model the ther-
mal conductivity of soils based on the volumetric fractions of their constituent phases
as well as the texture/fabric of the medium (Farouki, 1981; Yun and Santamarina,
2007; Abuel-Naga et al., 2008). Unlike most empirical models, the validity of theoret-
ical models is not usually limited to specific soil types, and hence they can be used to
predict the thermal conductivity for a wide variety of soil types (Abuel-Naga et al.,
2008). Figure 2.1 shows a plot of the thermal conductivity prediction for a dry soil
with a specific gravity Gs of 2.65 and a volumetric quartz fraction qf of 0.70 using
some theoretical models.

The parallel and series heat flow models can be considered as the upper and lower
bounds of theoretical models, respectively (Figure 2.1) (Farouki, 1981; Abuel-Naga et
al., 2008). The two-phase parallel λparallel and series λseries thermal conductivities are
given by Equations 2.7 and 2.8, respectively.

λparallel = nλf + (1− n)λs (2.7)
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Figure 2.1: Thermal conductivity λ vs porosity n of a soil in dry state
obtained using theoretical models (VF is the volume fraction model, GM
is the geometric mean model and HS-U & HS-L are the upper and lower

bounds of the Hashin and Shtrikman model, respectively).

1

λseries
=

n

λf
+

(1− n)

λs
(2.8)

where, n is the soil porosity, λf (W m−1 K−1) is the fluid thermal conductivity (for
water λw = 0.594 W m−1 K−1 or air λa = 0.024 W m−1 K−1 at 20◦C, for saturated or dry
soil states, respectively), λs (W m−1 K−1) is the thermal conductivity of the solid soil
particles. At low λs/λf ratios, parallel flow dominates, while, at high λs/λf ratios,
series heat flow is dominant (Farouki, 1981).

A very useful ’average’ of the parallel and series heat flow models is obtained by
taking the geometric mean as shown by Equation 2.9 (Farouki, 1981). The geometric
mean (GM) equation has been widely used for predicting the thermal conductivity λ
(W m−1 K−1) of various types of porous media (McGaw, 1969; Farouki, 1981). Several
researchers (Johansen, 1975; Côté and Konrad, 2005; Lu et al., 2007) have also adopted
the GM method for developing semi-empirical models with good accuracy.

λ = λ(1−n)
s λnf (2.9)

Hashin and Shtrikman (1962) proposed Equations 2.10 and 2.11 for the upper (HS-
U) λu (W m−1 K−1) and lower (HS-L) λl (W m−1 K−1) bounds of thermal conductivity,
respectively.
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λu = λs +
n

1
(λf−λs)

+ (1−n)
3λs

(2.10)

λl = λf +
(1− n)
1

(λs−λf )
+ n

3λf

(2.11)

According to the cubic cell model (Gori and Corasaniti, 2004), the effective dry soil
thermal conductivity λd (W m−1 K−1) can be obtained as:

λd =

[
(βd − 1)

λaβd
+

βd
λa[(βd)2 − 1] + λs

]−1

; βd =

[
1

(1− n)

]1/3

(2.12)

Yun and Santamarina (2007) fitted the volume fraction (VF) model and the log-
model for obtaining the effective dry thermal conductivity of soils λd (W m−1 K−1) as
shown by Equations 2.13 and 2.14, respectively.

λd =

[
nλsa + (1− n)λss

]1/s

; s = −0.25 (2.13)

λd = −a ln(n) + p; a = 0.291 W m−1 K−1&p = 0.026 W m−1 K−1 (2.14)

2.2.5 Semi-empirical models of thermal conductivity

Semi-empirical models predict the thermal conductivity of porous media based on
water content, porosity and other hydro-mechanical parameters (Kersten, 1949; Van
Rooyen and Winterkorn, 1959; Farouki, 1981; Johansen, 1975; Côté and Konrad, 2005;
Lu et al., 2007). Most semi-empirical models provide a better accuracy of thermal
conductivity prediction when compared to theoretical models (due to provisions for
soil fabric, which is not the case with theoretical models), but are usually applicable
for limited porous media types under a given set of conditions. Figure 2.2 shows
results of the thermal conductivity prediction for a dry soil with a specific gravity Gs

of 2.65 and a volumetric quartz fraction qf of 0.70 using some semi-empirical models.

Johansen (1975) proposed a semi-empirical equation to predict the thermal con-
ductivity of dry natural soils based on the bulk dry density and density of solids of
the soil as:

λd =
0.135ρd + 64.7

ρs − 0.947ρd
(2.15)
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Figure 2.2: Thermal conductivity λ vs porosity n of a soil in dry state ob-
tained using semi-empirical models (Lu et al. model is valid for porosi-

ties within the range 0.2 < n < 0.6).

where, λd (W m−1 K−1) is the dry soil thermal conductivity, ρd (kg m−3) is the soil
dry density and ρs (kg m−3) is the density of soil solids. Johansen proposed a thermal
conductivity prediction model for un-saturated soil conditions based on the concept
of normalized thermal conductivity (Equation 2.16) by using the thermal conductiv-
ity data at dry and saturated states as well as a dimensionless function of soil satu-
ration (commonly known as Kersten’s number), for soils and crushed rock minerals,
at frozen and unfrozen conditions. Johansen derived Equation 2.17 as the Kersten
number for unfrozen natural soils based on the findings of Kersten (1949). However,
the equation for Kersten’s number suggested by Johansen is limited for soils with a
degree of saturation higher than 20%.

λ = (λsat − λd)Ke + λd (2.16)

Ke = C log(Sr) + 1.0 (2.17)

where, λ (W m−1 K−1) is the un-saturated soil thermal conductivity, λsat (W m−1 K−1)
is the saturated soil thermal conductivity, λd (W m−1 K−1) is the dry soil thermal con-
ductivity, Ke is the Kersten’s number, C is a constant (with typical values of 0.7 and
1.0 for coarse and fine-grained soils, respectively) Sr is the degree of soil saturation
(in fraction).

Johansen also suggested that the solid grain thermal conductivity can be obtained
by using the GM function, based on the volumetric quartz fraction of the total soil
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grains and the thermal conductivities of the constituent minerals (Equation 2.18).

λs = λ
qf
q λ

(1−qf )
o (2.18)

where, λs (W m−1 K−1) is the thermal conductivity of the soil solids, λq = 7.7 W m−1 K−1

is the thermal conductivity of quartz mineral, qf is the volumetric quartz fraction of
the solids and λo = 2.0 W m−1 K−1 or 3.0 W m−1 K−1, for soils with qf > 0.2 or qf ≤ 0.2,
respectively (Johansen, 1975; Clauser and Huenges, 1995; Lu et al., 2007).

Gavriliev (2004) proposed an empirical relationship for estimating the dry ther-
mal conductivity of mineral soils using the bulk dry density only. The relationship
(Equation 2.19) is valid only for mineral soils with a dry density lower than 2 g cm−3.

λd = 0.025 + 0.238ρd − 0.193ρ2
d + 0.114ρ3

d (2.19)

where, λd (W m−1 K−1) is the dry soil thermal conductivity, ρd (g cm−3) is the soil
dry density.

Côté and Konrad (2005) developed a new empirical formula for obtaining the ther-
mal conductivity of dry soils and construction materials as:

λd = χ10−ηn (2.20)

where, λd (W m−1 K−1) is the dry soil thermal conductivity, χ (W m−1 K−1) and
η are particle shape effect parameters, with values of 1.70 W m−1 K−1 and 1.80 for
crushed rock materials, 0.75 W m−1 K−1 and 1.20 for naturally occuring mineral soils
and 0.30 W m−1 K−1 and 0.87 for organic fibrous soils.

For the prediction of the un-saturated thermal conductivity of soils and construc-
tion materials, Côté and Konrad further suggested a new empirical function for the
Kersten’s number of Johansen’s model (Equation 2.21), thus eliminating the logarith-
mic function of soil saturation and enabling the model to be used for the whole soil
saturation range.

Ke =
κ(θ/n)

1 + (κ− 1)(θ/n)
(2.21)

where, Ke is the Kersten’s number, κ is a soil texture dependent parameter (with
values of 4.60, 3.55, 1.90 and 0.60 for gravel and coarse sands, medium and fine sands,
silty & clayey soils and for organic soils in unfrozen state, respectively), n is the poros-
ity of the material and θ is the volumetric water content fraction of the material.
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Lu et al. (2007) proposed a linear function (Equation 2.22) that describes the rela-
tionship between the dry soil thermal conductivity and porosity for naturally occur-
ring mineral soils based on two empirical parameters, whose values were calculated
as the best fit of heat pulse measured data.

λd = −al(n) + bl (2.22)

where, λd (W m−1 K−1) is the dry soil thermal conductivity, n (0.2 < n < 0.6) is
the soil porosity and al & bl are empirical parameters with values of 0.56 and 0.51,
respectively.

For predicting the thermal conductivity of soils at un-saturated states, Lu et al.
proposed another Kersten’s number to replace the equation suggested by Johansen’s
model (Equation 2.23). Lu et al. also compared their new model prediction results
with the Côté and Konrad model, and concluded that their new model provides bet-
ter prediction especially for fine-textured soils and at lower values of degree of soil
saturation (Lu et al., 2007).

Ke = exp

{
αs

[
1−

(
θ

n

)(αs−1.33)]}
(2.23)

where, Ke is the Kersten’s number, αs is a soil texture dependent parameter (with
values of 0.96 and 0.27 for coarse-textured and fine-textured soils, respectively), 1.33
is a shape parameter, θ is the volumetric water content fraction of the soil and n is the
soil porosity.

Johansen, Côté and Konrad and Lu et al. all used the GM function (Equation 2.9)
to obtain the thermal conductivity of the soils at saturated condition with λf = λw.

2.3 Electromagnetic phenomena in porous media

2.3.1 Background

During the past century, geotechnical engineering, soil science, agriculture, hydrol-
ogy, geophysical prospecting etc. have greatly benefited from developments in radio
and microwave technology. The dielectric permittivities of porous media are func-
tion of the water content, soil fabric, solute concentration, mineralogy, temperature
and bulk density (Archie, 1942; Olhoeft, 1981; Shen et al., 1985; Wraith and Or, 1999;
Rowe et al., 2001; Huisman et al., 2003; Robinson et al., 2003; Kelleners et al., 2005;
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Wagner et al., 2007b), consequently, high frequency electromagnetic (HF-EM) mea-
surement techniques are frequently used to obtain estimates of soil and rock physical
characteristics, such as moisture content, and to a lesser extent density or porosity via
both invasive methods (such as time domain reflectometry, TDR and cross borehole
radar) and non-invasive methods (such as capacitance methods and ground penetrat-
ing radar, GPR).

HF-EM measurement techniques such as capacitance methods (Evett et al., 2009),
GPR (Jol, 2009), or TDR (Robinson et al., 2003; Robinson et al., 2009a) work on the ba-
sis of detecting changes in the spatial and temporal variations of the electromagnetic
properties of porous media at or near the earth’s subsurface (Lauer et al., 2012). At low
frequency ranges (1 MHz - 200 MHz), capacitance methods (Evett et al., 2009), such
as the parallel-plate configuration are generally used. At higher frequency ranges
(1 MHz - 10 GHz), time or frequency domain reflectometry (TDR/FDR) techniques
are typically employed (Behari, 2005; Wagner et al., 2011a). Using non-destructive
geophysical approaches, such as GPR (Jol, 2009), large scale sub-surface exploration
projects by transmitting HF-EM pulses (12.5 MHz - 1 GHz) from an irradiating an-
tenna to the ground, and consequently measuring the travel time of the emitted pulses
via a receiving antenna, the dielectric permittivities of the porous media can be ob-
tained and then used to estimate a wide variety of geophysical and geotechnical pa-
rameters of the deposits (Lowry et al., 2009).

2.3.2 EM wave propagation and Maxwell’s equations

The propagation of a planar electromagnetic wave can be described as a space and
time harmonic field, where the electric E and magnetic H waves oscillate transversely.
The electric and magnetic waves oscillate in time and space with a certain period time
(time distance between two repeating waves) and a wavelength. The relationship
of the electromagnetic fields are expressed by four basic equations governing elec-
tromagnetism, commonly known as Maxwell’s equations (Maxwell Garnett, 1904).
These four equations were formulated originally via numerous experiments of sev-
eral researchers and were then combined in to their final form of harmonic vector
fields by James Clerk Maxwell in 1873.

Maxwell’s equations (Equations 2.24 - 2.27) and the constitutive relations (Equa-
tions 2.28 - 2.30), which are needed to describe the coupled behavior of electric and
magnetic fields, are given as follows:

∇× E = −∂B
∂t

(2.24)
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∇×H = J +
∂D
∂t

(2.25)

∇ ·D = ρv (2.26)

∇ · B = 0 (2.27)

D(ω) = ε∗E(ω) (2.28)

B(ω) = µ∗H(ω) (2.29)

J(ω) = σ∗E(ω) (2.30)

where, E (V m−1) is the electric field, B (T) is the magnetic flux density, H (A m−1)
is the magnetic field intensity, J (A m−2) is the electric current density, D (C m−2) is
the electric flux density, ρv (C m−3) is the density of ’free’ electric charges, i.e. electric
charges that are not initially part of a medium, ∇× is the curl operator, ∇· is the
divergence operator, ε∗ (F m−1) is the complex absolute permittivity of a medium, µ∗

(H m−1) is the complex absolute magnetic permeability of a medium and σ∗ (S m−1) is
the electrical conductivity of a medium. All boldface symbols are vectors.

Equation 2.24 is commonly known as Faraday-Lenz’s law, which states that a time-
varying magnetic field creates a circulating electric field. Equation 2.25 is called the
Maxwell-Ampere law and indicates that a circulating magnetic field (Equation 2.29) is
produced by both a current of electric charges (Equation 2.30) and by a time-varying
electric field (Equation 2.28). Gauss’s law declares that for a static electric field, the
electric flux through any closed surface is proportional to the total electric charge
enclosed by the surface (Equation 2.26), whereas for a static magnetic field, no mag-
netic monopole exists and that the total flux through a closed surface is zero (Equa-
tion 2.27).

The parameters ε∗, µ∗ and σ∗ are second order tensors with nine independent
material parameters (Wagner et al., 2013), however, with the assumption of a quasi-
isotropic state (which is typically applied for porous media such as soils) at the sample
scale (Robinson, 2004), they are taken as material type dependent scalar quantities.
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These material-specific constitutive parameters are frequency f or ω = 2πf , temper-
ature T and pressure p dependent. The electrical conductivity σ∗ characterizes the
movement of free electric charges within a material when an external electric field is
applied (Ulaby, 2007). For a ’perfect’ conductor, the value of σ∗ approaches infinity,
as the charges are able to move freely without resistance in the medium. Whereas, for
a ’perfect’ dielectric, σ∗ is zero, indicating that the bonding forces between the atoms
and electrons are too tight, preventing the free movement of electric charges (Ulaby,
2007). Hence, the electrical conductivity is typically used to describe high conductive
materials (such as metals) using Equation 2.30.

Low conductive materials (such as dielectrics and insulators) also exhibit conduc-
tivity due to the displacement of electric charges when an external alternating electric
field is applied (Von Hippel, 1954; Wagner et al., 2011a). While another type of electri-
cal conductivity (electrolyte conductivity) is observed when an external electric field
is applied to a material with a high concentration of free ions. The electrical conduc-
tivity in this case is caused due to the movement of the ions in the material towards
the opposite charge (Von Hippel, 1954).

When an alternating (time varying) electric field E(t) = E0e
jωt is applied to a

medium, the electric current density of Equation 2.30, is replaced by the effective total
current density, to account for the additional displacement current density as (Wagner
et al., 2011a):

Jeff = J + JD = σ∗E + jωε∗E = σ∗E + ε∗
∂E
∂t

(2.31)

tan δ =
|J|
|JD|

(2.32)

where, Jeff (A m−2) is the effective total current density, J (A m−2) is the conduc-
tion (electric) current density, JD (A m−2) is the displacement current density (which
is a function of ε∗, F m−1, and E, V m−1), σ∗ (S m−1) is the complex absolute electrical
conductivity, j2 = −1 is the imaginary unit, ω = 2πf (rad) is the angular frequency,
ε∗ (F m−1) is the complex absolute permittivity of the medium and tan δ is the loss
tangent.

For very low frequencies, the ratio tan δ becomes� 1, as the displacement current
density is negligible when compared to the conduction current density. This condition
represents the boundary between steady and quasi-steady state in wave phenomena
and the material behaves as a conductor. For the case tan δ� 1 at which point the con-
duction current density can be neglected when compared to the displacement current
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density, the material behaves as a dielectric (Wagner et al., 2011a).

Under the latter condition (tan δ � 1), the broadband effective electromagnetic
transfer functions ε∗eff or σ∗eff of a porous medium can be introduced by assuming the
dependence of complex electrical conductivity σ∗ and complex dielectric permittivity
ε∗ on frequency w = 2πf . In addition to the frequency, these transfer functions are
also dependent on the thermodynamic state parameters such as temperature, pres-
sure, moisture content etc. (Jonscher, 1977; Wagner et al., 2011a). Hence, using Equa-
tion 2.31 the effective current density for a porous medium will be given as:

Jeff = JD = jωε∗effE = ε∗eff
∂E
∂t

(2.33)

with the effective complex absolute permittivity ε∗eff (F m−1) as:

ε∗eff = ε′eff − jε′′eff = ε0(ε′r,eff − jε′′r,eff ) (2.34)

or the effective complex absolute electrical conductivity σ∗eff (S m−1) as:

σ∗eff = jωε∗eff (2.35)

and the relative effective complex magnetic permeability µ∗r,eff as:

µ∗r,eff =
µ∗eff
µ0

(2.36)

where, ε0 = 8.854 187 817× 10−12 F m−1 is the dielectric permittivity of free space
and µ0 = 4π×10−7 or 1.256 637 061 4× 10−6 H m−1 is the magnetic permeability of free
space. For a typical porous media, such as those considered in this thesis (soils and
oil sands), the presence of iron content is negligible and the materials are considered
non magnetizable, consequently, the relative magnetic permeability is set to 1 (i.e.
magnetic effects are neglected).

The relative effective complex permittivity ε∗r,eff = ε′r,eff − jε′′r,eff has two compo-
nents, where the real part ε′r,eff represents the amount of energy stored in the mate-
rial when it is exposed to an electromagnetic field (Lauer et al., 2012). Whereas, the
imaginary part ε′′r,eff = ε′′r,d + σDC/(ωε0) (σDC , S m−1, is the direct current conductiv-
ity) represents the polarization and Ohmic losses (the displacement of the randomly
orientated and non-polarized electrical charges in a dielectric relative to each other
in order to compensate for an applied electric field leading to a polarized medium)
(Hasted, 1973; Topp et al., 1980; Robinson et al., 2003). The important parameter for
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the measure of the strength of the losses in a porous medium, i.e. effective loss tangent
tan δeff , can also be obtained as (Saarenketo, 1998; Zajicek et al., 2006):

tan δeff =
ε′′eff
ε′eff

=
ε′′r,eff
ε′r,eff

(2.37)

The polarization of a material (represented in terms of its complex dielectric per-
mittivity) generally increases monotonically from high frequencies to very low fre-
quencies. This phenomenon is called dielectric dispersion or relaxation, and is dis-
cussed further in the study of the structure and thermo-dielectric behavior of porous
media presented in section 3.4.1.

An adequate approach for solving Maxwell’s equations is the plane wave ap-
proach (Ulaby, 2007; Takahashi et al., 2012). The plane wave approach is typically
used to solve for the magnitude of electric field of an EM field in a medium (Ma et al.,
1995; Dinc̆ov et al., 2004; Kopyt and Celuch-Marcysiak, 2006).

For a time-harmonic electromagnetic plane wave traveling in z-direction of a lossy
medium, the electric field vector E is mathematically described as:

E(z, t) = E0e
j(ωt−k∗z) (2.38)

where, E0 is the amplitude factor and k∗ is the wave number or propagation factor
of the medium. Lossy mediums have wave numbers k∗ that are complex: k∗ = k′−jk′′.
The real part k′ acts as the phase constant and determines the wavelength and propa-
gation velocity of the electromagnetic wave as it propagates in the medium. Whereas,
the imaginary part k′′ of the wavenumber attenuates the wave. Wave attenuation in
a medium always appears when ε′′r 6= 0. The relationship between the wave number,
relative complex permittivity, wavelength and propagation velocity is given by the
following equations (Ulaby, 2007; Minet et al., 2010; Takahashi et al., 2012):

k′ = k0n
′ (2.39)

k′′ = k0n
′′ (2.40)

n′ =

[√
(ε′r)

2 + (ε′′r)
2 + ε′r

2

] 1
2

(2.41)
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n′′ =

[√
(ε′r)

2 + (ε′′r)
2 − ε′r

2

] 1
2

(2.42)

ε′r = (n′)2 − (n′′)2; ε′′r = 2n′n′′ (2.43)

λwl =
λwl,0
n′

(2.44)

v =
c0

n′
(2.45)

k0 =
2πf

c0

;λwl,0 =
c0

f
(2.46)

where, k0 (m−1), λwl,0 (m) and c0 = 2.997 924 58× 108 m s−1 are the wave num-
ber, wavelength and propagation velocity of an electromagnetic wave in free space,
k∗ = k′ − jk′′ (m−1), λwl (m), v (m s−1), n∗ = n′ − jn′′ and ε∗r = ε′r − jε′′r are the wave
number, wavelength, propagation velocity, index of refraction and relative complex
permittivity of the medium.

The amplitude of the attenuated electric field of a lossy medium can be found
using (Kopyt and Celuch-Marcysiak, 2006; Ulaby, 2007; Takahashi et al., 2012):

|E(z)| = |E0|e−k
′′z (2.47)

where, |E(z)| and |E0| (V m−1) are the attenuated magnitude and the original mag-
nitude of the electric field in the lossy medium. Generally, when |E| is e−1 = 37% of its
original amplitude |E0|, then z = 1/k′′ = δsd, m, is called the skin depth of the material.
The skin depth is an indicator of how far an electromagnetic wave penetrates into a
medium. When the medium is lossless (i.e. k′′ = 0) then the skin depth is infinite
and the electromagnetic wave propagates indefinitely. Metallic materials have high
electrical conductivities (i.e. high k′′ or ε′′r ) and hence have very small skin depths.

2.3.3 Broadband dielectric mixture models

Porous media such as soils typically consist of four phases, namely: solid (mineral)
phases, pore-fluid (mostly water), pore-air and a solid-phase - pore-fluid interface.
Generally, the quantitative fractions of these phases in a porous medium vary in both
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time and space. Generally, the electromagnetic behavior of the solid particles is as-
sumed to be frequency independent, with the relative dielectric permittivity of in-
organic mineral particles ranging from 3 - 15 (Robinson and Friedman, 2003; Shön,
2015). Whereas, the pore-water is an aqueous solution, and its temperature and fre-
quency dependent relative complex dielectric permittivity is obtained according to
the modified Cole-Cole model (Kaatze and Feldman, 2006; Ellison, 2007; Kaatze,
2007b). The modified Cole-Cole model is discussed further in section 3.4.1 of this
thesis.

Due to its simple structure, the theoretical mixing rule (volumetric fraction model)
suggested by Lichtenecker and Rother (1931) (which is typically called the Lichte-
necker and Rother model, LRM) (Equation 2.48), is widely used in soil physics, geo-
physics, remote sensing and geotechnical applications (Dobson et al., 1985; Malicki et
al., 1992; Mironov et al., 2004; Schwartz et al., 2009; Wagner and Scheuermann, 2009;
Hailemariam et al., 2017).

ε∗ar,eff =
N∑
k=1

Vkε
∗a
r,k (2.48)

where, ε∗r,eff is the relative effective complex permittivity of the porous medium,

Vk is the volume fraction, with
N∑
k=1

Vk = 1 and ε∗r,k is the corresponding relative com-

plex permittivity of the kth constituent phase and a is the so-called structure factor or
exponent. The LRM is commonly known as a three-phase (solid grains, free water
and air) or a four-phase (solid grains, free water, bound water and air) mixing rule.

The exponent a contains structural information of the bound and free pore-water
in porous media. However, the electrical behavior of the bound water phase in porous
media is poorly understood and difficult to quantify, and is consequently neglected
in practical applications (Blonquist Jr. et al., 2006; Wagner and Scheuermann, 2009).
An extensive study on the theoretical justification of the LRM based on the effective
medium theory by considering the distribution of depolarization factors which are
linked to the structure parameter a was carried out by Zakri et al. (1998). The LRM is
commonly used with an exponent a = 1/2, and is then called the complex refractive
index model (CRIM) (Birchak et al., 1974) or the generalized refractive mixing di-
electric model (Mironov et al., 2004). For an exponent a = 1/3, the LRM transforms to
the Looyenga-Landau-Lifshitz model (LLLM) (Landau and Lifschitz, 1985; Campbell,
1990).

Based on the LRM, Wagner et al. (2011a) suggested a model for a broadband gen-
eralization (Equation 2.49), which is known as the advanced Lichtenecker and Rother
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model (ALRM).

ε
∗a(θ,n)
r,eff = θε∗a(θ,n)

r,w + (1− n)ε′a(θ,n)
r,g + (n− θ) (2.49)

where, ε∗r,eff is the relative effective complex permittivity of the porous medium,
ε∗r,w is the relative complex permittivity of water, structural exponent 0 < a ≤ 1, n is
the soil porosity, θ is the volumetric water content fraction and ε′r,g is the relative real
permittivity of the solid grain particles.

Topp et al. (1980) proposed Equation 2.50 for obtaining the real apparent relative
permittivity εr,a of a soil based on the volumetric water content fraction θ as:

εr,a = 3.03 + 9.3θ + 146.0θ2 − 76.7θ3 (2.50)

2.4 Summary of chapter 2

The chapter reviewed the fundamentals of heat transfer and the propagation of elec-
tromagnetic waves in porous media. A discussion on the more frequently used pre-
diction models for assessing the thermal and dielectric parameters of porous media
was also presented.
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Chapter 3

Structure and thermo-dielectric
behavior of analyzed porous media

3.1 Introduction

In this chapter, a comprehensive study on the behavior and structure of unsaturated
soils and oil sands is presented. The thermo-dielectric (T-DE) behavior of the con-
stituent phases of both porous media types is discussed as part of the development
of the semi-theoretical and numerical models in chapters 4 & 5 of this thesis, respec-
tively.

3.2 Behavior of unsaturated soils

Naturally occurring unsaturated soils typically contain four phases, namely solid
grains, free and bound water, air and contractile skin (or air-water interface) (Fig-
ure 3.1) (Fredlund and Morgenstern, 1977; Fredlund, 1979). Soils which commonly
exhibit these phases in unsaturated state are the natural, desiccated soils and com-
pacted soils. These soils generally have a negative pore-water pressure, and their
most evident problems are related to their shrinkage and expansion behavior. The
thermo-dielectric properties of the bound water phase of porous media are poorly
understood and difficult to quantify, and hence are generally neglected for practical
purposes (Wagner and Scheuermann, 2009; Hailemariam et al., 2017).
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Figure 3.1: Classical model of the structure of unsaturated soils, after
Fredlund and Morgenstern (1977).

3.3 Behavior of oil sands

3.3.1 Background

Wide varieties and sizes of heavy oil deposits, estimated to around 8 trillion barrels
according to OPEC (OPEC, 2011; Robinson et al., 2014), are found around different
parts of the world. The heavy oil deposits make up about 70% of the world’s total oil
resources (Figure 3.2) (Alboudwarej et al., 2006). Among them, those found in Alberta
(Canada) ~50 000 km2 with estimated 1.8 trillion barrels (Figure 3.3), the Orinoco belt
(Venezuala) ~1.2 trillion barrels and Alaska (United States) ~20 - 25 billion barrels
are the biggest and mostly explored reserves (Canadian Energy Research Institute,
2011; OPEC, 2011; Banerjee, 2012; Robinson et al., 2014). The deposits in Alaska and
the Orinoco belt primarily consist of extraheavy oil reserves, while Alberta’s deposits
(with a current daiy production of around 1.5 million barrels (Canadian Energy Re-
search Institute, 2011; Robinson et al., 2014)) contain oil sands with highly viscous
hydrocarbons that fall in the various groups of bitumen. Heavy oil energy resources
also promise a bright near future solution for the ever increasing energy demand of
my native land, Eritrea, with the recent discovery of the oil impregnated sands of the
Defnein islands on the Red Sea coastline and the long known oil seeps on the coastal
areas near Massawa and offshores close to the islands of the Dahlak Archipelago (Er-
itrean Ministry of Energy and Mines, 2006).
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Figure 3.2: Total world oil reserves, after Alboudwarej et al. (2006).

Figure 3.3: Alberta’s oil sands, Canada1.

Petroleum and crude oil are mainly characterized by their very low viscosity and
can be recovered from the subsurface by conventional means (Banerjee, 2012). On
the other hand, heavy oils are usually highly viscous and much heavier than water
at reservoir conditions, and hence more difficult to recover from the subsurface by
conventional means (Moore et al., 1995; Ali, 2003; Liu et al., 2006; Upreti et al., 2007;

1Source: Getty Images iStock, credit: Dan Prat



Chapter 3. Structure and thermo-dielectric behavior of analyzed porous media 28

Canadian Energy Research Institute, 2008; Shah et al., 2010; Pan and Xiao, 2011). Al-
though, there is no fixed classification rule and the existing ones change from time to
time, heavy oils are broadly classified in to conventional heavy oils and unconven-
tional heavy oils. Conventional heavy oils have an API gravity from 10◦ to 21◦, and
in spite of their name behave like light oils and float on water (Banerjee, 2012). API
gravity is a measure of how dense a liquid is compared to water, which has an API
gravity of 10◦ at room temperature. Whereas, unconventional heavy oils have an API
gravity < 10◦ and do not float on water. Using only the API gravity to characterize oil
sands in generally not sufficient, hence it is more accurate to categorize heavy oils in
terms of their viscosity, rather than API gravity.

Conventional heavy oils have a low viscosity (< 1 Pa s or 1000 cP, centipoise) as
compared to unconventional heavy oils which have a high viscosity (> 1 Pa s). Un-
conventional heavy oils are further classified in to extraheavy oils (viscosity < 10 Pa s)
and bitumen (viscosity > 10 Pa s) (Speight, 2007; Banerjee, 2012). It is a normal prac-
tice to upgrade bitumen (with API gravity < 10◦) to API gravity of around 20◦ and
viscosity below 1 Pa s to make it transportable in pipelines.

3.3.2 Structure of oil sands

In contrast to the structure of unsaturated soils, oil sands typically consist of a mix-
ture of quartz/sands, clay fines, pore-water (which also includes a thin water film
or bound water phase) and a dense and viscous form of petroleum or bitumen (Fig-
ure 3.4) (Takamura, 1982; Czarnecki et al., 2005; Masliyah et al., 2010; Banerjee, 2012).
Oil sand reservoirs are generally highly heterogeneous in nature owing to the vari-
ation in the environmental deposition of the constituent sand and bitumen phases,
as well as the bitumen chemistry (Banerjee, 2012). Understanding the behavior and
heterogeneity of oil sand reservoirs is vital for the prediction of their thermal and
dielectric behavior. The bitumen content of oil sands generally varies with the type
and location of deposit and may range between 0 to 15 wt.%. Oil sands are usually
divided into one of the three main categories given below, based on the fraction of
bitumen present (Banerjee, 2012):

• Low grade oil sands, bitumen content 6 - 8 wt.%.

• Medium grade oil sands, bitumen content 8 - 10 wt.%.

• High grade (rich) oil sands, bitumen content > 10 wt.%.
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Figure 3.4: Classical model of the structure of oil sands, after Takamura
(1982).

The solid grains in oil sands generally have hydrophilic character and are in most
cases covered with a thin water film of around 10 nm - 10 µm thick (Takamura, 1982;
Czarnecki et al., 2005; Banerjee, 2012). The oil sands are then typically called water-wet,
and this plays a vital role in the separation of bitumen when the hot-water extraction
technique is used (Banerjee, 2012). Czarnecki et al. (2005) performed a theoretical
analysis on the nature, stability and thickness of the bound water phase of oil sands.
However, due to the lack of direct experimental research, the behavior of the bound
water phase of oil sands is not yet fully understood, and needs further investigation
(Czarnecki et al., 2005). Shale oils, acidic ores and oil sands with organic coatings on
the other hand, are known as oil-wet (Czarnecki et al., 2005; Banerjee, 2012), since they
do not have a thin water layer between the solid and oil phases, and as a result cannot
undergo hot-water extraction (Banerjee, 2012). In those instances, the formation of
water film is intrinsically unstable and does not exist as a bound water. The presence
of organic coatings with humic matter/asphaltenic molecules, which make the solids
of oil sands hydrophobic, are also likely to make them oil-wet (Czarnecki et al., 2005).

