AR
W Durham

University
Durham E-Theses

FElectrical Resistivity Method for Water Content
Characterisation of Unsaturated Clay Soil

ASEM AHMED HASSAN

How to cite:

HASSAN, ASEM AHMED (2014) Electrical Resistivity Method for Water Content Characterisation of
Unsaturated Clay Soil. Doctoral thesis, Durham University.

Use policy

The full-text may be used and/or reproduced, and given to third parties in any format or medium, without prior permission or
charge, for personal research or study, educational, or not-for-profit purposes provided that:

e a full bibliographic reference is made to the original source
e a https://etheses.durham.ac.uk/id/eprint/10806/ is made to the metadata record in Durham E-Theses

e the full-text is not changed in any way

The full-text must not be sold in any format or medium without the formal permission of the copyright holders.

Please consult the full Durham E-Theses policy for further details.

Academic Support Office, The Palatine Centre, Durham University, Stockton Road, Durham, DH1 3LE
e-mail: e-theses.admin@durham.ac.uk Tel: +44 0191 334 6107
https://etheses.durham.ac.uk


https://www.durham.ac.uk
https://etheses.durham.ac.uk/id/eprint/10806/
https://libguides.durham.ac.uk/open_research/etheses#s-lib-ctab-15326874-5
https://etheses.durham.ac.uk

Durham University

Electrical Resistivity Method for Water Content

Characterisation of Unsaturated Clay Soil

Asem Ahmed Hassan

Thesis submitted towards the
degree of Doctor of Philosophy in the Faculty of Science

DAL
W Durham

University

Geotechnical Group
School of Engineering and Computing Sciences
Durham University
United Kingdom

October 2014



Electrical Resistivity Method for Water Content

Characterisation of Unsaturated Clay Soil

ABSTRACT

This thesis presents an automated multi-electrode resistivity system which was
developed for the water content characterisation of unsaturated clay soil. The system
controls 64 electrodes in a fully automated procedure, offering continuous real-time data
acquisition, which is one of the recent advances in resistivity instrumentation. The system
was tested using a wide range of high precision reference resistors and different soils, and
validated using commercial standard instruments. The results indicated a high precision,
accuracy and resolution of the outputs, with a measurement error of 0.19% (maximum

0.80%) in a four-electrode method and 0.21% in an automated acquisition mode.

Water content characteristics of mechanically compacted BIONICS clay soil was
extensively investigated, with particular focus on the effect of wetting, drying and cracking
on soil properties. It was found that the electrical resistivity of soil is sensitive to water
content and compaction conditions. Experimental relationships that relate soil resistivity,
volumetric water content and degree of saturation were developed. These relationships are
useful to estimate the in situ water content. The resistivity behaviour of clay soils subjected
to drying and wetting procedures was discussed. Soil water content and microstructure
changes are key controlling parameters for resistivity behaviour. Numerical and
experimental techniques were used to characterise cracking in clay soils. The results showed
that cracks have anomalous high resistivity values that can be distinguished from the
background, and changing cracking depth, length, width and orientation causes significant
changes in soil resistivity. As the cracks form barriers that disturb the flow of electrical

current, the depth and length of the crack have the major influence on soil resistivity.

It was concluded that the degree of saturation or volumetric water content is a more
reliable parameter than the gravimetric water content to calibrate in situ resistivity data
against water content and soil resistivity can be used as a useful indicator for monitoring

water content changes in clay soils subjected to drying and wetting cycles.
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Chapter 1

Introduction

1.1 Overview

An accurate knowledge of the water content of unsaturated soils is crucial to
understand the geotechnical properties and behaviour of natural and engineered earth
structures. Seasonal changes of soil water content can cause significant seasonal changes in
pore pressures, which affects soil strength, making water content an important factor when
considering stability and long-term serviceability of engineered earth structures such as
embankments (e.g. Gunn et al., 2009; Toll et al., 2011). In clay soils, however, water content
changes may cause cyclic processes of shrinkage and swelling, and that can adversely
impact the engineering properties and behaviour of these soils, which is known to
contribute to slope failures (e.g. Smethurst et al., 2006). Future climate forecasts indicate
that the UK will be affected by higher temperatures and more extreme rainfall
seasons (IPCC, 2007). These seasonal fluctuations in water content cause corresponding
fluctuations in pore pressures. Therefore, in-situ monitoring of the water content in

engineered earth structures is vitally needed.

Quantifying water content in unsaturated soils is difficult due to the complexity of
unsaturated systems and the difficulties associated with gathering representative
measurements. A large spectrum of techniques is available to measure soil water content
ranging from small scale probes to regional, remote sensors. Various probes are used in
practice to estimate water content by measuring soil properties that can be related to water
content. These include; neutron scattering (e.g. Bell and McCulloch, 1966); dielectric
methods such as Time Domain Reflectometry (TDR), Frequency Domain Reflectometry
(FDR) and capacitance probes (e.g. Topp et al., 1980; Jones et al., 2002; Robinson et al.,
2003; Huisman et al., 2006). Remote sensors such as passive (radiometer) and active (radar

and scatterometer) sensors provide measurements at regional scale (Brocca et al., 2010).
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Water content probes provide valuable information on a small volume (few
cubic centimetres) of the soil. However, these techniques are destructive and offer
measurements at point scale which make it sensitive to the disturbance of the soil itself
during the installation with limited spatial resolution (Robinson et al., 2008). In addition,
water content measurement in the vicinity of these probes might not be representative for
heterogeneous soils, and moisture along fissures cannot accurately be measured which may
lead to considerable errors (Sass, 2005). Furthermore, the measurements are related to the
time and location of the probe and installation process which cannot be repeated at the
same place prohibiting a reliable monitoring of moisture evolution. Moreover, the high cost
of these instruments and soil specific calibrations are additional drawbacks (Mufioz-
Carpena, 2002; Jones and Or, 2004). Although remote sensors can cover a much bigger area,
key limitations of these techniques are the limited resolution, the small penetration depth
and the measurements are largely affected by soil surface roughness (Vereecken et al.,

2008).

The Electrical Resistivity Tomography (ERT) method has emerged recently as an
alternative technique for quantifying soil water content at various scales. The technique

offers non- invasive measurements that can be integrated on a large volume.

The method has routinely been used in geotechnical (Pellerin, 2002), environmental
(Grellier et al., 2008), hydrogeological (Barker and Moore, 1998), agricultural (Petersen and
Al Hagry, 2009), archaeological (Noel and Xu, 1991), and mineral (Mwenifumbo, 1997)
investigations. It has been adopted to address a wide range of problems related to the
hydraulic properties of the soil to investigate, for instance; soil water content (Cosentini et
al., 2011), porosity (Dannovski and Yaramanci, 1999), saturation (Abu-Hassanein et al.,
1996), structure (Tabbagh et al., 2000), compaction (Seladji et al., 2010), heterogeneities
(Borsic et al., 2005), solute transport (Binley et al., 1996a), landslides (Chambers et al.,
2011b), and pollution (Godio and Naldi, 2003).
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In particular, soil resistivity is sensitive to water content changes. A proxy
relationship between the resistivity and water content has been indicated by many
researchers (e.g. McCarter, 1984; Russell and Barker, 2010). Changes in water content cause
significant changes in the resistivity of the soil. Thus, mapping resistivity changes during wet
and dry seasons provides a powerful tool to monitor the soil water content distribution at
different scales ranging from laboratory (e.g. Brunet et al., 2010; Franz et al., 2011; Muioz-
Castelblanc et al., 2011) and field scales (e.g. Turesson, 2006; Cassiani et al., 2009; Nijland et
al., 2010). Being rapid and cost- effective, this method is a very promising tool for providing
in-situ 2D (e.g. Jackson et al., 2002), 3D (e.g. Zhou et al., 2001) and 4D (Chambers et al.,
2014) tomographies of soil water content lacking from traditional techniques. In addition,
the method has been indicated as an effective technique for the estimation of the
spatiotemporal variability of water content (e.g. Calamita et al., 2012; Gunn et al., 2014),
and to consider the effect of cracking in soil hydrodynamics (e.g. Amidu and Dunbar, 2007).
Moreover, through time-lapse and real-time measurements, this method has been adopted
as a new technology for long-term embankment warning systems (Gunn et al., 2010a;

Chambers et al., 2011a; b; Gunn et al., 2014).

Significant advances in this method have taken place with the advent of automated
resistivity systems that facilitate the acquisition of a large number of measurements in a
limited time accompanied with robust data inversion software. Automated multi-electrode
resistivity systems now allow rapid and efficient data acquisition of electrical resistivity
measurements to address a wide range of problems. These advances have recently been

reviewed by Samouélian et al. (2005) and Loke et al. (2011; 2013).

Automatic multi-electrode systems have several desired advantages over traditional
instruments (Tsourlos, 1995; Dahlin, 2001): (1) speedup the data acquisition process; (2)
improve the resolution and confidence through collecting large data sets, (3) offer the
flexibility to choose a suitable electrode array for a particular problem, which in turn
reduces the time effort of laborious electrode switching using manual four electrode

systems.
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Recently, there have been rapid advances in resistivity instrumentation, resulting in
more rapid and efficient data acquisition systems. The increased demand to develop flexible
and non-destructive techniques that can address complex problems has led to the speed up
in the research in this regard. The ongoing research is expected to continue (Dahlin, 2001).
However, one of recent advances is the development of automated resistivity systems
capable of acquiring real-time data to investigate transient phenomena (Loke et al., 2011).
On a lab scale, interest has been focused on the development of systems and devices that
can provide quick and efficient local tools to monitor water content (e.g. Damasceno et al.,
2009; Stacey et al., 2009; Mufioz-Castelblanc et al., 2011; 2012), while on the field scale,
automated resistivity systems have been developed to provide a continuous data

acquisition (e.g. Ogilvy et al., 2009; Sherrod et al., 2012).

In geotechnical testing, there is an increasing need to develop efficient techniques to
measure soil water content with volume integration, preferably in a non-invasive manner.
Therefore, this thesis aims to develop an automated multi-electrode resistivity system and

other devices for water content characterisation of unsaturated clay soil.
1.2 Thesis objectives

The main objectives of the work described in this thesis are:

1. To develop a flexible, automatic multi-electrode resistivity system and resistivity devices
for laboratory water content measurements.

2. To investigate the water content characteristics of a mechanically compacted clay soil
using the electrical resistivity method.

The main goal was to develop an automated resistivity system that can provide
automated real-time measurements to monitor water content changes in unsaturated soils.
Such a system would be useful for monitoring water content changes in the soil using small
resistivity probes/devices in addition to collecting resistivity data for ERT studies. The

second objective was to explore the potential of the resistivity technique for water content
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characterisation of unsaturated clay soils, and to consider of the influence of drying, wetting
and cracking on soil properties. Such data can be used to calibrate resistivity data from the

field against water content.

1.3 Thesis structure

The thesis is organised in nine chapters. Following this introductory chapter, Chapter
2 presents the theoretical background and basis for the work contained in the subsequent
chapters. The physical principles of the main water content measurement techniques are
discussed. A review of the basic principles of the electrical resistivity technique, particularly

its use for water content measurements is given.

Chapter 3 presents the design and construction of a new automated multi-electrode
resistivity system developed in this study. The design, calibration and measurement
procedures of a new resistivity probe for localised water content determination, and other

resistivity devices are also presented

As for a new system, data quality and error of the developed system had to be
examined. Therefore, Chapter 4 describes the laboratory calibration and validation
procedures adopted to examine the developed system. A wide range of reference resistors
and different types of soils were used to check the data quality of the system. The outputs

were compared with those collected using commercial instruments.

Chapter 5 explores the water content characteristics of mechanically compacted clay
soils determined using the resistivity method. Unsaturated clay specimens, compacted at
various water content, were used to investigate the influence of the compaction key
variables on soil resistivity. At each water content, the specimens were compacted using
dynamic (standard Proctor and Modified) and static methods. Gravimetric water content,
volumetric water content and degree of saturation were correlated with the measured

resistivity for a range of dry densities.
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In addition to the compaction conditions, the temperature and pore water
conductivity have been indicated as important factors that affect the resistivity of the soil.
Therefore, Chapter 6 investigates the role of temperature and pore water conductivity on
resistivity measurements. The resistivity behaviour of the soil over a temperature range of
-12 to 43°C is discussed. As the electrical conductivity of the pore water depends on the
type and concentration of the dissolved salts, specimens of clay soils were mixed with
different electrolyte types and concentrations, and the influence of the dissolved salt types

and their concentration on soil resistivity is addressed.

Unsaturated soils are subjected to drying-wetting cycles. In addition to the negative
pore pressures (or suctions), water content and volume changes are key controlling factors.
Although a number of studies have been undertaken to investigate the effect of water
content on soil resistivity, volume changes due to water content changes are rarely
considered, as such measurements add complexity to these necessary laboratory tests.
Therefore, Chapter 7 aims to investigate the use of the resistivity for characterising drying
and wetting of clay soils. In addition to discrete drying/wetting, water content and volume
change measurements were collected with the resistivity measurements in a real-time

procedure.

Clay soil tends to shrink when it loses moisture, this shrinkage may cause cracking.
Although soil cracks have complex patterns, their formation causes directional
dependence of the electrical current flow, which makes resistivity promising for
characterising soil cracks. Chapter 8 is dedicated to exploring the potential of the resistivity
method to characterise the cracking of clay soils. Numerical and experimental techniques
have been used to explore the influence of cracking parameters (i.e. depth, length, width,

and orientation) on soil resistivity.

Finally, Chapter 9 summarises the results of the research study, provides conclusions

and also gives recommendations for future work.
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Chapter 2

Soil water content measurement: Background and literature

review

Soil water content is a key variable for describing water and energy exchanges
through soil-atmosphere interactions and for understanding a variety of hydrological and
hydrogeological processes. Thus, the quantification of this variable is essential for different
disciplines and Geo-engineering applications. In recent decades, a wide range of techniques
has been introduced to measure soil water content. A substantial body of knowledge is
available in the literature on the theory and application of these methods. Therefore, in this
chapter, the main methods used to measure soil water content are reviewed. The physical
principles behind these methods, their advantages and drawbacks, are discussed. In
addition, the theoretical background of the resistivity method and its application for water
content measurement of unsaturated soil is presented. This chapter is dedicated to
providing a theoretical background and basis for the work contained in this thesis. Further
details relevant to particular aspects of the current work will be provided in the subsequent

chapters.

2.1 Soil water content

2.1.1 Background

Unsaturated soil, as a porous medium, consists of three phases: air, solid and water
(Figure 2.1). The state of water in this soil can be defined in terms of the water content and
water potential (i.e. suction). The former is an expression of the amount of water in the soil
while the latter determines the energy status of the soil water (i.e. the energy associated
with the forces that hold the water in the soil). The relationship between soil water content

and suction can be defined through the soil water retention curve (also known as the soil
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water characteristic curve), one of the most important relationships in the field of

unsaturated soil (Fredlund and Rahardjo, 1993).

Air M,=0

Water |y

m |
i\n m!ﬂ

(a) Soil (b) Idealized soil

Figure 2.1. Schematic representation of soil phases (Budhu, 2011)

In particular, the amount of water in the soil can be determined on a mass basis as
the gravimetric water content, w, expressed as the percentage ratio of the mass of water,

M,, to the mass of soil solids, M;:

w="w . 1000 (2.1)
M 0 .

N

On a volume basis, volumetric water content, 8, defines the amount of water as the

percentage ratio of the volume of water, V;,, to the total volume of the soil, V7:

Vw
0 =2 x100% (2.2)
Vr

The relationship between gravimetric and volumetric water content can be given as:

0=w (Z_i) (2.3)



CHAPTER 2: SOIL WATER CONTENT MEASUREMENT: BACKGROUND AND LITERATURE
REVIEW

Where p, is the dry density of the soil and p,, is the water density.

The water state can also be described in terms of the degree of saturation, S,,
defined as the fraction of porosity, @, that is occupied by water, expressed by the ratio of
volume of water, V;,, to the volume of voids, V,:

Vi

%4
SrZVW:V @:
v T

(2.4)

o

S, ranges from (0-1) or (0- 100%).

2.1.2 Clay soils: Mineralogy and microstructure

The chemical weathering of soils produces clay minerals of sheet structure
chemically known as hydrous alumina-silicates. The bonding characteristics of the silica and
alumina sheets play an important role in the mechanical properties of these minerals. Two
basic flat, plate-like sheets structures can be identified: the tetrahedral sheet which consists
of a silicon atom surrounded by four oxygen atoms; and the octahedral sheet which consists
of an aluminium atom surrounded by six oxygen atoms (Figure 2.2). According to a
combination of these fundamental structures, different clays (e.g. Kaolinite, lllite, and
Montmorillonite) are available. Kaolinite consists of repeated layers of one silica sheet and
one alumina sheet held together by hydrogen bonds; this structure is commonly known as
1:1 structure (Figure 2.3). The structure of lllite consists of repeated layers of one alumina
sheet between two silicate sheets, and the layers are held together by potassium ions. This
structure is known 2:1 structure. Montmorillonite is characterised by a structure similar to
Illite, but the layers are held by weak van der Waals forces and exchangeable ions that allow

water to easily infiltrate between layers and separate them causing swelling (Budhu, 2011).

Clay soils, commonly used as fills in earthworks, are susceptible to progressive failure
due to the swell and shrink behaviour of clay minerals. This behaviour is mainly controlled

by the microstructure of clay soils and water content changes related to climate effects.
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The soil absorbs the water during wet seasons and hence the volume increases, and dries
out during the dry seasons and hence the volume decreases. As a consequence, shear
strength of the soil reduces due to irreversible plastic strains accumulated within the soil
(Lambe and Whitman, 1999). Shear zones, however, are characterised by water content
changes, and the earlier identification of water content changes along these zones is crucial

for monitoring the slopes.

Aluminum

O and = Oxygen or Hydroxyl  © = Aluminum

" = Oxygen @ and O = Silicon

(a) (b) () (d)

Figure 2.2. Clay minerals structure (a) Silica tetrahedron (b) Silica sheets (c) Aluminium
octahedron and (d) Aluminium sheets (Budhu, 2011)

Silica sheet
Silica sheet Alumina sheet
+—— Alumina shest Silica sheet
Silica sheet +— Layers held
~——— Hydrogen bonds Potassium ions togather by van
der Waals
forces and
exchangeable
ions; easily
infiltrated by
water

o Alumina sheet
Silica sheet

(a) (b) (c)

Figure. 2.3. Clay minerals structure (a) Kaolinite (b) illite, and (c) montmorillonite (Budhu,

2011)
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2.2 Soil water content measurement methods

2.2.1 Direct method: Gravimetric method

The amount of water in the soil can directly be obtained using the gravimetric
method (BS 1377-2, 1990). The method is based on the measurement of the soil mass

before and after oven drying at 105°C for 24 h. Soil water content can be derived as:
-M
w=—2EL 9 % 100% (2.5)

Where My, and Mg, are the mass of the soil before and after drying, respectively.
Although the actual value of water content can be determined using the gravimetric
method, this method is time-consuming and impractical in the field since it requires a large
number of specimens to overcome the spatial heterogeneity of the soil. Nonetheless, since
all other methods are indirect, the gravimetric method represents the reference for

calibrating all other methods.
2.2.2 Indirect methods

Indirect methods measure a soil physical property that can be related to the amount
of the water through empirical relationships, commonly called calibration curves. A brief
review of the main methods is given in the following sections. Their working principles,
advantages and drawbacks are highlighted. For further details, recent reviews can be found
in (Western et al., 2002; Robinson et al., 2003; Evett and Parkin, 2005; Mufioz-Carpena et
al., 2006; Robinson et al., 2008; Vereecken et al.,, 2008; Seneviratne et al., 2010; Bittelli,
2011).

Neutron scattering probe

The neutron scattering probe (Figure 2.4), mounted on an access tube, employs fast

neutrons emitted from a radioactive source that collide with soil atoms. The neutrons slow
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down and lose their energy due to collision with hydrogen atoms in the water. A detector
counts the number of slowed neutrons in a particular time interval, which can be related to
the hydrogen content, or soil water content. This method offers robust and accurate
measure of volumetric water content; however, the high cost of the instrument, soil specific
calibration and safety hazards are the major drawbacks (Evett and Parkin, 2005; Mufioz-

Carpena et al., 2006).

Figure 2.4. Neutron scattering probe (Munoz-Carpena et al., 2006)

Dielectric methods

Dielectric methods estimate the volumetric water content of the soil by measuring
the dielectric constant k (or the bulk permittivity) of the soil that determines the velocity of
an electromagnetic wave through the soil (e.g. Topp, et al. 1980). Since the dielectric
constant of water (k=80) is larger than of air (k=1) and soil constitutes (k= 2-5), the bulk
permittivity is mainly governed by soil water content (Blonquist et al., 2005). To estimate
volumetric water content from k, the empirical equation of Topp et al. (1980) is commonly

used:
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0 =-5.3x107+2.92x10%k —5.5x10k* +4.3x10°k® (2.6)

The above relationship is independent of the soil type and valid for water volume
below 50%. A specific calibration is needed for soils of high water or organic contents. Based
on the sensor output signal (e.g. time, frequency and impedance), different dielectric

sensors are available (Mufioz-Carpena et al., 2006).
Time domain reflectometry TDR

TDR is one of the most accurate and reliable methods for water measurements (e.g.
Robinson et al., 2003; Huisman et al., 2006). The TDR probe (Topp et al., 1980; Jones et al.,
2002) propagates high-frequency electromagnetic waves (usually 1IMHz to 1GHz) along the
cable attached to a probe inserted into the soil (Figure 2.5). The probe determines the
dielectric constant k by measuring the propagation time t that it takes for an
electromagnetic wave to propagate along the transmission line. Since the velocity v is a
function of k of the soil, k is proportional to the square of the travel time t down and back

along the transmission line:

k= (c/v)? = ((c.0)/(2.1))" (2.7)
or,t = ZLC:K (2.8)

Where c is the velocity of the electromagnetic waves in free space (m/s) and L is the length
of the probe embedded in the soil (m). Although TDR measurements are robust and
accurate, they potentially suffer from limited applicability in highly saline soil, highly

conductive clay contents and stony soils (Jones and Or, 2004)
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Figure 2.5. TDR probes (Muioz-Carpena et al., 2006)

Frequency domain FD: Capacitance, frequency domain reflectometry FDR

Frequency domain probes (plates, rods, or metal rings) shown in Figure 2.6 use a
capacitor that is connected to an oscillator to measure the dielectric constant (as TDR) using
electromagnetic waves at megahertz frequency. Water content changes in the soil can be
estimated by detecting changes in the circuit operating frequency (Mufioz-Carpena, 2002;
Gardner, 1986; Bittelli, 2011). In the capacitance type, k of the soil is calculated by
measuring the charge time of a capacitor made with the soil while, in FDR, the oscillator
frequency is controlled in a particular frequency range to determine the resonant frequency

(i.e. the greatest amplitude) which reflects a measure of the water content.

The high resolution, accuracy and flexibility in the sensor design are main advantages
of these sensors. However, as the operating frequency is usually below 100MHz, a soil
specific- calibration is required as k is more affected by the density, salinity, temperature

and clay content of the soil (Munoz-Carpena et al., 2006).
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Figure 2.6. FD probes (a) Capacitance (plates) (b) Capacitance (rods) and (c) FDR (rings)
(Mufioz-Carpena, 2002)

Amplitude domain reflectometry ADR: Impedance

ADR sensors use a fixed frequency signal generated by an oscillator through a coaxial
transmission line and central metal rod surrounded by an array of rods (Figure 2.7). The
impedance measurement is dependent on the dielectric constant of the soil between the
metal rods. Compared to other dielectric probes, the ADR probe is less expensive and not
sensitive to temperature. However, the probe is influenced by air gaps and stones in the

soil, as are TDR probes (Mufioz-Carpena et al., 2006).
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Figure 2.7. ADR probe (Mufioz-Carpena, 2002)
Ground penetrating radar: GPR

GPR uses the same principle as the TDR probe to measure water content at larger
scales (Davis and Annan, 1989). The GPR system consists of transmitting and receiving
antennas (Figure 2.8) to determine the travel time of high frequency (1MH-1GH)
electromagnetic waves transmitted into the soil. The radar wave travel time is related to the
dielectric constant through the Topp et al. (1980) equation (Huisman et al. 2003). Although
robust and non-disturbing measurements can be collected across large areas, signal
attenuation, especially in clay soils, severely limits the depth of penetration (Evett and
Parkin, 2005). However, new advancements in technology and interpretation techniques

have led to significant improvements (Robinson et al., 2008).
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Figure 2.8. Schematic diagram showing the GPR working principle (Lunt et al., 2005)

Remote sensors

Measurement of soil water content changes at large scales is useful to improve the
knowledge about the climate and hydrologic modelling (Western et al., 2002). Remote
sensors can be operated from the ground; airborne or space-borne platforms. These sensors
can be classified into passive (radiometer) and active (radar and scatterometer) sensors
(Figure 2.9). In the first type, the instrument measures the self-emission of the soil surface.
The fraction of the total radiation that is emitted is related to the dielectric properties of the
soil. In the second type, the sensor measures radiation scattered back from the surface after
the soil is illuminated using a source of radiation (Robinson et al., 2008; Brocca et al., 2010).
Among others, low frequency (i.e. microwave) radar is the most effective type for measuring
water content (Robinson et al., 2008) as it can penetrate through clouds and precipitation
and has a relatively good penetrating depth. Although the remote sensors provide rapid and
cost-effective information over large areas, they have limited depth of penetration (a few
centimetres) and are sensitive to vegetation and soil surface roughness (Western et al.,

2002; Vereecken et al., 2008).

17



CHAPTER 2: SOIL WATER CONTENT MEASUREMENT: BACKGROUND AND LITERATURE
REVIEW

Active Sensors Passive Sensor

SAR

EMISSION
FROM SPACE

ERS-1/2 §

ATMOSPHERIC @
EMISSION

SCAT

SURFACE
EMISSION

SAR und scatterometer on European Remote
Sensing Satellites ERS-1 and ERS-2

Figure 2.9. Passive (radiometer) and active (radar) sensors
2.3 Soil water content: Scaling issues

Soil water in unsaturated soil is highly variable, both in space and time, and many
dependent processes are nonlinear and complex (Western et al.,, 2002). Because of the
topography, land cover, evaporation, precipitation and soil heterogeneity, obtaining
accurate and representative measurements of water content is difficult. As the
heterogeneous distribution of soil water depends on several landscape factors, this leads to
scaling effects and makes accurate predictions of the hydrologic system behaviour

challenging (Brocca et al., 2010).

Water content probes provide measurements at point scale with limited spatial
resolution (Robinson et al., 2008; Bittelli, 2011). Water content measurement in the vicinity
of these probes however might not be representative for heterogeneous soils. Although
remote sensors can cover a much larger area, key limitations of these methods are the
limited resolution, the small penetration depth and the measurements being greatly
affected by soil surface vegetation and roughness. In a review paper, Robinson et al. (2008)
emphasised that measurements at small scale have advanced with a broad spectrum of in

situ sensors while measurements at basin scale (2,500-25,000 kmz) have advanced with
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remote sensing. At present, there is an intermediate scale gap where we currently lack
methods that describe field scale water content changes. Therefore, there is an increasing
demand to explore new techniques that can map, at field scale, the spatiotemporal
variability of soil water content (Sass, 2005, Robinson et al., 2009; Srayeddin and Doussan,

2009).

The ERT method has recently emerged as a non invasive technique that can offer
measurements of water content at different scales with variable resolution. The method can
produce 2D, 3D and 4D estimates of water content changes that are lacking using other
techniques. It has the potential to be a rapid and cost-effective monitoring tool, and, if
linked with other point based sensors, can effectively be used to map moisture build-up in
engineered earthworks caused by seasonal water changes (e.g. Gunn et al.,, 2007; 2008;

2014).
2.4 Water content changes: Climate effects

Seasonal water content changes are strongly dependent on climate effects. Recent
climate forecasts indicate that the UK will be subjected to higher temperatures and intense
rainfall seasons (IPCC, 2007). These effects were already observed from the recent extensive
floods which followed unusually large rainfalls, accompanied by slope failure observations
along the transportation network. In the UK, thousands of kilometres of rail and road
embankments have been built from materials that vary with the location, constructed using
traditional and modern construction methods. The majority of these embankments were
built in the 19" century using stiff clay with poor compaction techniques and experience
problems associated with pore pressure changes related to water content changes. As water
content increases, pore pressure increases (i.e. suction decreases) leading to loss of strength
and slope failures (Toll et al., 2011). However, since the water content changes are seasonal,
the climate effects are likely to affect the seasonal pore pressure cycle within the soil.

Consequently, pore pressure will be higher during the wetter winter and lower in drier
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summers that impact the stability of these structures. It is, therefore, important to predict
the impact of climate change on the engineering performance and stability of earthworks

such as embankments (Toll et al., 2008; Gunn et al., 2009; Mendes, 2011).

Although rainfall is the most frequent triggering factor that causes a slope to fail and
is widely used as an early warning factor, the relationship between rainfall infiltration, water
content change and suction is highly complex, nonlinear and hysteretic (Toll et al., 2011).
The complex relationship between suction and water content, shown in Figure 2.10, reflects
the complexity of the flow in unsaturated soils and emphasises the need for a better

understanding of the influence of water content changes on these soils.

In clay soil, commonly used as a fill in earthworks, water content changes often
cause cyclic processes of swelling and shrinkage. Clay minerals absorb water during wet
periods, making them swell, and lose water during dry periods, making them shrink. The
shrink- swell behaviour of clay and the corresponding volume changes are a well-known
global problem. In the UK, the British Geological Survey considers the problem one of the
most damaging hazards, particularly in the southeast (Figure 2.11a), costing the economy

about £3 billion over the past decade (BGS, 2014a).

The degree of shrink-swell behaviour is controlled by the mineralogy and amount of
clay in the soil and the seasonal water content changes. Based on the distribution of
unstable slopes (Figure 2.11b), about 10% of Britain is classified as having moderate to
significant landslide hazard potential and more than 7% of the transport network is located
in areas of moderate and significant landslide potential, which brings significant challenges

(Dijkstra and Dixon, 2010).
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Figure 2.10. Soil water retention curve of BIONICS clay (Lourenco, 2008)
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Figure 2.11. The UK map (a) Swell-shrink potential map (BGS, 2014a),
(b) Landslide potential map (BGS, 2014b)
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Figure 2.12 shows the rainfall and landslide events monitored by the BGS in the UK
for January 2012 to July 2014. Increasing rainfall events caused a marked increase in the
number of the landslides. Increasing rainfall caused a variety of earthwork failures in the

national rail network (Department of Transport, 2008), as shown in Figure 2.13.

Direct pore pressure measurements using high-capacity tensiometers (e.g. Lourenco,
2008) provide the most accurate and reliable information of the impact of climate change
on the earthworks, such as embankments. Pore pressure changes are closely related to
water content changes. Therefore, water content measurements can be used as a useful
indicator to assess the state of these structures. Although in-situ measurements of soil
water content using soil sampling and moisture sensors can provide an accurate assessment
of water content at a local scale, these tools are intrusive and offer insufficiently
representative information. Financial, operational and time limitations reduce the number

of measurements at field scale.

