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ABSTRACT

Electromagnetic signal velocity measurements aranecon in soil disciplines,
often involving Time-Domain Reflectometry. Howevdime-Domain Reflectometry
measurements are of limited use where velocityeguency dependent, such as in fine-
grained soils. Therefore, Quarter-Wavelength Analysvas developed for
measurements of velocities in fine-grained soilse @eveloped measurement cell was
used to undertake velocity measurements in parnaitdl geotechnical index tests, in
order to develop cross-disciplinary relationshifpsivas found that relationships exist
between velocities and geotechnical properties) bamt a wide range of soils at their
Liquid Limits and for two fine-grained soils ovehneir full saturated water content
ranges. Also, it was found that Atterberg Limitsndae used to define water content
ranges over which different mixing models are regpliito relate velocity and water
content. This led to initial development of mixingpdels specifically for the saturated
state to allow more accurate use of laboratory aiglaneasurements in determining
fine-grained soil water contents. Furthermore, @sviound that variations in velocities
between low and high frequencies relate to linéminkage. These relationships have
wide-ranging uses in engineering, including rapideix testing, geo-hazard monitoring,
improved electromagnetic field surveys, and reseagcthe properties of soil pore-

water.
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GLOSSARY

Absorption - The conversion of electromagnetic energy to heatrgy due to the
inefficiency of charge storage, during reorientatiof particles with respect to an
electromagnetic field. Elevated phases of absarp@@companydispersion during

relaxation.

Adsorbed Water - Water attached to the surface of a solid fractid a soil that is
considered to have reduced potential to rotatespaonse to an electromagnetic field, due
to surface charges on a solid. Such water is giypeansidered to be within thBiffuse
Double Layer and in engineering terms to have elastic, rathan tviscous, properties.
Also known as bound water, to contrast withe water, adsorbed water is considered to

have a very lowermittivity compared to other forms of liquid water.

Attenuation - Reduction in amplitude of an electromagnetic &yaas a function of

distance propagated through a material.

Attenuation Coefficient (a) - Reduction in electromagnetic wave energy, peit un

distance, used to determiatenuation.

Conductivity (o) - The ability of charges (e.g. ionic and electedrio move through a

material. Conductivity is the inverse i@sistivity.



Dielectric - An insulating material, such as used betweeracitqr plates to control the
build-up of charge on them. Lossy dielectrics &i@se where the insulating properties are

not ideal, causing loss of charge.

Dielectric Constant - Therelative permittivity of a material (generally referring to the
value at low frequencies). The dielectric constariften not a constant at all, and so the

termrelative permittivity is preferable.

Diffuse Double Layer - A theory that the water phase around chargecemaimarticles
will comprise a thin bound layer of ion-rich wat@ghe Gouy layer) adjacent to mineral
particles, which are themselves surrounded by fasdiflayer (the Chapman layer) that is

influenced by the surface charge of the minerabs nmanner that reduces with distance.

Dipolar Molecules - Dipolar molecules can be considered to be thelsieh have net
charges separated by a small distance, such taanakecule will attempt to reorient itself
to an applied electromagnetic field. In soils, wdtgms the dominant source of dipolar

molecules.

Dispersion - In the context of soil electromagnetics isetaxation in the permittivity of a
material with frequency, named due to the disparsiblight that has passed through a
prism. However, electromagnetic dispersion showtbe confused with the same term

used in geotechnical engineering.



Free Space- A complete vacuum with no properties that mdluence the propagation of
an electromagnetic wave. Therefore, free spacethearetical construct that differs only

slightly from the concept of a vacuum.

Free Water - In the context of soil pores, free water is ¢daesed to be water which has
little dependence on solid surface charges anddavies for its properties and may act as

a viscous liquid.

Impedance - The equivalent ofesistivity for alternating signals, impedance defines the
degree to which a material impedes the propagati@iectromagnetic signals through it.
It is defined by thgermittivity andmagnetic permeability of the material, as well as its
means of containment. In simple terms it is théoraf the electric to magnetic field

strength in a material, akin to the resistanceesg®d in Ohms Law.

Impedance of Free Space The ratio of the electric to magnetic field sgéh of an

electromagnetic signal ifree Space The impedance of free space is42D

Magnetic Permeability - The ability of a material to store energy duehe lining up of
atomic and electronic spins in response to an rel@eignetic wave. Magnetically
permeable materials may exhitispersion andabsorption responses with frequency in a

similar manner t@ermittivity .

Permittivity ( €) - The ability of a material to store energy du¢hi® separation of charged

particles (e.g. ions, atoms, electrons) in resptmsa electromagnetic wave.



Phase Constant f) - A measure of the phase change, generally mahsaoreadians,

occurring for an electromagnetic wave over unitatise.

Polarization - The term polarization is used in two differerdys. As used in this study, it
is the degree to which energy has been storeddhrseparation of charges. It can also be

used to mean the orientation of an electromagmetice.

Reflection Coefficient- The amount of electromagnetic energy that ikecegd from an
interface between materials of differingppedance expressed as a proportion of the

incident energy.

Relative Permittivity (&) - The ratio of thgermittivity of a material to that dfee space

(£0=8.854x10" FmiY).

Relative Magnetic Permeability (1) - The ratio of themagnetic permeability of a

material to that ofree space(o=4mx10" HmMY).

Relaxation - A reduction in thepermittivity of a material, over dispersion spectrum,
centred on a relaxation frequency, with an accormyipgnphase of elevateabsorption.
The probability of relaxation occurring at a pantar frequency is described by the

dispersionmodel for the material in question.



Resistivity (p) - The degree to which the ability of charges toventhrough a material is

impeded. Resistivity is the inverseadnductivity.

Signal - For the purposes of this thesis a signal can heidered an electromagnetic wave
purposely created to propagate through a matenaldtermination of its velocity. Noise is
therefore not a signal, but impacts on the detectb signals, the degree of impact

generally being expressed as the signal-to-notsz ra

Transmission Coefficient- The amount of electromagnetic energy that i® dbl pass
through an interface between materials of diffefingedance expressed as a proportion

of the incident energy.

Velocity of light (c) - The velocity of an electromagnetic wave free space

(2.9979x16ms?) and so also the maximum velocity that can be eagll by an

electromagnetisignal.

Wavenumber - Seephase constant

Wavelength Q) - The scalar distance through which an electroraignvave travels

during a phase change of two Pl radians.



SYMBOLS AND UNITS

Symbol Unit Description

a nepers.rit Attenuation coefficient

B rad.ni* Phase constant

% Propagation constanti€j[3)

A m Wavelength

u H.m* Magnetic permeability

w rad.s' Radian frequency (f)

€ F.m? Permittivity

Lo H.m* Magnetic permeability of free spacen(® 107)

£ F.mit Permittivity of free space (8.854 x 19

Ode S.mit Static (DC) conductivity

Mr Relative magnetic permeability/{io)

& Relative Permittivity €/¢)

& Apparent (relative) permittivity

c m.s" Velocity of light in free space (2.9979 x®0

frel Hz Relaxation frequency of a water molecule (cGHz @
25°CP

Ip % Plasticity Index of a soil

WL % Liquid Limit of a soll

Wp % Plastic Limit of a soil

Z Q Impedance

Zo Q Impedance of free space (136

A values taken from Calvert and Farrar, 1999.
B Values taken from Heimovaara, 1994.



CHAPTER 1 - INTRODUCTION

1.1 OVERVIEW

As should become apparent during the progressionhisf thesis, a central
philosophy of the research described herein is thedsurement of electromagnetic
signal velocities in soils is of significant use fgeotechnical engineering and research.
Therefore, this chapter first seeks to provide iafldvackground to that philosophy.
Following from this, the aims and objectives of tiesearch will be detailed, in order
that readers may understand the elements considesidimportant for inclusion in the
research. A brief description of, and introductikon the subsequent chapters is then

provided.

1.2 BACKGROUND

Near-surface engineering involves undertaking woskthin a complex
environment (e.g. pipes, cables, soil, aggregatescrete, voids) the properties of
which are often not known in advance with certainGeophysical methods are
becoming commonly used in an attempt to 'see’ tirabbe ground, with much interest
in their potential applications (Pitchford, 199&hey are considered a useful and cost
effective means by which to improve geotechnicalestigations (Anderson et al.,
2008) and location of buried utilities (Gamba aneld®i, 2003). They also allow for
progression of non-intrusive underground constamctnethods that may otherwise be

difficult or impossible to achieve. For instancévem the congested nature of many
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urban underground spaces, there is significantnpiatefor collision with underground
features such as utilities when carrying out diogetl drilling, a problem which has
been recognised through development of look-aheemlind penetrating radar
(ORFEUS, 2009). Therefore, much recent researctidtassed on improved methods
and equipment (Metje et al., 2008), as well as gomg them to improve performance

(Metje et al., 2007).

All of these activities can be considered largedpehdent on a knowledge of the
geophysical properties of the near subsurface, sschoils (e.g. Topp et al., 1980;
Wensink, 1993; Arcone et al., 2008), asphalts (AQet al., 2001; Dashevsky et al.,
2004) and concrete (Jaselskis et al., 2003; Lorenzd., 2001; Robert, 1998), and the
application of those data to geophysical non-destrel testing (Bandara and Briggs,
2004; Buettner et al., 1996; Dérobert et al., 20Baarenketo and Scullion, 2000).
Extension of previous materials characterisatiomkvto further our ability to 'see’ into
the underground can, therefore, be considered itaupioto mitigate the estimated
£7billion spent annually in the UK on direct anccisb costs associated with street
works (McMahon et al., 2005). Knowledge of the effe of these materials on
geophysical signals is of significant benefit imnte of interpreting remotely located
buried utility surveys (Thomas et al., 2007), whaften require location within very
tight tolerances (Thomas et al.,, 2008a). Also, éhare many other engineering
scenarios where an improved knowledge of soil ggsiphl properties would be of
benefit: for example in the development of improwed water content measurement
systems (Evitt and Parkin, 2005), and in monitormajural hazards (Kariuki et al.,
2003; Chabrillat et al., 2002) such as those aasmtiwith swelling clays. In short, a

greater understanding of soil geophysical properi®ws for more informed planning
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of geophysical survey methods, improved data ingegtion, and a greater

understanding of how those properties are geodlyatiatributed.

However, soil samples often may not be availabterfeasurement of geophysical
properties, including electromagnetic propertieat tlare widely used for ground
penetrating radar (e.g. Huisman et al., 2003a)saildvater content measurement (e.g.
Robinson et al., 2003a). This is because many uabeas are primarily hard surfaced,
and excavation through those surfaces to gain sciesoil would cause highway
disruption that would add to the costs identifigdMicMahon et al. (2005). Even if soil
samples were readily available, the cost of unéergasufficient electromagnetic tests
to allow soil suitability mapping (extending on ttwd the United States - see Doolittle
et al., 2006) would be very high. However, geotéwdintesting is commonly
undertaken as part of civil engineering projects] &arge amounts of data have been
gained over time from boreholes, soils reports stadent projects, all of which could
be available to inform electromagnetic methodsesiced. Such data could also be used
in conjunction with electromagnetic techniques thattempt to non-invasively
reconstruct soil electromagnetic data (e.g. Landioal., 2004; Sugak, 2003), where

such techniques can be made use of in congestad artvironments.

Therefore, it could be argued that two improvemetsid significantly benefit
our understanding of soil electromagnetic propsrim a wide geographical basis.
Firstly, development of simple electromagnetic nieasient systems suitable for use in
routine geotechnical testing could allow increasetlection of soil electromagnetic
data. In this thesis, the term 'simple’ is usethis context to describe tests which are
quick and require limited knowledge of electroma@sg as this could be important to

acceptance in many geotechnical laboratories. S$¥gorthrough linking basic
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geotechnical index tests (i.e. the most commonlyleyed) to soil electromagnetic
properties, it could be possible to supplement ctliréesting with estimated
electromagnetic properties. In terms of electronetignmeasurement, a simple, robust
and often acceptably accurate system is availablethe form of time-domain
reflectometry (TDR), which measures the two-wayeéitaime for an electrical pulse
propagating along a probe, but it will be showrhis thesis that TDR in its common

form does not provide sufficient detail in relatimngeotechnical index tests.

In terms of interlinking geotechnical data with ghgsical data, the United
Kingdom can be taken as an example. Rogers eR2@D9] illustrate that the British
Geological Survey (BGS) hold data covering all mgjopulation centres in the United
Kingdom, including a wealth of index testing dafthose data include approximately
24500 Plastic Limits, 25500 Liquid Limits, 24500aglicity indexes, and 11000
assessments of the proportion of fine-grained go#s<425um) (based on Rogers et
al.,, 2009). BGS also hold soil hazard datasets thelude information on soil
shrinkage/swelling for the UK. Therefore, it is apgnt that enabling estimation of
electromagnetic properties from such geotechniu#gx tests as the Plastic and Liquid
Limits would potentially allow exploitation of a melarge amount of data, including for

informing the planning of geophysical surveys.

This study therefore has two aims: to develop apknelectromagnetic signal
velocity testing methodology of potential use igemtechnical testing environment, and
to further knowledge on the fine-grained soil asmét¢he underground, as the dominant
material found in the shallow UK urban subsurfaReders et al., 2009). In particular

the latter aspect attempts to focus on determipwigntial links between simple water
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content related geotechnical indicator tests anitl edlectromagnetic properties, as

widespread data are available for such tests (Rageal., 2009).

1.3 AIMS AND OBJECTIVES

The central aim of this research is to extend, iamgrove on, TDR to include
frequency-domain data, within the commonly emplofrequency range of 100MHz to
1GHz, that allow consideration of potential eleotemgnetic dispersion in fine-grained
soils. In terms of this research, electromagnaspetsion can be defined as a variation
in electromagnetic signal velocities as a functaintheir frequency. Therefore, the

primary objectives of this research are:

1) To investigate current knowledge of electromaignesignal velocity
measurement in soils through a comprehensive titexrasearch and review, including
consideration of geotechnical factors that may éevant to soil electromagnetic

properties.

2) To obtain a range of soils suitable for use iothb geotechnical and
electromagnetic testing, including characterisatioh their geotechnical and

electromagnetic properties.

3) To devise, test and model a coaxial measurenethtand methodology for its
use, suitable for extending TDR to include dataetattromagnetic dispersion directly
measured in the frequency domain and with simitapbcity to use of TDR. As part of
this, to discuss the potential accuracies achievabth the developed methodology,

together with brief consideration of the use of FBigle probes in place of the cell.
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4) To undertake initial development of the cell andasurement methodology in
a geotechnical testing environment, with similarels of quality safeguards to those
appropriate to simple geotechnical index testimgjuiding consideration of whether
relationships exist between geotechnical and elewgnetic data for saturated soils

under such geotechnical laboratory conditions.

1.4 STRUCTURE OF THE THESIS

An outline of this thesis is provided in Figure .1This is followed by a brief

description of how the outline corresponds to sqbeat thesis chapters in Table 1.1.

Literature Search

Y

Selection of soil Design of a frequency
samples and domain velocity » Programming of a
geotechnical measurement system computer model
characterisation for soils
. Modelling the cell and
Measurement of signal .
velocity in each soil Prototyping, probes based on
Y construction, validation #——— materials of known
sample at selected . .
and testing electromagnetic
water contents :
properties

Y

Case studies of the
potential usefulness of
the measurement
system

!

Comparison of
electromagnetic signal
velocity and
geotechnical data

Geotechnical
characterisation of the
soil samples

Y

Discussion and
conclusions

Figure 1.1. Outline structure of the research andhesis.
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Table 1.1. Brief description of subsequent chaptsr

Chapter

Brief description

2

Comprises the literature review, and considegssthte of current knowledge
available in the literature on soil electromagngiroperties and available
signal velocity measurement methods for use witifls S0 a geotechnical
testing environment.

Details the soils selected for use in electroreigrsignal velocity testing,
providing relevant geotechnical characterisatiota der each soil sample used
in subsequent chapters.

Details the prototyping, construction, modellirammd validation of the
electromagnetic signal velocity testing apparatasd its operational
methodology, using a coaxial measurement cell.

Describes four sets of measurements designdtustrate the potential uses
for electromagnetic signal velocity data in geotechl engineering, including

relationships between those data and simple geatathndex tests. Included

in this chapter are the potential use of probeteatsof cells, and the potential
effects of magnetically susceptible soils on sigrebcities.

Extends and discusses the outcomes of Chaptdmo@gh 5, particularly in

terms of discussing the developed electromagnesting methodology, its
potential accuracy in comparison to TDR, the libletween electromagnetic
and geotechnical data, the potential role that pater plays in this, and the
possibility of providing improved water content @ehination in fine-grained

soils.

Provides conclusions on the outcomes of the relseend suggests possible
directions for continuation of this research irtte future.




CHAPTER 2 — LITERATURE REVIEW

2.1 OVERVIEW

Electromagnetic waves are an integral part of diéfi¢y bringing heat and light
from the Sun, as well as allowing communicationsos& great distances (Wilson,
1993). In their classical representation, elecagnetic waves are considered to have
amplitudes that vary in a sinusoidal relationshspagunction of time, frequencies that
represent the number of sinusoidal cycles occumench second, and wavelengths that
are a function of frequency and velocity. The rangfe their frequencies and

wavelengths can be described by the Electromag8ggctrum shown in Figure 2.1.

Visible spectrum
|1

Cosmic rays
Infra-red Untra-
rays or violet
radiant heat
Radio frequencies Gamma rays

VLF|LF, MF'HF \VHFJUHF|SHF| EHF |

Audio frequencies X-rays

Hz kHz MHz MHz
10100 1 10100 1 10 107 10*10* 10° 10° 107 10® 10°10"10""10"0"*10'*10'%10"® Frequency

1 L 1 1 L 1 I i i L L 1 § i L I n i
T T ™ T T X T T T T T T FT‘IllL‘LI

—

107 10°10°10*4100010010 1 10 1 10'10? 16°10% 10° 10° 107 10° 10°10'°10'"10'2 Wavelength
m m cm cm

Figure 2.1. The Electromagnetic Spectrum (Winder ad Carr, 2002).

For the purposes of this thesis, where frequeranesot significantly greater than
a billion cycles per second (1GHz), we may limit consideration of electromagnetic

waves to radio waves and microwaves. We may alse that electromagnetic waves
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may occur naturally or, as in the case of thisithesay be artificially introduced into
the material to be studied. We can represent titer laase using the term 'signals’ in
order to differentiate them from natural sources thay also be present in experimental

data as noise.

Electromagnetic signal velocities and wavelengtry Wepending on the material
through which they propagate, such as soils. Thesgthere is significant complexity
in the study of soil electromagnetic propertiest that reason, this literature review is

intended to follow the sequence detailed below:

2.2. A brief history of electromagnetics prior to B80: As Isaac Newton would
say, to see further one must stand on the shoutddegints, and so it is necessary to
consider the long line of giants on whose work tthissis is based. This section is
therefore intended to set the historical sceneafounderstanding of electromagnetics

and its application to soils.

2.3. Fundamental electromagnetic parametersThe fundamental propagation
parameters of electromagnetic signals in soilsetaborated on in order to provide an
understanding of why they are important and how ttedate to soil electromagnetic

properties. Associated loss mechanisms are alsmlunted in this section.

2.4. Propagation of electromagnetic signals: Having developed an
understanding of the propagation parameters, asd foechanisms, their role in
determining the velocity and attenuation of elemiagnetic signals in soils will be

developed in this section.
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2.5. Soil as an electromagnetic propagation mediunin this section, the effect
of soil properties on the electromagnetic paramnsedmd propagation velocity, such as
water content, will be considered. Variations irctlomagnetic parameters due to

frequency, known as electromagnetic dispersionakse considered.

2.6. Composite soil electromagnetic propertiesAs electromagnetic signal
velocity measurements are often used to determiilewsater content, this section
provides a brief introduction to the various mixingodels and methods currently

available for such use.

2.7. Geotechnical characterization parametersSoil water contents, densities
and mineral surface areas are important factotisareffects of soils on electromagnetic
signals. Therefore, consideration will be givenehier potential geotechnical parameters

that provide insight into soil electromagnetic pedpes.

2.8. Measurement of soil electromagnetic velocitypsctra: Time-domain
reflectometry (TDR) will be explained and considena will be given to potential
methods of extending its use to provide data owtmmagnetic dispersion in fine-

grained soils.

2.9. Identified Knowledge Gaps:Knowledge gaps in the literature of relevance
to this research will be identified, providing aslsa for research undertaken in
subsequent chapters which will attempt to fill tagsps. Significant knowledge gaps of
relevance to future research, intended to buildhenwork contained in this research,

will also be identified.

10
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2.2 A BRIEF HISTORY OF ELECTROMAGNETICS PRIOR TO 19 80

Given the common use of electricity and electronetignwaves in our modern
society, it is perhaps difficult to imagine thatokviedge of them in ancient times was
limited. In ancient Greece it was known that rulgbamber would allow it to attract
straw (Kirby et al., 1990). This observation is dited to Thales of Miletus (640-
546BC), who also knew that lodestone (i.e. magmetibuld attract iron (Cajori, 1935).
The attraction of straw to amber may appear simiplg,it is from the term amber
(known as electron in ancient Greece) that the waedtricity originates. Although
there is some evidence that small earthenware \pets used as batteries in Iraq as
early as 2000 years ago (Staubach, 2005), Shad{(i888) describes the intervening
time between the work of ancient Greece, and theh bof modern scientific
investigation, as "Twenty-two centuries of standsidi!". However, Shadowitz may
have been a little unfair in this comment, as #lated branch of optics was studied by
Al Hasen (c.965-1038) who extended Greek knowleafgeeflection angles (an early
form of Snells Law) and studieceflections from mirrors. The ending point for
Shadowitz's period of standing still may be asaibe William Gilbert who, in 1600
AD, published his findings that amber was not thé anaterial that could be used to
attract other materials, and that it was also pbssto cause a repulsive force
(Shadowitz, 1988). However, in terms of our ability utilise electricity for the
generation of electromagnetic signals, potentidlly most important milestone is the
invention of the electric battery, then termed e,y Alessandro Volta and announced
in 1800 (Kirby et al., 1990). This provided a powsource for many ensuing
experiments, including those of Humphrey Davy (@ajt935) and subsequently of his

apprentice Michael Faraday (Faraday, 1861).

11
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In the early 19 century electricity and magnetism became an inaporpart of
natural philosophy. In 1819 Hans Christian Oerstadied out his famous experiment
to deflect a magnetic needle using a current aagrywire, and the field of
electromagneticswas born (Cajori, 1935). Experiments were lataried out in an
attempt to show rotation of current carrying wiegsund a permanent magnet (Morus,
2004) and the great experimental scientist MicHeaamladay is credited as the first
scientist to demonstrate this (Kirby et al., 199)ignificant milestone that, in fact,
almost ended his career (Morus, 2004). This ledhto development of the electric
motor, but Faraday also realised that the reverse tue: a moving magnetic field
could be used to generate electricity and thatas #e relative motion of the two that
produced this effect (Kirby et al., 1990). This wid® birth of the alternating, or
oscillatory, electrical potential and so it coulee kargued that Faraday's 1820
experiments (Figure 2.2), in taking us beyond dimarent electricity, provided the

concept of thesinusoidal signaland itsfrequency.

Figure 2.2. Faraday's 1820 rotating wire experimets (Morus, 2004).

12
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Soon afterwards, a further fundamental propaggtamameter can be argued to
have come from the work of Georg Simon Ohm whdl 826, published experimental
proof of Ohms law (Cajori, 1935). Ohms law statest the resistance of a material to
electricity causes proportionality between the eggpl/oltage and the resulting current
flow, giving rise to the principle afonductivity which will, in subsequent sections, be

seen to be an important concept in electromagsggial propagation.

Although Ohms law relates to the direct currentcteieity relevant to Volta's
batteries, it paved the way for the concepingpedancein alternating current flow,
which is important in determining the strength déctromagnetic reflections at
boundaries. This was obviously an exciting timéia development of electromagnetics
as, within a decade, Faraday had realised tharielebarges were not unaffected in the
propagation of their force by intervening mattergd &o he coined the term 'dielectrics'
to describe this phenomenon (Cajori, 1935). Usingrgion of a Leyden Jar, Faraday
showed that the attractive or repulsive forces vgesded by the properties of a material
used in place of air within the jar. In using ag @ reference for this scaling effect,
Faraday essentially conceived of tielectric constant or relative permittivity , that

is also now a fundamental parameter for electromiagsignal propagation.

Through the above achievements, Faraday develtyecbhcept of lines of force,
and speculated that light, electricity and magne@se related (Cajori, 1935), providing
a significant foundation for later scientific intggtions in electromagnetics. One of
the most important scientists involved in thatdaterk was James Clerk Maxwell who,
in contrast to the great experimental skills of délay, was a great theorist. His

theoretical skills allowed him to translate the essmental work of Gauss and Faraday

13
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into mathematical terms (Cajori, 1935), from whiehwas able to significantly expand
on them. The famous Maxwell Equations describinge tpropagation of

electromagnetic energy still provide the basisdor classical understanding, which is
significant when one considers that Maxwell workada time when the nature of
electromagnetic waves was unknown and that he deresi propagation to be within an
‘all pervading ether'. As described by Everitt @9 Maxwell's ether (Figure 2.3) was
made up of minute vortices and "Each vortex is dpd from its neighbours by a layer
of minute patrticles, identified with electricitypenter-rotating like the idle wheels of a
gear train." Science has since largely dismissedetiner, but Maxwell provided a

theory that fitted with real world observations aadis still of great use to this day.

Figure 2.3. Maxwell's 1861 concept of the ether {€ritt, 1975).

While Maxwell's work provided a significant advantent in knowledge of

electromagnetic propagation, it was considered elalyifor general use. His equations

14
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were therefore simplified, and adapted to desceleetric and magnetic field vectors,
by Oliver Heaviside at the end of the 19th Centi@yease, 2009). It should be noted
that Heaviside was also responsible for incorpogatimaginary numbers into

electrical analysis (Crease, 2009).

Maxwell's Equations are described by Equationst@.2.4 (Fleisch, 2008). As
well as describing the motion of an electromagnsigmal, Maxwell's Equations were
also used to show that even a vacuum hasmpadance (3772 - Hayt and Buck, 2006)
and from this can be determined thelocity of light in-vacuo. Of particular
significance, however, is that Maxwell's Equatiopovided an insight into the
connected nature of electric and magnetic fielgs:that a magnetic field can give rise

to an electric field, andice versa (Fleisch, 2008).

n.e=F* [Eq. 2.1]
80
5B
Oxe=-2 Eq. 2.2
a [Eqg. 2.2]
0+B=0 [Eq. 2.3]
OxB :uO(J+sO%—fj [Eq. 2.4]

wherekE is the electric field (v.i), B is the magnetic field (webersy p is the charge
density (C.ri?), t is time (s),J is the current density (A1), and po and g are
respectively thenagnetic permeability andpermittivity of free space(e.g. a vacuum

or, in Maxwell's time, the ether).
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However, despite the brilliance of his work, MaxlgeEquations were always
purely theoretical during his life. Although a nuenbof scientists came close to
discovering electromagnetic waves, this proof cdéme Heinrich Rudolf Hertz who,
in 1888, developed a means of detecting electroetagwaves caused by sparks in
Leyden jars (Cajori, 1935). Hertz was thus ablestiow that electromagnetic waves
exist, that they may be reflected and transmittedd that they can interfere
constructively, and destructively, to create maxiswad minima ininterference
patterns. The ability to detect electromagnetic waves sparl whole new area of
study, that of using them to transmit information1901 Marconi made the first trans-
Atlantic radio transmission, making him famous andrking a turning point in our

ability to control and utilise electromagnetic wave

It was also around this time that advances wereemadother aspects of
electromagnetic propagation that are importantoits gesearch. Newton had already
undertaken experiments ahspersion of light through prisms and it was known that
materials have a refractive index, i.e. light magvel through them at different
velocities to those in a vacuum. Fox Talbot, in 188 century, knew ofinomalous
dispersion where the dispersion of light is different to tludita prism, and that some
wavelengths may be absorbed more than others (Caf@85). Drude (1902) made
advances in this area and helped define our modederstanding of anomalous
dispersion, which he says would occur only whem itivestigation covered natural
periods (i.e. of oscillation) of ions. Further woecklminated in the theories of Debye
(1929) who defined the frequency dependence of mfaten which the associated
variations in electromagnetic waweelocity and attenuation may be determined.

Debye's theories also considered the effects of inrsolution on the permittivity of

16
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water and this is significant given the work betwee1879 and c¢.1924 on diffuse
double layer theory, which can be attributed towmek of Helmholtz, Nernst, Gouy,
Chapman and Stern, amongst others. Their work geova theoretical description of
the distribution of mineral surface charges andsianthin soil pores, which can be
considered an important aspectasfomalous dispersionin soil pore water. It is this
anomalous dispersionthat we now term simplglectromagnetic dispersionwhen
referring to differing electromagnetic propertiassoils at different frequencies. Further
refinements were made to the theories of Debyelsequent years, including the work
of Cole and Cole (1941), but the basic principlat tvater has eelaxation frequency;,
around which theelocity andattenuation of electromagnetic waves vary, was by then

well established.

Given the widespread adoption of electromagnetizesafor communications
using radio, it is not surprising that researclstested to consider the electromagnetic
properties of soils. Of particular note is the wark Smith-Rose (1935) who found
electromagnetic dispersionn soils, and Cownie and Palmer (1951) who advénke
theory that more than one form of water may existisoil: bound water andfree
water. This hypothesis was based on the fact thapémmittivity of some soils, at low
water contents, does not increase in proportiothéoamount of water added, but at
higher water contents significant increases octlowever, it also brings forward
another aspect of soil electromagnetics: that ftifflerdnt types of water may have
differentrelaxation frequencies causing a great deal of complexity in determirtimg
frequency dependence of electromagnetic propedrii€ectromagneticallglispersive
soils Over the subsequent decades research into soit@hagnetic properties steadily

progressed. Of note during those times is the wbHoekstra and Delaney (1974) who

17
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used aime-domain reflectometry (TDR) technique (with inversion to the frequency
domain) to measure the electromagnetic propertidsoth sand and clay. Their data
showed that the soils exhibitelispersion of a Debye (1929) type as well as illustrating
low water content variations due twmund water and free water. However, their
system was limited tgyravimetric water contents up to 15%, thus limiting our

interpretation of their data.

Of particular significance was that, during thisi@i, other researchers were also
using TDR for determination of soil water content and thegiuipment was based on
commercial cable testers. That fact, small as iy re@em, allowed the widespread
testing of soil electromagnetic properties, andrthpplication to soil state monitoring.
This work culminated in the seminal paper of Toppale (1980) and the work they
described has become the basis for the highly pofld of soil TDR. Although this
work faced initial strong opposition (Topp et &Q03), it also provided a model for
relating anapparent permittivity (essentially a representation of signal velocity)
volumetric water content, thus helping ensure its subsequent success. Bhie of
Hoekstra and Delaney (1974) and Topp et al. (19880 demonstrates significant
difficulty associated with soil electromagnetic rme@ments: different researchers

often use different measures of water content.

In concluding this introduction we must understaticht the equations of
Maxwell, and others, associated with the propagatibelectromagnetic waves, are a
classical representation of what is, in effectuarqum system. Feynman (1985) quite
clearly states that electromagnetic energy doegxist in the form of waves, but rather

as packets (or quanta) of energy knowrphsetons, which have rotational properties
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giving rise to apparently sinusoidal variations imensity with time and distance.
Through his work on Quantum Electro-Dynamics, h& ahowed that our classical
concepts of the constant velocity of light in awam, and even the laws of reflection
and refraction, are actually only based on the tfzattt photons not following those rules
cancel each other out, due to their incompatiblesph (Feynman, 1985). Furthermore,
Einstein's theory of relativity showed that eveeitiiagnetic fieldis illusory, it being a
representation of the transformation ofedectric field for a moving observer, and that
the apparent discrepancy this holds for permaneadneis can be explained by the
relativistic effects caused by electrons havingnsffshadowitz, 1988). While an
understanding of these quantum effects is not sacgsn order to understand the
classical rules for electromagnetic wave propagattas important to understand that it
IS just that: a representation that allows us speinse with much of the overwhelming

complexity we would otherwise have to work within.

2.3 FUNDAMENTAL ELECTROMAGNETIC PARAMETERS

2.3.1 Introduction

The propagation of electromagnetic waves is gowkehyefour basic parameters:

Frequency (f): A measure of the variation in amplitude occurrimg an
electromagnetic signal as a function of time. Maigation can be considered sinusoidal
for single-frequency signals, or a convolution ohamber of sine-waves where an

electrical pulse is used.

Conductivity (6): A measure of the degree to which a soil allowsphagsage of
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electrical charge through it. In most soils thaduactivity is ionic and so dependent on

the prevalence and mobility of ions in the poreexat

Permittivity ( €): A measure of the signal energy that can be storedmaterial,
through separation of charges (e.g. ions, protelestrons) in a material. Permittivity
is divided between a real part representing theageof energye() and an imaginary
part representing loss mechanisms that degradgyestaraged”’). The permittivity of
a material is generally expressed in terms ofat®rto the permittivity of a vacuum,

and then is known as the relative permittivity @lelctric constantg().

Magnetic permeability (u): A measure of signal energy stored in a material du
to the lining up of atomic and sub-atomic partisfen directions. As with permittivity,
magnetic permeability can be divided into regal) (and imaginary |(”) aspects,
although in practice most soils are consideredat@lsimple magnetic properties and so
loss mechanisms are often ignored. It is also coniynreferred to as a relative

property based on its ratio to the magnetic permigabf a vacuum ().

These factors, in combination, determine the vakxiof electromagnetic signals
(Reppert et al., 2000; Reynolds, 1997), their aidtion, or loss of energy, over distance
(Milsom, 1996) and even the degree to which thel e reflected by sub-surface
objects and interfaces (Leckerbusch and Peikefi120an soils these parameters will
vary due to the proportions of mineral particlegter and air within the soil matrix

(Saarenketo, 1998), with water potentially the nsognificant of these constituents.

These factors create significant complexity in nilalg the propagation of

electromagnetic waves in the sub-surface, oftesinguassumptions to be made in the
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interpretation of geophysical survey data. Theesfom order to consider the
electromagnetic properties of soils, it is impottéirst to consider in detail the four
basic propagation parameters, prior to developmgraderstanding of how they relate

to velocity and attenuation.
2.3.2 Frequency

Single-frequency electromagnetic signals can berdesl using the sinusoidal
relationship shown in Figure 2.4, where the amggtuor signal strength, varies as a
sine function of a change in phase angle. Suchseidal signals have a wavelength
representing a phase change rangerabdians (i.e. 360°), and an amplitude that varies
with the phase angle. In Figure 2.4, the maximauaszl by convention to represent the

wavelength, but any other identifiable repetitivarps may also be used.

In mathematical terms, this relationship can becdlesd using Equation 2.5. In
electromagnetics research, the amplitude can bedened both in terms of the voltage
of a sinusoidal signal in an electrical conductod as the voltage potential that an
electromagnetic signal can induce in a conductorun& of length (i.e. measured in

v.m?).
A, =A,sin(wt +6) [Eq. 2.5]

where A is the amplitude at time t (s) along the signapagation path, Ais the
maximum signal amplitude, an@ is the phase change per unit time (rad.ghe
parametet® (radians) is used to adjust the phase to comperisatphase angles not

equal to zero at time zerai+ 0 is therefore the angle of phase change at time t.
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Based on Equation 2.5, it can be seen that thelemyth can also be represented
as a period of oscillation, i.e. the time takentfoe wave to complete one wavelength.
The number of such oscillation cycles completedhesecond thereby defines the
frequency (f), which is measured in Hertz (Hz). fEheare, therefore, two
representations of frequency used in electromagnegasurements, one based on
cycles per second (f), and one based on phase englee per second). These are

simply related, as described in Equation 2.6.

1 i . .
05l A Wave-
0 length
0 Mean
5

Amplitude

-0.5¢

1b 15 20
Phase change (radians)

Figure 2.4. A sinusoidal signal.

w = 2nf [Eq. 2.6]
where f is the frequency (Hz).