3.3.3 Formation of bitumen

One of the most widely accepted hypothesis for the formation of bituminous materials
is biodegradation of conventional oil resources (Speight, 2007; Banerjee, 2012). The
degree of biodegradation varies significantly across the length and depth of oil sand
deposits, and is directly related to the quantity of hydrocarbons with molecular range
lower than C20 n-alkanes and mono-aromatic hydrocarbons in the oil (Banerjee, 2012).
Generally, undegraded oils have a higher percentage of n-alkanes when compared to
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degraded oil. The degree of biodegradation is usually measured by the concentration
of below C20 n-alkanes (such as C17-C18 n-alkanes), as cyclic saturated hydrocarbons
are not affected by biodegradation (Strausz and Lown, 1978; Strausz and Lown, 2003;
Banerjee, 2012).

Figure 3.5: Biodegradation of heavy oil and bitumen, after Banerjee
(2012).

The concentrations of C17-C18 n-alkanes are the highest in conventional heavy oils
when compared to extraheavy oils, and are the lowest in bitumen (Figure 3.5) (Baner-
jee, 2012). Biodegradation of oils is highly dependent on the environmental or reser-
voir conditions, and hence, results in the variations of the distribution of bitumen and
the heterogeneous nature of oil sand reservoirs.

3.3.4 Composition of bitumen

Bitumen is typically characterized to various classes based on two most widely used
solvent extraction or analysis techniques known as SARA (saturates, aromatics, resins
and asphaltenes) and PONA (paraffins, olefins, naphthenes and aromatics) (Speight,
2007; Banerjee, 2012). Out of the two, SARA is predominantly used, and its four
groups are defined as:

• Saturates: Contain straight or branched hydrocarbon chains which are known as
paraffins and isoparaffins as well as cyclic hydrocarbons or naphthenes. Gener-
ally, the amount of saturates in bitumen is relatively low due to biodegradation.

• Aromatics: Contain hydrocarbons with aromatic rings, such as benzene, toluene,
naphthalene etc.
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• Resins: Contain polar aromatic rings with nitrogen, oxygen and sulfur. Along
with aromatics, resins are the primary constituents of bitumen.

• Asphaltenes: Include complex organic compounds of high molecular weight.
They are soluble in light aromatics, such as benzene and toluene but insoluble
in lighter paraffins.

The elemental analysis of oil sands bitumen has also been widely studied (Camp,
1976; Bunger et al., 1979; Speight, 2007; Banerjee, 2012), but the data generally lacks
site specific identification and is too general (Speight, 2007). Wallace et al. (1988) con-
ducted programs which were focused on producing sound and reproducible data
from samples for which the source was carefully identified, and provided a valuable
database for the characterization of oil sands bitumen. In terms of its elemental com-
position, bitumen is a complex hydrocarbon containing carbon, hydrogen, nitrogen
and sulfur (CHNS), with the carbon and hydrogen contributing higher than 80 wt.%
and 10 wt.%, respectively (Speight, 2007; Banerjee, 2012). The elemental composition
of oil sand bitumen is generally constant and falls in to a narrow range (Table 3.1)
(Speight, 2007).

Table 3.1: Elemental composition of bitumen (Speight, 2007).

Element Range

Carbon 83.4± 0.5 wt.%
Hydrogen 10.4± 0.2 wt.%
Nitrogen 0.4± 0.2 wt.%
Oxygen 1.0± 0.2 wt.%
Sulfur 5.0± 0.5 wt.%
Metals (Ni and V) > 1000 ppm

3.3.5 Viscosity of bitumen

The viscosity of oil sand bitumen is an important parameter which plays a major role
in the production of bitumen from oil sand reservoirs and its subsequent transporta-
tion via pipelines to refineries (Speight, 2007; Banerjee, 2012). Unlike conventional
crude oils, which flow at room temperature, bitumen is highly viscous and resists
motion at room temperature, and hence its viscosity measurement is difficult. At
high temperatures, where the bitumen is able to flow by itself, standard tests, such
as the capillary viscometer method (also used for measuring the viscosity of conven-
tional crude at normal conditions) (ASTM D 445 - 97, 1997) are used. For measuring
the viscosity of bitumen or other highly viscous fluids at room temperature, special
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viscosity measurement techniques which work on the basis of shear effects, such as
the bob-and-cup and the cone-and-plate viscometers are used (Seyer and Gyte, 1989).

The viscosity of bitumen is acutely sensitive to temperature changes, commonly
decreasing exponentially from values higher than 100 Pa s or 100 000 cP at room tem-
perature to below 0.1 Pa s or 100 cP at 100◦C (Speight, 2007; Banerjee, 2012; Cerutti
et al., 2013). At temperatures above 100◦C (viscosity values below 0.1 Pa s), bitumen
is considered mobile enough to be extracted from the pores of oil sands (Cerutti et al.,
2013).

3.3.6 Recovery of oil sands

The methods of recovery of oil sands are broadly classified in to two categories: con-
ventional and unconventional techniques.

Conventional methods of processing oil sands include the ex-situ hot water sepa-
ration or surface mining technique (Canadian Energy Research Institute, 2008; Shah
et al., 2010; Robinson et al., 2014) and several types of in-situ thermal and non-thermal
techniques (Moore et al., 1995; Ali, 2003; Liu et al., 2006; Upreti et al., 2007; Shah et al.,
2010; Pan and Xiao, 2011; Robinson et al., 2014). Surface mining methods are usually
employed for shallow depth oil sand reservoirs, while in-situ methods are used for
mining deep oil sand reservoirs (> 80 m) where the use of surface mining techniques is
not economically feasible. In surface mining technique, the oil sand is dug and trans-
ported to the extraction plant where the bitumen is separated from the sand using the
hot water separation method. In-situ extraction methods are used to extract bitumen
from oil sand reservoirs by lowering its viscosity by heating while the solid phase
remains intact. The two commonly used commercial in-situ bitumen recovery tech-
niques are the steam assisted gravity drainage (SAGD) and cyclic steam simulation
(CSS).

Conventional methods of processing oil sands have limitations, such as restric-
tions of depth, formation type and medium permeability, high energy requirements,
long processing times, difficulty processing clay fines, need for the addition of hot
water, solvents and/or gases, inability to further process heavy oils and the need for
further upgrading (Robinson et al., 2014). Hence, a small portion of existing oil sand
reservoirs can be effectively processed, and therefore alternative technologies are re-
quired to exploit the full potential of the oil sand deposits.

An unconventional technique that has gained much interest in recent years as hav-
ing a potential application to oil sands is EM heating of reservoirs (Mutyala et al.,
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2010; Robinson et al., 2014). EM heating of oil sand deposits provides the best option
of harnessing heavy oils and is a greener and environmentally friendlier technique
of harnessing energy when compared with the traditional methods. Electromagnetic
waves have the unique ability to heat phase-selectively and volumetrically, which
leads to the possibility of significant energy savings with much smaller process equip-
ments and without the addition of huge amounts of water or causatic solutions. With
electromagnetic heating, the water phase is targeted and heated selectively and con-
verted to steam, which then acts as an in-situ media of mass transfer stripping or
desorbing the hydrocarbons from the solid phase (Robinson et al., 2009b; Robinson
et al., 2014). Hence, energy is only required to primarily heat the water phase, rather
than the entire volume of the material, resulting in processes that use only one-fifth
of the energy requirement of their conventional heating counterparts (Robinson et al.,
2009b; Robinson et al., 2014). Previous studies have shown the recovery of up to in
excess of 95% of oil yields from oil sand reservoirs with continuous EM heating at an
industrial scale (Robinson et al., 2010; Robinson et al., 2014).

Electromagnetic waves are characterized according to their frequency spectrum.
Microwaves are electromagnetic waves whose frequencies lie in the range between
300 MHz (wavelength of 100 cm) and 30 GHz (wavelength of 1 cm) (Porch et al.,
2012). Above 30 GHz frequencies, the microwave spectrum gives way to the mil-
limeter wave spectrum, and below 300 MHz to the radio frequency spectrum. In the
microwave part of the electromagnetic spectrum, dielectric heating phenomena dom-
inates (Porch et al., 2012). When the oil sand deposit is irradiated with an electric field,
the polar molecules in the oil sand align themselves with the changing electric field,
a phenomena which is called polarization or dipolar rotation, which in turn leads to
dielectric losses. The dielectric medium properties, in particular the dielectric loss
or loss tangent, determines the efficiency of the amount of polarization or dielectric
losses of a medium and is directly proportional to the quantity of the entrapped pore-
water, salinity and the presence of other chemicals in the liquid phase. Conversely, in
the radio frequency part of the spectrum, heat is generated by electromagnetic induc-
tion, which is driven by the eddy currents induced in electrically conducting or mag-
netic objects. Hence, small conducting or magnetic particles are added to the dielec-
tric material to initiate the heating process, which is then transfered to the dielectric
material via conduction (Porch et al., 2012). Generally, EM heating at low frequencies
is preferred in the case of irradiating large areas (depths) of oil sand reservoirs, as the
electromagnetic waves can penetrate further than higher frequencies (Mutyala et al.,
2010).
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3.4 Thermo-dielectric properties of the constituent phases

of porous media

The thermo-dielectric properties of porous media vary significantly with frequency
(in the case of dielectric parameters) and temperature (Smith-Magowan et al., 1982;
Skauge et al., 1983; Scott, 1989; Ramires et al., 1995; Buchner et al., 1999; Gong et al.,
2003; Kaatze, 2007b; Wagner et al., 2007b; Wagner and Scheuermann, 2009; Hirono
and Hamada, 2010; Chen et al., 2015; Irani and Cokar, 2016). Hence, in order to
effectively model the effective thermal and dielectric behavior of porous media, the
frequency and temperature dependence of the different constituent phases should be
defined.

3.4.1 Dielectric properties

3.4.1.1 Dielectric properties of solid particles and bitumen

The electromagnetic behavior of the solid phases (grains) of most porous media show
minor variations with changes in frequency and temperature (Robinson and Fried-
man, 2003; Shön, 2015). Similarly, the bituminous phase of oil sands exhibits compar-
atively small changes in its dielectric behavior with changes in frequency and tem-
perature (especially at higher frequencies) (Chen et al., 2015). Hence, the dielectric
permittivity and loss tangent of these constituent phases are frequency and temper-
ature independent. Typical values of the real part of the relative complex dielectric
permittivity of the solid grains can be obtained using Equation 3.1 (Dobson et al.,
1985), and for bitumen ε′r,b = 2.5 can be taken (Rambabu et al., 2011; Oloumi and
Rambabu, 2016).

ε′r,g = (1.01 + 0.44Gs)
2 − 0.062 (3.1)

where, ε′r,g and Gs are the real part of the relative complex dielectric permittivity
and the specific gravity of the solid grain particles.

3.4.1.2 Dielectric properties of pore-water

Unlike the solid grains and the bituminous phase, the pore-water is an aqueous so-
lution which is highly sensitive to both frequency and temperature changes. The
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complex permittivity of water as a function of frequency is determined by their po-
larizability and dielectric losses. The polarization in turn describes the ability of the
water molecules to store energy due to charge displacements under the applied elec-
tromagnetic field. Once the applied electric field is removed, the energy stored in the
water molecules starts to dissipate with time (Hilhorst, 2000). The restoration of the
charges to equilibrium due to the removal of the electromagnetic field is known as
dielectric relaxation (Von Hippel, 1954; Santamarina et al., 2001; Wagner et al., 2007a).

A typical single type dielectric relaxation behavior of a porous medium is de-
scribed by the Debye model (Equation 3.2) (Debye, 1929; Debye, 1934; Hilhorst et
al., 2001).

ε∗r,eff (ω, T ) = ε∞(T ) +
∆ε(T )

1 + jωτ(T )
(3.2)

where, ε∗r,eff is the relative effective complex permittivity of the porous medium,
ε∞ is the high frequency limit of permittivity, ∆ε = εs−ε∞ is the relaxation magnitude,
εs is the static permittivity, j2 = −1 is the imaginary unit, ω = 2πf (rad) is the angular
frequency and τ (s) is the relaxation time.

As discussed in chapter 2, the imaginary part of complex permittivity is affected
by the electrical conductivity, and hence, in order to take the contribution from the
electrical conductivity in to account, the Debye model (Equation 3.2) is modified by
an additional term for the direct current conductivity σDC (S m−1) and the dielectric
permittivity of free space ε0 = 8.854 187 817× 10−12 F m−1 as (Kaatze, 2000; Wagner
et al., 2011a):

ε∗r,eff (ω, T ) = ε∞(T ) +
∆ε(T )

1 + jωτ(T )
− j σDC(T )

ωε0

(3.3)

Equations 3.2 (Debye model) and 3.3 (modified Debye model) are the simplest
forms of the dielectric spectrum and typically represents the behavior of single-phased
homogeneous materials, such as pure water as follows (Asami, 2002; Zajicek et al.,
2006; Wagner and Scheuermann, 2009):

ε∗r,w(ω, T ) = ε∞(T ) +
∆ε(T )

1 + jωτw(T )
− j σDC(T )

ωε0

(3.4)

where, ε∗r,w is the relative complex dielectric permittivity of water, and τw (s) is
the relaxation time of water. Equation 3.4 is used to describe the frequency and tem-
perature dependence of the dielectric properties (mainly the dielectric constant) of
pore-water of porous media in the new models presented in this thesis (Figure 3.6).
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The equation can also be used to estimate the loss tangent or the imaginary part of the
relative effective complex permittivity of porous media when the pore-water solution
contains low amounts of dissolved solutes, which typically occurs in oil sands and
soils where the dominant solid fraction is of a sandy texture. However, the equation
may face limitations for predicting the loss tangent of porous media with considerable
clay content, where a high concentration of dissolved solutes may be expected in the
pore-water solution, exhibiting large degrees of polarization or loss tangent especially
at frequencies lower than 1 GHz. Other studies (Wagner et al., 2011a; Hailemariam et
al., 2017) have also pointed out the difficulty of modeling the loss tangent of porous
media with empirical equations, particularly due to the presence of solutes in the
pore-water solution.

f [Hz]
108 109 1010 1011

r,
w

 [
-]

0

20

40

60

80

100

T = 20°C
T = 40°C
T = 60°C
T = 80°C

s

(a)

f [Hz]
108 109 1010 1011

r,
w

 [
-]

0

10

20

30

40

T = 20°C
T = 40°C
T = 60°C
T = 80°C

(b)

f [Hz]
108 109 1010 1011

ta
n

 δ
w

 [
-]

0

0.5

1

1.5

2
T = 20°C
T = 40°C
T = 60°C
T = 80°C

(c)

f [Hz]
108 109 1010 1011

υ
 [

cm
 n

s-1
]

2

4

6

8

10
T = 20°C
T = 40°C
T = 60°C
T = 80°C

(d)

Figure 3.6: Dielectric spectrum of water under the effect of a relaxation
process according to the modified Debye model (Equation 3.4) with the
real ε′r,w a) and imaginary ε′′r,w b) parts of the relative complex dielectric
permittivity, loss tangent tan δw c) and propagation velocity v d) of water.

The temperature dependence of ε∞ and εs is expressed in terms of empirical rela-
tions of the form (Kaatze, 2007b; Wagner et al., 2014):

εk,w = εm,k,w exp(ak,wT ) (3.5)
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where, εm,k,w and ak,w are two empirical parameters for k = {s,∞}. The tempera-
ture dependence of the relaxation time of water can be characterized according to the
Eyring equation as (Buchner et al., 1999; Kaatze, 2007a):

τw(T ) =
h

kBT
k exp

[
∆G#

w (T )

RT

]
(3.6)

where, τw (s) is the relaxation time of water, h = 6.626 070 04× 10−34 m2 kg s−1 is the
Planck constant, kB = 1.380 648 52× 10−23 m2 kg s−2 K−1 is the Boltzmann constant,
k ≈ 1 is the transmission coefficient, R = 8.3145 J mol−1 K−1 is the gas constant and
∆G#

w = ∆H#
w −T∆S#

w (J mol−1) is the free enthalpy of activation or Gibbs free energy,
with activation enthalpy ∆H#

w (J mol−1) and activation entropy ∆S#
w (J mol−1 K−1)

(Ishida et al., 2000; Ishida et al., 2003).

To model the temperature dependence of the dielectric relaxation time of the free
water of a porous media under atmospheric conditions based on the Eyring’s model
(Equation 3.6), the approach suggested by Buchner et al. (1999) is applied:

∆G#
w (T ) = ∆H#

w,298 + ∆c#
p,298(T − T ∗)− T [∆S#

w,298 + ∆c#
p,298 ln(T/T ∗)] (3.7)

where, ∆G#
w (J mol−1) is the free enthalpy of activation, ∆H#

w,298 = 15 900 J mol−1

is the activation enthalpy, ∆S#
w,298 = 20.4 J mol−1 K−1 is the activation entropy and

∆c#
p,298 = (∂∆H#

w,298/∂T )p = T (∂∆S#
w,298/∂T )p = −160 J mol−1 K−1 is the heat capacity

of activation at a reference temperature T ∗ = 298.15 K (Buchner et al., 1999).

According to the Debye model, the real part of the complex permittivity shows
two asymptotes, namely a static permittivity εs, which is found at low frequency
(f −→ 0), and the high frequency limit of permittivity ε∞, which is found at (f −→∞)
(Figure 3.6a). And the characteristic difference between the two gives the relaxation
magnitude ∆ε. The imaginary part of complex permittivity exhibits a log-normal dis-
tribution of the dielectric spectrum, where the peak value is found at the inflection
point of the relaxation magnitude (Figure 3.6b).

Heterogeneous and complex porous materials, which are comprised of multiple
constituent phases with different electromagnetic behavior, may exhibit not only a
single type relaxation pattern, but also a distribution of relaxation times (Santamarina
et al., 2001; Zajicek et al., 2006; Wagner et al., 2007b). In this regard, the Cole-Cole
model (Equation 3.8) is introduced to describe the range of a distribution of relaxation
times (Cole and Cole, 1941; Asami, 2002; Kaatze and Feldman, 2006; Ellison, 2007;
Kaatze, 2007b; Wagner and Scheuermann, 2009).
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ε∗r,eff (ω, T ) = ε∞(T ) +
∆ε(T )

1 + [jωτ(T )]βCC(T )
− j σDC(T )

ωε0

(3.8)

where, βCC (0≤ βCC ≤ 1) is the stretching exponent or Cole-Cole parameter which
refers to the relaxation time distribution. For the special case of βCC = 1 the Cole-Cole
model reduces to the Debye model.

In terms of the intrinsic dielectric behavior, the bound water effects can not be
ignored for porous media with high clay fraction. The free water, which is also called
bulk water, has a dielectric constant ε′r,w = 80 at 1 GHz and 20◦C, hence it shows
a high degree of polarization as it is able to rotate freely when an external electrical
field is applied (Gong et al., 2003). Whereas, the bound water phase consists primarily
of water molecules which are bound to the solid grains by cohesive, adhesive and
osmotic forces (Hilhorst et al., 2001; Gong et al., 2003). The rotation of the bound water
phase when an electrical field is applied is restricted, resulting in less polarization
(less dielectric constant) compared with that of free water (Gong et al., 2003). Or and
Wraith (1999) obtained values of dielectric constant of bound water of ε′r,w = 6, 10 and
14 by harmonic averaging for bound water regions made up of one, two and three
molecular thicknesses, respectively. Sun and Young (2001) found a value of ε′r,w = 30.2

as the distance-weighted average for a bound water made up of four water-molecule
layers in Rideau clay.

3.4.1.3 Dielectric properties of saline pore-water

For porous media (soils and oil sands) with considerable salinity (such as those ob-
tained at or near seashores or in saline soils), the dielectric properties of saline pore-
water rather than pure pore-water should be used.

The dielectric properties of saline water differ from those of pure water (Klein and
Swift, 1977; Ellison et al., 1998; Blanch and Aguasca, 2004; Meissner and Wentz, 2004;
Zhou et al., 2012). At low GHz frequency ranges (< 10 GHz), saline water exhibits
much higher loss tangent as compared to pure water, and hence shows a higher rate
of heat dissipation when irradiated with an electric field (Mukhametshina and Mar-
tynova, 2013).

Unlike pure or distilled water, where the dielectric properties are only influenced
by changes in frequency and temperature, the complex dielectric permittivty of saline
or seawater is also dependent on salinity in addition to frequency and temperature
(Meissner and Wentz, 2004). In this thesis, the complex dielectric permittivity model
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for seawater suggested by Blanch and Aguasca (2004) is discussed due to its simplic-
ity and accuracy of prediction. Blanch and Aguasca used a modified version of the
modified Debye model for distilled water (Equations 3.4) as:

ε∗r,sw(ω, T, S) = ε∞ +
εs(T, S)− ε∞

1 + jωτsw(T, S)
− j σDC(T, S)

ωε0

(3.9)

where, ε∗r,sw is the frequency f , temperature T and salinity S dependent relative
complex dielectric permittivity of seawater, ε∞ is the high frequency limit of permit-
tivity, εs is the static permittivity, τsw (s) is the relaxation time of seawater, σDC (S m−1)
is the direct current conductivity and ε0 = 8.854 187 817× 10−12 F m−1 is the dielectric
permittivity of free space.
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Figure 3.7: Dielectric spectrum of seawater at temperature T = 20◦C un-
der the effect of a relaxation process according to the modified Debye
model of Blanch and Aguasca (2004) (Equation 3.9) with the real ε′r,sw a)
and imaginary ε′′r,sw b) parts of the relative complex dielectric permittiv-
ity, loss tangent tan δsw c) and propagation velocity v d) of seawater at

salinities S = 10, 20, 30 and 40 psu.

Blanch and Aguasca suggested that the high frequency limit of permittivity ε∞ be
assumed to be independent of frequency, temperature and salinity with a value of 4.9.
However, the static permittivity εs, relaxation time τsw and direct current conductivity
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σDC of seawater are all temperature and salinity dependent, and hence they suggested
Equations 3.10 - 3.12 to obtain these parameters based on permittivity measurements
on 23 seawater samples with salinities in the range between 0 to 40 psu (practical
salinity unit) and frequency range between 0.5 to 2.5 GHz.

εs(T, S) = εs(T, 0)asw(T, S) (3.10)

τsw(T, S) = τsw(T, 0)bsw(T, S) (3.11)

σDC(T, S) = σDC(25, S) exp[−φ(T, S)] (3.12)

with the following additional modification equations for obtaining the parameters
in Equations 3.10 - 3.12 [salinity S (psu) & temperature T (◦C)]:

εs(T, 0) = 87.38− 3.436× 10−1T − 1.912× 10−3T 2 + 3.812× 10−5T 3 (3.13)

asw(T, S) = 1 + 1.1552× 10−5TS − 3.9073× 10−3S + 3.0596× 10−5S2 (3.14)

τsw(T, 0) = 17.385− 5.78× 10−1T + 1.084× 10−2T 2 − 9.098× 10−5T 3(ps) (3.15)

bsw(T, S) = 1 + 2.9832× 10−4TS − 2.3871× 10−3S + 5.625× 10−5S2 (3.16)

σDC(25, S) = 1.90× 10−1S − 2.35× 10−3S2 + 3.46× 10−5S3 (3.17)

φ(T, S) = ∆[1.9479×10−2+1.6532×10−4∆−S(−1.0024×10−6+6.9946×10−7∆)]; ∆ = 25−T
(3.18)
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Prediction results of the model from Blanch and Aguasca at a room temperature of
T = 20◦C is shown in Figure 3.7, and at temperatures of T = 30 and 40◦C are shown
in appendix A.

3.4.2 Thermal properties

3.4.2.1 Previous studies

Thermal conductivity is one of the important thermal properties of soils known to
be highly influenced by the changes in water/saturating fluid content. In a typical
three-phase unsaturated soil system of solid particles, water and dry air, the effective
thermal conductivity of the resulting wet soil is a function of water and air contents
(Johansen, 1975; Clauser and Huenges, 1995; Lu et al., 2007).

The effective thermal conductivity of saturated oil sands is also highly affected
by the quantity of the saturating fluid (bitumen and water). Somerton et al. (1974)
studied the effects of temperature changes on the thermal conductivity of oil-water
saturated unconsolidated oil sands, and concluded that the degree of saturation of
the wetting fluid has a dominant effect on the thermal conductivity of the oil sands.

This is in agreement with the findings of Cervanan et al. (1981), where a high
degree of increase in the thermal conductivity of some reconstituted Athabasca oil
sand samples at room temperature and pressure was observed with an increase in
water content of the samples. Somerton et al. further suggested that the temperature
effects could be deemed to be essentially linear and proposed an empirical equation
for predicting the variation of thermal conductivity of oil sands with temperature
based on data from Scott and Seto (1986). Irani and Cokar (2016) later proposed a
modified model by reducing the number of empirical terms of the original model
presented by Somerton et al. (1974).

Karim and Hanafi (1981) studied the thermal conductivities of various natural and
reconstituted oil sand samples from Athabasca at temperatures ranging from 20◦C to
120◦C using a coaxial type steady state device. They adjusted the bitumen contents
during the preparation of the remolded samples, and noted a significant decrease in
the thermal conductivities with an increase in temperature.

Seki et al. (1981) devised a transient state thermal testing apparatus for the deter-
mination of thermal conductivity and specific heat values of specimens from a dis-
turbed medium grade Alberta oil sand samples. The results showed a sudden drop
in the measured thermal properties at around 100◦C due to vaporization of fluids in
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the specimen, as a provision of a back-fluid pore-pressure system to prevent fluids
from vaporizing at elevated temperatures was not provided.

With regards to the heat capacity, several researchers have provided detailed mod-
els for the specific heat capacity of porous media and their corresponding constituent
phases (Smith-Magowan et al., 1982; Skauge et al., 1983; Mains et al., 1984).

3.4.2.2 Thermal properties of solids, bitumen and pore-water

The thermal properties of porous media are influenced by temperature changes, due
to the temperature sensitivity of the different constituent phases (Smith-Magowan et
al., 1982; Skauge et al., 1983; Scott, 1989; Ramires et al., 1995; Hirono and Hamada,
2010; Irani and Cokar, 2016).

Tables 3.2 and 3.3 show the thermal conductivity and specific heat capacity mod-
els of the different components of porous media as a function of temperature, respec-
tively. The corresponding results are plotted in Figures 3.8a and 3.8b, respectively.
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Figure 3.8: Thermal conductivity a) and specific heat capacity b) of the
different components of porous media as a function of temperature (Q -

quartz, B - bitumen and W - water).
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Table 3.2: Thermal conductivity vs temperature models of the different
constituents of porous media.

Constituent Model Suggested by

Quartz, average
crystala

λs(T ) = λTo − qq(1/2)(To
T

)λdom(T−To
T

) Hailemariam and
Wuttke (2018b)

Quartz ‖ to the
c-axisb

λs‖(T ) = −8.52× 10−14T 5 + 3.02×
10−10T 4 − 4.47× 10−7T 3 + 3.56×
10−4T 2 − 0.158T + 35.40

Irani and Cokar
(2016)

Quartz ⊥ to the
c-axisb

λs⊥(T ) = −3.19× 10−13T 5 + 9.54×
10−10T 4 − 1.13× 10−6T 3 + 6.81×
10−4T 2 − 0.214T + 32.66

Irani and Cokar
(2016)

Bitumenc λb(T ) = 0.1289− 1.3× 10−4T American Petroleum
Institute (1997)

Bitumen with
5◦ APId

λb(T ) = 0.113− 5.8× 10−5T Irani and Cokar
(2016)

Bitumen with
10◦ APId

λb(T ) = 0.117− 6.0× 10−5T Irani and Cokar
(2016)

Watere λw(T ) = λw,298.15

[
− 1.48445 +

4.12292( T
298.15

)− 1.63866( T
298.15

)2
] Ramires et al. (1995)

a: λs (W m−1 K−1), T (◦C), for quartz grains: λTo = λdom = λq = 7.7 W m−1 K−1 at
To = 20◦C, qq = 0.38; for porous medium solids which are composed of quartz and
other minerals: λTo = λ

qf
q λ

(1−qf )
o (W m−1 K−1), λo = 2.0 or 3.0 W m−1 K−1 depending

on qf (see section 2.2.5 or Hailemariam and Wuttke (2018b))
b: Suggested based on data from Powell et al. (1966), λs‖ or λs⊥ (W m−1 K−1) and T (K)
c: λb (W m−1 K−1) and T (◦C)
d: Suggested based on data from Bland and Davidson (1967), λb (W m−1 K−1) and T
(K)
e: λw (W m−1 K−1), λw,298.15 = 0.6065 W m−1 K−1 and T (K)
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Table 3.3: Specific heat capacity vs temperature models of the different
constituents of porous media.

Constituent Model Suggested by

Quartza cs(T ) = [0.738 + 1.518× 10−3T −
2.026× 10−6T 2]103

Smith-Magowan
et al. (1982)

Bitumena cb(T ) = [1.557 + 5.219× 10−3T −
8.686× 10−6T 2]103

Smith-Magowan
et al. (1982)

Waterb cw(T ) =
95909− 184.43T + 1.3833× 10−1T 2 −
2.0119× 107T−1 + 1.6358× 109T−2

Hirono and Hamada
(2010)

a: cs or cb (J kg−1 K−1) and T (◦C)
b: Suggested based on data from Japan Society of Mechanical Engineers (1983), cw
(J kg−1 K−1) and T (K)

3.4.2.3 Thermal properties of saline pore-water

As in the dielectric properties, the thermophysical properties of saline water are also
affected by temperature and salinity (Jamieson et al., 1969; Jamieson and Tudhope,
1970; Sharqawy et al., 2010).

The thermal conductivity of liquids is a difficult property to measure, and hence
available data on seawater thermal conductivity is scarce. Generally, for aqueous so-
lutions with an electrolyte, such as saline water, the thermal conductivity decreases
with an increase in the concentration of the dissolved salts (Poling et al., 2001; Shar-
qawy et al., 2010). The prediction equation given by Jamieson and Tudhope (1970)
(Equation 3.19) based on measurements of synthetic saline water for temperatures
between T = 0 and 180◦C and salinities between S = 0 and 160 psu is presented in
this thesis. The accuracy of the prediction equation is ±3% (Jamieson and Tudhope,
1970; Sharqawy et al., 2010). Figure 3.9a shows the results of the prediction of (Equa-
tion 3.19) for four seawater salinities.

log[λsw(T, S)] = log(240+0.0002S)+0.434

(
2.3−343.5 + 0.037S

T + 273.15

)(
1− T + 273.15

647 + 0.03S

)0.333

(3.19)

where, λsw (mW m−1 K−1) is the thermal conductivity of seawater, and the model
is valid for temperature (0 < T < 180◦C) and salinity (0 < S < 160 psu).

As with the thermal conductivity, the specific heat of saline water decreases with
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Figure 3.9: Thermal conductivity λsw a) and specific heat capacity csw
b) of seawater at salinities S = 10, 20, 30 and 40 psu as a function of

temperature.

an increase in the concentration of the dissolved salts (Jamieson et al., 1969; Sharqawy
et al., 2010). The prediction equation given by Jamieson et al. (1969) (Equation 3.20)
based on measurements of synthetic saline water for temperatures between T = 0

and 180◦C and salinities between S = 0 and 180 psu is discussed in this thesis. The
maximum deviation of the prediction equation is ±0.28% (Jamieson et al., 1969; Shar-
qawy et al., 2010). Figure 3.9b shows the results of the prediction of (Equation 3.20)
for four seawater salinities.

csw(T, S) = A(S) +B(S)T + C(S)T 2 +D(S)T 3 (3.20)

A(S) = 5.328− 9.76× 10−2S + 4.04× 10−4S2 (3.21)

B(S) = −6.913× 10−3 + 7.351× 10−4S − 3.15× 10−6S2 (3.22)

C(S) = 9.6× 10−6 − 1.927× 10−6S + 8.23× 10−9S2 (3.23)

D(S) = 2.5× 10−9 + 1.666× 10−9S − 7.125× 10−12S2 (3.24)

where, csw (kJ kg−1 K−1) is the specific heat of seawater, and the model is valid for
temperature (273.15 < T < 453.15 K) and salinity (0 < S < 180 psu).
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3.4.3 Bitumen viscosity

Over the past decades, several models have been proposed to predict the viscosities
of bitumen at different temperatures (Briggs et al., 1984; Puttagunta et al., 1993; Mi-
adonye et al., 1994; Singh et al., 1994). A simplified and effective model for predicting
the variation of bitumen viscosity with temperature was presented by Miadonye et
al. (1994). Miadonye et al.’s model (Equation 3.25) is similar to the viscosity model of
heavy oils and bitumens proposed by Briggs et al. (1984), and was formulated based
on the principle of a curvilinear relationship between viscosity and temperature for
unrefined oils.

log(µv) =
bv(

1 + T−30
303.15

)Sv
+ Cv (3.25)

bv = log(µv,30)− Cv (3.26)

Cv = −3.0020 (3.27)

Sv = 0.0066940bv + 3.5364 (3.28)

where, µv (Pa s) is the dynamic viscosity of the bitumen at temperature T (◦C), bv
is the viscosity characterization parameter obtained from a single viscosity data of the
particular bitumen or heavy oil at 30◦C and one atmospheric pressure, µv,30 (Pa s) is
the dynamic viscosity of the bitumen at 30◦C, Cv is a constant and Sv is a measure of
the variation of viscosity with temperature.