UK Rainfall and Landslides : July 2014

. Rainfallinmm__
Number of landslides

Figure 2.12. Rainfall and landslide events in the UK (January 2012 to July2014) (BGS, 2014c)
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Figure 2.13. The earthwork failures in the UK rail network (2004-2008) (Department of
Transport, 2008

There is a need to research into new methods that can monitor water content
changes related to the climate changes. As part of the BIONICS project, an experimental
embankment was built to address the impact of climate changes on engineered earth

structures.
2.5 BIONICS Project

The BIONICS project (BlOlogical and eNgineering Impacts of Climate change on
Slopes), funded by the Engineering and Physical Research Council, is a large collaborative
research project, involving academic partners and industrial stakeholders, aimed at
investigating the impact of future climate changes on engineered earth structures. As part
of the project, a full-scale experimental embankment was built near Newcastle, United
Kingdom. The embankment was instrumented with monitoring network of piezometers,
tensiometers, water content and temperature sensors, inclinometers and extensometers, as
well as two resistivity arrays. Considerable efforts, modelling, laboratory and

field testing, have been undertaken to investigate the effects of climate change on
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infrastructure embankments in order to develop methodologies and generate data for
models capable of addressing the impact of climate change on the serviceability and

stability of these structures.

The soil used in the current study was sourced from the BIONICS embankment.
Therefore, a brief description of the embankment and soil properties are provided. Full
details about the design, construction, instrumentation and monitoring of the embankment
can be found in Glendinning et al. (2006), Hughes et al. (2008; 2009) and Toll et al. (2008;
2011; 2012a; b).

2.5.1 The embankment

The BIONICS embankment (90m long, 29m width and 6m height) is a unique
research facility constructed in 2005. The embankment (Figure 2.14) was divided into four
main sections made using different types of construction methods. The two outer panels
were poorly compacted to represent the old rail embankments built in Victorian times (over
100 years ago) while the inner panels were compacted according to modern compaction
methods. The outermost panels were made for biological studies (Glendinning et al., 2006;

Toll et al., 2012a).

A glacial till sourced from a stockpile in County Durham was used as fill material in
the construction of the embankment. The general particle size distribution of the material is
shown in Figure 2.15. The material consists of 12% gravel, 16% sand, 35% silt and 37% clay.
It is, therefore, classified as well-graded sandy clay soil. According to the Atterberg limits
obtained using (BS, 1990: Test 4.3 and 5.3) reported in Table 2.1, the material is classified as
being of intermediate plasticity. Considering the Pl and the percentage of clay, the fill
material is considered as inactive (activity equals 0.53) (Mendes, 2011). Based on the BS
Light compaction (Proctor) test (BS 1377, 1990: Tests 3.3), the maximum dry density of 1.71
Mg/m3 was achieved at optimum water content of 15.5% (Mendes, 2011). The soil exhibits a

tendency for volume changes. A shrinkage limit of 14% was reported (Lourenco, 2008).
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Figure 2.14. Plan view and cross-section of the BIONICS embankment (Toll et al., 2012a)
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Figure 2.15. Particle size distribution of the material (Mendes, 2011)

Table 2.1 Atterberg Limits of the BIONICS fill material (Mendes, 2011)

Natural water content Liquid limit Plastic Limit Plasticity Index Liquidity Index
Wn LL PL Pl LI
(%) (%) (%)
22,6 43.3 23.7 19.6 -0.05
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A study into the hydro-mechanical behaviour of the fill material used in the BIONICS
embankment was carried out by Mendes (2011) which involved the determination of the
soil water retention and the mechanical behaviour of the soil under unsaturated conditions.
In addition, two resistivity arrays, oriented perpendicular to the embankment at the heavily
and poorly compacted panels, were installed by BGS. Each array consisted of 32 electrodes
with electrode spacing of 0.5m. Figure 2.16 shows a 2D ERT profile of the embankment that
indicates the potential of the method for characterising the internal structure of the
embankment. The section also provides valuable information about the resistivity variation
within the embankment, which reflects the effect of water content changes and other
variations, such as temperature and pore water chemistry variations, across the
embankment (Sellers et al.,, 2010; 2012; Gunn et al.,, 2014). Detailed laboratory work is

needed to further investigate these effects (Hen-Jones et al., 2014).
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Figure 2.16. 2D ERT profile of the BIONICS embankment (Sellers et al., 2012)
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2.6 Electrical resistivity method

Electrical resistivity is a physical property of a material that describes its ability to
resist the flow of electrical current. The resistivity method is, therefore, based on the
principle that the voltage drop associated with DC or low frequency current injected into the
soil is strongly dependent on the resistivity of the soil. Electrical conduction takes place in
soil and rocks in three ways: electrolytic, electronic and dielectric conduction. In soils and
rocks, electrolytic conduction is the most common method where the current moves
through the ions in the pore water. In electronic conduction, the current is carried by the
free mobile electrons in the metals. The low resistivity (high conductivity) of metals is,
therefore, explained by the large number of free electrons in their structure (Keller and
Frischknecht, 1966). Dielectric conduction takes place in insulator materials when an
external AC current is applied, which makes the electrons shift slightly. Using DC or low

frequency AC current, dielectric conduction in soils can be neglected (Reynolds, 1997).

As electrical conduction takes place as a result of the movement of the ions,
electrical properties of soils are mainly controlled by pore water content (Bryson, 2005;
Friedman, 2005; Samouélian et al., 2005). However, the solid phase characteristics affect
the relative proportions of water and the air and the connectivity of pores (Friedman, 2005).
Furthermore, the electrolytic current conduction is affected by the temperature (Campbell

et al., 1948) and pore water salinity (Rinaldi and Cuestas, 2002).

The theoretical background of the ERT method, common electrode arrangements,
measurement procedures and the recent advances are briefly reviewed. Further details can
be found in several textbooks (e.g. Keller and Frischknecht, 1966; Telford et al., 1990;
Reynolds, 1997; Sharma, 1997) and reviews (e.g. Samouélian et al., 2005; Aizebeokhai et al.,
2010; Loke et al., 2011; 2013).
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2.6.1 Basic theory

Ohm's Law is a fundamental physical law that governs the flow of electrical current

in the soil. The electrical resistance R (Ohm) of a conductor is defined as:

r= (2.9)

Where AV (volt) is the potential difference between two points in the conductor and I is the
electrical current (Ampere). The resistance of the conductor (Figure 2.17) is found to be

directly proportional to its length L (m) and inversely proportional to the cross-sectional

area A (m?):
L
R = % (2.10)

Where p is the resistivity of the conductor (Ohm.m). Combining (Eq. 2.9) and (Eq. 2.10), the

resistivity can be written as:

p=—=— (2.11)

In an infinite, homogeneous half-space medium with a single current source on its
surface (Figure 2.18a), the current travels radially away from the point of the origin, and
electrical potential lines are hemispherical. In this case, the resistance at any point from the
source within the medium can be calculated by determining the radius, r, from the source
and the surface area of the resulting equipotential surface, 2rr2. The resistance R (Eq. 2.10)

can be rewritten as follows:

R=p (2;2 )= z%r (2.12)

The potential difference resulted from a single current source at a distance r can be

expressed as:

28



CHAPTER 2: SOIL WATER CONTENT MEASUREMENT: BACKGROUND AND LITERATURE
REVIEW

AV=IR=1I (2%) (2.13)

In practice, four electrodes are commonly used. Two electrodes (C1 and C2) for
injecting the current and two electrodes (P1 and P2) for measuring the potential difference
between two points (Figure 2.18b). In this case, the potential difference between P1 and P2

for a general four electrode arrangement (Figure 2.19) is given as:

_ _( Ip Ip Ip Ip )
AV = Ver = Ve2 = (anl anZ) (2nr3 2nréd (2.14)
AV—IP<1 : 1+1) 2.15
“2n\r1 2 r3 14 (2.15)

Therefore, the resistivity of the medium can be determined as:

_ 2T AV_KAV 216
rl r2 r3 r4

Where K is the geometric factor which depends on the arrangement of the
electrodes. In a homogeneous medium, the measured resistivity from Eq. 2.16 is constant
and independent on the electrode configuration or location. In a heterogeneous medium,
the measured resistivity is then termed the apparent resistivity (Keller and Frischknecht,
1966), which is the resistivity of an equivalent homogeneous medium that will give the same
resistance value for the same electrodes arrangement (Loke et al., 2011). Therefore, the
measured resistivity value is an average reading of the soil volume engaged during the
measurements. Eq. 2.16 is the general equation for calculating the resistivity of any

electrode arrangement.

29



CHAPTER 2: SOIL WATER CONTENT MEASUREMENT: BACKGROUND AND LITERATURE
REVIEW

HC D

a)

_r"]

\
Current ——=/
flow line

Current

'\ \
Equipotential surface
quipo st flow line
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Figure 2.19. General four-electrode arrangement
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Theoretically, the four electrodes can be placed at any arbitrary locations on the soil
surface. However, only a few electrodes arrays are popular and have been used for data
acquisition (Szalai and Szarka, 2008). Each array has characteristic features that make it
suitable for a particular application. Table 2.2 shows the popular electrode arrangements
and the corresponding geometric factors: a is the electrode spacing and n is the spacing

integer factor.
2.6.2 Data acquisition

Four-electrode resistivity systems: 1D resistivity method

Traditional four-electrode resistivity system consists of a resistivity meter, four metal
stakes (electrodes) and cables to connect the electrodes to the resistivity meter. The system
includes two essential components: the power unit and the voltage measuring unit
connected to the current and voltage electrode through the cables (e.g. Samouélian et al.,
2005; Aizebeokhai, 2010). Figure 2.20 shows the basic parts of the traditional four-electrode

resistivity system.

Table 2.2 Popular electrode arrangements (Samouélian et al., 2005)

Array type Electrode arrangement Geometric factor (K)
C1 P1 P2 Cc2
Wenner l - ] 1. l 2na
C1 P1 P2 Cc2
Wenner-Schlumberger 1 . l l " l an(n + a
c2 c1 P1 P2
Dipole-Dipole L l - l A 1 mn+ 1)+ 2)a
Cc2 P2
Square . 2ma/2V?2
Cl: P1
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Figure 2.20. Traditional four-electrode resistivity system

In field studies, traditional 1D data acquisition is carried out using Vertical Electrical
Sounding (VES), horizontal profiling or Constant Separation Traversing (CST) and horizontal
mapping (Reynolds, 1997). VES can be performed by taking a number of measurements at a
fixed array midpoint, where distances between the electrodes are progressively increased to
obtain the resistivity variation with depth. Interpretation of VES curves assumes 1D
horizontally layered resistivity models (Zohdy, 1989). This method has traditionally been
used in hydrogeological and engineering applications for delineating the depth of bedrock,
the water table and the thickness of horizontal layers. CST is achieved by moving an array
with fixed electrode spacing along a profile to detect the lateral resistivity variations. The
measurements obtained are interpreted qualitatively to map the location of vertical
structures, such as faults, and to map the thickness of overburden layers. Horizontal
mapping (i.e. combining several CST profiles) is useful to map lateral resistivity variations

(Reynolds, 1997).

On a laboratory scale, the four-electrode method is described in BS 1377-3 (1990)
and ASTM G57 (2006). Using a standard resistivity cell (e.g. Miller soil box), a quick measure
of soil (or water) resistivity can be obtained. Figure 2.21 shows the measurement setup
according to the four-electrode method. The outer two pins (or plates) are used to inject the

current and voltage difference is measured between the inner voltage pins. The resistivity

32



CHAPTER 2: SOIL WATER CONTENT MEASUREMENT: BACKGROUND AND LITERATURE
REVIEW

can be calculated using Eq. 2.11, where A is the cross sectional area of the box (m?) and L is

the length between the voltage pins (m).

Using the two-electrode method (AASHTO T288-91, 2004; ASTM G187, 2005), the
voltage pins are removed, and voltage wires are connected to the current ends. Therefore, L
would be the distance between the outer electrodes. However, regardless of the method
used (i.e. four-electrode or two-electrode), the measured resistivity of the soil should in

theory be the same and independent of the method used.

In practice, the four-electrode (e.g. Abu-Hassanein et al., 1966; Taylor and Barker,
2002; Giao et al., 2003; Russell and Barker, 2010; De Vita et al., 2012), and two-electrode
method (e.g. McCarter, 1984; Fukue et al., 1999) have been implemented using different
cell shapes and dimensions. However, the former is superior in minimizing the polarization
and contact resistance problems (e.g. Gupta and Hanks, 1972; Heaney, 2003; ASTM G57,
2006; Beck et al.,, 2011). Therefore, the four-electrode method was adopted for the

laboratory work in this thesis.

Resistivity system

Figure 2.21. Standard four electrode resistivity method (ASTM G57, 2006)

33



CHAPTER 2: SOIL WATER CONTENT MEASUREMENT: BACKGROUND AND LITERATURE
REVIEW

In practice, various resistivity cells/devices have been implemented. Although the
standard resistivity method using the Miller soil box is easy to use, the geometry and shape
of the box do not offer the flexibility in procedures needed for development of resistivity-
water content correlations (Kalinski and Kelly, 1993). Therefore, Kalinski and Kelly (1993,
1994) adopted a circular resistivity cell (Gupta and Hanks, 1972) to measure water content

of high plasticity clay.

The cell (Figure 2.22) is typically an eight-equispaced electrode cell but is commonly
called a four electrode circular cell; because only four electrodes are used each time to
make individual resistance reading. The average independent eight resistances that can be
collected are used to calculate the resistivity of the specimen. Several researchers (e.g.
Borsic et al., 2005; Stacey et al., 2006; 2009; Beck et al., 2011) used similar cells, but with
different shapes and electrode numbers. However, the cell requires specific calibration to

consider the effect of its geometry on resistivity measurements (Kalinski and Kelly, 1993).

Recently, several researchers have developed small-scale resistivity probes/devices
for local measurements where a quick and easy measure of soil resistivity can be obtained.
For example, Sreedeep et al. (2004) developed a resistivity probe based on Wenner
arrangement. Using the same arrangement, Peixoto et al. (2010) presented a resistivity
probe for geotechnical and geoenvironmental studies. A combined resistivity and
temperature probe using a pole-pole arrangement was developed by Sherrod et al. (2011)
for long-term field monitoring. Kim et al. (2011) presented an electrical resistivity cone
probe (ERCP) to measure the resistivity of seashore soft soils and to estimate void ratio in
the field. Commercially, similar probes have been developed, for example, by VERTEK, such
as Soil Moisture, Resistivity and Temperature (SMRT) Module and Electric Conductivity

(Resistivity) Module HT series.
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Figure 2.22. Typical circular four-electrode resistivity cell (Kalinski and Kelly, 1994)

However, these probes/devices are based on a similar principle of using a linear
electrode arrangement (e.g. Wenner, pole-pole array), as the probes shown in Figure 2.23,
for example. The resistivity measured by the linear arrays is affected by the azimuth of the
line of the measurements (Habberjam and Watkins, 1967). In addition, these probes/
devices contradict the non-invasive nature of the resistivity technique, which makes it

attractive for a wide range of applications.

More recently, simultaneously with the current study, Munoz-Castelblanco et al.,
(2011) developed a resistivity probe for local water content measurements of natural
unsaturated soil subjected to drying and wetting cycles, and for local measurement of water
content in a triaxial test (Mufioz-Castelblanco et al., 2012; 2014). The probe was constructed
using four electrodes fixed in a silicon body (Figure 2.24). It was inspired from the surface
probe presented by Maryniak et al. (2003). However, due to the poor contact with the soil,
the probe required a slurry paste of clay to improve the contact; therefore, a specific
calibration was needed to account for using the slurry in water content determination.
Details about a new resistivity probe and other devices constructed in the current work,

measurement and calibration procedures will be described in Chapter 3.
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Figure 2.23. Resistivity probes (a) A probe for geotechnical and geoenvironmental
studies (Peixoto et al., 2010) (b) Moisture, Resistivity and Temperature (SMRT) Module
(VERTEK, 2013) (C), and Electric Conductivity (Resistivity) Module HT series (VERTEK, 2013)
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Figure 2.24. Resistivity probe for local water content monitoring (Mufoz-

Castelblanco, 2011)
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Multi-electrode resistivity systems: Electrical resistivity tomography

The advent of automated multi-electrode resistivity systems has led to rapid and
efficient data acquisition of resistivity measurements. Using a number of electrodes
attached to a resistivity system with a switching module makes it possible to carry out 2D,

3D and 4D imaging surveys with tremendously increased efficiency and productivity.

Multi-electrode resistivity systems, however, are based on using the principle of a
four-electrode method and the adoption of multiplexing of a number of electrodes. A
computer controlled switching module chooses four predefined electrodes for each single
measurement, sends the current, and measures the potential drop from which the
resistance can be calculated (Loke et al., 2011). Using a number of various combinations of
transmitting and receiving pairs of electrodes, 2D/3D resistivity images can be constructed
using appropriate inversion software. Moreover, using time-lapse 3D resistivity technique,
4D resistivity data can be obtained (Chambers et al., 2013). These improvements provide

much more detailed information than the traditional 1D resistivity sounding, profiling and

mapping.

Multi-electrode resistivity systems provide an imaging technique to infer the
electrical resistivity distribution within a medium by taking measurements on its boundary
(Binley et al., 1996a; b; Barker, 1997). On a laboratory scale, the electrodes are attached to
the medium, which can be a closed geometry, such as a small circular resistivity cell
(Damasceno et al., 2009) or a large lysimeter (Garré et al., 2011), and half-space
experiments (e.g. a small tank) (Sentenac and Zielinski, 2009). In the field, the electrodes
can be distributed along the surface in profiles/grids (Zhou et al., 2001) or placed down
boreholes (Binley et al., 2002). Based on a set of sufficient combinations of four-
electrode readings, a resistivity model of the medium can be inferred using an
appropriate image reconstruction technique. Resistivity data, however, can be obtained
using different array arrangements. An example of 2D data collection using 20 electrodes

with a Wenner array (Loke et al., 2013), is shown in Figure 2.25.
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Figure 2.25. 2D data collection using multi-electrode resistivity system (Loke et al., 2013)

This setup is applicable for both lab and field applications. In 2D mode, a number of
electrodes are installed along a line connected to the resistivity meter through multi-core
cables. The measurements are progressively recorded for particular electrode spacing a and
a number of acquisition levels (Griffiths and Barker, 1993). However, as the spatial
distribution of electrical properties is inherently 3D in nature, the 3D model can provide
more accurate results, especially in environmental and engineering applications where the
subsurface is highly complex (Aizebeokhai et al., 2010). In this mode, a number of electrodes
are laid out in a square or rectangular grid with constant electrode spacing. For complete 3D
data, a large number of measurements are required (Tsourlos, 2004). Therefore, Loke and
Barker (1996b) suggested a cross-diagonal method in which measurements are only
acquired at electrodes along the X and Y directions. In practice, two approaches are
commonly implemented. The first, a quasi 3D data set, is obtained by reconstruction of a
number of parallel 2D lines (Tsourlos, 2004). The second is the use of the square array for a

rectangular grid of electrodes (Samouélian et al., 2004).
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Recently, the development of multichannel systems has significantly reduced the
measurement acquisition time. In these systems, two electrodes are used to inject the
current while the potential difference is measured across a different pair of voltage
electrodes. Moreover, a pulled-array recording system for continuous dynamic
measurements using steel-cylinder electrodes (Sgrensen, 1996) or spiked wheels (Panissod
et al., 1998) offer rapid data collection over large areas. More recently, automated
monitoring systems have been introduced for monitoring transient phenomena that require
automated data acquisition. Such sophisticated systems have emerged recently as a new
technology for embankment warning systems (Gunn et al., 2010a; b). A fully automated
resistivity system, ALERT-ME (Automated time-Lapse Electrical Resistivity Tomography)
developed by BGS is now being deployed remotely. The system (Figure 2.26) is powered by
renewable energy and controlled through wireless telemetry (GPRS) to communicate with
an office-based PC, providing a 24h monitoring system. Recent advancements in resistivity
instrumentation and the design and construction of new multi-electrode resistivity system

will be discussed further in Chapter 3.
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Figure 2.26. The ALERT-ME system developed by BGS (Gunn et al., 2010b)
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Modern multi-electrode systems have effectively been used to map water content
changes in earthworks such as embankments. For instance, Jackson et al. (2002) mapped a
rapid build-up of moisture on embankment shoulder a few days before a shallow failure
(Figure 2.27). As the seasonal changes in water content control the seasonal resistivity
changes, water content anomalies can be extracted from time-lapse measurements (Figure
2.28) that can be used as an early warning of moisture build-up in engineered earthworks
(Chambers et al., 2007; 2008; 2009). Gunn et al. (2014) adopted ERT for mapping the spatial
and temporal water content changes in clay embankments. Mapping water content using
ERT requires a calibration of the resistivity against water content, usually performed in the

laboratory.

dec93alm

X (metres)
25.0 30.0 35.0 40.0

Line of buried electrodes

Moisture Content

Figure 2.27. Build-up of moisture prior to slope failure, inferred using 2D ERT

(Jackson et al., 2002)
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Figure 2.28 Time-lapse 2D resistivity sections (Chambers et al., 2009)

2.7 Resistivity method for water content characterisation

2.7.1 Soil resistivity-water content relationship

In order to use the resistivity method to map soil water changes, it is necessary to
establish the soil resistivity-water content relationship that applies to the particular soil of
interest. Like other indirect methods, ERT provides a measure of physical property (i.e.
resistivity) that can be related to the soil water content. Therefore, quantifying soil water
content is a two-step procedure (e.g. Goyal et al., 1996, Amidu and Dunbar, 2007; Zhou et
al., 2007; Di Maio and Piegari, 2011; Gunn et al., 2014). Firstly, the soil resistivity distribution
is derived and, secondly, the water content is estimated from these sections using a

calibration curve. Figure 2.29 illustrates the approach of using ERT to map soil water content
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mapping using ERT. Figure 2.30 shows examples of the laboratory calibration for different

types of clays (McCarter, 1984; Fukue et al., 1999; Michot et al., 2003).

ERT Section Soil Samples
Inversion Laboratory
Measurements
Y
Distribution of Soil Resistivity Soil Resistivity-Water Content

Calibration Curve

Map of Soil Water Content

Figure 2.29. A schematic diagram illustrating the approach of water content mapping

using ERT (Di Maio and Piegari, 2011)
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Figure 2.30. Electrical resistivity-volumetric water content relationship of different types of

clay (Samouélian et al., 2005)
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A large number of authors have reported similar, explicit relationships between
resistivity and water content. These can be grouped into theoretical (Mualem and Friedman,
1991), laboratory (e.g. Archie, 1942; Kalinski and Kelly, 1993; Zhou et al., 2001; Russell and
Barker, 2010; Yan et al., 2012) and field-based (e.g. Michot et al., 2003; Amidu and Dunbar,
2007; Schwartz et al., 2008; Celano et al., 2011; Calamita et al. 2012) studies. Considerable
efforts have been made to understand this relationship and a number of models have been

introduced.

Archie (1942) pioneered resistivity-water content studies in the oil industry. In
saturated soil, he related soil resistivity p,, pore water resistivity p,, and porosity n in a

common relationship called Archie's law:

Po = pwn_m (217)
Where m is a fitting constant related to the soil characteristics (Friedman, 2005).

In unsaturated soil, a decrease in the saturation is accompanied by an increase in
resistivity due to the partial replacement of pore water with air. Archie's Law for

unsaturated soil is expressed as:
p=pyn"SP (2.18)

P = poSy? (2.19)

Where p is resistivity of unsaturated soil, S, is the degree of saturation and b is a saturation

exponent (Keller and Frischknecht, 1966).

Archie’s relationships, or modified forms, have successfully been implemented by a
number of authors to estimate water content (e.g. Turesson, 2006; Werban et al., 2008).
Rhoades et al. (1976) presented a second order polynomial formula. Kalinski and Kelly

(1993) implemented this relation to estimate water content of clay soil with 0.009 standard
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error. Other authors (e.g. Pozdnyakova, 1999; Ozcep et al., 2009; Bery and Saad, 2012; Yan

et al., 2012) adopted an exponential relationship to relate resistivity with water content.

For a limited range of water content, a first order linear relationship has been
reported (Goyal et al., 1996; Zhu et al., 2007). In the literature, nonlinear resistivity-water
content models (polynomial, power and exponential) expressions have been adopted.
However, the differences between them are statistically insignificant, particularly in a

limited range of water content (Pozdnyakov et al., 2006; Calamita et al., 2012).

Recently, the resistivity-water content relationships reported in the literature have
been reviewed by Shah and Singh (2005) and Calamita et al. (2012). Based on extensive
experimental study, Shah and Singh (2005) proposed 'a generalized Archie's Law' for fine-

grained soils expressed as:
p=pwbd™ (2.20)

Where p is the soil resistivity, 8 the volumetric water content, p,, is a fitting parameter
related to pore water resistivity and m is a constant. Similar power law relationships have
been adopted by a large number of authors (e.g. McCarter, 1984; Fukue et al., 1999; Hymer
et al., 2000; Walker and Houser, 2002; Michot et al., 2003; Amidu and Dunbar, 2007; Liu and
Yeh, 2004; Brunet et al., 2010; Celano et al., 2011; Yan et al., 2012). Calamita et al. (2012)
correlated the resistivity and volumetric water content relationships reported in the
literature (Figure 2.31). The figure highlights the power law relation. These studies show
that the resistivity of different soils decreases with increasing water content and, at low

water content, resistivity decreases more rapidly.
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Figure 2.31. Resistivity-volumetric relationships reported in the literature for different soils

(yellow: clay, Red: loam, Black: sand) (Calamita et al., 2012)

2.8 Resistivity method for characterising drying and wetting of clay

soils

Although numerous studies have considered the influence of water content on soil
resistivity, the impact of drying and wetting and the associated volume changes has rarely
been addressed. Amidu and Dunbar (2007) used the resistivity method to characterise the
seasonal drying and wetting of Vertisol (clay content >30%) of high shrink—swell potential.
Laboratory measurements were used to generate soil moisture—resistivity relationships to
calibrate the field data. However, the calibration was based on measuring the resistivity of
the soil as the soil sample dried in the laboratory, and the volume of the sample was
measured manually. Russell and Barker (2010) provided one of the first studies of the
electrical characteristics of clays during dying. They reported the resistivity behaviour of
seven geographically distributed British clays and pure clays during moisture loss. However,
only the gravimetric water was considered (Figure 2.32). Munoz-Castelblanco et al. (2011)
reported the influence of water content changes of Loess soil (16-25% clay fraction) during
drying and wetting cycles. It was concluded that the resistivity was mainly related to the

water content of the soil. However, the volume changes were not appreciated.
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In the above-mentioned studies, the soil resistivity was measured in a discrete style
(i.e. stage drying/wetting). According to the author's knowledge, no tests have been
conducted where resistivity and volume changes are monitored continuously and

simultaneously on soil specimens subjected to drying/wetting cycles.
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Figure 2.32. Resistivity-water content relationships of different local and pure clay soils

(Russell and Barker, 2010)
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2.9 Resistivity method for characterising cracking of clay soils

2.9.1 Cracking mechanism

Clay soil tends to shrink when it loses moisture, such shrinkage of clay commonly
often causes cracking. In addition to the water content, the cracking process is governed by
a large number of factors, (e.g. soil heterogeneity, mineral composition, temperature,
evaporation, layer thickness, land cover, etc.). Therefore, the precise mechanism of cracking
dynamics is not perfectly understood (Tang et al., 2011). Nevertheless, the development of
tensile stresses due to shrinkage of the soil has widely been accepted as the common cause
of the cracks. As the water evaporates from the surface of the soil, the matric suction
develops and progressively increases. Consequently, the soil consolidates and shrinks.
Increasing matric suction induces tensile stress at the soil surface and, once the tensile
stress exceeds the tensile strength, the soil cracks. The stresses concentrate at the tip of the
crack, causing the crack tip to propagate until the stresses are reduced below the local
tensile strength of the cracking soil (Inci, 2008; Tang et al., 2011). However, continuous
drying and shrinkage of clays might lead to the development of interconnected cracks to
form polygonal blocks. This might, in turn, lead to the development of shear zones beneath

the soil and, hence, slope failure (Konrad and Ayad, 1997; Kodikara et al., 2000).
2.9.2 Application of the resistivity method for characterising cracking of soils

In theory, the resistivity method is based on the assumption that the subsurface is
continuous, and measuring the voltage drop associated with the current injected into the
soil provides information about the subsurface resistivity distribution. In a medium with
conductive anomalies, the current flow lines tend to concentrate while, in a medium with

resistive anomalies, the current lines tend to deviate around them (Figure 2.33).
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As cracks are normally filled with air that is infinitely electrically resistive, cracks form
barriers that disturb the flow of current, resulting in greater voltage drop relative to that
measured for the surrounding intact soil. Therefore, cracks are expected to alter soil

resistivity distribution significantly (Samouélian et al.,, 2003a; Amidu and Dunbar, 2007;

Jones et al., 2012; 2014).

Electrically, clays are classified into a single group with a typical resistivity of 1-100
Ohm.m (e.g. Reynolds, 1979; Telford et al., 1990). However, resistivity values of more than
100 Ohm.m have been reported with low water content (e.g. McCarter, 1984; Fukue, 1999;
Michot et al., 2003). Although the actual resistivity of a dry crack can be assumed infinite
(Greve, 2009), the measured resistivity of the clay soil containing cracks is far lower, as the
resistivity measurement includes the intact soil as well (Jones et al., 2012; 2014). However,
in resistivity sections, the resistivity contrast between the cracks and the surrounding soil is
high enough to be detected, and, therefore, cracks can be identified as isolated spots with

high resistivity values compared to intact soil (Figure 2.34) (Sentenac and Zielinski, 2009;

Jones et al., 2012; 2014).

Figure 2.33. Distortion of current flow lines in (A) high and (B) low conductive anomaly
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Figure 2.34. Development of cracking in clay soil sampled from flood embankment located
near Thorngumbald in England: (a) photographs showing surface cracks development; (b)

resistivity section, model layer (z=0.01 m) (c), vertical slice at x=38 cm (Jones et al., 2014)

In Material Science, the resistivity method has proven successful in detecting cracks
in metals (e.g. Farrell et al., 2008). In concrete studies, the method has been used to assess
water content (e.g. Su et al., 2002) and the formation of cracks (e.g. Wiwattanachang and
Giao, 2011). In soil sciences, early studies have focused on detecting joints and fractures in
rocks to: determine strike of jointed bedrock (Taylor and Fleming 1988); map fractures
pattern (Raju and Reddy, 1998; Seaton and Burby, 2002); locate flow pathways in
conductive fracture zones (Slater et al., 1997; Cassiani et al., 2009); and monitor migration

of a saline tracer (Rugh and Burbey, 2008).
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Anisotropy, is a material's directional dependence of a physical property, has been
found promising for characterising fractured soils. In ERT, the electrical anisotropy is defined
as the variation of resistivity with the azimuth (Al Hagrey, 1994). This property has
traditionally been used for identification of fractures (e.g. Lane et al., 1995; Busby, 2000;
Busby and Jackson, 2006). In these studies, the shape of the resistivity ellipsoid of azimuthal
measurements (Taylor and Fleming, 1988) is interpreted as being indicative of the fracture
anisotropy. Using nonlinear arrays, such as the square array, minimum resistivity was
measured when the current was injected parallel to the fracture, while a maximum value
was measured when the current was injected perpendicular to the fracture (Figure 2.35).
Therefore, the minor axis of the ellipse is used to identify the direction of the structural
feature (Busby and Jackson, 2006; Massoud et al., 2009). LaBrecque et al. (2004) showed
that 2D ERT can be used to detect fractures in wet and dry limestone blocks. However,
conductive fractures showed a much smaller response than the resistive case.

max .
—> resistivity

min
Rock resistivity

180

a) Fractures b)

Figure 2.35. Azimuthal resistivity measurements (a) Parallel fractures (b) Polar

diagram using square array (Busby and Jackson, 2006)
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A number of studies have focused on using ERT to map cracks forming in clay soils. In
the first reported 2D experiment, Samouélian et al. (2003a) demonstrated the efficiency of
the method to detect an artificial crack of 2mm wide on a compacted clay soil. However,
only the depth of cracks was considered. To detect surface cracks, Samouélian et al. (2004)
used anisotropy index Al of a square array, defined as the ratio between resistivity in two

perpendicular directions, conventionally named a and f resistivity:

_ Pa
Pp

Al (2.21)

As the presence of a crack results in an anisotropic alteration of the electrical field
(Samouélian et al., 2004), it is the most likely cause for Al to deviate from unity. As a
consequence, they used Al data to provide information on the presence, position, and
extension of the cracks. Chen et al. (2007) found that soil resistivity increases rapidly with
increasing depth of vertical artificial fissures, as air becomes the predominate factor that

controls the resistivity.