On entering a physical medium, such as solil, ttguency of an electromagnetic
wave is unaffected by the physical and electricapprties of that medium. However, it
is apparent from Equation 2.5 that changes in wloaill result in different phase
changes, due to the corresponding change in prapagane. Therefore, the velocity

(v) and wavelength will alter while the frequeneyd so the oscillation period) remains
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constant (Tareev, 1975). This illustrates thatftequency of an electromagnetic signal

is related not just to wavelength but also to viypas illustrated in Equation 2.7.

A= [Eq. 2.7]

where v is the velocity (m’ and is the wavelength (m).
2.3.3 Conductivity

The conductivity of a material can be consideredé¢othe extent to which it
allows, or impedes, the movement of an electriagdahrough it. This is particularly
important in geophysical investigations becauséliligonductive materials rapidly
dissipate electromagnetic energy and so restriet dbpth to which surveys can
penetrate (Doolittle and Collins, 1995). In fatthas been said that many soils, because
of their high electrical conductivity, are esselhimpaque to electromagnetic signals
(Holden et al., 2002). There are three ways in tvlaicurrent may flow in a soil, each
of which contributes to the materials conductivithese can be summarized as (after

Reynolds, 1997):

Electrolytic —involves the relatively slow motion of ions in alectrolyte towards
an opposite charge (i.e. cations toward a positherge and anions toward a negative

charge).

Electronic —involves the more rapid motion of electrons taigal positive

charge, as in metals. Electronic conduction is kismwn as ‘ohmic’ conduction.

Dielectric —involves the separation of charges at atomid igenerally in weakly

conducting, or insulating, materials) in responeeetectromagnetic radiation. The
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separation of charges then causes an inducediel&etd that opposes the incident

signal (Fleisch, 2008).

Perhaps the most important equation governing etegionship between applied
electromagnetic field intensity and current densgtyOhms Law (Nabighian, 1987).
This states that the current (1) flowing in a giveaterial is proportional to the electrical
potential (V) across that material (Duncan, 199his proportionality is governed by
the resistance (R), a measure of the degree tdhwehicent flow is impeded, and can be

summarised in Equation 2.8.

V=IR [Eq. 2.8]

where V is voltage (V), | is current (A) and R esistance).

However, it should be noted that the resistivityaahaterial is only a part of the
overall extent to which the motion of a charge d¢snimpeded. In an alternating
potential, such as in the case of an electromagsajnal, further resistance to current
flow will result from the reactance of the materi@he total opposition to current flow
in a material is based on both the resistance @eactance and is termed the impedance.
In situations of alternating potential, the impedar{Z Q) replaces the resistance in

Ohms Law (Duncan, 1997).

For soils the resistance is generally referredntependently of the physical
dimensions of the electrical flow path. Two intémted properties of a material are
commonly used to characterise this property, thiesimg the resistivity and the

conductivity, which are inversely proportional (Ngiian, 1997): see Equation 2.9.

24



Chapter 2 - Literature Review
Pr== [Eq. 2.9]

wherepg is the resistivity ¢.m) ando is the conductivity (S.f.

For a theoretical unit block of material, the remige is proportional to the length
of the current path, and inversely proportionalht® cross sectional area. Therefore, the
relationship between resistance and resistivityaomaterial can be summarized in

Equation 2.10 (Tareev, 1975).

R=p, = [Eq. 2.10]

A
where R is the resistanc@)( pr is the resistivity Q.m), A is the cross sectional area
(m?) and L is the length (m), which, using Ohms Laearranges to Equation 2.11
(Reynolds, 1997).

_VA

=— Eg. 2.11
m [Eq ]

Pr

where V is the voltage (V) and | is the current.(A)

In most soils, conduction occurs by way of poradffuacting as an electrolyte,
with the actual grains, except in rare cases whegg are themselves good electrical
conductors, contributing very little to the overadinductivity of the material (Reynolds
1997). The flow of a current through such matenatsild, therefore, depend on such
factors as the type of ion in the pore water sohytithe ionic concentration and the
mobility of ions. For clays, resistivity is usualtpnsidered to be within the range 1 to

100Q.m (Giao et al., 2003). However, in their studyclafys Giao et al. (2003) reported
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a much smaller range (1 to @m) indicating that variation in clay resistivity likely

to be location, mineralogy and pore water chemispicific.

Many factors affect the conductivity of soils, madyitheir values a dynamic
guantity based on diverse environmental factors.igiance, it has been identified that
the interconnectedness of conducting mineralssailawill have a significant effect on
the extent to which they interact with electromagnsignals (Van Blaricom, 1980). It
should also be noted that, due to the electrolytiture of conductivity in soils, the
dielectric properties of pore water influence ior@goncentration, due to a direct
relationship to the mutual attraction of ions idusion. For example, the attraction
between two oppositely charged ions dissolved itemia approximately 1/81 as strong
as it would be in air. This, together with the féitht water molecules tend to attach
themselves to ions, results in water having a leggbacity to dissolve ionic substances
(Brownlow, 1996). Also, the conductivity of a miaéiis not necessarily constant and

may vary with time, temperature, pressure and ddwtors (Nabighian, 1987).

2.3.4 Permittivity

In simple terms, permittivity is a measure of timeoant of electric field energy
stored in a medium, as demonstrated by Faraday&yiexents in a Leyden Jar. This can
be described as the polarization of atoms and ml@scthe separation of charges in a
material when an electric field is applied (Saastak1998), from equilibrium to non-
neutral positions until the force between them heda the applied force of the electric
field (Nabighian, 1987). Four polarization mechamssare relevant to the permittivity

of soils (Nabighian, 1987, Saarenketo, 1998 aneé&\grl975):
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Electronic polarization — A separation of sub-atomic charges (i.e. protand
electrons) within an atom, thus causing a defoinaith the shape of the electron cloud
surrounding the atomic nucleus and so of the atomalecule as a whole, in response

to an electromagnetic wave.

Atomic polarization — A separation of the positively and negativeharged

component ions of a molecule in response to artireleagnetic wave.

Dipolar polarization — A separation of charges between dipolar molscdie to
the rotation of the molecule away from a positidnequilibrium, in response to an
electromagnetic wave. In saturated earth matesalsh as clays, this is considered the

most significant form of polarization (Carredn-Fregt al., 2003).

Space charge polarization — A separation of charges due to the drifting of
dissociated ions away from equilibrium positionsr@sponse to an electromagnetic

wave, and possibly toward opposite charges fronthvthiey are generally repelled.

The polarization of individual atoms and moleculdsy all polarization
mechanisms, can be summarized as the product afistence vector involved in the
charge separation and the atomic charge involvieerdtore measured in coulomb-

metres), and is termed the induced electric moriegquation 2.12, Shadowitz, 1988).

P=Np [Eq. 2.12]

where the vector P is the Polarization (Coulomb.hh)is the number of atoms or
molecules and p is the induced dipole moment veger atom or molecule
(Coulomb.m). Dipole moments for pure unconfinedeware approximately 6.2 x 0

Coulomb.m (Good, 1999).
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As described in Equation 2.12, the overall poldarmraof a homogenous medium
containing atoms or molecules, each with an indutipdle moment, is a function of
the number of atoms or molecules present. It shaldd be noted that it is a vector
property and so, in the presence of more than daetremagnetic signal, the
polarization may be increased or decreased depengem the relative direction of

each vector.

However, for low field strengths, as is the cageglophysical survey techniques,
P/N may be significantly less than p due to theredragitation of molecules occurring
in water (Good, 1999), which acts against the aplplelectromagnetic field. An
important aspect of Equation 2.12, known sinceehry days of soil electromagnetic
testing (Millard, 1953), can be seen in Figure 25:increase in soil bulk density can

cause an increase in permittivity.

As increased bulk density will increase the numbgratoms and molecules
present (N) and available for polarization, it dag expected that variations in soil
electromagnetic properties will occur due to dsnsand so also water content,

variations.

In order to account for the effects of temperaturehe ability of an applied field
to polarize a material, Equation 2.12 may be regulday the Langevin Formula shown
in Equation 2.13 (Good, 1999). Also, from the pedwe of measuring
electromagnetic properties, it highlights the neme&nsure that temperature variations

are small, although under normal geotechnicalrtgstonditions this may be difficult.

—=p— [Eq. 2.13]
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where k is the Boltzman Constant (1.381%10/K), E is the electric field strength

(V.m™?) and T is the absolute temperature.

Real Relative Permittivity
£ (200MHz)

(a)

225 230

200 205 210 215

Bulk density

Figure 2.5. The effects of bulk density on soil pmittivity (Scholte et al., 2002).

Equation 2.13 also illustrates that the electronetigrproperties of a material may
be dependent on the electrical field strength thas subjected to. It is therefore
important to note that electromagnetic measuremar@sgenerally undertaken at low
signal strengths as dielectrics are generally theensitive to voltage variations below
a threshold at which breakdown of the dielectrioparties of the material occur

(Tareev, 1975).

The permittivity of a material is often referredas its ratio to the permittivity of
a vacuum. This value is known as the relative piinity, which can be calculated
using Equation 2.14 (Tareev, 1975). The relativenit@ivity is also often referred to as

the dielectric constant.
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£ = [Eq. 2.14]

whereg, is the relative permittivitygq is the permittivity of the dielectric ang is the

permittivity of free space (8.85x¥0F.m* — Reynolds, 1997, Nabighian, 1987).

However, its value varies with such factors as terafure and pressure (Tareev,
1975), as well as with water content and densiga(&nketo, 1998). Also, it can only be
treated as a constant in low-frequency, low-loggasions (Dobbs, 1984). Therefore, the

term dielectric ‘constant’ should be used with ¢aneorder to minimize ambiguity.

The value of relative permittivity for air, as withany other gases, is generally
guoted as unity, even though the actual value scegmately 1.00058 (Tareev, 1975)
this small difference generally being consideresignificant. Similarly, for water the
relative permittivity is often taken as approximat&0 or 81 even though small

variations may occur due to temperature and iometin

In order for any understanding of the permittivafya material containing water to
be complete it is necessary to consider the frequdapendence of the water phase. All
polarization mechanisms are subject to relaxatioenpmena, where the permittivity
reduces around a particular ‘relaxation frequendyiis is accompanied by increased
absorption of energy, and associated loss of thargy as heat. The change in
permittivity around the relaxation frequency givese to frequency dependence that is
termed electromagnetic dispersion as illustrated pfire unconfined water, in Figure

2.6 (Logsdon, 2005a).

The frequency at which relaxation occurs is a testithe time required by the
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water dipole to reorient itself to an equilibriutate once the induced field returns to

zero, as reduction of the oscillation period witbreasing frequency will affect the time

available for the reorientation to occur.

Dielectric Constant

80 1

60 4

40 4

20 4

Real
Imaginary

/ Dispersion

Relaxation
frequency

10

Frequency (GHz)

Figure 2.6. Dispersion and absorption in water (a@ér Logsdon, 2005a).

Wu (1964) showed that this frequency relates toewabntent in fine-grained

soils, with significantly increased relaxation tisnevhen the water content comprises

two to three molecular layers. This reorientatigniliustrated in Figure 2.7, which

shows the dipole moment of a water molecule (Figuréa)), effectively describing the

separation of an atomic charge over a small distatagether with the effect of an

electromagnetic signal on the preferred orientatibwater molecules. In the absence of

a signal, the water molecules take up random aiemts determined by the hydrogen-

bonding between them and fluctuations due to teatpex (Figure 2.7(b)). When a

signal is introduced, there is a tendency for watetecules to align themselves to the

signal propagation direction (Figure 2.7(c)). Theet period is referred to as the
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relaxation time and, in the Debye (1929) modetailsulated using Equation 2.15.

4
= Eq. 2.15
o 2KT [Eq ]

where 1p is the relaxation time (s), k is the Boltzman Qang T is the absolute
temperature and is a constant referring to the friction contrajjithe rotation of a

water molecule.

(a) ove= b © Q3

104.5°

. Ba G
N el®e Q- Q

Hydrogen atoms

-_—
Dipole moment = No preferred orientation Preferred alignment due to
charge (g) X length (L) due to random thermal the applied electric field, E.

motion.

Figure 2.7. Dipolar relaxation (a) the dipole momet of water, and water
molecules (b) without and (c) with an external fied applied (after Robinson et al.,
2003a).

The friction constant given by Debye (1929) relateshe macroscopic friction
encountered by a sphere rotating within a liquidj & therefore based on Stokes' Law

as shown in Equation 2.16.

J =8ma® [Eq. 2.16]

wheren is the dynamic, or shear, viscosity and a is théius of the spherically
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represented water molecule. For ordinary room teatpees (c. 17 to 22°Cy, = 0.01

and a = 2x18 m (Debye, 1929).

Debye gave the relaxation time of a water moleeslapproximately 0.25 x 16
seconds (Debye, 1929). As the relaxation frequascyversely proportional to the
relaxation time, it can be calculated using Equmafdl7. The relaxation frequency, for
pure unconfined water, has thus been estimated.443 GHz at 25°C (Heimovaara,

1994).

fo=t [Eq. 2.17]
Z-D

wheref is the relaxation frequency (Hz).

As well as allowing calculation of the relaxatiamé of water, the work of Debye
resulted in a model for the frequency dependencethef real and imaginary
permittivities, as shown in Equation 2.18.
€ =€, +ﬁ [Eg. 2.18]

1+,
where g, is the frequency dependent relative permittivily, is the high frequency

relative permittivity (i.e. at frequencies abovéaration) andg is the low frequency

relative permittivity (i.e. significantly below ra@kation).

While the results of the Debye model are considérdie generally in agreement
with observation (e.g. Kaatze, 1989), minor créims can be made. One such criticism
is that the model only relates to a single relaxafrequency which does not entirely

agree with observation (Cole and Cole, 1941). Atke, symmetry of dispersion and
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absorption, around the relaxation frequency, exéibby the Debye model, has not
always been fully evident for materials other thaater and this has resulted in a
number of alternative forms of the Debye relatiogpshsuch as the Cole and Cole,
Davidson and Cole, and Havriliak and Negami equati@ao, 2004). These alternative
equations are based closely on those of Debye, adthtional parameters added to
allow modification of the shape of the Debye dafawever, the most widely used
alternative to the Debye (1929) model, in soiksrature, is that of Cole and Cole (1941)

shown in Equation 2.19.

E.~€
€ =g, +———"— Eq. 2.19
r roo 1+(J(‘0_[_)a [ q ]

where a is a fitting parameter appropriate to tladenmal.

However, as these models only represent dieleatechanisms, they require
adaptation to include the effects of conductiveséss as can be achieved through
Equation 2.20 (Kao, 2004, Hasted, 1973). Fromftinswula, it can be expected that the
effects of conductivity, as a loss mechanism, dithinish with frequency. In testing
over a wide range of soil types, including claysensink (1993) found that the
permittivity was only weakly dependent on pore watalinity at frequencies around
1GHz, but the dependence increased as the frequedoged.

srs _srw . OS
+ - —
1+(jor)® " we,

[Eq. 2.20]

r oo

wheregs is the static, direct current, conductivity (S)m

It should also be noted that the Debye model wasdtated from a macroscopic
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phenomenon (i.e. viscosity) that cannot easily jpglied to the microscopic realm of
the water molecule and preceded any conclusiveeaggl for the molecular structure of
the hydrogen-oxygen-hydrogen atom configuratione Tdvailability of associated

hydrogen bonds has since been proposed as theoltiagtrmechanism for the

relaxation frequency of unconfined water (Buchneale 1999) and the reduction in
permittivity of water close to interfaces (Despa att, 2004). Research on water
structure (Eisenberg and Kauzmann, 1969; Zahn, )2G0% the relaxation of water
molecules (e.g. Agmon, 1996; Buchner et al., 19%&pman and Bakker, 2004;

Logsdon and Laird, 2004) has largely concentratedhe energy required to allow a
water molecule to rotate through an energy barteera new hydrogen bonded
configuration, rather than having to relax to itgimal equilibrium state. The relaxation
time for such a model can be represented throughAthenius Equation described in
Equation 2.21 (Jansson and Swenson, 2003, Kao).2004

H
T, =T,exg — Eq. 2.21
D 0 F(ij [Eq ]

wheretp is the relaxation time (s}p is an empirical factor, H is the activation energy
(i.e. the energy barrier that must be overcomerderto break hydrogen bonds), k is

the Boltzman Constant and T is the absolute tenyrera

A final aspect of the work of Debye that should dmnsidered here is that the
dissolved ions associated with ionic conductionsml pore water are not just of
importance in the measurement of conductivity, dab affect the permittivity. Debye
theorised that electrical saturation may occur mgoions in water, in that the field

strength of the ion (see Equation 2.22) may be maiger than that of the externally
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applied field, causing a spherical ‘cavity’ withivhich water molecules are rendered
inactive (Debye, 1929). As shown in Figure 2.8s thiifect may cause a slight reduction
in permittivity as the salinity of the pore watacreases.

= _ Qo Eq. 2.22
Eion PE [Eq. 2.22]

water

where E, is the effective chargeyateris the permittivity of the surrounding wategne
is the ionic charge and r is the distance fromctirgtre of the ion. Debye proposed that
the water permittivity, at small concentrationsilicbbe expressed through a function of

the form shown in Equation 2.23.

€,er = 1- ac) [Eq. 2.23]

water — enoion(

wheregyater IS the permittivity of the water phasgion is the permittivity of the water
phase in the absence of dissolved ions, a is damtnsharacteristic of the salt and c is

the concentration (motY).

Real Relative Permittivity
£r (200MHz)
™

/'

Mixing Fluid Salinity s, (p1)

Figure 2.8. The effects of water salinity on itsgrmittivity (Scholte et al., 2002).
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2.3.5 Magnetic Permeability

The magnetic permeability of soils is generally sidered negligible in
electromagnetic signal velocity measurements (Raariret al., 2003a) due to low iron
contents. However, as there may be occasions wdwi® are tested that do exhibit
magnetic effects, and as even small amounts of etemgmaterials such as magnetite
may cause significant variations in propagationpproes (Cassidy, 2007), a brief
discussion of it is included here. At an atomicelesthe motion of electrons around
atoms and molecules cause electromagnetic fieldsetgenerated, and the fact that
atoms and molecules may also have spin adds t@ieldsgeneration. In most materials
these spins are not aligned and so the fieldsgahst each other and cancel. However,
under an external magnetic field the orientatioatoins and molecules is changed such
that their spins line up (Telford et al., 1990)edo the field acting on the electrons of
individual atoms causing orbitals to exist withghlily different energy levels and with
different spatial locations (Brownlow, 1996). Thaning up of spin creates a
corresponding lining up of internal dipoles, alsnown as magnetic polarization

(Telford et al., 1990), allowing the field of eaatom to be complementary.

The degree to which the magnetic field producedabynaterial is uniform
throughout its volume determines the degree to ke material can be considered
magnetized. The degree to which a material can dgnetized is termed its magnetic
susceptibility and bodies having a uniform fielce @ermed uniformly magnetized
(Telford et al., 1990). However, it should alsormed that magnetic permeability in
geophysics is, more often than not, consideredoamogic (Nabighian, 1987). The

magnetic susceptibility determines a factor by \White permeability of free space may
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be multiplied to provide the magnetic permeabitifya particular material, through the
relationship described in Equation 2.24 (Nabighk887). The strength of the magnetic
field will determine the overall reorientation ofoens and molecules and hence, in
contrast to other electromagnetic properties, tagmatic permeability of a material can

have a complicated dependence on field strengthigRan, 1997, BSI, 1999).
H= A+ X) [Eq. 2.24]

wherep is the magnetic permeability of the materjalis the magnetic permeability of

a vacuum (see below) apg is the magnetic susceptibility.

As with permittivity, magnetic permeability alsosha value in a vacuunmug,
4nx107 Henry.m', Telford et al., 1990). Also, the magnetic perniktgiof a material
may be referred to as the relative magnetic peritigyafyL;), which is the ratio of the
magnetic permeability of a material to that of awam. Based on Equation 2.24, it can

be seen that the relative permeability can be ddflyy Equation 2.25.

M =0+ Xn) = [Eq. 2.25]

M
Ho

In terms of the parameters affecting electromagnetive propagation in the sub-
surface, the relative magnetic permeability has riwst limited range of values, a
normal maximum for geophysical work is 3, but gatigrtaken as being close to unity
(Telford et al., 1990). It has also been sugge#itatl magnetic permeability generally
only affects geophysical surveys when large quastinf FeO3 are present (Reppert et
al.,, 2000) and that the presence of iron and irardes can enhance magnetic

permeability (Van Dam and Schlager, 2000). Theesfarhile there are many types of
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magnetization, soils with relative magnetic pernilgglgreater than unity are generally

considered to exhibit ferromagnetism (Olhoeft, 1998

As the magnetic permeability of a soil determinas ¢éxtent to which it can be
magnetized under an external field, it can be dateed through measuring its
attraction to a magnetic field (BSI, 1999). Thisydes a useful means of determining
whether a soil has any significant magnetic perntigaln the field or laboratory by
attempting to attract it to a strong permanent reggeven if the determination of the
actual relative magnetic permeability is more cdogted. However, for geophysical
testing it is important to realise that the magnegiermeability under an applied
electromagnetic signal will not necessarily beghme as that in a static magnetic field.
This is because relaxation mechanisms may chargenbperties as a function of
frequency. Such relaxations may be considered airtol the Debye (1929) relaxations
in permittivity and have been expressed using tioée Gnd Cole (1941) model as

described in Equation 2.26 (Olhoeft, 1998).

H—jp=p, +ts He [Eq. 2.26]

1+ (jur )"
wherep' is the real magnetic permeabiliyy; is the imaginary magnetic permeability,
Us is the low frequency magnetic permeability, is the high frequency magnetic
permeability,t is the relaxation time and is the Cole and Cole parameter which,
according to Olhoeft (1999) is dependent upon thgmatic grain size distribution and,
for a single relaxation, equals unity. The relaxatirequency can be determined from

the relaxation time in the same manner as for gewity (see Section 2.3.4).

This illustrates that magnetic permeability need be a real number, instead

39



Chapter 2 - Literature Review

potentially exhibiting energy storage and loss megms associated with real and
imaginary parts. Therefore, it is important to urstignd that published soil magnetic
permeability data may not be representative offrajuencies, particularly as it has

been said that most such soils have not been tastegh frequencies (Olhoeft, 1998).

2.3.6 Loss Mechanisms

When an electromagnetic signal propagates in matteertain amount of the
energy is dissipated as heat. This is analogotisetavay in which microwave ovens use
electromagnetic waves to produce heat in matewas a water content (Reynolds,
1997) and why relative permittivity properties hdeen described as ‘a measure of its
ability to convert microwave energy into heat’ (Kn&®005). The dissipation of energy
in this manner is known as the dielectric loss €€ar 1975) and is not instantaneous,
thereby causing losses during polarization and esyent relaxation. Therefore,
complex permittivity can be defined in terms ofealrpart §€) and an imaginary part
(€M), with the real part representing the abilitytbé material to store electromagnetic
energy in polarization, and the imaginary part espnting the loss of electromagnetic
field energy (Shang et al., 1999). The ratio betw#de real and imaginary parts is
described by the loss tangent (tdn Tareev, 1975), as defined by Equation 2.27.
Basically, the higher the value of tan(also known as the dielectric loss index), the
greater the loss of energy will be for an electrgnaic signal, with a lossless dielectric
having a value of 0. In soils, both real and imagmpermittivities are considered
largely a function of water content. This is illkeged in Figure 2.9, which shows both
aspects of the permittivity increasing with watentent and illustrates that they vary

also between soil types.

40



Chapter 2 - Literature Review
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Figure 2.9. Real and imaginary permittivities in ®ils (Peplinski, 1995).

tand = < [Eq. 2.27]

In terms of geophysical surveys, the loss tangerdften simplified to include
only conductive losses, as shown in Equation 2R8&y(olds, 1997; Milsom, 1996).
This is an important factor for conductive soilséease, as illustrated in Figure 2.10, the

changes in permittivity of pore water with an irase in salinity (Figure 2.8) are also

accompanied by increases in the imaginary perntitthnand hence increased

attenuation.

tand=— [Eq. 2.28]
wE

The relationship between complex, real and imagimearmittivity is shown in

Equation 2.29 (Shang et al., 1999).
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e=¢g-je" [Eq. 2.29]

whereg is the complex permittivity (F.i) and j is the square root of -1.

Dielectric Loss
£q"(200MHz)

Mixing Fluid Salinity s, (/1)

Figure 2.10. Water salinity versus its dielectridoss (Scholte et al., 2002).

As with relative permittivity, complex permittivitgan be expressed in terms of

its ratio to the permittivity of free space, thréwigquation 2.30 (Shang et al., 1999).
g == —j =g e, [Eq. 2.30]
€, € €

However, for materials that also have a condugtigteater than zero (as is
generally the case in geophysical investigatiotis),complex permittivity will also be

related to that conductivity and can be calculatgdg Equation 2.31 (Reynolds, 1997).

€ =€ +j(a; +9s j [Eq. 2.31]
e

0
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whereads is the static (also known as DC) conductivity.

2.4 PROPAGATION OF ELECTROMAGNETIC SIGNALS

The basic parameter for describing the propagatfoelectromagnetic waves is

the complex propagation constap), @s described in Equation 2.32 (after IEEE, 1990)
y=jk=a+jp [Eq. 2.32]

where k is the complex wave number,is the attenuation constant (nepef§m
describing the loss in amplitude of the wave, arid the phase constant (radians)m

describing the motion of the wave and hence detengithe wave velocity.

Whereas in free space the amplitude of an elecgoseta& wave will be
unaffected by the medium, in lossy (attenuativeliaesuch as is the case with wet
soils, the amplitude of the signal decays expoa#ntias a function of frequency,
permeability, permittivity and conductivity. Thiseday in amplitude is illustrated in
Figure 2.11 (Ovchinkin and Sugak, 2002) where waignores attenuation and wave 1

includes for its effects.

(=]
1
=
[
|
s
|
|
{
v

Figure 2.11. The decay in amplitude of a signal @hinkin and Sugak, 2002).
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As the attenuation coefficient describes the Idssnergy embodied in a wave, its
depth of penetration can be determined throughxporeential relationship to. A
simple visualization of this relationship is knovas the skin depth, which can be
calculated using Equation 2.33 and describes tipghd® which an electromagnetic
wave will have penetrated at the point where theplande has reduced to 1l/e
(approximately 37%) of its original value (Ovchinkand Sugak, 2002, e is the base of

natural logarithms).
= [Eq. 2.33]

whered is the skin depth (m).

The exponential decay in amplitude with depth tigftoa homogeneous medium
is shown in Equation 2.34 (Lal and Shukla, 2004)significant aspect is that the
attenuation factor is frequency dependent, reduding penetration distance of

electromagnetic waves with increasing frequency.

A, = A [Eq. 2.34]

where A is the amplitude at distancg A; is the amplitude at greater distangeand

e=2.71828 (Calvert and Farrar, 1999).

Similarly, the velocity (v m.3) of propagation of an electromagnetic wave can be
calculated through the relationship between vejpdrequency and 3, as described in

Equation 2.35 (Hayt and Buck, 2006).

27f
\Y; [Eq ]

A
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Calculations ofa and 3 can be divided into those for lossless,oor loss,
materials (i.e. materials with low values) and those for lossy materials (i.e. malteri
where the conductive and dielectric properties eaignificanta values). As described
in Section 2.3.6, the degree of loss in a matedaal be described using the loss tangent.
Attempts to simplify the propagation of electrometiyn waves in soils have included
the consideration of the soil as a lossless méatevith a loss tangent of unity resulting
in an attenuation factor of zero (i.e. infinite paation) and the velocity described in

Equation 2.36 (Hayt and Buck, 2006).

V=—— [Eq. 2.36]

From this equation, it can be seen that the phasstant is considered only to

include the permittivity and magnetic permeabildg,shown in Equation 2.37.

B =\ ue [Eq. 2.37]

As the relative magnetic permeability of soil igenf considered to be close to
unity, Equation 2.36 is often also further redutedhat shown in Equation 2.38 (Lin,

2003).

[Eq. 2.38]

y= ©
Iz

where c is the velocity of lighh-vacuo (2.9979x18m.s* - Calvert and Farrar, 1999).

Equations 2.36 to 2.38 may be perfectly adequatade in low loss soils, such as

when they are dry. However, in wet soils, losses associated with the dipolar
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polarization of water molecules and the increaseanductivity as water contents
increase. This problem, together with difficulty predicting the complex permittivity
of soils of unknown composition, leads to a comneonsideration of the soil as a
perfect conductor, where dipolar polarization Iessee ignored. This results in the

propagation coefficients shown in Equations 2.39 240 (Hayt and Buck, 2006).

NN 7 A
a= 2( 1+ s 1} [Eq. 2.39]

B= ”‘g( 1+ o +1]2 [Eq. 2.40]

2 W'E?

While conductive losses may be significant (than#icance decreasing with
frequency) the effects of dipolar relaxation magoabccur, and so conductive losses
cannot be considered the only loss mechanism waldeircumstances. For this reason,
the propagation parameters described in Equatigiisahd 2.42 (Hayt and Buck, 2006)
are required for calculation of propagation whdre dipolar relaxation mechanism is
significant. It should also be noted that the reidumcin real permittivity involved in

relaxation causes frequency dependency in thesengders.

a= a;,/”;( 1+(‘ij 1] [Eq. 2.41]

B= ”2‘{ 1+(‘ij2 +1] [Eq. 2.42]

whereg" is the sum of the frequency dependent condugtiaitd dielectric losses, as
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described in Equation 2.43.
e'=¢y +9s [Eq. 2.43]
w

whereggp is the imaginary permittivity associated with dgrorelaxation losses.

2.5 SOIL AS AN ELECTROMAGNETIC PROPAGATION MEDIUM

It has been known for many decades that soils @rsimple materials in terms of
their electromagnetic properties. Cownie and Palnasr early as 1951, collected
available data relating to measurements of theediet constant of soils and their
review, illustrated in Figure 2.12, showed thatia@ons in the dielectric constant of
soils, with water content, were already well knownnot so well understood. They
therefore undertook their own study of a soil, diéscl by them as a boulder clay, over
a wide range of water contents, at a frequency80MHz, their results being shown as
Curve Jin Figure 2.12. It can also be seen frogufe 2.12 that it was already apparent

at this time that soils may have different proeriat different frequencies.

Based on their data, Cownie and Palmer (1951) axbhthe theory that the low
dielectric constant at low water contents was @ugvb forms of water being present:
'‘bound’ water with a dielectric constant closehiat bf ice (c. 3), and 'free’ water (c. 80)
"...with its normal value of dielectric constanit'.should be noted, however, that this
description is a little inexact as the low-frequgstatic permittivity of ice may actually
be greater than that of unconfined water, so sacinalogy is only likely to be accurate

at frequencies above 1MHz (Klein and Wang, 2005).
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trelectric Censtant

H G | [ A_ | | |
¢ 10 20 1] 40 50
Masture Content  [per cent of dry chay?
Fig, 1. Comparison of results {for key to lettering see below).

Reference Author Year Mc/s
A McPetrie 1934 223 E\dv??)
B Smith-Rose 1935 160
C  Banerjee and Joshi 1938 709
D Chakravarty and Khastgir 1938 82
E  Palmer and Forrester 1941 407
F McPetrie and Saxton 1945 60
G Ford and Olver 1946 3330
H  Straiton and Tolbert 1948 9375
I Chatterjee 1950 450
J Cownie and Palmer 1951 430

Figure 2.12. 1951 review of soil electromagnetiaqperties (Cownie and Palmer,
1951).

Unfortunately, Cownie and Palmer (1951) did not oment on the reduction in
slope of their graph as it approached water costeht40% by mass and above, but
bound and free water have remained the favoureahthe explain the nature of soil
electromagnetic property variations with water eomt(e.g. Ishida et al., 2000). A
significant reason for this is that continued resleanto the properties of soils has
shown that soil type has a significant impact anwater content over which the bound
water effect occurs, as shown in Figure 2.13. Thiicates that sands, which have

larger grain sizes and hence lower surface aread,tv exhibit much less retardation in
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the growth of apparent permittivity with water cent than clays. According to Klein
and Wang (2005) the proportion of free water canelpected to decrease with

increasing specific surface area.

However, it should be noted that Serbin et al. (30ilised TDR (see Section
2.8) and so it is not known whether the relatiopshof Figure 2.13 hold at all
frequencies (the TDR frequency being indeterminat&o, the water content range for
the Serbin et al. (2001) graph is limited to muaWwdr values than that of Cownie and
Palmer (1951) and so it is not evident whetherdaicgon in slope would occur above

35% water content by volume.

20 P
z i
E s Sand\stj(//{/
£
S0 Loams%éy/

g 5 ,M?;ié”’ 54/
<& -r“" e — Clays

0

5 10 15 20 25 30 35
Volumetric Water Content (%)

o

Figure 2.13. The effects of soil texture on the tardation of permittivity at low
water contents (Serbin et al., 2001).

However, some data are available in the literatiia® cover wider water content
ranges, such as those of Curtis (2001) shown imur€ig.14, which significantly
provides data on both the permittivity and conduisti However, these data are also
limited by two factors. Firstly, data above volunetvater contents of 50% are much
sparser than for lower water contents. Secondly,didita provide an indication of the

variability of permittivity values, but they do naallow consideration of any

49



Chapter 2 - Literature Review

relationships between permittivity and water cotitatthough importantly they show

potential upper and lower bounds. This work by Buf2001), however, is also useful

in indicating that the apparent permittivity to uoletric water content relationship in

soils may break down above water contents clog%%. Also, as for the Serbin et al.

(2001) graph, the exact measurement frequency khawn and so relationships

between permittivity, frequency and water contemtrot be derived from Figure 2.14.

100

50 e .
[ethe < 1.4 glfnr:.
80 le14gicc<rho<17 glcs
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7o
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Permittivity
2

Volumetric Moisture - %

B0

100

Conductivity - mho/m

joto< 14 glce
+ 1.4 gicc<rho =17 gico
cormor 17 gl

20

a0 80 80 100
Volumetric Molsture - %

Figure 2.14. The permittivity and conductivity ofsoils over a wide range of water

contents (Curtis, 2001).

In respect of the relationship between water cdntend electromagnetic

properties, the work of Saarenketo (1998), illustlain Figure 2.15, is therefore

significant as it provides close spacing of datanfsofor a soil illustrating the gradual

build up of both permittivity and conductivity witincreasing water content. In this

study, Saarenketo (1998) even went as far as toukgie that a new form of water,
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which he termed 'capillary' water, could be usedxplain steps in the graphs of Figure
2.15. However, in attempting to compare these tatdnose of Cownie and Palmer
(1951), Serbin et al. (2001) and Curtis (2001 )gaiicant limitation of the literature is
evident: as well as covering different water cohtamges, the use of gravimetric and
volumetric water contents between different authmaases significant difficulties in
relating their data, as the dry density is oftert pomvided to allow conversion.
Therefore, while the work of Cownie and Palmer ([@9faced difficulties because the
different "...natures of the soils used by diffdrexperimenters introduce another

variable, the effect of which cannot be taken intmsideration when comparing the

measurements on soils from different localitiesiSiapparent that modern researchers

face similar difficulties due to use of differenethods of measuring water content.

@
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- Kaolinite o —_ Kaolinite ;
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Figure 2.15. The permittivity and conductivity of Kaolinite versus water content
(Saarenketo, 1998).

As well as changes in electromagnetic propertieh wiater content, soils are
considered to exhibit relaxations due to the priogerof the water within their pores,

and so are considered electromagnetically dispr3ikiat the permittivity of a soil can
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vary with frequency has been known for many deca8esth-Rose (1935) providing
an early indication of the phenomenon for frequesitietween 1 and 100 MHz. A good
illustration of these relaxations is provided by MWiak (1993), as shown for a clay soil
from Birmingham in the UK in Figure 2.16. Wensirguhd that the relaxations in the
soils tested were of a Debye (1929) type and tiey tvere centred around relaxation
frequencies between 1MHz and 7MHz. The imaginargmgavity in the work of
Wensink (1993) includes that due to both the dleadtrconductivity and dipolar
polarization, but gives little information on thelative importance of each. However,
Topp et al. (2000) estimate that the ratio of dapab conductivity losses, in soils they
studied, were approximately 1.5 and that it depdratethe amounts of salts, clay and

water present.