3.5 Summary of chapter 3

A detailed study on the behavior and structure of unsaturated soils and oil sands was
presented. Moreover, the thermal and dielectric behavior of the constituent phases
of both porous media types was discussed as part of the development of the semi-
theoretical and numerical models which are discussed in the next chapters.
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Chapter 4

Semi-theoretical thermo-dielectric
modeling of porous media

4.1 Introduction

This chapter presents the theoretical study of the relationship between the thermal
conductivity and complex dielectric permittivity of porous media. These two param-
eters govern the thermal and dielectric processes of porous media. On this basis, new
theoretical models for the prediction of thermal conductivity of porous media (pri-
marily naturally occurring unsaturated soils and bitumen-water saturated oil sands)
deposits based on dielectric measurements are presented. Moreover, the variations
of the thermo-dielectric (T-DE) parameters of porous media with matric suction, ap-
plied vertical stress and temperature are studied (as these factors play a key role in
the thermo-dielectric behavior of porous media), and models predicting the water-
driven settlement potential of unsaturated weak or loessy porous media based on
thermo-dielectric measurements are presented.

4.2 Thermal conductivity prediction using dielectric mea-

surements

The thermal conductivity and complex dielectric permittivity of soils and oil sands are
highly correlated and are both affected by the changes in chemical composition, grain
structure and hydro-mechanical conditions. The findings of several studies on the
behavior of thermal conductivity and dielectric permittivity or electrical conductivity
of porous media (independently and/or in combination), which have been carried
out in the past (Archie, 1942; De Vries, 1963; Fragkogiannis et al., 2010; Logsdon et
al., 2010), confirm the correlation between the two parameters. Although none of the
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studies provide a direct theoretical correlation of the two parameters, the strong cor-
relation between the parameters is vital in order to employ geophysical approaches
such as HF-EM techniques (in the form of the complex dielectric permittivity) to mon-
itor porous media thermal properties such as the thermal conductivity via theoretical
modeling (Hailemariam et al., 2017). In this research, new theoretical models are
developed and experimentally verified to provide a direct theoretical correlation be-
tween the two parameters.

The thermal conductivity and complex dielectric permittivity of porous media are
key parameters for assessing porous media physical states, subsurface water and en-
ergy balances, unsaturated porous media mechanics and land-atmosphere interac-
tions. Thermal conductivity occurs through both solid and liquid phases and to a
lower extent through the gaseous phase of porous media. Moisture content has a most
prominent effect on the thermal conductivity of porous media (Salomone and Kovacs,
1984; Salomone et al., 1984; Salomone and Marlowe, 1989). The thermal conductivity
of porous media is also highly affected by changes in dry density (Salomone and Ko-
vacs, 1984; Salomone et al., 1984; Salomone and Marlowe, 1989), mineral composition
(Kersten, 1949; Salomone and Marlowe, 1989), freezing and thawing (Kersten, 1949;
Penner et al., 1975; Salomone and Marlowe, 1989), solid matrix texture (Kersten, 1949;
Salomone and Marlowe, 1989) and temperature (Mottaghy et al., 2008). Similarly,
the complex dielectric permittivity of porous media is influenced by factors such as
solid matrix texture and moisture content (Topp et al., 1980; Hilhorst, 2000; Wagner
et al., 2011a), level of porous medium solution concentration (Shainberg et al., 1980),
temperature (Wraith and Or, 1999) etc.

Experimental techniques for the precise determination of the effective thermal
conductivity of porous media are difficult and usually time-consuming to conduct.
Hence, several researchers have suggested empirical and semi-empirical porous me-
dia thermal conductivity prediction models relating the thermal conductivity to read-
ily obtainable parameters such as moisture content, porosity, temperature, mineral
content, pressure etc. (Farouki, 1981). However, the majority of these models are
applicable only to selected types of soils/geo-materials, and moisture content is a pri-
mary input parameter. This approach has its limitations both in-situ and in laboratory
applications, as the user is required to use methods of moisture measurement, which
disturb the structure of the porous medium or to extract samples for moisture con-
tent measurement. This procedure is usually a time-consuming practice, and there
are instances where it is not possible to extract samples for moisture measurement. A
typical example would be a laboratory test that involves the application of stress on
a porous medium, where the moisture content has a temporal variation. It is difficult
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to predict or monitor the thermal conductivity of the porous medium throughout the
test, as it would not be possible to extract samples or to insert a thermal conductivity
measurement device inside the medium due to the application of stress. However,
using a non-destructive dielectric measurement device, such as an open-ended coax-
ial line, where only the tip of the needle (with 2.2 mm dia) needs to be in contact with
the porous medium, one can easily monitor the changes in the complex dielectric per-
mittivity of the medium throughout the duration of the test. The obtained porous
media complex dielectric permittivity data can then be used to predict the thermal
conductivity of the porous medium using the correlation models presented in this
study.

Unlike most of these thermal conductivity prediction models, the new theoretical
models presented in this study do not require moisture content as an input param-
eter, thus providing the opportunity to obtain accurate estimation of thermal con-
ductivity both in-situ and in the laboratory using dielectric measurement techniques
only, avoiding soil disturbance or the need to extract samples for moisture content
measurement. For large scale sub-surface thermal exploration purposes, spatial sub-
surface complex dielectric data over high depths and wide areas of oil sands or soil
deposits can be obtained using non-destructive HF-EM measurement techniques such
as GPR, to be used as an input for the thermal conductivity prediction models pre-
sented in this research. The GPR technique works by emitting HF-EM pulses (50 MHz
- 1 GHz) from a transmitting antenna in to the ground. The dielectric permittivity of
the sub-surface is then estimated by recording the time of travel of the emitted pulses
via a receiving antenna. For laboratory and small scale in-situ measurements, com-
plex dielectric permittivity measurement techniques such as an open-ended coaxial
line with TDR or VNAs are typically employed.

4.2.1 Thermal conductivity prediction for naturally occurring soils

The model for predicting the thermal conductivity of two-phase/three-phase soils
from complex dielectric permittivity measurement is obtained by combining a mod-
ified form of the Johansen’s semi-empirical model of thermal conductivity (Equa-
tion 2.16) (Johansen, 1975) and the volume fraction (VF) model of complex dielec-
tric permittivity (Equation 2.48) (Lichtenecker and Rother, 1931), which for naturally
occurring soils can be rewritten as Equation 4.1 and Equations 4.2/ 4.3, respectively.

λ = (λsat − λd)
κ(θ/n)

1 + (κ− 1)(θ/n)
+ λd (4.1)
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ε∗ar,eff = Vsε
∗a
r,g + Vaε

∗a
r,a + Vwε

∗a
r,w (4.2)

ε′ar,eff = (1− n)ε′ar,g + (n− θ) + θε′ar,w (4.3)

where, λ (W m−1 K−1) is the effective thermal conductivity of the soil, λsat and λd

(W m−1 K−1) are the thermal conductivities of the soil in saturated and dry states, re-
spectively, κ is the soil texture dependent parameter of Côté and Konrad (2005) model
(with values of 4.60, 3.55, 1.90 and 0.60 for gravel and coarse sands, medium and fine
sands, silty & clayey soils and for organic soils in unfrozen state, respectively), n is the
soil porosity, θ is the soil volumetric water content, Vs, Va and Vw are the volumetric
fractions of the solids, air and water constituent phases of the soil, respectively, ε∗r,eff
is the relative effective complex permittivity of the soil, ε∗r,g, ε∗r,a and ε∗r,w are the rela-
tive complex permittivities of the solid grains, air and water constituent phases of the
soil, respectively, structural exponent a = 1/2 (CRIM) (Birchak et al., 1974), ε′r,eff is
the real part of the relative effective complex permittivity of the soil and ε′r,g, ε′r,a = 1

and ε′r,w are the real parts of the relative complex permittivities of the solid grains, air
and water constituent phases of the soil, respectively. In Equation 4.1, the Kersten’s
number of Johansen’s model (Equation 2.17) has been replaced by the Kersten’s func-
tion suggested by Côté and Konrad (Equation 2.21), in order to rectify its limitations
for predicting thermal conductivities of soils with a degree of saturation lower than
20% (Hailemariam et al., 2017).

Equation 4.3 can be rewritten in terms of the volumetric water content θ as:

θ =
ε′ar,eff − (1− n)ε′ar,g − n

ε′ar,w − 1
(4.4)

The effective thermal conductivity model (at room temperature of 20◦C), which is
independent of moisture content, is thus obtained by substituting the value of θ from
Equation 4.4 in to Equation 4.1 as:

λ = (λsat − λd)
κ

[
ε′ar,eff−(1−n)ε′ar,g−n

n(ε′ar,w−1)

]
1 + (κ− 1)

[
ε′ar,eff−(1−n)ε′ar,g−n

n(ε′ar,w−1)

] + λd (4.5)

Moreover, the thermal conductivities of the soil in dry and saturated states as well
as of the solid particles are obtained as λd = (0.135ρd + 64.7)/(ρs − 0.947ρd), λsat =

λ
(1−n)
s λnw and λs = λ

qf
q λ

(1−qf )
o (W m−1 K−1), respectively (Johansen, 1975). ρd (kg m−3)
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is the soil bulk dry density and ρs (kg m−3) is the density of soil solid particles. And
the real part of the relative complex permittivity of the solid grains can be calculated
based on the specific gravity of the solid grain particles using Equation 3.1 (Dobson
et al., 1985) as ε′r,g = (1.01 + 0.44Gs)

2 − 0.062.

The model is valid for the full range of soil saturation and takes in to account
the mineral composition, soil structure and the three-phase form. The model is also
sensitive to frequency changes in the complex dielectric permittivity analysis in the
form of ε′r,eff , ε′r,g and ε′r,w of Equations 4.4 and 4.5. In this study, the values at 1 GHz
frequency only are considered. At this frequency range, information on the free water
in the porous medium can be obtained, and the dispersion and absorption processes
can be compared directly (Blonquist Jr. et al., 2006; Wagner and Scheuermann, 2009;
Wagner et al., 2014).

For a typical silty-clay soil with specific gravity of solid particlesGs = 2.655 (taken
as the average of the silty-clay soils used in this study, section 6.2.1.1), ε′r,g = 4.683

(Equation 3.1), ε′r,w = 80 (at 1 GHz) (Hailemariam et al., 2017), structural exponent
a = 1/2, Equations 4.4 and 4.5 can be simplified as:

θ = 0.126ε′0.5r,eff + 0.147n− 0.272 (4.6)

λ = (λsat − λd)
κ

(
0.126ε′0.5r,eff+0.147n−0.272

n

)
1 + (κ− 1)

(
0.126ε′0.5r,eff+0.147n−0.272

n

) + λd (4.7)

4.2.2 Thermal conductivity prediction for bitumen-water saturated

oil sands

The new model for predicting the thermal conductivity of bitumen-water saturated
oil sands from complex dielectric permittivity measurement is obtained by combin-
ing the volume fraction (VF) models for thermal conductivity (Equation 2.13) (Licht-
enecker and Rother, 1931; Yun and Santamarina, 2007) and complex dielectric per-
mittivity (Equation 2.48) (Lichtenecker and Rother, 1931), which for bitumen-water
saturated oil sands can be rewritten as Equations 4.8/ 4.9 and Equations 4.10/ 4.11,
respectively. The VF models are selected in our study due to their simple structure,
accuracy of prediction and wide range of applicability.

λ =
[
Vsλ

s
s + Vbλ

s
b + Vwλ

s
w

]1/s

(4.8)
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λ =
[
(1− n)λss + (n− θ)λsb + θλsw

]1/s

(4.9)

ε∗ar,eff = Vsε
∗a
r,g + Vbε

∗a
r,b + Vwε

∗a
r,w (4.10)

ε′ar,eff = (1− n)ε′ar,g + (n− θ)ε′ar,b + θε′ar,w (4.11)

where, λ (W m−1 K−1) is the effective thermal conductivity of the oil sand, λs, λb
and λw (W m−1 K−1) are the thermal conductivities of the solids, bitumen and water
constituent phases of the oil sand, respectively, Vs, Vb and Vw are the volumetric frac-
tions of the solids, bitumen and water constituent phases of the oil sand, respectively,
coefficient s = −0.25, n is the porosity of the oil sand, θ is the volumetric water content
of the oil sand, ε∗r,eff is the relative effective complex permittivity of the oil sand, ε∗r,g,
ε∗r,b and ε∗r,w are the relative complex permittivities of the solid grains, bitumen and
water constituent phases of the oil sand, respectively, structural exponent a = 1/2

(CRIM) (Birchak et al., 1974), ε′r,eff is the real part of the relative effective complex
permittivity of the oil sand, and ε′r,g, ε′r,b and ε′r,w are the real parts of the relative com-
plex permittivities of the solid grains, bitumen and water constituent phases of the oil
sand, respectively.

It should be noted that the geometric mean (GM) model, which is typically used to
model thermal conductivity of porous media with multiple constituent phases, can-
not be used for predicting the thermal conductivity of oil sands with good accuracy,
and hence has not been used in the development of the new thermal-dielectric corre-
lation model of oil sands in this study. The GM model gives satisfactory results for
water saturated porous media, where the ratio of the thermal conductivities of the
solid grains to the saturating fluid (in this case water) λs/λf < 15 (Côté and Konrad,
2005; Hailemariam et al., 2016), but significantly overestimates the thermal conduc-
tivity of dry porous media, where the ratio of the thermal conductivities of the solid
grains to the saturating fluid (in this case air) λs/λf > 100 (Johansen, 1975; Farouki,
1981; Hailemariam et al., 2016), and to a lower extent oil saturated porous media,
where the ratio of the thermal conductivities of the solid grains to the saturating fluid
(in this case bitumen) λs/λf > 15. Hence the VF model suggested by Yun and Santa-
marina (2007), which provides a better accuracy for the prediction of effective thermal
conductivity of porous media with a higher λs/λf ratio is selected.

Equation 4.11 can be rewritten in terms of the volumetric water content θ as:
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θ =
ε′ar,eff − (1− n)ε′ar,g − nε′ar,b

ε′ar,w − ε′ar,b
(4.12)

The effective thermal conductivity model (at room temperature of 20◦C), which is
independent of moisture content, is thus obtained by substituting the value of θ from
Equation 4.12 in to Equation 4.9 as:

λ =

[
(1−n)λss+

(
n−

ε′ar,eff − (1− n)ε′ar,g − nε′ar,b
ε′ar,w − ε′ar,b

)
λsb+

(
ε′ar,eff − (1− n)ε′ar,g − nε′ar,b

ε′ar,w − ε′ar,b

)
λsw

]1/s

(4.13)

Furthermore, the thermal conductivity of the solid grains can be calculated based
on the volumetric quartz fraction using Equation 2.18 (Johansen, 1975) as λs = λ

qf
q λ

(1−qf )
o ,

and the real part of the relative complex permittivity of the solid grains can be cal-
culated based on the specific gravity of the solid grain particles using Equation 3.1
(Dobson et al., 1985) as ε′r,g = (1.01 + 0.44Gs)

2 − 0.062.

The model is valid for the full range of bitumen-water saturation and takes in to
account the mineral composition, oil sand structure and the three-phase oil sand form.
The model is also sensitive to frequency changes in the complex dielectric permittivity
analysis in the form of ε′r,eff , ε′r,g, ε′r,b and ε′r,w of Equations 4.12 and 4.13. In this study,
the values at 1 GHz frequency only are considered.

For a typical oil sand with specific gravity of solid particles Gs = 2.67 (taken from
the oil sand used in this study, section 6.2.2), ε′r,g = 4.71 (Equation 3.1), ε′r,w = 80 (at 1
GHz) (Hailemariam et al., 2017), ε′r,b = 2.5 (Rambabu et al., 2011; Oloumi and Ram-
babu, 2016), structural exponent a = 1/2, λb = 0.126 W m−1 K−1 (at 20◦C) (American
Petroleum Institute, 1997), λw = 0.594 W m−1 K−1 (at 20◦C) (Hailemariam et al., 2017)
and coefficient s = −0.25, Equations 4.12 and 4.13 can be simplified as:

θ = 0.136ε′0.5r,eff + 0.08n− 0.295 (4.14)

λ =
[
(1− n)λ−0.25

s − 0.073ε′0.5r,eff + 1.635n+ 0.159
]−4

(4.15)

The main sources of error (uncertainties) in the use of the new model to predict
the thermal conductivity from dielectric measurements are due to: the precision and
calibration procedure of the employed electromagnetic device (TDR, VNA, GPR etc.),
types of coaxial cables used, inversion algorithms (if any) and high porous medium
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grain sizes (as in porous media with high coarse grain fraction) when an open-ended
coaxial probe is used.

4.3 Effect of matric suction on the porous media thermo-

dielectric parameters

Unsaturated porous media behavior is mainly characterized by the study of the soil-
water characteristic curve (SWCC) (Fredlund and Rahardjo, 1993; Fredlund and Xing,
1994). The SWCC for a porous media is defined as the relationship between water
content and suction (Williams, 1982). The water content quantifies the amount of
water contained within the pores of the porous medium, whereas the suction may be
either the matric suction (also called capillary pressure) or the total suction (i.e. matric
+ osmotic suction).

Due to its importance in unsaturated porous media behavior, numerous researchers
have proposed empirical equations to simulate the SWCC (Brooks and Corey, 1964;
Campbell, 1974; van Genuchten, 1980; Williams et al., 1983; McKee and Bumb, 1984).
Due to the empirical nature of these equations, they can only be used for a particu-
lar group of porous media. Fredlund and Xing (1994) proposed a general theoretical
equation with the form of an integrated frequency distribution curve for the SWCC of
sand, silt and clay soils over the entire suction range using a nonlinear, least-squares
computer program to obtain the best-fit parameters of literature data. Due to its sim-
plicity and wide range of application, the Fredlund and Xing model is used in this
thesis to establish the dependency of the thermo-dielectric porous media parameters
on matric suction.

4.3.1 Variation of thermal conductivity of naturally occurring soils

with matric suction

The new model for predicting the effect of matric suction on the thermal conductiv-
ity of naturally occurring soils (Equation 4.16) under drying or desorption process is
obtained by replacing the volumetric water content term of the modified Johansen
(1975) model (Equation 4.1) with its equivalent from the Fredlund and Xing (1994)
model as shown by Equation 4.19.

λ(ψm) = (λsat − λd)
κ[θ(ψm)/n]

1 + (κ− 1)[θ(ψm)/n]
+ λd (4.16)
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λsat = λ(1−n)
s λnw;λs = λ

qf
q λ

(1−qf )
o (4.17)

λd =
0.135ρd + 64.7

ρs − 0.947ρd
(4.18)

θ(ψm) = n

{
1

ln[exp +(ψm/p1)p2 ]

}p3
(4.19)

where, λ (W m−1 K−1) is the matric suction ψm dependent effective thermal con-
ductivity, λsat and λd (W m−1 K−1) are the saturated and dry thermal conductivities of
the soil, respectively, κ is the soil texture dependent parameter of Côté and Konrad
(2005) model, θ, ψm (kPa), n and ρd (kg m−3) are the volumetric water content, matric
suction, porosity and bulk dry density, respectively, ρs (kg m−3) is the density of the
solid particles of the soil, λs, λw, λq and λo (W m−1 K−1) are thermal conductivities of
the solids, water, quartz and minerals other than quartz, respectively, qf is the volu-
metric quartz fraction, and p1, p2 and p3 are three soil type dependent parameters of
the Fredlund and Xing (1994) model. Parameter p1 is closely related to the air-entry
value (AEV) of the soil, and can be assumed to be equal to the AEV of the soil when
the value of parameter p3 is small (Fredlund and Xing, 1994). Parameters p2 and p3

represent the slopes of the main SWCC (desorption curve) and the SWCC at high
matric suction range, respectively.

4.3.2 Variation of dielectric permittivity of naturally occurring soils

with matric suction

The new model for predicting the effect of matric suction on the complex dielectric
permittivity of naturally occurring soils (Equation 4.20) under drying or desorption
process is obtained by replacing the volumetric water content term of the volume
fraction (VF) model of complex dielectric permittivity (Equation 4.3) (Lichtenecker
and Rother, 1931) with its equivalent from the Fredlund and Xing (1994) model as
shown by Equation 4.19.

ε′ar,eff (ψm) = (1− n)ε′ar,g + [n− θ(ψm)] + θ(ψm)ε′ar,w (4.20)

where, ε′r,eff is the matric suction ψm dependent real part of the relative effective
complex permittivity of the soil, θ and n are the volumetric water content and porosity
of the soil, respectively, structural exponent a = 1/2 (CRIM) (Birchak et al., 1974),
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ε′r,g = (1.01 + 0.44Gs)
2 − 0.062 (Dobson et al., 1985) and ε′r,w are the real parts of the

relative complex permittivities of the solid grains and water constituent phases of the
soil, respectively.

4.4 Effect of stress on the porous media thermo-dielectric

parameters

The effective stress applied over porous media governs the major heat and electro-
magnetic wave propagation paths as well as the inter-particle contact condition, by
inducing changes in the internal structure or fabric of porous media (Choo et al., 2013;
Hailemariam et al., 2015a). Nevertheless, the vital role of stress in the heat flow and
EM wave propagation of porous media has not been given adequate attention, as
compared to the other commonly studied governing porous media index properties
(Kersten, 1949; Penner et al., 1975; Shainberg et al., 1980; Topp et al., 1980; Salomone
and Kovacs, 1984; Salomone et al., 1984; Salomone and Marlowe, 1989; Hilhorst, 2000;
Fragkogiannis et al., 2010; Logsdon et al., 2010; Wagner et al., 2011a), which are readily
incorporated in the empirical and semi-empirical correlations and theoretical mixture
models.

Previous studies have shown that stress facilitates heat flow (thermal behavior)
in porous media by increasing the inter-particle contact area, but can have opposite
effects on the EM wave propagation (dielectric behavior) based on the state of the
porous media (Hailemariam et al., 2015a), i.e. an increase in the effective complex
dielectric permittivity in dry or unsaturated conditions due to a reduction in porosity
and improved inter-particle contact upon the application of stress, and a reduction
in the effective complex dielectric permittivity in saturated condition mainly due to
the expulsion of pore-water during consolidation (Tehranian et al., 1994; Vargas and
McCarthy, 2002; Demirci et al., 2004; Weidenfeld et al., 2004; Abuel-Naga et al., 2008;
Abdulagatova et al., 2009; Choo et al., 2013; Lin and Cerato, 2013). Although the
studies provide a good insight in to the behavior of porous media under the influence
of stress, most of them fail to give a simplified theoretical approach for quantifying
the thermal and dielectric parameters in terms of the effective stress imposed on the
medium. The experimentally verified theoretical models presented in this study aim
to provide a direct correlation between the thermo-dielectric parameters of porous
media and the applied effective stress.
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4.4.1 Variation of thermal conductivity of naturally occurring soils

with stress

The new model for predicting the effect of applied effective stress on the thermal con-
ductivity of naturally occurring soils (Equation 4.21) is obtained by introducing the
coefficient of primary compressibility index of soils under drained one-dimensional
loading Cc to the parameters of the modified Johansen (1975) model (Equation 4.1),
as shown by Equations 4.22 - 4.29.

λ(σ′) = [λsat(σ
′)− λd(σ′)]

κ[θ(σ′)/n(σ′)]

1 + (κ− 1)[θ(σ′)/n(σ′)]
+ λd(σ

′) (4.21)

λsat(σ
′) = λ[1−n(σ′)]

s λn(σ′)
w ;λs = λ

qf
q λ

(1−qf )
o (4.22)

λd(σ
′) =

0.135ρd(σ
′) + 64.7

ρs − 0.947ρd(σ′)
(4.23)

∆e = Cc[log(σ′o + ∆σ′)− log σ′o] = Cc log

(
σ′o + ∆σ′

σ′o

)
(4.24)

e(σ′) = eo −∆e = eo − Cc log

(
σ′o + ∆σ′

σ′o

)
(4.25)

n(σ′) =
e(σ′)

1 + e(σ′)
=

eo − Cc log
(
σ′o+∆σ′

σ′o

)
1 + eo − Cc log

(
σ′o+∆σ′

σ′o

) =

no

1−no
− Cc log

(
σ′o+∆σ′

σ′o

)
1 + no

1−no
− Cc log

(
σ′o+∆σ′

σ′o

) (4.26)

wo =
θo

Gs(1− no)
(4.27)

θ(σ′) =


woGsn(σ′)
e(σ′)

= woGs[1− n(σ′)] = θo[1−n(σ′)]
1−no

, if n(σ′) > woGs

1+woGs

n(σ′), if n(σ′) ≤ woGs

1+woGs

(4.28)

ρdo =

[
Gs

1 + eo

]
1000; ρd(σ

′) =

[
Gs

1 + e(σ′)

]
1000 (4.29)
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where, λ, λsat and λd (W m−1 K−1) are the stress dependent effective, saturated
and dry thermal conductivities of the soil after an increment of an applied effective
stress of ∆σ′ (kPa), respectively, κ is the soil texture dependent parameter of Côté
and Konrad (2005) model, θ, n, e and ρd (kg m−3) are the stress dependent volumetric
water content, porosity, void ratio and bulk dry density, respectively, θo, no, eo, wo and
ρdo (kg m−3) are the volumetric water content, porosity, void ratio, gravimetric water
content and bulk dry density before the application of the effective stress increment
∆σ′ or at the initial stress condition of σ′o (> 1 kPa), respectively, ∆e is the reduction
in void ratio of the soil due to the application of the stress increment ∆σ′, Cc is the
primary compressibility index of the soil, Gs and ρs (kg m−3) are the specific gravity
and density of the solid particles of the soil, respectively, λs, λw, λq and λo (W m−1 K−1)
are thermal conductivities of the solids, water, quartz and minerals other than quartz,
respectively and qf is the volumetric quartz fraction.

The first case of Equation 4.28 represents dry or unsaturated soil conditions upon
drained one-dimensional loading, whereas the second case applies for saturated soils
or for unsaturated soils where all the entrapped air has been removed and have just
reached saturated conditions upon drained one-dimensional loading. It should be
noted that the latter case is associated with the removal of pore-water from the soil
(consolidation) and hence the gravimetric water content of the soil will gradually start
to decrease.

The compressibility of soils in general and clays in particular is affected by several
factors such as mineralogical properties, soil plasticity, texture, pore-water behavior,
cementation, loading history, over-consolidation ratio, natural water content etc. On
this basis, several researchers have correlated the compressibility characteristics of
soils (in the form of the compressibility index Cc) with various soil properties such as
liquid limit, natural moisture content, initial in-situ void ratio, dry unit weight, plas-
ticity index, void ratio at liquid limit etc. (Nishida, 1956; Sridharan and Nagaraj, 2000;
Gunduz and Arman, 2007; Widodo and Ibrahim, 2012; Hailemariam et al., 2015a), and
hence a respresentative compressibility index Cc value for most soil types is readily
obtainable from the extensive research and available databases.
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4.4.2 Variation of dielectric permittivity of naturally occurring soils

with stress

The new model for predicting the effect of applied effective stress on the complex
dielectric permittivity of naturally occurring soils (Equation 4.30) is obtained by in-
troducing the coefficient of primary compressibility index of soils under drained one-
dimensional loading Cc to the parameters of the volume fraction (VF) model of com-
plex dielectric permittivity (Equation 4.3) (Lichtenecker and Rother, 1931), as shown
by Equations 4.24 - 4.28.

ε′ar,eff (σ
′) = [1− n(σ′)]ε′ar,g + [n(σ′)− θ(σ′)] + θ(σ′)ε′ar,w (4.30)

where, ε′r,eff is the stress dependent real part of the relative effective complex per-
mittivity of the soil after an increment of an applied effective stress of ∆σ′ (kPa), θ
and n are the stress dependent volumetric water content and porosity of the soil, re-
spectively, structural exponent a = 1/2 (CRIM) (Birchak et al., 1974), ε′r,g = (1.01 +

0.44Gs)
2−0.062 (Dobson et al., 1985) and ε′r,w are the real parts of the relative complex

permittivities of the solid grains and water constituent phases of the soil, respectively.

4.5 Correlation between thermal, dielectric and water-

driven settlement behavior of weak porous media

In this section, the tripartite correlation between the thermal conductivity, dielectric
permittivity and water-driven settlement potential of weak loessy soils is theoretically
studied, and based on the strong correlation between the three parameters, models for
predicting the settlement potential of weak soils from thermal or dielectric measure-
ments are suggested.

Weak or loessy or collapsible porous media are those that appear to be stable in
their natural state (normally dry condition), but rapidly deform under water satu-
ration (wetting), thus generating large and often unexpected settlements yielding
disastrous consequences for structures unwittingly built over them. These porous
media deposits usually exist at or dry state as they are mainly found in arid and
semi-arid regions of the world. The focus of this study is on dry un-cemented weak
soils which may be remolded (i.e. laboratory reconstituted) or found in an undis-
turbed state in nature. The triggering mechanism for the water-driven settlement in
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weak soils is mainly attributed to the weakening or softening of a portion of the fine-
grained soil fraction, which exist as a bonding material for the larger-grained particles
(Casagrande, 1932), and also due to the loss of strength due to a reduction in the ma-
tric suction as a result of wetting (Fredlund and Gan, 1995). The matric potential of
a soil is a measure of the bonding forces between water and soil. The degree of sat-
uration and the amount of total suction are primarily used to describe the hydraulic
water conditions (soil-water characteristic curve - SWCC). Furthermore, the SWCC
is an important tool in the study of the complex physiochemical behavior of most
naturally occurring unsaturated soils (Fredlund and Rahardjo, 1993).

Casagrande (1932) has shown that a part of the fine-grained fraction of most weak
soils exist as a bonding material for the coarse-grained particles, and that these bonds
naturally undergo local compression in the small gaps between adjacent grains re-
sulting in the development of strength of the soil (Figure 4.1). When the loaded soil
is exposed to moisture, and a certain critical moisture content is reached, the fine silt
or clay bridges that are holding the coarser-grained particles soften, weaken and/or
dissolve to some extent. Gradually, the binders reach a stage where they no longer
resist deformation forces and the structure collapses (Kafle et al., 2014; Hailemariam
et al., 2015b).

Figure 4.1: Meso-structure of a hydro-collapsible soil in a dry state (top)
and after settlement triggered by water inundation (bottom).

The microscopic behavior of un-cemented weak soils is governed by the presence
of minerals such as tecosilicates, mica and clay minerals of smectite, kaolinite and
chlorite. The shear strength and volume change in terms of the observed macroscopic
behavior of the individual clay platelets are predominantly governed by surface phys-
iochemical forces, rather than the gravitational forces (Lin and Cerato, 2013). This is
attributed their small texture and the diffuse double layer formed around the clay
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platelets. The comprehensive study of the thermal and electromagnetic properties of
weak soils can provide a good platform to explain microscopic mechanisms of water-
driven settlement and a tool to quantify the settlement during wetting due to physio-
chemical forces.