As studies involving electrical anisotropy seem to be promising, Greve (2009)
showed that deviation of Al due to a simple crack introduced in the soil is a function of its
depth, length and orientation. However, increasing crack width caused only slight increases
in Al deviations. No Al response was noticed for cracking oriented at 45°, as reported by
Samouélian et al. (2004). On a lysimeter scale, Greve et al. (2010a) measured temporal
changes in the Al profiles (Figure 2.36) of a series of coplanar electrode squares installed at
regular depth intervals. They related the development of soil cracks to the gradual increase
in AI, which allowed the detection of cracking dynamics in the hidden area under the
surface. During drying, Al increased progressively, with the largest increase at the top of the
soil. This was found to be consistent with a downward extension of the cracking network
during drying (Johnston and Hill, 1944). During water addition, the Al profile returned to its

initial state before drying, with a 2% difference.
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Figure 2.36. Al profiles of clay soil (a) drying (b) water addition (Greve et al., 2010a)

Later, Greve et al. (2011; 2012) used Al profiles to monitor water-preferred flow
pathways in cracking clays. Using an analogue experiment, Szalai et al. (2010) showed that
any fissure system makes isotropic medium anisotropic and, as cracking in soil is multi-

directional, this also results in multi-directional anisotropy.

Kong et al. (2012) demonstrated that changing cracking parameters, such as depth,
length, width, number and angle of manually created cracks, produces strong changes in the
electrical properties of Laterite. However, resistivity measurements were only performed
when the current was injected perpendicular to the cracks. Recently, ERT has been used to
map cracking networks forming in clay soil under laboratory conditions. Sentenac and
Zielinski (2009) adopted a miniaturised 2D ERT experiment to monitor clay fine fissuring
induced by the natural desiccation process. The position and development of the vertical
fissures were clearly identified as they formed. Jones et al. (2012) used 3D ERT to map
fissure networks forming in compacted clays using linear Schlumberger, Dipole-Dipole and
combined arrays. The fissure networks were successfully defined and compared very well

with networks observed in the soil. Using miniature and large-scale 2D and 3D field surveys,
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Jones et al. (2014) mapped desiccation cracks formed in a flood embankment. The extent of
fissure zones was detected using a large-scale array where individual cracks could not be
identified. However, the resolution of cracks was improved with a miniature array, where
subsurface fissures were successfully imaged. The results were validated by numerical

modelling.
2.10 Chapter Summary

This chapter has reviewed the theoretical background of the main water content
measurement methods. The basic theory of the resistivity method and its application for

water content characterisation of clay soil are discussed.

In addition to the direct gravimetric method, a large spectrum of indirect methods is
available, ranging from small probes to regional, remote sensors. These methods are based
on measuring a soil physical property that can be calibrated against water content.
However, more research is needed to explore new techniques that can measure soil water
content at different scales and to consider of the influence of drying and wetting on soil
properties. The resistivity method reviewed in this chapter has the potential to provide

relatively quick, non- invasive measurements of soil water content.

The application of the resistivity method for water content characterisation was
reviewed to identify the knowledge gaps. Recent advances in resistivity instrumentation
have focused on the development of automated multi-electrode systems and to develop
resistivity devices that offer quick estimates of water content. The use of the resistivity
method for water content characterisation of unsaturated clay soils subjected to drying and
wetting cycles requires an automated system that offers automated real-time data
collection. In the literature, many small-scale resistivity probes/devices have been
developed. However, there is an increasing demand to develop efficient non-invasive
techniques to measure water content with volume integration. The design and construction

of a new automated multi-electrode resistivity system and resistivity probe developed in the
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current thesis will be described in Chapter 3. Calibration and validation of the system will be

presented in Chapter 4.

Although a large number of authors have reported explicit relationships between
resistivity and water content, resistivity of clay soils is affected, in addition to water content,
by various interlinked parameters that need to be considered. The water content

characteristics of compacted BIONICS clay soil will be discussed in Chapter 5.

Recent work on BIONICS clay has reported resistivity variations across the
embankment, that can be attributed mainly, in addition to water content, to variations in
temperature and water salinity. Therefore, it is essential to address these effects. The
influence of temperature and pore water chemistry on the soil resistivity will be discussed in

Chapter 6.

In addition, although numerous papers have been published describing the
resistivity-water content relationship, little interest has been paid to investigating the
influence of drying and wetting and the accompanied volume changes on resistivity of clay
soils. The application of the resistivity method for characterising drying and wetting of clay

soil and the associated volume changes will be addressed in Chapter 7.

The application of the resistivity method for characterising cracking of clay soils will
be discussed in Chapter 8. Numerical and experimental techniques are used to investigate
the directional dependence of resistivity measurements in cracking clays and the effects of

cracking depth, length, width and orientation on soil resistivity.
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Chapter 3

Design and construction of an automated multi-electrode

resistivity system

The electrical resistivity technique has been in use for more than one hundred years.
Significant advances in instrumentation, survey designs, data acquisition techniques and
interpretation software have taken place over the past few decades. Multi-electrode and
multi-channel systems nowadays allow efficient and rapid data acquisition to investigate a
large number of applications. Recently, there have been major advances in resistivity
instrumentation to develop automated monitoring systems for detecting transient
phenomena that require continuous data acquisition (e.g. Loke et al., 2013). Therefore, this
chapter presents the design and construction of a new automated multi-electrode resistivity
system for laboratory testing. A flexible data acquisition and control software package has
been developed to obtain real-time resistivity data using different electrode arrangements.
The user can set the current and voltage, switching 64 electrodes interchangeably as either
current or voltage electrodes in a fully automated procedure. The design and measurement

procedures of a new resistivity probe and other devices are also presented.
3.1 Introduction

The advent of multi-electrode resistivity systems over the past few decades has
triggered a revolution in the use of the electrical resistivity method to address a wide range

of applications.

A marked increase in the application of the four electrode DC resistivity method has
taken place with the development of multi-electrode resistivity systems and robust data
inversion software (e.g. Griffiths and Barker, 1993; Loke and Barker, 1996a, b). Using these

systems, the ERT method has become widely applicable to map areas of complex geology
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for different engineering and environmental applications. The effectiveness of this method
in engineering and environmental applications is well discussed by Dahlin (1996), Barker

(1997), Reynolds (1997), Pellerin, (2002) and Loke et al. (2011; 2013).

A number of authors (e.g. Niininen and Kehl, 1979; Beck, 1997; Avants et al., 1999;
Herman, 2001; Olowofela et al., 2005; Awotoye and Selemo, 2006; Sheffer et al., 2007;
Igboama and Ugwu, 2011; Lachhab and Booterbaugh, 2011) have fabricated low cost four
electrode resistivity systems. Such systems have traditionally been used to collect 1D
resistivity data for laboratory and field studies. However, for 2D and 3D ERT investigations,
which incorporate collecting a large number of measurements, traditional four electrode
systems are time consuming and impractical. Therefore, the advent of multi-electrode
systems (e.g. Dahlin, 1996), a pulled-array recording systems (e.g. Christensen and
Sgrensen, 2001), and distributed data acquisition systems (e.g. Stummer et al., 2002) has
substantially increased the efficiency and flexibility to acquire a large number of

measurements in a reasonable time.

In particular, multi-electrode resistivity systems speed up data acquisition times;
provide large data sets to construct 2D and 3D resistivity tomography images and offer the
flexibility to choose a suitable electrode arrangement for a particular problem, this in turn
reduces the effort and the laborious electrode switching using manual four electrode

systems (Tsourlos,1995; Dahlin, 2001).

Multi-electrode resistivity systems have been developed by many commercial
companies, as well as academic and research institutions using different measurement
strategies. For example, multi-electrode systems that support automatic electrode
multiplexing have been developed by commercial companies such as Campus Ltd., UK; Iris
Instruments, France; ABEM Instruments, Sweden; GeoSys, Germany; Scintrex Ltd., Canada;
and Oyo Geoelectric, Japan. In addition, several systems have been developed by academic
institutions such as the University of Birmingham, UK (Griffiths et al., 1990); the University

of Waterloo, Canada (Schneider et al., 1993); the University of Leicester, UK (Meju and
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Montague, 1995); Lund University, Sweden (Dahlin, 1996); Stanford University, USA (Stacey
et al., 2006) and University of Wisconsin—Madison, USA (Damasceno, 2009).

Other researchers have contributed to the ongoing research in different ways. For
instance, Dickin and Wang (1995) described the design and operation of a flexible ERT
system for laboratory and plant-scale process instruments. Werkema et al. (1998; 2000)
developed windows based multi-electrode acquisition system that can collect resistivity
data using a commercial resistivity meter. Stummer et al. (2002) developed a distributed

data acquisition system, which introduced the concept of real-time experimental design.

In theory, the greater the number of electrodes used, the more independent the
measurements that can be obtained, which results in higher resolution and confidence in
the inferred resistivity distribution (Xu and Noel, 1993). However, the practical constraints
of wiring and computational time limit the number of electrodes that can be used. To solve
this problem, Van Weereld et al. (2001) used an array of 192 electrodes carried on a flexible
printed circuit and wrapped around a core sample. A fast DC current pulse was used to
measure resistance. Due to practical constraints, Polydorides (2002) suggested that a 16
electrode system is optimum for laboratory scale measurements, compromising between
computational time and the noise introduced by using a large number of electrodes. Stacey
et al. (2006) adopted this suggestion to develop a system consisting of three rings, each of
16 electrodes. A DC current with a switch matrix and data acquisition were controlled by an
automated program developed in LABview. The system was used to estimate soil saturation

(Stacey et al., 2009).

To speed up the data collection, continuous dynamic resistivity systems for land and
water have been introduced. An array pulled by a vehicle was used for continuous land
profiling (e.g. Sgrensen, 1996) and a floating electrode array connected to a cable pulled by

a boat was used for water surveys (e.g. Mansour and Slater, 2007).
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Automated multi-electrode resistivity systems are increasingly becoming popular.
For laboratory testing, Damasceno et al. (2009) presented a design for a low cost ERT
acquisition system. The system consisted of 16 electrodes used to monitor chemical
diffusion in a saturated sand specimen. Similarly, Bera and Nagaraju, (2011) developed an
automatic electrode switching module with four 16:1 analog multiplexers connected to 16
surface electrodes. Devadasi et al., (2014) presented automatic switching system for

resistivity profiling. Analog multiplexers were used for switching the electrodes.

Recently, automated monitoring systems have been introduced for continuous
monitoring of complex transient phenomena such as water seepage (Sjodahl et al., 2008),
active landslides (Chambers et al., 2011) and hydraulic processes in porous media (Kuras et
al., 2009). For long-term monitoring, Dahlin and Jonsson (2011) presented a data acquisition
system for automatic monitoring of embankment dams. Similarly, Jinguuji (2011) developed
high speed and multi-transmission system suitable for high speed geological monitoring. For
down hole studies, Sherrod et al. (2011) presented a low-cost resistivity and temperature
system; a comparison was made using a Syscal R2 resistivity meter and all measurements
within 10% difference were deemed acceptable. Korteland, (2013) developed a flexible and
high speed ERT system for quantitative characterisation of solute transport processes in
porous media. A pulsed DC current source and eight channels were used to control 128
electrodes. Using permanently installed in situ and remotely controlled electrodes via
wireless telemetry (GSM, GPRS, WiFi or satellite telecommunications) and an IT
infrastructure, an automated time lapse electrical resistivity tomography (ALERT) system has
been recently developed by the British Geological Survey to collect 4D resistivity data

(Chambers et al., 2013) rarely offered by other technologies.

An increased demand to develop efficient, non destructive, relatively easy and
inexpensive techniques that can provide high resolution data to address complex problems
has led to the speeding up of research in this direction. Therefore, the ongoing development

of multi-electrode resistivity systems is expected to continue (Dahlin, 2001).
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The current work aims to develop an automated multi-electrode resistivity system
for laboratory measurements using the DC resistivity method. The system consisted of
flexible data acquisition and control system that automatically switches 64 electrodes to

acquire resistivity data using different electrode arrangements in a real-time procedure.
3.2 Multi-electrode resistivity system: Main components

Automated multi electrode resistivity systems are based on the principle of the
traditional four electrode method and involve multiplexing a number of electrodes. A typical
computer controlled system (Dahlin, 2000; Stacey et al., 2006; Damasceno et al., 2009;
Sherrod et al.,, 2012) consists of three main parts (Figure 3.1): (1) data acquisition and
control system; (2) electrode configuration and connection; and (3) a third party
reconstruction software. The system, however, must offer flexible control of the current and
voltage readings, high speed data acquisition and appropriate computer interfacing

(Polydorides, 2002; Stummer et al., 2002; Damasceno et al., 2009).
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Figure 3.1. A schematic diagram of an automated multi-electrode resistivity system
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The main requirements to construct the data acquisition and control system are: (1)
a constant current source; (2) multiplexing or switching system and (3) data acquisition and
controlling software running in a high-speed computer (Tourlous, 1995; Dahlin, 2001;

Stacey, 2006).

The current source can be either direct DC, commutated direct (the source is
attached to a commutator to change the polarity of the current), or low frequency
alternating AC current, typically below 100 Hz (ASTM G57, 2006). However, the analysis and
interpretation of the data are made based on DC measurements (Loke et al., 2011). Using an
unaltered DC source, the polarization effect, which is related to the contact between the
electrode (electronic conduction) and the soil (ionic conduction) has to be considered
(Tsourlos, 1995; Dahlin, 2000; LaBrecque and Daily, 2008). This effect causes an
accumulation of charges on the electrodes that gradually increases with time and,
therefore, the measured resistances will gradually increase too. Using signals of unchanged
direct current can effectively polarize the electrodes when the current is injected in one
direction for a long time. Specific considerations have to be followed regarding the
switching mechanism between the electrodes (Dahlin, 2000), when the electrode is used for
current and then for voltage while still polarized. The problem of polarization can be tackled
by periodically reversing the current electrode polarity (Tsourlos, 1995; ASTM G57, 2006) or
by using special non-polarized electrodes (Samouélian et al., 2005); however, they are
difficult to implement and expensive (Wilkinson et al., 2012). Stainless steel electrodes have
been found to be less affected by polarization (LaBrecque and Daily, 2008). Practically,
adopting special measurement sequences and considering an adequate time delay between
using an electrode to inject current and to measure voltage can significantly reduce the
polarization effect (Dahlin, 2000; Winkinson et al., 2012). An AC source at low frequency can
be used to prevent an accumulation of ions so that electric polarization is minimized.

However, electromagnetic effects have to be considered (Tsourlos, 1995).
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In the literature, a DC current source (e.g. van Weereld et al., 2001; Kalinski and
Vemuri, 2005; Stacey, 2006; 2009; Korteland, 2013) was used as it can greatly simplify the
instrumentation and reduce the cost, compared to the AC current source, where phase
angle has to be considered (Szczepanik and Rucki, 2000; Korteland, 2013). A DC power
source can be used if the current and voltage polarity is regularly reversed, and readings are

averaged for each polarity (ASTM G57, 2006).

The current and voltage electrodes in multi-electrode resistivity systems are
switched by means of multiplexers. The switching mechanism should be reliable for any
electrode arrangement (Loke et al., 2011). In the literature, different strategies have been
adopted to achieve the electrode switching. Cost and practical limitations have been
considered. In the first type, a central switching unit is used in which the main switching
module is incorporated within the main resistivity unit, and the electrodes are connected via
multi-core cables (Overmeeren and Ritsema, 1988). In these systems, the number of
electrodes is limited to the number of electrode take-outs. Depending on the application,
the electrode take-out spacing varies from less than 1 to 25 m or more (Dahlin, 2001). In the
second type, the switching unit is connected to the resistivity meter through a system bus.
This type can significantly increase the number of electrodes used, but is not practical in
forested areas. In the third type, a switching circuitry is placed at each electrode instead of a
central unit (Stummer et al., 2002). Although the latter provides high flexibility, the cost of
switches can be higher than that of the central one and it requires greater programming
effort. Recently, to reduce the acquisition time, multichannel systems have been introduced
where only a pair of electrodes is used to inject the current, and the voltage difference is

measured with different pairs of electrodes simultaneously (Loke et al., 2013).

The data acquisition and controlling software integrate the hardware and control the
acquisition processes. The software should be efficient to choose the electrodes for each
single measurement, sends the current, and measures the voltage drop from which the

resistance and resistivity can be calculated and stored for interpretation.
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Commercially, four electrode resistivity systems, such as the Allied Ohmega system
of Allied Associates Ltd, U.K., costs about £4,600, while the Allied Tigre system of 64
electrodes costs about £17,800 (personal communication). In the subsequent sections, the

design and construction of the system developed will be described.

3.3 Design and construction of the multi-electrode resistivity

system

The system developed in the current study (Figure 3.2) consists of: a DC current
power source, a Datascan data logger, a switching system and data acquisition and control

software.

A programmable DC power supply was used to inject the current. A Datascan logger,
connected to a PC via RS232 interface, was used to measure the voltage and log the current.
Windows based data acquisition and controlling software named Resist (Toll and Hassan,
2014) has been developed to integrate the hardware and to control the data acquisition

process.
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Figure 3.2. The main components of the developed system

3.3.1 Power source

In the current system, a 30V/2A power supply type EL302P, with an isolated RS-232
interface of 9-pin D connector, was used. The EL302P is a digitally programmable power
source that offers remote control functions: set the voltage, set the current, read the
voltage, and read the current. A typical current used in resistivity instruments ranges from 2
to 500 mA. Therefore, the power source used offers the range of current needed to cover of
a wide range of resistivity values. In addition, although the desired voltage and current can
be chosen manually (i.e. local operation mode), using a command list, the current and
voltage can be controlled remotely (i.e. remote operation mode), which makes the power

supply suitable for automated current injection needed for automated resistivity systems.
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3.3.2 Datascan logger

To calculate the resistivity, a measure of the injected current and the resultant
voltage drop is needed. MSL (Measurement Systems Ltd.) Datascan 7220 series connected
with a PC via RS-232 cable was used for continuous data collection and communication. It
has 16 integral analog channels individually configurable for DC voltage, current and
thermocouple measurements. The module has an input impedance of 30M Ohms which
makes the MSL7220 suitable for logging voltages and sensing the current via a shunt
resistor. Therefore, the MSL7220 was adopted for data logging and communication to read
the voltage drop and to sense the transmitted current by measuring the voltage drop across
a one-Ohm high precision shunt resistor (Gupta and Hanks, 1972; Abu-Hassanein et al.,
1996) shown in Figure 3.3. A similar approach has been adopted in the commercial
instruments (e.g. MPT/ERT 2004 system) of Multi-Phase Technologies, LLC (MPT) (LaBrecque
and Daily, 2008).

A shunt resistor can be used to measure the current in a circuit by measuring the
voltage drop that the current creates across the resistor. According to Ohm’s Law (/=V/R),
the transmitted current can be determined straightforward by measuring the voltage drop
across a resistor of known resistance. Different shunt resistors were examined during the
construction of the system. After a serious of tests, a high precision 1 Ohm resistor was
used. In this case, the transmitted current equals to the voltage drop measured across the

shunt resistor.

As the data logger supports 16 channels, the extra channels can be used to collect
additional data, such as monitoring soil volume changes and suction of the soil.
Unlike other resistivity systems, this makes the developed system multifunctional that can

provide full laboratory monitoring in addition to measuring soil resistivity.

64



CHAPTER 3: DESIGN AND CONSTRUCTION OF AN AUTOMATED MULTI-ELECTRODE

RESISTIVITY SYTEM
— @

X AVAYAY »

1 Ohm Shunt Current to
Resistor be measured

Figure 3.3. The shunt resistor used to log the current

3.3.3 Switching system

The switching system has been designed and fabricated at Durham University (Figure
3.4). Each switching board can control 8 electrodes and each electrode can be individually
switched between five states: C+ (connected to the +ve side of the current source provided
by the Power supply); C- (connected to the -ve side of the current source); P+ (connected to
the +ve side of the data logger channel for measurement of voltage); P- (connected to the

-ve side of the data logger channel) or Disabled (disconnected).

The switching is done through a USB I/0O 24 module (Elexol Pty Ltd) that can provide
digital output signals. Each I/0 module has 24 individually programmable input/output pins
grouped into 3 ports, and features a serial number which means the PC can identify each
module uniquely, allowing multiple modules, connected via a USB hub, to be used for a
single application. Three data bits are required to switch each electrode; 1 pin is used to
enable/disable the electrode, the 2 other pins are used to switch between C+, C-, P+, P-
using the configuration in Figure 3.4 (i.e. setting both pins to logic level zero (00) selects a C+
state; setting both pins to a logic level 1 (11) selects P-; C- is selected using (01) and P+ using

(10)). Therefore, the USB 24 pin 1/0 can control 8 electrodes (8 x 3 pins).
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In the current system, eight switching boards (each with a USB I/O module) have
been used. The resistivity boards are used to control 64 electrodes. However, the number of

electrodes is only limited by the number of modules that can be used.

For laboratory studies, where only short cables are needed, the current and voltage
electrodes are wired and connected to the system individually, instead of using multi-core
cable (Barker, 1981). This approach offers versatility and flexibility in the measurement to

choose any electrode arrangement (Werkema et al., 2000)
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Figure 3.4. The switching circuit for multiplexing electrodes
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3.3.4 Data acquisition and control software

A user friendly controlling and acquisition software named RESIST has been
developed to integrate the hardware and control the overall processes. It is based on the
TRIAX program used for other geotechnical laboratory control and data acquisition function
(Toll, 1999). RESIST allows remote functions for controlling the power supply: set voltage,
set current, set output On/Off and for acquiring data through the data logger to read
current and voltage, thereby offering a fully automated control procedure. In modern
resistivity systems, short current pulses are used (Dahlin, 2001). Similarly, RESIST sends
short current pulses to the selected current electrodes; reads voltage difference via
potential electrodes; and measures the current via the shunt resistor. To prevent
polarization (ASTM G57, 2006), the polarity of the electrodes is reversed periodically and an
average of current I (Amps) and voltage VV (Volts) is collected to calculate the resistance R
(Ohms). Moreover, using a predefined sequence of electrodes and appropriate geometric
factors, resistivity p (Ohm. m) of any array can be collected and tabulated in a real-time

procedure.

On the main window (Figure 3.5), the user can set the current and voltage, specify
the current pulse time, the delay time between the readings and the number of inversions
needed (i.e. the number of times needed to reverse the polarity of the electrodes). The user
can also specify the active electrodes C1, P1, P2 and C2 for each reading. On the same
window, the user can define the sequence of the measurements using the sub-window
shown in Figure 3.6. Using a predefined sequence of electrodes and a particular delay time,
the user can collect resistivity measurements using up to 64 electrodes. Since the electrodes
are wired individually, resistivity of any electrode arrangement can be gathered
straightforward by applying appropriate geometric factors. The outputs of the system can
be logged using 'scan' window (Figure 3.7), where the user can choose the variables to be
logged (e.g. date, time, current, potential, resistance, resistivity...etc.). The user can also

define the scanning time interval needed for the automated acquisition.
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The system described above offers fully automated data acquisition, which makes it
suitable for monitoring transient phenomena such as monitoring water content changes and
drying and wetting of soils that require continuous real time data collection, one of the main

interests in the current thesis.
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Figure 3.7. Logging the resistivity data and other variables
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3.4 Laboratory resistivity devices constructed and measurement

procedures

The following sections describe the laboratory resistivity devices constructed in the
current work and measurement procedures. Specific experimental designs will be provided

in the subsequent chapters.
3.4.1 Miller resistivity box

Miller resistivity box was constructed using non-conductive Plexiglas material (Figure
3.8). Stainless steel current and potential electrodes were used to minimize the effect of
electrode polarization and to maintain good contact with soil (Dahlin, 2001; LaBrecque and
Daily, 2008). The dimensions of the box were designed according to M.C. Miller Company

(http://www.mcmiller.com) specifications, Soil Box Cat. # 37006 ($137). The cross sectional

area A=7.2cm’ (i.e. 3cmx2.4cm) and the interior pin separation L=7.2cm. The box was
constructed to satisfy the standard four electrode method and two electrode method. For
the four electrode method, the geometric factor A/L (Eq. 2.11, Chapter 2) equals 1cm and
the measured resistance, R(Ohm) equals the sample resistivity, p (Ohm.cm) directly. For the
two electrode method, the interior voltage pins were not used, and current ends serve as
both current and voltage electrodes. Therefore, the electrode separation (L) equals to the
distance between current electrodes. The soil box described above was used as a standard

device to test the system developed.
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Figure 3.8. Miller resistivity box

3.4.2 Circular resistivity cell

A circular resistivity cell (120mm diameter and 60mm depth) shown in Figure 3.9 was
constructed using a Plexiglas container equipped with eight stainless steel electrodes. Using
the four electrode method, an average of eight independent resistances was used to
calculate the resistivity using three electrode arrangements; Wenner, dipole-dipole, and
square arrangements. The cell was used to test and validate the system using solutions of
known conductivities (Chapter 4), and to investigate the potential of the resistivity
technique for characterising cracking of clay soil (Chapter 8). Although the circular cell can
provide more accurate representative resistivity value of the soil, and more relevant for
compacted specimens using standard compaction methods, the cell requires calibration to
consider the influence of 3D geometry of the cell on the measurements (Kalinski and Kelly,

1993).
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Figure 3.9. The circular resistivity cell
Circular resistivity cell calibration

The analytical geometric factor, K (e.g. 2ma for Wenner array) applies to simple and
most frequent situation (i.e. a half-space infinite medium) for which an analytical expression
can be defined for different arrays (see Table 2.2, Chapter 2). For a medium of "finite"
volume (e.g. circular resistivity cell at a laboratory scale), border effects arising from the 3D
geometry of the cell have to be considered. Two options are feasible (Beck et al., 2011; Du

Plooy et al., 2013):

1. The experimental calibration: In this method, the geometric factor can be obtained by
measuring the resistance of chemical solutions (e.g. KCl or NaCl) of known resistivity
(Kalinski and Kelly, 1993; ASTM G57, 2006; Sreedeep et al., 2004; 2005). First, resistance,
R = (V/I) is measured when the cell is filled with a solution for which the resistivity, p (or
conductivity o) can independently be assessed by means of a commercial conductivity
meter, itself calibrated using a standard solution. Comparing the measured resistance to the
independently measured resistivity leads to an empirical geometric factor (p = K.R). In
this procedure, although one solution can be used (e.g. Kibria and Hossain, 2012), one has

to cover a range of conductivities, in order to generate a calibration curve. A number of
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authors (e.g. Kalinski and Kelly, 1993; Sreedeep et al., 2004, 2005; Sheffer et al., 2007; Kibria
and Hossain, 2012) adopted the experimental procedure. According to ASTM G57 (2006),
laboratory calibration is recommended to be performed at 20°C. However, when the
resistivity measurements are performed at the same temperature of the calibration, any
temperature correction factor equals 1.0 (Kalinski and Kelly, 1993). This procedure has to be
implemented for each electrode configuration, and the drawbacks are linked to defining an

accurate and repeatable experimental protocol (Beck et al., 2011).

2. Numerical calibration: in this method, one can simulate the above experiment (a cell of a
same geometry, and the desired electrode configuration) in a homogeneous medium of
resistivity equal to one. The numerically modelled resistances then lead to the geometric
factor of the corresponding configuration (Marescot et al. 2006). In this method, the

geometrical factor K can be expressed as:

K=_— (3.1)

Where p, is the resistivity of a homogenous medium of R, resistance for the same cell
geometry. The above procedure leads to geometric factor that can be used to calculate soil
resistivity. Beck et al. (2011) and Du Plooy et al. (2013) adopted the numerical procedure.

However, this procedure needs to be validated experimentally (Beck et al., 2011).

Alternatively, one can always compare resistance measurements carried out on
various soils, as long as the cell geometry and electrode configuration remain the same

since all these measurements share the same geometric factor.

As the resistivity is the reciprocal of the conductivity (i.e. p = 1/0), a correlation
between the resistivity/conductivity measured by conductivity meter and
resistivity/conductivity measured by the resistivity system should be a 1:1 relationship. This

relationship provides a method to validate the resistivity system, where the resistivity is
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assessed independently be means of commercial electrical conductivity meter. This method
has been adopted by several authors to validate the outputs of new resistivity systems (e.g.

Sheffer et al., 2007; Damasceno et al., 2009).

In the literature, the Wenner electrode arrangement is commonly used to calibrate
the resistivity cell (e.g. Gupta and Hanks 1972; Kalinski and Kelly, 1993; Borsic et al. 2005). In
this study, three arrangements were used. Measurement procedures and calibration results

will be discussed in the following section.
Measurement procedure using the circular resistivity cell

Three electrode arrangements namely Wenner, dipole-dipole and square
arrangements were implemented, see Figure 3.10. For each arrangement, eight
independent resistance readings were collected by switching from one to the next

neighbouring four electrodes. The average of these readings was calculated.

Ten KCl solutions with different electrical conductivities were prepared using distilled
water (ASTM G57, 2006). A portable conductivity meter type HI 9835 of HANNA
instruments, itself calibrated using a standard solution HI 70031, was used to measure the
electrical conductivity of these solutions. The geometric factors for three arrays were
calculated using the regression of the relationship between the measured resistances using
the system and the independently assessed resistivities using the conductivity meter. The
results are shown in Figure 3.11. In this process, all the materials and the instruments were

accommodated in a temperature-controlled lab. The temperature was ~20°C.
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Figure 3.10. Circular resistivity cell (a) Wenner (B) Dipole Dipole (c) Square array
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Figure 3.11. Calibration of the circular resistivity cell for three resistivity arrays
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Using the above calibration, the resistivity of KCl solution was compared with
independently assessed measurements using a HANNA conductivity meter as a method of
validation. The comparison will be presented in Chapter 4. Furthermore, as mentioned
earlier, the Miller soil box was constructed so that the geometric factor, K=1cm or 0.01m.
Following the procedure described above, the geometric factor was obtained for KCI
solutions as shown in Figure 3.12. The obtained geometric factor (0.0105m) confirms the

validity of the procedure adopted.
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Figure 3.12. Miller resistivity box calibration
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3.4.3 Resistivity devices for local measurements

As mentioned in chapter 2, many authors have developed small-scale resistivity
probes/devices for quick local resistivity measurements implemented for different

geotechnical and geoenvironmental applications, particularly for water content monitoring.