30 1

Real permittivity

» ﬂ}\\ Imaginary permittivity

Imaginary permittivity

(water alone) \ »_

0 P - —pe : : — t —+—t
1 2 3 5 10 25 50 100 300 500 1000 2000 3000
frequency (MHz) ———»

Figure 2.16. Relaxations in a clay soil at a voluetric water content of 44.5%
(after Wensink, 1993).

Another example of relaxation in a soil is thatM¥itzler (1998) who found that
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relaxations also occurred even when the soil wasecto dry, as illustrated in Figure
2.17 for a Sahara sand. It can be seen from theefihat the relaxation is much smaller
than for the clay soil of Figure 2.16, which islie expected due to the low water
content as indicated by the low real permittivi{i@s3% by volume). Also of note is that
this relaxation occurs around a frequency of appmaiely 400MHz, which is much

higher than that found by Wensink (1993). It iseréfore, possible that relaxation
frequencies in sands and clays may be differere, tdudifferent types of water being

present in non-cohesive and cohesive soails.

3.0 ' 0.20
L Real permittivity
s B T 0.5
.
~ o . |
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| %, Imaginary e &
Rheo = U':, N\ permittivity +0.10 E | . ;r_lon i
(g/cmd) | N / - 3
™
1.5 ] S 40.05
3 | Q0 \g‘ T (.05
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0.1 1.0 16.0

£ {GHz)

Figure 2.17. Relaxation in a sand at a volumetrieater content of 0.3% (after
Matzler, 1998).

From the above discussion it can be seen thataniiot be considered a simple
entity in terms of the interaction between it addceomagnetic signals, due to the
varying properties of the individual componentsmbiich it is composed. Therefore it is
considered a complex system in geophysical ternes{Bor, 2002). These individual

components are termed phases and soil forms a-ph#te material comprising
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mineral particles, water and air, with additionakpes being introduced to account for
experimental observations, including bound and freder. As the grain size and
porosity, and hence the overall structure, of da@ based on the depositional history,
a relationship also exists between sedimentarygtstress and dielectric properties, from
which can be inferred that sequence boundaries camse a reflection of
electromagnetic energy (Van Dam and Schlager, 20a0jhermore, these factors also
apply to the conductivity of a soil, with porosityegree of saturation, salts in solution
and presence of clay having been cited as the faeiars (Doolittle and Collins, 1995).
It has also been identified that compaction caniBggantly affect relative permittivity,
largely due to the induced change in volumetricewabntent (Saarenketo, 1998) and
dry density, which highlights the view that the pedies of soils will vary over time
where consolidation processes occur. As both tketreimagnetic and geotechnical
properties of soils are largely dependent on tharaaof the soil fabric and pore water,
it has been suggested that these two classes énties are closely related, at least for

clayey sediments (Carreén-Freyre et al., 2003).

A major aspect of the propagation of electromagrsgnals in soils relates to the
impact of water content on permittivity and condlity. It is known that the ability of
a sediment to hold water is important and that fpgtosities, coupled with high water
levels, cause higher relative permittivities buipee the water table, this is controlled
by the ability of the sediment to retain water (Maam and Schlager, 2000). Also, it
has been known for many decades that the dielgmtoperties of water in soil pores
cannot be explained by a single water phase, vaitly eéesearch suggesting that 15% to
20% of soil water is ‘bound’ tightly to mineral pate surfaces, with a relative

permittivity close to that of ice (Cownie and PatmE951). It should also be noted that
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some researchers consider that 'bound' water méy . bound at lower water
contents, the whole water layer achieving a peivitittequivalent to ‘free' water once a

certain water content is reached (Boyarskii et24Q2).

However, the properties of water confined in a poile are not the same as those
for unconfined water (e.g. Low, 1979). Under an ligobvoltage, unconfined water
molecules do not normally fully orient themselveishwhe current flow path until the
field strength exceeds 1&¥m™ (Choi et al., 2005). However, research indicates, for
confined water dipoles, the required field strengtay be reduced by as much as a
factor of 1000 and that there is a reduced enemyidv for translation of water

molecules (Choi et al., 2005).

This is particularly significant for fine soils, whe pore sizes can be smaller than
10nm and have been reported as being centred apatedseparations as small as 3nm
(Sills et al., 2006). Also, in rarer cases whereliie clays are present in the soil
structure, pores may be as small as 1nm, with agedcdisruption of the hydrogen
bonding potential of water to the degree that tledewmay be unable to freeze even
within a super-cooled temperature region of 15@35 °K (Jansson and Swenson,
2003). Furthermore, Hoekstra and Delaney (1974¥idened that unfrozen water may
exist in soils at temperatures below -30°C and iléetaresults indicate that, in
montmorillonite clays, some water may even be w#noat -80°C. Even at only -4°C,
Wu (1964) found that up to 22% of water may be axén in clays and that the amount

may increase with the Liquid Limit of a soil.

Also, Hoekstra and Doyle (1970), working with sadiumontmorillonite at

9.8GHz, showed that below 0°C the relative permijtidrops rapidly to much lower
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values than would be expected for temperatureseatim freezing point of water. All
of these factors lead to a need to consider theposite electromagnetic properties of

soils.

2.6 COMPOSITE SOIL ELECTROMAGNETIC PROPERTIES

Predicting the overall electromagnetic parametdra ®oil from those of its
individual constituents is important to a full umstanding of the mechanisms
responsible for the measurement of soil water cdntfom electromagnetic
measurement data. However, this causes a greatotleamplexity due to the wide
range of mixing models available, with at leastrtyetwo different models to choose
between (van Dam et al., 2005). That so many masest indicates that no one model
can be expected to provide theoretical predictiohsoil electromagnetic properties
under all circumstances (Boyarskii et al., 2002)d aotentially variation in relevance
between complex and non-complex valued data (Sahvi91). Also, for acceptable
accuracy soil-specific calibration curves are oftensidered necessary (e.g. Logsdon,
2005b), despite the wide range of models availad®wvever, these models can, in
simple terms, be loosely categorized as simplemetic models, empirical models and

phenomenological models.

An example of the first category is volumetric nmigj which is based simply on a
pro-rata proportioning of the permittivity of eaphase according to the volume each
occupies. As described earlier, the polarizatiomndfvidual atoms and molecules can

be summarized as the product of the distance vactotved in the charge separation
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and the atomic charge involved, with the polar@atof a specific mass of uniform
material being simply the product of this value #mel number of polarizations involved
(Dobbs, 1984). This, therefore, introduces the #mpodel for the permittivity of a

composite material shown in Equation 2.44 (Tar@évp):

€= Zyigi [Eq. 2.44]

whereeg is the effective permittivityg; is the permittivity of the fraction and is the

fractional volume.

The concept of a mixing model can therefore beoduced, with Equation 2.44
providing the simplest means by which compositeppribes can be determined. It
should also be noted that this equation is nottéichito theory as it has been used
practically within geophysics, such as in a recaty of thermal microwave emission
depth and soil moisture remote sensing (Nedeltch®99). However, the permittivity
of most composite dielectrics could be consideteat ©f a chaotic, or stochastic,
mixture of several components (Tareev, 1975), lgadio potential for the bulk
electromagnetic properties of an inhomogeneousrmahte act as a random distribution
of individual properties. Therefore, in his work dme physics of dielectrics, Tareev
(1975) introduces the Wiener equalities, which giveoretical upper and lower limits

for the likely permittivity of static mixtures (séguation 2.45).
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Other such theoretical bounds are also availablechware claimed to decrease
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the potential range between possible upper andrlealees (Sihvola, 2002), however
they provide no exact value for composite electrgmesic properties. A further
problem with simple volumetric models, and theaadtibounds, is that they require
advance knowledge of the properties of each phaieib terms of water content and
frequency variations, and potentially the proporsi@f bound and free water. They can
also suffer additional complexity where the mixing based on calculations for
inclusions in a background medium, as it can bdeanas to which phases should be
considered inclusions and which background: an mapbd consideration for soils
where water contents can potentially range frony vew to very high. The Hashin-
Shrikman upper and lower bounds, for instance,careposed of the same model but

with the phases representing inclusions and baadkgrmterchanged (Sihvola, 2002).

Therefore, for inhomogeneous multi-phase soil niedu(i.e. those consisting of
various proportions of air, water and soil parsglehere was a need for a more
sophisticated mixing method, but the propertiemamfinhomogeneous dielectric were
considered too complex to model as a simple sunomati fractional permittivity.
There is also difficulty inherent in modelling bubbehaviour at an atomic level, as
permittivity in geophysical terms is a macroscopaameter rather than a property of
each individual atom and molecule in the substa(tareev, 1975). A more
sophisticated model for use on composite dielectie the Lichtenecker-Rother
formula, also known as the ‘logarithmic law of nmgi, which adapts Equation 2.44 by

utilising the base 10 logarithm of the permittivitglues (Tareev, 1975).

Similarly, mixing models also exist that rely ondaty an exponent to Equation

2.44 and so are referred to as the exponentialiasn(Sihvola, 1991). While some
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mixing models are two-phase in calculating comgogiermittivity of inclusions in a
background permittivity, exponential formulae, uning the implicit exponent of 1 in
Equation 2.44, have the advantage of being symoaétiie. there is no confusion as to
what phases can be considered inclusions or bagkdr(sihvola, 1991). One of these,
the Complex Refractive Index Model (CRIM), takes amponent of 0.5, so
transforming the mixing of permittivity values tbet equivalent refractive indices.
CRIM (Equation 2.46: after Cassidy, 2008) has bexqgmopular for near surface
applications because it is generally consideredplemrobust and generally of
acceptable accuracy, and because it has the adeaotaequiring knowledge only of
the permittivity of a materials constituents (Cdgsi2008). In TDR testing, for
volumetric water contents below 40%, using the sguaot of permittivity has been
shown to give acceptably accurate linear relatigssto apparent permittivity (Siddiqui

et al., 2000).

wheree is the effective permittivityg; is the permittivity of the fraction, and ¥ the

fractional volume.

While simple volumetric mixing is adequate for simpmixtures, it could be
considered inadequate for complex, often largehomogenous, soils and so has not
been widely used for predicting soil electromagnetioperties. The rise in popularity
of time-domain reflectometry (TDR) since the ed880s, however, has illustrated that
a different approach to soil electromagnetic prgaiicis possible that can provide

accurate relationships between an apparent perityitand volumetric water content
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based upon empirical relationships. An importardnegle of such empirical work is
that of Topp et al. (1980) who studied the effetta/ater content on a number of soils,
and some examples of their data are illustratddgare 2.18. Their work resulted in the

Topp model (Topp et al., 1980), shown in Equatiaty2
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Figure 2.18. Some of the soil data that culminateith the Topp Model (Topp et al.,
1980).

£ = 303+ 930+14600° - 7676° [Eq. 2.47]

wheref is the volumetric water content (%).

However, the Topp model is based entirely on TDR,dahich measures signal
velocities over a wide frequency range, and fromnthprovides a single frequency-
indeterminate permittivity value. Therefore, itpagability is not universal, as it does
not provide any data on variations in measuredrmem@gnetic properties with changes
in frequency. While the Topp et al. (1980) mode$ baen shown to provide accurate
data for many soils, it has also been said to béedded in the literature with

unintended consequences, and to have held badieltieof water content monitoring
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through misapprehension that all sensors, whetime- tor frequency-domain, measure
comparable apparent permittivity data (Evitt andkiPa 2005). However, models do
exist that can be considered to represent varmtchre to both frequency and water
content. An example of such a model is that of Wdn§1993) which was based on
measurement of the complex permittivity in soilsfraiquencies between 1MHz and
3GHz. From these tests Wensink determined two mixnodels, one for 50MHz and

one for 1GHz, as shown in Figure 2.19 and Equat?f#8 and 2.49.
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Figure 2.19. Data used in the Wensink 50MHz and 1id& models (Wensink,
1993).

g, 6G0MHz) = 14+ 8760 - 1876° [Eq. 2.48]

g, (IGH2) = 32+ 4140 + 1606 [EqQ. 2.49]

The 1GHz model is of particular significance assthdata showed that the effects

of relaxation in the soils tested were minimallattfrequency. This accords with the
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findings of other researchers that methods suchi® are generally insensitive to
operating frequency above approximately 500MHz Igadrs et al., 2005a; Evitt and
Parkin, 2005). Therefore, the 1GHz model could Is®duas a measure of the
electromagnetic properties of a soil largely fremnf the effects of dispersion, whereas
the 50MHz model could provide an indication of thagnitude of any dispersion that
may occur at lower frequencies. In comparison teiomodels, the Wensink model is
particularly significant due to it providing muliiequency data, and because it shows
that there are some common features between sctt@mnagnetic properties and water

content at both of those frequencies.

Despite their obvious importance in relating sédceromagnetic properties and
water content, neither the Topp et al. (1980) noengihk (1993) models include
geotechnical parameters other than water contdms. could be considered a limitation
given that it has been shown that such factorgyagehsity may also play a role in the
propagation of electromagnetic waves in soils. @&foge, it is also important to
acknowledge the existence of semi-empirical modatsed on a wider range of physical
properties. An important example of this sort ofdelois that of Peplinski et al. (1995).
However, while more detailed geotechnically thansth of Topp et al. (1980) and
Wensink (1993), the model of Peplinski et al. (1)989&s some limitations of note in this
study. For instance, the frequency range coveresi30@MHz to 1.3GHz, thus giving
limited low-frequency information on the effectsd$persion. Also, it requires advance
knowledge of soil texture (i.e. sand, silt and ghmgportions) which limits its potential

application in non-contact water content deterniamat

The Topp et al. (1980) model has often proven dgebdp for all but dispersive
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soils, and has found extensive use in the mongooinsoil water content using TDR.
Also, the Wensink model has shown itself to provigseful correlations to real
permittivity data close to 1GHz (Thomas et al., @@0and the work of Peplinski et al.
(1995) provides a geotechnically more advancedemadbeit limited in terms of water
content measurement. However, each, while of saggmf value in allowing
interpretation of electromagnetic data, are emntinpirical models and so do not
illuminate the underlying mechanisms responsibletfi® composite electromagnetic
properties. This limitation of empirical modelspartly addressed by phenomenological
models based on theoretical electromagnetic pnegedf, and interactions between,
microscopic particles. Generally, these are basednd considering bound and free
pore water to act differently in terms of their @temagnetic properties. A popular
example is the De-Loor model (Dirksen, 1999), whishbased on the theoretical
interactions between disc-shaped particles in.sdier a four phase soil system, this

model has been reduced to Equation 2.50 (Dobsah, €1985).
- 385 + 2(9 _ ebw)(‘(':fw _ Es) + 29bw (Ebw _ Es) + 2(¢ _ e)(aa _ 85)
3+(e—ebw)(ss—1j+ebw( " —1j+(cp—e)(ss—1j
gfw gbw Ea

where ® is the porosity,0 is the volumetric water content ardis the relative

[Eg. 2.50]

permittivity of each phase. The subscripts a, 8, dnd fw correspond to air, soll

minerals, bound water and free water, respectively.

However, while very sophisticated, the De-Loor nmidues been criticized for not
being capable of describing the complex permittigit lower frequencies (Heimovaara,
1994). Also, it is apparent that this model requiaglvance knowledge of the amounts

of bound and free water present, which would misy be unknown. It has been
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widely reported that bound and free water, in sditsse different properties in terms of
their interaction with electromagnetic signals, hwitarge increases in relative
permittivity when the transition point between thveo is reached (Alex and Behari,
1998). It has therefore been suggested that sdilasaa four phase material in terms of
permittivity, with values of relative permittivitquoted as 4.5-7 for mineral particles, 1
for air, 3.5-3.8 for bound water and 81 for freetavgHuang et al., 2005). However,
other sources put the range of relative permitioit bound water as 6-30 for the first
and second water layers (Serbin and Or, 2005) atehpally higher in the work of
Saarenketo (1998). The significance of bound wegahat, due to dielectric losses
being based on the intermolecular bond types amshgths (Saarenketo, 1998), it is
rotationally hindered (Debye, 1929) by its ordaatyachment to mineral particles. This
is why tightly bound water nearer the mineral stefés considered to have a relative
permittivity close to that of ice (Saarenketo, 1p98cause in ice the tight binding of
the water molecules also hinders their rotations,ltherefore, interesting to note that
the texture of a soil is considered by some astfaslated to the bound and free water

content (Alex and Behari, 1998).

Research in recent years has indicated that s@lsreach relative permittivities
in excess of that which could be calculated usisgrgle summation of the fractional
permittivities, with values significantly in exces$ 81 having been reported in some
samples (Saarenketo, 1998). This is illustratedrigure 2.20 for a number of clay
samples. The results of this research led Saamer(#€98) to conclude that ‘... the
relation between dielectric value and moisture eonts more likely to be a series of
logarithmic functions than the exponential relasioip that is usually used with

dielectric mixture models’ (Saarenketo, 1998). Tpesspective challenges the generally
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applied mixing models and indicates that furtheeegch is required if a mixing model
is to be formulated that is considered to work ptal@ly under all geophysical
circumstances. However, it must be noted that thekvof Saarenketo (1998) was

confined to gravimetric water contents below 40%d(aften below 30%).
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Figure 2.20. Calculated permittivity of the waterphase in a number of soils
(Saarenketo, 1998).

Fine-grained soils, such as clays, are likely ia tield to have water contents
between their Plastic and Liquid Limits (Craig, I99which could have impacts on the
usefulness of lower water content data. Furtherptbiee water phase permittivity data
of Saarenketo (1998) are only valid for low freqties around 50MHz, so do not
provide a full picture for a dispersive soil. Alebinterest in this regard is the study of
Topp et al. (2000), who concluded that the presefsalts and clay causes a reduction
in the real part of the apparent permittivity oé tivater phase in soils, in comparison to
free water. Furthermore, it has been suggestedtlieashape of soil particles, and the
associated shape anisotropy, may cause variationsapparent permittivity
measurements depending on the orientation of thasamement (Arulanandan and

Smith, 1973; Beroual et al., 2000; Hillhorst et 2000; Jones and Or, 2002; Jones and
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Friedman, 2000; Karkkainen et al., 2001; Muhuntlearal., 2000; Whites and Wu,

2002), which also relates to magnetic propertiesg{dnd Saraf, 1989).

While it could be concluded that knowledge of thectional proportions of each
soil phase may provide an approximation of the cwsitp permittivity, it should be
noted that these properties may themselves be dgndopp et al. (1980) studied the
effects of temperature on soil, as shown in Figdr8l. They concluded that
temperature may not be a significant factor indbparent permittivity of a soil under
normal circumstances. However, it should be noted their data did not include low
temperatures below 10°C which could feasibly oemder field conditions, nor the sub
0°C temperatures that Hoekstra and Doyle (1970yvetovould result in significantly

reduced relative permittivity.
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Figure 2.21. Variations in the apparent permittivty of a soil due to temperature
(Topp et al., 1980).
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Under normal circumstances, the permittivity of @vah a material is expected to
decrease with increasing temperature (as this woeiltthe case for pure water - Hasted,
1973), but research has indicated that, for sorig, e reverse may occur (Jones and
Or, 2002). It has been speculated that this magueeto the amount of water adsorbed
on a mineral particle at a particular temperatwié) variation in temperature affecting
the proportion of total water in each of the boand free pore water phases (Wraith et
al., 2001; Or and Wraith, 1999; Klein and Wang, 200The degree to which
permittivity may increase with temperature mayyéifiere, be dependent on the specific
surface area and would be expected to have asmlifg limiting temperature (above
which permittivity would not increase) due to dejae of adsorbed water molecules.
There is some evidence in the literature to supfiost view, including the study by
Drnevich et al. (2001a) illustrated by Figure 2.Zhat study indicated that sand
permittivity may have a tendency to either remainstant, or decrease, with increasing

temperature, but that cohesive soils may havedetay to rise.
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Figure 2.22. Temperature dependence of apparent paittivity in cohesive soils
and sands (Drnevich et al., 2001a).
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However, it should be noted that their data shoat the apparent permittivity

may change at a rate of approximately 10% per Hd%€mperature change, compared

with measurements at a temperature of 20°C. Iis@ @ossible that such variations are

associated more with high water contents than loesdEvitt et al., 2005). Therefore,

for laboratory measurements it can be seen thit ilnportant to ensure that room

temperature variations are not large, but not #oetktent that it should be a significant

problem when testing is carried out in a geotedirtiesting laboratory. But, for field

measurements, it is apparent that temperatureatimme will be necessary to account

for the much wider temperature variations. Alsantérest in the work of Drnevich et

al. (2001a) is that they attempted to relate thata to the Plastic Limit, as shown in

Figure 2.23.
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Figure 2.23. Slope of the apparent permittivity tenperature variation of clay soils
versus the ratio of water content to Plastic Limit(Drnevich et al., 2001a).

They found that the tendency of the cohesive fine-grained) soils to vary with

temperature was not necessarily a function jushefwater content, but potentially has
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a maximum at a water content above the PlastictLifowever, it should be noted that
the work of Drnevich et al. (2001a) is limited ierms of full consideration of
temperature effects at all frequencies, as thessmements are based on TDR data.
This is significant as the changes in apparent pvity may therefore be due to
changes in permittivity, conductivity, measureméetjuency, or all three. As ionic
conductivity can be expected to increase with teatpee, the mechanism behind these
temperature variations is therefore unknown. Howewerk by Hoekstra and Delaney
(1974) suggests that the relative permittivity ni@geed increase with temperature up
to 30°C, although close to 0°C and below it wibbgliquickly as the water freezes such

that the relative permittivity is in the regiontbfee to four.

2.7 GEOTECHNICAL CHARACTERISATION PARAMETERS

An important aspect of fine-grained soils is thait mineral surfaces can be
considered to have similar surface charges perafrstirface area (Mitchell and Soga,
2005). On this basis it can be expected that theuats of ions present, and their effects
on the properties of the pore water, will be layggtpendent upon the specific surface
area of the soil and its dry density, the two thgeproviding the available surface area
per unit of soil volume. Also, the quantity of wafgesent can be expected to be very
significant: firstly because it will displace aitif, 2003) so changing the spacing
between soil particles and, secondly, because whlischange the dry density in
saturated soils (Thomas et al., 2008b). Similatlgpuld be expected that the pore size
will be dictated largely by the quantity of waterepent and the surface area, so the

thickness of water layers would also be determibgdhem. Therefore, it could be
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argued that geotechnical properties associated wsittface area, including any
potentially associated with bound and free watewld be significant in terms of
electromagnetic properties. It is, therefore, i$&ing to note the work of Wraith et al.
(2001) who suggest that there is a fundamentatioakhip between the effects of
bound water on signal velocity measurements, aadnineral surface area. Similarly, it
has been suggested that the Liquid Limit of a sojhractice a measurement of its shear
strength, is linearly related to its specific sadarea, including through the formula of

Farrar and Coleman (1967) given in Equation 2.51.
W, =19+ 056A, [Eq. 2.51]

where W is the Liquid Limit (% by mass) andsAs specific surface area trg?).

This has been taken further as a concept by ottsmarchers and the work of
Dolinar and Trauner (2005) is a useful examplehkir work they related the specific
surface area and inter-grain water content at figelidl Limit in a range of soils of
different mineralogy. They concluded that this ftielaship was also linear, as
demonstrated by Figure 2.24 and Equation 2.52. Mewet should be noted that the
linear relationships are not the same in Equatib% and 2.52, the former representing
total water content and the latter measuring igtarn water only. This causes some
difficulty as it is not necessarily possible to efetine the amount of inter-sheet water
that will be lost through oven drying at 105°C whte Liquid Limit is determined.
However, it can be implied by these linear relaglips that the Liquid Limit is a useful
indicator of the specific surface area of a sdilisTis significant as other geotechnical

parameters could also be considered related tacidrea.
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Dolinar and Trauner (2005) also concluded thatuhedrained shear strength of
fine soils, which is effectively what the Liquid rhit test measures, is proportional to
the free pore water, but does not depend on theuaimad water firmly bound to clay
mineral particles between individual sheets. Thisignificant, as this could imply that
a duality of electromagnetic properties may be edusy free pore water related to the
Liquid Limit, and bound, inter-sheet, water relatedthe clay mineralogy: that is, it
could be speculated that the bound water of ele@gmetic research is actually inter-

sheet water, and free water may then be inter-gvater.
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Figure 2.24. The inter-grain gravimetric water corient as a function of the specific
surface area of clays (Dolinar and Trauner, 2005).

w, =319+ 081A, [Eq. 2.52]

where w is the inter-grain water content (% by mass).
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The influence of mineralogy on the diffuse douldger, said to exist around
mineral particles, is also an important aspecteflinks between electromagnetic and
geotechnical properties. For instance, Prakash Saitharan (2004) investigated the
relationship between mineralogy and free-swellingpprties by comparing the volume
of soils in water and carbon tetrachloride, thé&elabeing non-polar and so suppressing
the effects of the diffuse layer, thereby encourgdiocculation. They found that not
only could the free-swell properties be used tadgtemineralogy, but also that this
could similarly be achieved using the Liquid Limitis is interesting in relation to the
two separate linear relationships between the Hidqumit and specific surface area
discussed above. As one was based on total measated content, and the other only
on inter-grain water, it could be considered tihat divergence of these water contents
with increasing Liquid Limit could be based on ches in specific surface areas

brought about by mineralogical differences.

Also, the degree of change of shear strength in lifgpid Limit cone-
penetrometer test, with changes in water contemiyk as the flow index, could be
expected to be steeper for soils with higher spesiirface areas. This is because the
displacement of mineral particles in a saturatetl dwe to addition of water, while
being similar in mass between soils, will causegoprtonally higher changes in surface
area per unit volume as specific surface areaase® as has been demonstrated by the
work of Sridharan et al. (1999). Further researtinterest is that of Sridharan and
Nagaraj (1999) who investigated the absorption atewinto twenty seven different soil
samples when placed over saturated sand. Thes¢hegtéhen related to the measured

water content at the Liquid Limit (Figure 2.25).
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Figure 2.25. Absorption water content versus Ligud Limit (Prakash and
Sridharan, 2004).

Their results showed that fine-grained soils angabée of absorbing significant
quantities of water under unconfined conditions #mat the resulting water contents
were close to the Liquid Limit. The linearity ofelin relationship also implies that there
is some commonality of properties between soilssadso shown by the Liquid Limit
to specific surface area relationship. It shoukbdbe noted that the work of Prakash
and Sridharan (2004) raises the possibility tharehmay be relationships between
electromagnetic properties and shrink/swell behavio fine soils. Furthermore, as
shrinkage could be loosely considered related toeralogy by that study, and as
Dolinar and Trauner (2005) indicate a relationgbgtween mineralogy and inter-grain
water content at the Liquid Limit, it is possibleat shrinkage properties can provide
some indication of electromagnetic properties. Homve as shown through

investigating the shrinkage and Liquid Limits oflsuixtures, at varying proportions,
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Sridharan and Prakash (2000a) found that the oelstip between the two parameters
is not entirely clear. Examples of their data dreven in Figure 2.26 and it can be seen
that it cannot be concluded that shrinkage propostiwill show the same relationships
to specific surface area that are apparent forLtgaid Limit, at least in mixtures of

soils of different origins.
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Figure 2.26. Liquid and shrinkage limits in soil mixtures (Sridharan and Prakash,
2000a).

As it is the clay fraction of fine-grained soilsathis associated with the highest
specific surface areas, the percentage clay fractould be considered to be a useful
means of gauging the amounts of different typepat water present. However, as
indicated by Dolinar and Trauner (2005), it is polesthat the amount of inter-grain
water is of greatest importance and that total watethe Liquid Limit may be less

relevant, although this could be disputed by thekvad Farrar and Coleman (1967).
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Therefore, it cannot be conclusively determined tiviethere should be a good
relationship between clay content and specificam@farea for the purposes of this
study. However, work by Sridharan and Prakash (@pOdlustrated by Figure 2.27,
indicates that there may not be such a relation$luther factors, such as mineralogy,
are ignored. However, for the work of Peplinski &t (1995), whose complex
permittivity studies of five clays showed corredatito clay content, it is possible that
for the small number of soils tested some relahgnmay however exist. As their study
utilised soils with clay contents between 5% ané2@ is also possible that there may
be relationships between clay content and complkexnitivity when variations in
specific surface area are averaged over smallcdayents. However, for fine grained
soils, where particles may potentially be anywhapeto 425um in size, Figure 2.27
indicates that caution needs to be exercised irsidening clay proportions to be a

useful indicator of specific surface area.
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However, regardless of the potential lack of catieh between the proportion of
clay present in a soil and the Liquid Limit or sihecsurface area, it is to be expected
that the specific surface area of the smallest B@aetions will be greater than the
largest. Therefore, the effects of any bound webelld also be greatest for the smaller
sized particles and so they may also be more disge(Raythatha and Sen, 1986). This
is illustrated by the work of Arcone et al. (200@hich measured the complex
permittivity of different size fractions of a saler a very wide frequency range, as

illustrated in Figure 2.28.
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Figure 2.28. The permittivity of different particle size components of a soil: (a)
real and (b) imaginary parts (Arcone et al., 2008).

It can be seen from Figure 2.28 that there is Bamitly greater dispersion, and
associated losses in the imaginary part, for thallsst particle sizes, as would be
expected from the work of Raythatha and Sen (198&).the soil studied, the fraction
greater than 2dm exhibited lower permittivity than the soil as aale, and that below

approximately 1GHz the smaller particles less thdmm had much greater permittivity

76



Chapter 2 - Literature Review

than the whole and exhibited significantly greatespersion. Therefore, as the specific
surface area of each particle size would be depgnagon mineralogy, it could be
argued that the specific surface area and sizaeldison of particles are both important
in terms of electromagnetic signal velocities. dtalso significant to note that the
smaller size fractions, all of which have similaater contents, converge at frequencies
close to 1 GHz in the data of Arcone et al. (2008iis is interesting in relation to the

1GHz relationship found by Wensink (1993).

In considering geotechnical data it should alsob®forgotten that an objective
of this study is to allow use of simple geotechhicalicator tests to estimate the
electromagnetic properties of soils. Sources ohsundicator data can be found, for
instance, in widespread soil survey reports, stugerjects and theses. Taking the UK
as an example, such data are widespread, as ieditgt Rogers et al. (2009), and
illustrated in Figure 2.29 which shows the extehtgeotechnical data held by the
British Geological Survey (BGS). As Figure 2.29%hbws, the majority of geotechnical
samples studied by the BGS have been dominatelgebsize fraction of 425um or less,
which means that a study of fine-grained soils Wdug fully relevant to the dominant

fraction.

Also, from Figure 2.29(b) it can be seen that thdata are relevant to near
surface applications and, from Figure 2.29(c) it ba seen that the data well represent
low-lying UK areas where most major population cesitare to be found. Furthermore,
Rogers et al. (2009) show that the geotechnicalir&lprovides a good correlation
between the Liquid Limit and index of plasticity shown in Figure 2.29(d). Given that

the BGS database includes more than twenty thoudatadlocations for geotechnical
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indicator tests, as shown in Figure 2.29, it isappt that an approach tailored to
estimating electromagnetic properties from thosept laboratory tests may yield a

widely relevant cross-disciplinary methodology.
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2.8 MEASUREMENT OF SOIL ELECTROMAGNETIC VELOCITY S PECTRA

2.8.1 Time-Domain Reflectometry (TDR)

The popularity of TDR, as a means of measuring sldttromagnetic signal
velocities, grew from work in the mid 1970s (Rolmnst al., 2003a) and culminated in
the work of Topp et al. (1980). It was developerhddy as a means of measuring
volumetric water contents in soils through thelatienship to signal velocity. Prior to
the work of Topp et al.,, TDR had been used forssmbkearch, as demonstrated by the
seminal work of Hoekstra and Delaney (1974) coweran wide frequency range
(through inversion of time-domain data) and gravimewater contents between zero
and 15%. However, the work of Topp et al. (1980) diot require the complex
sampling oscilloscopes and measurement diodes eksdtia and Delaney (1974) and,
although the data provided by the system of Toppalet(1980) were orders of
magnitude less detailed than that of Hoekstra agldri2y, it showed correlations to soll
water content without complex data inversion. Altgb at first there was opposition to
this new method (Topp et al.,, 2003), and despirettbeing other methods for
electromagnetic measurement and in-situ water oodtetermination (Gray et al, 1982;
Dorsey et al., 2005; Venkatesh and Raghavan, 200&),now a widely used, well-
characterized, soil physics measurement tool. Thexeit is apparent that the main
advantages of the work of Topp et al. (1980), fnwmch the popularity of TDR grew,
was the simplicity it offered in terms of equipmemd data processing, in comparison
to otherwise similar TDR systems. It has also foundvide range of applications
including agricultural water content determinat{eng. Nadler et al., 2006), correlation

of soil electromagnetic properties to ground pexgtg radar data where good
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correlation has been found (Pettinelli et al., 20@nd even determination of ground

shear locations using buried cables (Dowding e280D2).

The time-domain reflectometry (TDR) measurementesgscan be explained
through the illustration of Figure 2.30. In simp¥ms, an electrical pulse is injected
into a coaxial cable and a proportion of the putseeflected from any impedance
mismatches encountered, and potentially some nthgteafrom an open end (Bakhtiari
et al.,, 1994). This reflected energy is then sath@e high speed inside the TDR
equipment, to provide a graph of reflected sigmedrgy versus time. If the distance
between two reflections is known, as is the casdHhe start and end of a probe, the
time axis can then be converted to one of distalidbe velocity changes, as when a
probe is placed in soil or water, so too will tiree measured between the reflections.
This, therefore, results in a change in measurst@mite, which can be used to calculate

the velocity at which the pulse propagates.
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Figure 2.30. The TDR measurement system (Robinsat al., 2003a).
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On this basis, if the time is considered to be tbhatwo-way travel in the probe
(i.e. inward and reflected from the end) as shawkdquation 2.53, and the propagation
velocity is treated as lossless (Equation 2.54eatgal for convenience from Equation
2.38), then the time can be determined from Eqnaf®5 (after Kelleners et al.,
2005b). However, as will be recalled from the dsstan of loss mechanisms and
propagation, the velocity in soils is generally tiwdt of a lossless case. Therefore, the
apparent permittivity is neither the real nor inmagy part of the permittivity, but
instead a representation of signal velocity (Linakt 2003). In low loss cases, the
apparent and real permittivities can be expectebetaclose in value and, as losses

increase so also will their divergence.

2L

t=— Eq. 2.53
v [Eq ]

v =L* [Eq. 2.54]
e

t= ZL(\F [Eq. 2.55]

where t is the travel time of the pulse (s), Lhe physical length over which the pulse
propagates (m), V is the signal velocity (),sc is the velocity of lightn-vacuo (m.s

1), ande; is the apparent permittivity.

Equation 2.55 can be re-arranged to provide therappgermittivity from the
measured time between reflections. However, onth@feasons why TDR became so
popular after the work of Topp et al. (1980) wasirthese of commercial TDR

equipment that reduced the cost to a level suitedsleommon use in soils research.
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The equipment used, designed to determine thendistto faults in cables, therefore
provided distance data rather than time data. Wais achieved by setting the cable
propagation velocity on the equipment. Thereforg, is traditional in TDR
measurements to undertake calculations based astanck scale determined by an
assumed constant velocity, the velocity of lightacuo often being chosen. In this case
it can be seen from Equation 2.55 that the distdanca reflection will increase in
proportion to the apparent permittivity of the niatke being tested, leading to the
relationship of Equation 2.56 between measuredpduydical length that is scaled as a
function of the equipment propagation velocityisgt{Jones et al., 2002). In reality the
physical probe length is adjusted through measumésme materials of known apparent
permittivity (generally air and water) to accouat finy deviation of the measurement
system from an ideal configuration. For simplicitiye propagation velocity factor can
be set to unity, resulting in Equation 2.57, whieshould be noted that the cable tester

automatically corrects two-way travel times to gikie one-way distance.

2
* X, —X
e =22 71 Eq. 2.56
(%) o 250
L 2
£ :(&j [Eq. 2.57]
I‘PROBE

where % and % are distances to the probe end and start reftectiespectively (m),
Ltpor is the probe length measured using TDR (m) aggbde is the physical probe

length (m).