Howayek et al. (2011) and Ayadat and Hanna (2012) conducted a comprehensive
review of the existing techniques for the identification of weak soils and the estima-
tion of their associated water-driven settlement upon wetting. As indicated in their
studies, majority of the existing settlement prediction models use moisture content
as the primary input parameter. However, this technique has major limitations in
practical in-situ and laboratory applications, due to the need for soil extraction or
the use of moisture measurement techniques which usually disturb the soil structure.
And in the case where samples have to be collected from great sub-surface depths,
this procedure becomes time consuming and un-economic. As a solution to these
aforementioned limitations, new prediction models for the water-driven settlement
of weak soils based on thermal or dielectric soil measurements are proposed in this
study, and the accuracy of the models is assessed by performing water-driven settle-
ment tests on a collapsible soil. The new models do not require moisture content as
an input parameter, and hence provide the opportunity to estimate the water-driven
settlement of weak soils with little or no disturbance using soil thermal or dielectric
data.

4.5.1 Settlement prediction using thermal conductivity

The water-driven settlement prediction models of weak soils presented in this study
are developed by modifying the moisture content dependent model suggested by
Minkov et al. (1977), due to its simplicity and accuracy of prediction. The Minkov et
al. model (Equation 4.31) predicts the water-driven settlement potential δnp,3 of weak
soils at a stress level of 3 kg cm−2 (300 kPa). The particular stress level of 300 kPa is
a representative stress state for weak soils, as the maximum water-driven settlement
potential of most weak soils occurs at stress levels between 200 and 400 kPa (see re-
sults and discussion in section 7.2.2.4).

δnp,3 = 100K(n− 0.4)(0.3− w) (4.31)

where, δnp,3 = ∆h/ho is the water-driven settlement potential of the weak soil (∆h,
m, is the change in soil height due to wetting and h0, m, is the initial height of the
soil), n is the soil porosity, w is the gravimetric water content of the soil and K is a soil
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texture constant with values of 0.02, 0.03, 0.05, 0.08 and 0.09 for loessy sand, sandy
loess, typical loess, clayey loess and loessy clay, respectively. According to the model,
in order for a water-driven settlement to occur, the porosity and gravimetric water
content of the weak soil should be greater than 0.4 and less than 0.3, respectively. This
condition is in agreement with previous findings (Feda, 1966; Jennings and Knight,
1975), and illustrates the fact that weak soils are more susceptible to subsidence when
they are in a loose state and with a low moisture content.

The model for obtaining the water-driven settlement of weak soils from thermal
conductivity measurement is obtained by eliminating the moisture content term of
the Minkov et al. model (Equation 4.31) by its equivalent from the modified Johansen
(1975) model (Equation 4.1). The modified Johansen’s model can be rewritten in terms
of the volumetric water content θ as:

θ =
n(λ− λd)

κ(λsat − λd)− (κ− 1)(λ− λd)
(4.32)

Since w = θ/[Gs(1−n)], Equation 4.32 can be expressed in terms of the gravimetric
water content w of the soil as:

w =
n(λ− λd)

κGs(1− n)(λsat − λd)−Gs(1− n)(κ− 1)(λ− λd)
(4.33)

The settlement potential model which is independent of moisture content, is thus
obtained by substituting the value of w from Equation 4.33 in to Equation 4.31 as:

δnp,3 = 100K(n− 0.4)

[
0.3− n(λ− λd)

κGs(1− n)(λsat − λd)−Gs(1− n)(κ− 1)(λ− λd)

]
(4.34)

where, δnp,3 is the settlement potential, n is the soil porosity, K is a soil texture con-
stant of the Minkov et al. (1977) model, λ (W m−1 K−1) is the measured thermal con-
ductivity,Gs is the specific gravity of the solid particles, κ is the soil texture dependent
parameter of the Côté and Konrad (2005) model. Furthermore, the thermal conduc-
tivities of the weak soil in dry and saturated states as well as of the solid particles are
obtained as λd = (0.135ρd + 64.7)/(ρs − 0.947ρd), λsat = λ

(1−n)
s λnw and λs = λ

qf
q λ

(1−qf )
o

(W m−1 K−1), respectively (Johansen, 1975). ρd (kg m−3) is the soil bulk dry density
and ρs (kg m−3) is the density of soil solid particles. The model is valid for n > 0.4 and
the full range of soil saturation, and can also be used to estimate the progress (reduc-
tion) of the settlement potential of a weak soil upon wetting (i.e. via an increase in the
measured thermal conductivity λ of the weak soil upon wetting in Equation 4.34).
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4.5.2 Settlement prediction using dielectric permittivity

The new model for obtaining the water-driven settlement of weak soils from complex
dielectric permittivity measurement is obtained by eliminating the moisture content
term of the Minkov et al. model (Equation 4.31) by its equivalent from the volume
fraction (VF) model of complex dielectric permittivity (Equation 4.4) (Lichtenecker
and Rother, 1931). Since w = θ/[Gs(1− n)], Equation 4.4 can be expressed in terms of
the gravimetric water content w of the soil as:

w =
ε′ar,eff − (1− n)ε′ar,g − n
Gs(1− n)(ε′ar,w − 1)

(4.35)

The settlement potential model which is independent of moisture content, is thus
obtained by substituting the value of w from Equation 4.35 in to Equation 4.31 as:

δnp,3 = 100K(n− 0.4)

[
0.3−

ε′ar,eff − (1− n)ε′ar,g − n
Gs(1− n)(ε′ar,w − 1)

]
(4.36)

where, δnp,3 is the settlement potential, n is the soil porosity, K is a soil texture
constant of the Minkov et al. (1977) model, ε′r,eff is the measured real part of the
relative effective complex permittivity of the weak soil, Gs is the specific gravity
of the solid particles, structural exponent a = 1/2 (CRIM) (Birchak et al., 1974),
ε′r,g = (1.01 + 0.44Gs)

2 − 0.062 (Dobson et al., 1985) and ε′r,w are the real parts of
the relative complex permittivities of the solid grains and water constituent phases of
the weak soil, respectively. The model is valid for n > 0.4 and the full range of soil
saturation, and can also be used to estimate the progress (reduction) of the settlement
potential of a weak soil upon wetting (i.e. via an increase in the measured ε′r,eff of the
weak soil upon wetting in Equation 4.36). The model takes in to account the mineral
composition, soil structure and the three-phase form and is also sensitive to frequency
changes in the complex dielectric permittivity analysis in the form of ε′r,eff , ε′r,g and
ε′r,w of Equations 4.35 and 4.36. In this study, the values at 1 GHz frequency only are
considered.

For a typical weak soil with specific gravity of solid particlesGs = 2.74 (taken from
the collapsible soil used in this study, Chapter 6), ε′r,g = 4.847 (Equation 3.1), ε′r,w = 80

(at 1 GHz) (Hailemariam et al., 2017), structural exponent a = 1/2, Equations 4.35
and 4.36 can be simplified as:

w =
ε′0.5r,eff + 1.202n− 2.202

21.767(1− n)
(4.37)
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δnp,3 = 100K(n− 0.4)

[
0.3−

ε′0.5r,eff + 1.202n− 2.202

21.767(1− n)

]
(4.38)

4.6 Effect of temperature on the porous media thermo-

dielectric parameters

As discussed in section 3.4, temperature plays a key role in the thermo-dielectric
properties of many of the constituent phases of porous media. Hence, the overall
or effective thermal and dielectric parameters of porous media are also affected by
temperature changes. In this section, semi-theoretical models for the predictions of
the effective thermal conductivity and effective dielectric permittivity of porous me-
dia with changes in medium temperature are presented.

4.6.1 Variation of thermal conductivity of porous media with tem-

perature

The new model for predicting the effect of temperature on the thermal conductivity of
porous media (Equation 4.39) is obtained by using temperature dependent variables
in the modified Johansen (1975) model (Equation 4.1).

λ(T ) = [λsat(T )− λd(T )]
κ(θ/n)

1 + (κ− 1)(θ/n)
+ λd(T ) (4.39)

λsat(T ) = λs(T )(1−n)λw(T )n (4.40)

λd(T ) =


0.135ρd(T )+64.7
ρs(T )−0.947ρd(T )

, for uncemented granular media

0.85λs(T )(1−n)λa(T )n, for cemented porous media

(4.41)

λs(T ) = λTo − qq(1/2)(To
T

)λdom(
T − To
T

) (4.42)

λw(T ) = λw,298.15

[
− 1.48445 + 4.12292

(
T

298.15

)
− 1.63866

(
T

298.15

)2]
(4.43)
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where, λ (W m−1 K−1) is the temperature T dependent effective thermal conductiv-
ity, λsat and λd (W m−1 K−1) are the saturated and dry temperature dependent thermal
conductivities of the medium, respectively, κ is the texture dependent parameter of
Côté and Konrad (2005) model, θ and n are the volumetric water content and poros-
ity, respectively, ρd (kg m−3) and ρs (kg m−3) are the temperature dependent bulk dry
density and density of the solid particles, respectively, λs, λw and λa (W m−1 K−1) are
the temperature dependent thermal conductivities of the solids, water and air, respec-
tively (although the temperature dependence of conductivity for air can be neglected),
λTo and λdom (W m−1 K−1) are thermal conductivities of the solids at reference temper-
ature To (◦C) and the dominant solid mineral, respectively, and qq is a phonon scatter-
ing coefficient with values for different mineral types provided in Hailemariam and
Wuttke (2018b). In Equation 4.43, λw,298.15 = 0.6065 W m−1 K−1 and T (K) (Ramires
et al., 1995).

4.6.2 Variation of dielectric permittivity of porous media with tem-

perature

The new model for predicting the effect of temperature on the complex dielectric per-
mittivity of porous media (Equation 4.44) is obtained by using temperature depen-
dent variables in the volume fraction (VF) model of complex dielectric permittivity
(Equation 4.3) (Lichtenecker and Rother, 1931).

ε′ar,eff (T ) = (1− n)ε′ar,g(T ) + (n− θ) + θε′ar,w(T ) (4.44)

where, ε′r,eff is the temperature T dependent real part of the relative effective
complex permittivity of the medium, θ and n are the volumetric water content and
porosity, respectively, structural exponent a = 1/2 (CRIM) (Birchak et al., 1974),
ε′r,g = (1.01 + 0.44Gs)

2 − 0.062 (Dobson et al., 1985) is the dielectric constant of the
solids, and along with air can be assumed to be temperature independent, and ε′r,w

(Equation 3.4) is the temperature and frequency dependent real part of the relative
complex permittivity of water (Asami, 2002; Zajicek et al., 2006; Wagner and Scheuer-
mann, 2009).

4.7 Extension of the semi-theoretical models

The thermal conductivity of porous media at different hydro-mechanical conditions
which do not involve porosity changes at the time of measurement, such as matric
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suction (section 4.3) water-driven settlement (section 4.5) and temperature (section
4.6), can be obtained based on dielectric measurements following the appropriate re-
lations given in section 4.2. However, for hydro-mechanical conditions which involve
changes in medium porosity such as due to the application of effective stress (sec-
tion 4.4), the thermal conductivity can be obtained based on dielectric measurements
using new relations deduced by following similar procedures to these given in sec-
tion 4.2 (i.e. the only modification being the inclusion of stress dependent rather than
constant porous media parameters such as porosity, dry density etc.).

4.8 Summary of chapter 4

In this chapter, the relationship between the thermal conductivity and complex di-
electric permittivity of soils and oil sands was studied. These two parameters gen-
erally play a key role in controlling the thermal and dielectric processes of porous
media. On this ground, new theoretical models for the prediction of thermal conduc-
tivity of porous media (primarily naturally occurring unsaturated soils and bitumen-
water saturated oil sands) deposits based on dielectric measurements were presented.
Moreover, the variations of the two parameters of porous media with matric suc-
tion, applied vertical stress and temperature were studied, and models predicting the
water-driven settlement potential of unsaturated weak or loessy porous media based
on thermal and dielectric measurements were presented.
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Chapter 5

Numerical thermo-dielectric modeling
of porous media: LEM

5.1 Introduction

In this chapter, a new LEM based model for providing accurate estimates of the ef-
fective thermal conductivity and effective complex dielectric permittivity of bitumen-
water saturated oil sands is presented. The new LEM model is also used to obtain the
local spatial distributions of the two parameters and to verify their strong correlation,
thus complementing the previous theoretical findings of chapter 4.

5.2 LEM approach

5.2.1 Background

The importance and application of the vast field of computational mechanics in solv-
ing complex numerical problems of engineering and mathematics continues to grow
rapidly with the ever increasing availability of enhanced computational resources. In
particular, continuum methods, such as the finite element method (FEM), finite differ-
ence method (FDM) and boundary element method (BEM), have been widely in use
for solving numerical problems due to their applicability. However, despite their suc-
cess, continuum methods fail to capture the macroscopic response of heterogeneous
materials involving processes on the fine scales, and struggle to deal with material
interfaces (where special provisions, such as a highly adaptive mesh is not provided),
displacement discontinuities and problems involving very high deformations (due to
mesh distortions). Furthermore, the accurate modeling of heat transfer and EM wave
propagation in granular madia remains a huge challenge for continuum methods, as
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they lack information on the heat and electric conduction paths and porous media
fabric.

Particle based and discrete methods, such as the material point method (MPM),
particle in cell (PIC), discrete element method (DEM) and lattice approaches provide
a promising alternative for solving the aforementioned problems. Discrete methods
model the meso-structure with regular arrays of simple shapes, such as spheres, cubes
and cylinders with predefined properties. In spite of their low mathematical rigor,
discrete models are computationally efficient. One such method, the lattice element
method (LEM) approach is the focus of the study in this thesis.

Discrete lattice approaches can be used to solve wide variety of problems in com-
putational mechanics. Lattice models have been found to be very efficient in effec-
tively describing the complex fracture patterns in concrete (Herrmann et al., 1989; De-
laplace et al., 1996; Bolander and Saito, 1998). The lattice approach can also be used
to model mass transport and its inter-coupling with fracture mechanics, to analyze
system mechanical response and mass transport along discrete cracks etc. (Bolander
and Berton, 2004; Bolander and Sukumar, 2005; Chatzigeorgiou et al., 2005; Naka-
mura et al., 2006; Wang et al., 2008; Grassl, 2009). Although discrete methods such
as DEM are commonly used to solve heat transfer problems (Vargas and McCarthy,
2001; Feng et al., 2008; Yun and Evans, 2010), the technique of using lattice or a hybrid
pipe-network-DEM approaches for modeling heat transfer (Feng et al., 2009; Rizvi et
al., 2016; Rizvi et al., 2018; Sattari et al., 2017; Wuttke et al., 2017) and electromagnetic
(Hailemariam and Wuttke, 2018a) processes in granular media is relatively new, and
needs further investigation. The focus of this thesis is to contribute in this aspect with
the target of using the lattice approach in solving thermal and dielectric porous media
problems.

Continuum models, such as the FEM, generally employ the discretization of the
domain into a finite number of continuum elements (1D, 2D or 3D elements) to solve
the fundamental equations, whereas, the lattice approach uses a simple arrangement
of discrete line elements (truss or beam elements for mechanical problems, and pipe
elements for heat and electric conduction). Once the domain is discretized by a net-
work of lattice elements, a combination of Voronoi diagrams/cells and Delaunay tri-
angulation schemes are utilized to solve the necessary numerical equations.

5.2.2 Node generation

Lattices can be regular or random based on the way the nodal points are generated
(Lilliu and van Mier, 2003). The degree of uniformity or randomness of the lattices
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hugely affects the degree of anisotropy or the level of disorder introduced at the ge-
ometrical level (Moukarzel and Herrmann, 1992; Wang and Cohen, 1996; Lilliu and
van Mier, 2003). Three most common types of lattices and their node generation are
discussed next.

5.2.2.1 Regular or quasi-uniform lattices

When a medium is discretized in such a way that the nodes are positioned fully uni-
formly or with little variations in their alignment, then the resulting lattice distribu-
tion is a random or quasi-uniform distribution and all discrete lattice elements have
more or less the same length (Figure 5.1) (Lilliu and van Mier, 2003).

Figure 5.1: Node generation of a quasi-uniform lattice.

Due to the lack of disorder at the geometrical level, regular lattices show anisotropy
effects, and hence the regularity appears in the numerical solution of the physical
system (Moukarzel and Herrmann, 1992). Isotropy is measured in terms of the prob-
ability that a node located at the origin has a neighbor at the point (r, θ) in polar
coordinates (Wang and Cohen, 1996).

5.2.2.2 Random lattices

Random lattices are created when the nodes of the medium are generated randomly.
The lattices generally have different lengths/geometry and hence posses less anisotropy
due to the disorder created at the geometrical level (Moukarzel and Herrmann, 1992;
Wang and Cohen, 1996; Lilliu and van Mier, 2003). Random lattices have figured in a
large number of applications, which include quantum field theory (Christ et al., 1982),
grain mosaics (Weaire and Rivier, 1984) and foams (Moukarzel, 1993).
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The two commonly used random lattice node generation techniques are the Pois-
son random lattice (PRL) and the Vectorizable random lattice (VRL) (Figure 5.2) (Christ
et al., 1982; Moukarzel and Herrmann, 1992; Wang and Cohen, 1996).

(a) (b)

Figure 5.2: Node generation of a Poisson random lattice (PRL) a) and a
Vectorized random lattice (VRL) b).

When the nodes are distributed randomly over the medium, a PRL introduced by
Christ et al. (1982) is obtained (since the number of lattice points in a given dimension
of the medium is a random variable with a Poisson distribution) (Figure 5.2a). For the
PRL, the local properties of the lattice are fully isotropic, and hence anisotropic effects
are non-existent.

Moukarzel and Herrmann (1992) introduced the VRL technique, which is obtained
by first covering the medium with regular sized meshes and then distributing the
nodes randomly and homogeneously inside each mesh, such that each mesh con-
tains only one point (Figure 5.2b). The random lattices are formed by checking each
node for a number of possible connectivities (36 in 2D and 178 in 3D). The VRL is
vectorizable (i.e. for parallel computation) and has a mild anisotropy. The degree of
randomness, and hence the anisotropy can also be controlled with the introduction of
a tunable parameter which is called the degree of randomness.

5.2.3 Lattice generation

The dual combination of two techniques, namely Delaunay triangulation and Voronoi
discretization, is typically used for the generation of lattice elements in a domain. A
Delaunay triangulation for a set of points is a triangulation such that no point lies
within the circumcircle of any of the triangles. Voronoi discretization is the geometric
dual of Delaunay triangulation, and is formed by creating Voronoi cells as open sub-
sets of nodes that are nearer to a given site than to any other, and with neighboring
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cells sharing a face. Each pair of sites whose cells share a face is then connected by a
Delaunay line, which is perpendicular to the face, but may not necessarily intersect
it (Moukarzel and Herrmann, 1992). Two approaches for the generation of lattice el-
ements using the combination of Delaunay triangulation and Voronoi discretization
are shown next.

5.2.3.1 Voronoi scaling

In this approach, the edges of the Delaunay triangles (which connect the generated
nodes of the medium) define the lattice elements (Figure 5.3) (Bolander and Berton,
2004). Each node of the triangulation is represented by the Voronoi cell containing it.

Figure 5.3: Voronoi scaling (Delaunay lattice elements - blue lines,
Voronoi cells - black lines and nodes - red points).

5.2.3.2 Delaunay scaling

In this approach, the edges of the Voronoi polygons (which connect the generated
nodes of the medium) define the lattice elements (Figure 5.4). Each node of the
Voronoi discretization is represented by the Delaunay triangle containing it.

Figure 5.4: Delaunay scaling (Delaunay triangulation - blue lines,
Voronoi lattice elements - black lines and nodes - red points).
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5.3 Model development

5.3.1 Background

Several researchers have suggested theoretical or numerical based models for esti-
mating the effective thermal conductivity and the effective dielectric permittivity of
composites (Farouki, 1981; Usowicz, 1992; Todd and Shi, 2005; Wang and Pan, 2007;
Abuel-Naga et al., 2008; Côté and Konrad, 2009; Chen et al., 2014; Ezzat et al., 2014;
Dong et al., 2015). Majority of these models were developed by considering the com-
bined nature of the heat or electric conduction via the composite medium (i.e. par-
allel and series configurations). In spite of the correctness of this approach, some of
the models do not include information on the shape or fabric effects of the compos-
ites and interaction between them. Hence in this section, a new LEM model, which
considers the parallel and series nature of heat or electric flow in porous media, is
presented. The new model takes in to account the shape or fabric and interaction be-
tween the constituent phases of the porous medium and also introduces randomness
at the geometrical level, thus minimizing anisotropic effects.

5.3.2 Model structure

The parallel and series configurations represent the two geometrical extremes that
can exist for the transfer of heat or electric current in a composite medium (Farouki,
1981; Todd and Shi, 2005; Chen et al., 2014; Ezzat et al., 2014). For any given porous
medium, the actual rate of heat or electric conduction (effective parameters) lies in
between the two bounds and can be modeled as a weighted combination of the se-
ries and parallel structures. Chen et al. (2014) modeled the effective parameters of
unsaturated bentonites by arranging the constituent phases in a combination of series
and parallel arrangements with good results. Usowicz (1992) suggested a model for
obtaining the effective soil parameters by representing a volumetric unit of soil by a
system of regularly arranged spheres, and by calculating the effective resistivity of
the arrangement using a combination of parallel and series flows between the layers.
However, due to the lack of randomness of this type of particle generation, anisotropic
effects are expected to be seen in the results. The new LEM model presented in this
study, also uses a similar approach of obtaining the effective parameters numerically
from the individual thermal or electrical resistivities of the constituent phases of the
porous media, but has also the added benefit of minimizing anisotropic effects by
distributing the phases randomly in the domain as a network of lattices.
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Figure 5.5: Schematic flow chart of the new LEM model for obtaining
effective porous media parameters.

Figure 5.5 shows a schematic flow chart of the new LEM model for obtaining the
effective thermal conductivity and effective dielectric permittivity of porous media.
First, the nodes are generated randomly according to the desired volumetric propor-
tions of solids, pore-water and bitumen present in the oil sand. The Voronoi cells rep-
resenting the nodes and the associated Delaunay lattice elements are then generated
via the Voronoi scaling approach using MATLAB. The corresponding dielectric, ther-
mal and other constituent properties are then assigned to each node before solving
the heat or electric resistance equations using an in house MATLAB implementation,
and the convergence of the solutions are checked.

5.3.3 Model geometry

Due to its effectiveness, lack of anisotropy and simplicity, the VRL technique (Moukarzel
and Herrmann, 1992; Lilliu and van Mier, 2003) is used for generating the nodal ele-
ments of the lattice model presented in this thesis.

In the VRL technique of random lattice generation, disorder is introduced at the
geometrical level by placing the nodes inside sub-cells of the original regular sized
meshes via the tunable parameter (randomness factor R) (Figure 5.6) (Moukarzel and
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Figure 5.6: Node generation via the VRL technique, after Lilliu and van
Mier (2003).

Herrmann, 1992; Lilliu and van Mier, 2003).

(a) (b)

Figure 5.7: Delaunay lattice elements of 10 × 10 nodal elements with a
randomness factor R = 0.3 a) and R = 0.7 b), generated with the VRL

technique.

Randomness R is defined as the ratio of the size of the sub-cell A (m) to the main
cell (generated mesh) sm (m). Hence, the randomness factor R (0 ≤ R ≤ 1) produces
lattice elements with a maximal randomness when R = 1 and a regular reference
lattice when R = 0 (Figure 5.7).

5.3.4 Model resistance equations

The analogous nature of heat flow and electrical circuits has long been recognized.
And it is common to model heat flow by analogy to an electrical circuit, where current
represents heat flow, voltages represent temperatures, current sources represent heat
sources, resistors represent thermal resistances etc. The analogy between heat and
electric flows is shown in Table 5.1.
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Table 5.1: Analogy between heat and electric flows.

Type Heat flow Electric flow

Quantity heat QT (J) charge qE (C)
Potential temperature T (K) voltage VE (V)
Transfer rate rate of heat transfer Q (W) current I (A)
Flux density heat flux q (W m−2) current density J (A m−2)
Resistance thermal resistance RT (K W−1) electrical resistance RE (Ω)
Resistivity thermal resistivitya

Rλ = RT
Ac
l

(m K W−1)

electrical resistivitya

ρE = RE
Ac
l

(Ω m)

Conductance thermal conductance CT =
1

RT

(W K−1)

electrical conductance GE =
1

RE
(S)

Conductivity thermal conductivity λ =
1

Rλ

(W m−1 K−1)

electrical conductivity σE =
1

ρE
(S m−1)

Linear model Fourier’s law q = −λ∇T Ohm’s law J = σE E

a: Ac (m2) and l (m) are the cross sectional area and length of the medium, respectively

For a series electric conduction of the system of two neighboring Voronoi cells
shown in Figure 5.8, the same quantity of electric current I (A) flows through the
two cells, while the total voltage drop across the two cells ∆VE,kl (V) is the sum of
their individual drops as shown in Equations 5.1 and 5.2. The equivalent electrical
resistance of the imaginary Delaunay lattice element RE,kl (Ω) representing the two
Voronoi cells is given by Equation 5.3.

∆VE,kl = ∆VE,k + ∆VE,l (5.1)

IRE,kl = IRE,k + IRE,l (5.2)

RE,kl = RE,k +RE,l (5.3)

where, ∆VE,k = VE,k,i − VE,k,o and ∆VE,l = VE,l,i − VE,l,o (V) are the voltage drops
across Voronoi cells k and l, respectively, VE,k,i and VE,l,i (V) are the input voltages
of Voronoi cells k and l, respectively, VE,k,o and VE,l,o (V) are the output voltages of
Voronoi cells k and l, respectively, and RE,k and RE,l (Ω) are the electrical resistances
of Voronoi cells k and l, respectively. When electric flows from Voronoi cell k to l,
VE,k,o = VE,l,i.
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Figure 5.8: Schematic representation of the interaction between two
neighboring constituent phases or nodes k and l.

Whereas, for a parallel electric conduction, the voltage drop across the two cells
∆VE = ∆VE,k = ∆VE,l (V) is the same (i.e. VE,k,i = VE,l,i and VE,k,o = VE,l,o), while
the total quantity of electric current flow through the two cells Ikl (A) is the sum of
the individual currents as shown in Equations 5.4 and 5.5. The equivalent electrical
resistance of the imaginary Delaunay lattice element RE,kl (Ω) representing the two
Voronoi cells is given by Equation 5.6.

Ikl = Ik + Il (5.4)

∆VE
RE,kl

=
∆VE
RE,k

+
∆VE
RE,l

(5.5)

1

RE,kl

=
1

RE,k

+
1

RE,l

(5.6)

where, Ik and Il (A) are the electric current flows through Voronoi cells k and l,
respectively.

In terms of heat flow, for a series heat conduction of the system of two neighboring
Voronoi cells shown in Figure 5.8, the rate of heat transferQ (W) through the two cells
is the same, while the total temperature drop across the two cells ∆Tkl (K) is the sum
of their individual drops as shown in Equations 5.7 and 5.8. The equivalent thermal
resistance of the imaginary Delaunay lattice element RT,kl (K W−1) representing the
two Voronoi cells is given by Equation 5.9.

∆Tkl = ∆Tk + ∆Tl (5.7)
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QRT,kl = QRT,k +QRT,l (5.8)

RT,kl = RT,k +RT,l (5.9)

where, ∆Tk = Tk,i − Tk,o and ∆Tl = Tl,i − Tl,o (K) are the temperature drops
across Voronoi cells k and l, respectively, Tk,i and Tl,i (K) are the input temperatures
of Voronoi cells k and l, respectively, Tk,o and Tl,o (K) are the output temperatures of
Voronoi cells k and l, respectively, and RT,k and RT,l (K W−1) are the thermal resis-
tances of Voronoi cells k and l, respectively. When heat flows from Voronoi cell k to l,
Tk,o = Tl,i.

Whereas, for a parallel thermal conduction, the temperature drop across the two
cells ∆T = ∆Tk = ∆Tl (K) is the same (i.e. Tk,i = Tl,i and Tk,o = Tl,o), while the total
rate of heat transfer through the two cells Qkl (W) is the sum of the individual rates as
shown in Equations 5.10 and 5.11. The equivalent thermal resistance of the imaginary
Delaunay lattice element RT,kl (K W−1) representing the two Voronoi cells is given by
Equation 5.12.

Qkl = Qk +Ql (5.10)

∆T

RT,kl

=
∆T

RT,k

+
∆T

RT,l

(5.11)

1

RT,kl

=
1

RT,k

+
1

RT,l

(5.12)

where, Qk and Ql (W) are the rates of heat flow through Voronoi cells k and l,
respectively.

In reality, the actual rates of heat or electric conduction between two constituent
phases or nodes of a porous medium is a combination or is in between the parallel and
series configurations. Hence, the actual equivalent thermal or electrical resistance of
the imaginary Delaunay lattice element representing the two Voronoi cells shown in
Figure 5.8 can be expressed analytically using the Power-law (Todd and Shi, 2005;
Yun and Santamarina, 2007; Ezzat et al., 2014) as:

(
1

RE,kl, RT,kl

)β
=

(
1

RE,k, RT,k

)β
+

(
1

RE,l, RT,l

)β
(5.13)
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where, β is an exponent which depends on the shape and rates of electric and
thermal conduction of the solid and fluid phases of the medium, and lies in between
-1 and 1. When the value of β = −1, a series flow is obtained and Equation 5.13 turns
to Equations 5.3 or 5.9, and when the value of β = 1, a parallel flow is obtained and
Equation 5.13 turns to Equations 5.6 or 5.12 (Farouki, 1981; Todd and Shi, 2005; Chen
et al., 2014; Ezzat et al., 2014).

In the LEM model, the effective thermal or electrical resistances of the porous
medium are obtained using the generated networks of Delaunay lattices and Voronoi
cells. The solution convergence of the iterative procedure for the resistivity equations
is checked using MATLAB with the following equation:

εk =
|(VE,k, Tk)(ni) − (VE,k, Tk)

(ni−1)|
(VE,k, Tk)(ni−1)

≤ φL (5.14)

where, VE,k (V) and Tk (K) are the electric potential (voltage) and temperature of
the kth constituent phase or node (alternatively electrical RE,k, Ω, and thermal RT,k,
K W−1, resistances can be used, respectively), εk is the convergence error of the kth

constituent phase or node, ni is the step or number of iteration and φL is the preset
error limit. For this study a value of φL = 0.001 is chosen.

5.4 Nature of heat and electric conduction in porous me-

dia

In spite of the strong analogy between the nature of heat and electric flows in porous
media as explained extensively in this section, a certain degree of dissimilarity be-
tween the two cases, arising due to the corresponding physical properties of thermal
and electric conductivities of the constituent phases is to be expected (Lasance, 2008).
In this regard, the dominant form of flow (i.e. parallel or series flow) in the two cases is
different, due to differences in the comparative rates of the heat or electric conduction
of the individual solid and fluid phases of the medium. When the ratio of the rates of
conduction of the solid grains to the saturating fluid is low, parallel flow dominates,
while for high ratio of the rates of conduction of the solid grains to the saturating
fluid, series flow is dominant (Farouki, 1981). Therefore, for the case of heat flow in
a porous media, λs > λf , and the ratio λs/λf is high, hence series flow is expected to
be dominant. Whereas, for the case of electric flow in a porous media, ε∗r,g � ε∗r,f , and
the ratio ε∗r,g/ε∗r,f is very low, hence parallel flow is expected to be dominant.
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5.5 Summary of chapter 5

A new LEM based model for predicting the effective thermal conductivity and effec-
tive dielectric permittivity of bitumen-water saturated oil sands was presented. The
new LEM model can also be used to obtain the local spatial distributions of the two
parameters and to verify their strong correlation, thus complementing the theoretical
findings of the previous chapter.
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Chapter 6

Experimental program

6.1 Introduction

This chapter presents the experimental program followed to study the thermal and
dielectric behavior of the porous media used in this study. In this regard, the different
types of porous media analyzed in this thesis, the thermal and dielectric properties
measurement techniques employed and the experimental methodology followed for
obtaining the thermo-dielectric parameters are discussed.

6.2 Materials used

A total of three types of un-cemented porous media are used in this thesis for the
experimental studies of the thermal and dielectric parameters and their variations
with hydro-mechanical changes. A description of the used porous media types is
presented next.

6.2.1 Soils

6.2.1.1 Silty clay soils

Three naturally occurring silty clay soils (Figure 6.1), referred to in this thesis as silty
clays A to C (SC-A to C, respectively), from Thuringia, Germany, were investigated.
The obtained geotechnical, following ASTM D 420 - D 5876 (2011) guidelines, and
physiochemical properties of the silty clay soils are provided in Tables 6.1 and 6.2,
respectively. The phase content was determined by combined X-ray diffraction and
X-ray fluorescence analysis.
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(a) (b) (c)

Figure 6.1: Silty clay soils A a), B b) and C c).