In the current study, resistivity devices based on the square arrangement were
constructed, and used for local resistivity measurements. A new resistivity probe (Toll et al.,
2013) was developed for localised water content determination, and used to investigate the
soil water content characteristics of compacted clay soil described in Chapter 5, the role of
pore water conductivity on soil resistivity described in Chapter 6 and drying and wetting of
compacted clay samples described in Chapter 7. The probe (Figure 3.13) consisted of four
stainless steel electrodes with an inter-electrode spacing of 10mm. The electrodes were
fixed at the base of a PVC frame (16mm diameter and 12.5mm depth). To avoid the

interference between the electrodes, the frame was filled with silicone.

Using the same arrangement, four stainless steel electrodes with 15mm inter-
electrode spacing were fixed on a perspex plate (Figure 3.14a), and used to monitor water
content changes during drying and wetting of uncompacted clay soils described in chapter
7. In addition, two devices with 50mm and 100mm inter-electrode spacings (Figure 3.14b)
was used to investigate the influence of cracking parameters (i.e. depth, width, length,

number and direction) on soil resistivity described in chapter 8.
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Cables

Plastic Frame

Figure 3.13. Square resistivity probe developed in this study

(a) (b)

Figure 3.14. Square resistivity devices constructed in this study
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In the current thesis, the square arrangement (Habberjam and Watkins, 1967) was
adopted largely for the resistivity measurements. This arrangement provides a compact
current flow pattern that is less dependent on the line of electrodes compared to linear
arrays, thus eliminating effects of the soil container (Russell and Barker, 2010), and unlike
other arrays, this arrangement offers two perpendicular readings (Figure 3.15),
conventionally named a-resistivity and S-resistivity (p, and pg, respectively) (Samouélian et
al., 2004). An average resistivity of these two reading uniquely averages out soil
heterogeneity (Russell and Barker, 2010; Greve et al., 2011), offering a more representative
resistivity value of the soil specimen, and the ratio of p, and pg has been used to
characterise cracking soils (e.g. Samouélian et al., 2004; Greve et al.,, 2009; 2010a; b).
Moreover, the small resistivity probe provides an easy and quick measure of soil resistivity
that does not require calibration for the geometric factor K (Russell and Barker, 2010),

which can be calculated using the following formula:

K =278 (3.2)

2-\2

Where, a is the inter-electrode spacing.

C2e@ o P2 P1LO® @ P2

Cle erlL C10@ ® C2

(a) a- Resistivity (b) B- Resistivity

Figure 3.15. Resistivity square array (a) a-resistivity (b) S-resistivity
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To confirm the validity of the geometric factor used, Figure 3.16 shows a comparison
between resistivity of KCl solutions measured by the system (K is calculated according to Eq.
3.2), and the conductivity measured by HANNA conductivity meter. The solutions were
placed in a plastic container (55mm diameter, 80.5mm height). The near unity 1:1
relationship confirms the validity of using the geometric factor calculated according to Eq.

3.2.

Furthermore, to explore the influence of the specimen size on the measured
resistivity, a BIONICS clay specimen compacted at 20% gravimetric water content using BS
light compaction (BS1377, 1990: Tests 3.3) was trimmed to specimens of different sizes. The
measured resistivities using the probe (K was calculated according to Eq.3.2) are reported in
Table 3.1. The table shows that trimming the specimen does not change the resistivity of the

soil.
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Figure 3.16. A comparison between resistivity of KCl solutions measured using the system

developed and HANNA conductivity meter
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Table 3.1 Resistivity of compacted specimens of different dimensions

Specimen dimension a-resistivity P-resistivity Average Resistivity
(diameter, height) mm Ohm.m Ohm.m Ohm.m
105, 115 14.37 14.63 14.50
105, 50 14.52 14.62 14.57
75, 20 14.42 14.52 14.47
50, 20 14.37 14.41 14.39

3.5 Chapter summary

This chapter described the design and construction of a new automated multi-
electrode resistivity system for laboratory testing, and a new resistivity probe and devices

for local resistivity measurements.

An automated data acquisition and control system has been developed to acquire
resistivity data using different arrays. The system controls 64 electrodes interchangeably as
current and voltage electrodes, reads the output current and voltage, and stores the

calculated resistivity data for interpretation in fully automated procedure.

The system offers a continuous real-time data collection, which is one of the recent
advances in the resistivity instrumentation. This advantage makes it relevant to carry out
experimental studies to monitor water content changes in unsaturated soil submitted to

drying and wetting cycles.

To monitor water content, a new resistivity probe was developed for localised water
content determination. The probe offers a quick and easy tool to monitor water content

changes in unsaturated soil subjected to drying and wetting procedures.
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The resistivity devices constructed, and used in the subsequent chapters were
described. Due its unique characteristics, the square arrangement was chosen. The

measurement procedures used were discussed.

After a series of tests conducted (described in Chapter 4), the system was adopted to

carry out the laboratory work presented in this thesis.
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Chapter 4

Calibration and validation of the multi-electrode resistivity

system

This chapter describes the calibration and validation of the multi-electrode resistivity
system developed in the current thesis. The main goal was to check the data quality of the
system in order to produce reliable data with minimum error. The system was tested using a
wide range of high precision reference resistors and different soils. The outputs were
correlated with those acquired with commercial instruments. Accuracy, precision and

resolution of the measurements are assessed.
4.1 Introduction

As for any new instrument, calibration; a process of evaluating and adjusting its
accuracy (i.e. the agreement or closeness of a measured value to its well known true value)
and precision (i.e. the degree to which repeated measurements, under the same conditions,
give the same results) is necessary to ensure the reliability of the outputs of the instrument
(BS ISO 5725-1, 1994; JCGM 200, 2008). Figures 4.1 and 4.2 illustrate the difference
between accuracy and precision. In addition, resolution (i.e. the ability to distinguish
between slightly different measurements) is also important to determine the fineness to
which an instrument can measure. Measurements with high accuracy, precision and
resolution are required to produce reliable data. Instrument validation, on the other hand, is
a process that confirms that the instrument is working correctly to fulfil its intended use.

This process proves the performance validity of the instrument.

To ensure accurate outputs, calibration of the instrument needs to be carried out
regularly. The process involves (1) selection, over the range of the measurement interest, a

number of standards with well-known values; (2) measuring the standards using the custom
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instrument to be calibrated; (3) a functional correlation between the actual and measured
values (i.e. Calibration curve); and (4) using the calibration curve to correct all the
measurements accordingly. Using the above procedure, a measurement error of an
instrument can be defined as the percentage difference between the measured and actual

value of the quantity being measured, where:

(Measured value — Actual value) o

Error(%) = 100 4.1
(%) Actual value (41
Actual Value Measured Value
Accuracy
= Precision > Vale

Figure 4.1. Accuracy and precision

e o &

Low accuracy Low accuracy High accuracy High accuracy
Low precision High precision Low precision High precision

Figure 4.2. lllustration of the difference between accuracy and precision
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4.1.1 Calibration and validation of resistivity instrument

Since a resistivity instrument measures the resistance of the materials, reference
resistors of known values are commonly used to calibrate the system and to determine the
measurement error of the instrument (ASTM G57, 2006; Korteland, 2013). According to
ASTM G57, a 5% error is accepted and a calibration curve should be used if the error
exceeds this limit. To validate the instrument, the outputs can be compared with those
acquired using a standard resistivity system (e.g. Awotoye and Selemo, 2006; Igboama and
Ugwu, 2011; Lachhab and Booterbaugh, 2011), or a standard conductivity meter (Sheffer et
al., 2007; Damasceno et al., 2009).

Firstly, a wide range of reference resistors was used. Accuracy, precision, and
resolution of the measurements were assessed. Secondly, the outputs of the system were
compared with those collected using a Terrameter SAS 300 C resistivity system (ABEM), and

a conductivity meter type HI 9835 (HANNA instruments).
4.1.2 Data quality and error

The resistivity measurement is subject to a variety of error sources, such as poor
electrode contact, electrode polarization and random errors introduced by the
measurement instrument (e.g. Heaney, 2003; Chambers et al., 2004; LaBrecque and Daily,
2008). However, the user can reduce the errors by adopting appropriate measurement
design and electrode arrangements. Therefore, it is recommended to check the data quality
and the expected error of resistivity measurements. Repeatability (stacking), reverse
electrode polarity and reciprocity have been found suitable to achieve this goal (e.g. Binley
et al., 1995; Slater et al., 2000; Nimmer et al., 2007; Korteland, 2013). With repeatability,
the measurements are repeated making sure that temporal affects are not induced by the
instrument itself. In the second method, the polarity of current (C+ and C-) and voltage (P+
and P-) is reversed, which should result in identical readings (Binley et al., 1995). Differences

between normal and reverse polarity readings indicate inconsistency in the data acquisition.
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However, it has been reported that reciprocity (i.e. exchanging current and potential
electrodes) is optimum to check data quality of resistivity instrument (Chambers et al.,
2004; Nimmer et al., 2007; LaBrecque and Daily, 2008; Robert et al., 2011). Ideally, normal
and reciprocal readings should be identical. The difference between them might indicate
errors and can reveal inconsistency of the measurements (Parasnis, 1988). Therefore,
reciprocity error Rg is commonly used to assess data errors in resistivity measurements,

defined as:
Re = |R‘Rrecip|/ Rmean % (4.2)

Where R, Rrecip and Rmean are the normal resistance, the reciprocal resistance and the mean
resistance, respectively. If the measurement system is noise free, resistance (Voltage/
Current) readings of reference resistors should be exactly reciprocal, although small errors
are expected due to random noise of the measurement system (LaBrecque and Daily, 2008).
For soils, a 5% target reciprocity error has been accepted (Chambers et al., 2004; Nimmer et

al., 2007).

4.2 Calibration: Reference resistors

4.2.1 A four electrode method

Reference resistors of a wide range were used to check the data quality of the

system using the measurement setup shown in Figure 4.3.

A comparison between resistance readings of the system developed (hereafter
called Resist) with those obtained using a Terrameter SAS 300 C system (hereafter called
Terrameter) is reported in Table 4.1, with the individual error of each resistor. The table
indicates high accuracy measurements with a maximum error of 0.8% compared to a 2.0%
maximum error of the Terrameter, and high resolution (e.g. the ability to distinguish

between 2 and 4 Ohm, or 10 and 11 Ohm resistor). This high resolution is attributed to the
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high resolution (0.625 uV) of the Datalogger used to log the current and the voltage, which

can be considered as the actual resolution.

Reference resistor —_, _m_’

Cl‘:?. Pl {p2

Resistivity
System

Figure 4.3. Measurement setup using a high precision reference resistor (ABEM, Terrameter

SAS 300 C, instruction manual)

Table 4.1. A comparison between Resist and the Terrameter for different reference resistors

Resist

Terrameter

Reference

Resistor Average Reading  Percentage Error Average Reading Percentage Error
(Ohm) (Ohm) (%) (Ohm) (%)

2 1.99 0.50 1.99 0.50

4 3.98 0.50 3.97 0.75
10 9.9 1.00 10.00 0.00
11 11.1 0.90 11.01 0.09
56 56.1 0.18 56.3 0.54
100 98.0 2.00 99.2 0.80
120 119.3 0.58 120.2 0.17
150 149.0 0.67 150.1 0.07
220 217.0 1.36 218.9 0.50
270 268.0 0.74 270.5 0.19
370 368.0 0.54 368.9 0.30
490 486.0 0.82 489.0 0.20
590 585.0 0.85 589.1 0.15
1000 996.0 0.40 998.4 0.16
1120 1118.0 0.18 11184 0.14
1220 1217.0 0.24 1215.9 0.33
3300 3328.6 0.86 3311.9 0.36

Maximum error 2.00% Maximum error 0.80%
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To determine the measurement error of the system, the measured and actual
readings are plotted in Figure 4.4 and 4.5 for Resist and the Terrameter, respectively. The

measurement error is 0.19% and 0.50% for Resist and the Terrameter, respectively.
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Figure 4.4. A comparison between the measured and actual readings using Resist
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Figure 4.5. A comparison between the measured and actual readings using the Terrameter
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4.2.2 Automated data acquisition

As mentioned in Chapter 3, one of the most recent advances in resistivity
instrumentation is the development of automated systems. Therefore, reference resistors
of different values were used in fully automated data acquisition tests. Reverse electrode
polarity (i.e. forward and backward) and reciprocity (i.e. swapping current and voltage
electrodes) tests were carried out. Automated readings at different scanning time intervals
and acquisition periods were collected. The accuracy of the measurements was assessed. To
examine the dispersion of the readings under the same condition (i.e. constant resistance),
standard deviation was calculated. This can reveal the consistency or the reproducibility of

the measurements (i.e. the precision).
Forward and Backward readings

In this test, automated forward and backward readings were collected. The
percentage difference between the forward and backward readings, mean resistance (i.e.
the average of forward and backward readings), the standard deviation and the
measurement error, were calculated. One example is presented in this section. The rest of

tests are shown in Figures A.1 to A.16 in Appendix A. Table 4.2 summarises the results.

Figure 4.6 shows the forward and backward readings of a 100 Ohm resistor test
acquired at a 5 minute scanning interval for 89 hours of automated data acquisition, and the
percentage difference. Figure 4.7 shows the mean resistance and the measurement error.

Figure 4.8 shows screen shots of the data scanning at different times during the test.

The average forward and backward reading was 99.527 Ohm and 99.525 Ohm,
respectively. The forward and backward readings are nearly identical with an average
difference of 0.014% (Minimum 0%, maximum 0.083%). The average resistance was 99.526
Ohm (standard deviation 0.017), with an average measurement error of 0.474%. The high

accuracy and precision of the readings are clearly indicated.
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Figure 4.6. The forward and backward readings and the percentage difference of 100 Ohm

resistor test
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Figure 4.7. The mean resistance and the measurement error of 100 Ohm resistor test
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B3+ Scan @
Date Time Timer Cument Potentialz2 [Resistance2| Comments | = |
sec ma my Ohm |
1011013 15:54:27 174542 .4 19.69 1960.14 9955 Forward:
1011013 15:54:27 174542.9 19.69 1959.82 99.534 Forward:
101013 15:55:01 174576.7 19.69 1960.14 9955 Backward:
101013 15:55:01 174577.3 19.69 1960.14 9955 Backward: | o |
3. Scan
Date Time Timer Current Potentialz |Resistance2| Comments | ~
sec A my Ohm
1071013 16:38:13 177169. 19.69 1960.14 99.55 Forward: 4‘
1011013 16:38:14 1771695 19.69 195982 99.534 Forward:
101013 16:38:48 1772035 1969 1960.14 99.55 Backward:
101013 16:38:48 177204. 19.69 1960.14 99.55 Backward: | |
3. Scan
Date Time Timer Current Potential2 |Resistance2| Comments | «
sec mé my Ohm
1013 12:23:29 70183.2 1968 1958.19 99.502 Foreard:
1013 12:23:30 70184.2 1968 1958.19 99.502 Foreard:
114013 12:24:04 702178 19.68 19568.19 99,502 Backward:
111013 12:24:04 70218.3 1968 1958.19 99,502 Backward: | . |
B3+ Scan
Date Time Timer Current Potential2 |Resistance2| Comments | «
sec ma my Ohm
1141013 15:03:47 79801 .4 1968 1958.19 99502 Forward:
1141013 15:03:48 79802.2 1967 1958.19 99.552 Forward:
1141013 15:04:22 79835.9 1968 1958.19 99.502 Backward:
111013 15:04:22 79836.4 1968 1958.19 99.502 Backward: |

Figure 4.8. The automatic scanning of 100 Ohm resistor at different times during the test

Table 4.2. Summary of automatic data acquisition of the reference resistors tests

resitor Theclecrades S eward diference resitance SMIY e
used used interval resistance resistance e error
(Ohm) (Min) (Ohm) (Ohm) (%) (Ohm) (%)
18 1,2,3and 4 40 17.9172 17.9171 0.021 17.917 0.003 0.460
33 5,6,7 and 8 20 32.848 32.847 0.090 32.847 0.040 0.467
56 25,26,27 and 28 30 55.890 55.887 0.034 55.889 0.014 0.199
100 14,10,22 and 18 05 99.527 99.526 0.014 99.526 0.017 0.474
328 47,55,58 and 48 15 327.218 327.229 0.086 327.223 0.365 0.237
470 17,18,19 and 20 30 468.242 468.248 0.023 468.245 0.115 0.373
560 37,38,39 and 40 55 557.184 557.196 0.019 557.190 0.121 0.502
1000 49, 50, 51 and 52 45 1002.229 1002.228 0.018 1002.228 0.232 0.223
3300 61,62,63 and 64 60 3308.228 3308.201 0.006 3308.214 0.294 0.249

91



CHAPTER 4: CALIBRATION AND VALIDATION OF THE MULTI-ELECTRODE RESISTIVITY STSYEM

Figures 4.6 to 4.8, Figures A.1 to A.16 in Appendix A and Table 4.2 demonstrate that
reversing electrode polarity gave almost identical forward and backward readings with a
very low percentage difference ranging from 0.006 to 0.09%, which indicates good data
quality. In addition, the calculated individual measurement error was very small ranging
from 0.199 to 0.502%, which indicates highly accurate measurements. The standard
deviation ranges from 0.003 to 0.365 which demonstrates that the readings tend to vary

very close to the average, which indicates the high precision of the measurements.

To determine the measurement error of the resistance ranges investigated, Figure
4.9 shows a comparison between the actual and measured values for the data included in
the Table 4.2. The low measurement error of 0.21% of the automatic data acquisition mode
indicates high accuracy measurements. This error is very close to 0.19% obtained in the four
electrode mode which reflects the consistency of the automated acquisition for long
periods. Figure 4.10 shows a correlation between the forward and backward readings. The
forward and backward readings are almost identical which reflects the high quality of the

data collected.
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Figure 4.9. A comparison between the actual and measured values of automated data

acquisition
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Figure 4.10. A correlation between the forward and backward readings of automated data

acquisition
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Reciprocity test: Reference resistors

As mentioned earlier, the reciprocity test (swapping current and voltage electrodes)
has been considered to be ideal to reveal the consistency of the data acquisition. To
examine the switching capability of the system, two and three resistors were attached at
the same time to one or more resistivity board. Forward and backward of normal and
reciprocal measurements were collected automatically. The reciprocity error, the mean
resistance (i.e. the average of normal and reciprocal resistance) and the measurement error

were calculated.

One example is presented in this section. The rest of the tests are shown in Figures

A.17 to A.22 in Appendix A. Table 4.3 summarises the results.

Figure 4.11 shows normal resistance, reciprocal resistance and reciprocity error of 56
and 68 Ohm resistors tested for 66 hours of automated data acquisition. Figure 4.12 shows
the average resistance and the measurement error. The average of normal and reciprocal
readings was, respectively, 55.991 and 55.939 of 56 Ohm resistor. For the 68 Ohm resistor,
the average of normal and reciprocal readings was, respectively, 67.634 and 67.712 Ohm.
The reciprocity error was 0.099 and 0.125% for the 56 and 68 Ohm resistors, with average
measurement error of 0.063% and 0.481%, respectively. The low reciprocity error indicates
the high quality of the measurements. In addition, the low measurement error
demonstrates the high accuracy of the data collected. The low standard deviation of 0.019
and 0.026 for the 65 and 68 Ohm resistors, respectively, confirms the high precision of the

measurements.

94



CHAPTER 4: CALIBRATION AND VALIDATION OF THE MULTI-ELECTRODE RESISTIVITY STSYEM

120 10
110 4 M normal 56 Ohm 5
© Reciprocal 56 Ohm
100 - ® normal 68 Ohm g
;g 90 - A Reciprocal 68 Ohm
S g + Reciprocity Error- 56 Ohm -7 %
Y x Reciprocity Error- 68 Ohm 5 g
< 70 ; <
4; w
‘w60 J -5 =
& S
i o
3 50 -4 3
=} - Q
§ 40 P
30
= - 2
20 -
1
0
0 10 20 30 40 50 60 70
Time (Hour)

Figure 4.11. Normal resistance, reciprocal resistance and reciprocity error of 56 and 68 Ohm

resistor test
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Figure 4.12. Average resistance and measurement error of 56 and 68 Ohm resistor test
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Table 4.3. Summary of normal and reciprocal readings of reference resistors

Average Average
normal reciprocal

Average
Standard measurement
resistance resistance o deviation Error
(Ohm) (0hm) =) Jeldaia

Reference Reciprocity Average

resistor used error resistance
(Ohm)

100 99.211 99.202 0.012 99.206 0.006 0.793
390 389.091 389.042 0.013 389.067 0.018 0.239
470 466.727 466.748 0.019 466.737 0.089 0.694
560 557.204 557.360 0.034 557.282 0.108 0.485
1000 1002.026 1002.069 0.015 1002.047 0.129 0.205

Figures 4.11 and 4.12, Figures A.17 to A.22 in Appendix A and Table 4.3 demonstrate
that swapping current and voltage electrodes polarity gave nearly identical readings with a
low reciprocity error ranging from 0.012 to 0.125%, and low measurement error ranging
from 0.063 to 0.793%, indicating highly accurate measurements. The low standard deviation
ranges from 0.006 to 0.129 means that the readings tend to vary very close to the accurate

average.

Figure 4.13 shows a correlation between normal and reciprocal readings for the data
included in Table 4.3. Normal and reciprocal measurements are very well correlated which

reflects the consistency of the measurements.
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Figure 4.13. The measured normal and reciprocal readings

To summarise, the automated data acquisition of a wide range of reference resistors
demonstrates that reversing electrode polarity and swapping current and voltage electrodes
give, as should be, almost identical readings with a low measurement error that does not
require calibration (ASTM G57, 2006). The low measurement error indicates the high
accuracy of the measurements, and the measurement system (electronic circuits) has a low
noise (LaBrecque and Daily, 2008), which is one the requirements for any efficient resistivity
system (Damasceno et al., 2009). The low standard deviation demonstrates that the
measurements tend to vary close to the "accurate' average which means that the readings
are consistent with high precision. However, the system needs to be tested using soils with
a wide range of resistivity. Therefore, a series of tests were carried out using different soils,
and the outputs were compared with those collected using standard resistivity instrument,

as will be described in the subsequent sections.
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Reciprocity test: Soils

A series of the reciprocity error tests was carried out using clay and sand specimens
to cover a wide range of resistivity. To better examine the precision of the data collection,
normal and reciprocal resistivity readings were first collected at constant water content for
sealed specimens prepared at different gravimetric water contents. This can show the
degree to which repeated measurements under the same conditions (i.e. constant water
content) gives the same results. Normal resistivity, reciprocal resistivity, average resistivity
and reciprocity error were calculated. Since normal and reciprocal measurements use
different signal paths (LaBrecque and Daily, 2008), small differences between normal and
reciprocal readings are expected due to soil heterogeneity. However, high reciprocity error
might indicate inconsistency in the data acquisition due to, for example, bad electrode
contact and random noise induced by the equipment itself. Therefore, this test can reveal

the inconsistency of the data collected.

Reciprocity tests were conducted on BIONICS clay specimens prepared at 25%, 20%,
15%, 12% and 10% gravimetric water content. To better check the reproducibility of the
data, two tests were conducted on two specimens prepared at 15% water content. To
examine the system using soil with a higher resistivity, reciprocity tests were also conducted
using sand specimens prepared at 30% and 15% gravimetric water content. The automated
measurements were collected continuously for 48 hours. One example is presented in this
section. The rest of the tests are presented in Figures A.23 to A.29 in Appendix A. Table 4.4

summarises the results of all specimens tested.

Figure 4.14 shows the reciprocity test results of clay specimen prepared at 25%
water content. The average of normal resistivity, reciprocal resistivity, average resistivity
and reciprocity error was 10.64 Ohm.m, 10.86 Ohm, 10.75 Ohm.m and 2.05%, respectively.

The standard deviation was 0.126.
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Figure 4.14. Reciprocity test results of clay specimen prepared at 25% water content

Table 4.4. Summary of reciprocity tests of clay and sand specimens

Gravimetric Average Average Average Average
water normal reciprocal resistivgit Standard reciprocity
content resistivity resistivity (Ohm m;’ deviation error
(%) (Ohm.m) (Ohm.m) : (%)
Clay 25 10.64 10.86 10.75 0.126 2.05
Clay 20 12.57 12.77 12.67 0.044 1.51
Clay 15 (1) 14.15 14.26 14.20 0.091 0.81
Clay 15 (2) 14.17 14.54 14.35 0.044 2.57
Clay 12 20.68 21.35 21.02 0.120 3.20
Clay 10 36.72 38.32 37.52 0.808 4.24
Sand 30 140.32 142.92 141.62 0.576 1.84
Sand 15 305.25 310.09 307.67 1.659 1.59
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Figure 4.14, Figures A.23 to A.29 in Appendix A and Table 4.4 show that the
reciprocity error for the specimens tested ranged from 0.81 to 4.24 %. This indicates the
consistency of the data collected. However, at low water content (e.g. 12 and 10%) of
BIONICS clay, the error was relatively high. At low water content, where pores are partially
filled with air, differences in saturation are expected. Therefore, electrical paths become
discontinuous (Fukue et al. 1999), and the current might follow different pathways causing a
relatively high reciprocity error "difference" between the normal and reciprocal readings
(LaBrecque and Daily, 2008). Nevertheless, the overall reciprocity error is acceptable (<5%).
In addition, the two tests conducted on BIONICS clay prepared at 15% water content
indicate the high repeatability of the measurements, as the average resistivity was 14.20
and 14.35 Ohm.m, with a standard deviation of 0.091 and 0.044, for specimens (1) and (2),
respectively. Moreover, at a relatively unchanged condition (i.e. constant water content),
the measurements show high precision with low standard deviation ranges from 0.044 to
1.659. The redistribution of water in the soil during the test could cause differences in the

reciprocity error measured over the time.

It can be seen from Table 4.4 that resistivity decreases with increasing gravimetric
water content of clay and sand specimens. Increasing the water content makes more water
available for electrical conduction, and, therefore decreases the resistivity. To determine
the overall reciprocity error for the resistivity range investigated, average normal and
reciprocal resistivity readings of all specimens included in Table 4.4 are plotted in Figure
4.15. Normal and reciprocal readings are highly correlated with low reciprocal error of

1.67%.
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Figure 4.15 A correlation between normal and reciprocal readings of all soil specimens

investigated

4.3 Validation

Resistivity of soil may vary within a range. Therefore, to validate the outputs, a
comparison with a standard resistivity system is useful. This comparison proves the
performance validity of the instrument and confirms that the measurement method
adopted is valid for future tests. Therefore, a series of tests were conducted to compare the

outputs of Resist with standard commercial instruments, as described below.
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4.3.1 Resistivity and conductivity

Resistivity is the inverse of the conductivity. Therefore, a comparison between the
resistivity measured using Resist, and conductivity measured using a conductivity meter of

chemical solutions was used to validate the outputs of the system.

Using the measurement and calibration procedures described in Chapter 3, the
electrical conductivity of ten KCl solutions placed in the circular cell was measured using a
HANNA HI 9835 conductivity meter, calibrated using a standard solution type HI 70031. The
corresponding average resistivity of eight readings obtained by Resist (using the
experimental geometric factors obtained from Figure 3.11 in Chapter 3), for three arrays
Square (0.1971), Wenner (0.1079) and Dipole-Dipole (0.3872) were used to produce the
correlation shown in Figure 4.16. The near-unity linear correlation confirms the validity of
the measurements (Sheffer et al., 2007; Damasceno et al., 2009). A similar correlation using

KCl solution from Sreedeep et al., (2005) is shown for comparison.

Using the experimental geometric factors, the average of normal and reciprocal
resistivity of square, Wenner and Dipole- dipole arrays of BIONICS sample (w=40%) placed in
the circular cell were calculated. Figure 4.17 shows a-resistivity, f-resistivity, Av- resistivity
and Al of square array. The measured resistivities of eight readings, and Al (close to 1)
indicate the homogenous background of the soil. Similarly, Figure 4.18 shows the average of
normal and reciprocal resistivity of Square, Wenner and Dipole-Dipole arrays. The measured
resistivities using different arrays are consistent. This indicates the validation of the

experimental geometric factors obtained.
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Figure 4.16. A correlation between resistivity of ten KCl solutions measured by Resist
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Figure 4.17. The resistivity of BIONICS soil measured using the square array
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Figure 4.18. The resistivity of BIONICS soil measured using Square, Wenner and Dipole-

Dipole array

4.3.2 Resist and Terrameter SAS 300 C

A four electrode method

Figure 4.19 and 4.20 show the resistivity-gravimetric water content relationship of
BIONICS clay specimens using a Miller resistivity box, obtained using the Terrameter and
Resist, respectively. Normal resistivity, reciprocal resistivity and reciprocity error were
calculated. The average reciprocity error of the Terrameter and Resist readings was 1.22%
and 2.07%, respectively. Again, at low water content, the reciprocity error was relatively

high. The maximum error was 4.46% and 5.91% for the Terrameter and Resist, respectively.

Figure 4.21 shows a comparison of the average resistivity measured using the
Terrameter and Resist with the reciprocity error. Figure 4.22 shows a correlation between
the normal and reciprocal data calculated. A good comparison between the Terrameter and
Resist readings can be noticed with an average difference of 1.12%. The normal and

reciprocal readings are highly correlated.
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Figure 4.19. The resistivity-gravimetric water content relationship of BIONICS specimens
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Figure 4.20. The resistivity-gravimetric water content relationship of BIONICS specimens
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Figure 4.21. A comparison between the average resistivity measured using Resist and the

Terrameter for the BIONICS specimens
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In general, the range of the measured resistivity is within the typical resistivity range
of clay soils, and the resistivity-water content relationship follows the power law
relationship reported in the literature (e.g. Calamita et al., 2012). Resistivity decreases with
increasing water content, and at low water content, resistivity decreases more rapidly. Since
electrical conduction takes place via ions in the pore water, at high water content, more
ions are accessible for the current and therefore low resistivity. At low water content, pore
water is partially replaced by air and therefore high resistivity, and the resistivity changes
more rapidly. These general findings are consistent with numerous papers (e.g. Russell and
Barker, 2010; Yan et al., 2012). The soil water content features of BIONICS clay will be

further analysed in Chapter 5.

Monitoring water content changes of the clay soil during drying and wetting is one of
the objectives of the current thesis. Therefore, a drying test was conducted on Kaolin and
sand specimens, and a correlation was made between the resistivity data collected using
Resist and the Terrameter. Figures 4.23 and 4.24 show the resistivity-gravimetric water
content relationship of a Kaolin and fine-grained sand specimens, respectively. As expected,

resistivity increases as water content decreases because of drying.