However, one aspect that is not clear in these uneasents is the frequency at

which the TDR data are valid. For a lossless mitelti could be expected that the
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apparent permittivity would be frequency-indeperidéme to a lack of water, but in
dispersive materials the wide frequency range erten the TDR pulse could be
expected to cause electromagnetic dispersion. Hemyvexhile TDR measurements are
commonly associated with frequencies close to 14zt and Parkin, 2005), research
has indicated that the power level of the frequebagd generated by the electrical
pulse in TDR equipment may be significantly biasedrequencies below 500MHz in
wet soils (Friel and Or, 1999). Therefore, highexgliencies may be attenuated in
conductive soils to the extent that they have elitihfluence on time-domain
measurements. The total bandwidth (i.e. frequeremyge) of the TDR pulse is
equipment dependent and proportional to the pugsetime employed. Robinson et al.
(2005) consider the effective maximum frequencythe pulse to be as shown in

Equation 2.58.

:OtiS [Eq. 2.58]

r

feff

where £ is the effective maximum frequency (Hz) aptstthe pulse rise time between

10% and 90% amplitude (s).

It is apparent that short pulse rise times willdgsociated with higher frequencies
than long rise times. It has been suggested tlmtmbasurement frequency of TDR
corresponds to the highest frequency provided byptiise (Lin et al., 2003), although
this frequency may reduce in comparison to th&amifation 2.58 due to the attenuation

of higher frequency components in soils as obsebyedriel and Or (1999).

As can be seen in the above discussion, TDR ben&fim a very simple

measurement methodology, combined with relativelgxpensive and commercially
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available equipment that is easily transferredaib geophysics. While this adds to the
popularity of TDR, the probes used with it are aéso important factor. The most
common types of TDR probes are illustrated in Feg2u31 and essentially each consists
of a cable connector mounted on the probe headefgky metal or plastic) and a
number of metal pins or plates. One of the pinsplates, is connected to the inner
conductor of the cable, and the others to the oalblerical earth. According to Zegelin
et al. (1989), the two-pin configuration was thstfito be used with TDR, by the team
of Topp et al. (1980), but this form of probe calisgnificant impedance mismatch at

the cable/probe interface.

Figure 2.31. Common TDR probe types (Robinson et.a2003a).

They therefore developed the three-pin configuratio order to remove
"considerable signal and information loss" and fbtims, and a similar four-pin probe,
to have electrical properties close to those okiadransmission lines (Zegelin et al.,
1989). The three-pin probes are essentially aegfant of the two-pin versions, with

both outer pins connected to an electrical eartte Gonstruction of these probes is,
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therefore, quite simple and robust and they maysib®ly constructed by the user,
although commercial versions are also availablshdtuld be noted however that Jones
et al. (2002) caution against repeated insertiehramoval of probes, as this may result
in air gaps that can degrade the accuracy of TDR. dahas been noted by Whalley
(1993) that the wide variety of probes and cellgetlgped for use with TDR also has a
negative aspect in that it can be difficult to "tast these designs to enable the

experimenter to select an appropriate system."

The ease of construction of the probes has ledtalseore complex TDR probe
designs, although still compatible with the TDR hwetology described in this section.
For instance, TDR probes are generally too largeue in standard geotechnical
experiments and this led Persson et al. (2006¢veldp a small probe suitable for such
uses as measurements of water content in small cadilmns (Figure 2.32(a)).
Essentially, the physical length of the probe mes$iby TDR is increased, in relation
to the total probe length, by winding the centrahductor into a spiral. This has the
advantage that the short probe length does noeausduction in apparent permittivity
resolution, which would be associated with the étdime measurement resolution of
the TDR equipment (i.e. the travel time remaingédaimn relation to the minimum
measured time increment). Also of note is the \detavolume TDR probe of Souza et
al. (2004), which eliminates the restrictions o€ throbe head by replacing it with
separate cables for each pin/rod (Figure 2.32W}ile the lack of a probe head does
cause the additional work of separately insertimgl a&moving each pin, this is
mitigated by greater flexibility in the choice ofgibe geometry and the potential to

measure water content over variable soil volumes.
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Further proof of the versatility of TDR in geoteatal research has also been

provided by Lin and Tang (2005) who used it for te@struction of an extensometer, a

moveable impedance mismatch connected to the desplant to be measured, allowing

determination of the displacement from TDR distamm@asurements. If required, TDR

may also be used to provide an estimate of elettconductivity (Jones et al., 2002,

Robinson et al., 2003a), although great care isired as instrument errors and cable

resistance may cause significant inaccuraciesétail., 2007).
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Figure 2.32. Two alternative TDR probe designs: jesmall probe for laboratory testing
(Persson et al., 2006), and (b) variable-volume phe for field use (Souza et al., 2004).
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From the discussions on signal propagation in 8ecH.4, it is evident that
reflections within soil will diminish as the lossechanisms increase (Yanuka et al.,
1988), and this can be a significant problem irhtsgrface area soils (Logsdon, 2005b).
Also, from Equation 2.34, it is further evident thhis loss of reflection strength will
increase with the length of probe used. Theref@di2R probes must be carefully
selected for the soil they are to be used in. Asteh probes will have travel times
closer to the resolution of the TDR equipment,ah de expected that longer probes
may be more accurate. As probe length must reditbesail losses, there is therefore a
trade-off between the ability to detect reflecticansd the accuracy of the resulting
apparent permittivity data. The difficulty in dat@ning the end-of-probe reflection
distance in lossy (attenuative) materials is iHatgd in Figure 2.33: the end reflection

becomes significantly less pronounced as the piesiggth increases.
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Figure 2.33. Variations in TDR reflections due tgrobe length (Jones and Or,
2004).
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As the conductivity of the material in Jones andsR004) study was not
abnormal for a clay soil, it can be seen that tleximum probe length useful under
many circumstances may be of the order of 200mmweier, for low-loss soils, longer
probe lengths may be appropriate and would incréasealepth over which the TDR
measurement is valid. However, longer probes may I® greater potential for the
velocity measurement to span more than one laysoibf in which case greater care
may have to be taken if the TDR data are to berately interpreted (Schaap, et al.,

2003).

Another important aspect of TDR probes is the thgtron of the electromagnetic
field around them, as this will affect the samplarga and volume. As illustrated in the
simulations of Figure 2.34, there is significantigaon in field distribution between the
common probe types. For each, however, it is appatteat the majority of the
electromagnetic field strength is concentratedectmsthe conductors and in the space
between them. However, as some of the field alsenels away from the probe
conductors, it is possible that any reflectionsoasded with the outer field will be
different to that of the main field, if the totagld is not enclosed in a uniform soil mass.
Therefore, changes in material properties withire threa occupied by the
electromagnetic field could cause degradation eftime-domain data. It can be seen
that two-pin probes can have larger sampling vokuthan three-pin probes (Jones et
al., 2002) and so may be more susceptible to clsaimgeearby soil conditions. Also,
where two probes are installed at close enoughimrgx to allow their fields to
interfere, it has been demonstrated that this mifgctaTDR data. For instance,
Castiglione et al. (2006) found differences betw@®R time-domain data with and

without a second, interfering, probe close by, Wwhtbey considered could cause
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significant inaccuracy in conductivity estimatesowever, they found that the
interference did not affect calculation of the ghirme from reflections, nor associated

apparent permittivity and water content determonati

g NN > @ -
a) 2-rods b) 3-rods ¢) 3-rods

»
- N ||
d) 5-rods e) 2-plates f)2-plates

Figure 2.34. Simulated electromagnetic field dernses around TDR probes
(Robinson et al., 2003a).

The importance of the way in which the field is centrated around a probe was
investigated by Knight (1992), who concluded thiatisi largely a function of the
diameter and spacing of the electrodes. It wasladed that, for greatest accuracy, the
electrode diameter should be as large as posabkemnall diameters would cause a high
energy density around the conductors, causing anyuniformity at the soil interface
to affect measurements. However, Zegelin et al89)1%lso recognized that larger
probe diameters cause greater disturbance of sodtsre and water flow than small
diameters, and hence concluded that, as a comdaripractical purposes, "the ratio

of electrode spacing to wire diameter should nogleater than about 10." It should
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also be noted that the measurements of apparentitpeity by TDR methods will
provide different data depending not just on thrgtk of the probe/cell, but also due to
the rod spacing (Whalley, 1993). Therefore, changeake geometry of the probe/cell

could require separate calibrations.

2.8.2 Coaxial Measurement Cells

While TDR probes are adequate for many uses, foarate results it could be
argued that they are not true coaxial cells, alghotiney can closely approximate them
(Zegelin et al., 1989). This could cause problerhene the highest accuracy is required
in measurement and modelling, where the more défgeometry of a coaxial cell
could be considered more appropriate. Cownie arichd?a(1951) describe two early
methods of measuring the dielectric constant dEs@ne of these involved anchoring
one end of an antenna into soil and injecting aaigto the other end. This, they say,
involved large amounts of soil that made measurésne#sth accurate water content
adjustment impractical. Therefore, they undertdodirt measurements using a coaxial
cell, short circuited at one end and with the sign@cted at the other end. This they
found a satisfactory method and coaxial cell uses mamained common in
electromagnetic testing of soils. Also, even thmisal work of Topp et al. (1980) was
developed using a large cell of coaxial geometriger&€fore, a short discussion is

provided here pertaining to coaxial measuremers.cel

As can be seen in the example of Figure 2.35, aiaoeell simply comprises a
metal inner conductor of circular cross-sectionr@uinded by a metal tube similarly of
circular cross-section. Electromagnetic propagatitthin such coaxial geometries has

been well characterized in the literature, andhgoannulus between the two conductors
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can be filled with soils in order to determine thelectromagnetic properties. As with
TDR probes, coaxial cells are not considered tcehalectromagnetic fields that are
consistent over the full cross section of the amsiuthe field being stronger near the
centre conductor. It is necessary therefore toren$iat the contents are in close contact

with the centre conductor (Janezic and Jargon,)1999

. Outer Conductor (Stainless Steel
Inner Conductor (Stainless Steel) ¢ eeh

a=21.6mm ¢

- Le

»

Port 1 Port2

T i

A'_T Polystyrene
Spacers

le——— 90.7mm __plg — 1520mm e 90.7mm __,|
[A] [B] [A]

Figure 2.35. An example of a coaxial measuremenglt(Shang et al., 1999).

Measurements using coaxial cells, often termedsimégsion lines, depend on
injecting a signal into the cell and measuring\bkage reflected as a proportion of the
injected voltage. The part of the voltage not e is then transmitted into the cell,
where it may either exit through the end, or béeodéd back to the signal injection
point, depending on the design of the cell. Théecdbn of electromagnetic signals is
governed by the impedance (Z) of materials at &rfece (put simply, the opposition

provided by the material to time varying signalsjhich itself is governed by
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permittivity, magnetic permeability and conductwit The impedance can be
represented by Equation 2.59 (Hayt and Buck, 20&&j, it should be noted that this
parameter may be a complex value for lossy (atter@)amaterials. It should also be
noted that this is not necessarily the complex gauity of the soil, but rather that of

the soil and cell in combination.
z= K [Eq. 2.59]

A difference in the impedance, often termed impedamismatch, at an interface
between contrasting electromagnetic properties. (atgthe cell ends) causes a
proportion of the signal energy to be reflected yawom the interface and the
remainder to be transmitted onward. The energylweebis governed by the reflection
(') and transmissionc) coefficients, as defined in Equations 2.60 ar@l ZHayt and
Buck, 2006), which when applied as a factor to ith@dent amplitude provide the

amplitude of the reflected and transmitted signal.

7 [Eq. 2.60]
= 22, [Eq. 2.61]
Z,+Z,

where 2 is the impedance of the material through whichdigmal passes toward the

interface and Zis the material towards which the signal travedgsurring.

It should be noted, due to the large variationaff germittivity and conductivity
with water content, that reflections often varyngigantly due to the amount of water
present (Milsom, 1996). Equations 2.60 and 2.6ateeto reflections due to signals

normal to the reflecting boundary, and so are bletéor use with a coaxial cell.
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Where the propagation parameters are themselveplenmalues, the values of
the reflection and transmission coefficients wiBcabe complex, in which case the
magnitude of the coefficient provides the scaldadiafor incident amplitude and the
associated phase angle represents the changesa phthe reflected and transmitted
signals relative to that of the incident signalr lessless materials, the coefficients will
be real values. Therefore, it can be seen that unement of the reflected and
transmitted signal voltages can, if the reflectdure to the cell impedance can be
removed, be used to determine soil electromagnetaperties. Fortunately, the
impedance of coaxial cells has been widely studietican be represented by Equation

2.62 (Wadell, 1991).

z =138 logm(@j [Eq. 2.62]

cell —
V 8r

inner

where Zg is the characteristic impedance of the c@)l, (outeris the inner radius of the

outer conductor (m) anghderis the outer radius of the inner conductor (m).

However, the characteristic impedance is a meafireaeflections for a
transmission line of infinite length (or signalsthwn it are fully attenuated), so
fluctuations in reflected signal strength would dogected to occur due to reflections

within the coaxial cell.

The variations in reflected signal strength, duemoltiple reflections, can be
considered an impedance variation. These impedaadations (termed the input
impedance) are predictable and can be determinemigh use of Equation 2.63

(Wadell, 1991).
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in = Zcell ;term COShyL + Zcell S?nhyl— [Eq 263]
cen COShyL +Z, - sinhyL

term

where %, is the input impedance«, is the impedance at the far end of the qal,

the complex wave number, and L is the cell length (

However, it should be noted that the cable usett WIDR probes also forms a
coaxial transmission line (Lin, 2001). Therefordyene cables are not detachable from
probes, measurement equipment would not be alove their effects. So, Equation
2.63 would have to be applied firstly to the prale#/ and then to the cable assuming
the probe/cell input impedance to be the termimaimpedance of the cable. This
highlights the usefulness of being able to canedile effects during measurement

system calibrations.
2.8.3 Techniques Available For Extending TDR Data

In order to determine the best manner in which TBRasurements can be
improved upon, it is necessary to consider othailavie methods. Therefore, a wide
range of electromagnetic measurement systems Heddri the literature are detailed in

Table 2.1.

A very significant factor in deciding upon a sui@bmeasurement system is
whether any non-probe systems are one-port or twb-phe cell illustrated in Figure
2.35 shows that Shang et al. (1999) used a me#pdring connection of an analyzer
to two ports, one at either end of the cell. Thamftheir methods rely on measurement

of reflections from Port 1 and transmitted signaltages at Port 2.
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Table 2.1. Summary of relevant permittivity measurenent systems.

Reference Sensor Type Measured Frequency Ports
Domain (c. MHz)
Topp et al. (1980) Cell/Probe Time Unknown One
Hoekstra and Delaney (1974) Cell Time 100-26000 One
Wensink (1993) Cell Frequency 1-3000 Two
Gorritti and Slob (2005) Cell Frequency 0-3000 Two
Shang et al. (1999) Cell Frequency 0.3-1300 Two
Scholte at al. (2002) Cell Frequency 0-1400 Two
Logsdon (2005a) Cell Frequency 0.3-3000 One
Thomas (1966) Probe Frequency 30 One
Weir (1974) Cell Frequency 100-18000 Two
Cownie and Palmer (1951) Cell Frequency 430 One
Xu et al. (2007) Cell Frequency 0-1500 One/Two
Zheng and Smith (1991) Surface probiérequency 0-5000 One
Campbell (1990) Probe Frequency 1-50 One
Huang (2001) Cell Frequency 50-1000 One
Birchak et al. (1974) Probe Frequency 4000-6000 Two
Chazelas et al. (2007) Cell Frequency 100-1300 One
Jones et al. (2005) Cell Time Unknown One
Nussberger et al. (2005) Probe Time Unknown One
Klein and Santamarina (1997) Surface prollgequency 20-1300 One
Logsdon and Hornbuckle Probe Frequency 0-100 One
(2006)
Heimovaara (1994) and Probe Frequency 0-2000 One

Heimovaara et al. (1996)
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In practice, however, the measurements can be maitie reverse direction, but
the essential element of importance is that measemes must be made at both ends of
the cell. In a one-port system, reflection measemshare only made at Port 1, Port 2
being left either open- or short- circuited. Theref in terms of one aim of this thesis,
l.e. the potential use of probes, it can be seen tivo-port systems would cause
significant problems due to both ends of the pn@agiiring connection to the analyzer,
even though one end is buried within the soil. €f@e, for any measurement system
requiring use of cells and probes, one-port measeiné methods have obvious practical

advantages.

Two of the methods in Table 2.1 are TDR based &a%d,such, cannot be
considered to potentially extend their own funcaility. The work of Hoekstra and
Delaney (1974) did provide frequency domain datadmly through inversion from the
time-domain, so as with other such inversion meth¢elg. Lin, 2001, Lin, 2003,
Heimovaara, 2001) it requires understanding of mpmex mathematical model for
adequate inversion. Of the other available methadslarge proportion can be
considered inappropriate because they employ twbfpeasurements and so the data
processing is also not suitable for use with stechgh@obes. Of interest is the work of
Xu et al. (2007) which extends on the previous wafrlshang et al. (1999) and Scholte
et al. (2002) that allows their two port cell toumed as a one-port system, by removing
one port and replacing it with a steel plate torshwcuit the end of the cell. This
allows much greater flexibility, but their systerashnot been used with probes. Of the
measurement systems considered, two employ supiaatees, which do not provide
data on properties within the bulk soil mass, ahdrdfore could be considered

susceptible to boundary effects. Also of intereghe work of Huang (2001) who used
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a one-port cell similar in construction to thatXd et al. (2007) and Chazelas et al.
(2007). However, as is noted by the authors, therpnetation of data from a one-port
system is "one of the major problems with this rodthand it should be noted that they
required measurements using different lengths iderorto obtain full complex
propagation data. Their method, and the majoritptoer frequency-domain methods,
also provides data on complex propagation parasietether than the directly
measured signal velocity or apparent pemittivitgyided by TDR. While this is not a
major problem, it does however add complexity tmay distract from a simple and

robust extension to TDR.

Of the systems considered, it should be notedsitwaie initially appear eminently
suitable for use in geotechnical research. Foant#, an early probe for measurement
of soil electromagnetic properties, and water aonteavas a capacitance probe
developed by Thomas (1966) due to difficulties k@ressed in using commercial
capacitance probes in moist soils. The probe (EiguB86) worked by measuring the
capacitance changes around two stainless steeluctumd attached as a point on a
perspex rod, giving the advantage that it coulddpeen into the ground to a depth close
to one metre. This therefore allowed determinabérwater content at a number of
depths, albeit with some disturbance of the sodweler, a limitation of the system
was that it was single-frequency and, at 30MHz, ldawot provide extensive signal
velocity and dispersion data. Similarly, the metlmddCownie and Palmer (1951) may
also be discounted as it is single-frequency, alghat should be noted that Cownie and
Palmer (1951) employed a short-circuited coaxidlwekich could be used over a wider
frequency range. The work of Birchak (1974), whiagked a specially designed

microwave soil probe, also poses difficulties fatemding TDR, as it was designed for
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a frequency range much too high for consideratibrelectromagnetic dispersion in

soils.
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Figure 2.36. An early soil capacitance probe (Thoas, 1966).

Another method of interest is that of Nussbergealet(2005) who utilised a
single-rod probe for TDR, with a metal earth platesurface level. However, this has
some disadvantages for measurement of electromagndispersion, where
homogeneity would be desired, as it was found tmbee sensitive to nearby scattering
than multiple-rod probes, and so has a correspghditarger sampling area
(Nussberger et al., 2005). Also, Jones et al. (R@@scribe an interesting TDR cell
designed to allow manipulation of water content,ibis not clear that the design would
be appropriate to this study, for expansive sdilgéumetric water contents above their
maximum of 45%, as it may be difficult to ensurattthe soil water content distribution

is homogenous.
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Of particular interest, however, is the technigesalibed by Heimovaara (1994)
and Heimovaara et al. (1996) for characterizatiba seven-conductor TDR probe in
air and water (based on the low-frequency impedanalee design of Campbell, 1990).
This described a simple method for calculating a@pa permittivity at discrete
frequencies in the voltage reflection spectrum framiDR type probe connected to a
vector network analyzer (VNA). Network analyzers asare the reflected and
transmitted signals, such as for coaxial cellsyalt as determining their phase (Hook
et al., 2004) relative to the injected signal. hdsscrete frequencies are those which

are associated with quarter-wavelengths that araleq the length of the probe.

An important aspect of TDR is that the effects o¥ aariations in the cable
properties can be removed by considering only tlodgicell start and end reflection
distances. Similarly, the Quarter-wavelength analy®WA) technique described by
Heimovaara (1994) and Heimovaara et al. (1996),sorea reflected voltage maxima
and minima relating to the interaction of injectatd reflected signals within a probe,
and so could be expected to be less sensitive 4oges in cable and connection
properties. This factor is of particular importarsteould an extended TDR system be
used in the field, as it has been demonstrated theateffects of large temperature
variations on cable end reflections can be sigaifi@and may increase with cable length
(Robinson et al., 2003b). Also, the calculationapiparent permittivity is relatively

simple and straightforward, as shown in Equati@4 ZHeimovaara et al., 1996).

poo_@n7lc [Eq. 2.64]

a4 e(f )L
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where f, is the quarter wavelength frequency (Hz), n isnalex (n:1,2,3,4,...)g,*(qu)
is the apparent permittivity at the measured quaveeselength frequency, and L is the

cell/probe length (m).

Due to these factors, it could be argued that QWdviges a relatively simple
and robust method for determining apparent penntittin the frequency-domain. A
limitation, however, is that the apparent permityivwalues are only measured at
discrete intervals controlled by the wavelength, these values are directly determined
values rather than requiring calculation from tlresib propagation parameters. The
QWA technique (together with related non-TDR fregeyedomain probe techniques)
has been also used successfully by researchersasuabgsdon (2005a), in conjunction
with a short coaxial cell. However, that cell @dd an inner conductor 17mm long
(Logsdon, 2006a) and so did not provide permittivitata suitable for detailed

consideration of electromagnetic dispersion.

Logsdon (2006a) describes the first quarter-wagglerfrequencies as being
between 0.4 to 1.1GHz, with usable data usuallyingaa range up to 100MHz.
Logsdon and Hornbuckle (2006) also describe the aisa short twelve-conductor
coaxial probe for field soil measurements, althotilgh does not appear to have been
based on quarter-wavelength data and provided legquéncy values to approximately
100MHz. Some researchers have also made limitedolisee technique to validate
methods for the inversion of TDR probe data to ffeguency domain, including
Cataldo et al. (2007) using a coaxial liquid tegtmobe and Jones and Or (2004) with a
three-conductor TDR soil probe. However, both idemat quarter-wavelengths from

inverted data, rather than by directly measurirggrthn the frequency domain.
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In their 1974 paper, Hoekstra and Delaney also imenising the positions of
minima in reflection data, but do not give full diét of this. Apart from these
examples, the use of QWA appears limited in thezdiure and not fully developed as a
soil electromagnetic measurement methodology. Riégss of this, QWA appears to
have the potential to provide TDR with additionahtal on frequency-domain
electromagnetic variations in soils, directly meaduin the frequency-domain and

demonstrated to work with similar probes to thoseduwith TDR.

2.9 IDENTIFIED KNOWLEDGE GAPS

A significant knowledge gap found in the literatuvenich impacts significantly
on the aims of this research, is that there is ully fdeveloped simple and robust
method available for measuring signal velocitiesl aispersion magnitude that is
suitable for widespread geotechnical use. Howehere is significant useful literature
which may provide an opportunity for developmentaoth a system, particularly that

of Heimovaara et al. (1996).

Potentially the most important knowledge gap idesdiin this literature search is
that no examples were found to illustrate the ed@chgnetic properties of even a single
soil over both the full water content range of rat# to geotechnical engineering (i.e. all
water contents), and the full frequency range tdrist to most electromagnetic survey
methods (e.g. ground penetrating radar up to 1GBnjen the variations likely to
occur in such properties between soils, and thé@ddngeotechnical data provided in

many papers, it is unlikely that a full overviewsdil electromagnetic properties can be
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constructed from the available literature. To daiarextent this gap can be attributed to
a need to measure electromagnetic properties ils sath low fine-grained soill

fractions that exhibit limited swelling and shrigjea although it should be noted that
the bias toward unsaturated state electromagnate extends even to research with

high clay contents.

Also, there is a lack of literature capable of tiela geotechnical index tests to
soil electromagnetic properties. Given the sigaificamount of useful geotechnical
information that can be gleaned from index testg. (Atterberg Limits and shrinkage
percentages) this is surprising as it could be eegethat the water related phases
associated with them (i.e. dry, plastic and liquidpuld cause variations in
electromagnetic mixing models and water contentsmeament methods. The reason
for this knowledge gap may be associated with tlas boward measurements in
unsaturated soils, and so often below the Plasiiot] but is very significant in terms
of a full understanding of fine-grained soils. Sary, an understanding of shrink/swell
soil properties is considered important in geotedinapplications, but is not fully
addressed in the geophysical literature, partibularterms of relating this to relevant
field water contents associated with the related-lygzards (e.g. subsidence of

structures).

A further set of knowledge gaps particularly wortbly mention relate to the
multitude of mixing models available to cross-potdélectromagnetic properties and
water content. Given the bias toward unsaturataie gfeophysical research this implies
an even greater level of complexity may be assediaith measurements over all water

contents. However, there appears to be a greateuratrof research in the geotechnical
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literature, compared to the geophysical literatufeich could be used to inform mixing

model selection (e.g. Diffuse Double Layer theany differences in properties between
inter-particle and inter-layer water). Also, as TRsed models are known to be
associated with variable measurement frequencies tduloss tangent (and hence
specific surface area and dry density) variatiarg] Wensink (1993) illustrates that
only one mixing model may be required at 1GHz frefgrained soils, it is also

apparent that selective use of measurement fregpgemeay be a useful means of
addressing mixing model complexity. Also, if a faoNerview of the electromagnetic
properties of selected soils can be constructenhay also aid in understanding how
TDR is affected by loss tangents in saturated sallswing improved water content

measurement. That, and the 1GHz data of Wensimyldvalso address another
identified gap in knowledge: how to accurately nueasvater contents in fine-grained

soils using electromagnetic signals.

Finally, two other knowledge gaps can be identifiduich, although outside the
scope of the current research, have important itepac future work. Firstly, for future
application of this research to field testing,nbsld be noted that there is little literature
available on which to formulate a definitive mod#l how temperature will affect
electromagnetic measurements in the field. Baseth@mvork of Debye (1929) it could
be expected that high frequency data will showdaicgon in apparent permittivity with
temperature but, due to increased ionic condugtiwhich affects loss tangents and so
TDR measurement frequencies), it could be expdtigidan opposite trend may occur

at lower frequencies, although this hypothesis e be fully tested.
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Secondly, it should be noted that there is littioimation in the literature
concerning the relationships between electromagnetoperties and the state of
hydrogen-bonding in different types of soil poretevathe most useful source used
herein having to be taken from literature relatingbiological research. The state of
hydrogen bonding could vary from non-existent ig doils, through strained in small
pores, to fully formed in very wet slurries. Thenef, an understanding of this
relationship in future would benefit attempts tdesd on work such as the Diffuse
Double Layer theory, as well as aiding in the depeient of a 'universal' mixing model

to relate soil water contents to electromagnegodai velocities.
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CHAPTER 3 — GEOTECHNICAL CHARACTERISATION

3.1 ADDRESSING KNOWLEDGE GAPS

The most significant knowledge gap identified inaPter 2 relates to the limited
data available on the electromagnetic propertiefinefgrained soils in the saturated
state. As fine-grained soils can have water costeatying between almost dry (e.qg.
surface soils in summer months), through plastig. (@any soils under urban areas), to
liquid (e.g. drilling slurries and weather affectedb-grades), further knowledge of
electromagnetic properties in the plastic statedsiired. However, a further knowledge
gap is the difficulty in relating geotechnical caeterisation tests, such as the Atterberg
Limits, to electromagnetic property variations wivater content, as it cannot be
assumed that relationships will hold between seith different ranges of plastic state
water contents. Therefore, this knowledge gap reguaddressing through use of soil

samples providing a wide range of Atterberg Limits.

Also, while there has been much discussion in #@physical literature on the
effects of dry density and surface area on elecmmatic properties, very little work is
available on the related effects of shrinkage amell;ig. This is a significant
limitation, as shrink/swell properties are relatied mineralogy and the differences
between inter-particle and inter-sheet water. Tioeeg it is apparent that inclusion of a
simple shrinkage index test in this research isrgppate. This will be addressed
through use of linear shrinkage testing and engutiat the soil samples used exhibit a

wide range of shrinkage values. Furthermore, bggusbil samples with wide ranging
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Atterberg Limits and shrinkage properties, it canedpected that work in later chapters
to consider potentially universal mixing models,ctnsider the effect of loss-tangents
on TDR measurements, and therefore to consideradetbf accurately measuring soill

water contents using electromagnetic methods, clulzke facilitated.

Therefore, soil samples were obtained with theniid@ of providing a broad
range of Liquid Limits and Linear Shrinkage valaexl, therefore, are not necessarily
natural or undisturbed soils. Also, as an importsgect of the electromagnetic testing
was to identify relationships to geotechnical chaasations, the samples were not

intended to have any specific geographic relevance.

3.2 GENERAL CHARACTERISTICS

All geotechnical testing was, unless stated othewcarried out in accordance
with British Standard BS1377 (BSI, 1990). Test sgvwhere used, were British
Standard test sieves as detailed in Part 1 of BEIB®I, 1990). Gravimetric water
content, for all tests including it, was determinediccordance with Part 2 of BS1377,

using metal tins and a drying oven at 105°C, theemeontent being determined using

Equation 3.1.
w =1oc{wj [Eq. 3.1]
m; —m,

where w is the gravimetric water content (%), isthe mass of the tin (g),2s the mass

of the tin plus wet soil (g), andy1s the mass of the tin plus oven dry soil (g).

106



Chapter 3 - Geotechnical Characterization

Eleven different fine-grained soils (particle sizeg25um) were used for
electromagnetic testing, as detailed in Table Bide-grained soil samples were chosen
for use in this study in order to allow straightfard comparison of electromagnetic
signal velocities to standard geotechnical testpleying this size fraction. It was
originally intended that this study only cover Liguimits commonly found for UK
soils (e.g. less than 100%). However, Sample 11 added during the testing to
determine whether relationships found between gboieal and electromagnetic tests

would hold for very high surface area soils.

Samples 9 and 10, blends of Sample 6 and 11, Wwerelater introduced during
the electromagnetic testing due to the large watetent gap between Samples 8 and
11 at their Liquid Limits. Therefore, these samplesre not intended to be fully
characterised in the following sections. For comeece in reading this thesis, the
samples have been numbered in order of their Ligundt, Sample 1 having the lowest

Liquid Limit, and Sample 11 having the highest.

The samples included 'natural' soils obtained fextavation and processed soils
intended, for example, for use in clay products ufacture and as engineering fills.
With the exception of Sample 8, which included oalywery small number of larger
particles removed by hand, the natural samples wetesieved to obtain only the fine-
grained (<425um) fraction. Also, with the exceptminSample 6, all of the processed
soil powders were dry sieved, as they were obtained dry powdered state. The
percentages of sand sized particles were estadllishevashing approximately 25g of

each sample through a |68 sieve (after first soaking them in a solutionsoium
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hexametaphosphate and distilled water) and weigthiegraction retained on the sieve

following oven drying.

Table 3.1. Soil samples and their general descripn.

Sample No. Description

1 Fines from a sandy material found beneath a Bighram roadway.

2 A weathered Mercia Mudstone obtained from lalmygastocks of
powdered soils (exact origin unknown).

3 A disturbed sample of clay from a colliery sgmlap in the Carrwood
area of England.

4 An oven dried and powdered clay sampled fromHbhaow area of
London.

5 An Oxford Clay obtained from laboratory stockspaiwdered soils
(exact origin unknown).

6 A commercially processed English China Clay (iat#).

7 A disturbed clay sampled from the CricklewoodaawéLondon.

8 A disturbed clay sampled from the Haringey arfelaondon.

9 A blend of one-third English China Clay (Sampléngthis case oven-

dried) and two-thirds Bentonite (Sample 11).

10 A blend of one-third Bentonite (Sample 11) awd-thirds English
China Clay (Sample 6).

11 A commercially processed Wyoming (Sodium) Beitéopowder.

Note: Sample numbers arranged in order of Liquid Limit (lowest to highest).

These data are provided in Table 3.2 and were det¢ronly to provide an
additional guide to sample textural properties. Fstance, Samples 1 and 5 can be
seen to be dominated by sand sized particles, abethe other samples are
predominantly silt sized and smaller. However, thegre also included to facilitate

interpretation of electromagnetic testing datausththe texture be found to be a critical
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aspect of relating water content and electromagn@tasurement data. The same
procedure was also undertaken using a 425um ssegaimples 6, 8 and 11, in order to
confirm that no larger particles were present. SampP and 10 are not included in

Table 3.2 as they were subsequently created freaped Samples 6 and 11.

Table 3.2. General description of sample types artéxtures.

Sample No. Type Sand (% mass) Silt/Clay (% mass)
1 NW 82 18
2 PD 29 71
3 NW 29 71
4 PD 26 74
5 PD 70 30
6 PU 0 100
7 NW 5 95
8 NU 6 94
11 PU 11 89

Key to types: N = natural from excavation, P = mssed powder, W = wet sieved, D = dry sieved,
U = unsieved.

Sample sieving involved passing soils through apd?5%ieve, the fine-grained
fraction being taken from the receiving containelolv. Prior to wet sieving, Sample 1
was divided using a riffle box as illustrate in &g 3.1(a), the other samples being used
in their entirety. These soils were then hydrateth wlistilled water in a metal tray
(Figure 3.1(b)) and mixed with a palette knife. dheemical additives were used in order

to prevent later effects on the electromagnetiperies. As shown in Figure 3.1(c) the
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slurry was then transferred to the sieve and wasiedigh with distilled water from a

plastic washing bottle that had previously beearéel and rinsed with distilled water.

Figure 3.1. Preparation of wet sieved soil sampleg) riffling, (b) mixing with water, (c)
sieving and (d) settlement.

The wet soils passing through the sieve were thansterred to large plastic
containers, cleaned and rinsed with distilled wétersettlement (Figure 3.1(d)). When
settlement was complete (i.e. after a number ot dhg supernatent water was clear)
the water was syphoned out of the containers, lwairey taken to prevent disturbance of

the settled soil mass by the syphon tube. ApprotemalOmm of water was left over
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the soil, to prevent disturbance, and the samplk® when left to air dry before being

transferred to plastic storage containers.

3.3 ATTERBERG LIMIT TESTING

Atterberg Limits provide data on changes in thepprties of fine-grained soils, in
terms of providing water contents at which soilsgp&om friable to plastic, and from
plastic to liquid, states. As water content is alaosignificant factor in soil

electromagnetic properties, and because the saii# shay relate to electromagnetic

property-to-water-content relationships, the Atéegb Limits were considered an
important geotechnical test to include in this gtudeasurement of the Atterberg limits
was undertaken as prescribed by BS1377 (BSI, 1Pa@) 2. Soil samples were first
hydrated using distilled water and mixed using palé&nives on a glass plate until
plastic, then placed in a sealed plastic contaimenature for a period not less than 24
hours and, prior to testing, was further mixed.t Barthe sample was then allowed to
partially dry on a glass plate covered loosely vpidstic film until it could be moulded
into a ball and divided into two sub-samples fopasate determination of the Plastic
Limit. Each of these two samples was then dividetd four pieces, each being
moulded between the fingers and rolled on a glése pintil they were found to shear
both transversely and longitudinally when rolledataiameter of approximately 3mm.
The resulting solil for each sub-sample was theoeglan a metal tin (Figure 3.2(a)) and
oven dried to determine the water content, the amesrof the two being used to

determine the Plastic Limit. For the Bentonite afnfple 11 only, as illustrated in
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Figure 3.2(a), the friable nature of this soil €ds the Plastic Limit often led to the

rolled soil having a diameter of approximately 4mm.

Figure 3.2. Atterberg limit testing: (a) Plastic Limit and (b) Liquid Limit.