Table 6.1: Geotechnical properties of the investigated silty clay soils.

Property SC-A SC-B SC-C

Depth (m) 0.3 - 0.7 0.3 - 0.7 0.3 - 0.7
Gravel, > 2 mm (wt.%) 16.1 14.9 2.8
Sand, 0.063 - 2 mm (wt.%) 8.8 12.2 7.1
Silt, 0.002 - 0.063 mm (wt.%) 58.2 52.5 65.4
Clay, < 0.002 mm (wt.%) 16.8 20.2 24.6
Porosity n (-) 0.443 0.464 0.473
Solids specific gravity Gs (-) 2.673 2.670 2.621
Bulk dry density ρd (kg m−3) 1489 1431 1381
Liquid limit LL (%) 34.6 43.1 48.2
Plasticity index PI (%) 14.81 19.45 23.19
Natural gravimetric water content wn (-) 0.168 0.191 0.194
Unified soil classification system (USCS) CL CL CL

CL: Clay of low plasticity

Table 6.2: Physiochemical properties of the investigated silty clay soils.

Elemental composition SC-A SC-B SC-C

Silicon dioxide, SiO2 (%) 65.81 57.31 66.76
Aluminium oxide, Al2O3 (%) 9.18 7.56 10.24
Iron (III) oxide, Fe2O3 (%) 3.42 2.64 3.59
Calcium oxide, CaO (%) 5.15 13.89 4.23
Magnesium oxide, MgO (%) 1.17 1.54 1.66
Potassium oxide, K2O (%) 2.55 2.09 2.68
Sodium oxide, Na2O (%) 0.92 0.85 0.91
Titanium oxide, TiO2 (%) 0.75 0.62 0.74
Others (%) 11.05 13.50 9.19
Organic content (wt.%) 3.763 4.677 6.410
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6.2.1.2 Loess soil

A remolded loess soil (Figure 6.2) taken from near Baku area, Azerbaijan, was inves-
tigated. The obtained geotechnical, following ASTM D 420 - D 5876 (2011) guidelines,
and physiochemical properties of the loess soil are provided in Table 6.3. The loess
soil was prepared under two remolded conditions, namely in its natural condition
(n = 0.453 and ρd = 1.495 g cm−3, labeled here as loess A, L-A) and a lab compacted
condition (n = 0.301 and ρd = 1.913 g cm−3, labeled here as loess B, L-B).

Table 6.3: Geotechnical and physiochemical properties of the investi-
gated loess soil.

Property/mineralogical composition Value

Depth (m) 2.0 - 2.5
Gravel, > 2 mm (wt.%) 0
Sand, 0.063 - 2 mm (wt.%) 15
Silt, 0.002 - 0.063 mm (wt.%) 51
Clay, < 0.002 mm (wt.%) 34
Porosity n (-) 0.453/0.301
Solids specific gravity Gs (-) 2.735
Bulk dry density ρd (kg m−3) 1495/1913
Liquid limit LL (%) 31.3
Plasticity index PI (%) 14.3
Natural gravimetric water content wn (-) 0.093
Unified soil classification system (USCS) CL
Tecosilicates (%) 44
Mica (%) 25
Smectite (%) 7
Chlorite (%) 5
Kaolinite (%) 3
Others (%) 16
Lime content (wt.%) 12.944
Organic content (wt.%) 5.811

CL: Clay of low plasticity
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Figure 6.2: A sample of the loess or weak porous medium used in this
study.

6.2.2 Oil sand

Several samples of a three-grade (low, medium and high) bitumen-water saturated
reconstituted oil sand, prepared by mixing a fixed weight proportion of a silty sand
soil, water and bitumen, were investigated. The physical properties of the silty sand
soil, bitumen and the reconstituted oil sand are provided in Tables 6.4, 6.5 and 6.6,
respectively, and a sample of a high grade reconstituted oil sand specimen is shown
in Figure 6.3.

Table 6.4: Geotechnical properties of the silty sand soil used for preparing
the oil sand.

Property Value

Gravel, > 2 mm (wt.%) 5.78
Sand, 0.063 - 2 mm (wt.%) 82.41
Silt, 0.002 - 0.063 mm (wt.%) 8.38
Clay, < 0.002 mm (wt.%) 3.42
Solids specific gravity Gs (-) 2.67
Grain diameter at 10% passing D10 (mm) 0.05
Grain diameter at 50% passing D50 (mm) 0.53
Coefficient of uniformity Cu (-) 13.60
Coefficient of curvature Cc (-) 3.20
Unified soil classification system (USCS) SP-SM

SP-SM: Poorly graded sand with silt

Table 6.5: Specifications of the used bitumen.

Property Value

Dynamic viscosity at 60◦C µv,60 (mPa s) 1845.7
Flash point (◦C) 183
Solubility (wt.%) 99.53
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Table 6.6: Physical properties of the bitumen-water saturated reconsti-
tuted oil sand.

Property Value

Porosity n (-) 0.27
Solids specific gravity Gs (-) 2.67
Bulk dry density ρd (kg m−3) 1949
Solids fraction Ws (wt.%) 88
(Bitumen + Water) fraction Wb +Ww (wt.%) 12
Volumetric quartz fraction qf (-) 0.47

Figure 6.3: A sample of a high grade oil sand used in this study.

6.3 Equipments used

In this section, details of the equipments used for conducting the thermal and di-
electric tests on the different porous materials considered in this thesis are presented.
A more detailed information on the different types of thermal and dielectric mea-
surement techniques is given in sections 2.2.3 and 2.3.1, respectively. The techniques
employed for the determination of the thermal (transient or steady state) and dielec-
tric (TDR or VNA) properties in this thesis were selected based on: their suitability
for the particular porous medium type (section 6.2), time of measurement needed,
controlling hydro-mechanical test parameters etc.

6.3.1 Thermal measurements

6.3.1.1 Transient measurements

The transient thermal conductivity and specific heat capacity of the investigated ma-
terials were measured with a Decagon KD2 Pro thermal needle probe (Figure 6.4a),
based on transient line source measurement technique in compliance to ASTM D 5334
- 08 (2008) and IEEE 442 (1981) standards. Thermal needle probes SH-1 (dual nee-
dle), with length of 30 mm, diameter 1.3 mm and 6 mm spacing of probe needles
(Figure 6.4b), and specimen dimensions of 50 mm diameter and 50 mm height, and
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TR-1 (single needle) with length of 100 mm and diameter 2.4 mm (Figure 6.4c), and
specimen dimensions of 50 mm diameter and 150 mm height, were used to measure
the specific heat capacity and thermal conductivity of the samples at room tempera-
ture and atmospheric pressure, respectively, based on Carslaw and Jaeger (1959) and
Kluitenberg et al. (1993) line heat source analysis.

(a) (b) (c)

Figure 6.4: Decagon KD2 Pro thermal device a), SH-1 dual needle probe
b) and TR-1 single needle probe c).

The sufficient length to diameter ratios of the probes ensure that conditions for
an infinitely long and infinitely thin heating source are met. The measurement error
recorded for the samples was kept well below the 0.015% limit. The KD2 Pro in-
cludes a linear heat source and a temperature measuring element with a resolution of
0.001◦C, and computes the thermal conductivity and thermal diffusivity (using TR-1
probe) of the medium using the following relations:

λ =
Qs(ln t2 − ln t1)

4π(∆T2 −∆T1)
(6.1)

∆T = − Qs

4πλ
Ei
(
−r2

4αt

)
(6.2)

where, λ (W m−1 K−1) is the thermal conductivity of the sample, Qs (W m−1) is the
constant rate of application of heat, ∆T (K) is the temperature response of the source
over time, ’Ei’ is the exponent integral (Abramowitz and Stegun, 1972), r (m) is the
distance between the heater and the sensor where temperature is measured, t (s) is the
amount of time that has passed since the start of heating and α (m2 s−1) is the thermal
diffusivity of the sample.

For the determination of the specific heat capacity using the dual needle thermal
probe SH-1, heat is initially applied to the heating needle for a heating time of th (s),
and the respective temperature is measured in the monitoring needle, 6 mm distant.
The readings are then processed by subtracting the ambient temperature at time 0
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(T0), multiplying by a factor of 4π and then dividing by the heat per unit length Qs

(W m−1). The resulting data are fitted with the following equations using a non-linear
least squares method.

T ∗ = b0t+ b1Ei
(
b2

t

)
(6.3)

T ∗ = b0t+ b1

[
Ei
(
b2

t

)
− Ei

(
b2

t− th

)]
(6.4)

T ∗ =
4π(T − T0)

Qs

(6.5)

where, b0, b1 and b2 are the constants to be fit and T0 (K) is the temperature at the
start of the measurement (at time 0). Equation 6.3 is valid for the initial th seconds,
when the heat is applied, while Equation 6.4 applies when the heat is off (cooling
period). The thermal conductivity λ (W m−1 K−1), thermal diffusivity α (m2 s−1) and
specific heat capacity c (J kg−1 K−1) of the specimen are obtained as:

λ =
1

b1

(6.6)

α =
r2
h

4b2

(6.7)

c =
λ

ρα
(6.8)

where, ρ (kg m−3) is the density of the medium and rh (m) is the distance between
the two needles.

6.3.1.2 Steady state measurements

The simultaneous measurements of thermal conductivity, deformation, vertical stress
and other porous media hydro-mechanical conditions were obtained by using re-
cently developed steady state devices. The steady state thermal conductivity mea-
surement devices where developed in two stages, i.e. with and without matric suction
provisions, as discussed next.
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With no matric suction control

The first version of the steady state device for measuring the thermal conductivity
(Stegner et al., 2011; Sass and Stegner, 2012; Hailemariam et al., 2016; Stegner et al.,
2017) has no provisions for controlling the matric suction of the specimen, and hence
is suitable for use in dry porous media as well as un-saturated/saturated porous me-
dia at low temperature ranges. The device is not suitable for measuring the thermal
conductivity of porous media with considerable moisture content at high temperature
ranges due to moisture migration and evaporation effects.

This first version of the steady state thermal conductivity and diffusivity meter
(Figures 6.5 and 6.6) which works on the principle of the divided bar apparatus (Birch
and Clark, 1940; Popov et al., 1999; McGuinness et al., 2014) was used for analyzing
the steady state thermal conductivity of the investigated materials at low temperature
ranges (20 - 30◦C). In the divided bar apparatus, the temperature drop across a disc
of rock or porous medium is compared with that across a disc of standard material of
known thermal conductivity. The method is deemed to be the most accurate method
of measuring the thermal conductivity of intact porous materials in the laboratory
with an estimated measurement accuracy of 5% and repeatability variance between 2
- 5% (McGuinness et al., 2014).

Figure 6.5: First version of the steady state thermal conductivity mea-
surement setup.
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(a) (b)

Figure 6.6: Schematic representation a) and dimensional analysis b) of
the first version of the steady state thermal conductivity cell.

The steady state thermal conductivity determination apparatus consists of a top
heating plate, a bottom cooling plate and a PPS Laticonther thermoplastic reference
disc with known thermal conductivity (Figure 6.6a). Upon calibration, the change
of the thermal conductivity of the reference disc with temperature for the range con-
sidered in the experimental studies presented in this thesis was found to be negligi-
ble, and hence its thermal conductivity is considered to be constant. The tempera-
ture of the top heating T1 and bottom cooling T3 plates is controlled via a circulat-
ing fluid (distilled water + glycol), which is pumped using Huber Ministat 125 Pilot
ONE heat pumps, and the resulting temperature of the reference plate T2 is recorded.
The specimen (with dimensions of 100 mm diameter and adjustable height of 25 - 35
mm) is sandwiched between the top heating and reference plates and is laterally con-
fined/insulated by a PMMA Plexiglas sample holder with a very low thermal conduc-
tivity (Figure 6.6a). The top and bottom heating/cooling plates consist of extremely
thin PT 100 temperature sensors with an accuracy of 0.05◦C. The system measures
sample thermal expansion or contraction with a TRS-0050 linear transducer with a
defined electrical range of 50 mm, an independent linearity of ±0.15% and repeatabil-
ity of 2 µm. Vertical stress (with a maximum force limit of 60 kN) can be applied to
the specimen via a UL-60 loading machine integrated with the system as shown in
Figure 6.5.

As discussed in section 2.2.1, heat energy can be transmitted in a porous medium
via a combination of one or more of three main processes, namely: conduction, con-
vection and radiation. The dominant form of heat transfer in the porous materials
considered in this thesis is via conduction, as the contributions from the buoyancy
driven (natural) convection and radiation are neglected due to the low hydraulic con-
ductivities (Clauser and Huenges, 1995; Hailemariam and Wuttke, 2016) of the ma-
terials and the considered lower temperature range (Hofmeister, 1999; Jokinen, 2000;
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McKenzie et al., 2005) of this study (i.e. radiative form of heat transfer starts to con-
tribute only at temperatures above 727◦C), respectively. It is important to note that
the contributions of natural convection can be neglected for most porous media and
sedimentary formations; however, fluid driven convection can be important in crys-
talline rock formations with very high hydraulic conductivities and on a crustal scale
(Etheridge et al., 1983; Torgersen, 1990; Clauser, 1992).

The mathematical description of the one dimensional conductive heat transport
within the device is given by the Fourier’s law and conservation of energy (Cannon,
1984). By Fourier’s law, the rate of flow of heat energy per unit area through a surface
is proportional to the negative temperature gradient across the surface. The heat flux
q (W m−2) (generated by the temperature gradient created due to the heating T1 and
cooling T3 plates) through the specimen can be expressed in terms of the thermal
conductivity λ (W m−1 K−1) as:

q = −λ∇T = −λ∆T

∆Si
= − ∆T

∆Si/λ
(6.9)

where, ∆Si (m) is the vertical distance between the respective temperature gradi-
ent points (with temperature difference of ∆T , K) across the central axis of the device
(Figure 6.6b). Under steady state heat transfer conditions, provided that T1 > T2 >
T3 (ensuring that heat flow occurs from the top plate via the specimen and reference
disc to the bottom plate creating a linear temperature gradient over the height of the
specimen), Equation 6.9 can be used to deduce Equations 6.10 and 6.11 for the heat
flux between temperature sensors T2 and T3 and between temperature sensors T1 and
T3, respectively. λv (W m−1 K−1) is the known thermal conductivity of the reference
plate.

q = −T2 − T3

S23/λv
(6.10)

q = −T1 − T3

Sv

λv
+ Sp

λp

(6.11)

Equating Equations 6.10 and 6.11 and solving for the unknown thermal conduc-
tivity of the specimen λp yields:

λp =
λvSp[

T1−T3
T2−T3

]
S23 − Sv

(6.12)
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The average sample temperature (at the center of the specimen) corresponding to
T1, T2 and T3 can thus be obtained as:

Tav =
1

2

{
T1 + T3

[
1 +

Sv(T2 − T3)

T3S23

]}
(6.13)

where, T1, T2 and T3 (◦C) are the temperatures of the top (heating), reference and
bottom (cooling) plates, respectively, Tav (◦C) is the average specimen temperature, λp
and λv (W m−1 K−1) are the thermal conductivities of the specimen and the reference
disc, respectively, and Sp, Sv and S23 (m) are the distances as shown in Figure 6.6b.

With matric suction control

Ridley and Wray (1996) classified the porous media suction measuring techniques
in to two categories, namely: those that measure the suction directly and those that
measure it indirectly. With the direct measurement techniques, the relevant parameter
such as the pore-water energy or tensile stress is measured directly. Whereas, the
indirect techniques measure parameters such as relative humidity, conductivity or
moisture content, which are then related to the suction of the porous medium via
calibration relationships. For each case it is necessary to note whether the total (matric
+ osmotic) suction or matric suction only is being measured. In general, when no
contact is made between the measuring equipment and the porous media moisture,
the relative humidity of the ambient air within the porous medium is measured and
hence it is the total suction. However, if a proper contact is ensured between the
measuring device and the porous medium moisture, and the concentration of the
dissolved salts in the medium is assumed to be the same everywhere, then the matric
suction is being measured. The accuracy of the measurement of matric suction at very
low degrees of saturation can however be limited, as it is normally difficult to ensure
that a proper and even contact between the measuring device and the moisture of the
porous medium is achieved due to the migration of moisture towards the finer pores
resulting in a discontinuous medium.

The two commonly used techniques for controlling the suction of a porous medium
are the axis translation technique (ATT) and the relative humidity control or vapor
equilibrium technique (VET). The ATT can be used to obtain the drying and wetting
paths of porous media in the low matric suction range (i.e. ≤ 1500 kPa). In the ATT,
matric suction is defined as the difference between the pore-air ua (kPa) and pore-
water uw (kPa) pressures of the porous medium as ψm = ua − uw (kPa). Hence, mea-
suring a negative matric suction can be avoided by increasing the pore-air ua pressure
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while maintaining the pore-water uw pressure to a positive reference pressure (Hilf,
1956). The measurement of matric suction using the ATT is only limited by the bub-
ble point (air-entry value, AEV) of the used commercial air-water interfaces such as
ceramic discs or cellulose acetate (CA) membranes. However, the use of air-water in-
terfaces with high AEVs is not desirable when lower matric suction values are to be
applied, as the hydraulic permeability/pore size of the air-water interfaces with high
AEVs is lower than the hydraulic permeability/pore size of the air-water interfaces
with low AEVs, resulting in a prolonged matric suction stabilization times and hence
longer test durations. For obtaining the drying and wetting paths of porous media at
high suction ranges (i.e. > 1500 kPa), the VET is usually employed.

The second version of the steady state device for measuring the thermal conduc-
tivity was developed by modifying the first version presented earlier by adding a con-
trolled ambient temperature and humidity (usually kept at around 23◦C and 50%, re-
spectively) climate chamber unit containing the thermal conductivity cell (Figure 6.7),
and by providing extra provision for controlling the matric suction ψm (kPa) of the
specimen with the ATT (Figure 6.8) (Richards, 1941; Gardner, 1956; Hilf, 1956; Delage
et al., 2008). The climate chamber temperature and humidity control unit provides the
same starting (initial) temperature and humidity conditions, and maintains a constant
outer boundary condition for all the steady state tests. The provision for controlling
the matric suction of the specimen with the ATT enables the determination of the
thermal conductivity of the specimen at different levels of moisture content/matric
suction.

The axis translation technique is introduced to the system by replacing the origi-
nal open-system design (from the first version) (Figure 6.6a) with a new closed-system
thermal conductivity cell (Figure 6.8a), where controlled pore-air ua (kPa) and pore-
water uw (kPa) pressures can be applied simultaneously, thus imposing the desired
level of matric suction ψm = ua − uw (kPa) on the specimen. The air pressure ua is
applied via the perforated porous top heating plate (Figures 6.8a and 6.8b). The water
potential uw is controlled by means of liquid phase (water) transfer through a satu-
rated air-water interface CA membrane - which is permeable to dissolved salts (Fig-
ure 6.8a). The properties of the used CA membrane are listed in Table 6.7. As the AEV
of the CA membrane is 400 kPa, the setup can only be used for matric suction ψm mea-
surements lower than 400 kPa. With the addition of the closed-system ATT to control
the matric suction of the specimen, the thermal conductivity of the porous materials
can be determined accurately at unsaturated as well as fully saturated conditions at
high temperature states, which is difficult to achieve with an open-cell apparatus due
to moisture migration and evaporation effects when the porous materials are heated.
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Figure 6.7: Modified (second) version of the steady state thermal conduc-
tivity measurement setup.

(a) (b)

Figure 6.8: Schematic representation a) and view of the bottom cooling
plate, Plexiglas sample holder and top heating plate b) of the modified

(second) version of the steady state thermal conductivity cell.

Table 6.7: Properties of the cellulose acetate membrane.

Max. pore size (µm) Air-entry value, AEV (kPa) Thermal stability

0.20 400 Up to 180◦C

The same formulations (Equations 6.9 - 6.13 and Figure 6.6b) used for obtaining
the thermal conductivity and the average temperature of the specimen with the first
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version also apply for the modified (second) version of the steady state device. Ther-
mal conductivity measurements obtained using the second version of the steady state
device under controlled matric suction conditions and elevated temperatures are pre-
sented in Hailemariam and Wuttke (2018b).

6.3.2 Dielectric measurements

For obtaining the complex dielectric permittivity of the porous materials investigated
in this thesis, the open-ended coaxial line technique was employed with both the TDR
and VNA devices within the stable frequency range of 1 MHz - 10 GHz at room tem-
perature conditions. At frequencies above 10 GHz, the complex dielectric permittivity
measurements are highly affected by radiation effects of the probe, hence frequencies
above 10 GHz are not considered in this study. The open-ended coaxial line tech-
nique provides a non-destructive determination of the dielectric spectra of porous
media (Schwing et al., 2010). The technique was originally developed for broadband
determination of dielectric properties of biological tissues (Stuchly and Stuchly, 1980;
Marsland and Evans, 1987) as well as for microwave dielectric spectroscopy of fluids
(Kraszewski et al., 1983; Wei and Sridhar, 1991), for food quality assessment (Kent
and Knöchel, 2004; Schimmer et al., 2009), for geotechnical and physical soil behav-
ior analysis (Chen and Or, 2006; Wagner et al., 2014), etc. An extensive review of
dielectric spectrometric techniques including the open-ended coaxial technique was
provided by Kaatze and Feldman (2006).

The reflection coefficient measured by a HF-EM device as the electromagnetic field
around the open-ended coaxial probe opening fringes from the interface to the sur-
rounding specimen can be used to obtain the complex dielectric permittivity of the
material (Stuchly and Stuchly, 1980; Stuchly et al., 1982a). The complex impedance
Z∗ (ω,T ) or admittance Y ∗ (ω,T ) at the interface between the flat end of the open-
ended probe and the specimen, which depends on the probe geometry and specimen
dielectric properties, is related to the complex reflection coefficient Γ∗ (ω,T ) as:

Z∗ =
1

Y ∗
= Zo

1− Γ∗

1 + Γ∗
(6.14)

where Zo = 50 Ω is the real characteristic impedance of the probe. However, due
to errors from the connections of the coaxial probe, type of probe head and coax-
ial line used etc, it is difficult to determine the true reflection coefficient Γ∗ (ω,T ) at
the aperture plane, and hence the actual measured complex reflection coefficient S∗m
(ω,T ) is different from the true reflection coefficient Γ∗ (ω,T ) (Stuchly and Stuchly,
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1980; Stuchly et al., 1982a). In order to correct these systematic errors, a calibration
procedure should be performed prior to the determination of the dielectric spectra
(Blackham and Pollard, 1997). Two typically used approaches are: i) a two stage cali-
bration procedure, where during the first stage the true reflection coefficient Γ∗ (ω,T )
is determined by calibration with three known reflection coefficients S∗ (ω,T ) and a
second stage where the dielectric permittivity is obtained by means of a theoretical
or a numerical formulation of the open-ended coaxial line system with an infinite
ground plane and with a semi-infinite specimen size (Otto and Chew, 1991; Sheen
and Woodhead, 1999; Popovic et al., 2005; Wagner et al., 2014), and ii) a single stage
calibration procedure, which is based on a bilinear relationship between measured
reflection coefficients S∗m (ω,T ) and relative complex dielectric permittivities ε∗r (ω,T )
of appropriate reference materials (Bao et al., 1994; Kaatze, 2010; Wagner et al., 2014).

In this thesis, a calibration procedure based on approach ii) was employed to
avoid instabilities in the determination of the broadband relative effective complex
permittivity of the porous media due to assumptions in the theoretical formulation of
the inverse problem and the employed numerical implementation of the open-ended
coaxial probe.

Prior to the bilinear (permittivity) calibration and the subsequent measurements
of complex dielectric permittivity of the porous media, full one port three-term correc-
tions were done mechanically with Open, Short and 50 Ω-Match or Load calibrations
at the TDR - coaxial line SMA connector level and at the coaxial line - probe N (m) con-
nector level for the TDR and VNA, respectively, to minimize errors in measurement
resulting from the devices. The three-term calibrations were performed following the
standard procedure by Rhode & Schwarz N - 50 Ω ZV-Z21. Then after the open-ended
coaxial probe (with 2.2 mm diameter and 175 mm length) was connected to the ends of
the calibrated coaxial lines and the single stage bilinear calibration procedures were
performed by measuring the complex scattering coefficients S∗m (ω,T ) of air (open)
- distilled water - short circuits for the TDR and air (open) - distilled water - pure
methanol - short circuits for the VNA. The depth of penetration of the EM waves and
the distribution of electric field using an open-ended coaxial probe typically reaches
more than 14 mm inside the sample (Wagner et al., 2011a; Hailemariam et al., 2017).

The relative complex dielectric permittivity of a material ε∗r (ω,T ) can be obtained
from the measured complex reflection factor S∗m (ω,T ) using the bilinear Equation 6.15
with complex calibration parameters c1, c2 and c3 (ω,T ) (see appendix B).

ε∗r =
c1S

∗
m − c2

c3 − S∗m
(6.15)
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6.3.2.1 Time domain reflectometry (TDR)

The TDR measurements in this thesis were carried out with a Sequid STDR-65 device
(Figure 6.9), which has a resolution of 10 ps and a sampling interval of 50 ns.

Figure 6.9: Portable Sequid STDR-65 device.

The TDR acquires step-like time domain curves, which are then pre-processed
and transmitted to a laptop computer, which transforms the signals to the frequency
domain using the fast Fourier transform (FFT) and carries out the permittivity calcu-
lations (Wagner et al., 2011b). The bilinear permittivity calibrations were performed
by measuring the complex scattering parameters S∗m (ω,T ) of three reference materi-
als (i.e. air/open, distilled water and a short circuit). Each calibration standard was
measured using 10 averages.

For the open-water-short (OWS) calibration, substituting the short parameters
(Γ∗ = −1 and S∗m = S∗m,s) into Equations B.6 - B.9, we have:

c3 = S∗m,s (6.16)

where, the subscript s represents short. Substituting the open (ε∗r = ε∗r,o = 1 and
S∗m = S∗m,o) and water (ε∗r = ε∗r,w and S∗m = S∗m,w) parameters into Equation 6.15, we
have:

S∗m,oc1 − c2 − c3 = −S∗m,o (6.17)

S∗m,wc1 − c2 − ε∗r,wc3 = −ε∗r,wS∗m,w (6.18)

where, the subscripts o and w represent open and water, respectively, and ε∗r,w is
the known relative complex dielectric permittivity of water. The procedure for obtain-
ing the relative complex dielectric permittivity of water has been discussed in detail
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in section 3.4.1. As the complex dielectric permittivity of water is temperature de-
pendent, the temperature of the distilled water used for the calibration was measured
and used to calculate the frequency and temperature dependent complex dielectric
permittivity of the water. Solving the set of complex equations (i.e. Equations 6.16 -
6.18) gives c1, c2 and c3. After obtaining these three complex parameters, the unknown
relative effective complex permittivity ε∗r,eff of the porous medium at each frequency
point and temperature can be found from the measured effective complex scattering
parameter S∗m = S∗m,eff (ω,T ) of the porous medium using Equation 6.15 as:

ε∗r,eff =
c1S

∗
m,eff − c2

S∗m,s − S∗m,eff
(6.19)

with

c1 =
ε∗r,w(S∗m,s − S∗m,w)− S∗m,s + S∗m,o

S∗m,w − S∗m,o
(6.20)

c2 =
ε∗r,wS

∗
m,o(S

∗
m,s − S∗m,w)− S∗m,w(S∗m,s − S∗m,o)

S∗m,w − S∗m,o
(6.21)

Although the complex scattering matrix only takes into account the connector of
the coaxial line to the probe, Bao et al. (1994) showed that other elements, such as the
effects of the probe and sample container, can also be eliminated.

6.3.2.2 Vector network analyzer (VNA)

The VNA measurements in this thesis were carried out with a VNA Master MS2027C
network analyzer (Figure 6.10).

Figure 6.10: VNA Master MS2027C network analyzer.
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The bilinear permittivity calibrations were performed by measuring the complex
scattering parameters S∗m (ω,T ) of three reference materials (i.e. air/open, distilled
water and pure methanol), in order to avoid the limitations of the OWS calibration at
high frequency ranges (> 500 MHz) due to inaccuracy of the short calibration. More-
over, the purity of the methanol standard in the open-water-liquid (OWL) calibration
procedure at frequencies below 500 MHz was checked by measuring an additional
short circuit. For this OWL calibration procedure, Equations 6.16 - 6.18 can be rewrit-
ten as:

S∗m,oc1 − c2 − c3 = −S∗m,o (6.22)

S∗m,wc1 − c2 − ε∗r,wc3 = −ε∗r,wS∗m,w (6.23)

S∗m,mc1 − c2 − ε∗r,mc3 = −ε∗r,mS∗m,m (6.24)

or as:

S∗m,o −1 −1

S∗m,w −1 −ε∗r,w
S∗m,m −1 −ε∗r,m


c1

c2

c3

 =

 −S∗m,o
−ε∗r,wS∗m,w
−ε∗r,mS∗m,m

 (6.25)

where, the subscripts o, w and m represent open, water and methanol, respec-
tively, ε∗r,w and ε∗r,m are the known relative complex dielectric permittivities of water
and methanol, respectively. The procedure for obtaining the relative complex dielec-
tric permittivity of water has been discussed in detail in section 3.4.1. And the relative
complex dielectric permittivity of methanol was obtained according to the extensive
database provided by Gregory and Clarke (2012). As the complex dielectric permit-
tivities of water and methanol are temperature dependent, the temperatures of the
distilled water and pure methanol used for the calibration were measured and used
to calculate their frequency and temperature dependent complex dielectric permittiv-
ities.

In a compact form, Equation 6.25 can be expressed as:

Mc = e (6.26)

The three complex calibration parameters of the system were solved numerically
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using MATLAB as c = M−1e. In the case where the system is over-determined due
to more than three standard measurements, the inverse of matrix M has to be rewrit-
ten and numerically solved as the least-squares solution c = (MTM)−1MTe. After
obtaining these three complex parameters, the unknown relative effective complex
permittivity ε∗r,eff of the porous medium at each frequency point and temperature
can be found from the measured effective complex scattering parameter S∗m = S∗m,eff
(ω,T ) of the porous medium using Equation 6.15 as:

ε∗r,eff =
c1S

∗
m,eff − c2

c3 − S∗m,eff
(6.27)

The relative error of the obtained complex dielectric permittivity depends on the
accuracy of the HF-EM device, types of coaxial cables and connectors used, employed
inversion algorithms etc. The measured complex dielectric permittivity at frequencies
below 200 MHz is stable and the resultant relative error is lower than 3% (Wagner
et al., 2010; Wagner et al., 2011a). Whereas, for frequencies higher than 200 MHz,
the relative error is of the order of 5% due to mismatches between the coaxial line,
connectors and probe (Wagner et al., 2011a).

Figures 6.11a and 6.11b show the absolute value and phase shift (displacement)
of the complex scattering coefficient of the used calibration standards, respectively.
At low frequencies, the scattering coefficients are close and difficult to differentiate.
However, at higher frequencies, the differences are distinct.

In Figures 6.11c and 6.11d, the real and imaginary parts of the relative complex
dielectric permittivities of the calibration standards are shown. As expected, a good
signal-to-noise ratio was recorded for all the measured calibration standards in the
considered frequency range. Moreover, as the sensitivity of the open-ended coaxial
line probe to determine the complex dielectric permittivity at frequencies lower than
100 MHz was found to be quite low, results below 100 MHz frequency have not been
shown. Possible factors affecting the insensitivity of the probe at very low frequen-
cies are the dependence on the dynamic range of the instrument, probe geometry and
radiation effects, used averaging factor (if any) as well as the carefulness of the cal-
ibration and the measurements. The dielectric spectra of the employed OWL-short
calibration standards are in close agreement with the expected theoretical spectra of
the reference materials (Figures 6.11c and 6.11d).
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Figure 6.11: Absolute value a) and phase shift b) of the complex scat-
tering parameter S∗m, real ε′r c) and imaginary ε′′r d) parts of the relative
complex dielectric permittivities of the OWL-short calibration standards

as functions of frequency.