A good comparison between Resist and the Terrameter can be seen with a maximum
deference of 1.6%, 3.8% for Kaolin and sand, respectively. A relatively high difference was
noticed at low water content in Figure 4.24 probably due to the electrode contact resistance
at this level of water content (Gupta and Hanks, 1972). Further drying and wetting tests on

BIONICS, local and pure clays will be presented in chapter 7.
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Figure 4.23. Resistivity-gravimetric water content relationship of Kaolin specimen during

drying

800

700 - ® Resist

600 - O Terrameter
500 -
400 - oe

300 + b

200 - Eeg

Resistivity (ohm.m)

100 -

0 T T T T T T T
0 5 10 15 20 25 30 35 40
Gravimetric Water Content(%)

Figure 4.24. Resistivity-gravimetric water content of sand specimen during drying
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Horizontal profiling

Horizontal profiling or Constant Separation Traversing CST can be performed by
moving an array with fixed electrode spacing along a profile to detect the lateral resistivity
variations. As a common practice, water is used to test the proposed setup in laboratory
studies, as water represents a homogenous medium for resistivity measurements (e.g.
Chambers et al., 2004; LaBrecque and Daily, 2008). Adopting the Werkema et al. (2000)
procedure, a plastic container (60x40x25cm) filled with tap water, and equipped with 16

electrodes fixed in a wood strip, was used in a CST test.

In the first stage, the measurements were collected using Wenner array with
constant electrode spacing of 3 cm by Resist and the Terrameter as shown in Figure 4.25. In
the second stage, the procedure was repeated with a plastic sheet (3cm depth, 0.5cm width
and 14cm length) inserted between the electrode 8 and 9 (i.e. at 0.225cm X distance), as
shown in Figure 4.26. Plastic/glass sheets have commonly been used to assess the
capabilities of resistivity equipment and the experimental setup (e.g. Werkema et al., 2000;

Leontarakis and Apostolopoulos, 2012).

320

280 —o—Resist

240 - —B—Terremeter
200 A
160 -
120 A

01 g t—t—a—0—g——A—e—n—o

40 -

Resistivity (Ohm.m)

O 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

X Distance (m)

Figure 4.25. Resistivity profile of the water-filled container (stage one)
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Figure 4.26. Resistivity profile of the water-filled container (stage two)

The CST profile in Figure 4.25 shows that the resistivity does not change horizontally
which reflects the homogenous resistivity of the medium. As the resistivity of plastic is high,
inserting the plastic sheet causes an increase in resistivity at 0.225 cm X distance, as shown
in Figure 4.26. A good comparison between Resist and the Terrameter can be seen with a

maximum difference of 5.3% and 5.5% in stage one and stage two, respectively.

The experiment was repeated using a manually compacted sand (w=20%). Again, a
good comparison between Resist and the Terrameter can be seen with a maximum
difference of 2.3% and 6.1% in stage one Figure 4.27 and stage two Figure 4.28,
respectively. Small resistivity differences were noticed during the experiment due to a rise

of water because of the capillary action.
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Figure 4.27. Resistivity profile of the sand-filled container (stage one)
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Figure 4.28. Resistivity profile of the sand-filled container (stage two)
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A 2D ERT test

A 2D ERT test was conducted using the same setup described in CST test. Wenner
array was used for four acquisition levels with a minimum electrode spacing of 3 cm. The
plastic container was filled with water in the first stage then a plastic sheet (3 cm depth, 0.5
cm width, and 7 cm length) was inserted at 0.225 cm X distance in the second stage to
examine the imaging ability of the system. The measurements were collected using Resist

and the Terrameter.

2D ERT profiles were constructed using smoothness constrained method of

ZONDRES2D software (http://zond-geo.ru/english/zond-software/ert-and-ves/zondres2d).

Figure 4.29 shows the resistivity sections of stage one. A homogenous resistivity background
can be seen in Figure (4.29a&b) which were obtained using Resist and the Terrameter,
respectively. Resistivity profiles at different depths plotted in Figure (4.29c&d) which were
obtained using Resist and the Terrameter, respectively, indicate that resistivity does not

change with depth.

Figure 4.30 shows the resistivity sections of stage two. The high resistivity of the
plastic sheet is clearly visible in the resistivity sections, as shown in Figure 4.30a&b, which
were obtained using Resist and the Terrameter, respectively. Resistivity profiles at different
depths Figure 4.30c&d obtained, respectively, using Resist and the Terrameter, show that

resistivity changes considerably with depth at 0.22 X distance.

Figures 4.29 and 4.30 indicate a good correlation between 2D ERT sections collected
using Resist and the Terrameter. Some differences in resistivity were expected due to local
changes in water resistivity. However, this test demonstrates the ability of the system to
resolve resistivity changes introduced by structures of small dimensions such as soil cracks.
In all models tested, a good convergence between the observed and the calculated model

was achieved, as indicated by the small RMS errors (Loke, 2014).
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4.4 Chapter summary

This chapter described the calibration and validation of the resistivity system
developed in the current thesis. A wide range of reference resistors and different soils was
used to check the data quality of the system. Accuracy, precision and resolution of the
measurements were assessed. The outputs were correlated with those collected with

standard commercial instruments at different situations.

Using a wide range of reference resistors, high accuracy and precision
measurements were indicated. The results showed that reversing electrode polarity and
swapping current and voltage electrodes give almost identical readings with a low
measurement error. The measurement error was 0.19% in four electrode method and
0.21% in the automated and continues data acquisition. This reflects the high accuracy of
the system developed and the consistency of the automated data acquisition for long
periods. The low standard deviation of the readings demonstrates that the measurements
tend to vary close to the "accurate' average which means that the readings are consistent

with high precision.

To validate the system, the outputs were compared with those collected using
standard conductivity and resistivity meters. For a range of solutions with different
concentrations, the readings correlated very well with conductivities measured using a
conductivity meter. The outputs of the system were also compared with Terrameter SAS
300 C resistivity system in a four-electrode method, horizontal profiling and 2D ERT tests.

The results showed a good comparison with low percentage difference for different soils.

The laboratory results confirmed the validity of the system for automated data
collection which is one of the recent advances in the resistivity instrumentation. Therefore,
the system was adopted to carry out the laboratory work described in this thesis,
particularly to investigate the water content characteristics of unsaturated clay soil and to

consider the influence of wetting, drying and cracking of the soil.
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Chapter 5

Water content characteristics of mechanically compacted

clay soil

For geotechnical testing, a number of lab and field based techniques have been
developed to investigate soil water content characteristics. Among others, the electrical
resistivity method provides a non-invasive, quick and low cost estimate of water content.
However, electrical resistivity values of compacted clay soils is influenced, in addition to
water content, by various interlinked parameters that all need to be addressed to obtain
reliable water content measurements. This chapter is dedicated to investigating the water
content characteristics of mechanically compacted clay soil using the resistivity method.
Clay specimens from the source used in the construction of the BIONICS embankment, and
compacted at various water contents, were used to investigate the influence of compaction
key variables (e.g. water content, density, compaction method and compaction effort) on
soil resistivity. At each gravimetric water content, the specimens were compacted using
dynamic (standard Proctor and Modified) and static methods for a range of dry densities. To
measure soil resistivity, a small resistivity probe, described in Chapter 3, was used.
Gravimetric water content, volumetric water content and degree of saturation were
correlated with the measured resistivity. The results are discussed according to the

microstructure characteristics of compacted clay soils.
5.1 Introduction

A wide range of techniques has been developed to measure in situ soil water
content. Numerous reviews (e.g. Western et al., 2002; Robinson et al., 2003; Evett and
Parkin, 2005; Mufoz-Carpena et al., 2006; Robinson et al., 2008; Vereecken et al., 2008;

Seneviratne et al., 2010; Bittelli, 2011) have been published. The advantages and drawbacks
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of these techniques were discussed in Chapter 2. However, there is an increasing interest in

exploring efficient techniques to measure soil water content at laboratory and field scales.

Compared to in situ water content sensors, the resistivity method is non invasive and
the measurements can be integrated into a larger 3D volume by increasing the electrode
spacing. Moreover, the method has been indicated as an effective technique for the
estimation of the spatiotemporal variability of water content at various scales (e.g. Walker

and Houser, 2002; Calamita et al. 2012).

The resistivity method has been in used in geotechnical testing for evaluating soil
compaction (e.g. McCarter, 1984; Sawazaki et al., 2009; Selad;ji et al., 2010; Zha et al., 2010),
monitoring water content changes (e.g. Jackson et al., 2002; Amidu and Dunbar, 2007;
Mufioz-Castelblanc et al., 2011 ) and investigating correlations with other parameters such
as soil void ratio (Kim et al., 2011), dry density (Beck et al., 2011), pore water conductivity
(Rinaldi and Cuestas 2002) and hydraulic conductivity (Abu-Hassanein et al., 1996). In a
review paper, Bryson (2005) evaluated the geotechnical parameters using the resistivity
method. He concluded that the parameters that affect the hydraulic flow also affect the
electrical conduction in soils; therefore, there is the likelihood that the resistivity method

can be used to address some geotechnical properties of soils.

In particular, a proxy relationship between soil resistivity and water content has
been indicated in numerous studies. As reviewed in Chapter 2, a number of authors have
reported the usefulness of using the resistivity method to estimate water content at various
scales. However, in addition to water content, the hydraulic properties of compacted clay
soils are affected by other compaction key variables such as density, compaction method
and compaction effort (Mitchell et al., 1965). These variables affect the shape, size and
connectivity of pores (Benson and Daniel, 1990; Daniel and Benson, 1990). Like water,
electrical conduction paths are affected by pore properties; therefore, soil resistivity is

expected to be influenced by the above mentioned compaction variables (Abu-Hassanein et
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al., 1996; Bryson, 2005). It is, therefore, important to address these variables in compacted

clay soils commonly used in engineered structures such as road embankments.
5.2 Compaction key variables

Compaction, the densification of the soil by expulsion of the air, improves the
mechanical properties of the soil. It increases the shear strength, lowers the compressibility,

reduces the void ratio and, hence, the water flow through the soil.

Mechanical (dynamic or static) energy is applied to rearrange the grains into a dense
state. In the laboratory, dynamic (standard and modified) compaction tests (BS1377, 1990:
Tests 3.3 and 3.5) have been developed. For a given compaction effort, a compaction curve
that relates dry density and gravimetric water content can be developed, from which a
maximum dry density at the optimum water content OMC is determined, which serves as a
criterion to control compaction process specifications in the field (Powrie, 2009). Increasing
the compaction effort increases the maximum dry density and reduces the optimum water
content of the soil. According to the specification required, maximum strength can be
achieved dry of the optimum and minimum hydraulic conductivity can be achieved wet of
the optimum. In static compaction, the soil is usually compacted in a confined mould using a

piston that provides a gradual static load.

Soil water content and density are key factors to assess the stability and serviceably
of engineered structures such as road embankments. The resistivity method has proven
sensitivity to water content and the dry density of soils. As the electrical conduction in soils
is controlled by pore water, resistivity is found to be sensitive to water content (e.g. Kalinski
and Kelly, 1993; Abu-Hassanein et al. 1996), and, as the resistivity of air is infinite, the

method has proven sensitivity to the density of the soil (Beck et al., 2011; Bai et al., 2013)

In the literature, a number of authors have discussed the influence of water content

and other compaction key variables on soil resistivity. For instance, some authors (e.g.
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McCarter, 1984; Yan et al., 2012) reported that the resistivity of compacted clay soil is a
function of volumetric water content and degree of saturation. Abu-Hassanein et al. (1996)
found that the resistivity is sensitive to the compaction conditions (Figure 5.1a), the higher
the compaction effort, the lower the soil resistivity. However, at high water content,
resistivity is less affected by compaction. A unique relationship between resistivity and the
degree of saturation independent of the compaction effort was noticed (Figure 5.1b). At
constant density, Seladji et al. (2010) reported that the resistivity of clay soil decreases with

increasing water content, as shown in Figure 5.2.
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Figure 5.2. Resistivity-gravimetric water content relationship for different densities of clay

soil (Seladiji et al., 2010)

According to Alonso et al. (1999), intra-aggregate voids (or micro porosity) and inter-
aggregate voids (or macro porosity) can be distinguished in clay aggregates. Compaction
reduces the inter-aggregate voids and improves the particle to particle contact, leading to
an increase in soil density. Electrically, several authors highlighted the influence of the clay
microstructure in resistivity of compacted clay soils. Fukue et al. (1999) reported that the
resistivity is influenced by structural characteristics of clay soil. At high water content, the
continuity of pore water provides pathways for current and, therefore, results in low
resistivity. At low water content, the discontinuity of pore water causes abrupt resistivity
changes. They introduced the concept of "critical water content", where the electrical
conduction behaviour can be divided into two segments of low and high resistivity
separated by a critical water content value. The resistivity changes abruptly at a point where
water becomes discontinuous. Robain et al. (2001) related the low and high resistivity
values, respectively to the macro and micro porosity. Zha et al. (2010), Beck et al. (2011) and
Kibria and Hossain, 2012 noticed that the critical water content falls close to the optimum

water content. It is worth mentioning that, based on soil water retention studies (e.g.
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Romero and Vaunat, 2000); two distinct segments of high and low suctions have been
correlated with intra-aggregate and inter-aggregate water, respectively. Therefore, some
recent studies have shown similarities between the soil resistivity-water content trend and
water retention curve (e.g. Mufioz-Castelblanco, 2011; De Vita et al., 2012; Yan et al., 2012).
Pozdnyakov et al. (2006) related resistivity behaviour of clay to the state of pore water
molecules. The resistivity decreases rapidly with increasing water content in the first range
(adsorbed, film and film-capillary water) then decreases less rapidly in the second range
(capillary and gravitational water). At high water content close to saturation, the resistivity
is independent of water content, as paths for electrical currents are achieved and the

electrical charges are not affected by the mobility of water molecules.

To explore the water content characteristics of BIONICS clay, the specimens were
compacted using dynamic (standard Proctor and Modified) and static methods. The

specimens were prepared at various gravimetric water contents and dry densities.

5.3 Experimental setup

5.3.1 Specimen preparation

A reliable sample preparation procedure is an important step to replicate the results
of any laboratory tests. Preliminary compaction tests of the fill material of the BIONICS
embankment (Mendes, 2011) showed that the presence of large particles causes significant
differences in the achieved densities. Therefore, the soil was sieved through a 2.8 mm sieve
to reduce these differences. Compaction tests of the sieved soil showed a good

repeatability. In the current work, the following soil preparation procedure was adopted:

1. The soil was dried to the atmosphere.

2. The soil was crushed and sieved through a 2.8 mm sieve to remove the large particles
from the soil.

3. The soil was oven dried for 24 hours.
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4. Distilled water (ASTM G57, 2006) was mixed with the soil to the desired gravimetric water
content and left in a sealed plastic bag for 24 hours for water content homogenisation.

5. At each gravimetric water content, the specimens were compacted to a range of dry
densities. For dynamic compaction, the soil was compacted according to BS light (Proctor)
and BS heavy (Modified Proctor) compaction standard (BS1377, 1990: Tests 3.3 and 3.5),

using a drop-hammer compaction machine.

In addition, to investigate the effect of dry density/void ratio, degree of saturation
and the compaction effort, at each gravimetric water content, five specimens were
compacted using different compaction efforts, by increasing the number of blows from 15
to 55 to cover the wide range of dry density that can be found in practice. For static
compaction, soil specimens were compacted in three layers in a brass mould using a piston
that provided a gradual static load. At each gravimetric water content, five specimens were
prepared. Extra tests (5 specimens) were prepared at low, intermediate and high
gravimetric water content, 0.075, 0.15, and 0.25, respectively. Table 5.1 lists the tests

conducted. A total of 132 specimens were prepared.
5.3.2 Resistivity measurements

The resistivity measurements were performed using the resistivity probe described
in Chapter 3. Two perpendicular resistivity readings named p, and pg were collected. The
average resistivity of p, and pg was used as the resistivity of the specimen (Russell and

Barker, 2010). All measurements were performed in a temperature controlled laboratory.
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Table 5.1 List of tests performed on compacted specimens

e — Compaction method Dry densitg/ range Nl e
content Mg/m specimens
0.07-0.244 Light Proctor 1.58-1.73 9

0.048-0.246 Heavy proctor 1.58-1.89 8
0.065 Light (Modified) 1.56-1.73 5
0.075 Light (Modified) 1.56-1.76 5
0.0105 Light (Modified) 1.61-1.78 5
0.120 Light (Modified) 1.63-1.84 5
0.135 Light (Modified) 1.65-1.87 5

0.15 Light (Modified) 1.69-1.85 5
0.17 Light (Modified) 1.70-1.78 5
0.20 Light (Modified) 1.66-1.70 5
0.22 Light (Modified) 1.58-1.63 5
0.25 Light (Modified) 1.52-1.54 5
0.075 Static Compaction 1.55-1.71 10
0.095 Static Compaction 1.52-1.78 5
0.105 Static Compaction 1.52-1.80 5
0.12 Static Compaction 1.61-1.83 5
0.135 Static Compaction 1.57-1.84 5
0.15 Static Compaction 1.65-1.83 10
0.17 Static Compaction 1.72-1.77 5
0.20 Static Compaction 1.66-1.69 5
0.23 Static Compaction 1.57-1.61 5
0.25 Static Compaction 1.52-1.58 10
Total=132

5.4 Results and discussion

5.4.1 Compaction and compaction effort

Figure 5.3 presents the dry density-gravimetric water content of specimens
compacted using BS Light and BS heavy compaction methods, and the corresponding

resistivity data. The same data is plotted in terms of the degree of saturation in Figure 5.4.
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Figure 5.3 shows that the resistivity decreases with increasing water content. For BS
Heavy compaction, there is a 3.44% resistivity increase for water content decrease from
0.246 to 0.048. For BS Light compaction, there is a 4.09% resistivity increase for water
content decrease from 0.244 to 0.069. The resistivity is relatively low when the soil is
compacted wet of the optimum (OMC=0.156 for BS Light, OMC= 0.127 for BS Heavy), while
resistivity is high when the soil is compacted dry of the optimum. The resistivity increases
abruptly dry of the optimum, while it seems to be independent of water content wet of the
optimum. Moreover, increasing the compaction effort decreases soil resistivity. However,
resistivity is not sensitive to the compaction, or the compaction effort, used when the soil is
compacted wet of the optimum, whereas this effect is more significant when the soil is
compacted dry of the optimum. This behaviour can be explained in terms of fabric changes
during compaction. When the soil is compacted dry of the optimum, or with low
compaction effort, the clods of clay are difficult to remould, with large air-filled pores
(Benson and Daniel, 1990) and, therefore, high resistivity. In contrast, when the soil is
compacted wet of the optimum, or at higher compaction effort, the clods of clay are easy to
remould with small pores that are filled with water and, therefore, low resistivity. These
observations are consistent with observations by Abu-Hassenein et al. (1996), Sawazaki et

al. (2009) and Seladji et al. (2010), for different types of clay.

Moreover, at a distinct point of water content close to the optimum, soil resistivity
starts to change rapidly. Similarly, a "critical water content" close to the optimum has been
reported in the literature (e.g. Zha et al., 2010; Beck et al., 2011; Kibria and Hossain, 2012).
Electrically, the discontinuity of pore water at low water content causes a relatively high
resistivity, while at high water content the continuity of pore water is enhanced, causing a
rapid decrease in the resistivity. At saturation levels close to 100% saturation, the influence
of water on resistivity is insignificant, as the pores are almost filled with water and the
electrical paths are accessible (Fukue et al., 1999). This behaviour suggests that the
microstructure of compacted clay soils plays an important role in soil resistivity. Two distinct

trends can be distinguished in Figure 5.3, separated by a critical water content reported in
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the literature that falls close to optimum water content. This distinction can be related to
the intra-aggregate and inter-aggregate fabrics that characterise the microstructure of clay

soils.

The resistivity-degree of saturation relationships, displayed in Figure 5.4, show
independency of the compaction effort. A similar unique relationship that is independent of
compaction is reported by Abu-Hassanein et al. (1996) for ten clay soils (See Figure 5.1b).
Eq. 2.19 in Chapter 2 was fitted to the experimental data, giving b=1.23 and 1.16 for Light
and Heavy compaction, respectively. Abu-Hassanein et al. (1996) reported a range of 0.6-

2.29 for different clays.
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Figure 5.3. BS Light and BS Heavy compaction curves and the corresponding resistivity data
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Figure 5.4. Resistivity-degree of saturation of specimens compacted using BS Light and BS

Heavy compaction methods

To better emphasize the influence of the compaction effort, Figure 5.5 and Figure
5.6 present, respectively, the dry density-gravimetric water content relationship and the
corresponding resistivity data of specimens compacted using different compaction efforts
by changing the number of the blows of the compaction machine from 15 to 55. Increasing
the compaction effort increases the maximum dry density and decreases the optimum
water content. Again, increasing the compaction effort (the number of blows) helps in
reducing the voids that are filled with air and, therefore, lowers soil resistivity. At low water
content (0.065), the resistivity decreases from 70.33 to 40.93 Ohm.m as the number of the
blows increases from 15 to 55 blows. However, for specimens compacted at high water
content (0.25), where the pores are almost filled with water with a high degree of
saturation, resistivity is low (~12 Ohm.m) and not affected by increasing the compaction

effort or water content (Abu-Hassanein et al., 1996; Sawazaki et al., 2009).
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Figure 5.5. Dry density-gravimetric water content of specimens compacted using different
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Figure 5.6. Resistivity-gravimetric water content of specimens compacted using different
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5.4.2 Gravimetric water content

Development of laboratory correlations between soil resistivity and water content is
practically useful, enabling field resistivity data to be used to estimate in situ water content

(e.g. Kalinski and Kelly, 1993).

Figure 5.7 shows the resistivity-gravimetric water content relationship of dynamically
compacted specimens. At low water content (e.g. 0.065), the resistivity changes largely from
40.93 to 70.33 Ohm.m for samples compacted at the same gravimetric water content, but
different dry densities (as will be discussed in the next section). At high water content (e.g.
0.25), the dry density varies in a limited range; therefore, resistivity varies in a limited range,
too. Similarly, Figure 5.8 shows the resistivity-gravimetric water content relationship of
statically compacted specimens. At low water content (e.g. 0.075), the resistivity changes
largely from 49.64 to 63.98 Ohm.m for samples compacted at the same gravimetric water
content, but different dry densities. At high water content (e.g. 0.25), the dry density varies
in a limited range; therefore, resistivity varies in a limited range, too. This suggests that the
dry density/void ratio has an important role in soil resistivity, due to changes in the degree
of saturation, particularly at low water content. Figure 5.7 and Figure 5.8 demonstrate that
using gravimetric water content as a criterion to calibrate resistivity against water content in
remoulded soils can be erroneous, as soils may be found at identical gravimetric water

content, but at different degrees of saturation (McCarter, 1984).
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Figure 5.7. Electrical resistivity-gravimetric water content of the dynamically compacted
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5.4.3 Dry density and void ratio

To support the above discussion, soil resistivity is plotted against dry density and
void ratio in Figure 5.9 and Figure 5.10, respectively, for the dynamically compacted
specimens. Similarly, the resistivity is plotted against dry density and void ratio in Figure

5.11 and Figure 5.12, respectively, for the statically compacted specimens.

For a particular gravimetric water content, resistivity decreases linearly with
increasing dry density/decreasing void ratio (Beck et al., 2011). However, the slope of the
relationship is flattened with increasing water content. The extra tests (five specimens) that
were prepared at low, intermediate and high gravimetric water content, 0.075, 0.15, 0.25,

respectively, in Figure 5.11 and Figure 5.12 confirmed the stability of the trend.

This behaviour can be explained by changing of the soil properties during
compaction. For soil compacted at low water content, the pores are partially filled with air.
At water content dry of optimum, air is expelled from the soil, making the particles more
close to each other in a denser state (dry density increases), while, at high water content
(wet of optimum), the compaction effort cannot expel more air and the water added
prevents densification (Budhu, 2011). Electrically, this behaviour can be explained by the

continuity/ discontinuity of water phase in the soil (Fukue et al., 1999), as discussed earlier.

More importantly, the linear regressions shown in Figure 5.9 and Figure 5.10 can be
distinguished into two groups with different slopes. The slope of the regression line
decreases with increasing water content, and at particular water content (~0.15) close to
the OMC (0.156), the slope flattens and remains constant, which can be attributed to the

microstructure changes of the compacted soil.
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Figure 5.9. Electrical resistivity-dry density of the dynamically compacted specimens
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Figure 5.10. Electrical resistivity-void ratio of the dynamically compacted specimens
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Figure 5.11. Electrical resistivity-dry density of the statically compacted specimens
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Figure 5.12. Electrical resistivity-void ratio of the statically compacted specimens
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As both gravimetric water content and dry density affects soil resistivity, a 3D
surface that relates resistivity, gravimetric water content and dry density, as suggested by
Kibria and Hossain, (2012), is shown in Figure 5.13. The figure shows that resistivity
decreases with increasing water content and dry density. At high water content and dry

density, the surface flattens and becomes horizontal.

By making use of the linear regressions of Figure 5.9 and Figure 5.11, the influence of
gravimetric water content on soil resistivity at a constant dry density can be calculated, as
shown in Figure 5.14 and Figure 5.15, for dynamic and static compaction, respectively. At a
constant dry density, resistivity increases with decreasing the gravimetric water content and
this influence is more significant at low water content (Seladji et al., 2010; Beck et al., 2011).
Figure 5.14 shows that at a constant dry density (e.g. 1.65 Mg/cm3), the resistivity increases
from 55.92 to 14.34 Ohm.m as water content decreases from 0.20 to 0.065. As the dry
density increases (the void ratio decreases), more voids are filled with water (more water

accessible for electrical conduction), and, therefore, soil resistivity decreases.
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5.4.4 Volumetric water content

Volumetric water content integrates both gravimetric water content and dry density
into one geotechnical parameter (Eq. 2.3, Chapter 2), offering a volume-integrated
assessment of water content. Figure 5.16 and Figure 5.17 show the resistivity-volumetric
water content relationships of the dynamically and statically compacted specimens,
respectively. It can be seen that the resistivity decreases with increasing volumetric water
content (e.g. Michot et al., 2003; Kalinski and Vermuri, 2005; Yan et al., 2012). Figure 5.18
shows the resistivity-volumetric water content of the dynamically compacted specimens
compared to different clays reported in the literature. The high correlation coefficient for
the wide range of water content covered suggests that this relationship can reasonably be
used to calibrate resistivity against volumetric water content (e.g. Celano et al., 2011;

Calamita et al., 2012).
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Figure 5.16. Resistivity-volumetric water content of the dynamically compacted specimens

136



CHAPTER 5: WATER CONTENT CHARACTERISTICS OF MECHANICALLY COMPACTED CLAY SOIL

80

y = 4.4488x 114
70 1 R?=0.92

60 -

50 -

30 A

Resistivity (Ohm.m)

20 -

10 A

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Volumetric Water Content

Figure 5.17. Resistivity-volumetric water content of the statically compacted specimens
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Figure 5.18 Resistivity-volumetric water content of BIONICS clay compared to different clays

reported in the literature
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5.4.5 Degree of saturation

According to Archie's Law, a decrease in the degree of saturation of the soil is
accompanied by an increase in the resistivity, due to the partial replacement of pore water
with air. Therefore, the variation of soil resistivity can be interpreted by means of the
degree of saturation. Figure 5.19 and Figure 5.20 show the resistivity-degree of saturation
relationship of the dynamically and statically compacted specimens, respectively. It can be
noticed that increasing the degree of saturation decreases soil resistivity and that, at low
degree of saturation, the resistivity changes more rapidly (Abu-Hassanein, 1996; McCarter

1984; Zha et al., 2010; Yan et al., 2012; Zhang et al., 2012).

Again, at low degrees of saturation, the continuity of pore water needed for current
conduction does not reach a satisfactory level. Therefore, the resistivity is relatively high
and changes rapidly. Increasing the degree of saturation improves the continuity of pore
water and electrical conduction, causing a decrease in the resistivity. At a degree of
saturation close to 100%, the electrical paths are well achieved for the electrical current.

Therefore, the influence of water content on the resistivity becomes insignificant.

The high correlation coefficients of the resistivity-degree of saturation relationships

suggest that the resistivity is strongly correlated with the degree of saturation of the soil.

138



CHAPTER 5: WATER CONTENT CHARACTERISTICS OF MECHANICALLY COMPACTED CLAY SOIL

80
y =11.568x121
70 + o R2 = 0.9687
5 .
60 -

ul
o
1

Resistivity (Ohm.m)
w S
o o

N
o
1

[any
o
I

o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Degree of Saturation

Figure 5.19. Resistivity-degree of saturation relationship of the dynamically compacted

specimens
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Figure 5.20. Resistivity-degree of saturation relationship of the statically compacted

specimens
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5.4.6 Compaction mechanism

Resistivity data of all specimens examined in this work, whether compacted using
static or dynamic compaction, and the corresponding volumetric water content and the

degree of saturation data are shown in Figure 5.21 and Figure 5.22, respectively.

For both compaction mechanisms, resistivity varies inversely with the volumetric
water content and degree of saturation, as reported in the literature. However, the
resistivity of the dynamically compacted specimens is slightly lower than the resistivity of
the statically compacted specimens. Although the difference is not huge, this difference can
be attributed to the microstructure differences in the compaction mechanism. The falling
hammer of the compaction machine breaks the aggregates of the particles and bridges the
voids, and, therefore, the resistivity is relatively low, while, in the static compaction, the
load increases gradually, keeping more connectivity of macro voids, and, therefore, the

resistivity is relatively high.
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Figure 5.21. Resistivity-volumetric water content relationship of all specimens
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5.5 Chapter summary

The water content characteristics of a mechanically compacted clay soil have been
investigated using the resistivity method. BIONICS clay specimens compacted using dynamic
(standard Proctor and Modified), and static methods were used. Soil resistivity was
measured using the resistivity probe developed in the current thesis. Gravimetric water
content, volumetric water content and degree of saturation were correlated with the
measured resistivity for a range of dry densities. The results showed that the resistivity of
compacted clay soils is sensitive to the compaction key variables and conditions. The key

findings can be summarized as follow:

1. The soil resistivity of the mechanically compacted clay soil is strongly affected by
compaction. The resistivity is relatively low for specimens compacted wet of the optimum,
while resistivity is relatively high for specimens compacted dry of the optimum. This

behaviour is explained by changing the soil properties during compaction.

2. The effect of the compaction effort on soil resistivity is significant when the soil is
compacted at low water content or dry of the optimum; the more the compaction effort,
the lower the resistivity. However, this effect is less significant when soil is compacted at
high water content or wet of the optimum, where the pores are almost filled by water with

a high degree of saturation.

3. For each gravimetric water content, resistivity changes with changing dry density/void
ratio, particularly at low water content. Therefore, using gravimetric water content as a
criterion to calibrate resistivity against water content can be erroneous, as soils may be

found at identical gravimetric water content, but at different degrees of saturation.

4. Soil resistivity is inversely related to the volumetric water content and the degree of
saturation. A unique relationship between resistivity and the degree of saturation that is

independent of the compaction effort was achieved.
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5. The resistivity is controlled by the degree of saturation. An increase in soil water content,
dry density or the compaction effort causes an increase in the degree of saturation. At low
degrees of saturation, the discontinuity of pore water causes a relatively high resistivity,
while, at high degrees of saturation, the continuity of pore water is improved, causing a
decrease in the resistivity. At water content levels close to saturation, the influence of water

on resistivity is insignificant, as the electrical paths are achieved for electrical conduction.

6. An increase in the degree of saturation is also accompanied by changes in clay
microstructure. According to the microstructure of clay, two distinct trends in the resistivity
can be distinguished, separated by a critical water content as reported in the literature. This

distinction is related to intra-aggregate and inter-aggregate fabrics of clay soil.