For determination of the Liquid Limit, the cone-p&ntometer method was used
(Figure 3.2(b)). The pre-hydrated soil paste wast fimixed for a minimum of ten
minutes on the glass plate. Subsequently, wateraddsd to the paste, with further
mixing, until the penetration of the standard carte the soil, contained in a standard

metal cup, was approximately 15mm over five seconds

The timing was controlled by an electronic timeituconnected to the cone-
penetrometer for automatic control of the fall mamabm. This process was then
repeated to provide four or five water contentshwienetrations between 15mm and
25mm, a small amount of soil from the centre of ¢he being used in each case for

oven drying to determine water content.
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In accordance with BS1377 (BSI, 1990) such measemésnwere only undertaken
where either two successive penetrations were nvikbmm, or three within 1mm, a
small amount of soil paste being used to fill thene hole between each reading.
Between each test, the soil was emptied from tipeand re-mixed with the remainder
of the paste on the glass plate. The Liquid Limasvwthen determined by plotting the
water contents against average cone penetratiohfiting a straight line to the data,
from which the water content for a cone penetrabbr20mm was interpolated using

Equation 3.2. These graphs are illustrated in Eigu8.

W, =20S+c [Eg. 3.2]

where W is the Liquid Limit (%), S is the slope of the eopenetration graph, and c is

the vertical offset of the linear regression (%).

Sample 1 Sample 2
28 36
y = 0.352x + 17.47
2=,
RE=0974 y = 0.406x + 24.44

26 1 34 4 R2 = 0.995
Py * ~~
S 3
z P 3

24 4 32 A

*
22 T T T 30 T T T T T
12 16 20 24 28 14 16 18 20 22 24 26
Penetration (mm) Penetration (mm)

Figure 3.3. Water content versus cone penetratioior the eleven samples.
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Figure 3.3. Water content versus cone penetratioior the eleven samples (continued).
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Figure 3.3. Water content versus cone penetraticior the eleven samples (continued).

The index of plasticity was then determined asdifference between the Liquid
and Plastic Limits. As can be seen from the tesilte in Table 3.3, the Atterberg limit
testing indicated that the soil sample selectiot Ib@en successful in achieving a very
wide range of Liquid Limits. The plasticity data Bable 3.3 are also shown in relation
to the A-Line in Figure 3.4: the results for alhgales fell close to this line, but with an

upward divergence as the Liquid Limit increases.shswn by Rogers et al. (2009)
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such a divergence indicates that the samples caorsedered representative of average

UK fine-grained soil plasticity values.
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Figure 3.4. Comparison of plasticity data to the ALine.

Table 3.3. Atterberg limits for the eleven samples

Sample No. Plastic Limit Liquid Limit Index of Slope of Liquid
(%) (%) Plasticity (%) Limit graph
1 16 25 9 0.352
2 17 33 16 0.406
3 29 49 20 0.608
4 21 54 33 0.868
S 29 61 32 1.048
6 28 62 34 1.035
7 23 75 52 1.398
8 28 84 56 1.479
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Table 3.3. Atterberg limits for the eleven sampleg&ontinued).

Sample No. Plastic Limit Liquid Limit Index of Slope of Liquid
(%) (%) Plasticity (%) Limit graph
9 32 121 89 6.732
10 39 199 160 4.641
11 46 312 266 9.814

3.4 LINEAR SHRINKAGE TESTING

The shrink/swell properties of fine-grained soiedie considered important to
this study for a number of reasons: they repregentiegree of variation in dry density
that will occur with increasing water content, gmotential variations in water types
between silicate sheets and between soil grairs, As swelling soils have the ability
to remain plastic above the water content wherg beeome saturated, they illustrate
the need to ensure that electromagnetic testirgaigsed out over a very wide water
content range if it is to be of use in a geotechingetting. Linear shrinkage was
therefore undertaken as prescribed by BS1377 (B®IQ) Part 2. A standard mould,
approximately 140mm long, was first measured fogte and lightly lubricated with
silicone grease. A soil sample was then hydratetmixed as required for Atterberg
testing, a cone-penetrometer being used to gauge tile sample was hydrated close to
the Liquid Limit. The sample was then placed in theuld (Figure 3.5(a)), care being
taken to ensure that soil was pushed into the cetoeprevent voiding. Excess soil was
removed using a palette knife struck flush with thp edges of the mould, including
striking the mould against a solid surface. Eacha was then placed in a sealed glass

dessicator with silica gel to slowly dry (Figuré&@)). The dessicator was used in place
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of the drying oven prescribed by BS1377 (BSI, 19889)none were available at that
time. However, no curling of samples was found gigive dessicator, and so its use was
considered appropriate. The samples were moniahaég until the rate in reduction of
length was minimal, at which point the mould wasferred to an oven at 105°C until
shrinkage had ceased. Completed samples were tu&enbapart at a number of
locations along the length, to ensure that no lasiNmoiding had occurred. Linear
shrinkage was calculated using Equation 3.3, aaddhults are presented in Table 3.4

rounded to the nearest whole number.

LS :10{1—%j [Eq. 3.3]

(0]

where LS is the linear shrinkage (%) Is the final length (mm) anddLis the original
length (mm). As can be seen in Figure 3.5(c), figeificant shrinkage of Sample 11
caused irregular cracking. Therefore, the test vepgated to provide a sample with a
single transverse crack allowing the two piecessmtully dry, to be pushed together and

measured in accordance with BS1377 (BSI, 1990).

Table 3.4. Linear shrinkage values for the eleverasples.

Sample No. Linear shrinkage (%) Sample No. Lineartwinkage (%)
1 2 7 17
2 10 8 18
3 9 9 16
4 16 10 27
5 13 11 45
6 10
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Figure 3.5. Linear shrinkage testing: (a) samplem the moulds, (b) samples in the
dessicator and (c) cracked Sample 11.

3.5 PARTICLE DENSITY TESTING

Particle density data were considered appropriatthis study for a number of
reasons. Most importantly, they allow estimatiorbolk density for any saturated water
content. Also, they provide a basis for consideriagy variations found in
electromagnetic properties between dried soil sagph terms of potential deviations
from the most common elements associated with dnagied soil mineralogy.
Therefore, the particle density of each sample degasrmined as prescribed by BS1377

(BSI, 1990) Part 2, two 50ml glass density bothlesg used per soil tested.
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Between 5g and 10g of oven dried soil was placeednh bottle, with the
exception of Sample 11 where approximately 3g hadd used due to excessive
swelling that interfered with hydration of the sdenprhe bottles were then partially
filled with de-aired distilled water, prepared irflask under vacuum using a magnetic
stirrer to remove bubbles, until the soil was cedeand then placed without stoppers in
a glass dessicator connected to a vacuum pumpré=&6(a)). Samples were left under
vacuum for a minimum of three hours, until no pratthn of air bubbles could be

observed.

At the start of, and at intervals of approximatehye hour during this de-airing,
the bottles were carefully stirred with a short togid removal of bubbles, the rod then
being rinsed with a small amount of the de-aireddiltéd water into the bottle to prevent
loss of soil particles. The bottles were then dilte the neck with more de-aired distilled
water and the stopper inserted, prior to beingquagp to the neck in a water bath

maintained at a temperature of 25°C.

The bottles were kept in the water bath for a munmof one hour until their
temperature had stabilised to that of the wateuradothem. A separate water filled
bottle was used to aid in monitoring temperaturguife 3.6(b)). Bottles were then
removed from the water bath and weighed after ahlying of their outer surfaces,
and were then cleaned and filled with de-airediltidtwater, placed in the water bath
for one hour and then weighed again. Particle tiessivere then calculated using
Equation 3.4 and testing repeated if the differene®veen each of the test pairs was

greater than 0.03Mg.th The test results are detailed in Table 3.5.
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m,—m,
m, = ml)_(mS - mz)

Ps = ( [Eq. 3.4]
whereps is the particle density (Mg.#), m, is the mass of the empty bottle; ia as m
plus the mass of dry soil,31s as m plus the mass of distilled water, and isthe mass

of the bottle filled with de-aired distilled watall masses being measured to the nearest

0.0001g).

Figure 3.6. Particle density testing: (a) under veuum and (b) in water bath.

Table 3.5. Particle densities for the eleven samgle

Sample No. Particle density (Mgin Sample No. Particle density (Mgn

1 2.65 7 2.68
2 2.76 8 2.75
3 2.55 9 2.65
4 2.63 10 2.7
5 2.66 11 2.78
6 2.58

Note:” indicates particle density was calculated based pro-rata of the constituent soils.
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3.6 CONDUCTIVITY MEASUREMENTS

Measurement of the approximate electrical condiigtief each sample was
undertaken for the purposes of additional charesaton, rather than as a feature of the
electromagnetic signal measurement techniques afwllations. In principle, these
tests were based on the disc electrode method f 3Paf BS1377 (BSI, 1990).
However, a suitable ohm-meter was not available tAedquantities of available soll
prevented use of the exact British Standard methbdrefore, an alternative apparatus

was constructed for electrical conductivity measarts, as shown in Figure 3.7.

Top electrode] Bottom eltro &

. s,q_..i'g.

Figure 3.7. Apparatus constructed for measuremenif electrical conductivity.

The apparatus consisted of two circular brassreldes 39mm in diameter within
a transparent plastic tube into which soil couldplkeced after hydrating to the Liquid
Limit. Approximately 25mm of wet soil was placedtween the electrodes, the
apparatus then being connected to a Hewlett Packd#?d192A Ilow-frequency

impedance analyser set at 200Hz to minimise trecesffof electrode polarisation. The
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length of the soil within the cell was determinedtlae difference between the tube end
and top of the upper plate, with and without soileasured as the average of four
equally spaced locations around the circumferefle.resistance of the empty cell was
checked before and after each test and, in ea&) was found to be zero ohms. The
conductivity was then calculated using Equation&h8 the results for each of the soll
samples are provided in Table 3.6.

1000
o="—— Eq. 3.5
RA [Eq. 3.9]

whereo is the electrical conductivity (mSH L is the inter-disc spacing (c. 25mm), R is

the measured electrical resistan@ 4nd A is the area of the disc (f)m

Table 3.6. Estimated conductivities at 200Hz for $is at their Liquid Limit.

Sample No. Conductivity (mS:t Sample No. Conductivity (mS:h
1 96 6 53
2 58 7 127
3 94 8 99
4 120 11 621
5 231

3.7 ELECTROMAGNETIC CHARACTERISTICS

Although the electromagnetic testing methods woll Ine introduced until Chapter
4, some electromagnetic test data are providedainer3.7 for completeness. This is
considered important as a goal of this study is faailitate incorporation of

electromagnetic testing into routing geotechniteracterisation. Included in Table 3.7
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is the apparent permittivityef) per unit of dry density for each sample, afterein
drying at 105°C, measured in a coaxial cell usinga@er-Wavelength Analysis
(QWA). Also included are the apparent permittigtief the samples measured at the

Liquid Limit for QWA (c. 1GHz) and using Time-DonraReflectometry (TDR).

The volumetric water content (VWC) for each of themples, at their Liquid
Limits, is also included as it is a more widely dismeasure of water content in
geophysical research than the gravimetric valuesenmmmmonly associated with

geotechnics.

Table 3.7. Electromagnetic characterisation data.

Sample No. Dry g perunit QWA g at TDR g at VWC at Liquid
of dry density Liquid Limit Liquid Limit Limit (%)
1 1.91 23.6 29.4 38.3
2 2.13 27.°7 34.3 46.9
3 2.55 30.1 36.9 534
4 2.25 41.4 49.8 59.3
5 2.31 32.2 39.3 58.2
6 2.48 36.9 41.9 62.8
7 2.17 40.0 46.4 66.7
8 2.03 34.3 42.7 70.4
9 2.43 47.0 59.2 78
10 2.39 51.0 63.6 85
11 2.34 51.8 62.2 86.9
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3.8 EQUIPMENT CALIBRATION TESTS AND AIR TEMPERATURE S

The digital scales used within the soils laborat@tated as being accurate to
0.01g, were tested using standard calibration rsasept at the University of
Birmingham engineering laboratories (Figure 3.8(aJhe results, based on ten
measurements of each mass at nine different lotatoound the top of the scales (i.e.
90 total measurements per mass), are presenteabie B.8. Two mass standards were
used, one of 40g and one of 100g. As larger masslatds were not available, an
indication of accuracy for higher masses was obthinsing a 1kg counterbalance

weight.

Clean gloves were used to handle all masses, wihtasses also being wiped
clean with a soft cloth before each test. For W@ mass standards, it was found that the
scales were, on average, accurate within 0.01g,witit potential for occasional
measurements to be accurate only within 0.03g. &hié counterbalance weight does
not give exact figures for mass accuracy at lkgyas found that the maximum
difference between the theoretical and measuregenasas only 0.25g (i.e. 0.025%

potential inaccuracy) out of ninety measurements.

The digital callipers, used for all length measueats included in this thesis,
were tested using standard steel calibration baamteined at the University of
Birmingham engineering laboratories (Figure 3.8(b)lhe results of twenty
measurements of each bar are presented in Tabl# 8a® be seen from the results that
the callipers measured length generally within kerémce of 0.1mm, increasing to

potentially 0.2mm for lengths above 100mm.

125



Chapter 3 - Geotechnical Characterization

Figure 3.8. Determination of accuracy: (a) scalesnd (b) digital callipers.

Table 3.8. Results of tests on digital scales.

Actual mass of calibration standard (g)

40 100 1000
Average measured mass: 40.01 100.01 1000.21
Minimum measured mass: 39.98 99.99 1000.16
Maximum measured mass: 40.03 100.02 1000.25
Average difference: 0.01 0.01 0.21
Maximum difference: 0.03 0.02 0.25

All laboratory testing was intended to be carriedt @t prevailing room
temperatures within the University of Birminghamlsdaboratory, i.e. under routine
geotechnical testing conditions. However, it wasisidered useful to define the
temperature variations that occur when testing usdeh circumstances. Therefore, a

standard bulb thermometer (found to be within apionately 0.5°C of expected
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temperature when compared to a water bath at 2%9&) used to record air

temperatures.

Table 3.9. Results of tests on digital callipers.

Actual length of standard calibration bar (mm)

101.60 76.20 50.80 25.40
Average measured length (mm): 101.61 76.21 50.77 3725
Minimum measured length (mm): 101.52 76.14 50.70 225
Maximum measured length (mm): 101.74 76.29 50.85 A@5
Average difference (mm): 0.01 0.01 0.03 0.03
Maximum difference (mm): 0.14 0.09 0.05 0.06

Temperatures were recorded at both the soil preépararea and in an adjacent
room used for electromagnetic testing to providecleaner environment for the
computer and test equipment. Temperature measutginetime electromagnetic testing
area greatly outnumber those for the soil prepamadrea, as the former was used over a
much longer period, from early prototyping throughactual soil measurements. The

results of this monitoring, for both locations, grevided in Table 3.10.

It was found that the average temperature for botlas varied by approximately
1°C, with temperatures generally varying within @mpomately +2° and -3°C of that
average. The value of 28.5°C in the soil prepamagiea occurred during the month of
March and such high temperature only occurred amckis believed to have been due

to heating problems.

127



Chapter 3 - Geotechnical Characterization

Table 3.10. Air temperatures in soil preparation ad electromagnetic testing locations.

Soll preparation area Electromagnetic testing area

Parameter Temperature Parameter Temperature
Maximum (°C): 28.5 Maximum (°C): 21.9
95 percentile (°C): 22.2 95 percentile (°C): 21.6
Average (°C): 20.0 Average (°C): 19.3
5 percentile (°C): 17.3 5 percentile (°C): 17.9
Minimum (°C): 16.7 Minimum (°C): 17.6
Measurements (No.): 54 Measurements (No.): 146
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CHAPTER 4 — DEVELOPMENT OF A TEST CELL

4.1 OVERVIEW

Based on Section 2.8.3 Quarter-Wavelength Analf@WA) in a transmission line
has significant potential for developing an electagnetic signal velocity testing
methodology that provides the simplicity and robesst of TDR, while also extending it to
provide data on dispersion. Therefore, apparennipigrity will now be introduced as a
means of allowing frequency-domain data compatybilvith TDR, after which the
methodology for calculating apparent permittivitgrh quarter-wavelength frequencies will
be developed. Test cells will then be describeckttogy with data used to calibrate and
validate the QWA outputs. In order to more fully denstand the test cell and
measurements, computer modelling will then be dlesdr and compared to measured data.

This chapter will then conclude with consideratadpotential measurement accuracy.

Figure 4.1. The testing arrangement utilized in tis research.

The testing arrangement described in this chapgtellustrated in Figure 4.1. The

computer was used for the capture of frequency-doni@a from the Rohde and Schwarz
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FSH6 Vector Network Analyser (VNA) as well as fapturing time-domain waveforms
from a Campbell Scientific TDR100 Time-Domain Reftameter (TDR). The cell (and
probe to be described in Chapter 5) illustrate#igure 4.1 was used with both the VNA
and TDR, in order for some evidence to be availablthe compatibility of the cell with

both measurement methods.

4.2 APPARENT PERMITTIVITY

Compatibility between QWA and TDR data is dependgmbn there being a
common measurement unit. As TDR provides data i@ tbrm of apparent
permittivity, which can be derived from the propaga velocity, it was adopted for
this study. In a soil, the propagation velocity af electromagnetic signal can be
determined from knowledge of the permittivity anédgnetic permeability, both of
which can be complex parameters respectively deagricharge storage and loss
mechanisms (see Thomas et al., 2006). As most a@lsonsidered to have low, and
non-complex, magnetic permeability, the signal ggyo can be calculated using

Equation 4.1 (after Hayt and Buck, 2006).

= - [Eq. 4.1]

whereV is the velocity (m3), o is the radian frequencyo(=2rf wheref is the
frequency in Hertz)p is the phase constant (i.e. the phase changenpediatance
expressed in radians p is the magnetic permeability andande" are, respectively,

the real and imaginary parts of the permittivity.
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Loss mechanisms in soils, at high frequency, areeigdly considered to
comprise those associated with electromagnetic edsggn - i.e. dipolar and
conductivity losses. Therefore, for the purposesEqtiation 4.1, losses are often
included through use of Equation 4.2. These lossben divided by the real part of
the permittivity as shown in Equation 4.1, form tbss tangent associated with the

soil.
s"=sF,"+OLC [Eq. 4.2]
where opc is the static (direct current) conductivity of theaterial (S.rit) and e'p

represents dipolar losses.

The measurement of apparent permittivity)(has become widespread due to
the popularity of TDR and provides a single value describe all of the
electromagnetic parameters. It is based on calouolaif the real relative permittivity
of a lossless material (Equation 4.3) that corredpoto the velocity obtained in
Equation 4.1. Therefore, the apparent permittiistya representation of a number of
parameters in one simple value and can be detednfiioen any measurement method

that can provide velocity data, rather than beimit¢d to TDR.
c 2
€ = (—j [Eq. 4.3]

wherec is the velocity of light in a vacuum (2.9979%18s%).

4.3 QUARTER WAVELENGTH ANALYSIS (QWA)

When a sinusoidal signal, generated by a netwodtyaer, is injected into a
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coaxial measurement cell, the magnitude of theectfd signal returning to the
analyzer will be a function of two sinusoidal vgjés: the forward travelling incident
wave and the backward travelling reflected wavejllastrated in Figure 4.2. The
combined wave, also known as the voltage standimyey therefore varies in
amplitude and phase, as a function of the incidedtreflected waves, and will exhibit
maxima and minima spaced at multiples of a quavearelength. Therefore, if the
voltage is measured at the point marked 'signaltie maxima and minima of the
measured signal will occur only at frequencies whée change in phase during one
way transit of the signal along the cell lengtlaisultiple of 90°. For this reason, they

are known as the quarter-wavelength frequencies.

Incident Reflected
wave wave
Source resistance
(50 ohm) \ /

[ 9]

1

']

 — e
I 3

2

8

Signal in g

Signal generator
{within VNA)
Measurement Combined
cell wave

Figure 4.2. Incident and reflected signals in theneasurement cell.

The fact that these quarter-wavelength points canubked to calculate the
velocity, and hence apparent permittivity, of a enial stems from the nature of the
phase constant as a measure of radian phase cpangeetre. This can be used with
the phase change per second (i.e. the radian fneguto derive the velocity in metres

per second. Therefore, based on Equations 4.1 &)dh& velocity can be described
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using the progression detailed in Equation 4.4.

_ w2l

C
F 0~ Qr

wherelL is the cell length (m)p is the total phase change in radians (i.e. overfuh

V= [Eq. 4.4]

two way transit of the signal through the soil) grds the phase change that occurs on
reflection at the cell end (zero for an open cirtemination and 180° - i.e.radians -

for a short-circuited termination).

As the quarter wavelength frequencies occur atl foli@se changes that are
multiples of 180° (i.e. 90° or 0.b, for each of the incident and reflected wave
transits), Equation 4.4 can be simplified for thetfquarter-wavelength frequency as

detailed in the progression of Equation 4.5.

Wy, 2L 4, L
C e T g L [Eq. 4.5]

* qW
le; T T

wherewqy is the first quarter-wavelength radian frequeneg fa, is the corresponding

frequency in Hertz.

Re-arrangement of Equation 4.5 gives the apparemhifivity of the material
within the cell, as detailed in Equation 4.6. Thent (2n-1) is added to reflect the fact
that the quarter-wavelength frequencies being aseanly those associated with one-

way phase changes of 90° and 270°.

g :(%} [Eq. 4.6]
qw

wheren is an index of the quarter-wavelength frequenai(g,3...).

The voltage measured is the sum of the combinec \aad variations in voltage
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reflected from the interface between cable andprelbbe due to impedance mismatch,
as will be more fully detailed in Section 4.7. Hawee QWA is based only on the
frequency of the maxima and minima of voltage w\ates, so this can be ignored for
the present. As QWA is sometimes explained in tesfrthe relationship between the
frequency of a signal, its wavelength and its vigyochis alternative mathematical
representation should also be given. As describadieg the velocity can be
determined from the apparent permittivity. Theséatrenships are described by

Equations 4.3 and 4.7.

f=— Eq. 4.7
. [Eq. 4.7

The actual wavelength associated with each quasdgelength frequency can be
defined from the length of the cell or probe, ahne index N=1,2,3,4...) of all quarter-

wavelength frequencies (Equation 4.8).

[Eq. 4.8]

Combining Equations 4.3, 4.7 and 4.8 leads to thnition of the quarter-

wavelength frequencies detailed in Equation 4.9r{ldgaara et al., 1996).

(2n-1c

i 4., (fq,)L

where fy, is the quarter wavelength frequency (Hz)s an index (n=1,2,3,4,...) used

[Eq. 4.9]

to reduce the quarter-wavelength frequencies tathase associated with 90° and 270°
phase changes, and (fy) is the apparent permittivity at the measured tguar

wavelength frequency.

In order to determine the apparent permittivitytied material, Equation 4.9 can
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then be rearranged to give Equation 4.6.

4.4 MEASUREMENT OF RESONANT FREQUENCIES

Measurement of the voltage magnitude in a transoamsfine is generally
undertaken using;$data (the scattering parameters) obtained froneetdr Network
Analyzer (VNA). The % parameter is a complex number representing both th
magnitude and phase of a signal based on meaghengutput signal, relative to the
input signal, at a single test point: hence the-one' in the name representing input

and output at port 1.

The VNA used was a Rohde and Schwarz portable deshdipectrum analyzer,
with voltage standing wave ratio bridge and vectwasurement options installed.
Rohde and Schwarz produce a number of these deuivesFSH3 (3GHz) model
having been used for initial prototyping and thedb6GHz) model having been used
for the subsequent development and testing describethis chapter. Whilst a
relatively 'low end' instrument in terms of costetVNA used had a significant
advantage over most alternative analyzers in bleigigly portable and able to operate
on battery power, allowing potential use for fieasurements. The VNA equipment
was connected to the cell by a flexible coaxialleatth N-Type connectors, and via
USB to a computer for data acquisition. The FSHE6AfMovides measurements of the
voltage magnitude and phase angle, whereas QWAeisrglly based on the
measurement of the real part qf 8alues. $ values were determined using Equation

4.10 (Shang et al., 1999).

dB dB

S,y =10%° cosp+ L0 sing [Eq. 4.10]
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whereS v is the measured scattering paramedBrjs the return loss in decibelg,is

the phase angle of the returned signal relativithab of the injected signal ang =
v—1.

The data used for QWA were therefore the real,Heftd, part of Equation 4.10.
While the quarter-wavelength frequencies could easared directly from the phase
data, the use of real;Svalues is preferred due to the cosine functiorvidiog a
representation of the voltage maxima/minima desdriin the literature. Calibration of
the VNA was carried out by connecting successivaty open, short and load
termination to the end of the cable. Subsequentsuorements were, therefore,

automatically corrected for the effects of the eabl

However, an important aspect of the calibrationdte is that it takes place at the
end of the N-Type cable, rather than at the sthth® soil sample, which will cause
measurement errors if the change in phase angletbigeadditional distance is not
accounted for. Therefore, the;s values require adjustment to the phase angle using
Equation 4.11 (after Shang et al., 1999). It shaltb be noted that care was taken
during the calibration and measurement to ensuae ritovement of the cable was
minimized and the calibration was carried out imragdy prior to taking the

corresponding measurement, in order that the edidor data would remain valid.

Su =S?—1M2 [Eq. 4.11]
expljwz/c)

where S;; is the adjusted scattering paramet8yy is the measured scattering
parameterp is the radian frequency, c is the speed of ligh& ivacuum and z is the

difference in length between the cable end andtidue of the soil sample.
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The S; values were calculated from VNA data files obtdinsing Rohde and
Schwarz FSH View software, using a program writhéth the Light Matrix Engine
(LME - Calerga, 2007), based on the above equatipmged to Matlab (Mathworks,
2007) and the quarter wavelength frequencies weétaireed by inspection of the
resulting graph. As the VNA used has a limited mgnstore, it was necessary to take
a number of measurements over a fraction of thed tldsired frequency coverage, in
order to ensure sufficient resolution and hencadantify the quarter-wavelength

frequencies to an acceptable accuracy.

The data were, therefore, collected over spansO6MEz, with the VNA re-
calibrated at the end of each span. This allowedfrquency to be determined to a
maximum accuracy of 333kHz, which was found to pfevan acceptable balance
between measurement duration and accuracy - thbrat&n indicating that the
quarter-wavelength frequencies were being idextifigithin 1MHz of their true

frequencies.

4.5 INITIAL PROTOTYPING

Initial prototyping was carried out using a Rohded éSchwarz FSH3 VNA,
which was available for only a few days. Therefanely the return loss was used for
initial testing (i.e. only scalar data) as theresweot sufficient time available to
formulate and implement the necessary data prowpsand adjustment algorithms
required for analysis including phase data. Howewars was not considered
problematic as the tests were solely for deternginthe feasibility of quarter-

wavelength measurements in a coaxial transmisgienand the return loss, being the
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magnitude of the 3 parameter, will include variations due to changihgse data. To
enable such testing, the cell of Figure 4.3 wasduses this had already been
constructed from copper and brass for use witirtbB equipment, having an internal
diameter of 28mm, a length of 300mm and a centoaldactor of 6mm external
diameter. While simple in terms of constructionyihg largely been built using
plumbing parts from a local home improvements sttire cell offered a coaxial cross
section and was considered suitable for testinghenejuarter-wavelength resonances

could be detected in a small cell forming a sharsgmission line.

@ 1

--f N —

Figure 4.3. Initial prototype cell (a) assembledrad (b) component parts (including a

() -

rod used with early TDR for compaction of soils).

After calibration of the VNA at its measurement fphe cable used to connect
to the cell was an SMA type, precluding connectminthe N-Type calibration
standards to the end of the cable), return losges measured for the cable only, with
open-circuited end, the cable plus air-filled cafid the cable plus distilled water-filled
cell. The results of these tests are illustrate&igure 4.4, using images of the VNA

screen.
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Figure 4.4. Voltage reflection measurements for mtotype cell (a) just cable, (b) cable

and air-filled cell, and (c) cable and distilled wger-filled cell.

As can be seen from Figure 4.4(a), variations duthé¢ cable provide maxima
and minima that may mask those associated withc#itle This indicated that later
development work involving a VNA would best be urtdken with a cell utilizing an
N-Type connector to allow calibration at the ceitdeof the cable. In Figure 4.4(a) it
can be seen that variations occur sinusoidallygatbe graph, the amplitude increasing
with frequency as attenuation correspondingly iases. In Figure 4.4(b) the air-filled
cell has been added to the end of the cable battalthe low loss nature of air and the

small change in phase, additional resonances dubetacell cannot be discerned.
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However, in Figure 4.4(c) where the cell is now avdilled, the quarter-wavelength
frequencies can be clearly seen. From these gthehsason why real;Svalues are
generally used for QWA, in place of return lossesgre a vector analyzer is
available), can be seen: the former incorporateseliata that can be identified even

when losses are low.

The return loss data for the water-filled cell, wapd on a computer, are shown
in Figure 4.5, which indicates that resonances vepe@ced approximately 57.2MHz
apart. From Equation 4.6 it was found that thigjdiency interval corresponded to an
apparent permittivity of 76.3 which, although l¢kan the expected value of 80, was
considered sufficiently close to illustrate thae tbell could be used with a VNA to
acquire apparent permittivity data. Based on Figubeg it can be seen that the cell was
capable of measuring the apparent permittivityhefwater to at least 1GHz, variations

above that frequency being dominated by resonandes cable.

5 V-WW’\F fna, NSNS

Return loss (dB)

-20

-25
0.00E+00 1.00E+09 2.00E+09 3.00E+09

Frequency (Hz)

Figure 4.5. Return losses measured for the cabla@ water-filled cell.
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Based on the preliminary tests, a number of remerds were noted for
incorporation into an improved cell for full devploent of the QWA measurement

system:

1. Use of vector data would be required (i.e. refoss and phase), as low loss,
small phase change, materials (e.g. air, dry seity, would make quarter-wavelength

points difficult to identify in scalar data.

2. The SMA connector, which was found to be adegjdat use with TDR,
would need to be replaced with an N-Type connee&s®rthis would allow resonances

in the data, due to the cable, to be calibratedroatsimple manner.

3. The thin copper tubing used for the prototypléwas not sufficiently stiff to

withstand accidental impact, and so a more robesigd would be necessary.

4. Although the 300mm long tube provided usefuldatinitial tests, attenuation
would be significant in lossy materials. As wet efigrained soils are highly
attenuating, this would mean that soil measuremevdsld be limited to lower
frequencies. Therefore, for the purposes of bujdincell to prove the potential of
QWA over a wide range of soil conditions, it wascided that the length of an

improved cell would have to be significantly shorte

4.6 DEVELOPMENT AND TESTING

A more sophisticated and robust coaxial cell wasstrocted, as depicted in
Figure 4.6. The cell was manufactured from an ahimm tube, 23mm internal
diameter and 91mm internal length, with a 3mm di@mestainless steel central

conductor connected to the end plate to providbaatircuited transmission line. It
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was necessary to reduce the internal diametereoté by approximately 5mm over
that of the prototype, in order to accommodateldingest drill bit available for use in

the lathe used to construct it.

Impedance matching, to minimise reflections intiila@sition between cable and
soil, was achieved by simply extending the coaxgalometry of the N-Type
connector’s inner conductor and insulation throtlgh cell end plate. While this does
not guarantee exact impedance matching, it wasidenesl necessary only to ensure
close values to minimise additional resonances.efdample of such an additional
resonance can be seen in Figure 4.5 as an appatewr frequency sinusoidal

variation cycling through approximately 180° uB3GHz.

(a) (b) N-Type Annulus  Alyminium tube Screw to

connector f\o\r sol / _—"seal hole
? %
'_‘r \ [ Aluminium
= \ 1 end plate
Y o)
%%

Insulation \ \ \

Aluminium  Stainless steel Screw to clamp
end plate  central conductor  central conductor

Figure 4.6. The measurement cell used in this styda) photograph and (b)

diagrammatic cross section (bolts between end platnd tube omitted for clarity).

Initial tests, using air and distilled water, yietithe real § values shown in
Figure 4.7. The data contained the expected maatrttze relevant quarter-wavelength

frequencies for both air and water.
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Figure 4.7. Air and water real S; values measured using the cell.

The cell was tested using air and distilled watee tb their well documented
apparent permittivities, the electromagneticallyspdirsive nature of water being
considered insignificant below 2GHz. The tests withter were used to calibrate the
cell, i.e. by using them to calculate an apparength (92mm) for use in Equation 4.6.
The concept of apparent length is well known in TRRd provides a simple means of
removing any minor errors in the measurement sethuys allowing the calibration
data to match theory. Therefore, the simplicityto§ method was adopted for QWA,
in order to account for factors such as potenttzdse changes due to impedance
mismatch between cable and cell, the accuracyeMHKA frequency generation and

potential deviations of the VNA signal from a tsiausoidal voltage variation.

It was also considered appropriate to carry out imiial test with an
electromagnetically dispersive material, for whigthanol was used. The results for
each of these three materials are shown in Figiedd are in close agreement with
expected values (see Heimovaara, 1994) shown aedidises in the figure. It can be

noted that the greatest variation occurs for watgnich can be accounted for by the
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increase in potential error associated with thesmeament system at higher apparent
permittivities. Tests using dry sand and penetgatil yielded apparent permittivity
values of 2.8 and 2.5 respectively, which also e with documented values of 2.6

for dry sand (Matzler, 1998) and 2.3 for penetigatii (Robinson et al., 2003a).
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Figure 4.8. Results of three initial apparent pernttivity tests, after

calibration, for the measurement cell.

Since a particular need for the cell was to meaapparent permittivity in wet
fine-grained soils, the cell was used to measwestlactromagnetic properties of seven
of the soil samples at high water contents closthéo Liquid Limits. The results are
illustrated in Figure 4.9, which shows each exmbitlow-frequency electromagnetic
dispersion effects, and higher-frequency, morelstalalues as expected from theory
(Saarenketo, 1998; Wensink, 1993). The importantemeasuring the apparent
permittivity at the Liquid Limit is illustrated bi¥figure 4.10. This shows the apparent

permittivity of soil Sample 8 over a wide rangefigquencies and volumetric water
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contents. From Figure 4.9 it should be noted thvaheat the Liquid Limit apparent
permittivity data are available above the upperl ggdalGHz, and for the higher

apparent permittivity samples the lower frequersclgalow the lower goal of 100MHz.
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Figure 4.9. Frequency-domain effects of dispersiom a range of wet clays,

measured at their Liquid Limits.
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Figure 4.10. The apparent permittivity of Sample 8neasured over a wide

range of volumetric water contents (VWC) and frequacies.
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The range of water contents between the points edaWé (the Plastic Limit)
and W_ (the Liquid Limit) are the saturated water conseetpected to be found under
normal field conditions (Craig, 1997), and so aéagest interest in this study. The cell
was also tested using TDR equipment (TDR100 - nentufed by Campbell Scientific
Inc.), in order to allow comparison between QWA amaR data. The end reflection
distances for air and distilled water were usedaiirate the cell TDR measurements
and Equation 4.12 was used to relate apparent fistgito end reflection distances.

2
£ =(L"Ti) [Eq. 4.12]

PROBE

where Lipr is the probe length calculated from the distaredhe end reflection
measured using the TDR equipment, &pgbse is the apparent probe length derived

from the TDR calibration process.

In order to allow comparison between QWA and TDRYARdata were reduced
to a single interpolated value for the data powmither side of 1GHz to provide a
reference apparent permittivity for the higher trencies (after Logsdon 2006a). 1GHz
was chosen for this purpose as it was above tleetsfbf electromagnetic dispersion in
Figure 4.9 and allows comparison with other literaf such as that of Wensink (1993).
In this thesis, such high-frequency data are refeto as HF QWA. These data,
together with the TDR data, are plotted againsuwatric water contents in Figure
4.11. Also presented in the figure is the Topp n¢depp et al., 1980), a widely used
method for relating TDR data to water contentslapparent that QWA values vary

significantly from both the TDR values and the Tappdel.

However, this variation between the QWA and TDRadatnot unexpected, as

the power level of the frequency band generatedthay electrical pulse in TDR
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equipment has been shown to be significantly bideefilequencies below 500MHz

(Friel and Or, 1999). This leaves higher frequend® be attenuated in conductive

soils to the extent that they have limited influenen time-domain measurements.