6.3.2.3 Matric suction and effective stress modifications

The simultaneous measurements of complex dielectric permittivity or conductivity,
deformation, vertical stress and other porous media hydro-mechanical conditions
were obtained using a new approach, by fitting the open-ended coaxial line probe
(connected with the HF-EM device i.e. TDR/VNA) horizontally in to one-dimensional
controlled loading consolidation cells. As in the thermal conductivity measurements,
the devices where developed in two stages, i.e. with and without matric suction pro-
visions, as discussed next.

With no matric suction control

The first version of the newly developed one-dimensional consolidation & EM cell
for measuring the complex dielectric permittivity of porous media is shown in Fig-
ures 6.12 and 6.13.
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Figure 6.12: First version of the one-dimensional consolidation & EM cell
setup.

Figure 6.13: Schematic representation of the first version of the one-
dimensional consolidation & EM cell setup.

The setup has no provisions for controlling the matric suction of the investigated
specimen, and hence is suitable for use in two-phase (dry/saturated) and in un-
saturated media with negligible moisture migration upon changes in porous media
thermo-hydro-mechanical conditions. The apparatus consists of a cylindrical test box
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(with dimensions of 154 mm diameter and adjustable height of 30 - 90 mm) with a per-
forated top loading cap and a bottom drainage system for specimen saturation, which
can be connected to a burette or a water reservoir, and an open-ended coaxial probe,
which is inserted horizontally to the cylindrical text box (Figure 6.13). Depending on
the specimen height, the position of the open-ended coaxial probe can be adjusted
vertically, thus avoiding any boundary interference on the EM measurements. Tests
can also be performed with smaller sample sizes by fitting smaller steel consolidation
rings (with typical dimensions of 50 or 70 mm diameter and heights between 20 and
50 mm) to the setup. The perforated loading cap allows the application of load on the
specimen without hindering the movement of pore-water out of the specimen during
consolidation tests. The perforated loading cap can also be used as part of a leaching
apparatus when determining the settlement potential of loess porous media, where
the water flows from the bottom drainage in to the specimen and is then collected via
the perforated loading cap for analysis of electrical conductivity at regular intervals to
determine the completion of the water-driven settlement of the porous medium (i.e.
when the electrical conductivity measurements show no further decrease or when the
change in the specimen deformation is negligible).

The test box has an outer steel frame with an inner lining of Plexiglas. The outer
steel frame avoids lateral bending that may occur at higher loads. As the deformation
behavior of the porous medium depends considerably on the stiffness and roughness
of the walls of the test box, the use of the Plexiglas inner lining helps to limit the
amount of shear stress developed between the glass walls and the porous medium
specimen, ensuring that actual plane-strain conditions are met. Vertical stress is ap-
plied to the specimen via a piston connected to a pneumatic air pressure system which
is operated manually (Figure 6.12). Alternatively, the consolidation cell can also be fit-
ted to a UL-25 automatic loading machine for the application of vertical stress. The
vertical displacement of the specimen can be measured via a TR-0050/TRS-0050 lin-
ear transducer with a defined electrical range of 50 mm, an independent linearity of
±0.15% and repeatability of 2 µm, or a TRS-0025 linear transducer with a defined elec-
trical range of 25 mm, an independent linearity of ±0.2% and repeatability of 2 µm,
and the data is stored in a data logger connected to the system (Figure 6.12).

With matric suction control

The second version of the one-dimensional consolidation & EM cell for measuring
the complex dielectric permittivity of porous media (Figures 6.14 and 6.15) was de-
veloped by modifying a suction-controlled ödometer cell by inserting an open-ended
coaxial probe horizontally to the specimen consolidation ring of the cell. The matric
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suction in the ödometer cell is controlled via the axis translation technique (ATT), as
explained in section 6.3.1.2. The provision for controlling the matric suction of the
specimen with the ATT enables the determination of the complex dielectric permit-
tivity of the specimen at different levels of moisture content/matric suction.

Figure 6.14: Second version of the one-dimensional consolidation & EM
cell setup.

Figure 6.15: Schematic representation of the second version of the one-
dimensional consolidation & EM cell setup.
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The axis translation technique is introduced to the system by applying controlled
pore-air ua (kPa) and pore-water uw (kPa) pressures to the system (Figure 6.15), thus
imposing the desired level of matric suction ψm = ua−uw (kPa) on the specimen (with
dimensions of 70 mm diameter and adjustable height of 25 - 50 mm). The air pressure
ua is applied via the top porous stone and the water potential uw is controlled by
means of liquid phase (water) transfer through a saturated air-water interface ceramic
disc with an air-entry value (AEV) of 400 kPa and a thickness of 5 mm. Vertical stress
(with a maximum force limit of 25 kN) can be applied to the specimen via the UL-25
loading machine integrated with the system (Figure 6.14). The vertical displacement
of the specimen is measured via a TRS-0025 linear transducer with a defined electrical
range of 25 mm, an independent linearity of ±0.2% and repeatability of 2 µm. The
pore-water pressure in the specimen can be monitored during the test via a pore-
water pressure sensor attached to the bottom of the specimen. The applied vertical
stress, specimen displacement and the pore-water pressure data are monitored and
stored with a PC and a data acquisition unit.

The apparatus can be used to accurately determine the complex dielectric permit-
tivity of porous media with two-phase or at unsaturated states and effective stress
conditions. Dielectric measurements performed using the second version of the one-
dimensional consolidation & EM cell will be presented in separate publications.

6.4 Experimental procedure

In this section, the experimental procedure followed in performing the thermal and
dielectric measurements of the un-cemented porous media (i.e. the silty clay and
loess soils as well as the oil sand) studied in this thesis (section 6.2) using the different
techniques of measurements (section 6.3) is presented.

6.4.1 Tests on soils

6.4.1.1 Tests on silty clay soils

The tests on the silty clay soils (section 6.2.1.1) were performed for analyzing the be-
havior and correlation of the thermal and dielectric properties of fine-grained soils
under varying moisture content conditions.
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Three silty clay soil samples (one from each silty clay soil) were incrementally
wetted from air dry up to saturation by adding a controlled amount of distilled wa-
ter required for each gravimetric water content and were then allowed to equilibrate
for 24 hours. From the prepared samples, subsamples were taken for simultaneous
measurements of thermal conductivity (using the TR-1 single transient needle probe,
section 6.3.1.1) and complex dielectric permittivity (using the VNA device, section
6.3.2.2) for each gravimetric water content.

The dry density/porosity of each soil was kept constant for all gravimetric water
contents (see Table 6.1). Care was taken to pack the soils with a homogeneous bulk
density (throughout the specimen volume) and to a constant volume, and a total of
108 measurements of thermal conductivity and complex dielectric permittivity were
taken. The measurements were repeated at least three times for each subsample for
verification.

Moreover, to verify the accuracy of the experimental measurements of transient
thermal conductivity of the silty clay soils, steady state measurements of thermal con-
ductivity of the soils were performed at both dry and saturated conditions using the
first version of the steady state device (section 6.3.1.2). The samples (with dimensions
of 100 mm diameter and heights of around 30 and 34 mm for dry and saturated con-
ditions, respectively) were placed carefully in to the thermal cell making sure that the
bulk density was homogeneous throughout the specimen volume. The temperatures
of the top heating and bottom cooling plates were set to the desired values, and once
steady state conditions were achieved, the recorded temperatures of the reference
plate were used to obtain the steady state thermal conductivity of the samples. The
measurement data was automatically recorded at an interval of 5 seconds for each
test.

6.4.1.2 Tests on loess soil

The loess soil (section 6.2.1.2) investigated in this thesis was used for analyzing the
behavior and correlation of the thermal and dielectric properties of weak soils un-
der varying moisture, porosity, matric suction, effective stress and for verifying the
new models for estimating the settlement potential of weak porous media using ther-
mal and dielectric measurements. The complex dielectric permittivity measurements
on the loess soil were done with the TDR and VNA devices, whereas, the thermal
conductivity measurements were obtained using the transient and steady state tech-
niques. As shown by the results in section 7.2.2, the TDR and VNA measurements
of complex dielectric permittivity as well as the transient and steady state thermal
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conductivity data of the loess soil are in close agreement.

Variations with water content and porosity

The loess soil was prepared under the two remolded conditions, namely in its natural
condition, L-A (with a porosity n = 0.453 and bulk dry density ρd = 1.495 g cm−3)
and the lab compacted condition, L-B (with a porosity n = 0.301 and bulk dry density
ρd = 1.913 g cm−3). Two loess soil samples (one from each remolded condition) were
incrementally wetted from air dry up to saturation by adding a controlled amount
of distilled water required for each gravimetric water content and were then allowed
to equilibrate for 48 hours. From the prepared samples, subsamples were taken for
measurements of thermal conductivity (using the TR-1 single transient needle probe,
section 6.3.1.1) and complex dielectric permittivity (using the TDR device, section
6.3.2.1) for each gravimetric water content. Furthermore, the matric suction ψm (kPa)
of the subsamples was simultaneously measured using the filter paper method as
discussed in the next section, to study the relationship between the drying path matric
suction of the SWCC and the thermo-dielectric parameters of the loess soil.

The dry density/porosity of each loess soil sample was kept constant for all gravi-
metric water contents (see Table 6.3). Care was taken to pack the soils with a homo-
geneous bulk density (throughout the specimen volume) and to a constant volume,
and a total of 36 measurements of thermal conductivity and complex dielectric per-
mittivity were taken. The measurements were repeated at least three times for each
subsample for verification.

Variations with matric suction

The drying path matric suction ψm for the simultaneous measurements of thermal
conductivity and complex dielectric permittivity was performed via the filter paper
method. As discussed in the previous section, the correlation between the thermal
conductivity (using the TR-1 single transient needle probe, section 6.3.1.1) and com-
plex dielectric permittivity (using the TDR device, section 6.3.2.1) and the simultane-
ous measurement of the drying path of the SWCC of the loess soil (with porosities n of
0.453 and 0.301) via the filter paper method was performed on the same subsamples
used for the water content and porosity studies. The filter paper matric suction mea-
surement procedure was performed following the guidelines of the ASTM D 5298 - 94
(1994) standard. In order to obtain the drying/desorption curve of the soils, initially
wet filter papers were used (Note that for obtaining the wetting/adsorption curve,
the filter papers must be initially dried before contact with the soil). Care was taken
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when measuring the matric suction, because intimate contact between the filter paper
and the loess soil subsamples is very significant for the determination of matric suc-
tion by the filter paper technique. Once the proper contact between the filter paper
and the loess soil subsamples was ensured, the soil suction measurement setup was
kept in a temperature controlled environment with fluctuations kept within±1◦C, for
at least one week to achieve steady state conditions. The filter paper moisture con-
tent measurements were conducted by two persons in order to decrease the time of
exposure of the filter papers to the laboratory atmosphere, and thus, the amount of
moisture lost/gained during the measurements was kept to a minimum. The mois-
ture content of the filter papers was weighed to the nearest 0.1 mg accuracy, and the
matric suction of the subsamples was determined according to the appropriate filter
paper calibration curves as given by ASTM D 5298 - 94 (1994).

Variations with effective stress

The correlation between the thermal conductivity (using the first version of the steady
state device, section 6.3.1.2) and complex dielectric permittivity (using the TDR de-
vice along with the first version of the one-dimensional consolidation & EM cell, sec-
tion 6.3.2.3) at different effective stress conditions was performed on the loess soil in
drained conditions with its natural porosity n of 0.453 and at optimum gravimetric
moisture condition w (around 0.18 for maximum dry density from standard Proctor
test). The specimens for the thermo-dielectric tests were taken from a loess soil sample
which was initially at natural moisture condition wn = 0.093, but was incrementally
wetted to achieve optimum gravimetric moisture condition. After allowing the new
mix to equilibrate for around 48 hours, sub-samples were taken from each specimen
for gravimetric water content check, and an average gravimetric water content w of
0.186 was obtained.

For both the steady state test and one-dimensional consolidation & EM cell se-
tups, the specimens (with dimensions of 100 mm diameter and height of 30 mm for
the thermal tests and 154 mm diameter and height of 60 mm for the dielectric tests)
were placed carefully in to the consolidation cells making sure that the bulk density
was homogeneous throughout the specimen volume. The effective stress was then
increased with increments to the values of 1/5, 12, 25, 50, 100, 200 and 400 kPa, which
was then followed by unloading to 100, 25 and 1/5 kPa. Load increment (stabiliza-
tion) times of around 45 and 5 minutes (after which time the deformations due to the
load increments were considered insignificant) were alloted for attaining steady state
temperature conditions and for the stabilization of stress of the steady state thermal
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and complex dielectric permittivity measurements, respectively. The thermal conduc-
tivity of the specimen was automatically recorded at an interval of 5 seconds, while
the complex dielectric permittivity measurements were taken manually before and
after each load increment to observe the changes in the measured values of the com-
plex dielectric permittivity due to each load increment. The specimen deformation
data for the dielectric measurements was automatically recorded at an interval of 0.04
seconds.

Variations with water-driven settlement potential

The correlation between the thermal conductivity (using the TR-1 single transient nee-
dle probe, section 6.3.1.1) and complex dielectric permittivity (using the VNA device,
section 6.3.2.2) at various water-driven settlement potentials was performed on the
loess soil in drained conditions with its natural porosity n of 0.453 and at different ini-
tial gravimetric moisture conditions by following ASTM D 5333 - 03 (2003) standards.

A total of 36 water-driven settlement potential tests were performed on the loess
soil at moisture contents ranging from air dry to saturated conditions. The loess soil
specimens were prepared by adding a controlled amount of the desired quantity of
distilled water required for each gravimetric water content and were then allowed to
equilibrate for 48 hours. Prior to the placement of the samples in the consolidation
cell, sub-specimens were taken from the specimens for the simultaneous measure-
ment of thermal conductivity of each specimen at the desired porosity and gravimet-
ric water content using the TR-1 probe. The thermal measurements were repeated at
least three times for each sub-specimen for verification. These thermal measurements
of each of the equilibrated specimens correspond to the water-driven settlement po-
tential values of each specimen. After placing the specimens in the first version of the
one-dimensional consolidation & EM apparatus (section 6.3.2.3) by making sure that
the bulk density was homogeneous throughout the specimen volume, the complex
dielectric permittivity of each of the equilibrated specimens, which correspond to the
water-driven settlement potential values, were then measured and recorded via the
VNA device + open-ended coaxial line integrated with the consolidation cell. The
dielectric measurements were repeated at least three times for each specimen for ver-
ification. Then after, the model standard collapse load of 300 kPa was applied to each
specimen and sufficient time was alloted until the changes in specimen deformation
due to the applied collapse load was insignificant. Finally, each specimen was inun-
dated via the bottom drainage valve with distilled and de-aired water from an over-
head water reservoir to initiate the water-driven settlement process (ASTM D 5333
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- 03, 2003; Mansour et al., 2008). The specimen deformation due to the water inun-
dation was automatically recorded every 2 seconds, and the tests were stopped once
the settlement due to the addition of water of each specimen was negligible (typically
after around 90 - 120 minutes after the addition of water). The total specimen defor-
mation corresponding only to the collapse of the specimens due to water inundation
was recorded for verifying the tripartite correlation between thermal conductivity,
complex dielectric permittivity and settlement potential of weak soils.

6.4.2 Tests on oil sand

A total of 48 bitumen-water saturated specimens (17 low grade, 17 medium grade
and 14 high grade oil sands) of the reconstituted oil sand (section 6.2.2) were prepared
for the purpose of analyzing the behavior and correlation of the thermal and dielec-
tric properties of oil sands under varying bitumen-moisture contents. The oil sands
were remolded by mixing a fixed weight fraction of a silty sand soil initially with the
desired amount of gravimetric distilled water content and then after by adding the
required quantity of heated bitumen (up to 80◦C) to the resulting mix (water coated
solid particles), and were then allowed to equilibrate for 24 hours before the measure-
ments were taken. This technique enables the formation of a thin water film around
the solid grains (in addition to the entrapped pore-water), which is typically exhibited
by naturally occurring oil sands. The heating of the bitumen was done prior to the
mixing process in order to lower its viscosity. The dry density/porosity of all the oil
sand specimens was kept constant (1.949 g cm−3), while the grade or bitumen content
varied from 6 to 11.64 wt.%.

Care was taken to pack the oil sand specimens with a homogeneous bulk density
(throughout the specimen volume) and to a constant volume. The thermal conductiv-
ity and specific heat capacity of the oil sand specimens were measured using the SH-1
dual transient needle probe (section 6.3.1.1), and the simultaneous measurements of
the complex dielectric permittivity was performed using the VNA device (section
6.3.2.2). The thermal and dielectric measurements were repeated at least three times
for each specimen.
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6.5 Summary of chapter 6

In this chapter, the experimental program followed to study the thermal and dielec-
tric behavior of the porous media used in this study was discussed in detail. On this
basis, the different types of porous media analyzed in this thesis, the thermal and di-
electric properties measurement techniques employed and the experimental method-
ology followed for obtaining the thermal and dielectric parameters were presented.
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Chapter 7

Results and discussion I: Validation of
semi-analytical models

7.1 Introduction

In this chapter, results of the theoretical and experimental investigations on the behav-
ior and correlation of the thermal and dielectric porous media parameters at different
hydro-mechanical conditions are presented. The details of the studied porous media
types and the experimental procedures are shown in sections 6.2 and 6.4, respectively.

7.2 Validation of semi-analytical models for soils and

other porous media types

7.2.1 Tests on silty clay soils

The results of the electromagnetic measurements on the studied silty clay soils are
shown in Figures 7.1 - 7.3. Figure 7.1 shows the variation of the real part ε′r,eff of the
relative effective complex permittivity of the soils at a measurement frequency of 1
GHz with gravimetric water content w. As stated in section 4.2.1, the values of the
real part ε′r,eff of the relative effective complex permittivity at a particular frequency
range of around 1 GHz were selected from the spectra, as at this frequency range,
information on the free water in the porous medium can be obtained, and the disper-
sion and absorption processes be compared directly (Blonquist Jr. et al., 2006; Wagner
and Scheuermann, 2009; Wagner et al., 2014). Overall, the measured ε′r,eff of the soils
increases with an increase in moisture content, as for the given porosity of each soil,
an increase in moisture content indicates the replacement of air with moisture, which
has a much higher complex dielectric permittivity than air.
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Figure 7.1: Real part ε′r,eff of the relative effective complex permittivity
of the silty clay soils as a function of gravimetric water content w (VF

model - Equation 4.3).
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Figure 7.2: Imaginary part ε′′r,eff of the relative effective complex per-
mittivity a) and effective loss tangent tan δeff b) of the silty clay soils as

functions of gravimetric water content w.

Furthermore, in Figure 7.1, the experimental findings are compared to the VF
model (Equation 4.3), with structural exponents a = 1/2 (CRIM) (Birchak et al., 1974)
and a = 1/3 (LLLM) (Landau and Lifschitz, 1985; Campbell, 1990), as well as the
Topp et al. (1980) model. The predictions from the VF model with exponent a = 1/2

and the Topp et al. model match comparatively well with the experimental results as
compared to the predictions from the VF model with exponent a = 1/3, which con-
siderably underestimates the measured ε′r,eff at 1 GHz data for the whole range of soil
saturation.

The experimental results of the imaginary part ε′′r,eff of the relative effective com-
plex permittivity and the effective loss tangent tan δeff of the three silty clay soils are
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Figure 7.3: Dielectric spectra of the silty clay soils at five gravimetric wa-
ter contents w: ε′r,eff a), c) and e), and ε′′r,eff b), d) and f) of SC-A, SC-
B and SC-C, respectively (Plotted volumtric water contents θ for: SC-A
11.9, 19.9, 27.9, 35.8 & 44.3%; SC-B 12.5, 20.9, 29.3, 37.6 & 46.4%; and SC-C

12.8, 21.3, 29.8, 38.4 & 47.3%).

shown in Figure 7.2. It is difficult to quantify the imaginary part ε′′r,eff of the relative
effective complex permittivity or the effective loss tangent tan δeff of porous media
with empirical or theoretical equations, due to the presence of dissolved/aqueous
salts in the medium, and hence, only experimental results are shown. Overall, the
measured ε′′r,eff and tan δeff of the soils increase with an increase in moisture content.
This is to be expected, as for the given porosity of each soil, an increase in moisture
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content indicates the replacement of air with moisture, which also increases the de-
gree of solubility of the solutes contained within the solid particles in to the pore water
solution, thus increasing the salinity of the pore-water solution of the soils, which re-
sults in an increased imaginary part of the complex dielectric permittivity or electrical
conductivity of the medium.

In Figure 7.3, the measured dielectric spectra of the relative effective complex per-
mittivity ε∗r,eff of the silty clay soils at five gravimetric water contents w is presented.
In principle, the open-ended coaxial probe and the calibration procedure used in the
study enable an accurate determination of the frequency dependence of the complex
dielectric permittivity. However, as expected, the accuracy of the measurements be-
low the frequency of 100 MHz and above 10 GHz is substantially low due to probe
geometry and radiation effects (Figure 7.3). Generally, all three silty clay soils exhibit
a very high degree of variation of complex dielectric permittivity (mainly the imagi-
nary part) with frequency especially at lower frequency ranges, the phenomenon of
which is called dielectric dispersion or relaxation, due to the presence of a high propor-
tion of clay minerals with readily dissoluble salts (16.8 wt.% for SC-A, 20.2 wt.% for
SC-B and 24.6 wt.% for SC-C, Table 6.1) (Wagner and Scheuermann, 2009). The mag-
nitude of dielectric dispersion in the frequency range of 0.1 MHz - 1 GHz is defined
as the difference in magnitude at high and low frequencies at which the relative ef-
fective complex permittivity curve levels off. This value has been shown to be highly
influenced by the mineralogical and mineral solution interface characteristics of the
porous medium (Arulanandan, 2003).

In summary, the dielectric spectra of all the soils show a typical frequency de-
pendence (with the dielectric dispersion increasing with an increase in soil moisture
content, Figure 7.3) with: a) a stronger frequency dependence of the complex dielec-
tric permittivity at low frequency ranges due to the presence of clay minerals; b) a
strong decrease in the imaginary part as compared to the real part with increasing
frequency below around 1 GHz for all soils, mainly due to electrical induced losses
and c) an increase in the imaginary part above around 1 GHz mainly due to main
water relaxation contribution (Wagner et al., 2007b; Wagner and Scheuermann, 2009).

Figure 7.4 shows the results of effective thermal conductivity λ measurements of
the silty clay soils as a function of gravimetric water content w. The experimental
findings of λ are further compared to the modified Johansen model (Equation 4.1),
the original Johansen’s model (Johansen, 1975) and the Lu et al. (2007) model. The
quartz fraction qf used for calculating the thermal conductivity of the soil solids λs
in all the models is obtained based on the coarse grain fraction of each silty clay soil
(Peters-Lidard et al., 1998; Lu et al., 2007). All three models match the experimental
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Figure 7.4: Effective thermal conductivity λ of the silty clay soils as a
function of gravimetric water content w (Modified Johansen model -

Equation 4.1).

measurements of λ with good accuracy below 20% gravimetric water content, but
with slight underestimation for gravimetric water contents above 20%. The prediction
results of the original Johansen model at low moisture contents are neglected due to
its inapplicability for degrees of saturation lower than 20% (see section 2.2.5).
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Figure 7.5: Variation of effective thermal conductivity λwith the real part
ε′r,eff of the relative effective complex permittivity of the silty clay soils

(New model prediction - Equation 4.7).

Generally, the effective thermal conductivity λ of the silty clay soils increases with
an increase in moisture content in three stages. At low gravimetric water content w
of up to 3%, the moisture first coats the soil grains. The voids between the soil grains
are not rapidly filled, and hence, a gradual increase in λ is exhibited. With further
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increase in w of up to 20%, water bridges start to form between the soil particles
filling air voids, and λ starts to increase rapidly due to improved contact and increase
in heat conduction path between the grains (Sepaskhah and Boersma, 1979). Then
after, the increase in λ mainly depends on the replacement of air by water only, and
as a result, λ increases at a slower rate.
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Figure 7.6: Temperature T and effective thermal conductivity λ of the
silty clay soils in dry condition as functions of time t.

The comparison of the new model for predicting the thermal conductivity of natu-
rally occurring un-saturated soils from complex dielectric permittivity (Equation 4.7)
and experimental data is shown in Figure 7.5. The prediction of the new model
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matches well to the experimental findings with a slight underestimation at higher
moisture contents (higher ε′r,eff at 1 GHz). The average errors of prediction of the new
model for the three silty clay soils used in this study are: 10.33% for SC-A, 10.44% for
SC-B and 14.48% for SC-C (with an overall average of 11.75%).

The results of the steady state thermal conductivity tests which were performed on
the silty clay soils (at dry and saturated states) to verify the transient tests are shown
in Figures 7.6 and 7.7.
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Figure 7.7: Temperature T and effective thermal conductivity λ of the
silty clay soils in saturated condition as functions of time t.

The plots show the recorded temperatures of the three plates (i.e. top T1, reference
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T2 and bottom T3) of the steady state device (section 6.3.1.2) with the progress of time.
A temperature stabilization time of a minimum of around 50 to 60 minutes was alloted
for each test to achieve steady state conditions. Using the values of the measured
temperatures of the three plates, the effective thermal conductivity λ of the samples
is obtained using Equation 6.12.

The measured temperature of the reference disc T2 and hence the measured ef-
fective thermal conductivity λ of the three silty clay soils increase with an increase
in moisture content (saturation condition), thus indicating an improvement of the
heat conduction path with the addition of moisture. When comparing the transient
and steady state measurements for each soil type and saturation condition: the effec-
tive transient λ of the three soils ranges from 0.173 to 0.215 W m−1 K−1 in dry condi-
tion, and from 1.303 to 1.574 W m−1 K−1 in saturated condition, whereas, the effective
steady state λ of the soils ranges from 0.239 to 0.247 W m−1 K−1 in dry condition, and
from 1.241 to 1.253 W m−1 K−1 in saturated condition. The measured effective tran-
sient λ of the soils show higher dispersion as compared to the steady state measure-
ments. Overall, the transient technique provided lower effective thermal conductivity
in dry condition, but higher values in saturated condition, as compared to the steady
state technique.

7.2.2 Tests on loess soil and other porous media types

In this section, results of the thermal and dielectric measurements on the loess soil
at different medium conditions such as water content, porosity, matric suction, effec-
tive stress and settlement potential are presented. Moreover, the prediction models
for analyzing the variations of the thermal and dielectric parameters with medium
temperature are verified by comparison with data from the literature.

7.2.2.1 Variations with water content and porosity

The results of the electromagnetic measurements on the investigated loess soil are
shown in Figures 7.8 - 7.10. Figure 7.8 shows the variation of the real part ε′r,eff of
the relative effective complex permittivity of the two remolded conditions of the loess
soil (L-A with n = 0.453 and L-B with n = 0.301) at a measurement frequency of 1
GHz with gravimetric water content w. The measured ε′r,eff of the loess soil increases
with an increase in moisture content, as for the given porosity of the soil, an increase
in moisture content indicates the replacement of air with moisture, which has a much
higher complex dielectric permittivity than air.
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Figure 7.8: Real part ε′r,eff of the relative effective complex permittivity
of L-A a) and L-B b) as a function of gravimetric water content w (VF

model - Equation 4.3).

The measured ε′r,eff of the loess soil at loose/natural saturated condition (L-A),
ε′r,eff at 1 GHz = 29.42, is much higher as compared to that at lab compacted condition
(L-B), ε′r,eff at 1 GHz = 21.12 (Figure 7.8). This is primarily due to the fact that the
loess soil at loose saturated condition (with a comparatively higher porosity), has a
relatively higher fraction of liquid phase/pore-water (which corresponds to a lower
fraction of solid grains) as compared to the loess at compacted condition, resulting in a
much better conducting pathway for dielectric permittivity or electrical conductivity
(i.e. moisture content has a much higher complex dielectric permittivity than the soil
grains) (Hilhorst, 2000; Ewing and Hunt, 2006).

Moreover, in Figure 7.8, the experimental findings are compared to the VF model
(Equation 4.3), with structural exponents a = 1/2 (CRIM) (Birchak et al., 1974) and
a = 1/3 (LLLM) (Landau and Lifschitz, 1985; Campbell, 1990), as well as the Topp
et al. (1980) model. Although all the models tend to underestimate the measured
ε′r,eff data, the VF model with exponent a = 1/2 and the Topp et al. model match
comparatively well with the experimental results as compared to the VF model with
exponent a = 1/3, which tends to significantly underestimate the measured ε′r,eff at 1
GHz data for the whole range of the loess soil saturation.

The experimental results of the imaginary part ε′′r,eff of the relative effective com-
plex permittivity and the effective loss tangent tan δeff of the loess soil are shown in
Figure 7.9. Generally, the measured ε′′r,eff and tan δeff of the loess soil increase with
an increase in moisture content. This is to be expected, as for the given porosity of the
soil, an increase in moisture content indicates the replacement of air with moisture,
which also increases the degree of solubility of the solutes contained within the solid
particles in to the pore water solution.
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Figure 7.9: Imaginary part ε′′r,eff of the relative effective complex per-
mittivity a) and effective loss tangent tan δeff b) of the loess samples as

functions of gravimetric water content w.

However, unlike the measurements of ε′r,eff , the difference between the measured
ε′′r,eff of the loess soil at loose saturated condition (L-A), ε′′r,eff at 1 GHz = 22.57,
and that at lab compacted condition (L-B), ε′′r,eff at 1 GHz = 21.34 is comparatively
very small (Figure 7.9). The ε′′r,eff is mainly affected by the presence of dissolved so-
lutes in the pore-water solution and the corresponding Ohmic and polarization losses
(Hasted, 1973; Ewing and Hunt, 2006) when the soil is subjected to an electric field,
which are both not significantly influenced by changes in soil compaction/porosity.

Furthermore, in Figure 7.9, for L-A, it can be seen that upon wetting and the re-
sulting increase in the amount and salinity of the entrapped pore-water due to the
dissolution of solutes, the measured ε′′r,eff of the soil increases significantly until gravi-
metric water contentw of around 18.2%. After this point, the increase in ε′′r,eff with the
addition of moisture is insignificant, as most of the hydrophilic solutes/fine-grained
clay and/or silt bridges, which hold and bind the relatively coarser grained parti-
cles in the soil structure, present in the soil are already dissolved in the pore-water
solution. With the application of vertical stress to the soil upon wetting, however,
a higher degree of breaking of these fine-grained bridges can be attained, resulting
in much higher values of ε′′r,eff or tan δeff as shown in the discussions of the water-
driven collapse behavior of the loess soil in Hailemariam et al. (2015b). As expected,
the measured tan δeff of L-A after w of around 18.2% decreases significantly, as the
rate of increase of ε′′r,eff is much lower than that of the ε′r,eff above this moisture con-
tent (Figures 7.8 and 7.9).

In Figure 7.10, the measured spectra of the relative effective complex permittivity
ε∗r,eff of the loess soil at the two porosities and different gravimetric water contents
w is presented. At frequencies above 4 GHz, a low accuracy of signal measurements
were recorded for all the samples, possibly due to a limitation in the dynamic range
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Figure 7.10: Dielectric spectra of the loess samples at different gravimet-
ric water contents w: ε′r,eff a) and c), and ε′′r,eff b) and d) of L-A and L-B,

respectively.

of the employed TDR instrument and radiation effects. Generally, the loess soil ex-
hibits a very high degree of dielectric dispersion or relaxation, due to the presence of
a high proportion of clay minerals with readily dissoluble salts (34.0 wt.%, Table 6.3)
(Arulanandan, 2003; Wagner and Scheuermann, 2009). When comparing the results
of the electromagnetic tests on the loess soil at loose natural condition with those from
the silty clay soils (section 7.2.1), the loess soil exhibits a higher complex dielectric per-
mittivity (especially the imaginary component), polarization and dielectric dispersion
(Figures 7.1 - 7.3 and 7.8 - 7.10) due to its much higher clay content with soluble salts.

In summary, the dielectric spectra of the loess soil shows a typical frequency de-
pendence (with the dielectric dispersion increasing with an increase in soil moisture
content, Figure 7.10) with: a) a stronger frequency dependence of the complex dielec-
tric permittivity at low frequency ranges due to the presence of clay minerals; b) a
strong decrease in the imaginary part as compared to the real part with increasing
frequency below around 4 GHz (measurement accuracy above 4 GHz is quite low)
for all soils, mainly due to electrical induced losses and c) an absence of the main
water relaxation contribution (Wagner et al., 2007b; Wagner and Scheuermann, 2009),
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confirmed by a lack of an increase in the imaginary part above around 1 GHz.
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Figure 7.11: Effective thermal conductivity λ of L-A a) and L-B b) as
a function of gravimetric water content w (Modified Johansen model -

Equation 4.1).