7. It is suggested that the degree of saturation or volumetric water content is more reliable
than the gravimetric water content to calibrate the resistivity against water content, and
resistivity investigation on remoulded soils must consider a range of specimens with various

degrees of saturation for better water content estimates.

8. The resistivity of mechanically compacted clay soil is influenced by several interlinked

parameters that need to be considered to obtain reliable water content estimates.
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Chapter 6

The role of temperature and pore water conductivity on

resistivity of clay soil

As the electrical conduction in soils takes place via the displacement of the ions in
pore water, the resistivity of the soils is affected by temperature and pore water
conductivity. However, in most studies, the assumption is made that the influence of soil
temperature is relatively less significant than the water content variation to capture the
variability of soil resistivity (e.g. Chrétien et al., 2014), or the resistivity has been corrected
to a reference temperature based on correction models developed in the literature using
soil solution extracts or natural waters, but then widely used for soils (e.g. Zhou et al., 2013).
Similarly, variation of pore water conductivity is assumed relatively constant and hence its
effect can be neglected comparing to water content variations (Samouélian et al., 2005).
Consequently, very little interest has been given to investigating the influence of pore water

conductivity on soil resistivity (Rinaldi and Cuestas, 2002).

Recent work conducted by the British Geological Survey on the BIONICS
embankment has shown resistivity variations across the embankment, mainly attributed to
water content variation, however, variations could also be due to variations in temperature
and/or pore water conductivity. It is, therefore, essential to investigate these effects on the
measured resistivities. This chapter is dedicated to exploring the role of temperature and
pore water conductivity on the resistivity of BIONICS clay. The resistivity behaviour of the
soil for a range of temperature (-12 to 43°C) is discussed, and the effect of the salt type and

concentration on resistivity is addressed.
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6.1 Introduction

The electrical conduction in soils is influenced, among other factors, by the mobility
of ions in the pore water. Mobility of the ions, however, is controlled by temperature, salt
type and concentration (Campbell et al., 1948; Rhoades et al., 1976). The mobility of the
ions increases with increasing temperature as the viscosity of the water is decreased.
Therefore, the resistivity of soils decreases with increased temperature (Figure 6.1). In
addition, increasing the concentration of salts in the pore water provides more ions for
electrical conduction. As salts have to be in an ionized form to be able to conduct the
current, the amount of water controls the available paths for electrical conduction in soils.
When an electric field is applied, cations are accelerated toward the negative pole and
anions to the positive pole. Therefore, the pore water conductivity is expected to have an

important role on soil resistivity.

40—

| . ®  Sandy soil ||
2 ., Silty sand
g 3001+ ... X Silt |
= - ° +  Silty loam ||
z e
2 %00, @ Clay loam
Z 200} %o
ki .
—= 150} M P
.2 *xx
*E 100+ " x x X |
5 S0ep

50+ UDDDE‘DDDDD:& i éé:ﬁ%éﬁguﬁgg’ggg%;%‘ggﬁ% |
0 I L | A L 1 ! : :

0 5 10 15 20 25 30 35 40 45 50
Temperature (°C)

Figure 6.1. Electrical resistivity-temperature relationships of different soils (Zhou et al.,

2013)
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6.1.1 The temperature correction

Comparisons of resistivity data conducted at various temperatures need to be
corrected to a standard reference temperature. In studies where the temperature effect is
not considered, an assumption is made that temperature is constant when the
measurements are performed over a short period. However, for measurements collected
over a long period, temperature correction due to seasonal temperature variations is
essential to compare resistivity data collected at the same location but on different dates

(Samouélian et al., 2005).

Several temperature correction models such as linear (e.g. Campbell et al., 1948),
exponential (e.g. Corwin and Lesch, 2005) and power (e.g. Besson et al., 2008) have been
reported. Most of these models have been developed and parameterized based on
measurements of the electrical conductivity of soil solution extracts (Campbell et al., 1948),
electrolyte solutions (Keller and Frischknecht, 1966) or natural waters (groundwater and
seawater) with different salinities and chemical compositions (Hayashi, 2004). However,
they have been used widely to correct resistivity data of different soils. Recent papers
showed that the available models have limits of validity based on experimental data
conducted on different soils (Zhou et al., 2013), and they are inconsistent with each other

(Ma et al., 2011).

Significant difference between the resistivity of BIONICS clay samples measured in
the laboratory and the in situ values has been reported, which are mainly attributed to the
temperature variations that need to be addressed (Hen- Jones et al., 2014). Therefore, it is
essential to quantify the influence of temperature on the resistivity of the soil. This would

be useful to aid the interpretation of the field data.

The electrical conductivity-temperature relationship of natural waters is nonlinear

(Millero, 2001). The degree of nonlinearity, however, is relatively small particularly at a
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temperature range of (0-33°C), and the relationship can reasonably be approximated by a
linear equation (Hayashi, 2004). Therefore, a linear model (Campbell et al., 1948; Keller and

Frischknecht, 1966) has been widely adopted, expressed as:

_ Po
1+ oa(T-T,)

Pt (6.1)

Where py is the resistivity at the ambient temperature T, p, is the resistivity
measured at a reference temperature T, (e.g. 18°C or any other reference temperature
(Keller and Frischknecht, 1966)) and « is the temperature coefficient of resistivity (~0.025

for most electrolytes).

Figure 6.2 shows the resistivity behaviour for fine-grained material over a range of
temperatures. At temperatures below freezing, the effect of temperature on resistivity is
significantly high comparing to its effect at a moderate temperature range as the resistivity
of ice is very high compared to the water. Studies have shown that resistivity measured at
-12°C is about 10 to 100 times larger than the resistivity measured at 18°C (Keller and
Frischknecht, 1966). A moderate effect of temperature on resistivity is noticed at the
freezing point due to the presence of salts in the pore water which makes freezing take
place over an extended temperature range. In frozen ground, Hauk (2002) showed that, at
temperatures above the freezing point, resistivity changes linearly with temperature due to
changes in pore water resistivity following the Campbell model, while at temperatures

below the freezing point, resistivity increases exponentially with temperature.
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Figure 6.2. The resistivity-temperature relationship over a range of temperatures (Keller and

Frischknecht, 1966)
6.1.2 The influence of pore water conductivity

According to Archie's law (Archie, 1942), the electrical resistivity of the soil is
proportional to the pore water resistivity. Pore water resistivity is controlled by salt type
and concentration in the water. Using a four electrode resistivity probe, Shea and Luthin
(1961) reported a strong relationship between salinity and resistivity. This relationship was

used for measuring soil salinity in situ.

Sen et al. (1988) found that the resistivity is non-linearly related to the pore water
conductivity of clayey sandstone. Kalinski and Kelly (1993) demonstrated that pore water
solutions of the same concentrations, but different compositions, were characterised by
different conductivity, as different ions have different mobility. Consequently, the ions (e.g.
Na*t K crt etc.) affect the pore water conductivity in different manners. Similarly, Rinaldi
and Cuestas, (2002) showed that the electrical resistivity of compacted silty clay is mainly

influenced by salt concentration and volumetric water content. However, soil with different
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pore water composition showed different electrical resistivity, and specimens mixed with

NaCl solutions showed the lowest resistivity.

Using solutions of different NaCl concentrations, Zha et al. (2006; 2010) found that
soil resistivity decreases with increasing the salinity of water, and the influence of salinity is
less significant for soils prepared at high water content or high concentrations (Figure 6.3).
For fifteen marine clay sites, Long et al. (2012) reported that the resistivity of clay soil
decreases rapidly with increasing salt content, and the resistivity becomes relatively

constant at high salt content (Figure 6.4).
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Figure 6.3. Electrical resistivity-water content relationship for different pore water resistivity

(Zha et al. 2010)
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Figure 6.4. Resistivity-salt content of clay soils at different sites (Long et al., 2012)

6.2 Experimental setup

6.2.1 Sample Preparation

A specimen of BIONICS clay, compacted at 20% water content in the resistivity box,
was used to investigate the influence of temperature on soil resistivity over a temperature
range of (-12 to 43°C). To prevent water content changes, the specimen was sealed during
the test, and conditioned in a temperature controlled lab where the mass and the
temperature were monitored for 48 hours. Cooling was achieved using a freezer to -12°C

while heating was achieved by means of an oven up to 43°C.

To address the influence of pore water conductivity on soil resistivity, the soil was
mixed with different electrolytes of different concentrations. The electrolytes were
prepared in a 100 ml flask using distilled water. Three common electrolytes; Potassium
chloride (KCl), Sodium chloride (NaCl), and Magnesium chloride (MgCl,) were used (as

Rinaldi and Cuestas, 2002). The electrolytes were mixed with soil at different water
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contents, and sealed in plastic bags for 24 hours period of equalisation. The specimens were
compacted in a brass mould, and left for 24 hours for equalisation. Firstly, the specimens
were compacted at 25% gravimetric water content with different salts at different
concentrations. Secondly, the specimens were compacted at different water content and

electrolyte concentration. Table 6.1 lists the samples prepared.

6.2.2 Resistivity measurements

The resistivity of the compacted specimens was measured using the four electrode
method. The resistivity box and probe, described in Chapter 3, were used respectively to
address the influence of temperature and the pore water conductivity on resistivity of the
soil. As electrical resistivity and conductivity are inversely proportional to each other, the
electrical resistivities of the solutions were measured using the same method as for
measuring soil resistivity (Rinaldi and Custe, 2002). Therefore, the solutions were placed in a
plastic container (55mm diameter, 80.5mm height), where the electrical resistivity was
measured using the resistivity probe. To evaluate this procedure, comparisons between

pore water resistivities measured using Resist and a HANNA conductivity meter were used.

Table 6.1 List of samples and electrolytes prepared

Salt concentration

Salt type (2/100ml)
1 NaCl, KCl, MgCl, 0.1-3.0 soil 15
2 KCl 0.1-1.5 soil 21
3 NaCl, KCI 0.2 soil 7
4 NaCl, KCl 1.0 soil 7
5 Distilled water 0 soil 7
6 NaCl 0.1-3.0 electrolyte 6
7 KCl 0.1-3.0 electrolyte 6
8 MgCl, 0.1-3.0 electrolyte 6
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6.3 The experimental results and discussion

6.3.1 The influence of the temperature

The measurements conducted in this work were performed in a temperature
controlled laboratory. The temperature was logged for 48 hours at different dates as shown
in Figure 6.5. The temperature was kept at ~20+0.5°C. The resistivity of the prepared
specimen was first monitored at the lab temperature for 48 hours as shown in Figure 6.6.

The measured resistivity ranged from (13.35-13.69) Ohm.m.

In the second stage, the specimen was cooled down to ~7°C. The specimen was then
allowed to equilibrate in the lab, where the temperature and resistivity were measured
every five minutes until the specimen reached the lab temperature (~20°C). Figure 6.7
shows the measured resistivity and temperature for this stage. As expected, resistivity of
the soil decreases with increasing the temperature. The resistivity decreases by 48.56% for
temperature increasing from 6.7 to 20.3°C. Figure 6.8 shows the resistivity-temperature
relationship. The Campbell model (Eq. 6.1) was fitted to the experimental data using

0=0.025.
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Figure 6.5. Air temperature variation in the lab for 48 hours at different dates
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In the third stage, the temperature of the specimen was increased up to 43 °C using
an oven. The specimen was then allowed to equilibrate in the lab, where the temperature
and resistivity were measured every five minutes until the specimen reached the lab
temperature. Figure 6.9 shows the measured resistivity and temperature for this stage. Soil
resistivity increases with decreasing the temperature. The resistivity increases by 56.17% for
temperature decreasing from 43.0 to 20.2°C. Figure 6.10 shows the resistivity-temperature

relationship. The Campbell model was fitted to the experimental data using a=0.025.

In the fourth stage, the temperature was decreased to -12°C using a freezer. The
specimen was then allowed to equilibrate in the lab, where the temperature and resistivity
were measured until the specimen reached the lab temperature. Figure 6.11 shows the
measured resistivity and temperature for this stage. Figure 6.12 shows the resistivity-
temperature relationship. At sub frozen temperatures, the resistivity is considerably higher
due to the high resistivity of ice, and the resistivity decreases abruptly with the temperature
decreasing. At temperatures above freezing, the resistivity is low due to the low resistivity of
the water, and the resistivity decreases gradually with temperature (Keller and Frischknecht,
1966; Hauk, 2002). Figure 6.11 shows that the freezing took place over an extended
temperature range where the resistivity decreases abruptly. The Campbell model fits well
for the resistivity data above the freezing point. However, at temperatures close to freezing

the model does not fit very well.

Figure 6.13 shows the resistivity-temperature relationship over the range of
temperatures tested. The influence of temperature on resistivity at temperatures below
freezing is significantly higher than its influence at temperatures above the freezing. The
measured resistivity at the end of each stage (~13.50 Ohm.m) was as the same as the value

measured at the lab temperature.
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6.3.2 The influence of salt type and concentration on pore water resistivity

Electrical resistivity of the electrolytes

Before testing the effect of salt type and concentration on the soil, the electrical
resistivity of the electrolyte solutions prepared was measured using the resistivity probe and
Resist. To evaluate the procedure adopted, the electrical conductivity of the electrolytes
used was first measured using a HANNA conductivity meter, calibrated using a standard
solution. The obtained electrical conductivities were converted into electrical resistivities
and compared with those calculated using Resist as shown in Figure 6.14. A good agreement

can be seen which confirms that the procedure adopted was performed satisfactory.
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Figures 6.15 and Figure 6.16 show the pore water resistivity-salt concentration
(expressed by weight) obtained using Resist and the HANNA conductivity meter,
respectively. It can be seen that the pore water resistivity decreases with increasing salt
concentration. However, at a relatively low salt concentration, the pore water resistivity
changes more rapidly, where only a little quantity of salt is added. At high concentration,
the influence of salt concentration is less significant, as the ionic density is high and,
therefore, the pore resistivity is low and not affected by salt concentration. The salts used
showed similar response, but different resistivities as they have different ionic mobility or
conductivity (Kalinski and Kelly, 1993). Figure 6.15 and 6.16 indicate a good comparison

between the results obtained using Resist and the HANNA conductivity meter.
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Figure 6.14. A comparison between pore water resistivity measured by Resist and the
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The influence of salt type and concentration of pore fluid on soil resistivity

The influence of salt type and concentration on soil resistivity was first investigated
on specimens prepared at the same gravimetric water content (25%) with NaCl, KCI and
MgCl, electrolytes of different concentrations. Figure 6.17 shows the influence of electrolyte
type and concentration on soil resistivity. It can be seen that resistivity of the soil decreases
with an increase of the electrolyte concentration as reported previously by Rinaldi and
Custe (2002). The resistivity of soil mixed with NaCl electrolyte decreases from 9.33 to 1.98
Ohm.m. Similarly, the resistivity of soil mixed with KCI electrolyte decreases from 6.59 to
2.83 Ohm.m. The resistivity of soil mixed with MgCl, electrolyte decreases from 8.42 to 2.05
Ohm.m. Increasing the salt concentration means more ions are available for current
conduction and hence low resistivity. However, the solutions used show different influences
on resistivity of the soils, particularly at low concentration. As mentioned by Kalinski and
Kelly (1993) and Rinaldi and Custe (2002), electrolytes of the same concentration, but
different composition are characterised by different mobility. Therefore, these solutions
have different influence on soil resistivity. At high concentrations, the electrical paths are
very well achieved, and the influence of electrolyte type and concentration is less significant
comparing to low concentration electrolytes. Increasing the salt concentration decreases

the pore water resistivity, and hence the soil resistivity.

Increasing the electrolyte concentration decreases the pore water resistivity hence
lowers soil resistivity. Figure 6.18 and Figure 6.19 show, respectively, the influence of pore
water resistivity measured using Resist and HANNA conductivity meter on soil resistivity.
The resistivity increases with increasing pore water resistivity (Zha et al., 2006). Again,

different salts have different influence on soil resistivity.
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The influence of salt concentration on resistivity of soils of different water content

To address the influence of salt concentration on resistivity of specimens prepared at
different water content, specimens were prepared using KCl solutions of 0.1, 0.5 and 1.5
g/100ml concentration of distilled water. The resistivity-volumetric water content
relationship of these specimens is shown in Figure 6.20. Soil resistivity increases with
decreasing the volumetric water content. The resistivity increases from 13.34 to 48.06
Ohm.m for specimens prepared using distilled water while the resistivity increases from
2.87 to 15.26 Ohm.m for specimens prepared using 1.5g/100ml KCI solution. Increasing the
salt concentration decreases soil resistivity. However, this influence is less significant at high

water content (Zha et al., 2006; 2010), and high salt content (Long et al., 2012).
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In addition, using the regressions of the relationships presented in Figure 6.20, the
influence of salt concentration on soil resistivity at constant volumetric water content was
calculated as shown in Figure 6.21. For a given volumetric water content, resistivity
decreases when the salt concentration increases (Kalinski and Kelly, 1993). This explains the
differences in soil resistivity resulted from the variations of ionic concentration and
composition in soils with the same water content. At 15% volumetric water content, the
resistivity decreases from 31.58 to 11.97 Ohm.m for KCl concentration range of 0-1.5
g/100ml. At 35% volumetric water content, the resistivity decreases from 12.69 to 3.30

Ohm.m for the same range of KCl concentration.
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Figure 6.20. Resistivity- volumetric water content of specimens prepared using different KCl

concentrations
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Figure 6.21. The influence of KCl concentration on resistivity at constant volumetric water

content

The influence of salt composition on resistivity of soils of different water content

To explore the influence of the salt composition on the soil resistivity measured on
specimens prepared at different water content, NaCl salts were added to KCI salts at

different concentrations.

Figure 6.22 shows the resistivity-volumetric water content of specimens prepared
using 0.1g/100ml KCI, 0.1g KCl and 0.1g NaCl/100ml and distilled water. Soil resistivity
increases with decreasing the volumetric water. The resistivity increases from 6.47 to 25.19
Ohm.m for specimens prepared using 0.1g KCl and 0.1g NaCl/100m solution while the
resistivity increases from 8.91 to 30.35 Ohm.m for specimens prepared using 0.1g/100ml
KCl solution. Adding 0.1g NaCl to the KCl solution decreases the soil resistivity. Adding more
salts to the solution increases the number of ions in the water, therefore, decreases the soil

resistivity. However, this effect is relatively less significant at high water content.
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Similarly, Figure 6.23 shows the resistivity-volumetric water content of specimens
prepared using 0.5g/100ml KCI, 0.5g KCl and 0.5g NaCl/100 and distilled water. Soil
resistivity increases with decreasing the volumetric water content. The resistivity increases
from 3.64 to 15.19 Ohm.m for specimens prepared using 0.5g KCl and 0.5g NaCl/100m
solution while the resistivity increases from 4.53 to 20.47 Ohm.m for specimens prepared
using 0.1g/100ml KCI solution. Adding 0.5g NaCl to the KClI solution decreases the soil

resistivity.

Figures 6.24 and 6.25 present the influence of electrolyte composition on soil
resistivity at constant volumetric water content, based on the regressions of the

relationships shown in Figure 6.22 and 6.23, respectively.

For a constant volumetric water content, adding more salts to the water decreases
soil resistivity comparing to the resistivity of soil mixed with distilled water. Figure 6.24
shows that at 0.15 volumetric water content, the resistivity decreases from 31.58 Ohm.m
for a specimen prepared with distilled water to 16.24 Ohm.m for a specimen prepared with
0.1g KCl and 0.1g NaCl/100 ml (the percentage decrease 94.46%). Similarly, Figure 6.25
shows that at 0.15 volumetric water content, the resistivity decreases from 31.58 Ohm.m
for a specimen prepared with distilled water to 12.36 Ohm.m for a specimen prepared with
0.5g KCl and 0.5g NaCl/100 ml (the percentage decrease 155%). Again, adding more salts to

the solution increases the pore water conductivity, therefore, decreases the soil resistivity.

Further research is needed to determine the pore water salinity changes in the field
in order to determine the implication of salt type and concentration variations on soil

resistivity.
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Figure 6.22. Resistivity-volumetric water content of specimens prepared using 0.1g/100ml

KCI, 0.1g KCl and 0.1g NaCl/100ml and distilled water

70
¢ Distilled water
60 -
0.5g/100ml KCI
€ 50 - . m 0.5g KCl & 0.5g NaCl/100ml
E
O 40 -
z
=
& 30 A
(%}
[a'
S 20
(7))
¢
10 -
O T T T T
0 0.1 0.2 0.3 0.4 0.5

Volumetric Water Content

Figure 6.23. Resistivity-volumetric water content of specimens prepared using 0.5g/100m|
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Figure 6.24. The influence of electrolyte composition on soil resistivity at constant

volumetric water content (based on the regressions of the relationships in Figure 6.22)
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Figure 6.25. The influence of electrolyte composition on soil resistivity at constant

volumetric water content (based on the regressions of the relationships in Figure 6.23)
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6.4 Chapter summary

This chapter aimed to explore the role of temperature and pore water conductivity
on resistivity of BIONICS clay. The influence of temperature was investigated over the
temperature range -12 to 43°C. The resistivity of the soil decreases when the temperature
increases. At temperatures above the freezing point, the resistivity is low and decreases
with the temperature following the Campbell model. At temperatures below freezing, the
resistivity is significantly higher and decreases non-linearly with the temperature. The
developed relationship between the resistivity and temperature for the data above freezing

is useful to correct the field data to a reference temperature.

The results showed that the pore water conductivity plays an important role on soil
resistivity. As electrical conduction takes place via displacements of ions, changing the type
and concentration of salts mixed with water changes the resistivity of the soil significantly.
However, this influence is less significant at high water contents and at high concentrations,
where the current paths are already achieved. In addition, since different ions have different
ionic mobility, specimens mixed with different salts of the same concentration showed
different resistivities. The results also showed that, for a given water content, increasing salt
concentration (or decreasing pore water resistivity) causes a decrease in soil resistivity. This
explains the differences in soil resistivity resulting from the variations of ionic concentration

and composition in soils of the same water content.

Further research is needed to determine the pore water conductivity changes of
BIONICS clay in the field in order to understand the implications of the pore water
conductivity changes on resistivity of the soil measured at different seasons. For short term
studies, pore water conductivity is relatively constant and hence its effect can be ignored

compared to water content changes.
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Chapter 7

Electrical resistivity for characterising drying and wetting of

clay soils

Unsaturated clay soils are inevitably subjected to drying and wetting cycles linked to
climate effects. In addition to negative pore pressures (suctions) induced by drying, water
content and volume changes are essential controlling parameters that should be
investigated further. Although numerous studies have been undertaken to consider the
effect water content has on soil resistivity, the effects of drying and wetting of clay soil, and
the volume changes associated have rarely been addressed. However, such tests are
important to understand the long-term stability and serviceability of engineered earth

structures such as road embankments.

Therefore, this chapter explores the potential of the resistivity method for
characterising the drying and wetting of clay soils. The resistivity behaviour of BIONICS clay
and other local clays (from Birtley, Co. Durham and Newcastle) and pure clays (Kaolinite and
Bentonite) subjected to controlled drying and wetting procedures are studied. In addition to
a discrete drying and wetting procedure, the resistivity, water content and volume changes

are obtained automatically in a continuous procedure.
7.1 Introduction

Clay soil is subjected to progressive failure due to the swell and shrink behaviour of
clay minerals. The soil absorbs the water during wet seasons and hence the volume

increases, and dries out during the dry seasons and hence the volume decreases.
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Geotechnical studies of unsaturated clay soils have shown that clay soils exhibit
hydraulic hysteresis (i.e. drying and wetting paths of the soil water retention curve (SWRC)
do not coincide; see the SWRC of BIONICS clay shown in Figure 2.10, Chapter 2). For
BIONICS clay, this behaviour is mainly attributed to the pore network structure of ink-bottle
shape, and the volume changes linked to the shrink-swell behaviour, as detailed by

Lourenco (2008).

A number of authors have discussed the resistivity behaviour of clay soils in terms of
soil microstructure. Fukue et al. (1999) showed that the continuity/discontinuity of pore
water plays an important role in soil resistivity. At high water content, the continuity of the
water phase provides pathways for current and, therefore, results in low resistivity. At low
water content, the discontinuity of the water causes abrupt resistivity changes. Therefore,
the resistivity-water content relationship can be divided into two segments of low and high
resistivity. Robain et al. (2001) linked the low and high resistivity values, respectively to the
macro and micro porosity, where low resistivity is related to macropores, as water can be
more easily accessible to the electrical current compared to micro pores. Pozdnyakov et al.
(2006) discussed soil resistivity in terms of the mobility of the ions that are highly influenced
by the state of pore water molecules. At low water content (i.e. adsorbed, film and film-
capillary water as will occur in micro-pores), the influence of water on resistivity is
significant while, at high water content (capillary and gravitational water as will exist in
macro-pores), the effect of water on the resistivity is less significant. Therefore, the
resistivity decreases rapidly with increasing water content in the first range then decreases
less rapidly in the second range. At water content close to saturation, the resistivity is
almost independent of water content, as the electrical charges are not affected by the

mobility of water molecules.

As reviewed in Chapter 2, a number of studies have demonstrated an explicit

relationship between resistivity and water content. However, drying and wetting of clay soil

171



CHAPTER 7: ELECTRICAL RESISTIVITY FOR CHARCTERISING DRYING AND WETTING OF CLAY
SOILS

and the volume changes associated have rarely been considered. In a few studies, the soil
resistivity has been measured in a discrete style (i.e. stage drying/wetting). According to the
author's knowledge, no previous tests have conducted where resistivity, water content and
volume changes are monitored continuously and simultaneously on soil specimens
subjected to drying/wetting procedures. These tests are essential to explore the effects of
water content and volume changes during drying and wetting of the soil. Such tests require
automated and continuous data acquisition which add complexity to the measurement

setup.

7.2 Experimental setup

7.2.1 Specimen preparation

For uncompacted specimens, following the work of Russell and Barker (2010),
distilled water was added to the oven dried and sieved soil to achieve a malleable
homogeneous texture. The soil samples were left to equilibrate in plastic containers
(180mm length, 120mm width and 70mm depth). Four stainless steel electrodes with 15mm
inter-electrode spacing were fixed on a perspex plate (See Figure 3.14a, Chapter 3), and
used to measure the resistivity during drying and wetting of the soil. At each stage, p, and
pp resistivity values were obtained and hence the mean of the two directional
measurements was calculated. The resistivity and water content of BIONICS and other local
and pure soils were obtained in a discrete style, provided one of the first studies of the

electrical characteristics of clays during dying and wetting.

For compacted specimens, the soil was compacted following the procedure
described in Chapter 5. The tests were performed in discrete and continuous procedures on
BIONICS specimens. Resistivity measurements were obtained using the resistivity probe

described in Chapter 3.
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7.2.2 Drying and wetting procedures

Drying and wetting of the soil were performed using discrete and continuous styles
(Lourenco, 2008). In the discrete method, the drying or wetting was performed in stages
where the resistivity and mass (or water content) of the specimen were obtained at each
stage after 24 hours of equalisation to allow water content homogenisation. In the
continuous method, the resistivity, mass and volume changes of the specimen were

collected continuously.

Although the discrete style offers the time needed for water content
homogenisation, only the gravimetric water content can be obtained and compared with
the measured resistivity. Volume changes measurement of the specimen is clearly beneficial

to observe changes in the volumetric water content and the degree of saturation.

Drying was achieved by exposing the specimens to air in a temperature controlled
laboratory. Wetting of specimens was achieved by carefully adding water to the surface of
the samples using a syringe. To ensure water content homogeneity (Mufioz-Castelblanc et
al., 2011) water drops were uniformly distributed over a filter paper placed on the top of

the sample (the filter paper was used for uncompacted samples).
7.2.3 Automated data acquisition: Continuous procedure

The continuous procedure requires automated measurements of the resistivity,
mass and volume changes (if included) of the specimen. Several factors affect the
measurement setup. Lourengo (2008) pointed out factors than can contribute to the spread
of the data collected such heterogeneities in drying or wetting, evaporation rates, surface
area exposed to the air and the influence of the equipment cables, hence, errors in mass

readings.
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Volume changes of the specimens were obtained using a modified apparatus
designed by Guanshi Liu (unpublished) for continuous drying experiments. Five
displacement transducers, installed in PVC beams, were used to measure the radial and
vertical changes of specimen dimensions (Figure 7.1). The specimen (50mm Diameter,
20mm Height) was placed on a support plate, and the resistivity probe was attached on the
top of the specimen (Figure 7.1). To minimize the effect of the cables on mass measurement
(Lourengo, 2008), the cables were supported by stands. The apparatus was placed on an
electronic balance for mass measurement logged via RS232 interface. The gravimetric water
content of the specimen was calculated from the dry mass obtained at end of the test, and
used for back calculation of the gravimetric water content throughout the test. The volume

changes were used to calculate the volumetric water content and the degree of saturation.

The resistivity, mass, radial and axial displacements of the specimen, were all logged
automatically by the data acquisition system developed in the current thesis. Figure 7.2
shows an example of the mass and the displacement measurements versus the elapsed time
during a continuous drying test. Because of drying, the mass and volume of the specimen
reduce with time. The displacement measurements indicate relatively high, linear changes
to a particular point (below the shrinkage limit) then these changes become insignificant.
This can be attributed to the microstructure changes during drying. At the beginning of the
test where the water content is high, the water dries out from the macropores with high
volume change. With the progressive drying, the water comes from the micropores with
little overall volume change. Figure 7.2 shows that the decrease of the specimen mass was

nearly linear with time.
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7.3 Results and discussion

7.3.1 Discrete drying and wetting: uncompacted specimens

Figures 7.3, 7.4 and 7.5 show the resistivity-gravimetric water content relationships
of the uncompacted specimens, respectively, BIONICS, Birtley and a contaminated soil from
Newcastle (Asquith, PhD thesis in preparation). The measurements were repeated daily in
discrete drying and wetting styles with the samples being sealed between the

measurements.

In general, the range of the measured resistivities is within the typical resistivity
range of clay soils, and the resistivity-water content relationships illustrate the power law
relationship reported in the literature for different types of clay soils (e.g. McCarter, 1984;

Calamita et al., 2012).
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Figure 7.3. The resistivity-gravimetric water content relationship of BIONICS clay
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Figure 7.4. The resistivity-gravimetric water content relationship of Birtley Clay
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Figure 7.5. The resistivity- gravimetric water content relationship of the contaminated soil
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As the electrical conduction takes place via the ions in the pore water, the resistivity
increases with decreasing water content for the drying path and decreases with increasing
the water content for the wetting path. This trend is consistent with other drying/wetting
tests (e.g. Muifoz-Castelblanco et al., 2011; Hen-Jones et al., 2014). The resistivity of
BIONICS clay increases from 15.51 to 99.70 Ohm.m for the drying path and decreases from
58.20 to 15.84 Ohm.m during the wetting path. For Birtley Clay, the resistivity increases
from 6.66 to 59.34 Ohm.m during the drying path and decreases from 43.89 to 6.22 Ohm.m
during the wetting path. The resistivity of the contaminated soil increases from 14.67 to
150.99 Ohm.m during the drying and decreases from 121.00 to 18.73 Ohm.m during the

wetting.

It also can be noticed that the resistivity decreases abruptly at the beginning of the
wetting path due to the water added, and then decreases gradually when water content
increases. At the end of the wetting path, the resistivity returns to a value very close to the

value measured at the beginning of drying test.