Therefore, the TDR data were compared to the frecyrgdomain data of Figure 4.6

and it was found that the TDR values intersectetth whe corresponding data lines

within a frequency range of approximately 200 tOM®iz.
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Figure 4.11. Apparent permittivity values for thestudied soils, at their

Liquid Limits, using QWA (c. 1GHz) and TDR.

To investigate these differences between HF QWATEDR data, the HF QWA

apparent permittivity values were compared to othesearch relating to the

permittivity of soils at high water contents. Onels study (Wensink, 1993) showed

good correlation between the permittivity of wesmbrsive soils at 1GHz and the

volumetric water content. The Wensink model hasetioee been included in Figure

4.11, and it can be seen that the HF QWA data gfuawd correlation with this model.

Therefore, HF QWA data are potentially more appedprthan TDR data for analysis
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of soil electromagnetic properties, and water catptat frequencies where dispersion

has minimal effect.

4.7 COMPUTER MODELLING

Computer models allow a greater understanding efoierational mechanisms
of QWA, and allow measured data to be criticallplgsed to aid in the validation and
interpretation of results. In order to model thdl an electromagnetic circuit
element, it was first necessary to determine tlnehts involved. These can be
summarised as the cable connecting to the VNAmbasurement cell, the connection
between cable and cell, the cell end terminatioth @@ material within the cell, as

illustrated in Figure 4.12.

Of these elements, the cable and connection wergdmred to be simple entities
with an impedance of 50§D (the connection being considered simply an extenesf
the cable). Similarly, the termination, a shortcuait being decided upon for this
research, can be modelled as an impedance of20H0Owever, the measurement cell
cannot be considered a simple entity, becausel¢otr@magnetic properties of the cell
contents are not constant: changing with the elawgnetic properties of the contents

and, for electromagnetically dispersive materiaishh the measurement frequency.

To determine the magnitude of reflections at a gkaim impedance, it is first
necessary to know the impedance either side oseaich in materials (e.g. cell/cable
and cell/end termination). The reflection strengiin then be determined using

Equation 4.13 (Hayt and Buck, 2006).
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Measurement cell
Cable to VNA ‘

Soil

Soil

Connection Termination

Figure 4.12. Elements Required for Measurement CieModelling.

[Eq. 4.13]

wherel is the reflection coefficient, s the impedance of the material through which
the signal passes toward the interface andisZthe material through which any

transmitted signal travels after the interface.

To determine the reflection magnitude at the cable/interface, due to the
mismatch between the two, it is necessary to krimvcell characteristic impedance,

which can be determined using Equation 4.14 (&ftadell, 1991).

Z, = @Ioglo[r"ﬂj [Eq. 4.14]

e

whereg; is the permittivity of the cell contentsu&,is the inner diameter of the cell

inner

annulus (M), andqher is the outer diameter of the inner conductor (m).

However, from Equation 4.14 only the reflection magthe at the cable/cell
interface can be determined, the electromagnegeggmot reflected being transmitted

into the cell. This transmitted energy will resonatghin the cell, and pass back
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through the cell/cable interface to combine, camtdively or destructively, with the
original reflected signal within the cable. In orde determine the combined reflection
coefficient caused by the cable/cell interface &me cell itself, it is necessary to
determine the cell input impedance. This can beeneasily visualised through Figure
4.13, which shows modelled real; $¥alues for salty water in the cell (i.e. a condrect
fluid). The reflections due to the characteristigppedance vary with frequency because
of the dispersive nature of conductive fluids, botresonances are seen because the
characteristic impedance is the impedance of tlaxiabtransmission line at infinite
length (or when signals are fully attenuated). iript impedance, on the other hand,

combines the characteristic impedance with vamatidue to resonance within the cell.

The cell input impedance was determined using HEouat.15 (after Wadell,
1991) and may be used with Equation 4.14 to preteteflection magnitude detected

by the VNA and, hence, the reah Salues.

Zin = Zcell Zterm COShyL + ZceII S!nhyl— [Eq 415]
ZceII COShyL + ZtermSInhyL

where %, is the cell input impedanc€], Z. is the cell characteristic impedan€® (
Zierm IS the termination impedanc@) y is the complex wave number and L is the cell

length (m).

The complex wave number can be determined from titmsa4.16 to 4.18 (Hayt
and Buck, 2006). For the fine-grained soils usedthis study, the magnetic
permeability was taken as that for free space Hergurposes of modelling, the soil
samples described in Chapter 3 having been chesited strong rare-earth magnet to

ensure that no magnetically susceptible particleevpresent.

150



Chapter 4 - Development of a Test Cell
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Figure 4.13. Real & values for salty water showing those associatedtithe

characteristic and input impedances.

v=a+ip [Eq. 4.16]
a= %{ 1+(§j —1} [Eq. 4.17]
B= ”—;[ 1+(§] +1J [Eq. 4.18]

wherea is the attenuation constant (nepefd.mnd R is the phase constant (ragl.s

Determination of the frequency-dependent complexnggvity parameters was
derived using the Debye model of Equation 4.19.eBasn the literature review, the
permittivity of water was taken as varying betw@&@nat low frequencies and 3 at high

frequencies, with a relaxation frequency of 17GHar air, the apparent permittivity
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was assumed to be 1 at both high and low frequendier all other modelled

materials, values from the literature were usedessribed earlier in this chapter.

—_ 8I’S _SI’OO

€ =g, +t——T= Eq. 4.19
L e [Eq. 4.19]

where g, is the frequency dependent complex relative pérmtit, €., is the high
frequency relative permittivity (i.e. at frequergisignificantly above relaxationgs is

the low frequency relative permittivity (i.e. sijoantly below relaxation), ant is the

relaxation time of the water molecule.

The above equations were incorporated into a Mathedgram in order to
calculate modelled real; Svalues and then plot them against measured vétunabe
materials used for calibration and testing of thkk d&1odelling results for air and water

are illustrated in Figure 4.14 and good correlattan be seen between modelled and

measured data.
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Figure 4.14. Comparison of modelled and measureaal S; values for (a) air and (b)

distilled water used for calibrations.

The three other materials used to validate the moelhsurement methodology

(ethanol, penetrating oil and dry sand) were alsmletied. For the ethanol (Figure
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4.15(a)) and dry sand (Figure 4.15(c)), good cati@h was found between modelled
and measured data. However, the degree of cooeldietween modelling and
measurement for the penetrating oil (Figure 4.05¢(Bs not as good, although the
difference was only that between a measured apippeemittivity of 2.5 and modelled

of 2.3, the latter being based on a single reporthe literature by Robinson et al.
(2003b). Also, the lack of correlation is largelysaciated with the second quarter-

wavelength, which is not used for QWA calculatiossg so may indicate greater than

expected attenuation due to undocumented electcaductivity.
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Figure 4.15. Comparison of modelled and measureaal S; values for (a) ethanol, (b)

penetrating oil and (c) dry sand.
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Dispersive properties due to electrical condugdtivitere also modelled, using

distilled water to which was added table salt todpice conductivities of 0.58Sn

1.22S.mt and 2.28S.mM. Conductivity was measured using a Hannah Instnisne

HI9033 meter and liquid conductivity probe, and thesults of modelling and

measurement in the cell are presented in Figui@ 4.1
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Figure 4.16. Comparison of modelled and measurectal S; values for distilled water

with electrical conductivities of (a) 0.58S.il, (b) 1.22S.mt and (c) 2.28S.1.
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These results were considered to show acceptabtelatton, although some
discrepancies are apparent at lower frequencieschwhidue to the reflection
coefficients at higher frequencies being generalnsistent (as the apparent
permittivity of the distilled water will be relatdly constant between tests) may be due
to slight inaccuracies in the conductivity measugatrsystem available. Also, it can be
seen that the modelled and measured data staxteimd above approximately 1.2GHz
and it is possible that this is due to the propagabf additional electromagnetic
modes and variations due to small mismatches betvilee cable and cell head.
Furthermore, QWA is unaffected by these higher desqy variations as the
resonances have been almost fully attenuated. Hawedespite any minor
discrepancies between the measured and modelladttatpurpose of the modelling
was to validate and better understand QWA in g calher than to provide exact data.
The above results can be seen to accomplish thisfob future parameter matching

work, further research and modelling will be reqdir

4.8 ACCURACY CONSIDERATIONS

Understanding potential accuracy is central to m@asurement system and the
importance of fully understanding the effects @qguency resolution, which includes
the measurement equipment frequency accuracy aadegwavelength frequency
measurement indeterminacy due to noise, is appdremt Equation 4.6. This
illustrates that inability to determine accuratéehe quarter wavelength frequency
results in variation of the calculated apparentpitivity. Also, it should be noted that
the apparent permittivity of the tested materide@t the spacing between quarter

wavelength frequencies, and so measurement errgeswith an increase in the
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apparent permittivity. This is illustrated in Figu#.17 for a range of frequency
resolutions, for the cell and probe described beloalculated as the difference
between the true apparent permittivity and thatudated for a frequency different by

the value of the measurement resolution.

— N
- 9] N [&)]
T T T

Potential Error (+/- %)
o
[9)]

0 20 40 60 80 100
Apparent Permittivity (Er*)
Figure 4.17. Potential QWA cell apparent permittiuty errors for three different

frequency measurement resolutions.

Furthermore, because loss tangents will cause tiedscin the amplitude of
quarter-wavelength frequencies, higher frequencyxima'minima may become
difficult to identify clearly and the accuracy asgded with them will diminish. Also,
some noise is unavoidable and it was found thateffects of noise became more
pronounced as the amplitude of the maxima/minin@aime small - i.e. the signal-to-
noise ratio decreases with increasing attenualibarefore, in such attenuating soils it
may be advisable to ignore the higher frequencyejabr adjust the cell/probe

dimensions to reduce attenuation. An example odeno real § data is provided in
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Figure 4.18, which shows that it can be difficdtexactly determine the apex of the
sinusoidal signal waveform. However, with the aica@anoving average filter, and with
experience, it was found from the calibration resstiiat the resonant frequencies could

be manually identified within the potential accuescof Figure 4.17.
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Figure 4.18. Noise in a signal compared to a mograverage filtered version.

Electromagnetic tests in coaxial transmission liaes based on the transverse
electromagnetic mode (TEM) of propagation and, m&gjuencies increase past a
particular cut-off frequency (determined by the xdah geometry) other unwanted
modes may exist and degrade the data. While tl@s dot mean that TEM modes will
not propagate above this frequency, it is advisableake care in measuring quarter-
wavelength resonances to recognise variations et occur in the data due to
additional propagation modes, particularly above tlut-off frequency. For the

coaxial geometry of the cell, Equation 4.20 (Winderd Carr, 2002) provides an
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estimate of the cut-off frequency. This equatios baen used to draw the graph of
Figure 4.19 which indicates that the transversetlmagnetic mode should dominate
in cell measurements for frequencies up to 1.5GHzrfost materials intended to be

measured in it.

1
3'76(Dinner + Douter)\/g

[Eg. 4.20]

cutoff —

where fuwof IS the cut-off frequency (GHz),[Rer is the diameter of the cell annulus

(mm) and BRueris the diameter of the inner conductor.

10 . . .

Cutoff Frequency (GHz)

0 20 40 60 80 100
Apparent Permittivity (Er*)

Figure 4.19. Approximate cut-off frequencies for he cell.
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CHAPTER 5 — MEASUREMENTS USING THE DEVELOPED

METHODOLOGY

5.1 OVERVIEW

QWA shows significant promise as an extension toRTEhat can facilitate
consideration of electromagnetic dispersion. Ad a®lfor calibration materials such as
air and water, data can be obtained even for vetyfiwe-grained soils at their Liquid
Limits. Therefore, in order to explore the potentise of the developed test apparatus,
and to consider the potential for future reseantb the use of TDR-style probes with

QWA, four series of tests were undertaken:

1. Measurement of apparent permittivity in two soibsier a wide range of signal

frequencies and water contents, the results beiaged to Atterberg limits.

2. Measurement of apparent permittivity in elevenssaiver a wide frequency range

at their respective Liquid Limits.

3. Measurement of apparent permittivity using a TD{Resprobe suitable for large-

samples and to facilitate future field testingiokfgrained soils.

4. Measurement of the apparent permittivity of an espghbgenic soil having
significant iron content, as a cautionary illustratof variations that may occur due

to magnetic susceptibility.
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5.2 ELECTROMAGNETIC VELOCITIES IN TWO SELECTED CLAY SOILS
5.2.1 Background

Apparent permittivity of soils is not commonly meaesd as three-dimensional data
covering wide frequency and water content rangesh Shree-dimensional data have
significant advantages for soil electromagnetieaesh in a geotechnical context, most
notably the potential to relate the magnitude etebmagnetic dispersion to variations
in water content and soil states. Also, in combhamatwith TDR, it provides the
potential for obtaining soil calibration data whiallow consideration, in the field, of
dispersive properties based on the single valueiged by the TDR data. Furthermore,
such data allow investigation of the relationstipsveen geotechnical and geophysical
data, which would otherwise be difficult to invegtie, as the relationships may be

associated with both frequency and water contemizadios.

Therefore, the objectives of this study were toaob@pparent permittivity data in
both the frequency and water content domains, ar fine-grained clay soils in a
saturated state; to include in the test data itise apparent permittivity values at low,
unsaturated water contents in order to consider tnemds may vary from those in the
saturated state; and to investigate whether reislips exist between apparent
permittivity and such parameters as dry densitgstii Limit and Liquid Limit. The
two soils used for this study were Samples 6 and 8rder to provide significant

contrast in dispersive properties.

5.2.2 Methodology

As it was considered necessary to ensure thatfisigmi variations in water content
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did not occur within each sample (i.e. it shouldhoenogenous), the soil for each test
was prepared outside of the cell following initiidration to a water content close to
the Plastic Limit. This included significant mixinvgth palette knives on a glass plate,
and maturation for a minimum of 24 hours in a stgkastic container. Samples with
lower water contents were then prepared by kneaataigrolling (except for zero water
contents where oven dried samples were used) andigher water contents, by mixing
with distilled water for a minimum of twenty mingten a glass plate or, for slurries, in

a porcelain dish.

Stiff samples of soil were then placed in the dellsmall pieces torn from the main
sample by hand, using a 22mm diameter brass raddsto the internal geometry to
compact them. At the higher water contents thestoity was poured into the cell and a
thin stainless steel rod used to carefully remong tnapped air. However, samples
falling into neither of these categories (i.e. ptasamples at high water contents) posed
a greater challenge as they were generally sticklyso more difficult to place in the
cell. Therefore, these samples were placed in tinellas using a 10ml plastic syringe,
cut at the end to have an open diameter of 15mphtamped using the rubber ended
syringe plunger in order to prevent air voids odogy (Figure 5.1(a)). The cell end
plate with N-Type cable connection was then attddbehe body by carefully inserting
the central conductor through the soil (Figure BJ1(Although the sticky soil would be
expected to adhere to the central conductor dunsertion, it was considered wise to
also place the cell on a vibrating table, runningapproximately 50Hz, for thirty
seconds in order to help ensure the soil wouldnbelase contact with the conductor

(Figure 5.1(c)).
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Figure 5.1. Filling the cell with wet soil: (a) pacing soil into the cell, (b) inserting

the centre conductor and (c) vibration.

Where it was considered possible that soil couldose into the bolt holes during
filling (e.g. at low water contents, when trimmitige ends of wetter samples, and when

pouring in slurries) the holes were covered witrabmpieces of plastic insulation tape.

162



Chapter 5 - Measurements Using the Developed Metbggl

The end of the aluminium body was carefully cleandth slightly-dampened and dry
tissue paper prior to connection of the end platesyder to ensure electrical contact.
The re-assembled cell was carefully cleaned omtit&ide, to remove any attached soil,
and any water or soil in the N-Type connector adhgfremoved, prior to it being
weighed. As the cell was also weighed immediateigro being filled, this allowed

determination of the soil mass.

QWA and TDR tests were then carried out as detaiedhapter 4 and, following
testing, the samples were removed and re-mixed théhremainder of the sample for
further testing. This was carried out carefullydrder to allow visual inspection to
determine whether any voids were present. A srmadiuant of the soil from the cell was
oven dried at 105°C to determine gravimetric watantent in accordance with British
Standard BS1377 (BSI, 1990). Wet slurry samplesewgntly shaken prior to each
measurement (i.e. each 200MHz span on the VNA)mimat to removal of the slurry
for water content testing (for slurries the entimtents were used to determine water
content), the cell masses were then used with ¢flevolume and gravimetric water

content to determine the dry density and volumetacter content.

Data from the testing are presented in three fanthese being full QWA data in
the frequency and water content domains, HF QWA ditse to 1GHz, and TDR data,
all as described in Chapter 4. The HF QWA datamovided as they are largely
unaffected by electromagnetic dispersion and sdeagxpected to have values close to
the real permittivity due to reduced loss tangehtsee-dimensional full QWA graphs
were prepared by fitting fifth-order polynomials teequency-domain data for each
water content and surface plotting this data ollevater contents using MatLab, for a

frequency range of 100MHz to 1.5GHz. This was absrgd acceptable, as a substitute
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for use of discrete quarter-wavelength frequen@sshe three-dimensional graphs are

used solely for illustrating trends.
5.2.3 Relationships Between Water Content and Dripensity

The dry densities of the samples are plotted agaiokimetric water content in

Figures 5.2 and 5.3, together with the theoresedlirated volumetric water content to

dry density relationships derived using Equatidh 5.

[Eq. 5.1]

_ Prin.

pdry = pmin lOC

wherepqry is the dry densitypmin is the particle density arftlis the volumetric water

content (%).

Figure 5.2.
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Above the Plastic Limit the measured data fell elasthe theoretical saturation line

as shown in Figures 5.2 and 5.3. The dry densibyided a useful method of quality
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control, as only using samples with dry densiti@tiny close to the predicted values
aids in improving data quality. Therefore, above Biastic Limit any sample data not
falling close to the predicted relationship of Ema 5.1 were discarded. Often this
occurred due to a void in the sample, which waserofidentified prior to
and

electromagnetic measurement during weighing of #g@mple filled cell,

subsequently confirmed during visual examination.
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Figure 5.3. English China Clay dry density resultsn the volumetric water content

(VWC) domain.

5.2.4 Apparent Permittivity Spectra

The apparent permittivity spectra for both soils presented in Figures 5.4 and 5.5.
It was found that the soils exhibited increasingaapnt permittivity approximately to
the point where they were close to saturation tieaPlastic Limit. Above this point,
both soils showed HF QWA apparent permittivitiesattlgenerally followed the

Wensink 1GHz model (Wensink, 1993) until the watentent was a short distance
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above the Liquid Limit, at which point a step charfgharked A in Figures 5.4 and 5.5)

occurred and the apparent permittivity startedppreach the ‘free water’ value above

the Liquid Limit.
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Figure 5.4. London Clay apparent permittivity datain the volumetric water content

(VWC) domain (a: full QWA data and b: TDR and high frequency (HF) QWA data).
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Figure 5.5. English China Clay apparent permittivty data in the volumetric water
content (VWC) domain (a: full QWA data and b: TDR and high frequency (HF) QWA

data).

It is also apparent from the figures that the EsiglChina Clay electromagnetic
dispersion magnitude was less than the London @p included in Figures 5.4(b)

and 5.5(b) are the TDR data and the commonly uslationship described by the Topp
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model (Topp et al, 1980). It can be seen that,emtie Topp model is close to the TDR
data below the Plastic Limit, it does not provideuseful relationship between the
Plastic and Liquid Limits. This can potentially éxip why this model has been
reported as not being representative of electroetagally dispersive soils. Therefore,
HF QWA with the Wensink model appears to providenare reliable method of
measuring water content in fine-grained dispersmiés, compared to use of TDR with

the Topp model.

The TDR derived apparent permittivity values wererid to be higher than the high
frequency QWA data. This was expected as TDR d&ae@nsidered to be associated
with low frequencies where the effects of conduttican be expected to raise the

measured apparent permittivity (Friel and Or, 1999)

5.2.5 Signal Velocity Spectra

As apparent permittivity is simply an inverse pnapeof signal velocity, it was
considered appropriate to consider the variationshis latter parameter with water
content and frequency. Therefore, velocity spectigulated as a percentage of the
velocity of light in a vacuum, from the apparentrpgtivity spectra using Equation 4.3,

are shown in Figures 5.6 and 5.7.

It is evident from these figures that frequency donvariations are smaller than for
electromagnetic dispersion of the apparent penititfiand that variations per unit of
water content change are significantly greater aewcontents below the Plastic Limit
than for the saturated state. Between the Plastidauid Limits, the velocities for HF

QWA data varied between 21% and 16% of the vacuypmed of light for the London
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Clay, and between 20% and 17% for the English Chilzg. The velocity associated
with TDR measurements was slightly lower than tigg irequency QWA data, which
can be attributed to the associated lower freqesndHowever, as water contents

increased the velocities for TDR and HF QWA dataenfeund to converge.
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Figure 5.6. London Clay velocity data in the voluratric water content (VWC) domain
as a percentage of the speed of light in a vacuum: full QWA data and b: TDR and

high frequency (HF) QWA data).
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Figure 5.7. English China Clay velocity data in tle volumetric water content (VWC)
domain as a percentage of the speed of light in asuum (a: full QWA data and b: TDR

and high frequency (HF) QWA data).
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5.2.6 Effects of Dry Density

The electromagnetic properties of soils are depsngigon the prevailing dry density
(e.g. Saarenketo, 1998). Therefore, the apparemifwity spectra were corrected by
dividing the volumetric water content and apparpatmittivity by the dry density
(Figures 5.8 and 5.9). It is important to note tihaiding the volumetric water content
by dry density naturally results in the gravimetm@ter content, illustrating the
importance of using both types of water contentaimalysing the electromagnetic
properties of soils. From the three-dimensionahddtFigures 5.8(a) and 5.9(a), it can
be seen that the magnitude of the dispersion bezapproximately constant when
corrected for dry density. From this it can be doded that the dispersive properties of
the soils are largely a function of surface arsagry density accounts for the majority

of apparent permittivity variation.

Also, from the TDR and higher frequency QWA dateFajures 5.8(b) and 5.9(b) it
can be seen that there is a gradual build-up chpiparent permittivity below the Plastic
Limit but, once saturated, an approximately linedationship is observed between the
Atterberg Limits. Above the Liquid Limit the stefnange noted for the raw apparent
permittivity data is still visible and an approxitely linear relationship is also found

above this point.

Such a potential change in phase of 'bound’ watéree' water, at a critical water
content, has been suggested for instance by BayatsK. (2002), although it does not

figure prominently in the majority of soil electragnetic literature.
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Figure 5.8. London Clay apparent permittivity corrected for dry density, in the
gravimetric water content (GWC) domain (a: full QWA data and b: TDR and high

frequency (HF) QWA data).
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Figure 5.9. English China Clay apparent permittivty corrected for dry density, in the
gravimetric water content (GWC) domain (a: full QWA data and b: TDR and high

frequency (HF) QWA data).
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5.3 ELECTROMAGNETIC VELOCITIES IN SOILS AT THE LIQ UID LIMIT
5.3.1 Background

As the Liquid Limit can be considered representti the specific surface area of a
soil, and relates to a similarity in properties towide range of soils (Mitchell and
Soga, 2005), it was instructive to compare the iddumit of the soil samples to the
apparent permittivity they would exhibit. It wasnsidered important that these tests be
carried out in a manner consistent with normal tateyy Liquid Limit testing, even
though it may have meant that variations in drysitgncould mask relationships
between signal velocity and the Liquid Limit. Thiere, this case study was conducted
with the objectives of measuring the apparent pisinty of a wide range of soils close
to their Liquid Limits, as measured using a con@gh@meter, and investigating
whether there are links between the apparent p@ritits and Liquid Limits of fine-

grained soils.

5.3.2 Methodology

Testing was undertaken in the same manner asdamih soils described in Section
5.2, using the syringe method to place soils innleasurement cell. However, much of
the Liquid Limit testing was carried out prior to @WNA being available for
electromagnetic testing. Therefore, matured samplese slowly hydrated during
mixing on a glass plate (Figure 5.10(a)) until aedrop of 20mm was achieved, using
the same cone-penetrometer as for Liquid Limitings{Figure 5.12(b)), the resulting
soil paste then being placed in the cell and theem@ntent determined by oven drying

the contents once apparent permittivity had beessomred.
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Figure 5.10. Hydration of Liquid Limit samples: (a) mixing and (b) determination of cone drop.

As shown in Figure 5.11, there was a high degremoklation between these water
contents and the Liquid Limit. Due to the signifitadifferences between the
gravimetric Liquid Limit water contents of Samplésand 11, Samples 9 and 10 were
added specifically to fill that gap for this cadedy. These samples were blends of
English China Clay (Sample 6) and Sodium BentofB@mple 11) and were intended
to be used only for illustrative purposes to shawether a linear trend would exist over

the full Liquid Limit range.
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Figure 5.11. Comparison between the Liquid Limit deach sample and the gravimetric
water content at which apparent permittivity was mesured.
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The dry densities of each sample, at the Liquidit,imere calculated from the wet
soil mass and water content, the results beingepted in Figure 5.12 together with
their predicted values based on Equation 5.1. Sssnpkre not discarded due to them
not falling exactly at predicted values. This icdese, while the data of Section 5.2
were intended to illustrate variations in apparpetmittivity in saturated soils, this
study concentrated on how electromagnetic sigrakitg testing could be incorporated

into geotechnical testing regimes.

W Meas DD
Pred DD

Dry density (Mg/m3)

Sample number

Figure 5.12. Calculated and predicted dry densiteof the Liquid Limit samples.

While the Liquid Limit is an important geotechnic&st, it includes limited
safeguards against small voids and variations yndénsity from the saturated state. It
was, therefore, considered important to undertakie study with such limited
safeguards, any relationships then found being kntmabe possible within tolerances

achievable under routine geotechnical conditions.
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5.3.3 Apparent Permittivity Spectra

The apparent permittivity spectra for all elevempkes are presented in Figure 5.13.
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Figure 5.13. Liquid Limit apparent permittivity da ta in the volumetric water content

(VWC) domain (a: full QWA data and b: TDR and high frequency (HF) QWA data).

177



Chapter 5 - Measurements Using the Developed Metbggl

In general, the soils exhibited increasing appagrmittivity approximately in
proportion to the water content at the Liquid Lim#ll samples showed HF QWA
apparent permittivities generally following the Véenk 1GHz model (Wensink, 1993),
while the TDR data were generally closer to thepramdel (Topp et al., 1980). The
TDR data exhibited greater variability and, as seeRigure 5.13(a), while the higher
frequency apparent permittivities appear to follaw almost linear relationship, the
dispersion magnitude showed considerable varigbHrthermore, the TDR data show
a general trend toward an apparent permittivitg@ft 100% volumetric water content,
while the HF QWA data do not. Based on the daté&Séttion 5.2, it is therefore
apparent that saturated soils at the Liquid Limit mbot exhibit higher frequency
apparent permittivities following a mixing model ilising 80 as the apparent

permittivity of the water phase.

5.3.4 Signal Velocity Spectra

The apparent permittivity data were used to cateutignal velocity (Figure 5.14).
As highlighted in Section 5.2, the nature of the@apnt permittivity amplifies the
effects of dispersion. For both HF QWA and TDR, Haiations in signal velocities
over all samples were of the order of 5% of theoeiy of light in-vacuo (and
significantly less if the very high Liquid Limit egples containing Sodium Bentonite
are ignored). TDR velocities were expectedly lowean HF QWA due to the lower
frequencies. The TDR data also show less varighillien expressed as a velocity, as
expected from Equation 4.3. Of further interesthiat both datasets in Figure 5.14(b)

show almost linear trends which appear to be gnather than converging.
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Figure 5.14. Liquid Limit velocity data in the volumetric water content (VWC) domain

as a percentage of the speed of light in a vacuum: full QWA data and b: TDR and

high frequency (HF) QWA data).
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5.3.5 Effects of Dry Density

As for Section 5.2, the apparent permittivity déda the samples at their Liquid
Limits were corrected by dividing by the dry degsiind plotting against gravimetric

water content (Figure 5.15).
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Figure 5.15. Liquid Limit apparent permittivity co rrected for dry density, in the
gravimetric water content (GWC) domain (a: full QWA data and b: TDR and high

frequency (HF) QWA data).
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Again it can be seen that the corrected appareniftizity follows an almost linear
relationship for both HF QWA and TDR data, and tinet degree of dispersion appears

much less variable between samples than in rawrapppermittivity data.

However, the TDR data appear to exhibit two linedationships generally divided
by a point between Samples 8 and 9, the higherrwatgent relationship in Samples 9
to 11 appearing elevated in comparison to lowerewabntents. As can be seen in
Figure 5.15(a), the degree of dispersion in san®lies11 also appears greater than for
other samples and it could be speculated thaighigcause they all contained Sodium

Bentonite.

5.4 ELECTROMAGNETIC VELOCITY MEASUREMENT USING PROB ES
5.4.1 Background

While this thesis predominantly focuses on use otaaxial cell, there are
circumstances where it could be advantageous t@udees: for instance, where large
geotechnical samples are being tested, or whergighal velocity must be measured in
combination with other tests. The options for usprobes, particularly ones that can be

inserted into the bulk soil mass, are limited.

For this reason, QWA use with TDR probes has beeestigated, as TDR probes
are simple, quasi-coaxial, transmission lines (ege Robinson et al., 2003a). The
objective of this case-study was therefore to ihgate whether TDR probes can be

used with QWA and whether they can be modelledmaple coaxial transmission lines.
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5.4.2 Probe Construction

A three pin TDR probe design was chosen as a basiBis case study as it is easily
inserted into soil with minimal disturbance. Thedéh and diameter of the stainless
steel rods was 100mm and 3mm respectively, witbparation of 19mm between rod

centres (Figure 5.16).

Screws to clamp

a Igz)ads; // conductors (b)

Iﬁ
e oL
P
= |
L 7 Insulator \\
T —
N-Type 25 \\\
conngstor Brass Stainless steel

body conductors

Figure 5.16. The three-pin probe used in this stud(a) photograph and (b)

diagrammatic cross section.

Other probe configurations were considered, incigaines with four and eight outer
conductors around a single centre conductor. Horwydwe the purposes of this case
study the three pin probe (i.e. two outer condscfaced either side of a single centre
conductor) provides greater compatibility with titerature (see Chapter 2), as it is a
very widely employed TDR probe geometry. For comioecto a VNA, the head of the
TDR probe was constructed using the same N-Typeeaxiaor and impedance matching
method employed for the cell. However, in all othhespects there is very little

difference between it and most alternative TDR psob
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5.4.3 Calibration and Initial Testing

Initial tests were carried out in air and distilladter, the real 3 values being

presented in Figure 5.17.

Real S11

0 500 1000 1500 2000
Frequency (MHz)

Figure 5.17. Air and water ; values for the three-pin probe.

Several features are evident when comparing thisdito the § coaxial cell values
of Figure 4.7, the most evident being that the masb frequencies exhibit themselves as
minima, due to the absence of the 180° phase chanipe short-circuited end of the
cell. Also, multiple reflections are obvious in thater data, associated with radiation
losses past the end of the probe reflecting bawk fthe base of the calibration vessel.
As the vessel used allowed 300mm of water to bdagoed beyond the end of the
probe, it was evident that multiple reflections Icbaffect calibration data quality for
similar probes using relatively lossless dielestriwithin practical limitations. Multiple
reflections were not found in the air data, asaswot necessary to contain it within a
vessel, nor in soil tests due to the higher atteomassociated with them. The problem
of multiple reflections was, therefore, only assted with the need for use of water for

calibration. In order to calibrate the probe intavathe effects of multiple reflections

183



Chapter 5 - Measurements Using the Developed Metbggl

were reduced by taking the average of four measemésrand calculating an apparent
probe length - 105mm, which correlated with the TBpparent length - that allowed
the apparent permittivity variations to be centoed a value of 80. The calibration

results are detailed in Figure 5.18.
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Figure 5.18. Apparent permittivity versus frequeng, after calibration, for

the modified TDR probe.

It can be seen from this figure that variationghe values for water reduce with
frequency, due to multiple reflections sufferingr@ased attenuation in comparison to
lower frequencies. However, it was found that oaciitably large vessel was used to
contain the water the variations were generallywwitwo units of apparent permittivity
of theoretical values. The probe was also teste8amples 1, 2 and 8 (in a plastic tube
100mm diameter and 300mm long), providing a ranfelispersive properties, the
results being included in Figure 5.18. The higheq@iency apparent permittivity values

of these tests were found to correlate with theprapd Wensink models, which are
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similar at low water contents. Also, as can be deem the inclusion of Sample 1

measured at a similar water content in the ced résults of the cell and probe tests are

comparable. Also, while increased water contentilted in reduction in the highest

frequency at which the quarter-wavelengths couldibetified, data were obtained with

the probe, even in wet clay, over a useful rangeagrhing 1GHz.

5.4.4 Comparison of QWA and TDR Data

As it was intended that QWA data be compatible WilDR data when testing

with the probe, it was considered necessary to tag@surements in soils exhibiting

low dispersion, in which case HF QWA and TDR valgbsuld correlate. This was

accomplished using Samples 1 and 2: in this casédiaction up to 2mm was used,

to reduce dispersion (Figure 5.19).
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Figure 5.19. Comparison between apparent permittivity measured g QWA

and TDR techniques for two soils exhibiting low digersion.
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The linear regression slope is almost unity, inticathat the two techniques
provided comparable data. Some divergence was fainihe highest values of
apparent permittivity for the Weathered Mercia Mode, although this is
considered to be within measurement tolerances @oes not detract from
consideration of the data to show significant cotibyday of the QWA and TDR

techniques.

5.4.5 Computer Modelling

In order to consider whether the probe could be etied using the same methods
used for the coaxial cell, the equations detaife8ection 4.7 were employed, the only
difference being that the end termination was eetd9® to approximate an open-
circuited end. Results for air and distilled watege shown in Figure 5.20 and the
measured data show quarter-wavelength resonancgssieilar to the model. The
effects of multiple reflections in water can bersée degrade the quarter-wavelength
frequencies, and the rate at which the real \&lues decrease with frequency is
significantly greater for measured, than for maetglldata which may indicate that

electromagnetic signals are 'leaking' from the jyooontained transmission line.

However, as with the cell modelling, the probe nilmig is intended only to
illustrate that probe QWA works in the manner pcestl by theory, rather than to
obtain exact measurement values. Therefore, sortteefuesearch on probe modelling

Is considered necessary before use of QWA probisparameter matching models.
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Figure 5.20. Comparison of modelled and measuredgbe real §; values for (a) air and

(b) distilled water used for calibrations.

5.4.6 Accuracy Considerations

Due to the similarities in lengths, the cell andlj@ potential inaccuracies are similar

(Figure 5.21).
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Figure 5.21. Potential QWA probe apparent permittvity errors for three different

frequency measurement resolutions.
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Calibrations with water (Figure 5.18) exhibitedia#ions greater than expected from
Figure 5.21, particularly at lower frequenciedslapparent from 5.21 that this is due to
the difficulty in discriminating between true quarwavelengths and the effects of
multiple reflections, from which it can be impligdat further research should focus

either on improving the calibration methods or @dg energy loss from the probe.

Finally, the potential cut-off frequencies for thmbe were estimated (Figure 5.22),
although it should be noted that these are validafgoaxial transmission line and so
may not be fully representative of the probe. Taedff frequencies are lower than for
the cell, due to the spacing between outer condsidieing larger than the inside
diameter of the cell. For higher apparent perniités, the cut-off frequency may be
close to 1GHz, although this is not considered lemohtic as higher frequencies were

not required of the QWA methodology.
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Figure 5.22. Approximate cut-off frequencies forhe probe.
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5.5 EFFECTS OF MAGNETICALLY SUSCEPTIBLE MATERIALS
5.5.1 Background

A study of a Victorian railway embankment at Eastke, in the British Midlands
(for full details see Nelder et al., 2006), prowddan opportunity to consider the
potential effects of anthropogenic iron-bearingsson apparent permittivity to water
content relationships. The East Leake site (Figu28), has been operated as a private
railway line since the Great Central Railway wasaemissioned in the 1960s and is
being studied by the British Geological Survey,etbgr with its partners, due to the

possibility that it will be restored to full ratl@nsport use in the future.
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Figure 5.23. East Leake site location and surroundgs (north up).