Figure 7.11 shows the results of effective thermal conductivity λ measurements
of the loess soil at the two remolded conditions as a function of gravimetric water
content w. The measured effective λ of the loess soil at loose/natural saturated condi-
tion (L-A), λ = 1.521 W m−1 K−1, is much lower as compared to that at lab compacted
condition (L-B), λ = 1.934 W m−1 K−1. This is primarily due to the fact that the loess
soil at loose saturated condition (with a comparatively higher porosity), has a rela-
tively lower fraction of solid grains (which corresponds to a higher fraction of liquid
phase/pore-water) as compared to the loess at compacted condition, resulting in a
much poorer conducting pathway for heat conduction (i.e. mineral grains have a
much higher thermal conductivity than moisture) (Hailemariam et al., 2017; Haile-
mariam and Wuttke, 2018b). Moreover, a reduction in soil porosity (or an increase
in dry density) generally causes an increase in the inter-particle contact area and the
number of solid particles packed per unit volume. As a result, the number and qual-
ity of contact points between the grains increases, resulting in an enhanced heat flow
path, and consequently the effective thermal conductivity of the medium increases
(Salomone and Kovacs, 1984; Salomone et al., 1984; Salomone and Marlowe, 1989;
Hailemariam et al., 2015a).

The experimental findings of λ are further compared to the modified Johansen
model (Equation 4.1), the original Johansen’s model (Johansen, 1975) and the Lu et
al. (2007) model. All three models match the experimental measurements of λ with
good accuracy, except at gravimetric water content w levels below around 7% for L-A
and around 3% for L-B, where only the modified Johansen model provides a good
accuracy (Figure 7.11). The prediction results of the original Johansen model at low
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moisture contents are neglected due to its inapplicability for degrees of saturation
lower than 20% (see section 2.2.5).

Generally, the effective thermal conductivity λ of the loess soil increases with an
increase in moisture content in two stages. At gravimetric water content w of up to
around 21% for L-A and around 12% for L-B, water bridges start to form between the
soil particles filling air voids, and λ starts to increase rapidly due to improved contact
and increase in heat conduction path between the grains (Sepaskhah and Boersma,
1979). Then after, the increase in λ mainly depends on the replacement of air by water
only, and as a result, λ increases at a slower rate.

When comparing the results of the thermal measurements on the loess soil at loose
natural condition with those from the silty clay soils (section 7.2.1), the loess soil (with
max. λ at saturated condition) exhibits a similar thermal conductivity as the silty clay
soils (with max. λ at saturated conditions) (Figures 7.4 and 7.11a). The similarities in
the thermal behaviors of the loess soil and the silty clay soils at natural conditions is
attributed to the similarities in their geotechnical properties (Tables 6.1 and 6.3).
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Figure 7.12: Variation of effective thermal conductivity λ with the real
part ε′r,eff of the relative effective complex permittivity of the loess sam-

ples (New model prediction - Equation 4.5).

The comparison of the new model for predicting the thermal conductivity of natu-
rally occurring un-saturated soils from complex dielectric permittivity (Equation 4.5)
and experimental data of the loess soil is shown in Figure 7.12. The prediction of the
new model generally matches well to the experimental findings, with a slight overes-
timation of thermal conductivity of L-B at higher moisture contents (higher ε′r,eff at 1
GHz). As expected, both the model prediction and experimental data exhibit a higher
thermal conductivity of L-B than L-A for a given value of ε′r,eff at 1 GHz (equivalent
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soil moisture content), due to the lower porosity (higher dry density) of L-B as com-
pared to L-A, as discussed earlier. The average errors of prediction of the new model
for the loess soil prepared in the two remolded conditions in this study are: 14.18%
for L-A and 11.07% for L-B (with an overall average of 12.63%).

7.2.2.2 Variations with matric suction

In this section, results of the drying path matric suction ψm of the SWCC and the
simultaneous measurements of thermal conductivity and complex dielectric permit-
tivity performed via the filter paper method are presented. As discussed in section
6.4.1.2, the correlation between the thermal conductivity and complex dielectric per-
mittivity and the simultaneous measurement of the drying path of the SWCC of the
loess soil (with porosities n of 0.453 and 0.301) via the filter paper method was per-
formed on the same subsamples used for the water content and porosity studies.
Hence, in this section, results such as the dielectric spectra of the samples, which
have already been presented in the previous section, are not shown.

Figure 7.13 shows the drying path SWCCs of the two remolded conditions of the
loess soil. The experimental findings are also compared to the prediction of the Fred-
lund and Xing (1994) model (Equation 4.19) with satisfactory results. Values of the soil
type dependent parameters of the Fredlund and Xing model of p1 = 237.5, p2 = 2.1

and p3 = 1.3 for L-A, and p1 = 547.2, p2 = 1.2 and p3 = 1.3 for L-B are used, providing
the best fit of the experimental data. The air entry values (AEVs) of the loess soil at
the two remolded conditions are estimated from the extensions of the tangent lines in
the saturated and transition zones of the SWCCs (Vanapalli et al., 1996; Hong et al.,
2016) as around: 107 kPa for L-A and 175 kPa for L-B.

The results of the electromagnetic measurements and matric suction on the inves-
tigated loess soil are shown in Figures 7.14 and 7.15. Figure 7.14 shows the variation
of the real part ε′r,eff of the relative effective complex permittivity of the two remolded
conditions of the loess soil at a measurement frequency of 1 GHz with matric suction
ψm. Upon drying, the measured ε′r,eff of the loess soil decreases with an increase in
matric suction (or a decrease in moisture content), as for the given porosity of the soil,
an increase in matric suction indicates the replacement of moisture with air, which
has a much lower complex dielectric permittivity than water (Hilhorst, 2000; Ewing
and Hunt, 2006). Furthermore, when the matric suction of the loess soil at the two re-
molded conditions is increased beyond the AEV and then further towards more drier
states upon desorption process, the measured ε′r,eff of the loess soil at loose/natural
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Figure 7.13: Gravimetric water content w of the loess soil at the two
remolded conditions as a function of matric suction ψm, drying path

(Model prediction - Equation 4.19).

condition (L-A) falls more sharply as compared to that of the loess soil at lab com-
pacted condition (L-B), due to its higher porosity and hence the requirement of low
suction potential to drive moisture out of its pores (which is also verified by the lower
AEV of L-A as compared to L-B).

The experimental findings are further compared to the prediction of the new model
(Equation 4.20). Although the new model tends to underestimate the measured ε′r,eff
data at low matric suction levels (near saturation), satisfactory results are obtained for
the wider range of matric suction of both remolded conditions (Figure 7.14).
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Figure 7.14: Real part ε′r,eff of the relative effective complex permittivity
of the loess soil at the two remolded conditions as a function of matric

suction ψm (New model prediction - Equation 4.20).
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The experimental results of the imaginary part ε′′r,eff of the relative effective com-
plex permittivity and the effective loss tangent tan δeff of the loess soil are shown in
Figure 7.15. Generally, the measured ε′′r,eff and tan δeff of the loess soil decrease with
an increase in matric suction. This is to be expected, as for the given porosity of the
soil, an increase in matric suction indicates the removal of moisture content from the
soil along with the high amounts of dissolved solutes from the pore water solution,
resulting in a decrease in the degree of polarization of the soil.
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Figure 7.15: Imaginary part ε′′r,eff of the relative effective complex per-
mittivity a) and effective loss tangent tan δeff b) of the loess soil at the

two remolded conditions as a function of matric suction ψm.

However, unlike the measurements of ε′r,eff , the difference between the measured
ε′′r,eff of the loess soil at loose saturated condition (L-A) and that at lab compacted con-
dition (L-B) at low matric suction levels (near saturation) is comparatively very small
(Figure 7.15a). The ε′′r,eff is mainly affected by the presence of dissolved solutes in the
pore-water solution and the corresponding Ohmic and polarization losses (Hasted,
1973; Ewing and Hunt, 2006) when the soil is subjected to an electric field, which are
both not significantly influenced by changes in soil compaction/porosity.

Upon further increase in matric suction beyond the AEVs of the two remolded
conditions, the rate of drop of the measured ε′′r,eff or the rate of decrease of the de-
gree of polarization of the loess soil at the two remolded conditions is also similar.
Although, for a given matric suction increment, a higher volumetric water content is
expelled from the pores of L-A (due to its higher pore-size/porosity) as compared to
L-B, the overall drop in rate of polarization of the two remolded conditions is similar
because the pore-water expelled from L-B has a comparatively higher concentration
of dissolved solutes as compared to that of L-A (i.e. compaction or change in soil
porosity does not alter the total amount of dissolved solutes in a soil mass).

Figure 7.16 shows the results of effective thermal conductivity λ measurements
of the loess soil at the two remolded conditions as a function of matric suction ψm.
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Figure 7.16: Effective thermal conductivity λ of the loess soil at the two
remolded conditions as a function of matric suction ψm (New model pre-

diction - Equation 4.16).

When the matric suction of the loess soil at the two remolded conditions is increased
beyond the AEV and then further towards drier states upon desorption process, the
measured λ of the loess soil decreases, as for the given porosity of the soil, an increase
in matric suction indicates the replacement of moisture with air, which has a much
lower thermal conductivity than water. Generally, for any given matric suction level,
the measured λ of the loess soil at loose/natural saturated condition (L-A) is much
lower than that of the lab compacted condition (L-B). This is primarily due to the fact
that, L-A (with a comparatively higher porosity), has a relatively lower fraction of
solid grains (which corresponds to a higher fraction of liquid phase) as compared to
L-B, resulting in a much poorer conducting pathway for heat conduction (i.e. mineral
grains have a much higher thermal conductivity than moisture/air) (Hailemariam et
al., 2017; Hailemariam and Wuttke, 2018b). Moreover, a reduction in soil porosity
(or an increase in dry density) generally causes an increase in the inter-particle con-
tact area and the number of solid particles packed per unit volume. As a result, the
number and quality of contact points between the grains increases, resulting in an
enhanced heat flow path, and consequently the effective thermal conductivity of the
medium increases (Salomone and Kovacs, 1984; Salomone et al., 1984; Salomone and
Marlowe, 1989; Hailemariam et al., 2015a). The experimental findings of λ are further
compared to the the prediction of the new model (Equation 4.16) with good accuracy
(Figure 7.16).
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7.2.2.3 Variations with effective stress

In Figures 7.17 - 7.20, results of the study of the variation of dielectric measurements
of L-A at optimum gravimetric moisture conditions with applied effective stress are
shown. Figure 7.17 shows the plots of the relative effective complex permittivity ε∗r,eff
at a measurement frequency of 1 GHz and the corresponding vertical strain ∆h/ho

data of the loess soil specimen upon the application of effective stress σ′.
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Figure 7.17: Relative effective complex permittivity ε∗r,eff and vertical
strain ∆h/ho of L-A as functions of time t.
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Figure 7.18: Real part ε′r,eff of the relative effective complex permittivity
of L-A as a function of effective stress σ′ (Model prediction: modified VF

model - Equation 4.30).

Overall, both the real ε′r,eff and imaginary ε′′r,eff parts of the relative effective com-
plex permittivity as well as the effective loss tangent tan δeff (Figures 7.18 and 7.19)



Chapter 7. Results and discussion I: Validation of semi-analytical models 128

σ ' [kPa]
0 100 200 300 400 500

r,
ef

f @
 1

 G
H

z 
[-

]

11

12

13

14

15

16

L-A, n = 0.453

(a)

σ ' [kPa]
0 100 200 300 400 500

ta
n
δ

ef
f @

 1
 G

H
z 

[-
]

0.65

0.7

0.75

0.8

0.85

L-A, n = 0.453

(b)

Figure 7.19: Imaginary part ε′′r,eff of the relative effective complex per-
mittivity a) and effective loss tangent tan δeff b) of L-A as functions of

effective stress σ′.

of L-A increase upon the application of stress until the maximum applied load of 400
kPa is reached (the sudden changes are particularly evident during the onset of stress
change, Figure 7.17). Moreover, a higher rate of increase is generally observed at the
beginning (lower effective stress) as compared to higher stress levels following the
load-deformation pattern of the loading tests.

Application of stress on a porous medium alters the inter-particle contact condi-
tion, by inducing changes in the internal structure or fabric of porous media (Choo et
al., 2013; Hailemariam et al., 2015a), and generally causes an increase in the dielectric
constant (due to a reduction in porosity, i.e. removal of entrapped air or an increase
in the soil volumetric water content) and loss tangent or degree of polarization (due
to improved inter-particle contact, i.e. an increase in the degree and quality of con-
tacts between the pore-water solutes) in dry or unsaturated conditions. Whereas in
fully saturated soil conditions, in spite of the reduction in soil porosity and improved
inter-granular contact upon compaction with the application of stress, a reduction
in the effective complex dielectric permittivity of the soil is expected, mainly due to
the expulsion of pore-water during consolidation, as the loss contribution due to the
expulsion of pore-water outweighs the gain from the reduction in porosity and im-
proved contact (Hailemariam et al., 2015a).

In contrast and as expected, insignificant changes in the measured complex di-
electric permittivity of the soil are recorded, due to the low deformation recovery
(elasticity) of the loess soil upon unloading, resulting in negligible changes in the soil
structure.

The experimental values of ε′r,eff of L-A in Figure 7.18 are additionally compared
to the prediction of the modified VF model (Equation 4.30). A value of coefficient
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of compressibility index Cc (taken in this study as the primary compressibility index
for normally consolidated soils and the average compressibility index for the con-
sidered effective stress range for overconsolidated soils) of 0.11 is used to model the
soil dielectric-stress behavior. The value is obtained as the average/representative
value for stiff clays (Widodo and Ibrahim, 2012). Although, the new model prediction
slightly underestimates the measured ε′r,eff data at low effective stress levels, a good
overall match is obtained for the studied effective stress range.
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Figure 7.20: Dielectric spectra of L-A at five effective stress σ′ levels: ε′r,eff
a) and ε′′r,eff b).

Figure 7.20 presents the measured dielectric spectra of the relative effective com-
plex permittivity ε∗r,eff of L-A at five effective stresses σ′. At frequencies above 4 GHz,
a low accuracy of signal measurements was recorded for all the stress levels, possi-
bly due to a limitation in the dynamic range of the employed TDR instrument and
radiation effects. Generally, the loess soil exhibits a very high degree of dielectric dis-
persion or relaxation at the considered effective stress levels, due to the presence of
a high proportion of clay minerals with readily dissoluble salts (34.0 wt.%, Table 6.3)
(Arulanandan, 2003; Wagner and Scheuermann, 2009).

In summary, the dielectric spectra of the loess soil at the considered stress levels
show a typical frequency dependence (with the dielectric dispersion increasing very
mildly with an increase in the applied effective stress, Figure 7.20) with: a) a stronger
frequency dependence of the complex dielectric permittivity at low frequency ranges
due to the presence of clay minerals; b) a strong decrease in the imaginary part as
compared to the real part with increasing frequency below around 4 GHz (measure-
ment accuracy above 4 GHz is quite low) for all stress levels, mainly due to electrical
induced losses and c) an absence of the main water relaxation contribution (Wagner
et al., 2007b; Wagner and Scheuermann, 2009), confirmed by a lack of an increase in
the imaginary part above around 1 GHz.
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In Figures 7.21 and 7.22, the results of the study of the variation of effective ther-
mal conductivity λ with applied effective stress σ′ of L-A are shown. In Figure 7.21,
plots of the recorded temperatures of the three plates (i.e. top T1, reference T2 and
bottom T3) of the steady state device (section 6.3.1.2) and the corresponding vertical
strain ∆h/ho of the L-A specimen upon the application of effective stress σ′ are shown.
Upon the application of a nominal effective stress level of σ′ = 5 kPa, a temperature
stabilization time of around 2.8 hours was required to achieve steady state conditions
before proceeding with the application of higher effective stress levels. Using the val-
ues of the measured temperatures of the three plates, the measured λ of L-A at each
effective stress level is obtained using Equation 6.12 as shown in Figure 7.22.
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Figure 7.21: Temperature T and vertical strain ∆h/ho for the steady state
thermal conduction test of L-A as functions of time t.

The measured temperature of the reference disc T2 and hence the measured effec-
tive thermal conductivity λ of L-A increase upon the application of stress, with a high
rate of increase at the beginning (lower effective stress) and gradually slowing down
at higher effective stress values following the load-deformation pattern of the loading
tests (Figure 7.22).

As stated earlier, application of stress on a porous medium alters the inter-particle
contact condition, by inducing changes in the internal structure or fabric of porous
media (Choo et al., 2013; Hailemariam et al., 2015a), and generally causes an increase
in the effective thermal conductivity of the medium mainly due to an increase in
the inter-particle contact area and reduction of medium porosity. The reduction of
medium porosity with the application of effective stress results in an increase of the
medium’s dry density, and the number of solid particles packed per unit volume in-
creases improving the number and quality of contact points between the grains. As a
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Figure 7.22: Effective thermal conductivity λ of L-A as a function of
effective stress σ′ (Model prediction: modified Johansen model - Equa-

tion 4.21).

result, the heat flow path, and consequently the effective thermal conductivity of the
medium increases (Salomone and Marlowe, 1989; Hailemariam et al., 2015a).

Unlike the dielectric soil behavior (where a reduction in the effective complex di-
electric permittivity is expected upon the application of effective stress at saturated
conditions), the thermal behavior of the loess soil is expected to show a similar trend
for both unsaturated and saturated states, where the effective thermal conductivity
increases with the application of effective stress. The changes in soil thermal conduc-
tivity are highly influenced by changes in porosity as compared to moisture content
upon the application of stress, and hence, at saturated state, the gain in soil ther-
mal conductivity due to reduction of porosity or increase in inter-particle contact area
outweighs the losses due to the removal of pore-water from the soil mass during con-
solidation (Hailemariam et al., 2015a).

The experimental values of the effective λ of L-A as a function of σ′ in Figure 7.22
are additionally compared to the prediction of the modified Johansen model (Equa-
tion 4.21). The same coefficient of compressibility index Cc (with a value of 0.11 for
stiff clays (Widodo and Ibrahim, 2012)) used previously for the dielectric-stress behav-
ior is also used here to model the soil thermal-stress behavior. Overall, a good match
between the predictions from the new model and the experimental data is achieved
for the considered effective stress range.

When comparing the time/effective stress vs deformation/strain plots of the two
consolidation cells/sample sizes, i.e. the steady state thermal conductivity cell/samples
(with dimensions of 100 mm diameter and height of 30 mm, giving diameter to height
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d/h ratio of 3.33) and the consolidation & EM cell/samples (with dimensions of 154
mm diameter and height of 60 mm, giving diameter to height d/h ratio of 2.57), used
in the thermo-dielectric and effective stress studies, respectively, similar outcomes are
obtained with regards to the degree of compressibility or average compressibility in-
dex of the loess soil for the considered effective stress range (Figures 7.17 and 7.21).
These results are in agreement with previous findings (Rosine and Sabbagh, 2015;
Rosine, 2015), where the d/h ratios of consolidation cells/sample sizes has no or neg-
ligible effect on the degree or index of compressibility Cc of soils at effective stresses
above around 100 kPa, but with profound influence on the rate or coefficient of con-
solidation Cv.

Generally, for consolidation tests, lateral pressure acting on the walls of consol-
idation cells produce a frictional resistance to the compression of the soil specimen
in the cell. Taylor (1942) studied the influence of side friction on consolidation test
results and concluded that the frictional resistance varies from 12 - 22% and 10 - 15%
of the applied pressure for remoulded and undisturbed soils, respectively, and, the
higher the sample thickness, the higher the lateral surface area of the soil in contact
with the walls of the consolidation cell and the higher the side friction or resistance to
deformation (Rosine and Sabbagh, 2015).

7.2.2.4 Variations with water-driven settlement potential

In this section, the tripartite correlation between the simultaneously measured ther-
mal conductivity, complex dielectric permittivity and the settlement potential of the
loess soil at loose natural condition (L-A) is presented.

The quantity of water-driven settlement of loess soils is highly influenced by the
magnitude of the applied collapse load (Kafle et al., 2014; Al-Janabi, 2015). This is
verified by the results of single ödometer tests shown in Figure 7.23. The settlement
potential at any given load level is determined by performing single ödometer consol-
idation tests by wetting the soil, which is initially at natural gravimetric water content
condition, at the desired level of effective stress or collapse load. Generally, the water-
driven settlement potential of loess soils increases with effective stress (Figure 7.23).
The rate of increase of the settlement potential is comparatively much higher at low
effective stress levels and decreases to a minimum at stresses between 200 - 400 kPa,
thereby achieving more than 95% of the overall settlement potential of the loess soil
once a stress level of around 300 kPa is reached (Figure 7.23b).

The settlement potential requires a combination of water saturation to dissolve
the existing fine-grained bonds and sufficient stress to break the bonds between the
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Figure 7.23: Single ödometer collapse tests (∆h/ho vs σ′) of specimens
of L-A inundated with water at different effective stress levels σ′ a) and

variation of the settelement potential ∆h/ho with effective stress σ′ b).

particles. Hence, for low effective stress levels, such as of the order of 50 kPa, the
stresses are too small to cause significant breaks in the bonds and not large enough
to cause a maximal compaction, which happens at stress levels higher than 200 kPa.
And when the effective stress or collapse load is too small, a swelling/heaving rather
than settlement is observed, as shown by a negative settlement potential of ∆h/ho =

−0.805% for effective stress of σ′ = 12 kPa (Figure 7.23b). Considering these findings,
it is reasonable to select a design or collapse load of 300 kPa for assessing the water-
driven settlement of weak soils, and for the development of prediction models, as
shown is section 4.5.

Furthermore, based on the recorded value of settlement potential of ∆h/ho =

9.650% for effective stress of σ′ = 200 kPa, the loess soil used in this study can be
categorized as a weak soil with a severe potential for collapse based on the criteria
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suggested by Jennings and Knight (1975).
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Figure 7.24: Variation of the settlement potential ∆h/ho of L-A at dif-
ferent initial gravimetric moisture conditions (i.e. different ε′r,eff and λ),
stressed at a stress level of 300 kPa, with time t, after the initiation of

water-driven settlement process.

Figure 7.24 shows the plots of the progression of settlement potential ∆h/ho of L-
A, which was initially stressed at 300 kPa, after the addition of water to initiate water-
driven settlement. As expected, the L-A specimens with a higher initial measured
ε′r,eff and λ (corresponding to a higher soil volumetric water content before inunda-
tion by water), show a lower settlement potential and vice versa. This condition is in
agreement with previous findings, which state that weak soils are more susceptible
to subsidence when they are in a loose state and with a low moisture content (Feda,
1966; Jennings and Knight, 1975; Minkov et al., 1977).

Figures 7.25 - 7.27 show the results of the correlation between the electromagnetic
measurements and the settlement potential of L-A. Figure 7.25 shows the variation
of the settlement potential ∆h/ho of L-A with the real part ε′r,eff of the relative effec-
tive complex permittivity at a measurement frequency of 1 GHz. An increase in the
measured ε′r,eff of L-A (which corresponds to an increase in the initial moisture con-
tent of the soil (Hilhorst, 2000; Ewing and Hunt, 2006)) correlates to a decrease in the
measured ∆h/ho of the soil, verifying previous proposals (Feda, 1966; Jennings and
Knight, 1975; Minkov et al., 1977). The experimental findings are further compared to
the prediction of the new model (Equation 4.38) with good results (Figure 7.25).

Figure 7.26 presents the experimental results of the correlation between the set-
tlement potential ∆h/ho of L-A and the imaginary part ε′′r,eff of the relative effective
complex permittivity as well as the effective loss tangent tan δeff . Generally, the mea-
sured ∆h/ho of the loess soil decreases with an increase in the measured ε′′r,eff or
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Figure 7.25: Settlement potential ∆h/ho of L-A as a function of the real
part ε′r,eff of the relative effective complex permittivity (New model pre-

diction - Equation 4.38).

tan δeff (which corresponds to an increase in soil moisture content, which is then ac-
companied by an increase in the pore-water salinity due to the dissolution of solutes
(Kafle et al., 2014; Hailemariam et al., 2015b)) verifying previous findings (Feda, 1966;
Jennings and Knight, 1975; Minkov et al., 1977).
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Figure 7.26: Settlement potential ∆h/ho of L-A as a function of the imag-
inary part ε′′r,eff of the relative effective complex permittivity a) and ef-

fective loss tangent tan δeff b).

In Figure 7.27, the measured dielectric spectra of the relative effective complex
permittivity ε∗r,eff of L-A at five different initial conditions (i.e. corresponding to five
w, λ or ∆h/ho levels) is shown. Generally, the loess soil exhibits a very high degree of
dielectric dispersion or relaxation at the considered conditions, due to the presence of
a high proportion of clay minerals with readily dissoluble salts (34.0 wt.%, Table 6.3)
(Arulanandan, 2003; Wagner and Scheuermann, 2009).
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Figure 7.27: Dielectric spectra of L-A at five different initial conditions
(i.e. different λ and ∆h/ho): ε′r,eff a) and ε′′r,eff b).

In summary, the dielectric spectra of L-A at the given conditions show a typical
frequency dependence (with the dielectric dispersion increasing with a decrease in
the measured ∆h/ho, which corresponds to an increase in soil initial moisture con-
tent, Figure 7.27) with: a) a stronger frequency dependence of the complex dielectric
permittivity at low frequency ranges due to the presence of clay minerals; b) a strong
decrease in the imaginary part as compared to the real part with increasing frequency
below around 4 GHz frequency, mainly due to electrical induced losses and c) an ab-
sence of the main water relaxation contribution (Wagner et al., 2007b; Wagner and
Scheuermann, 2009), confirmed by a lack of an increase in the imaginary part above
around 1 GHz.

The results of the study of the variation of the settlement potential ∆h/ho of L-A
with the effective thermal conductivity λ is shown in Figure 7.28. An increase in the
measured λ of L-A (which corresponds to an increase in the initial moisture content
of the soil (Hailemariam et al., 2017; Hailemariam and Wuttke, 2018b)) correlates to a
decrease in the measured ∆h/ho of the soil, verifying previous findings (Feda, 1966;
Jennings and Knight, 1975; Minkov et al., 1977). The experimental findings are also
compared to the prediction of the new model (Equation 4.34) with good results (Fig-
ure 7.28).

The comparison of the new model for predicting the thermal conductivity of natu-
rally occurring un-saturated soils from complex dielectric permittivity (Equation 4.5)
and experimental data of the loess soil at different settlement potential values is shown
in Figure 7.29. The prediction of the new model matches well to the experimental
findings with an average error of prediction of 7.92%.
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Figure 7.28: Settlement potential ∆h/ho of L-A as a function of the effec-
tive thermal conductivity λ (New model prediction - Equation 4.34).
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Figure 7.29: Variation of effective thermal conductivity λ with the real
part ε′r,eff of the relative effective complex permittivity of L-A for dif-
ferent settlement potential conditions (New model prediction - Equa-

tion 4.5).

7.2.2.5 Variations with temperature

In this section results of the variations of the effective thermal conductivity and ef-
fective dielectric permittivity with medium temperature are presented. For verifying
the predictions of the new semi-theoretical dielectric and thermal models, experimen-
tal dielectric data of soil from Skierucha (2011) and thermal data of porous limestone
samples from Aurangzeb et al. (2007) are used.
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Variations of effective dielectric permittivity with temperature

Figure 7.30 shows the comparison of the prediction of the new semi-theoretical model
(Equation 4.44) and experimental data from Skierucha (2011) of the variation of the
bulk or effective dielectric permittivity of soil no. 621 with temperature at five volu-
metric water contents. Overall the new model provides a satisfactory match, with a
slight overestimation, of the experimental observations for the considered tempera-
ture range. Generally, the effective dielectric permittivity or the real apparent relative
permittivity εr,a of the soil decreases with an increase in medium temperature, espe-
cially at higher volumetric water contents, mainly due to the reduction of the dielec-
tric permittivity of the pore-water at low frequencies with an increase in temperature.
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Figure 7.30: Effective dielectric permittivity εr,a of soil no. 621 from
Skierucha (2011) as a function of temperature T (Solid lines: new model

predictions - Equation 4.44 and data points: experiment).

Variations of effective thermal conductivity with temperature

In Figure 7.31, verification of the prediction of Equation 4.42 with experimental data
from literature of the variation of the thermal conductivities of various rock forming
minerals with temperature is shown. Values of the phonon scattering coefficient qq
for different mineral types is provided in Hailemariam and Wuttke (2018b).

Figure 7.32 shows the comparison of the prediction of the new semi-theoretical
model (Equation 4.39) and experimental data from Aurangzeb et al. (2007) of the vari-
ation of the effective thermal conductivities of four porous limestone samples (desig-
nated as LS-1 to 4) with temperature. Overall the new model provides a good match
for the experimental observations for the considered temperature range. Generally,
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Figure 7.31: Thermal conductivities λ of various rock forming minerals as
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and aragonite minerals - Robertson (1988)).

the effective thermal conductivity λ of the limestone samples decreases with an in-
crease in medium temperature, mainly due to the reduction of the thermal conductiv-
ity of the solid phase due to phonon scattering (McKenzie et al., 2005; Hailemariam
and Wuttke, 2018b).
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Figure 7.32: Effective thermal conductivity λ of four limestone samples
from Aurangzeb et al. (2007) as a function of temperature T (Solid lines:
new model predictions - Equation 4.39, dashed lines: Aurangzeb et al.

(2007) model predictions and data points: experiment).
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7.3 Application of analytical models for oil sands

The results of the electromagnetic measurements on the studied reconstituted oil sand
are shown in Figures 7.33 - 7.35.
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Figure 7.33: Real part ε′r,eff of the relative effective complex permittivity
of the bitumen-water saturated reconstituted oil sand as a function of

bitumen weight fraction Wb (VF model - Equation 4.11).
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Figure 7.34: Imaginary part ε′′r,eff of the relative effective complex per-
mittivity a) and effective loss tangent tan δeff b) of the bitumen-water
saturated reconstituted oil sand as functions of bitumen weight fraction

Wb.

In Figure 7.33, result of the variation of the real part ε′r,eff of the relative effec-
tive complex permittivity of the reconstituted oil sand at a measurement frequency
of 1 GHz with bitumen content is presented. The experimental findings are further
compared to the VF model (Equation 4.11), with structural exponent a = 1/2 (CRIM)
(Birchak et al., 1974), and the Topp et al. (1980) model. The prediction from the VF
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model generally matches well with the experimental results for the considered range
of bitumen-water saturation (Figure 7.33). However, the Topp et al. model signif-
icantly underestimates the measured ε′r,eff , as it does not account for the dielectric
properties of the bituminous part of oil sands.

The experimental results of the imaginary part ε′′r,eff of the relative effective com-
plex permittivity and the effective loss tangent tan δeff of the bitumen-water saturated
reconstituted oil sand are shown in Figure 7.34. Generally, the relative effective com-
plex permittivity ε∗r,eff and the effective loss tangent tan δeff of the oil sand decreases
with an increase in the grade or bitumen content (Figures 7.33 and 7.34). This is to
be expected, as for the given porosity of the oil sand, the low grade oil sands have a
higher volumetric fraction of water (or a lower bitumen fraction) as compared to the
high grade oil sands, and water has a much higher complex dielectric permittivity
and polarization than bitumen (Buchner et al., 1999; Kaatze, 2007a; Rambabu et al.,
2011; Oloumi and Rambabu, 2016).
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Figure 7.35: Dielectric spectra of the oil sand: ε′r,eff a) and ε′′r,eff b) at six
bitumen weight fractions Wb.

In Figure 7.35, the measured dielectric spectra of the relative effective complex
permittivity ε∗r,eff of the oil sand at six bitumen weight fractions Wb is presented.
Generally, the reconstituted oil sand exhibits a high degree of variation of complex
dielectric permittivity (mainly the imaginary part) with frequency especially at lower
frequency ranges, due to the presence of clay minerals with readily dissoluble salts
(3.42 wt.%, Table 6.4) (Wagner and Scheuermann, 2009).