The BIONICS clay exhibits some "electrical' hysteresis (the resistivity of the wetting
path does not coincide with the resistivity of drying path). The hysteresis can be explained
by differences in the saturation history (i.e. differences in water geometries being setup
during drying and wetting) (Knight, 1981). In other words, the water does not occupy the
same pores during drying and wetting, hence, differences in the measured resistivities.
According to Knight (1981), the hysteresis, although not repeatable, was noticed at mid
saturation level, and the resistivity rapidly returns to the values measured during drying. The
hysteresis in SWRC of BIONICS clay was reported by Lourencgo (2008). Electrically, the drying
and wetting curves have relatively comparable shapes which confirm that the resistivity is
mainly dependent on the water content not the energy potential (i.e. the matric suction)
(Munoz-Castelblanc et al.,, 2011). The resistivity behaviour can be related to the

microstructure and the pore water state changes during drying and wetting. In the drying
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path, at high water content (the gravitational range), the pores are filled with water, hence,
low resistivity and the influence of water content changes on the measured resistivity is
insignificant. With progressive drying, the resistivity changes more abruptly due to the air
replacement and the discontinuity of the water phase. In the wetting path, differences in
the saturation history caused the hysteresis. At the end of the wetting path, the pores are
filled again by water; hence, the resistivity returns to a value very close to the value

measured at the beginning of drying test.

Figures 7.6 and 7.7 show the resistivity-gravimetric water content relationships of
Speswhite Kaolinite and Wyoming Bentonite, respectively. The resistivity of Kaolinite
increases from 10.91 to 121.81 Ohm.m for the drying path and decreases from 95.60 to
11.70 Ohm.m during the wetting path. The drying path shows that the resistivity increases
gradually with decreasing water content, and an abrupt increase in the resistivity was seen
at a relatively low water content. The Kaolinite is characterised by 1:1 structure which
explains the gradual resistivity changes, as the resistivity changes mainly as a function of the
water from the macropores (Russell and Barker, 2010). The wetting path exhibits
considerable hysteresis. However, the resistivity returns to a value close to the value

measured at the beginning of drying test.

For the Bentonite (known by 2:1 structure of high shrink-swell behaviour), the
resistivity is very low and changes gradually for much longer. The resistivity increases from
1.49 to 23.61 Ohm.m. During drying, a sharp increase in the resistivity was seen at a
relatively high water content (comparing to all other samples) due to the considerable
shrinkage and cracks developed at the surface (Russell and Barker, 2010). Therefore, the
wetting was not performed. The resistivity-gravimetric water content relationships of pure

clays show a similar nonlinear trend to other natural clays.
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Figure 7.7. The resistivity-gravimetric water content relationship of Bentonite
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7.3.2 Drying and wetting: Compacted specimens

Drying and wetting tests were performed on compacted specimens of BIONICS clay.

The tests are outlined in Table 7.1.

Table 7.1 Tests performed on compacted samples

o Volume
Initial water Test type T
content (%)
measurement
tl 24.90 Discrete drying No
2 24.72 Discrete drying No
t3 25.18 Discrete drying and wetting No
t4 24.56 Discrete drying and wetting No
t5 29.96 Continuous drying No
16 24.75 Continuous drying Yes
t7 25.00 Continuous drying Yes
18 24.66 Continuous drying Yes
19 24.72 Continuous drying Yes
t10 19.92 Continuous drying Yes
t11 19.90 Continuous drying Yes
t12 19.97 Continuous drying Yes
t13 20.21 Continuous drying Yes

Discrete Drying

Figure 7.8a shows the discrete drying of tests t1 and t2. The tests t1 and t2 indicate a
very comparable power law trend mentioned previously. The range of the measured
resistivity (13.44 to 49.50 Ohm.m for t1 and 14.55 to 39.00 Ohm.m for t2) was relatively
lower than the range measured for the uncompacted sample for the same range of water
content, as shown in Figure 7.8b for comparison. This can be attributed to the influence of
the compaction. Compaction reduces the voids and increases the degree of saturation,

hence, lowers the soil resistivity (Abu-Hassanein et al., 1996; Seladji et al., 2010).
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Figure 7.8 The resistivity-gravimetric water content of discrete drying (a) Compacted

samples t1 and t2 (b) A comparison of t1 and t2 with the uncompacted sample
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Discrete drying and wetting

Discrete drying and wetting were conducted on BIONICS specimen t3 (Figure 7.9)
and t4 (Figure 7.10). The resistivity of t3 increases from 13.79 to 49 Ohm.m for the drying
path and decreases from 44.38 to 15.23 Ohm.m for the wetting path. For t4 test, the
resistivity increases from 16.17 to 45.52 Ohm.m for the drying path and decreases from
33.76 to 17.42 Ohm.m for the wetting path. The resistivity-water content relationships

exhibit hysteresis.

Figure 7.11 presents the data of t3 and t4 together. The drying paths of t3 and t4

show a relatively similar trend, and the hysteresis occurs in the middle part of the paths.

The resistivity of BIONICS clay exhibits hysteresis as has been confirmed by SWRC.
The hysteresis can complicate the use of the resistivity data in unsaturated soil testing as
the relationship between the resistivity and water content is dependent on the saturation
history, therefore, the hysteresis of the resistivity has to be considered when using the

resistivity to interpret cycles of drying and wetting.
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Figure 7.10. Discrete drying and wetting test t4
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7.3.3 Continuous drying
Continuous drying without volume change measurement

A continuous drying test t5 (without volume changes measurement) was conducted
on the specimen t5 (w=30%). Figure 7.12 shows the resistivity and gravimetric water
content versus the elapsed time. Inspection of Figure 7.12 shows that the gravimetric water
content decreases linearly with respect to the time. The resistivity increases non-linearly
with time. Figure 7.13 shows the resistivity-gravimetric water content of the test that
indicates a typical power law relationship noticed in the discrete drying tests. The resistivity

increases from 12.86 to 50.08 Ohm.m with decreasing water content from 0.30 to 0.08.
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Figure 7.12 The resistivity and gravimetric water content versus the elapsed time of test t5
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Continuous drying: Volume changes measurement

In this section, volume changes of the specimens were added to correlate the

resistivity with volumetric water content and degree of saturation.

Figures 7.14, 7.15 and 7.16 correlate the resistivity with, respectively, gravimetric
water content, volumetric water content and degree of saturation of four specimens (t6 to
t9) prepared at the same gravimetric water content (approximately 25%). Continuous drying
test t5 (w=30%) is included in Figure 7.14, but as no volume change measurements were

performed, it cannot be included in the other plots.

The continuous drying tests all show a similar trend. At high water content levels,
where the pores are filled with water, and electrical paths are continuous, the resistivity is
low and changes gradually with water content. With progressive drying, the resistivity
changes become quicker. At low water content, differences in the pore network
microstructure are expected (the pore water geometries will have natural variations) and
hence differences in the measured resistivities can be expected. Soil and water content

heterogeneity are additional factors that can contribute to the spread of the data.

The resistivity behaviour can be explained according to the water retention
properties of clay soil (Lourenco, 2008). For the drying from a saturated state (Sr=1), the
suction initially increases while still maintaining S, close to 1 (the pores at this stage are
saturated with water). The suction at this stage is not enough to drain the pores. At a
particular suction value (air entry value AEV), air enters the pores as the suction is sufficient

to drain the pores.
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An inspection of Figure 7.16 indicates that the resistivity is low and constant at high
degree of saturation (S, close to 1). At S, close to 0.8, the resistivity starts to increase
abruptly. This represents the transition from the capillary regime (where the air phase is
discontinuous i.e. present as occluded bubbles) to the funicular regime (Likos and Lu, 2004)
where the water phase remains continuous but is held in place by menisci, hence, higher
resistivity. Difference in the pore geometries being setup can explain the spread of the data

from one test to another.
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Figure 7.14. The resistivity-gravimetric water content of the continuous drying tests (t6 to

19) and t5
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Figure 7.15. The resistivity-volumetric water content of the continuous drying tests (t6 to t9)

80
70 - B Continuous Drying t6
A Continuous Drying t7

_ 60 - A 0: # Continuous Drying t8
€ x
£ 50 - 4=
< x 0
S *
3. 40 [ ]
230 - -
) xp&x
o

20 - ?A

A
10 -
0 T T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Degree of Saturation

Figure 7.16. The resistivity- degree of saturation of the continuous drying tests (t6 to t9)
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Additional tests were conducted on specimens prepared at approximately 20%
gravimetric water content. Figures 7.17, 7.18 and 7.19 correlate the resistivity with,
respectively, gravimetric water content, volumetric water content and degree of saturation
for the continuous drying tests t10 to t13. Inspection of the drying curves indicates a similar
nonlinear trend. From Figure 7.19, it can be seen that, the resistivity-degree of saturation
can still be distinguished into two segments. The first segment of low, almost constant
resistivity with a high degree of saturation. In the second segment, the resistivity starts to

increase abruptly, due to air entry.
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Figure 7.17. The resistivity-gravimetric water content of the continuous drying tests (t10 to

t13)
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Finally, Figure 7.20 presents the resistivity-degree of saturation data for all
continuous drying tests performed (t6 to t13). The drying curves show similar relationship
independent of the initial water content, which supports the argument from Chapter 5 that
S, is the controlling variable of the resistivity measurements. Again, Figure 7.20 highlights

the transition from the capillary regime to the funicular regime discussed earlier.

It is worth mentioning that factors such as soil heterogeneities, density variations
and differences in the evaporation rates can contribute to the spread of the data collected.

These factors need to be addressed carefully.

Continuous wetting of clay soils is experimentally challenging. It requires imposing a
relative humidity to 100%. A new system that facilitates a continuous drying and wetting
would be useful to carry out experiments on specimens subjected to continuous cycles of

drying and wetting.
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Figure 7.20. The resistivity-degree of saturation of all continuous drying tests (t6 to t13)
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7.4 Chapter summary

This chapter has reported the resistivity-water content relationships of clay soils

subjected to drying and wetting procedures.

The resistivity of BIONICS clay, other local clays (from Birtley, Co. Durham and
Newcastle) and pure clays (Kaolinite and Bentonite) subjected to controlled drying and
wetting procedures was discussed. In addition to the discrete drying and wetting procedures
adopted in the literature, the resistivity, water content and volume changes were obtained

automatically in a continuous procedure.

Correlations between the resistivity and water content of clay soils showed that the
resistivity is mainly controlled by water content and the microstructure of the soil. The
resistivity-water content relationships are nonlinear. At high water content, the resistivity is
low and changes gradually due to the free water that fills the pores (in the capillary water
regime). At low water content (in the funicular water regime), the resistivity is high and
increases rapidly. The arrangement of the pore water phase linked to the microstructure of

the clay controls the resistivity-water content behaviour.

The resistivity data showed that BIONICS clay exhibits hysteresis as confirmed by the
SWRC from previous studies. The results also showed that the degree of saturation is the
controlling variable of the resistivity behaviour. This argument agrees with the main
argument of chapter 5. Again, this suggests that degree of saturation or volumetric water
content is more reliable than gravimetric water content to correlate with the resistivity of

clay soil.

It is suggested that the resistivity could be a useful indicator for monitoring water

content changes in clay soils subjected to drying and wetting cycles.
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Chapter 8

Electrical resistivity for characterising cracking of clay soils

Desiccation cracks which are commonly associated with shrinkage of clay soils
change the geotechnical properties of soils, and are known to contribute to slope failures.
Measurement of cracking patterns, however, has largely been limited to measuring crack
geometries at the soil surface. Although soil cracks have complex patterns, their formation
causes directional dependence of the electrical current flow, which makes the resistivity
method promising for detecting cracking in clay soils. Therefore, in this chapter, numerical
and experimental techniques are investigated to explore the potential of the resistivity
method for characterising cracking of clay soils. Numerical modelling is used to simulate dry
and wet clays with different cracking scenarios. Experimental techniques are adopted to
investigate the directional dependence of soil resistivity in cracking clays and the influence

of cracking depth, length, width and orientation on resistivity of clay soils.
8.1 Introduction

Water content changes in clay soils cause cyclic processes of swelling, shrinkage and
cracking that adversely impacts the engineering properties and behaviour of soils. In
particular, desiccation cracks alter the macro porosity, infiltration and runoff and create
pathways for water that reduce soil strength and stability (e.g. Kodikara et al. 1999).
However, cracks have complex patterns that are difficult to measure. Although surface crack
networks can directly be described by measuring crack geometries (Ringrose-Voase and
Sanidad, 1996), or imaging crack morphology using surface imaging analysis (Velde et al.,
1996; Vogel et al., 2005), these methods are largely based on inadequate visual inspections.
2D laser scanning technique as adopted by Sanchez et al. (2013) can be used only for
small scale samples under laboratory conditions. Field measurements of cracking dynamics

are difficult and have largely been limited to soil pits (Bouma and Dekker, 1978), or pushing
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a probe wire or measuring tape into the crack (Abedine and Robinson 1971; Kishne et al.
2009). Obviously, these techniques are destructive and prohibit repetitive measurements. In
addition, as stresses vary with depth, crack geometry networks and their development
cannot be characterised from surface geometrical analysis and 2D Imaging studies (Chen et

al., 2007).

In a recent review paper, Dinka and Lascano (2012) concluded that, in the field, none
of the available techniques can provide sufficient information on cracking dynamics
continuously, non-destructively and with a reasonable certainty. Clearly, an accurate
understanding of cracking dynamics requires a non-invasive technique that can offer in-situ

continuous monitoring of cracking dynamics below the surface.

The electrical resistivity method offers non-invasive measurements that, in
addition to providing water content estimation, can also identify the formation of soil
cracks, as crack formation causes directional dependence of the electrical current flow
(Feng et al., 2003; Kong et al., 2013; Hassan and Toll, 2013; 2014). The method has recently
proven successful to map a cracking network forming in clay soil at lab scale (Sentenac and

Zielinski, 2009; Jones et al., 2012) and field scale (Jones et al., 2014).

Numerical and experimental methods are adopted to characterise the cracking in
clay soil. In cracking soils, resistivity of the linear array is strongly affected by the
orientation of the electrodes (Habberjam and Watkins, 1967). Therefore, due to the unique
characteristics of the square array (discussed in Chapter 3), this array was chosen.
a-resistivity, [-resistivity, average resistivity Av and anisotropy index Al are used to

characterise the cracking in BIONICS clay.
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8.2 Numerical modelling

8.2.1 Method

In ERT, the aim of the numerical modelling is to simulate real scenarios and to test
the effectiveness of the method applied before carrying out costly actual laboratory and
field measurements (Yang and Lagmanson, 2003). Numerical modelling has commonly been
used to simulate, for instance; fractures (Seaton and Burbey, 2002), subsurface cavities

(Satarugsa et al., 2004), landslides (Guo et al., 2005) and faults (Nguyen et al., 2005).

Numerical modelling is a two-step procedure (Olayinka and Yaramanci, 2000; Yang
and Lagmanson, 2003; Giao et al., 2011); (i) a synthetic resistivity model is created based
on the user prior information and assumptions (i.e. forward modelling), and (ii) the
model is inverted to reconstruct the subsurface resistivity distribution (i.e. inverse

modelling), see Figure 8.1.

To simulate cracking in clay soil, 3D forward modelling (RES3DMOD) and 3D
inversion (RES3DINV) packages (Loke, 2014) were used. RES3DMOD is finite difference
forward modelling software that determines the apparent resistivity values for a synthetic
survey carried out with a user defined electrode arrangement and resistivity distribution
using a rectangular grid of electrodes. The program is based on the finite different method
which solves the 3D potential distribution due to point current source in a half space
subsurface. A 3D subsurface model is created using rectangular blocks with a number of
electrodes at the nodes. The user must supply the resistivity of each cell in addition to other
parameters such as minimum electrode spacing, mesh size, and the number and thickness
of the model layers. RES3DINV uses the smoothness-constrained least squares method to
produce a 3D model of the subsurface resistivity distribution from the apparent resistivity
data. The software attempts to determine the resistivity of the cells in the inversion model

that will closely reproduce the observed apparent resistivity.

196



CHAPTER 8: ELECTRICAL RESISTIVITY FOR CHARCTERISING CRACKING OF CLAY SOILS

Start

4

Synthetic Resistivity
Model

4

Forward Modelling

4

Forward Model
Compare ¢

Converting the Output
to the Input for
Inversion

!

Inverse Modelling

Not ¢
Satisfied

Inverse Model
(Resistivity Image)

Satisfied |

End

Figure 8.1. Flowchart shows resistivity modelling steps (Giao et al., 2011)

To explore the effectiveness of the resistivity method to detect small scale
centimetric cracks, a model consisting of six layers with 8 by 8 electrodes (i.e. 14 by 14 grids)
was generated. The minimum electrode spacing was set to be 5cm. Based on the literature
(e.g. Telford et al., 1990; Reynolds, 1997; Loke, 2014), a 100 Ohm.m resistivity value for dry
clay and 20 Ohm.m for wet clay were chosen. As the crack is filled with the air, that is
infinitely resistant, model blocks containing a crack were simulated by setting their
resistivity to 100000 Ohm.m (Greve et al., 2009). Once the model file is supplied,
RES3DMOD is used to calculate the apparent resistivity at each node, and the results were
saved to be used for input in RES3DINV software to produce subsurface resistivity
distribution. For the 3D visualizations of the inverted models, 3D visualization program

http://www.slicerdicer.com was used. To simulate real situations, adding 5% resistivity

noise is a common practice in resistivity modelling (e.g. Miller et al., 2008). Therefore, a
scattered 5% resistivity noise was added. Cracks (25mm width, 200mm length) of different

depths were simulated.
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8.2.2 Numerical modelling results and discussion

Figure 8.2 shows the XY slices of the simulated 70mm depth crack at different depths
interval in dry soil. As the resistivity contrast between air and soil is large, the crack forms an
object with high resistivity compared to the surrounding soil (Amidu and Dunbar, 2007,
Sentenac and Zielinski, 2009). Therefore, cracks can be identified as a high resistivity
isolated spots on the resistivity sections (Samouélian et al., 2004).The crack is clearly
detected in slice 1, 2 and 3 at depths (0.00-0.01m), (0.01-0.04m) and (0.04-0.07m),
respectively. No clear trace for the crack is evident in the subsequent slices below a depth

equal to 0.07m, the crack depth.

Figure 8.3 and Figure 8.4 show, respectively, the XZ and YZ slices of the model. The
XZ slice 4 at Y distance (0.15-0.20m) in Figure 8.3 clearly indicates the crack position, and the
length of the crack is estimated fairly well. The YZ slices 3, 4 and 5 in figure 8.4 which
respectively intersect the crack at X distances, (0.10-0.15), (0.15-0.20) and (0.20-0.25m)
show the extent of the crack. Although the slices show high resistivity values at the vicinity
of the crack, the crack width is poorly estimated. This can be attributed to the smoothness-
constrained nature of the inversion method. Moreover, Figures 8.3 and 8.4 show that higher
resistivity anomaly is detected at the surface of the soil and this anomaly reduces with
depth (Samouélian et al., 2003a). The high resistivity anomaly indicates that the current is
more blocked at the surface due to the presence of the crack. Although the actual resistivity
of air filled crack can be assumed infinite, the calculated resistivity of the soil contained a
crack in the model is far lower as it represents the average resistivity of the soil as
confirmed in the cracked clay soil (Jones et al.,, 2012; 2014). Figure 8.5 shows the 3D
visualization of the model. The XY cut in the figure indicates the depth of the crack and no

clear trace for the crack below a depth equal to 0.07m, the crack depth.
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Figure 8.2. XY slices of the 70mm depth crack model in dry soil
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Figure 8.3. XZ slices of the 70mm depth crack model in dry soil
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7cn Depth Crack/ Dry Soil
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Figure 8.4. YZ slices of the 70mm depth crack model in dry soil
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Figure 8.5. 3D visualization of the 70mm depth crack model in dry soil (a) the model
(b) the model with XY cut
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To simulate real situations, Figures 8.6, 8.7 and 8.8, respectively, show XY, XZ and YZ
slices of the same model with 5% resistivity noise added. Figure 8.9 shows the 3D
visualization of the model. As the resistivity of the crack is significantly higher than the
surrounding soil, the geometry and extent of the crack can still be distinguished from the

background even with 5% resistivity noise added.
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Figure 8.6. XY slices of the 70mm depth crack model in dry soil (5% added noise)

201



CHAPTER 8: ELECTRICAL RESISTIVITY FOR CHARCTERISING CRACKING OF CLAY SOILS
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Figure 8.7. XZ slices of the 70mm depth crack model in dry soil (5% added noise)
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Figure 8.8. YZ slices of the 70mm depth crack model in dry soil (5% added noise)
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Figure 8.9. 3D visualization of the 70mm depth crack model in dry soil (5% noise
added) (a) the model (b) the model with XY cut

To simulate the 70mm depth crack in wet soil, Figures 8.10, 8.11 and 8.12 show,
respectively, XY, XZ, YZ slices of the model. Figure 8.13 shows the 3D visualization of the
model. Obviously, the same discussion provided for the dry model is valid here, as the crack

can still be characterised in wet soil due to the high resistivity contrast.

Figures 8.14, 8.15 and 8.16 show, respectively, XY, XZ and YZ slices of the model with
5% added resistivity noise. Figure 8.17 shows the 3D visualization of the model. Again, the
crack still has an anomalous high resistivity value that can be distinguished from the
background even with 5% noise added. The resistivity distribution of the soil is severely
affected by the presence of the crack, and at any situation, this effect is more significant

than of the material variability (Lataste et al. 2003).
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7cm Depth Cracks Wet Soil
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Figure 8.10. XY slices of the 70mm depth crack model in wet soil
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Figure 8.11. XZ slices of the70mm depth crack model in wet soil
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Figure 8.12. YZ slices of the 70mm depth crack model in wet soil
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Figure 8.13. 3D visualization of the 70mm depth crack model in wet soil (a) the
model (b) the model with XY cut
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7cm Depth Crack/ Wet Seil
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Figure 8.14. XY slices of the 70mm depth crack model in wet soil (5% noise added)
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Figure 8.15. XZ slices of the 70mm depth crack model in wet soil (5% noise added)
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Ten Depth Crack/ Het Soil
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Figure 8.16. YZ slices of the 70mm depth crack model in wet soil (5% noise added)
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Figure 8.17. 3D visualization of the 70mm depth crack model in wet soil (5% noise
added) (a) the model (b) the model with XY cut
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Cracks of 10mm and 40mm depths were simulated to explore the ability to detect
cracks of different depths. Only the 3D visualizations are presented here. Figures 8.18 and
8.19 show the 3D visualization of the 40mm depth crack in dry and wet soil, respectively.
The XY cut in the figures indicates the depth of the cracks as no high resistivity trace is seen

below 40mm depth, the depth of the crack, even with 5% noise added.

Similarly, Figures 8.20 and 8.21 show the 3D visualization of the 10mm depth crack
in dry and wet soil, respectively. Although the electrical signature of the crack can be
recognized in the section, the geometry of the crack is distorted when 5% noise is added.
Comparing to the 10mm depth crack model, 40mm and 70mm depth crack models can
better be characterised, as increasing the cracking depth causes more blockage to the

current and hence a higher resistivity anomaly.

To conclude, in all tested cases, the crack has an anomalous high resistivity value
that can be distinguished from the background even with 5% noise. Due to the presence
of the crack, the higher resistivity anomaly is noticed at the surface of the soil, and this
anomaly is reduced with depth. The 3D visualizations of the models show that the geometry
and depth of the simulated cracks are clearly indicated. However, in the models tested,
although the actual resistivity of air filled crack can be assumed infinite, the calculated
resistivity of the soil contained cracks is far lower as it represents the average resistivity of

the soil.
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Figure 8.18. 3D visualization of the 40mm depth crack model in dry soil (a) the

model with XY cut out (b) the model with 5% resistivity noise
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Figure 8.19. 3D visualization of the 40mm depth crack model in wet soil (a) the

model with XY cut out (b) the model with 5% resistivity noise
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Figure 8.20. 3D visualization of the 10mm depth crack model in dry soil (a) the model

with XY cut out (b) the model with 5% resistivity noise
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Figure 8.21. 3D visualization of the 10mm depth crack model in wet soil (a) the

model with XY cut out (b) the model with 5% resistivity noise
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8.3 Experimental methods

8.3.1 Methods

Square resistivity devices and the circular cell (described in Chapter 3) were used to
investigate the influence of changing cracking parameters (i.e. depth, length, width and
orientation) on resistivity of clay soils and the directional dependence in the resistivity

measurements introduced by soil cracks.
The influence of cracking parameters on soil resistivity

Four stainless steel electrodes (50mm length and 4mm diameter) fixed at the
corners of a square were used to serve as current and potential electrodes. a and f
resistivity were collected to calculate: (i) The average resistivity Av of @ and f resistivity
which averages out soil inhomogeneity and (ii) anisotropy index AI which highlights the

directional dependence of the resistivity measurements introduced by soil cracks.

Artificial cracks of different dimensions were created in the soil using plastic sheets
of different dimensions (as used by Kong et al., 2012). To consider the effect of cracking
depth, cracks of 70mm length, 1.5mm width and depth range (10-70mm) were tested. With
regards to the effect of crack length, cracks of 70mm depth, 1.5mm width and length range
(10-70mm) were examined. To examine the influence of cracking width, cracks of 70mm
length, 70mm depth and width range (1.5- 6mm) were tested. Finally, crack orientation (0O-
90°) was considered to examine the effect of orientation of a 70mm depth, 70mm length,
and 1.5mm width crack. In a previous work, Kong et al. (2012) measured resistivity at a
direction perpendicular to artificial cracks created in Laterite soil where the cracks intersect
the current and potential lines. The measurements were carried out using fixed electrode
spacing. In the current work, the current was injected at two perpendicular directions to
highlight the directional dependence in the resistivity data and the resistivity measurements

were performed using two inter-electrodes, 50mm and 100mm as shown in Figure 8.22.
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Figure 8.22. Square resistivity devices used with the crack positions tested

AI- depth profiles

To generate Al-profiles, a surface square array can be used by increasing the
electrode spacing progressively to investigate greater depths (Samouélian et al. 2004).
Recently, Greve et al. (2010a) introduced a novel technique that relates cracking depth to
Al changes using a series of four vertically installed electrodes into the soil at regular depth
intervals. In the current work, the electrodes were installed at the circumference of a
perspex cylinder to minimize the disturbance of the soil. The cell was equipped with 56
stainless steel electrodes. Eight electrodes were installed at 10, 40, 70, 100, 130, 160, and
190 mm depth. Al-depth profiles were generated using four electrodes at the corner of the
square at each depth, see Figure 8.23a. The profiles were obtained for soil with a manually
introduced crack (70mm length, 1.5mm width) for depth range (10-70mm) in the direction
shown in Figure 8.23b. This makes the proposed design suitable to carry out azimuthal

measurements.
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Azimuthal resistivity measurements

Azimuthal resistivity (Taylor and Fleming 1988) of the square arrangement was used
to examine the directional dependence of resistivity measurements in cracking clay. The
measurements were performed by rotating the array in the circular cell to determine the
resistivity variations with orientation, see Figure 8.23b. a and f resistivity were obtained to
calculate Av resistivity and Al. The measurements can be plotted as a function of azimuth in
Cartesian coordinate, or on a polar diagram. Azimuthal resistivity data were collected for
soil with manually created cracks and cracks developed during drying and wetting tests.
Figure 8.24 shows the direction and measurement stages of the manually created cracks
test. In the first stage, crack “a’”’ (70mm length, 1.5mm width) was introduced for a range of
depths (10-40mm) with 10mm increment. In the second stage, crack “b” (40mm length,
1.5mm width) was added for a range of depths (10-40mm) with 10mm increment. In the
third stage, crack “c” (30mm length, 1.5mm width) was created for a range of depths (10-
40mm) with 10mm increment. In these stages, a and 3 resistivity was obtained for eight
positions shown in Figure 8.23b. Azimuthal measurements were also collected during
drying and wetting cycles. Drying was achieved in the lab by exposing the soil to the air

while wetting was performed by adding water to the soil.

(a) (b)

Figure 8.23. Square resistivity measurements (a) electrode arrangement (b) the
measurement procedure
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Figure 8.24. Azimuthal resistivity stages of the manually created cracks test

8.3.2 Experimental results and discussion

To assess the directional dependence of the resistivity measurements in cracking
clay, a preliminary test was conducted using BIONICS soil (w=15%) with a manually created
crack of 70mm length, 50mm depth and 1.5mm width. The resistivity readings were
collected at parallel and perpendicular directions to the crack using a square device of
15mm inter-electrode spacing as shown in Figure 8.25. It can be seen that, although the
resistivity of the air filled crack is significantly high, the measured resistivity of the soil
contained a crack is far lower (Jones et al., 2012; 2014) as also confirmed in the numerical
simulation. In addition, the resistivity increases when the current is injected perpendicular
(PP) to the crack axis, and decreases when the current is injected parallel (PL) to the crack
axis. At PP and PL directions, resistivity is relatively constant away from the crack. Lataste et
al. (2003) reported, through numerical and experimental tests, similar resistivity changes,
the deeper the crack, the higher the changes and these changes are more significant than
those of material variability. Thus, they found that the anisotropy index Al can be used as an
indicator to detect the cracks. Therefore, an experimental program was adopted to

investigate the directional dependence of resistivity measurement in cracking clay.

214



CHAPTER 8: ELECTRICAL RESISTIVITY FOR CHARCTERISING CRACKING OF CLAY SOILS

Preliminary results on the potential of the 2D ERT method to map cracks at the
centimetre scale were discussed by Hassan and Toll (2013). The influence of cracking depth,
width, length, and orientation on BIONICS clay (w=15%) was reported by Hassan and Toll
(2014).
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Distance (m)

Figure 8.25. Resistivity profile of parallel (PP) and perpendicular (PL) measurements across a

manually introduced crack (70mm length, 50 mm depth and 1.5mm width)

The influence of cracking parameters

The influence of the depth of the crack

Figure 8.26 shows the influence of increasing depth of an artificial crack (70mm
length, 1.5mm width) created in BIONICS clay on the soil resistivity using electrode spacing
a= 50mm. To better embody the influence of cracks, resistivity readings were normalized by
calculating resistivity ratio of each stage relative to the initial non-cracked state (Kong et al.,
2012). The average resistivity increased by 4.70-63.80% relative to the initial state for a

range of depths (10-70 mm).
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As the crack is filled with air of high resistivity, increasing depth of the crack causes
more blockage to the current flow and hence increases the resistivity. However, the
resistivity increases in the direction perpendicular to the crack (i.e. a-resistivity) and
decreases in the parallel direction (i.e. B-resistivity); the deeper the crack, the larger the
influence (Lataste et al., 2003). In addition, the presence of the crack causes Al to deviate
compared to the initial state. Increasing cracking depth causes a progressive increase in
resistivity anisotropy, the deeper the crack, the higher the resistivity anisotropy (Greve et
al.,, 2010a). The direct relation between cracking depth and AI downward deviations are
consistent with the classical theory of increasing the depth of the crack downward during a

drying period (Johnston and Hill, 1994).