During laboratory testing it was found that surfaéls included furnace ash and
slag relatively rich in iron. During initial TDR s$& it was found that these
anthropogenic 'soils' have electromagnetic progeignificantly different to the soils

tested in Sections 5.2 and 5.3. Therefore, thidyshas the objective of considering the
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potential effects of iron bearing soils on appagermittivity, and to provide caution in
considering the relationships found in other secid this chapter to be ‘universal’

under all circumstances.
5.5.2 Initial Tests

Soil samples from the site were first sieved to oeenballast and to leave only the
sand, silt and clay fractions (i€2mm in size). This was considered appropriate as no
geotechnical tests were intended for this caseysflliese particles were found to form
between 24% and 38% of the overall samples, by ni@stghe locations tested, and so
their electromagnetic properties were considergabimant. The soil was placed in the
coaxial measurement cell in order to carry out $#mMfDR tests to show whether it
conformed to a water content to apparent permtitivelationship described by the
Topp et al. (1980) model. The resulting data (Fegbu24) show a significant departure
from the predicted data. On closer examination aiswound that 75% of the soil

particles, by dry mass, were attracted to a perntanagnet.
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Figure 5.24. Initial TDR test results for the East_eake soil.
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As magnetic susceptibility impacts on electromaignsignal velocities, this was
considered to be a potential source of the anorsabmparent permittivities. The
relative magnetic permeability of the sample wasrdfore measured, by the British
Geological Survey, at three densities using a Bgioin Instruments (Oxford, UK) MS2

magnetic susceptibility meter with MS2B dual frenqoye sensor set to 4.65 kHz.

For dry densities of 1.10, 1.22 and 1.33 gcithe relative magnetic permeabilities
were respectively 18, 51 and 82. This indicated, #nen though the relative magnetic
permeabilities would be expected to reduce witlydemncy, the magnetic properties

could be significant enough to have an impact oiRR Tieasurements.
5.5.3 Microscopy and Chemical Analysis

Due to the unusual nature of the soil, it was ®ddising a scanning electron

microscope (SEM) and an example image is presemteidure 5.25.

Figure 5.25. SEM image of East Leake soil particte
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The SEM image shows areas of high reflectivity, tueéhe presence of iron, and
was used to provide an approximate chemical arsa({sgure 5.26: locations as shown
on Figure 5.25). This provided some insight int@ thature of the material and
confirmed that it has a small, but significant,niroontent. The soil particles largely
comprise carbon, oxygen, silicon, aluminium anc.rb is known that furnace ash was
used in the construction of the Great Central Rayhand, therefore, it is assumed that
the high carbon content is due to the presencemit luel coal, contaminated with iron
from the foundry from which the ash originatedislinot clear whether the silicon and
oxygen represent foundry sand from the same oagithe ash, or whether the material
was contaminated with other sands known to have beed in the upper surfaces of

the embankment construction.
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Figure 5.26. Surface analysis of East Leake soiagicles.
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5.5.4 Dry Mineral Permittivity

In order to understand the soil particle properties apparent permittivity was
measured in the cell using QWA with oven-dried sispSmall amounts of soil were
weighed and, after placing them in the cell, wemmpacted using the brass rod marked
with engraved rings at 5mm intervals. This allonemhsistent masses of soil to be
placed in the same length of cell, thus ensurirgtively uniform density. By using
different masses of soil per 5mm length, and &ra error to determine the maximum

density achievable, a number of different dry diesiwere achieved.

By taking measurements over a wide frequency raigeach density Figure 5.27
was produced. This indicates that significant etentagnetic dispersion occurs at lower
frequencies due to relaxation mechanisms assocmtedhe magnetic properties (tests

having indicated that the dry material exhibitedliggble electrical conductivity).

Note: A-E represent the
effects of increasing dry
density.
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Figure 5.27. Apparent permittivity variations with density and frequency in

the East Leake soil.
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A further outcome was variation in the apparentptivity with increasing dry
density out of proportion to the change in masdrgfminerals present. This is a known
property of materials exhibiting magnetic effe€®ompson, 1986). The data of Figure
5.27 have not had curve fits applied, so electraretig dispersion between the data
points should not be considered to be linear. Thgations with dry density are
illustrated in Figure 5.28 for the more stable appt permittivities above 600MHz,
corresponding to lines A to E in Figure 5.28, tbgetwith an example of the more
usual linear relationship for a sample of dry ctmfids. Two factors may cause this
effect, alone or in combination: firstly the incseain density may allow iron bearing
particles to come into more intimate contact. Sdbgnthe particles may be able to
realign during compaction to create an increaseghntc susceptibility, the higher dry
densities requiring greater compactive effort. Heeve while the exact nature of
variations in apparent permittivity at differentyddensities has not been determined,
both mechanisms could be considered possible dredérconditions at the East Leake

site, and so provide an insight into potential democal property variations there.
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Figure 5.28. Variations due to dry density for theEast Leake soil.
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5.5.5 Effect of Water Content

Laboratory QWA testing was undertaken on the smihgacted to a dry density of
1.3g/cm, at a number of water contents achieved by additgr to the end of the cell
(Figure 5.29) and, after fitting the end platepaihg it to permeate through the sample
for at least 24 hours. As illustrated in Figure 5.&t high water contents the soil
showed significantly elevated apparent permittivifues. This is exemplified by the
values for saturated Sample 8 which, despite haafimgst double the volumetric water
content (VMC) of the wettest East Leake sample 4%0). compared to 37.1% by

volume), exhibits a much lower apparent permitivit

The conductivity of the material, in dry and satadastates, was estimated by
placing the soil between two parallel metal plated measuring the resistance using a

Hewlett Packard low frequency impedance analyseieasribed in Chapter 3.

Figure 5.29. Adding water to the East Leake soilksnples.
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The conductivity of the dry soil was negligiblee(iso low that the analyser was only

able to report 0 S/m). When saturated, the condticiincreased to approximately 49

mS/m, which would contribute to the low frequen@yiations in apparent permittivity

found in Figure 5.30. It was therefore deduced thatsoil could exhibit lower than

expected signal velocities in geophysical surveys that this effect could be highly

variable with water content and compacted densitiederms of TDR, these effects

could be expected to cause the unusual apparembitpeity to water content

relationships originally found for this material.

Figure 5.30.
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CHAPTER 6 — DISCUSSION

6.1 OVERVIEW

It was seen in previous chapters that undertakigigas velocity measurements
using the apparent permittivity can potentially dggplied to use in a geotechnical
testing environment, and utilise relationships fibubetween geotechnical and
electromagnetic soil properties. Therefore, thicdssion is formed of the following

sections:

6.2 Extending TDR data into the frequency domainThis section will discuss
QWA and TDR as means of measuring electromagnéjitak velocities in fine-
grained soils, and the extent to which they provideplementary information. The
compatibility of coaxial cell and probe measurersenising QWA, will also be

considered.

6.3 Accuracy considerationsHaving briefly considered the accuracy of QWA
in Chapter 4, this section will further discusstthacuracy together with the potential

accuracy of TDR measurements.

6.4 Linking geotechnical and electromagnetic propéies: This section will
briefly discuss the links found between soil gebtecal and geophysical properties.
Discussion of the cause of electromagnetic dispersibased on swell/shrink

properties, will also be advanced in this section.

6.5 The role of the pore water:This section will extend on the studies

presented in Chapter 5, and the discussions oficBe@&.4, to discuss whether
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relationships between soil geotechnical and geophlyproperties are due to the

properties of the pore water phases.

6.6 Water content measurement using TDR and QWAThis section will
discuss TDR measurement of soil water content amwddomplementary use of QWA

could improve TDR water content measurements ie-girained soils.

6.7 Relevance to EngineeringPotential engineering uses of the research will

be discussed.

6.2 EXTENDING TDR DATA INTO THE FREQUENCY DOMAIN

An important aspect in understanding the valuengfresearch lies in the reason
for its conception. In the case of the work desddilherein, it evolved from tests
undertaken very early in the research using a ©ekirl503C TDR cable tester, with
simple probes and a coaxial cell manufactured lgrgsing copper and brass

plumbing parts (Figure 6.1).

Figure 6.1. Early testing using a Tektronix 1503’ DR cable tester.
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The 1503C is identical in functionality to the Tektix 1502 cable testers, cited
as the most widely used TDR soil research tool {(Rsun et al., 2003a).
Unfortunately, as it has been a discontinued méatainany years, it was not possible
to obtain a computer interface for the 1503C, amdt svas not subsequently used in
this thesis (being replaced by a Campbell ScienfibR100). However, it provided a
very useful introduction to measuring soil electemmetic properties and brought
forward a number of important questions. Most nlytalhat are the frequencies of the
single values of apparent permittivity obtainedd a0 what extent will the apparent
permittivity vary for other electromagnetic sigrfaéquencies in electromagnetically

dispersive soils?

For instance, in non-dispersive soils TDR probed aells can be simply
modelled using their characteristic impedance, Wwisceasily calculated from a single
value of permittivity (Todoroff and Lan-Sun-Luk, @D). However, for a dispersive
soil, the characteristic impedance will vary in poction to the permittivity and hence
frequency. Furthermore, the measurement frequencyT@R may vary with
permittivity and water content (Robinson et al.020Friel and Or, 1999). Therefore, a
greater understanding of electromagnetic dispersifatts can be considered essential
to adequate modelling and interpretation of TDRad@vhich could potentially be
obtained using QWA). Additionally, TDR provides antegration of real and
imaginary permittivities, including the associatlxss tangent and the effects of
electromagnetic dispersion (Cosenza and TabbagB4)20rherefore, for higher
frequencies where the extended Debye model (Deb929; Hasted, 1973) would

predict small loss tangents, is there a less comglationship between water content
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and apparent permittivity that is masked by theitamithl complexities inherent in the

TDR data integration?

The research described in previous chapters cameftihe be summarised as
attempting to extend, rather than replace, the datputs from TDR to include
frequency domain variations typical of dispersiedss This was not a decision taken
arbitrarily, but rather because a very significaartion of the literature on soll
electromagnetic measurements has been undertakgnTi3R. It is apparent that this
popularity is due, at least in part, to the simpfiof using only start- and end-
reflection points, which masks the cross-disciplnacomplexities that would
otherwise occur when attempting to combine morehistipated electromagnetic

measurements with geotechnical research.

A further factor of note is that the work of Toppa. (1980) allowed use of
commercial cable testers for soil TDR measurememiowing time-domain
electromagnetic measurements without the complexatyd cost, associated with
previous use of separate pulse generators andspegd oscilloscopes. From a
geotechnical perspective this is important, aslotne for widespread use of TDR for
quality control, such as in measuring soil commacijRunkles et al., 2006). From a
more general soil monitoring perspective, it iatportant as the work of Topp et al.
(1980) showed that a general, and initially corgrsial (Topp et al.,, 2003),
relationship exists between volumetric water contemd TDR apparent permittivity
for a wide range of soils (the Topp Model: Topmakt 1980). Therefore, for scenarios
where soils exhibit only very limited electromagoedispersion, a single value of

apparent permittivity, and unknown frequency, obgly poses little difficulty.
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However, for dispersive soils, if their propertaae to be compared on a like-for-
like basis it is obviously equally important thariations due to frequency must be
accounted for. Determining this frequency is diffic as it requires a full
understanding of the frequency-spectrum of the Tse (including the relative
amplitudes of each frequency component), knowlesfgbe characteristic impedance
of the probe or cell (which can be expected to vamgh frequency in an
electromagnetically dispersive soil), and the fey-dependent attenuation
coefficient of the soil. Robinson et al. (2005) swiered that for a Tektronix 1502
TDR system, with well constructed probes, signaqfrency components up to
1.75GHz could exist, but that for poorly constracfgobes the maximum frequency
may reduce to below 1GHz. In a lossy, electromagalgt dispersive, material each
individual frequency associated with the TDR pulgk be associated with different

signal velocities (Robinson et al., 2003a).

As for such soils the higher frequencies will bepented to have higher
velocities, it is to be expected that the end otite point will be biased toward those
frequencies, as lower frequency reflections wither at slightly later times. However,

a bias toward higher frequency components at tldereftection point means that the
measurement frequency can be expected to redwateeasiation increases. In addition,
the spreading out of the signal frequencies in taugeses a deformation of the shape of
the TDR pulse (Robinson et al., 2005), which theffuences the shape of the TDR
trace at the end reflection point. Under such cirstances, the measurement frequency
has been found to reduce to below 500MHz (Friel @nd1999), due to the loss of

higher frequency signal components due to attemoalihis was found also to be the
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case in this study, through comparing the measii@R values for all saturated

samples to the fitted curves for QWA data (Figutd.6
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Figure 6.2. Approximate frequencies where TDR dataoincide with QWA

curves.

While even for the saturated state the QWA datasoreaent tolerance will not

allow certain determination of the TDR measurenfeaguency (especially for the

low-dispersion samples associated with low Liquiahits), it is apparent from Figure

6.2 that the TDR data are generally associated fstuencies below 500MHz in

saturated fine-grained soils. These low frequencéss be associated with significant

electromagnetic dispersion (Wensink, 1993) andtss apparent that the TDR data

integration described by Cosenza and Tabbagh (20ld)ause additional complexity

in interpreting TDR data due to the effects of lttes tangent as well as that of the real

permittivity. For the two very low Liquid Limit saptes the intersection frequency was

found to be higher. However, these soils exhilmitied electromagnetic dispersion and
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so, in combination with the measurement tolerarmed®oth the TDR and QWA
measurements, it is not possible to conclude tlesiact frequencies with any

significant degree of certainty.

However, while TDR measurements will generally teeléo a sub-500MHz
frequency band, they do not provide frequency-dam@data. Inversions of time-
domain TDR traces to the frequency-domain have baadertaken, but are
complicated. Additionally, they are dependent oe tmderlying electromagnetic
modelling of the probe, cables and TDR equipmeredusvhich may often change.
Verification of such inverted data, and other nosttempts to gain measurement-
frequency data from the time-domain (e.g. Robingbnal., 2005), is difficult if
comparison cannot be made to VNA data directly messin the frequency domain,
utilising the same cell or probe used for the tdogain measurements. QWA could
allow such verification and could, therefore, bedito calibrate inverted data and thus
provide increased confidence in the inversion maolagy. Furthermore, it offers a
means of validating attempts to gain continuousa daie. data at all measured
frequencies) from TDR probes using VNAS, as welpbawiding a basis to obtain such
data through parameter matching with dispersion elso¢e.g. Jones and Or, 2004,
Logsdon, 2005a). However, use of TDR traces toigeWrequency-domain data for
use with QWA is considered outside of the scopthisf study due to it being counter

to the goal of a simple and robust system, butpgrodunity for future exploration.

Even without determining the TDR measurement fraqueit is possible to
make some comparison between its data and that\bA Qecause attenuation can be
expected to increase with water content (Doolitihel Collins, 1995). Therefore the

higher frequency components will be gradually etbds the attenuation increases
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(Robinson et al., 2003a), from which it could bgented that the TDR derived data
will correspond to those of higher frequency QWA fow apparent permittivities,
with increasing divergence as the apparent pewijttincreases. To investigate this,
these two data sets have been compared as shdwguire 6.3. It was found that the
TDR and QWA data did start close to the line ofaiy, and diverged as expected
with rising apparent permittivity. For the highgoparent permittivities there is also
suggestion in Figure 6.3 that the TDR and QWA dadg begin to approach equality.
As was shown in Section 5.2, above a point closthéoPlastic Limit, where the dry
density is at a maximum, the magnitude of dispergamd hence potentially of the loss
tangent) reduces. As the amount of ‘bound’ wateslased to the surface area (Cosenza
and Tabbagh, 2004), which is decreasing with irssngghigher apparent permittivity,
it could be expected that the loss tangent cortidhuo the TDR measurement will
reduce. Therefore, for very high or low apparentnptivities (and hence water
contents) it could be expected that QWA and TDRadaill correlate, but at
intermediate values the two data sets would divdrgeto elevated loss tangents, with

maximum divergence expected close to the PlastiatLi

This relationship between the HF QWA and TDR data also be seen in the
volumetric water content domain in Figure 6.4. e HF QWA (Figure 6.4(a)) data it
can be seen that there is only minor variation betwSamples 6 and 8 over all water
contents. This could be expected due to their ielasid Liquid Limits being close in
value, from which it could be deduced that thegafic surface areas are similar. For
the plastic range, between approximately 40% afdd W@ter by volume, it is apparent
that there are close similarities in trends for the® soils tested over wide water

contents, and for the other soil samples testatieatiquid Limit. However, for the
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TDR data (Figure 6.4(b)) there is much less cotiaiebetween the three data sets and,
for use in geotechnical testing, it is of particutete that the apparent permittivity

values for the plastic state were found to varyieen samples by up to five units.
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0 10 20 30 40 50 60 70
HF QWA Er*

Figure 6.3. Comparison of QWA and TDR apparent pemittivity.

Therefore, as the TDR measurement frequency isctagéo be low in wet soils,
as previously described the resulting apparent pvity can be expected to be
associated with greater loss tangents than the WA @ata. As both the real part of
the permittivity and the loss tangent impact omalgvelocity, the loss tangent forms
an additional variable that must be contended witlelating water content to apparent
permittivity. For the HF QWA data dispersion is rhueduced and so, according to
the Debye model, loss tangents can be expecteswdp much smaller contributions
to the signal velocity. In this respect, the HF QWata could be expected to be much

closer to the values of real permittivity due todl reduced loss tangents.
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Figure 6.4. Relationships between volumetric waterontent and (a) HF QWA, and (b)

TDR data.

As the loss tangent is closely related to the ntadei of dispersion, it would
therefore be expected that more dispersive solldalli further from the 1:1 line than
less dispersive soils. On this basis, it could tgeied that it would not be possible to
provide a TDR mixing model, based solely on stad and reflection distances, that
provide accurate water content estimation for &lpersive soils. However, for the HF
QWA data, which are much less affected by variatidue to loss tangents, it could be
argued that the closer relationships between solsgure 6.4 provides an opportunity

for improved water content monitoring in fine-grathsoils.

It should additionally be noted that Chapter 5 sbdwhat it is possible for QWA
apparent permittivity to reduce at single frequesacwith increasing water content,
between the Plastic and Liquid Limits. This was sidared due to the interplay
between the magnitude of the dispersion, the iisangahigh-frequency permittivity,
and reduction in soil surface area. Such a reduatias not noted in the TDR data,
although this was not necessarily expected as e data cannot be considered to be

at a fixed frequency (Friel and Or, 1999) as shawFRigure 6.2 (slight reductions in
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frequency causing increases in apparent permittividfowever, the TDR data of
Figure 6.4(b) do show a significant levelling oktlapparent permittivity to water
content relationship for the two soils tested, witthe plastic state. For the London
Clay in particular, that relationship becomes alimMesel and, for a more dispersive
soil, it may be possible that a reducing relatigmshill occur, which is considered a
useful subject for future research. However, gitleat TDR will suffer significant
increases in apparent permittivity with small retttuts in frequency, for such a highly
dispersive sall, it is perhaps more likely that #eo single frequency measurement

system would be required to confirm the existerfddie effect.

Finally, in terms of direct application of QWA f@oils research, it should be
noted that use of a coaxial cell limits potentiaasurement scenarios. For this reason,
one objective was to investigate potential for deyeg QWA for use with TDR
probes and, in Chapter 5, it was shown to be plessilb order to fully exploit this
potential it will be necessary to consider how waddta from undisturbed samples
relate to those disturbed during testing with tbextal cell, which is largely outside
the scope of this research. However, for sample &dndon Clay), this can be
illustrated as the soil was obtained in a freskesti@m excavation and so a relatively
undisturbed block of soil was available (approxeha30 x 130 x 90mm). Density
and gravimetric water content measurements undertak this sample, together with
QWA measurements using the three pin probe, allowparison to the nearest water
content QWA measurement undertaken in the coaxihl Eor these three pin probe
and cell measurements respectively, the volumetater contents were 49.6% and
48.6%, and the dry densities were 1.31¢°and 1.38g.cl. As shown in Figure 6.5,

the undisturbed and disturbed samples show claselaton.
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Figure 6.5. Comparison between QWA measurements @ample 8 for the soil in

an undisturbed state, using the 3pin probe, and disrbed in the coaxial cell.

At lower frequencies the difference between théberand cell data is greater,
which can largely be explained by the difference28MHz in quarter-wavelength
frequency between the first points of each measemngntaused by the difference in
length between the probe and cell. These data eaaken to indicate that probe and
cell measurements can correlate well and that meamnts in the coaxial cell can be
considered representative of plastic field stagedject to further research. It also
validates the hypothesis that probes and cells Idhba equally applicable for
frequency-domain measurements, as is the casenfie-rdomain measurements in

Figure 6.6.

As Figure 6.6 shows, there is little significantfelience between the two TDR
traces, the vertical offsets within the cell andlj@ being a function of coaxial

geometry and the slight difference in end reflattidistances being due to the
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differences in sample length. After the end refte, the two traces diverge due to

differences in reflection phase between open and sircuit terminations.
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Figure 6.6. Comparison of TDR waveforms for the udisturbed (3pin probe) and

disturbed (coaxial cell) measurements on Sample 8.

The most significant difference between the two T#&tes is that the probe
exhibits greater attenuation due to its longer tlengvhich also makes the end
reflection less distinct (Robinson et al., 2003a)comparison to the coaxial cell.
Similarly (Figure 6.7), there is significant similg between the real S11 values for the
corresponding QWA measurements. The most distifference is the inverted nature
of the graph for the coaxial cell in Figure 6.7(hich has a short circuited
termination, compared to the probe in Figure 6.7{&e low frequency impedance
measured by QWA can additionally be seen to haweescorrelation to that of the

TDR traces of Figure 6.6 (in TDR exhibited by theasly reflection coefficient
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following the end reflection). For QWA the relevaeflection coefficients were -0.25
and -1.00 for the probe and cell respectively, wibhresponding values for TDR of -
0.30 and -0.95. The low frequency impedance camskd to estimate soil conductivity
in TDR (Topp et al., 1988), and so a similar pa$isfbshould also exist for QWA.

However, this potential was not progressed as thasorement bridge for the VNA

was only stated to provide accurate reflection mesasent above 10MHz.

@ (b)
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0 200 400 600 800 1000 T 200 400 600 800 1000
Frequency (MHz) Freguency (MHz)

Real S11
Real S11

Figure 6.7. Comparison of real & values for the (a) undisturbed (3pin probe) and (b

disturbed (coaxial cell) QWA measurements on Sampl@.

6.3 ACCURACY CONSIDERATIONS

The accuracy of QWA measurement can be expectbd t@riable as discussed
in Section 4.8 although, for the apparent permijtivalues associated with even wet
clays, usable levels of accuracy were achievedl @&al probe accuracies during
development were considered to be approximatelyunits of apparent permittivity

for water, with reduced error for lower apparentnuigtivity. However, this level of
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accuracy is a baseline: where quarter-wavelengtquincies are obtained within
signals of low signal to noise ratio larger erroosild result. Therefore, it is considered
appropriate to compare the measurement of TDR w@a@WA, including how the
accuracies associated with them compare. The r&#ection associated with TDR
(Figure 6.8(a)) is usually signified by a ‘bumptle data due to impedance mismatch
between the cable and probe/cell head: in this ttesgery small change in reflection
coefficient indicates a similarly small impedancesmmatch. The impedance mismatch
at the end of the cell/probe is then determineddnstructing tangent lines at the end
reflection point (Figure 6.8(b)). However, determg time-zero for calculation of
signal travel times is not simple in electromagneteasurements, including GPR data

(Yelf, 2004).
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Figure 6.8. TDR (a) start and (b) end reflection pints (Sample 5 at Liquid Limit in

coaxial cell).

In general TDR use, point B in Figure 6.8(a) isesnfused for measurement of

the start reflection distance (Topp et al., 198@)wever, as described by Robinson et
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al. (2003a), even though a readily identifiabletdea the centre of the bump is not
necessarily the distance to the start of the iaterbetween the probe/cell head and the
soil. Therefore, other potential locations must dmnsidered and their accuracy
evaluated. The start points considered by Robimesa@h. (2005) included points A and
C (Figure 6.8(a)), and for this study point D wdsled as there is an obvious change in
the reflection coefficient. If the wrong start pbia used then there will obviously be
an impact on the accuracy of the TDR measuremddtefore, each of the four start
points can be used with the physical length ofrtteasurement cell to determine the
apparent permittivity of air, water and Sample® 11 at the Liquid Limit (to provide

a wide range of end reflection distances), as showsigure 6.9(a). It is apparent that
the choice of start point could cause significaatiations in the resulting TDR
measurements, up to at least ten units of appgaemiittivity for water, due to the
measurement distance encompassing either pare @irttibe head, or less than the total

length of the sample.
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Figure 6.9. Variations in TDR apparent permittivity with volumetric water content due
to start reflection position (a) using physical céllength and (b) after adjustment of probe

lengths based on water end reflection position (gimwater and Liquid Limit samples).
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However, an important feature of TDR is that ibals for use of an apparent

probe/cell length. Therefore, the data were adjustech that they used an apparent

probe length giving an apparent permittivity fostdied water of 80. The results of

this exercise (Figure 6.9(b)) show variations mreduced from those of Figure 6.9(a).

So, while there are still variations between appiapermittivities for each start point,

the similarities illustrate the robustness of TDRhwan apparent length within a few

percent of the true physical length. Robinson ef(2003a) considered that the true

start point was slightly to the right of the impada mismatch 'bump’, close to point C

(see Figure 6.8(a)): the location chosen for thislys As shown in Figure 6.10(a) the

range of apparent probe lengths varied consideralythis exercise, between

approximately 8% longer, and 5% shorter, than the physical length. In addition

(Figure 6.10(b)), each of the start points gavéedght values for air, the closest to the

true value being point C.
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Figure 6.10. Cell (a) apparent length variationsrbm the true physical length, and (b)

calculated air apparent permittivity, for each start reflection point.
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For QWA there is no need to determine the stafeectdbn point, but it is
necessary to determine the phase change betweealibation plane and the start of
the sample, which is comparable. In its simplesissg this involves physically
measuring the difference in length with a digitalliper. In practice it is necessary to
make very small adjustments to the length to corsgienfor measurement errors, and
make use of an apparent length in order to proadeeptable values of apparent
permittivity for air and water calibrations. Thesed, for both QWA and TDR there are

similar difficulties involved in the setting up acdlibration.

A further important aspect of TDR, in comparisorQ@@/A, is that the effects of
the cable are not generally removed during caiidmatFor both TDR and QWA, as
long as the physical dimensions of the cell or pralm not vary, the calibration
associated with them should remain valid. Howetlgs, is not necessarily so for the
cable, which may be influenced by changes in lefgtl. if stretched), changes in the
permittivity of the annulus material due to tempere, and kinking of the cable. For
QWA, these effects are removed during calibratimndach measurement. For TDR
they are not and so it is possible that the starhtpmay vary. For this reason,
measurements were undertaken in a room with aveljatstable temperature and the
same cable was used for all TDR testing. Thereweag little variation in the position
of the start point over approximately a year ofites (Figure 6.11): approximately
+2.5mm deviation from the average correlating tpodential apparent permittivity

tolerance of +0.05 for air and 0.5 for distillechter.

Therefore, cable effects were small for TDR measergs under controlled
conditions, although under field conditions morgngicant variations should be

expected (Robinson et al., 2003b).
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Figure 6.11. Variations in the start reflection dstance over one year for (a) the coaxial
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measurement cell and (b) the three pin probe.

Having a constant start point, and with no changhé physical length of a TDR

cell or probe, the end reflection distance shoukb @e invariant for a constant

apparent permittivity. However, this neglects thigiallties inherent in constructing

tangents (Figure 6.12): there is no true curveirme hfter the end reflection so the

construction of a tangent is somewhat subjectivethérmore, noise in the data gives

rise to difficulties in determining the vertical feét of tangent lines that leads to

potential variability in the determination of trengent line intersection points.

In order to investigate the effects of this 'fuzgg’ in the end reflection, a

number of measurements were undertaken for ainatdr in the coaxial cell, each

having individually constructed tangent lines. Tha#lowed the measurement

differences from the true end point to be deterchias a percentage, as shown in

Figure 6.13. For air (Figure 6.13(a)), it was fouhdt the trace was relatively free of
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noise and that confidence in the apparent perntittibeing within £0.2 was

approximately 100%.
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Figure 6.12. Potential variations in TDR end refletion tangent construction for

water due to noise and human error.

However, for water (Figure 6.13(b)) it was founattfior a confidence level of
90% the apparent permittivity tolerance would be2+1t has been said that it should
be possible for TDR to be used to obtain measurtsmeithin 0.1 units of apparent
permittivity under controlled conditions (Robinsen al., 2003a). However, for this
study, it was considered that a tolerance withirus2s of apparent permittivity would

potentially be more appropriate.

In order to fully consider the tolerances assodiatéh QWA measurements air
and water tests were used to determine the pegeertzat fell into a range of
tolerances from the true values. From Figure 6)1d{ameasurement tolerances of
+0.6 for 90% of measurements are expected, anthéx@mum tolerance was found to
be +0.7. For water (Figure 6.14(b)), where quanawvelengths are more closely

spaced, it was found that 90% of measurements d@hi@lil within +2.5 units of
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apparent permittivity, but with a confidence lewdl approximately 95% that the
tolerance would be +3.5. For intermediate appangetmittivities, measurement

tolerances can be expected to be between the Valuais and water.
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Figure 6.13. TDR end reflection distance tolerancefor the coaxial cell: (a) air for 20

measurements and (b) water for 20 measurements.
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Figure 6.14. Measurement tolerances for the coadiaell: (a) air for 17 measurements

and (b) water for 124 measurements.
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A potential factor that must be considered is weethe VNA causes any errors
in apparent permittivity measurement due to tentpegaas this can be introduced by
signals (Reynolds, 1997; Knott, 2005). Testing acwe?GHz range required less than
twenty minutes to undertake. However, of that tiomdy approximately five minutes
(in ten 30 second periods) required connectiomefcell to the VNA, the remainder of
the time being required for calibration. Therefataeyas considered that heating would
not be significant. To test this, the coaxial oslis filled with distilled water and
connected to the VNA for a period of fifty minutése temperature being recorded at

two minute intervals (Figure 6.15(a)).
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Figure 6.15. Distilled water in the coaxial cell(a) temperatures over fifty minutes and

(b) the centre frequency set on the VNA (span 200MH.

In order to replicate testing conditions, signakrevonly introduced into the cell
for one minute periods (approximately twice that #ctual testing) before each
temperature measurement, the VNA being switched doifing each intervening
minute. This is illustrated in Figure 6.15(b), tdw with the VNA centre frequency

setting, which was increased after each temperah@@surement to cover the whole
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range employed in QWA. After the nineteenth minutee centre frequency was
maintained at 1900MHz, and after 25 minutes tentperaneasurements were reduced
to once every five minutes to reduce the need emabpe cell end plate momentarily to
insert the bulb thermometer. Small changes in teatpe (less than 2°C) were found,
with a linearly increasing trend over time (Fig@r&5). For a sample of distilled water
with table salt added to an electrical conductivity 2.3S.m", much higher than
expected for soils, a rise of 4.2°C was found avegdWA testing period of twenty
minutes, and this is considered the maximum tenpexaariation that would occur in

normal use.

While small changes in soil temperature will affegpparent permittivity,
Drnevich et al. (2001b) considered that no sigaiiic change to water content
estimation by TDR would be necessary within a tenajpee range of 15°C to 25°C:
much greater than variations found in this studyisagrees with the findings of Topp
et al. (1980) that there is little variation in apgnt permittivity with temperature
between 10°C and 40°C. Furthermore, the work ofelich et al. (2001b) usefully
indicated that apparent permittivity to temperatuegiations are greater for more
cohesive soils, but still indicated that the vaoiats likely to be no more than +5% for
a corresponding +10°C variation in temperaturecdntrast, a 40ml sample of distilled
water placed in a 650W microwave oven was foundige by 20°C in only ten

seconds, illustrating the relatively low heatindgrdial of the VNA and cell.

From the above, it can be seen that QWA outsiderdotes were greater, and
potentially more prone to sporadic variation, imgarison to TDR. However, this can
be balanced against the potential for QWA to prevideasurement frequencies and

data on electromagnetic dispersion. In additiotyreidevelopment of QWA could be
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based around use of more sophisticated portable Wgdels that should bring greater
accuracy and less variability. Overall, therefoitecan be concluded that QWA
provides a relatively simple and acceptably aceuratthod for broadband velocity
measurements in soils. As with TDR, when combineith wuse of relatively
inexpensive and portable VNA equipment, these nreasents become accessible to a
wide sector of the geophysical community, ratheanttbeing limited to those
practitioners with extensive knowledge of electrgmetic measurements and access to

more expensive and sophisticated frequency domaasorement equipment.

6.4 LINKING GEOTECHNICAL AND ELECTROMAGNETIC PROPER TIES

Considering the complex responses of the soils hapter 5 to variations in
water content and signal frequency, it is intengstio note that the dry soils all had
similar apparent permittivities when adjusted fariations in dry density (Figure

6.16).

+
*®

2.5 -

| Average = 2.24

1.5 -

Dry Er*/DD

0.5 -

2.5 2.55 2.6 2.65 2.7 2.75 2.8
Mineral density (g/cm?)

Figure 6.16. Dry apparent permittivity values forthe soil samples used, corrected

for dry density.
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However, as soils can generally be considereddorporate the same elements

(e.g. silicon and oxygen - Craig, 1997) this faxtniot surprising. Based on a dry

density of 2.7g.cm, the data of Figure 6.16 would give an averageaamy

permittivity of the mineral phase of between 5 &pdavhich is compatible with values

quoted in the literature (Robinson, 2004; Lebromlet2004). Although the electrical

conductivity, at the Liquid Limit, was only intendleas an initial indicator of the

properties of the wet soil samples, it is instuetto compare those values with the

magnitude of the electromagnetic dispersion, ak botild be expected to involve the

soil surface area (Cosenza and Tabbagh, 2004).
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Figure 6.17. The (a) conductivity and (b) dispersin magnitude of the soil samples at

their Liquid Limits.

The conductivity (Figure 6.17(a)) and dispersiongmtude (Figure 6.17(b))

showed no exact relationship, as would be expedigsl to the conductivity not

including the effects of polarization of water malées, which have been indicated as

potentially being a 50% greater contribution to kbgs tangent than those associated

with conductivity (Topp et al., 2000). However,can be seen from Figure 6.17 that
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there are similarities and, overall, the electrimahductivities generally fell within the

common range for soils of up to 100 mS.(Giao et al., 2003).

Properties of soils associated with water conteatd significant interest in
linking geotechnical and electromagnetic proper{i@arreon-Freyre et al., 2003), as
they control both signal velocity and attenuatidodlittle and Collins, 1994), and so
contribute strongly to soils being complex systeamgeophysical terms (Ben-Dor et
al., 2002). Two such geotechnical parameters aee liguid Limit and Linear
Shrinkage, both of which can be expected to rdiatthe soil specific surface area
(Mitchell and Soga, 2005). On this basis, it colld expected that these two
parameters would show some correlation, and a cosagpabetween them is therefore

shown in Figure 6.18.
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Figure 6.18. Relationships between Linear Shrinkagand Liquid Limit (a) for all

samples and (b) zoomed to illustrate variations isamples 1 through 8.

From Figure 6.18(a) it can be seen that all of 4b# samples at their Liquid

Limits followed a general relationship of increagshrinkage with increasing specific

222



Chapter 6 - Discussion

surface area. However, as shown in Figure 6.18(g),correlation appears to be a
loose trend, and potential reasons for this willebeborated on in the next section.
However, even as a general trend, this is a usefationship as geophysical methods
are increasingly being utilised to image the sulaser for engineering purposes
(Anderson et al., 2008) and shrink/swell properidssoils, and the potential for

ground movement associated with them, are of paaticnterest (Waltham, 1994).