When comparing the results of the electromagnetic tests on the oil sand with the
silty clay soils (section 7.2.1) and the loess soil (section 7.2.2), the oil sand exhibits
a much lower complex dielectric permittivity, polarization and dielectric dispersion
(Figures 7.1 - 7.3, 7.8 - 7.10 and 7.33 - 7.35) due to its much lower moisture and clay
(with soluble salts) contents.
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In summary, the dielectric spectra shows a typical frequency dependence for the
reconstituted oil sand (with the dielectric dispersion decreasing with an increase in
the bitumen fraction or grade of the oil sand, Figure 7.35) with: a) a stronger frequency
dependence of the complex dielectric permittivity at low frequency ranges due to the
presence of clay minerals; b) a strong decrease in the imaginary part as compared to
the real part with increasing frequency below around 2 GHz for all grades of the oil
sand, mainly due to electrical induced losses and c) an increase in the imaginary part
above around 2 GHz mainly due to main water relaxation contribution (Wagner et al.,
2007b; Wagner and Scheuermann, 2009).

Figure 7.36 presents the results of effective thermal conductivity λ and effective
specific heat capacity c measurements of the bitumen-water saturated reconstituted
oil sand as a function of bitumen weight fraction Wb.
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Figure 7.36: Effective thermal conductivity λ a) and effective specific heat
capacity c b) of the bitumen-water saturated reconstituted oil sand as

functions of bitumen weight fraction Wb (VF model - Equation 4.9).

The experimental findings of thermal conductivity λ are further compared to the
VF model (Equation 4.9), with coefficient s = −0.25 (Yun and Santamarina, 2007),
and the geometric mean (GM) model (McGaw, 1969; Farouki, 1981). The VF model
provides a good match to the experimental findings for the considered grades of the
oil sand (Figure 7.36a). However, although the GM model includes information on
all the three constituent phases of the oil sand (i.e. solids, pore-bitumen and pore-
water), it generally overestimates the measured effective thermal conductivity (Fig-
ure 7.36a). As discussed in section 4.2.2, the GM model gives satisfactory results for
water saturated porous media, where the ratio of the thermal conductivities of the
solid grains to the saturating fluid (in this case water) λs/λf < 15 (Côté and Konrad,
2005; Hailemariam et al., 2016), but overestimates the thermal conductivity of oil sat-
urated porous media, where the ratio of the thermal conductivities of the solid grains
to the saturating fluid (in this case bitumen) λs/λf > 15.
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Generally, the effective thermal conductivity λ and the effective specific heat c
of the bitumen-water saturated oil sand decrease with an increase in the grade or
bitumen content (Figures 7.36a and 7.36b). This is to be expected, as for the given
porosity of the oil sand, the low grade oil sands have a higher volumetric fraction
of water (or a lower bitumen fraction) as compared to the high grade oil sands, and
water has a much higher heat conduction and storage ability than bitumen (Smith-
Magowan et al., 1982; Ramires et al., 1995; American Petroleum Institute, 1997; Hirono
and Hamada, 2010; Irani and Cokar, 2016).

When comparing the results of the thermal measurements on the oil sand with
the silty clay soils (section 7.2.1) and the loess soil (section 7.2.2), the oil sand (with
max. λ at lowest bitumen grade) exhibits a slightly higher thermal conductivity than
the silty clay soils (with max. λ at saturated conditions) and the loess soil at loose
natural condition (with max. λ at saturated conditions) (Figures 7.4, 7.11a and 7.36a).
Although the oil sand has a lower gravimetric water content fraction than the soils at
saturated conditions (which should result in a lower λ), its observed higher thermal
conductivity is attributed to its comparatively higher fraction of coarse grains/quartz
mineral (Hailemariam et al., 2017), lower clay fraction (Abu-Hamdeh and Reeder,
2000) and lower organic content (Gupta et al., 1977) (Tables 6.1, 6.3 and 6.4).
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Figure 7.37: Variation of effective thermal conductivity λ with the real
part ε′r,eff of the relative effective complex permittivity of the bitumen-

water saturated reconstituted oil sand (New model - Equation 4.15).

The comparison of the new model for predicting the thermal conductivity of bitumen-
water saturated oil sands from complex dielectric permittivity (Equation 4.15) and
experimental data is shown in Figure 7.37. The prediction of the new model matches
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well to the experimental findings with a slight underestimation at higher water con-
tents (higher ε′r,eff at 1 GHz). The average error of prediction of the new model for
the reconstituted oil sand used in this study is 5.51%.

7.4 Comparison between the results of the different thermo-

dielectric equipments used

In this section, the accuracy of the different equipments used in this thesis to obtain
the thermal and dielectric measurements is assessed.

Table 7.1 shows the results of the real part ε′r,eff of the relative effective complex
permittivity measurements obtained with the TDR (section 6.3.2.1) and VNA (section
6.3.2.2) devices. The results from the two devices generally match well with an aver-
age difference of 7.99% for the two sets of data presented here.

Table 7.1: Comparison of the real part ε′r,eff of the relative effective com-
plex permittivity measurements obtained with the TDR and VNA de-

vices.

Soil name and state TDR VNA Difference (%)

L-A, natural moisture condition 8.29 7.7 7.66
L-A, saturated condition 29.42 27.16 8.32

Table 7.2 shows the results of the effective thermal conductivity λ measurements
obtained with the transient, TR, (section 6.3.1.1) and steady state, SS, (section 6.3.1.2)
devices. The results from the two devices generally match well with an average dif-
ference of 9.64% for the two sets of data presented here.

Table 7.2: Comparison of the effective thermal conductivity λ measure-
ments obtained with the transient (TR) and steady state (SS) devices.

Soil name and state TR SS Difference (%)

L-A, optimum moisture condition 1.229 1.342 8.42
SC-A, saturated condition 1.389 1.253 10.85
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7.5 Summary of the prediction results of the new thermo-

dielectric models

In this section, a summary of the comparison between experimental data and the
new effective thermal conductivity prediction models (using porous media dielectric
permittivity data) (Equations 4.13 and 4.5) is presented. The thermo-dielectric results
of the silty clay and loess soils as well as the oil sand which were separately presented
in sections 7.2 and 7.3 are combined and plotted in Figure 7.38. The prediction of the
new model matches well to the experimental findings with an overall average error
of prediction of 9.45%.
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Figure 7.38: Comparison of the predicted effective thermal conductivity
λpre (using porous media dielectric permittivity data) and measured ef-
fective thermal conductivity λmeas of the silty clay and loess soils as well
as the oil sand used in this study (New models prediction - Equations 4.5

and 4.13).
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7.6 Summary of chapter 7

Results of the theoretical and experimental investigations on the behavior and correla-
tion of the thermal and dielectric porous media parameters at different porous media
hydro-mechanical conditions were presented. Generally, a strong correlation between
the effective thermal conductivity and effective dielectric permittivity of the investi-
gated porous media was obtained, thus enabling the prediction of one parameter from
the other, as shown by the good accuracy and matching of the semi-theoretical models
with the experimental data.
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Chapter 8

Results and discussion II: Validation of
numerical models

8.1 Introduction

In this chapter, results of the numerical LEM modeling (see chapter 5) of the behav-
ior and correlation of the thermal and dielectric parameters of bitumen-water satu-
rated oil sands are presented. The newly developed LEM model is first verified by
comparison with analytical and FEM solutions, and then validated with the experi-
mental study of effective thermal conductivity and effective dielectric permittivity of
the oil sand presented in section 7.3. In this regard, the model prediction results for
the variations of the thermal and dielectric parameters with bitumen/water content,
frequency, randomness factor, salinity and temperature are discussed.

8.2 Verification of LEM model with analytical and FEM

results

To verify the LEM results with analytical and FEM outputs under steady state con-
ditions, a homogeneous domain (of dimensions 1 × 1 m) with the thermal (thermal
conductivity λ as input function) and electrical (electrical conductivity σE as input
function) boundary and initial conditions specified in Figure 8.1 is used.

Figure 8.2 shows the generated nodes or Voronoi cells and the associated Delaunay
lattice elements for the domains shown in Figure 8.1. The nodal points of the LEM
domains are generated using the VRL technique (Moukarzel and Herrmann, 1992;
Lilliu and van Mier, 2003) with R = 0.5 and 15 × 15 (225) elements.



Chapter 8. Results and discussion II: Validation of numerical models 148

(a) (b)

Figure 8.1: Schematics of the boundary and initial conditions of the do-
main for: electric flow a) and thermal flow b).

(a) (b)

Figure 8.2: The generated nodes a) and Voronoi scaling b) of the repre-
sentative domain.

In Figures 8.3 and 8.4, comparison of results of FEM and LEM for the spatial dis-
tributions of electric potential (voltage) VE (V) and temperature T (◦C) in the repre-
sentative domain, respectively, are presented. As the medium taken is homogeneous
for verification purposes, a good match between the two numerical approaches is
obtained. In general, for homogeneously distributed constituent phases of a porous
medium, the predictions of LEM match those of FEM when the degree of randomness
of the latticesR is very low. However, for such regular lattices or elements, anisotropic
effects are high due to the lack of disorder in the geometry. Furthermore, naturally oc-
curring porous media formations exhibit a high degree of geometrical disorder as well
as variations in the spatial arrangement of constituent phases, thus making the use of
the LEM technique with a higher randomness factor R a more preferable approach.
In addition, the electric potential and temperature profiles across the representative
domain obtained with LEM are compared with analytical solutions with satisfactory
accuracy (Figure 8.5).
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Figure 8.3: Electric potential VE (V) distribution in the domain with: FEM
a) and LEM b).
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Figure 8.4: Temperature T (◦C) distribution in the domain with: FEM a)
and LEM b).
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Figure 8.5: Comparison between analytical and LEM solutions for: elec-
tric potential VE profile a) and temperature T profile b).
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8.3 Variations with bitumen/water content

8.3.1 Variations of the effective parameters of the domain with grade

of oil sand

LEM domains with varying bitumen/water contents of the oil sand studied in this
thesis are generated to obtain the variation of the effective parameters with bitumen
content or grade of oil sand. LEM domains of three bitumen contents of the oil sand
are shown in Figure 8.6. The nodal points of the LEM domains are generated us-
ing the VRL technique (Figures 8.6a, 8.6d and 8.6g) (Moukarzel and Herrmann, 1992;
Lilliu and van Mier, 2003) with R = 0.5 and 25 × 25 (625) elements. The represen-
tative domain has dimensions of 5 × 5 cm. Better accuracy of results is obtained
when a higher number of nodes is used, however, this requires a higher computa-
tional effort and CPU time. With the use of the randomness factor R in the VRL
technique, disorder is introduced (increasing with the value of R) at the geometric
level and hence anisotropic effects are reduced. The nodes (and consequently the
Voronoi cells) are then assigned the properties of the respective constituent phases
of the porous medium randomly according to their volumetric proportions as shown
in Figures 8.6b, 8.6e and 8.6h (i.e. a single node/Voronoi cell may represent a single
constituent phase, e.g. a solid particle, or an assembly of phases e.g. several solid par-
ticles). Other methods of assigning the constituent phases include the particle pack-
aging method (i.e. a set of nodes/Voronoi cells together form a single constituent
phase with no fixed pattern) and via image processing (i.e. a set of nodes/Voronoi
cells together form a single constituent phase based on data collected from image pro-
cessing). The Delaunay lattice elements and the associated Voronoi cells representing
the nodes generated via the Voronoi scaling approach using MATLAB are shown in
Figures 8.6c, 8.6f and 8.6i.

The convergence plots for solving the effective parameters of the three generated
domains are shown in Figure 8.7. A typical CPU run time for obtaining the effective
parameters of a domain with the given number of nodes is around 640 s.

In Figure 8.8, LEM model prediction results are compared with the experimental
data of the variation of the real part ε′r,eff of the relative effective complex permittivity
(hereafter simply called effective dielectric permittivity) at a measurement frequency
of 1 GHz with bitumen content or grade of oil sand. As stated in earlier chapters, the
values of the effective dielectric permittivity at a particular frequency range of around
1 GHz were selected from the spectra, as at this frequency range, information on the
free water in the porous medium can be obtained, and the dispersion and absorption
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 8.6: The generated nodes, distribution of the three constituent
phases and Voronoi scaling of the oil sand domains with: Wb = 6.00
wt.% a, b, c), Wb = 8.88 wt.% d, e, f), andWb = 11.64 wt.% g, h, i), respec-
tively (solids - dark blue cells, bitumen - dark green cells and pore-water
- yellow cells) (Delaunay lattice elements - blue lines and Voronoi cells -

black lines).
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Figure 8.7: Convergence plots for the domains with Wb = 6.00 wt.% a),
Wb = 8.88 wt.% b) and Wb = 11.64 wt.% c).
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processes be compared directly (Blonquist Jr. et al., 2006; Wagner and Scheuermann,
2009; Wagner et al., 2014).
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Figure 8.8: Comparison of numerical and experimental results of the
variation of the effective dielectric permittivity ε′r,eff of the bitumen-
water saturated reconstituted oil sand with bitumen weight fraction Wb.

The prediction of the LEM model matches well with the experimental results for
the considered range of bitumen-water saturation. The effective dielectric permit-
tivity ε′r,eff of the bitumen-water saturated reconstituted oil sand decreases with an
increase in the grade or bitumen content, as for the given porosity of the oil sand, the
low grade oil sands have a higher volumetric fraction of water (or a lower bitumen
fraction) as compared to the high grade oil sands, and water has a much higher di-
electric permittivity than bitumen (Buchner et al., 1999; Kaatze, 2007a; Rambabu et al.,
2011; Oloumi and Rambabu, 2016).

Figure 8.9 shows the comparison between LEM model prediction results and the
experimental data of the variation of effective thermal conductivity λ with bitumen
content or grade of oil sand. The prediction of the LEM model matches well with the
experimental results for the considered range of bitumen-water saturation. Overall,
the effective thermal conductivity λ of the bitumen-water saturated oil sand decreases
with an increase in the grade or bitumen content, as for the given porosity of the
oil sand, the low grade oil sands have a higher volumetric fraction of water (or a
lower bitumen fraction) as compared to the high grade oil sands, and water has a
much higher heat conduction ability than bitumen (Ramires et al., 1995; American
Petroleum Institute, 1997).

Figure 8.10 shows the comparison between LEM model prediction results and the



Chapter 8. Results and discussion II: Validation of numerical models 153

W
b
 [wt.%]

5 6 7 8 9 10 11 12

λ
 [

W
 m

-1
 K

-1
]

0.8

1

1.2

1.4

1.6

1.8
LEM
Experiment

Figure 8.9: Comparison of numerical and experimental results of the
variation of the effective thermal conductivity λ of the bitumen-water

saturated reconstituted oil sand with bitumen weight fraction Wb.
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Figure 8.10: Comparison of numerical and experimental results of the
variation of the effective thermal conductivity λ of the bitumen-water
saturated reconstituted oil sand with effective dielectric permittivity

ε′r,eff .

experimental data of the variation of the effective thermal conductivity of bitumen-
water saturated oil sands with effective dielectric permittivity. The prediction of the
numerical model matches well to the experimental findings with an average error of
prediction of 8.55%. Although the prediction of the numerical model for estimating
the effective parameters of the oil sand is not as accurate as that of the theoretical
model (5.51%, section 7.3), the results are satisfactory considering the wide range of
applicability of the numerical model as well as its ability to estimate spatial parameter
distributions.
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8.3.2 Spatial variations of the effective parameters of the domain

with grade of oil sand

Figure 8.11 shows the spatial variations of the effective dielectric permittivity ε′r,eff
and effective thermal conductivity λ of the three LEM domains of the oil sand grades
shown in Figure 8.6. When plotted in terms of nodal wave velocity or effective elec-
trical conductivity, the predictions of the spatial distributions of the LEM model pro-
vide a numerical alternative to obtaining the effective parameters with experimental
or field measurement techniques such as electrical resistivity tomography (ERT) or
electrical resistivity imaging (ERI).

As discussed earlier, both the effective dielectric permittivity and effective ther-
mal conductivity decrease with an increase in the bitumen content or grade of the
oil sand. Moreover, as the water phase of the oil sand has the highest magnitude of
dielectric constant as compared to the solid and bituminous phases, the best electric
conduction paths of the domains are concentrated along the pore-water nodes (Fig-
ures 8.11a, 8.11c and 8.11e) (Buchner et al., 1999; Kaatze, 2007a; Rambabu et al., 2011;
Oloumi and Rambabu, 2016; Hailemariam et al., 2017). In contrast, as the solid phases
of the oil sand have the highest magnitude of thermal conductivity as compared to
the pore-water and bituminous phases, the best heat conduction paths of the domains
are concentrated along the solid nodes (Figures 8.11b, 8.11d and 8.11f) (Ramires et al.,
1995; American Petroleum Institute, 1997; Hailemariam et al., 2017).
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Figure 8.11: Spatial distributions of the effective dielectric permittivity
ε′r,eff (-) and effective thermal conductivity λ (W m−1 K−1) of the oil sand
domains with: Wb = 6.00 wt.% a, b), Wb = 8.88 wt.% c, d), and Wb =

11.64 wt.% e, f), respectively.
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8.4 Variations with frequency

8.4.1 Variation of the effective dielectric permittivity of the domain

with frequency

In Figure 8.12, comparison between LEM model prediction results and the experi-
mental data of the dielectric spectra of the effective dielectric permittivity ε′r,eff of the
oil sand at three bitumen weight fractions Wb is shown. As discussed in earlier chap-
ters, the accuracy of the experimental measurements below the frequency of 100 MHz
and above 10 GHz is substantially low due to probe geometry and radiation effects.
The prediction of the LEM model matches well with the experimental results for the
three grades of oil sand shown at the considered frequency range, including the static
and high frequency limits of permittivity, as well as the magnitude of the dielectric
dispersion. Moreover, both the LEM and experimental dielectric spectra show a typi-
cal frequency dependence for the reconstituted oil sand, with the dielectric dispersion
decreasing with an increase in the bitumen fraction or grade of the oil sand.
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Figure 8.12: Comparison of numerical and experimental results of the
dielectric spectra of the effective dielectric permittivity ε′r,eff of the oil

sand at three bitumen weight fractions Wb.

8.4.2 Spatial variation of the effective dielectric permittivity of the

domain with frequency

Figure 8.13 shows the spatial variations of the effective dielectric permittivity ε′r,eff
with frequency f of the LEM domain of the oil sand with bitumen grade Wb = 6.00

wt.% shown in Figures 8.6a, 8.6b and 8.6c.
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Figure 8.13: Spatial distributions of the effective dielectric permittivity
ε′r,eff (-) of the oil sand domain with Wb = 6.00 wt.% at frequencies:

f = 0.1 GHz a) and f = 10 GHz b).

The effective dielectric permittivity of the domain decreases with an increase in
frequency (Figure 8.13) above around 3 GHz, especially around the location or con-
centrations of the pore-water phases of the oil sand domain. This is mainly attributed
to the reduction of the dielectric permittivity of water above around 3 GHz frequen-
cies (Buchner et al., 1999; Kaatze, 2007a).

8.5 Variations with randomness factor

Figure 8.14 shows the spatial variations of the effective dielectric permittivity ε′r,eff
and the effective thermal conductivity λ with randomness factor R of the LEM do-
main of the oil sand with bitumen grade Wb = 6.00 wt.% shown in Figures 8.6a, 8.6b
and 8.6c.

A higher randomness factor R results in a more complex array of nodes, thus
requiring a higher computation effort for generating the Voronoi discretizations and
Delaunay triangulations as compared to a regular domain (with a lowerR). However,
lattices with a higher R possess different lengths or geometry and hence have min-
imum anisotropic effects at the geometrical level (Moukarzel and Herrmann, 1992;
Wang and Cohen, 1996; Lilliu and van Mier, 2003). For this reason they are more
preferable.

Generally, when the constituent phases of an LEM domain of a porous medium
are uniformly generated, and when a low value of R with a small degree of disorder
is used to obtain a regular lattice, the numerical results of the LEM will approach
values predicted by continuum models such as FEM. However, it should be noted
that although these domain generation techniques minimize computational effort and
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enhance parallel computation, they do not represent typical structures exhibited by
naturally occurring porous media formations, and may provide inaccurate estimates
of the desired parameters.
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Figure 8.14: Spatial distributions of the effective dielectric permittivity
ε′r,eff (-) and effective thermal conductivity λ (W m−1 K−1) of the oil sand
domain with Wb = 6.00 wt.% and randomness factors: R = 0.1 a, b), and

R = 0.9 c, d), respectively.

8.6 Variations with pore-water salinity

Figure 8.15 shows the spatial variations of the effective dielectric permittivity ε′r,eff
and the effective thermal conductivity λ with pore-water salinity S of the LEM do-
main of the oil sand with bitumen grade Wb = 6.00 wt.% shown in Figures 8.6a, 8.6b
and 8.6c.

The effective dielectric permittivity of the domain decreases with an increase in the
pore-water salinity (Figure 8.15), especially around the location or concentrations of
the pore-water phases of the oil sand domain. This is mainly attributed to the reduc-
tion of free water in high salinity electrolytes. In contrast, the changes in the values
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Figure 8.15: Spatial distributions of the effective dielectric permittivity
ε′r,eff (-) and effective thermal conductivity λ (W m−1 K−1) of the oil sand
domain with Wb = 6.00 wt.% and pore-water salinities: S = 5 psu a, b),

and S = 35 psu c, d), respectively.

of the effective thermal conductivity of the domain with an increase in the pore-water
salinity are negligible, due to the comparatively small changes of the thermal conduc-
tivity of water with an increase in its salinity (Jamieson and Tudhope, 1970).

8.7 Variations with temperature

Figure 8.16 shows the spatial variations of the effective dielectric permittivity ε′r,eff
and the effective thermal conductivity λ with medium temperature T of the LEM
domain of the oil sand with bitumen gradeWb = 6.00 wt.% shown in Figures 8.6a, 8.6b
and 8.6c.

The effective dielectric permittivity of the domain decreases considerably with an
increase in the temperature of the domain (Figure 8.16), especially around the loca-
tion or concentrations of the pore-water phases of the oil sand domain. This is mainly
attributed to the reduction of the dielectric permittivity of water with an increase in
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Figure 8.16: Spatial distributions of the effective dielectric permittivity
ε′r,eff (-) and effective thermal conductivity λ (W m−1 K−1) of the oil sand
domain with Wb = 6.00 wt.% at temperatures: T = 10◦C a, b), and T =

70◦C c, d), respectively.

temperature, due to a reduction in its relaxation time with an increase in temperature
(Kaatze, 2007b; Wagner et al., 2014). The relaxation time of water is directly related
to the average number of hydrogen bonds (Buchner et al., 1999). Similarly, the val-
ues of the effective thermal conductivity of the domain decrease at a high magnitude
with an increase in the temperature of the domain, especially around the location or
concentrations of the solid phases or skeleton of the oil sand domain. This is mainly
attributed to the reduction of the thermal conductivity of the quartz dominated min-
erals of the solid phase with an increase in temperature (Irani and Cokar, 2016; Haile-
mariam and Wuttke, 2018b). For both parameters, pore-water evaporation processes,
which may occur at temperatures above 70◦C, have not been considered in this study.
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8.8 Summary of chapter 8

Results of the numerical LEM modeling of the behavior and correlation of the thermal
and dielectric properties of bitumen-water saturated oil sands were presented in this
chapter. The newly developed LEM model was first verified by comparison with ana-
lytical and FEM solutions, and then validated with the experimental study of effective
thermal conductivity and effective dielectric permittivity of the oil sand studied in this
thesis. Furthermore, the LEM model prediction results for the variations of the ther-
mal and dielectric parameters with bitumen/water content, frequency, randomness
factor, salinity and temperature were analyzed with satisfactory results.
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Chapter 9

Conclusions and outlook

9.1 Conclusions

Assessing the heat transfer and electromagnetic (EM) porous media behavior is vital
in understanding and solving wide variety of problems in the fields of engineering,
geology, hydrology, agriculture, food processing, biological tissues, etc. In this regard,
the variation and correlation of the key thermal and dielectric parameters, such as
the effective thermal conductivity, effective specific heat capacity and effective com-
plex dielectric permittivity with different porous media hydro-mechanical conditions,
such as water content, porosity, matric suction, effective stress etc. was analyzed the-
oretically and experimentally. The extensive experimental investigation included, full
behavior characterization of selected porous media (silty clay and loess soils as well as
an oil sand), detailed planning for the adopted experimental procedure as well as the
use of various equipments to obtain the desired thermal (using transient and steady
state techniques) and dielectric (using high frequency electromagnetic time domain
reflectometry and vector network analyzer) parameters.

The theoretical and experimental formulations were focused on the two most in-
fluential thermo-dielectric parameters (i.e. effective thermal conductivity and effec-
tive complex dielectric permittivity or electrical conductivity) of porous media, and
their variations with controlling hydro-mechanical conditions (such as water content,
porosity, matric suction, effective stress, temperature and settlement potential in the
case of weak media). The outcome showed a strong correlation between the two
parameters considering the wide variety of materials and hydro-mechanical condi-
tions that were considered, complementing our previous investigations, which were
done on a smaller scale. Quantitatively, the new semi-theoretical models for predict-
ing the effective thermal conductivity of porous media based on measured dielectric
data, provided an accurate ability to estimate the effective thermal conductivity of
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porous media for a wide variety of hydro-mechanical conditions with an average er-
ror of prediction of 9.45%. The new models enable the estimation and assessment
of the spatial variation of porous media thermal conduction of large scale deposits,
such as naturally occurring unsaturated soil deposits and oil sand reservoirs, using
dielectric data obtained from effective and applicable spatial large scale sub-surface
exploration techniques such as ground penetrating radar (GPR), reducing the need to
extract samples for the determination of moisture and bitumen contents, and saving
time and costs of investigation.

Moreover, the findings of the theoretical and experimental studies were further
corroborated with the development of a new numerical lattice element method (LEM)
based model, which can accurately predict the magnitudes of the effective thermal
conductivity and effective complex dielectric permittivity as well as their local spa-
tial distributions in porous media domains. Unlike most continuum models, such
as the finite element method (FEM), which fail to account for material heterogene-
ity and porous media fabric, LEM replicates the micro- and meso-scale EM and heat
transfer behavior and captures the actual electric and heat conduction paths of the
constituent phases of naturally occurring porous media formations which are highly
heterogeneous in nature. The newly developed LEM model was verified by com-
parison with analytical and FEM solutions for a homogeneous medium with good
accuracy. Furthermore, the numerical model prediction results for the variations of
the two parameters with bitumen/water content, frequency, salinity, temperature etc.
were discussed and validated against the experimental findings with satisfactory re-
sults.

The semi-theoretical and numerical models presented in this thesis are only valid
for the types of porous media or geomaterials discussed in this research. The appli-
cability of the proposed models to other types of porous media should be checked in
future studies.

9.2 Scope of future work

In this research, the correlation between the key thermo-dielectric parameters was
studied theoretically, numerically and experimentally under different hydro mechan-
ical conditions with satisfactory results. Possible areas of future work on the improve-
ment and extension of the present work are discussed next.

• Extension and validation of the existing thermo-dielectric parameter prediction
theoretical models for coarse-grain textured porous media, such as sands.
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• Extension and validation of the existing thermo-dielectric parameter prediction
models for long-term consolidation and creep porous media behavior.

• Theoretical and experimental study of the correlation between the effective ther-
mal conductivity and effective complex dielectric permittivity of unsaturated oil
sands.

• Extension and validation of the LEM model for unsaturated porous media con-
ditions.

• Validation of the theoretical and numerical parameter prediction models with
experimental data for saline porous media deposits.

• Addition of the coupling of mechanical part (mainly due to over-burder porous
media pressure) to the existing thermo-dielectric numerical model frame work,
in order to accurately simulate the thermo-dielectric behavior of porous media
deposits located at a considerable depth.

• Extension of the 2D LEM model to three dimensions to account for the actual
anisotropic behavior of natural porous media deposits.
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Appendix A

Complex dielectric permittivity of
seawater
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Figure A.1: Dielectric spectrum of seawater at temperature T = 30◦C
under the effect of a relaxation process according to the modified Debye
model of Blanch and Aguasca (2004) (Equation 3.9) with the real ε′r,sw a)
and imaginary ε′′r,sw b) parts of the relative complex dielectric permittiv-
ity, loss tangent tan δsw c) and propagation velocity v d) of seawater at

salinities S = 10, 20, 30 and 40 psu.



Appendix A. Complex dielectric permittivity of seawater 166

f [Hz]
108 109 1010 1011

r,
sw

 [
-]

0

20

40

60

80

S = 10 psu
S = 20 psu
S = 30 psu
S = 40 psu

(a)

f [Hz]
108 109 1010 1011

r,
sw

 [
-]

0

500

1000

1500
S = 10 psu
S = 20 psu
S = 30 psu
S = 40 psu

(b)

f [Hz]
108 109 1010 1011

ta
n

 δ
sw

 [
-]

0

5

10

15

20

25
S = 10 psu
S = 20 psu
S = 30 psu
S = 40 psu

(c)

f [Hz]
108 109 1010 1011

v 
[c

m
 n

s-1
]

0

2

4

6

8

10
S = 10 psu
S = 20 psu
S = 30 psu
S = 40 psu

(d)

Figure A.2: Dielectric spectrum of seawater at temperature T = 40◦C
under the effect of a relaxation process according to the modified Debye
model of Blanch and Aguasca (2004) (Equation 3.9) with the real ε′r,sw a)
and imaginary ε′′r,sw b) parts of the relative complex dielectric permittiv-
ity, loss tangent tan δsw c) and propagation velocity v d) of seawater at

salinities S = 10, 20, 30 and 40 psu.
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Appendix B

Bilinear calibration of complex
dielectric permittivity

Following Bao et al. (1994) and Wagner et al. (2014), the bilinear relationship between
the relative complex permittivity ε∗r (ω,T ) and the measured reflection or scattering
factor S∗m (ω,T ) of a specimen is derived here. In general, for a two-port network
(Figure B.1), we have:

(
b1

b2

)
=

(
S∗11 S∗12

S∗21 S∗22

)(
a1

a2

)
(B.1)

where, S∗kl with k, l = 1, 2 are the elements of the scattering matrix, ak and bk with
k = 1, 2 are the incident and reflected waves, respectively and k = 1 and 2 represent
the port connected to the HF-EM device and the port in contact with the investigated
specimen, respectively (Figure B.1a).

Given that the actual measured reflection coefficient of the material S∗m = b1/a1 and
Γ∗ = a2/b2 (Bao et al., 1994; Wagner et al., 2007a; Wagner et al., 2014), Equations B.2
and B.3 can be obtained from Equation B.1 as follows:

S∗m = S∗11 + S∗12

a2

a1

(B.2)

1

Γ∗
= S∗21

a1

a2

+ S∗22 (B.3)

Solving for a1/a2 from Equation B.2 and substituting the obtained value in Equa-
tion B.3 and rearranging the terms we get:

Γ∗ =
S∗m − S∗11

S∗22S
∗
m − (S∗11S

∗
22 − S∗12S

∗
21)

(B.4)
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(a)

(b)

Figure B.1: Appropriate representation of a two port signal flow graph
a) and a schematic representation of the measurement planes of an open-

ended coaxial line system b), after Wagner et al. (2014).

In a first order approximation, the interface between the probe aperture and spec-
imen can be modeled as two parallel capacitors (Athey et al., 1982; Stuchly et al.,
1982b; Bao et al., 1994; Kaatze, 2007b; Wagner et al., 2014), which gives the following
impedance:

Z∗ =
1

jω(Cf + ε∗rCo)
(B.5)

where, Cf is a capacitance determined by fringing-field effects inside the probe,
Co is a capacitance which depends on effects of the fringing-fields outside the probe
that couples to the sample, j =

√
−1 is the imaginary unit, ω = 2πf is the angular

frequency and ε∗r is the relative complex dielectric permittivity of the specimen. The
bilinear relationship between the measured scattering coefficient S∗m and the relative
complex permittivity ε∗r (Equation B.6) is obtained by using Equation 6.14 with Equa-
tions B.4 and B.5 as (Marsland and Evans, 1987; Bao et al., 1994; Wagner et al., 2014):

S∗m =
c2 + c3ε

∗
r

c1 + ε∗r
(B.6)
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where, c1, c2 and c3 are given by:

c1 =
1− S∗22

jωZoCo(1 + S∗22)
+
Cf
Co

(B.7)

c2 =
S∗11 − S∗11S

∗
22 + S∗12S

∗
21

jωZoCo(1 + S∗22)
+
Cf (S

∗
11 + S∗11S

∗
22 − S∗12S

∗
21)

Co(1 + S∗22)
(B.8)

c3 =
S∗11 + S∗11S

∗
22 − S∗12S

∗
21

1 + S∗22

(B.9)
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