Similarly, Figure 8.27 shows the influence of depth of the crack (70mm length,
1.5mm width) on the soil resistivity using electrode spacing a=100mm. The average
resistivity increased by 2.5-4.6% relative to the initial state for a range of depths (10-70
mm). Using the larger electrode spacing, resistivity is less affected by the crack created as
the crack does not intersect any side of the electrode square (i.e. the main current and
voltage lines (Greve et al., 2010)). Nevertheless, the Al deviation is still evident compared to
background anisotropy. Figure 8.28 shows a numerical simulation using a square device
(a=50mm) by Lataste et al. (2003) normalized to the initial state along with experimental

data from the current study. They show good agreement.
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Figure 8.26. Influence of the depth of crack on soil resistivity (a=50mm)

2.000
1.500 -
i)
© X X x A
> x ¥ ¥ (3 . . M
7
(%]
()
(o'
0.500 -
O-OOO T T T T T T T
0 10 20 30 40 50 60 70 80

Depth of the crack (mm)

®Qa
mg
Av

X Al

Figure 8.27. Influence of the depth of crack on soil resistivity (a=100mm)
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Figure 8.28. Resistivity as a function of the depth of the crack

The influence of the length of the crack

Figure 8.29 shows the influence of increasing the length of a crack (70mm depth,
1.5mm width) on soil resistivity of BIONICS clay using electrode spacing a=50mm. The
average resistivity increased by 2.90-36.30% relative to the initial state for the range of
crack lengths (20-70 mm). As increasing the length of the crack causes more blockages to
the current, resistivity increase when length of the crack increases. However, this influence
on resistivity is smaller than the influence of the depth of the crack, as observed by Kong et
al. (2012). The presence of the crack deviates the Al compared to the anisotropy
background. Figure 8.30 shows the influence of increasing length of a crack (70mm depth,
1.5mm width) on soil resistivity using electrode spacing a=100mm. The average resistivity
increased by 1.3-12.8% relative to the initial state for the range of crack lengths (20-70 mm).
Using the larger electrode spacing, the influence of cracking length on the resistivity is less

significant comparing to the same influence using an electrode spacing of a=50mm.
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Figure 8.29. Influence of the length of the crack on soil resistivity (a=50mm)
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Figure 8.30. Influence of the length of the crack on soil resistivity (a=100mm)
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The influence of the width of the crack

Figure 8.31 presents the influence of changing width of a crack (70mm length, 70mm
depth) on soil resistivity using an electrode spacing a=50mm. The average resistivity
increased by 17.4-35.8% relative to the initial state for a range of crack widths (1.5-6.0 mm).
The first 1.5mm crack causes an increase in resistivity of 17.4%. However, for the
subsequent stages, as the depth of the crack remains constant, increasing the width of the
crack causes minor changes in resistivity. Numerically, Greve (2009) noticed that increasing
cracking width caused only minor increase in Al deviations. Kong et al. (2012) experimentally
demonstrated a similar result. For a constant cracking depth, increasing the width of the
crack causes minor disturbance on the flow of the current within the soil body. This

influence is less significant compared to the influence of the cracking depth or length.

Similarly, Figure 8.32 shows the influence of changing width of a crack (70mm
length, 70mm depth) on soil resistivity using electrode spacing a=50mm. Using larger
electrode spacing, increasing cracking width causes a minor effect on the resistivity as the
average resistivity increased by 1.8-11.3% relative to the initial state for a range of crack

widths (1.5-6.0 mm).
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Figure 8.31. Influence of the width of the crack on soil resistivity (a=50mm)
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Figure 8.32. Influence of the width of the crack on soil resistivity (a=100mm)
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The influence of the orientation the of crack

Figure 8.33 presents the effect of changing orientation of a crack (70mm length,
70mm depth and 1.5mm width) on soil resistivity using an electrode spacing a=50mm.
Maximum resistivity is measured when the current is injected at a perpendicular direction
to the crack while minimum resistivity is measured when the current is inserted parallel to
the crack. Therefore, the Al data can better highlight the directional dependency of the

measurements.

Figure 8.33 shows that Al is affected by the orientation of the crack, and at 45° no Al
response is measured. Samouélian et al. (2004) and Greve (2009) showed that cracks at 45°
are difficult to capture as the Al value returns close to 1.0. This can be seen clearly in Figure

8.33 where the curve shows a turning point at 45° (as reported by Kong et al., 2012).

Similarly, Figure 8.34 shows the effect of changing orientation of a crack (70mm
length, 70mm depth and 1.5mm width) on soil resistivity using a=100mm. Again, the figure
indicates that the resistivity of the soil is less affected by the orientation of the created

cracks.
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Figure 8.33. Influence of the orientation of the crack on soil resistivity (a=50mm)
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Al-depth profiles

As the cracking depth is of primary importance, its influence on soil resistivity was
further investigated using Al-depth profiles. Al-depth profiles were generated for a soil
with a manually introduced crack (70mm length, 1.5mm width) for a depth range (10-
70mm), shown in Figure 8.35. For the initial stage (Al initial), Al is closed to 1.0 which
indicates the homogenous resistivity distribution. However, the presence of the crack
causes the Al to deviate significantly compared to the initial state. For crack depths of 10
and 20mm, there is an "apparent' change in Al at 40mm which indicates that the resistivity
measurement is affected by the introduced cracks. Increasing cracking depth causes a
progressive increase in resistivity anisotropy, the deeper the crack, the higher the resistivity
anisotropy (Greve et al., 2010a). The direct relation between cracking depth and Al
downward deviations agrees with the classical theory of increasing the depth of the crack
downward during a drying period (Johnston and Hill, 1994). Therefore, time-lapses of Al-

depth profiles can capture cracking depth development under the subsurface during drying.

Figure 8.36 shows Al changes calculated at depths 10-190mm. A/ changes
significantly at 10mm depth (close to the surface) and these changes are minor at 40 and
70mm depth. No changes are evident below 70mm (the maximum cracking depth).
Electrically, Samouélian et al., (2003a) found that the top layer of the soil is more sensitive
to cracking of soil, as confirmed by the high resistivity anomaly at the top of the simulated
models in the current study. Similarly, Greve et al., (2010a) showed that the largest Al
changes are occurred at the top of the soil. At 10mm depth, more blockages to the current

are expected and hence more Al deviations.

Figure 8.37 shows the polar diagram and Al-depth data at 10mm depth for the initial
non-cracked stage and for the subsequent stages with cracks of 10, 40 and 70mm depth. Al
is close to 1.0 in the initial stage. In the subsequent stages, Al increases when the current is
injected perpendicular to the crack and the deeper the crack, the more Al deviation.

Azimuthal measurements will be further analysed in the next section.
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Azimuthal resistivity data

Azimuthal resistivity measurements were performed on BIONICS soil with manually
created cracks in three stages as described in Figure 8.24. Figure 8.38 and 8.39 present the
resistivity data of the original non-cracked soil as a function of azimuth in the Cartesian
coordinate and the polar diagram, respectively. The measured resistivities of soil change

from 14.24-14.41 Ohm.m (average 14.32 Ohm.m) with Al close to 1.0.

Figure 8.40 shows the Al polar diagrams for the three stages. In stage 1, a crack "a"
of 70mm length and 1.5mm width was introduced. Increasing the depth of the crack from
10 to 40mm with 10mm increment causes significant changes in Al relative to the initial
stage, the greater the depth of the crack, the greater the A/l deviation. Al increases when the
current is injected perpendicular to the crack and decreases in the opposite direction. In
stage 2, a crack "'b" of 40mm length and 1.5mm width was created for a range of depth (10-
40mm) with 10mm increment. As the length of the crack is 40mm, adding this extra crack in
a direction pependicular to the crack introduced in stage 1 causes a minor deviation in Al as

shown in Figure 8.40. Again, Al increases when the current is injected perpendicular to the
crack and decreases in the opposite direction. Similarly, adding a crack "c" of 30mm length,

1.5mm width in the stage 3 for a range of depth (10-40mm) with 10mm increment causes

similar deviations in Al.

Figure 8.41 shows the evolution of Al diagrams and AI profiles. A progressive
increase in Al from 1.19 to 1.97 is noticed with increasing the cracking depth from 10 to
40mm in stage 1 comparing to initial non cracked state. In stage 2, Al decreased from 1.97
to 1.31. Further reduction in Al from to 1.31 to 0.95 is measured in stage 3. The azimuthal
resistivity data showed that changing cracking depth causes remarkable deviations in Al
data, the more the depth of the crack, the more the deviation, and the main trend of the

ellipse is affected by the direction of the crack.
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Drying and wetting cycles

Several studies have focused on characterising the influence of manually created
cracks on the resistivity of the soil (e.g. Samouélian et al., 2003a, b; Kong et al., 2012).
Cracking of clay is more complicated than simple manually introduced crack scenarios.
Further experiments are required to monitor cracking evolution during drying-wetting
cycles. Therefore, Azimuthal resistivity measurements were performed during two drying

and wetting cycles using BIONICS soil (w=40%).

Figure 8.42 shows selected images of the first drying and wetting cycle and the
corresponding Al data. Step 1 shows the initial non-cracked state of the soil with Al close to
1.0. With progressive drying, no obvious cracks can be seen at the surface of the soil and
hence no major changes in Al data as can be seen in step 2. In step 3, two cracks ''a" and "b"
were developed which cause significant changes in Al data, as Al increases to 2.71 in the
general trend of the cracks, when the current is injected at the perpendicular direction and
decreases in the opposite direction to 0.37. In step 4, increasing the depth and length of 'a"
and "b" and the development of crack "¢ causes an increase in Al in the diagonal direction
to 7.59 and 8.56. In step 5, the depth of the crack "c" is further increased which changed A/
to 6.44-11.76 in the diagonal direction and further decrease in the opposite direction to
0.11, however, the main trend of the polar diagram remains the same. In the first drying
cycle, the development of the cracks causes significant changes in Al and the main trend of

the polar diagram.

In the first wetting cycle, adding water to the soil causes a decrease in Al as can be
seen in steps 6, 7, and 8, however, because of the presence of the cracks, the main direction
of the polar diagram remains the same. This suggests that water content changes have a
minor influence on the measured anisotropy of cracked clay (Greve et al., 2010a). With
progressive wetting, the shape of the diagram is changed significantly in step 9, and became

similar to the initial state in step 10 as the cracks are filled with water, and the electrical
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conduction is achieved again through the cracks. The A/ data of step 10 suggests that

conductive water-filled cracks are difficult to characterise (LaBrecque et al., 2004).
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Figure 8.42. Al polar diagrams of the first drying and wetting test
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The Al data of the second drying and wetting cycle is shown in Figure 8.43. In the
second drying cycle, due to the water added and the closure of cracks in the first cycle, the
Al diagram returns back to the circular shape with A/ close to 1.0 as can be noticed in step 1.
With progressive drying in the steps 2-5, the shape of Al polar diagram is changed in the
same direction noticed in the first drying stage as the cracking network does not change

significantly.

In the second wetting cycle, the main trend of Al diagram remains the same in step 6
and 7, due to the small amount of the water added which indicates that cracking has the
significant impact on Al data. With the addition of more water, the cracks are filled with
water which causes Al to return to the circular shape, where the electrical conduction is
achieved again through the cracks as shown in step 8, 9 and 10. Again, this confirms the
difficulties of detecting water-filled cracks reported in the literature. However, the steps 8, 9
and 10 also suggest that water content changes after the closure of the cracks have only a
minor influence on Al data which indicates that the cracking dynamics, not the water

content changes, dominates the Al variations (Greve et al., 2010a).

The cracks formed during drying and wetting produced significant changes in Al data.
However, the influence of cracking developed was more complicated than the simple
manually created cracks. Increasing the number of the electrodes at the boundary of the cell
(e.g. 16 instead of 8 electrodes) can offer more resistivity readings and hence improve the A/

data.
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Figure 8.43. Al polar diagrams of the second drying and wetting test
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8.4 Chapter summary

In this chapter, numerical and experimental techniques were used to explore the
potential of the resistivity method for characterising cracking of clay soils. The directional
dependence of resistivity measurements in cracking clays is investigated, and the influence

of cracking depth, length, width and orientation on clay resistivity are addressed.

As the resistivity of the air filled cracks is significantly higher than the surrounding
soil, the numerical simulations showed that cracks have an anomalous high resistivity that
can be distinguished from the background. The geometry and depth extent of the simulated
cracks can be estimated reasonably well. However, more work is needed to simulate water-

filled cracks.

The experimental results showed that changing cracking depth, length, width and
orientation causes significant changes in soil resistivity. As the cracks form barriers that
disturb the flow of current, the depth and length of the crack have the major Influence on

soil resistivity.

In addition, air filled cracks cause a directional dependence in resistivity data. The
directional dependence was investigated using Al-depth profiles and azimuthal resistivity
measurements. Increasing the cracking depth causes a progressive increase in resistivity
anisotropy, the deeper the crack, the higher the resistivity anisotropy. The experimental
data showed that A/ polar diagrams are significantly affected by cracking of clay soil.
However, water-filled cracks are difficult to characterise. Although the cracking networks
developed during drying and wetting cycles are significantly more complex than simple
cracking scenarios, the cracks produced significant changes in Al data. The high resistivity
contrast between the cracks and the surrounding soil can be used to characterise cracking in
clay soil which is of a great importance in slope stability studies, which so far has been

hampered by the lack of non-invasive technique than can monitor cracking dynamics.
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Chapter 9

Conclusions and recommendations for future work

9.1 Conclusions

This thesis describes the design and construction of a new automated multi-
electrode resistivity system and resistivity devices developed for water content
characterisation of unsaturated clay soil, commonly being used as fills in engineered earth

structures.

A broad spectrum of techniques are available to measure soil water content.
However, reliable and efficient techniques that can measure soil water content need further
investigation, particularly to consider of the influence of wetting, drying and cracking on soil
properties. The main water content measurement techniques were reviewed in Chapter 2
to provide the background and basis for the work described in the current thesis and to
identify the knowledge gaps. Among the options available, electrical resistivity offers quick,

non-invasive and low cost estimates of soil water content at different scales.

One of the recent advances in the resistivity instrumentation is the development of
automated multi-electrode systems and devices for water content determination. The
design and construction of automated multi-electrode resistivity system and resistivity
devices were presented in Chapter 3. A flexible data acquisition and control software
package has been developed to acquire resistivity data using different resistivity arrays in a
real-time procedure. The user can remotely set the current and voltage, switch 64
electrodes, read the output current and voltage difference and store the resistivity data for
interpretation in a fully automated procedure. This advantage made the system relevant for
characterising water content changes of unsaturated soil subjected to drying and wetting
procedures, one of the main interests in the current thesis. A new resistivity probe based on

the square electrode configuration was developed for localised water content
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determination. The probe offers a quick and easy tool to monitor water content changes in

unsaturated soil subjected to drying and wetting procedures.

As for all new equipment, calibration and validation of the system are crucial to
check the data quality and performance of the system. Detailed experimental procedures
were described in Chapter 4 and adopted to examine the system. The system was tested
using a wide range of high precision reference resistors and different soils. The outputs
were correlated with those acquired with commercial instruments at different situations.
The system was examined using a wide range (2-3000 Ohm) of reference resistors to
determine the measurement error. The measurement error was 0.19% (maximum 0.80%) in
the four-electrode method and 0.21% in the automated data acquisition mode. This
indicates the high accuracy of the measurements and the consistency of the data acquisition
for long periods. The low standard deviation of the readings has indicated the high precision
of the outputs. The experimental results have demonstrated the performance validity of the
system for automated data acquisition which is one of the recent contributions in the

resistivity instrumentation.

Validation of the data was achieved by comparing the outputs of the system with
those acquired using standard conductivity and resistivity meter. Using chemical solutions of
different concentrations, the measurements correlated well with the electrical
conductivities measured using a HANNA conductivity meter. The system was also compared
to a commercial resistivity system (Terrameter SAS 300 C) using a four-electrode, horizontal
profiling and 2D ERT experiments. The results indicate a good comparison with an average

percentage difference of 1.12%.

As reviewed in Chapter 2, a number of authors have reported the relevance of using
resistivity for water content measurement. Numerous explicit relationships between the
resistivity and water content have been presented and used to calibrate the resistivity
against water content. However, the resistivity of clay soils is influenced, in addition to

water content, by various parameters that should be considered. The water content
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characteristics of compacted BIONICS clay were extensively investigated using a large
number of specimens prepared at various water content and densities using different
compaction efforts and methods. The influence of the compaction key variables such as
water content, density and compaction effort was discussed in Chapter 5. The specimens
were compacted using dynamic (standard Proctor and Modified), and static methods for a
range of dry densities. Gravimetric water content, volumetric water content and degree of
saturation were correlated with the measured resistivity. Development of laboratory
correlations between soil resistivity and water content is practically useful, enabling field
resistivity data to be used for mapping water content variations. The key findings can be

listed as follow:

1. The resistivity of compacted clay soil is shown to be strongly influenced by water content,
compaction and compaction effort. The resistivity is relatively low for soil compacted wet of
the optimum, while the resistivity is relatively high for soil compacted dry of the optimum.
Increasing the compaction effort reduces the soil resistivity. However, it was found that this
influence is significant when the soil is compacted at low water content, or dry of the
optimum; the more the compaction effort, the lower the soil resistivity. For the soil
compacted at high water content, or wet of the optimum, this effect is insignificant. The

resistivity behaviour was explained by changing of soil properties during compaction.

2. For a particular gravimetric water content, resistivity decreases with increasing dry
density/decreasing the void ratio. As the dry density increases (the void ratio decreases),
more pores are filled with water, hence, soil resistivity decreases. It is suggested, therefore,
that using gravimetric water content as a criterion to calibrate resistivity against water
content can be erroneous, as soils may be found at identical gravimetric water content but

at different degrees of saturation.

3. Experimental relationships that relate soil resistivity with volumetric water content and
the degree of saturation were developed. The high correlation coefficients of the

experimental relationships achieved, for the wide range of water content covered, suggest
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that these relationships can reasonably be used to calibrate in situ resistivity data against

water content.

4. The resistivity behaviour of mechanically compacted clay soil is controlled by degree of
saturation accompanied by changes in clay microstructure. At low degree of saturation, the
discontinuity of pore water causes a relatively high resistivity, while, at high degree of
saturation, where the pores are filled by water, the continuity of the water phase is
improved, causing a decrease in the resistivity. At water content levels close to saturation,
the influence of water content on resistivity is insignificant, as the electrical paths are

already achieved for current conduction.

5. It is suggested that the degree of saturation or volumetric water content is more reliable
than the gravimetric water content to calibrate in situ resistivity data against water content.
The resistivity of mechanically compacted clay soil is influenced by several parameters that
need to be considered, and resistivity investigation on remoulded soils must consider a

range of specimens with various degrees of saturation for better water content estimates.

Recent work conducted by the British Geological Survey on the BIONICS
embankment has reported resistivity variations across the embankment, mainly attributed,
to water content changes; however, variations could also be due to variations in
temperature and pore water salinity. It is, therefore, necessary to consider these effects on
the measured resistivities. The influence of temperature and pore water chemistry was
discussed in Chapter 6. The resistivity behaviour of BIONICS soil for a range of temperature
(-12 to 43°C) and the effect of the salt type and concentration were addressed. The
resistivity of the soil decreases when the temperature increases. This can be explained by
increasing the mobility of the ions with increasing the temperature. At temperatures above
the freezing point, the resistivity is low and decreases with the temperature following the
Campbell model. At temperatures below freezing, the resistivity is significantly higher and

decreases non-linearly with the temperature. The developed relationship between the
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resistivity and temperature for the data above freezing can be used to correct field data to a

reference temperature.

As electrical conduction takes place via displacements of ions in the pore water,
changing the type and concentration of salts mixed with water changes the resistivity of the
soil significantly. However, it was noticed that this influence is less significant for specimens
prepared at high water contents or at high concentrations, where the current paths are well
achieved. Since different ions have different ionic mobility, specimens mixed with different
salts of the same concentration showed different resistivities. It was also noticed that, for a
given water content, increasing salt concentration causes a decrease in soil resistivity. This
explains the differences in soil resistivity resulted from the variations of ionic concentration
and composition in soils of the same water content. The results showed that the impacts of
temperature and pore water conductivity on the soil resistivity have to be considered

particularly for long-term field studies.

Unsaturated clay soils are subjected to wetting, drying and cracking due to the
shrink-swell behaviour and water content changes linked to the climate effects, hence
progressive failures. Although numerous works have been published describing the
resistivity and water content relationships, the effects of the drying and wetting and the
accompanied volume changes have rarely been discussed. The resistivity-water content
relationships of BIONICS clay and other local and pure clays subjected to drying and wetting
procedures were presented in Chapter 7. Discrete drying and wetting were used. In
addition, the resistivity, water content and volume changes were obtained continuously and
simultaneously. The resistivity behaviour of clay soils subjected to drying and wetting is
controlled by water content changes and the microstructure of these soils. The
continuity/discontinuity of the pore water phase linked to the microstructure of the clay is a

key controlling factor.

The results showed that BIONICS clay exhibits electrical hysteresis as could be

expected as the soil water retention curve (SWRC) has been shown to be hysteretic from
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previous studies. The resistivity of the drying path does not coincide with the resistivity of
the wetting path. This behaviour was explained by difference in saturation history between
drying and wetting. The hysteresis of the resistivity-water content relationship can
complicate the use of the resistivity data in unsaturated soil testing, particularly when
discussing the resistivity of clay soils subjected to drying and wetting cycles. However, the
resistivity can be used as an indicator for monitoring water content changes in clay soils

subjected to drying and wetting cycles.

Clay soils tend to crack when they lose moisture. Measuring cracking patterns has
mainly been limited to inadequate visual inspections of cracking geometries. As cracks are
normally filled with air that is infinitely resistive, cracks form barriers that disturb the flow of
electricity. This makes the resistivity technique promising for detecting cracking in clay soils.
Recent studies have focused on using the resistivity method, as a non-invasive tool, for
mapping cracking networks forming in clay soils. Cracking in clay soil causes a directional
dependence in the current flow which makes the method promising for characterising
cracking in clay soils. Therefore, in Chapter 8, numerical and experimental techniques were
adopted to address the directional dependence of resistivity measurements and the effects

of crack depth, length, width and orientation on soil resistivity.

The numerical simulations showed that cracks have anomalous high resistivity values
that can be distinguished from the background. The geometry and depth extent of cracks
simulated can be estimated reasonably well. Although the resistivity of the air filled crack is
significantly higher, the measured resistivity of the soil contained a crack is far lower. The
directional dependence was investigated using anisotropy profiles and azimuthal resistivity
measurements. The experimental results showed that the resistivity increases when the
current is injected perpendicular to the crack axis and decreases when the current is
injected parallel to the crack axis. The results also showed that changing cracking depth,
length, width and orientation causes significant changes in soil resistivity. As the cracks form

barriers that disturb the flow of current, the depth and length of the crack have the major
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influence on soil resistivity. Increasing the cracking depth of air filled cracks causes a
progressive increase in resistivity anisotropy, the deeper the crack, the higher the resistivity
anisotropy. However, water-filled cracks are difficult to characterise due to the low
resistivity contrast between the crack and the surrounding soil. Although the desiccation
cracking networks are significantly more complex than simple cracking scenarios, the high
resistivity contrast between the cracks and the surrounding soil can be used to characterise
cracking in clay soil which is of a great importance in slope stability studies of engineered

earth structures.

9.2 Future work

This thesis has described the design and construction of an automated multi-
electrode resistivity system and resistivity devices developed for laboratory testing. The
system could be developed further as a portable system for field measurements. This can be
achieved by using a rechargeable current source powered by a renewable power energy
that can provide the electrical current needed for the system. Since the system offers
automated real time data acquisition, the system could be monitored and the data
transferred using wireless telemetry and an IT infrastructure. Using permanently installed
electrodes, an automated time lapse resistivity measurement can be collected to better

understand the role of climate change on the engineered earth structure.

The laboratory work in this thesis has focused on the water content characteristics of
unsaturated clay specimens of the BIONICS embankment. The research findings of the
laboratory experimentation could feed back into improved ERT modelling of the BIONICS
embankment field work. This can be achieved through use of experimental relationships
developed between soil resistivity and water content to calibrate resistivity data from the
field against water content. Using soil resistivity sections derived in the field, the water
content can be estimated using the experimental relationships developed in the current
study. This step is useful to convert the physical resistivity sections into water content

sections in order to monitor water content changes across the embankment.
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The experimental results have shown that temperature and pore water salinity play
an important role in soil resistivity. The developed relationship between soil resistivity and
temperature for the data above freezing can be used to correct field data to a reference
temperature, particularly for resistivity measurements collected over a long period (i.e. time
lapse field studies) where temperature correction due to seasonal temperature variations is
essential to compare resistivity data collected at the same location but on different dates.
The experimental findings have shown that changing the type and concentration of salts
mixed with water changes the resistivity of the soil significantly. Further work is needed to
monitor pore water salinity in the field to consider the implications of changing pore water
salinity and concentration over a long period of field investigation. It is suggested that

temperature and pore water salinity have to be considered for long term in situ studies.

The laboratory investigations have shown that soil resistivity is influenced by various
parameters that have to be considered. More work can be conducted at laboratory and field
levels. At laboratory level, a small scale embankment model compacted using different
compaction specifications similar to that used in the field would be useful to monitor soil
resistivity, water content, temperature and pore water salinity during drying and wetting
cycles. At field level, it is essential to carry out long term field studies to monitor these
factors during different seasons. The resistivity technique has been indicated as an effective
tool for mapping the spatiotemporal variability of water content, and if linked with other
moisture sensors can provide accurate information about soil water changes. It would be
useful to carry out time lapse studies using an array of resistivity electrodes and moisture
sensors to map 3D water content variations. Such a combined laboratory and field research
approach would provide more detailed and accurate information on the impact of climate

change on the embankment and improve the ERT physical modelling.
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Most of the laboratory work discussed in this thesis has been conducted on
compacted specimens. More research needs to be carried out on the poorly compacted
panels of the BIONICS embankment. Such research would be useful to investigate the
impact of water content changes on the poorly compacted engineered earth structures
from Victorian times. It would also be interesting to investigate undisturbed samples taken
from different panels of the BIONICS embankment, as the compaction conditions in the field

might produce different soil fabrics to those in the laboratory.

Further research is needed on using the resistivity method for mapping desiccation
cracks formed under natural drying and wetting conditions. At a laboratory level, the
desiccation cracks can be monitored using a miniaturized electrode array of a small
electrode spacing (e.g. 0.05m) using different electrode arrangements installed on small
sections of the soil. Such a laboratory experiment would be useful to monitor the cracks
developed under controlled laboratory conditions. At a field level, a high resolution (e.g.
0.5m) electrode spacing resistivity array can be used to map desiccation cracks developed
under natural field conditions. Forward modelling can be used to aid the interpretation of

laboratory and field studies.

The results have shown that the degree of saturation and clay microstructure
controls the resistivity behaviour of unsaturated clay soil subjected to drying and wetting. It
is suggested, therefore, that the degree of saturation or volumetric water content is a more
reliable parameter than the gravimetric water content to calibrate soil resistivity against
water content, and soil resistivity can be adopted as a useful indicator for monitoring water
content changes in clay soils subjected to drying and wetting cycles. At a laboratory level,
continuous wetting of clay soils is experimentally challenging. It requires imposing relative
humidity at 100%. A new system that facilitates continuous drying and wetting would be
useful to carry out experiments on specimens subjected to continuous cycles of drying and

wetting. At a field level, monitoring the drying and wetting of soil through long term studies
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is necessary to investigate the impact of shrink-swell behaviour on the engineering

properties of the clay soil commonly used as fills in engineered earth structures.

Due to water content changes and shrink-swell behaviour, shear strength of clay
soils reduces due to irreversible plastic strains accumulated within the soil. The earlier
identification of water content changes along shear zones is crucial for monitoring slopes.
The high water content level along slip surfaces can be monitored using the resistivity
method. Although shear surfaces are very thin (<1-2mm) and cannot be detected by
resistivity, the resistivity can be used as a useful indicator for identifying the wetting up of

the soil mass.

The experimental results of the current thesis have shown that the electrical
resistivity of clay soil is sensitive to soil density, compaction and compaction effort. It is
suggested that the resistivity technique can be used as a useful tool for monitoring field
compaction conditions. The experimental findings have also indicated that the resistivity
method has the potential to provide relatively quick, non-invasive and low cost estimates of
soil water content. It is suggested, therefore, to adopt the technique for monitoring water
content changes in engineered earth structures such as road and rail embankments.
However, electrical resistivity values of compacted clay soils are influenced by various
interlinked parameters that all need to be considered to obtain reliable water content

measurements.
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Figure A.2. The mean resistance and measurement error of 18 Ohm resistor test
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Figure A.4. The mean resistance and measurement error of the 33 Ohm resistor test
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Figure A.5. The forward and backward readings of the 56 Ohm resistor test
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Figure A.6. The mean resistance and measurement error of the 56 Ohm resistor test
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Figure A.7. The forward and backward readings of the 328 Ohm resistor test
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Figure A.8. The mean resistance and measurement error of the 328 Ohm resistor test
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Figure A.9 The forward and backward readings of the 470 Ohm resistor test
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Figure A.10. The mean resistance and measurement error of the 470 Ohm resistor test
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Figure A.11. The forward and backward readings of the 560 Ohm resistor test
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Figure A.12. The mean resistance and measurement error of the 560 Ohm resistor test
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Figure A.13 The forward and backward readings of 1000 Ohm resistor test
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Figure A.14. The mean resistance and measurement error of the 1000 Ohm resistor test

278



APPENDIX

5000 1
4500 - M Forward - 0.9
A Backward

4000 - - 0.8
3 x Percentage Difference
S 3500 - 0.7
= NN NN INNNNNN VNN NN NN NN NN NN YNV
8 3000 - - 06 X
3 ]
% 2500 - - 05 §
& &
T 2000 - - 04 F
2
S 1500 - - 0.3
=

1000 - - 0.2

500 - - 0.1

0 KX XX ¥ Xy XX XX 20372 “x!xxx PYOURR.S X. x“xx X:‘ %X X, 2 Xy XXX N XX Xx== | O
0 10 20 30 40 50 60 70
Time (Hour)

Figure A.15. The forward and backward readings of the 3300 Ohm resistor test
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Figure A.16. The mean resistance and measurement error of the 3300 Ohm resistor test
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Figure A.17. Normal resistance, reciprocal resistance and reciprocity error of 13 and 43

Ohm resistor test
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Figure A.18. Average resistance and measurement error of 56 and 68 Ohm resistor test
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Figure A.19. Normal resistance, reciprocal resistance and reciprocity error of 100 and 390

Ohm resistor test
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Figure A.20. Average resistance and measurement error of 100 and 390 Ohm resistor test
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Figure A.21. Normal resistance, reciprocal resistance and reciprocity error of 1000, 470 and

560 Ohm resistor test
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Figure A.22. Average resistance and measurement error of 1000, 470 and 560 Ohm resistor

test
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Figure A.23. Reciprocity test results of 20% water content of clay specimen
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Figure A.24. Reciprocity test results of 15% water content clay specimen (1)
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Figure A.25. Reciprocity test results of 15% water content clay specimen (2)
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Figure A.26. Reciprocity test results of 12% water content clay specimen
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Figure A.27. Reciprocity test results of 10% water content clay specimen
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Figure A.28. Reciprocity test results of 30 % water content sand specimen
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Figure A.29. Reciprocity test results of 15 % water content sand specimen
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