However, it should be noted from Chapter 5 thatrttagnitude of dispersion is
greatest close to the Plastic Limit and varies betwsoils, and many field soils may
have a low Liquidity Index. On this basis, measgiimne magnitude of electromagnetic
dispersion in the field could provide clues as tthbthe Liquid Limit and shrinkage
properties of a soil. Therefore, the Liquid Limftemch sample can be compared to the
magnitude of electromagnetic dispersion (betweedMHz and 1GHz): see Figure
6.19. As with Figure 6.18, a general trend was €huout it is apparent that the match

is poorly correlated.

An important factor in improving on that trend isetstudy of relationships
between the specific surface area and Liquid LioyitDolinar and Trauner (2005).
These researchers considered that the inter-graiarwontent at the Liquid Limit is
proportional to the specific surface-area, othetewdoeing confined to inter-sheet
locations. As the higher-frequency apparent pewnrtittdata appear to show a linear
relationship to the Liquid Limit, it is possibleahthese data are related to inter-grain
water, with the lower-frequency dispersion beintatexl to the more confined inter-

sheet water.

If this is the case, low-frequency dispersion ie water phase may be a function

of mineralogy, the associated degree of inter-sheder therefore determining the
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magnitude of the dispersion. This fits with the biypesis that relationships between
silicate layers and water are associated with trana in permittivity, electrical

conductivity and shrink/swell behaviour (Cosenzd @abbagh, 2004), as well as the
suggested relationship between electromagneticediggn magnitude and cation

exchange capacity found, for frequencies below 1i8@My Fernando et al. (1977).
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Figure 6.19. The relationship between Liquid Limitand the magnitude of the

apparent permittivity (L00OMHz to 1GHz).

In order to investigate this possibility, the mdgde of the dispersion for each soill
can be compared to the linear shrinkage (Figur@)6A&s shrinkage properties are
largely dictated by the potential for water to duilp between mineral sheets (Grim,
1962), it would be expected that any differenceglectromagnetic properties of the
inter-sheet water may show some relationship tatheunt of shrinkage exhibited by

each soil.
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Figure 6.20. The relationship between linear shrikage and the magnitude of the

apparent permittivity (L00MHz to 1GHz).

It can be seen that Sample 6, and the two mixtiréswith Sample 11 (Samples 9
and 10), are the only samples to show significapadure from a linear relationship,
and the correlation appears much better than twah& Liquid Limit in Figure 6.19.
However, when the effects of dry density are actedifor the variations from a linear
fit are much reduced (Figure 6.21). Under normebficircumstances the Liquid Limit
can be expected to be below 100% (Rogers et &9)2Where the linear relationship
Is most evident, although it should be noted thiather research will be required to
ascertain the properties of less common soils degasignificantly from the A-Line.
In terms of Samples 9 and 10, it has been notedqugy in the literature that the
shrinkage limit of artificial mixtures of fine-gmaed soils can depart from a strict pro-
rata of the component shrinkage limits (Sridharad &rakash, 2000a). This may

account for the greater variations Samples 9 andextibit from the relationship
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shown for the other, non-composite, soils studiedl idustrates that further research is

required to characterise signal velocities in ssamils.
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Figure 6.21. The relationship found between lineashrinkage and the magnitude
of the apparent permittivity (100MHz to 1GHz), whenadjusted for the effects of

dry density.

6.5 THE ROLE OF THE PORE WATER

The literature often describes the electromagm@tperties of fine-grained soils as
incorporating adjacent 'bound’ and ‘free’ wateisphavith markedly different apparent
permittivities (e.g. Serbin et al., 2001). Giverattthe higher-frequency QWA data
show a relationship to the Liquid Limit, and thesgkrsion magnitude appears more
related to the shrinkage properties, it could becsfated that these two geotechnical
properties are related, respectively, to the 'fae€ 'bound’ water phases. Therefore, it
is possible that electromagnetic signal velocityadeould be used in engineering

estimates of the potential for shrinkage, or swglliof soils, and at higher frequencies
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for measurement of soil volumetric water conterdentifying soils with high
shrink/swell properties is of great importance (Grand Frost, 2003), as is
measurement of soil water content (Topp et al.,81,98nd so the ability to identify

these properties without intrusive excavation Hagaus benefits.

An indication of the complexity of the soil pore i@aphases can be taken from the
number of mixing models available in the literat(see Section 2.6). According to van
Dam et al. (2005) there are at least twenty twdisuodels available for calculating
composite electromagnetic properties. Howeverhas study chose to cover the full
saturated water content range, and due to thestensy of apparent permittivity data
in the plastic range, it is instructive to considariations in the pore water apparent

permittivity at water contents above the Plastimiti

This was achieved by calculating the water phagpar@mt permittivity as a simple
volumetric fraction (Equation 6.1). As air has grparent permittivity of unity, its
effect at small fractions was assumed negligiblee &pparent mineral permittivity was

determined by testing the soils, immediately follogvoven drying, in the coaxial cell.

o 1C C * 8*ODIC LL
Ew — 3 L Eq 6.1
rw e ( r 5 [ ]

whereegw* and g;,op* are the apparent permittivities of the water ghaad oven dried
soil respectively an@ is the volumetric water content (%p.. andpop are the dry

densities of the soil during tests at the Liquidhltiand after oven drying.

The range of mixing models available indicate ttietre should be a complex
relationship between the water content and wat@s@lelectromagnetic properties,

although the work of Saarenketo (1998), and otherfar back as Cownie and Palmer
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(1951), provide some indication that the water phaarmittivity may level off above
the Plastic Limit. However, it was found that thaparent permittivity of the water
phase at high frequencies appears largely constargast within the plastic range
(Figure 6.22). Above the Liquid Limit there is aarige in the apparent permittivity
and a general increase toward a value close to &@e-approximate apparent
permittivity of ‘free water. For the TDR data tleris much greater variability,
potentially due to variations in the loss tangéntthe lower frequency QWA data it
can be seen that significant variations occur that these need not preclude use of an
average water phase apparent permittivity in mixamgdels, depending on accuracy

requirements.

The average water phase apparent permittivitigetiher with details of the amount
of variation occurring for both higher frequency @vend TDR, are detailed in Table
6.1. The HF QWA data were found to vary within agea of +3 units of apparent
permittivity from the mean. Based on Section 6hgse variations may be largely due
to the expected measurement tolerance of £2 uhigpparent permittivity. The TDR
water phase data provided consistently higher @aloé apparent permittivity
compared to QWA, which can be attributed to thedowlominant measurement

frequency.

Furthermore, in Table 6.1 there is greater vaiitgbih the TDR data (c. -5 to +6
from the mean) and this may be attributed to thging effects of the loss tangent on
signal velocities. This is not an inherent aspé¢he HF QWA data due to the weaker

dependence of the permittivity on pore water sgliivVensink, 1993).
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Figure 6.22. Liquid Limit apparent permittivity of the pore water phase, in the
volumetric water content (VWC) domain (a: full QWA data and b: HF QWA and TDR

data).

Table 6.1. Variations in water phase apparent perittivity.

Water phase apparent permittivity

HF QWA TDR
Minimum 53.5 63.8
Mean 57.0 68.9
Maximum 59.7 75.2
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Having determined that the water phase apparentifietity shows a degree of
consistency between soils at the Liquid Limitsiimportant to investigate whether the
relationships found were applicable to other watarttents. The analyses of Samples 6
and 8 allowed such investigation. As can be sedrigares 6.23 and 6.24 the water
phase data are very similar to the previously dlesdrLiquid Limit data in that the HF
QWA data show a consistent apparent permittivitshimithe plastic range. This could
be considered remarkable as the calculated watsepapparent permittivity is based
on a single water phase: i.e. without considerabibseparate ‘bound’ and ‘free' water.
Of course, a second water phase does exist it frequency data exhibiting itself
as electromagnetic dispersion, but is fully relakethis HF QWA data. This appears
to rule out the possibility that bound water becenfiee water at a critical water
content, as posited by Boyarskii et al. (2002). ideoer, based on Chapter 5 it is
apparent that a successful mixing model for fingirged soils, to relate apparent
permittivity to volumetric water content, could based on an underlying linearity in
the water phase at high frequencies (c. 1GHz), leiver frequency variations being
based on a dispersion magnitude that respecththmkiswell properties. This may not
be unrealistic as simple volumetric fraction mixirgy used in the literature (e.qg.
Nedeltchev, 1999). Additionally, of particular note that the magnitude of the
dispersion can be seen to be reducing in propottiavater content for these two soils,
whereas for the Liquid Limit data there is an ims® As higher Liquid Limits relate
to higher mineral specific surface areas (Farrat @olemanm, 1967), and higher
water contents in saturated fine-grained soilstedaia lower mineral surface areas, this
is to be expected if the surface area of a soifeeral phase is considered linked to its

shrinkage and electromagnetic dispersion properties

230



Chapter 6 - Discussion

Water Er*

100

1000
F (MHz) 1500 40 60 VWC (%)
(b) =

Wp WL
L 60
W
@
"
2
o 40
R
a
hd
m
; 20 4

0 T T T T T T
30 40 50 60 70 80 90 100
VWC (%)

Figure 6.23. London Clay apparent permittivity ofthe pore water phase, in the

volumetric water content (VWC) domain (a: full QWA data and b: HF QWA data).
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Figure 6.24. English China Clay apparent permittivty of the pore water phase, in

the volumetric water content (VWC) domain (a: full QWA data and b: HF QWA data).
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The data of Figures 6.23 and 6.24 also indicate ttiea marked differences in
electromagnetic dispersion magnitude between thgligknChina Clay and London
clay, at their Liquid Limits, is representative thie whole plastic state. It was found
that the English China Clay exhibited much lespelision between the Plastic and
Liquid Limits than the London Clay, the former aleghibiting a much lower linear

shrinkage.

Therefore, it appears that the geotechnical paenmetf Liquid Limit and linear
shrinkage could provide very useful indicators loé degree of dispersion that will
occur in individual fine-grained soils, potentiatilping inform field electromagnetic
surveys in future. In addition, it is apparent tdavelopment of methods to measure
electromagnetic dispersion, and water contenthenfield would allow the potential
estimation of the shrink/swell properties of soisitu. As soil swelling is considered
a significant problem, and even highly ranked amoatyral hazards (Kariuki et al.,
2003; Chabirillat et al., 2002), such methods cqputtve very useful in engineering and
construction. Furthermore, the greater understgndirthe electromagnetic properties
of plastic fine-grained soils found in this studysld be of potential use in extending
other methods for geophysical determination of gtfse properties, such as the work
of Lambot et al. (2004) and Serbin and Or (2004)ictv both utilised GPR for such
purposes. It may even be of use in informing seisméthods to induce measurable
electrokinetic effects, such as by Pride and Mor@#91), which may be of interest
given potential relationships between electromagnahd acoustic data for porous

media (Pride, 1994).

Also, for both samples there was a noticeable ahamghe water phase apparent

permittivity above the Liquid Limit: as well as &p increase there is also a rising
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trend in the HF QWA data toward the 'free’ watelugaof apparent permittivity at
100% volumetric water content. This indicates tliat,the saturated state, different
water content to apparent permittivity relationshgxist above and below the Liquid
Limit. While no example has been found in the &tare of this effect occurring
(electromagnetic literature for these water corstérting very limited), the differences
are known geotechnically as the plastic and licatates (Craig, 1997) so the need for

two separate relationships could be expected.

Further evidence for this could be taken from Lg2806) who described the
swelling of smectites as being based on differeatgsses depending on the state of
the soil, with increasing water content giving rieean initial breakup of quasi-crystals
into smaller sub-units, followed later by compldeelamination of silicate sheets, with
correspondingly decreasing interactions betweermthd&herefore, it could be
speculated that as de-lamination occurs, the radunier-sheet (‘bound’) water would
give rise to increasing inter-grain (‘free’) wat#rat could cause the apparent
permittivity of the water phase to approach thatuoiconfined water, as 100%
volumetric water content is approached. As well besng of interest from the
perspective of studying such potential de-lamimapoocesses at high water contents,
the close to linear relationship between appareminijtivity and volumetric water
content above the Liquid Limit may also be of useduch applications as monitoring
drilling slurries (Abichou et al., 2004), or evear flocation of water pipe leakage

(Millard et al., 2004) where soil water contentsynhba locally elevated.

While the exact mechanisms determining this alnoosistant nature of the water
phase EM properties between the Atterberg Limitsosyet known, it is interesting to

consider these data in terms of double-layer thdaoryhis theory, it is considered that
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the water phase will comprise a thin bound layeioofrich water (Gouy layer) around
mineral particles which are themselves surrounded Hiffuse layer (Chapman layer)
that is influenced by the surface charge of theemals in a manner reducing with
distance (Mitchel and Soga, 2005). Beyond the défdouble layer, any remaining pore
water must therefore be presumed ‘free water’. Harethere are many limitations to
this theory (Mitchell and Soga, 2005), includingttthe permittivity of the water phase
is often considered the same as free water, wisialot found to be the case in soll
electromagnetics research (e.g. Saarenketo, 1898ydition, the theory considers the
impact of charged surfaces on adjacent ions andrwablecules, but does not include
the effects of the water structure itself (Low, 29Ritchell and Soga, 2005), which
includes three-dimensional hydrogen-bonding thay aféect the attraction of charged
surfaces (Ball, 1999). Furthermore, bound waterlbeen described as firmly attached
to mineral surfaces and rotationally hindered, tfetse water molecules will be
surrounded by ions associated with the diffuse tolayer, which Debye (1929) would
argue should neutralize surrounding hydrogen bo@dsignificant interest, therefore,
is that for biological systems Despa et al. (200d)e able to illustrate changes in water
dielectric properties in terms of a permittivitycdeasing with increasing proximity to
interfaces, due only to reduced potential for fdaiora of hydrogen bonds between
water molecules. If it is also true that confinedter dipoles experience a reduced
translation energy barrier (Choi et al., 2005), &éind-grained soils can have pores as
small as 3nm (Sills et al, 2006), then again theot that 'bound’ water is firmly

adsorbed and rotationally hindered appears to Berte extent incomplete.

In soil EM research there is considered to be akeshdifference in apparent

permittivity of bound and diffuse water (e.g. Serbt al, 2001; Serbin and Or, 2005).
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Furthermore, it can be expected that large chamgelsy density should reduce the
proportion of bound water in favour of increaseshie proportion of diffuse water, as
fine-grained soils should have water absorptiorradtaristics (Prakash and Sridharan,
2004), electromagnetic dispersion characteristRas/thatha and Sen, 1986; Arcone et
al., 2008), and bound water contents (Cosenza ainibagh, 2004), linked to their
surface areas. However, it can be seen from Figuéesnd 5.3 that the dry density,
and hence theoretically the available soil surfazea, of Samples 6 and 8
approximately halves between the Plastic and Liguiehits. Also, Dolinar and
Trauner (2005) discussed the potential for two sypewater to exist in fine-grained
soil: that between silicate sheets and that betwsseh grains. Therefore, for the
saturated plastic state, such a reduction in sairémea, with no significant change in
water phase apparent permittivity, could be considlean indication that the inter-
grain pore water is homogenous within the plastitge. This would agree with the
single water layer speculated by Boyarskii et200Q), if not applied to the inter-sheet
water, and does not disagree with the concept ofa@ Wraith (1999) that the
proportions of bound and free water may vary wigmperature. It is, therefore,
interesting to note that Low (1979) found substnthanges in the properties of pore
water between mineral layers in montmorillonitehwiticreasing layer separation. Low
(1979), and Pickett and Lemcoe (1959), found thetftrst few molecular layers of
water around mineral sheets have significantlyedéiht properties (e.g. viscosity) to
unconfined water. Based on the work of Despa €2@D4) this may be due to reduced
hydrogen bonding potential, and so the changesoset properties toward those of
unconfined water, as water content increases, dbld be due to increased bonding

potential.
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Therefore, it can be argued that, when saturateldpéastic, the two soils studied
show evidence against a double layer existing e gbre water, or at least against
there being differing adjacent layers with markediyfferent electromagnetic
properties. From this it can be speculated thatirther-sheet and inter-grain waters
discussed by Dolinar and Trauner (2005) offer aentacid illustration of the nature of
'‘bound’ and ‘free’ water for geotechnical purposidditionally, the apparent
permittivity data indicate that assuming free watatues for fine-grained soil pore
water may be inappropriate as, for Samples 6 arnlleBe was an increase in apparent
permittivity above the Liquid Limit. This indicatethat the pore water apparent
permittivity is likely to be lower than that of &e water’ within the plastic range,

implying a difference in water hydrogen bonding.

6.6 WATER CONTENT MEASUREMENT USING TDR AND QWA

The motivation behind TDR development was the desirprovide data for use
with GPR patrticularly in terms of water contentfdinog (Topp et al., 2003) and both
methods have been found to give complementarywagr content data (Huisman et
al., 2003a). However, models such as that of To@. €1980) have been shown to be
very variable in applicability (Kelleners et al.0@5a). In particular, TDR has been
found to provide poor accuracy for highly plastiays and soils of high and low
density (Siddiqui et al., 2000). Therefore, the dastration of compatible data
between TDR and GPR does not necessarily inditetewater contents calculated

from those data will be correct if a mixing modgblised indiscriminately.
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It has been shown that so called 'universal' (Satal., 2009; Nadler et al.,
2006) mixing models, such as that of Topp et @3(@), can be biased toward water
contents below approximately 40% by volume, or hdly representative of the
dispersive nature of fine-grained soils. This ipariant not just in terms of TDR and
QWA, but also in wider electromagnetic surveyinglagations where common mixing
models are used, such as for GPR water contentadatgion (Huisman et al., 2003b).
As illustration, Figure 6.25(a) shows the volunetkiater contents for all of the TDR
data against the Topp et al. (1980) model valuesilustrates an agreeing general
trend for volumetric water contents below 40% fantples 6 and 8 (approximately the
Plastic Limit). But, calculated water contents foardifferent relationship in the plastic
state and start to converge on an apparent perityitof 80 at a volumetric water

content of 100%.

While little literature exists for high water conts, this departure from the Topp
et al. (1980) model above 40% volumetric water eofjtand closer agreement at very
high water contents, agrees with the findings ofti€u(2001) at 100MHz. For
frequencies below 50MHz, Campbell (1990) found igent similarities between his
data and the Topp et al. (1980) model up to 40%imetric water content, but with
equally significant departures from it at highertevacontents up to his maximum

value at ¢.50%.

It is therefore interesting to note that there wgamificant opposition in the
1970s to the assertion that a single empirical T@dlel could relate to all soil types,
particularly those including significant amounts st or clay (Topp et al., 2003).

From Figure 6.25 it is apparent that both camps hewe been correct: the Topp et al.
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(1980) model appears to loosely describe the uredetli state, but for the saturated

state there is no real correlation to measured data
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Figure 6.25. TDR and the Topp et al. model: (a) eoparison of apparent permittivity to
volumetric water content relationships and (b) erras found using the model with all fine-

grained soil samples tested.

It should, however, be noted that the Topp et E380) model has not been
singled out for criticism in this thesis: it is yaztommonly used and so provides a good
basis for illustrating that the apparent permityivaf fine-grained soils does not follow
the same water content relationship above and bétewPlastic Limit. It was also
chosen to illustrate (Figure 6.25(b)) the degreeradr that can occur in water content
measurements due to use of mixing models, foritfeedrained soils studied, over the
full water content range applicable to geotechneraineering. For the plastic state,
Figure 6.25 shows that volumetric water contenorerican be as large as 20%, but
other studies have shown errors between TDR watetents, and those determined
through oven drying, of up to 100% where soil spe@apparent permittivity models

are not established (e.g. Zupanc et al., 2005).
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The Topp et al. (1980) model was considered bguthors to have an inherent
standard volumetric water content error of 1.3%98%0 of their measured data and
the differences they found for a range of matermdsveen glass beads and organic
soil showed potential volumetric water content &@oins greater than 10% for the
same value of apparent permittivity. Furthermane, data used to form the polynomial
curve fit was from materials whose apparent pemitigtwas only weakly dependent
on frequency (Topp et al., 1980). These variablestiate the difficulty associated
with attempting to devise a truly 'universal' mgimodel. Therefore, the potential for
creating a new model for water content estimation,saturated fine-grained soils,
requires discussion. This can be achieved throegériohining a linear relationship for
all HF QWA and TDR data points close to and abo@#4/olumetric water content

(Figure 6.26).
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Figure 6.26. Predictive water content relationship for all samples above the Plastic

Limit: (a) HF QWA and (b) TDR.

These two relationships allow comparison of theultssto the measured water

contents, allowing determination of the associagewr (Figure 6.27). The TDR
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prediction model of Figure 6.26(b) provides sigrafit improvement over simply

assuming that the Topp et al. (1980) model is apple, the error being generally

within 10%.

Obtaining exact water content estimation in soilshwariable loss tangent
contributions can be expected to be difficult, patentially less so for HF QWA. This
was found to be the case for the HF QWA predictrondel (Figure 6.27(a)):
volumetric water content estimation was generadiifievable within a tolerance of

5%. The greatest errors (up to 8%) were found Hierlowest water content samples

close to the Plastic Limit.
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Figure 6.27. Errors in water content estimation asociated with the predictive models for

(a) HF QWA and (b) TDR.

The predictive models for TDR and HF QWA data cdugdimproved further by
splitting them into the plastic and liquid phasdsurthermore, even greater
improvements may be possible if the effects of diensity are corrected for: such as
through combined seismic and electromagnetic measemts (Fratta et al., 2005)

which can be considered coupled (Pride, 1994). Hewethese two potential
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improvements were not included because under ndreidluse water contents could
be expected to vary widely with location and it nmy be possible to directly measure

the dry density.

However, based on these initial results, measurssmerf the apparent
permittivity of fine-grained soils in the plastitate could provide a useful model for
volumetric water content estimation. But, use @nai frequencies associated with
reduced dispersion, as with HF QWA, could providenare accurate method than

TDR, although for field use temperature correctimasild need to be devised.

However, for large area soil monitoring the use nadltiplexers would be
required which have some effect on TDR measurem@astiglioni et al., 2006;
Logsdon, 2006b). While the effects of these devicas be calibrated out of TDR
measurements, further research would be requiredletermine their effects on
frequency-domain signals before they could be ctmmed for use with QWA.
Additionally, in terms of the measurement data wlet@ in this study, it should be
noted that effort has been made to ensure thagahmples were homogenous in terms
of water content distribution, in order to redulse potential for convoluted waveforms
due to water content gradients. For TDR, reconstmof water content profiles along
probes has been documented (Heimovaara et al.,),2@04dl for field use such
reconstruction methods could also be required ftAQHowever, it should be noted
that the TDR literature largely describes averagemgtivities without correction for
gradients. Furthermore, techniques such as thoskeioiovaara et al. (2004) are based
on modelling of TDR signal propagation and reflestiand so could be incorporated
into the modelling described in Chapter 4. Howeuader many circumstances, use of

short probes in fine-grained soils could involveignificant degree of homogeneity in
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tested soils, and under such circumstances thefU3gVA described in this thesis has

been found adequate.

6.7 RELEVANCE TO ENGINEERING

This research provides a number of opportunitiesivii engineering, most notably
the potential for accurately measuring fine-graiseill water contents. This is significant as
common use of TDR in fine-grained soils suffers tuelevated loss tangents and so use of
HF QWA data may provide an opportunity to overcaheg difficulty and reduce the need
for soil-specific calibrations. In the field thisay allow improvements such as simple
monitoring of weather sensitive sub-grades duriagstruction, and advance warning in
geo-hazard monitoring (e.g. landslide warning swysteand monitoring of potential
shrinkage and swelling close to sensitive strusfurdlso, links found between linear
shrinkage and dispersion magnitudes provide a patignsimple means of assessing and
geospatially mapping shrink/swell potentials, aswimg both the dispersion magnitude
and its associated water content provides useielschs to the potential for volume changes

to occur.

In the laboratory, potentially calibration free maeements of water contents in fine-
grained soil fractions may also allow for improvewnitoring of water related changes
within geotechnical experiments (e.g. measurememtsollapsible soils such as Loess), as
well as potentially expediting the delivery of ixdeest results which may currently be
delayed for up to 24 hours while water contents determined. Furthermore,
measurements of electromagnetic dispersion duahgratory Liquid Limit testing should

provide the opportunity to very rapidly estimateetr shrinkage without having to wait a
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number of days for controlled shrinkage to occws ¢aick drying is associated with
undesired curling and cracking). If QWA is utiliseldetermine volumetric water content
over all cone-drops included in the Liquid Limistgethis also facilitates rapid estimation of
particle densities (as this would only require aown cup size and simple mass
measurements). Given that there appears to be earlimariation in electromagnetic
dispersion magnitude between the Plastic and Ligoids in a soil, it is also possible that

future work may identify means of estimating thad®c Limit using QWA data.

Further research opportunities can also be foundthim differences between
electromagnetic properties at low and high freqiendhe former including the effects of
loss tangents and ionic conductivity associated wibund' water phases, and the latter
largely being dependent on the Debye (1929) relaxairocess for ‘free’ water. Therefore,
it is possible that the properties of both of thésens of water, and their variation with
time and temperature, could be monitored throughali QWA measurements, which is not
currently practicably achieved through simple u$eTDR. Example applications could
include monitoring diffusion of ions into and out soils, monitoring of contaminant
diffusion in contaminated land and landfills, armlaameans of illuminating the nature of
pore water in experiments relating to Diffuse D@ubhyer theory. It is also possible that
simultaneously monitoring both water content andctbmagnetic dispersion could
provide a useful means of monitoring contaminantta@omment systems using clays (e.qg.
Bentonite in landfill leachate barriers), where giynmeasuring water content may give

little clue as to whether chemical changes havermed that may cause failure.

In the future, once further work has establishexlftll correlations between plastic

fine-grained soil dispersion magnitudes and watartent, and temperature corrections

244



Chapter 6 - Discussion

have been devised, it may be possible to rapidiynate geotechnical index test values in
the field, and even map variations spatially forteaorks planning. Also, where
geophysical surveys are planned in engineerings itow possible to estimate potential
signal velocities from geotechnical index testg] amen to use geotechnical databases as a
basis for development of soil suitability maps adeak study aid for such surveys. This
may also help in reducing the complexity of curremiing model literature, through

categorising their usability in terms of soil gesiteical phases.

It should also be noted that QWA has potential gooviding a field-applicable
geophysical survey method that can be used, widguate VNA equipment, to provide
conductivity, water content, and shrinkage infororatfrom a single measurement. This
significantly improves over TDR survey methods awén allows for construction of more
useful computer-generated survey plans utilisinffestint frequencies. For instance, low
frequency data can be used to provide an indicatigyeospatial variations in loss tangents
(i.e. conductivity and dipolar polarisation varaats), high frequency data can provide
water content, and the dispersion magnitude betwbentwo could provide clues to
mineralogy and variations in soils type. This coptdvide significantly enhanced data for
engineering and archaeological geophysical surviexsiding allowing post-processing

variation of measurement frequency to optimise remttin plotted survey data.
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

7.1 OVERVIEW

This chapter provides conclusions and details piatefuture research work

through the following two sections:

7.2. Research outcomediscussion of the most relevant research outcomes.

7.3. Recommendations for future work:Discussion of potential future research.

7.2 RESEARCH OUTCOMES

Current knowledge of electromagnetic signal veloctteasurement in soils was
investigated through a comprehensive literatureckeand review, including consideration
of geotechnical factors that may be relevant td st@Ectromagnetic properties. In this
regard, it was found that there is significantritere on soil electromagnetic properties but
often limited either to single frequencies or smadlter content ranges and, in the majority
of cases, do not cover the full range of fine-gedirsoil water contents likely to prevail in
the field. Also, literature is available on therfar of water that may exist within soils, and
so which may affect the electromagnetic propertedhough it should be noted that
connections between water electromagnetic and geatzal properties, and associated
hydrogen-bonding structures in soil pores, arewelt covered. For this study, recourse had

to be made to other disciplines for relevant daa.(biological sciences literature).
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However, very little research has been found thatle used to directly relate the different
forms of water to electromagnetic and geotechrpoaperties. In particular, it can be noted
that there is relatively little agreement in theattomagnetics literature on an exact form of
'‘bound’ and ‘free’ water in fine-grained soils thd¢quately represents geotechnical states.
However, it was found that the soil electromagrsetiEsearch community is an active one
with many examples of novel research that can be&lemase of for geotechnical
applications. Furthermore, many examples of paéinti useful electromagnetic
measurement systems were found in the literatooey fvhich it was possible to develop

QWA as a useful extension to TDR.

A range of fine-grained soils were obtained suéabk use in both geotechnical and
electromagnetic testing, including characterisatioof their geotechnical and
electromagnetic properties. A significant aspect tios work was that geotechnical
characterisation of the selected soils requiredamg of the soil fines (i.e. less than, or
equal to, 42pm in size). This is significant, as it was recoguishat full comparison of the
geotechnical and electromagnetic properties shaldd require use of the same soill
fraction. Therefore, through removing variabilitgsaciated with inclusion of coarser soll
particles in the electromagnetic measurementsabilgy to determine relationships was
facilitated. Also, Atterberg Limit testing was showo relate acceptably to the A-Line, the
particle densities related well to later dry densiteasurements and the linear shrinkages
related well to later measurements of the magnitofleelectromagnetic dispersion.
Furthermore, through undertaking characterisatioawide range of soils, a similarly wide
range of Liquid Limits and shrinkage values becanmerent in the samples used, which

enhances the quality of relationships found in sghsnt apparent permittivity tests.
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An electromagnetic measurement cell was devisedledeand modelled, including
formulating a methodology for its use suitable #ttending TDR to include data on
electromagnetic dispersion directly measured inftequency domain, and with similar
simplicity to use of TDR. In terms of extending TDRWA provides a useful improvement
in that not only does it provide a number of datan{s, but also their frequencies are
known within acceptable tolerances. More importganWA not only provides enhanced
data in comparison with TDR, but the measuremelhiatiews use of both technologies to
provide comparisons between the two techniquestetms of potentially validating
inversions of time- and frequency-domain data, ihiswvaluable. In terms of ease of use,
QWA could be considered more difficult to use aeguires time consuming collection of
data and multiple re-calibrations. Also, the degkroise inherent in measurements causes
a need for significant practice before the usahe to obtain useful data. However, it is
possible that use of a more sophisticated VNA, algb significantly improved memory,
connected to automatic data retrieval and procgssiftware, could much improve ease-

of-use.

Use of the cell in a geotechnical testing environingas developed, with similar
levels of quality safeguards to those appropriateotitine geotechnical testing, including
consideration of whether relationships exist betwgeotechnical and electromagnetic data.
Of particular significance is that the decisiorutwertake measurements in an environment
that was not closely regulated, in terms of suciofs as temperature, introduced some risk
of masking relationships between soil electromagneind geotechnical properties.
However, even though there is some variability apmpain the data, the relationships found
were nonetheless considered well defined and vammtappeared mostly attributable to

differences in dry density between samples at miffewater contents. In the early stages,
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the most important ‘discovery' was that the higlgflrency apparent permittivity related
linearly to the Liquid Limit. However, of equal sificance was that this related to the
Wensink (1993) model, which therefore provides teptal high-frequency water content
measuring relationship akin to the Topp (1980) nhaded often with TDR. This resulted
in further measurements in two soils over a widegeaof water contents, and it was found
that the high-frequency apparent permittivity valwaso linearly relate to water content
and, in addition, followed the Wensink (1993) modehear trends imply that pore water
apparent permittivity will be constant over widengang pore sizes. It was also found that
signal velocities in fine-grained soils also relédethe geotechnical states divided by the
Plastic and Liquid Limits (i.e. friable, plasticatiquid). The further discovery that a step
change in apparent permittivity occurs above tlgiid Limit also provided insight into the
possible occurrence of a phase transition in watencture, although this was not
investigated in depth as to do so would have woikgainst the desire to provide a full

overview of properties rather than focussing oralsparts of the jigsaw'.

In addition, through measurements of the apparennittivity of the East Leake
soils, it was found that magnetically susceptibdmthropogenic, soils derived from
industrial processes can show significantly differeends than 'natural’ soils. Furthermore,
the data gave cause to speculate that the magrofuelectromagnetic dispersion may be
associated with water between mineral sheets, disated by the relationship to linear
shrinkage. This also highlights the possibility ttivater-sheet and inter-grain water may
provide some insights into the nature of 'boundd &ree' water often referred to in

geophysical and geotechnical research.
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The potential for improvements to geophysical wai@ntent measurement in fine-
grained soils was also considered, as determinafitimeir water content can be considered
problematic due to a bias in the literature towdath for water contents below the Plastic
Limit. 1t was found that for saturated fine-grainedils the apparent permittivity to
volumetric water content relationship is approxiematinear for both HF QWA and TDR,
which facilitated a preliminary model that providedeful water content estimation. Of
particular significance is that the HF QWA data evésund to provide better accuracy in
comparison to TDR, due to the reduced impact of ltss tangent on the apparent
permittivity. This outcome can also be considergdicant as only a single, very simple,
mixing model was shown to be required, rather th@ multitude of models implied

necessary in the literature review.

Finally, it should be noted that a number of patntses for this research, within the

engineering and geophysical communities, have fmerd, as detailed in Section 6.7.

7.3 RECOMMENDATIONS FOR FUTURE WORK

The research detailed in this thesis can only besidered a starting point on a
voyage of discovery through soil electromagnetioperties and their relationships to
geotechnical parameters. Therefore, a number anpat ideas for extending this work

into future research are detailed below:

1) The measurement methodology does not fully réagbotential level of simplicity
of use, so further work should be undertaken toebigvit to utilise more sophisticated

current VNAs and extend the software to allow awtbendata retrieval and processing.
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This would remove the need for human interpretadibiine quarter-wavelength frequencies

and would facilitate averaging of a number of measients to reduce the effects of noise.

2) Using a VNA with significantly more memory wouldlow a wide range of
frequencies to be covered with just one calibratibmould then be possible to undertake
measurements in dynamic systems, such as durirgpladation of soils. This would also
allow for reduced impact of QWA on the samples bdisted, such as in removing small

variations due to small temperature changes.

3) The tests described in this research were skt within a relatively narrow
range of temperatures. Therefore, it would be utsive to measure the apparent
permittivity of selected soils over a wide temparatrange to allow consideration of how
the low- and high-frequency relationships vary.sTbould also provide valuable insights
into the properties of different types of watergmet in the soil matrix, and illuminate the

potential phase transition close to the Liquid Limi

4) A wide range of soils have been covered inttiesis. All fall close to the A-Line
which implies that the results should be represmetaf the majority of fine-grained soils.
However, for completeness it is considered appabtprithat future research include
electromagnetic and geotechnical testing on a rahgeils not falling close to the A-Line.
Also, it may be considered appropriate to extemd@WA methodology to include simple
methods of ensuring that samples do not have ggnif magnetic susceptibility before
QWA is used in routine geotechnical testing (ehgoiwigh simple use of a magnet to locate

iron-containing inclusions, as undertaken on saikhis study).

5) For field use, including longer periods of monihg, the relatively high cost of

commercial VNAs could be overcome by developmerd dédicated return loss and phase
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angle measurement system based on commercial samnictor devices. While providing a
lower accuracy than more sophisticated commergiatesns, this could potentially be
achieved at much reduced cost. This could alsdittaei development of QWA for use in

progressing the engineering opportunities detaneslection 6.7.

6) It is possible that much more data can be obthiinom a VNA than just the
apparent permittivity at quarter-wavelength frequies. For instance, parameter matching,
using a Debye (1929) model of soil water propertiesthe % or return loss data could
provide much closer spaced discrete apparent (aotdniially real and imaginary)
permittivity data over the full measured frequemapge. Also, using probes and open-

circuited cells, conductivity estimates may alsabbievable.

7) This thesis has given only a brief account efpbtential use of TDR-style probes
in place of coaxial cells. In many instances, sastior field use and during consolidation
of large samples, probes have obvious advantapesefbre, it is considered important that
further research be undertaken on the use of pneliesQWA, including with commercial
TDR probes where cable effects cannot be calibratgdprior to measurements with a

VNA (i.e. de-convolution of resonances from theleand probe).

8) Finally, it should be noted that some reseaghwave attempted to obtain
frequency-domain data through inversion of TDR dhta this could be considered limited
by lack of validation through comparison with dateeasured using frequency-domain
equipment. If such inversion methods were validaisiohg the raw data from the VNA
measurements detailed herein, a greater degreenitience could be held in the inverted

TDR data.
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