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Abstract

Climate change induced seasonal water content variations are likely to influence the soil
parameters that determine the stability of engineered slopes. These slopes constitute a
large amount of UK transport infrastructure, Repeated fluctuations of water content affect
the soil water retention behaviour and hence the suction-dependent shear strength
behaviour of engineered soils, resulting in deterioration in both the soil suction and shear
strength, which impact the long-term slope stability. Resistivity methods can provide
spatial information on the electrical properties of underground soils and therefore has a
great potential to be used to monitor subsurface geotechnical property changes by
applying geotechnical-geophysical transformation approaches. In order that the resistivity
method can be used more effectively in slope monitoring, the interrelationships between
soil geotechnical and geophysical properties need to be more fully understood. Therefore,
this research focused on establishing an improved understanding of soil deterioration by
investigating the effects of repeated drying and wetting cycles on soil property
interrelationships and investigating the potential use of resistivity methods to qualitatively
and quantitatively describe the property variation of engineered soils subjected to drying

and wetting cycles.

In this thesis, three phases of laboratory-based experiment programmes were conducted
to investigate the interrelationships between soil electrical and geotechnical properties on
samples with different sizes by using different measurement techniques. In the first phase,
several point measurement sensors were employed for estimating the soil water content,
electrical resistivity, and suction on a cubic glacial till sample during cyclic drying and
wetting. In the second phase, soil electrical resistivity, suction and shear strength were
determined by a four-electrode resistivity probe, WP4C potential meter and performing
Unconsolidated Undrained triaxial test on triaxial specimens with 38mm diameter made
of three different types of soils. In the third phase, the 3D time-lapse ERT method was
employed to map the in-time resistivity changes in a 1.2m diameter cylindrical lysimeter;
point sensors were also used to provide water content and suction measurements on

different depths within the lysimeter.

Soil water retention and shear strength behaviour under multiple drying-wetting cycles

has been investigated in this research. Result showed that the both the SWRCs and the



undrained shear strength-water content relationships changes over time with drying-
wetting cycling, indicating a hysteresis between drying and wetting paths and a
deterioration over cycling. The hysteresis of SWRC and shear strength-water content
relationship was found to be more pronounced in the first drying-wetting cycle and
decreased over cycling. Deterioration in soil suction (i.e. negative pore water pressure)
were found to be most significant between the first and the second cycle. Similar
evolutionary trends were found in the cyclic swelling and shrinkage behaviour of the soils
which may be a key factor to the hysteresis and deterioration. Furthermore, the spatial
geotechnical information (i.e., the water content distributions) within the large lysimeter
sample can be extrapolated from the ERT-derived resistivity data by applying the proxy

relationships (i.e., the Waxman-Smits model).

Keywords: Unsaturated soils; Soil suction; Property relationships; Electrical resistivity

method; Soil deterioration
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1 Introduction

1.1  Background

A significant portion of the UK transport network is built on engineered slopes. Slope
instability can cause serious financial and social problems. In recent years, climate change
has been identified as a key factor affecting the stability of engineering infrastructure,
including embankments, cuttings and other engineered slopes built with fine-grained soils
(Dijkstra and Dixon, 2010). Future climate scenarios predict hotter and drier summers
and wetter winters with more intense rainfall in the UK (Kilsby et al., 2009). The
changing climate drives seasonal water fluctuations within the soil, which in turn causes
changes in pore water pressure (Uchaipichat, 2010). As a consequence, the weather-
driven moisture cycling in engineered slopes has been shown to cause a change in the soil
water retention behaviour (Hen-Jones et al., 2014; Stirling et al., 2014; Toll et al., 2016)
and a deterioration of soil fabric, resulting in a progressive loss in soil suction and shear
strength (Stirling et al., 2020). Such soil deterioration accelerates the aging of engineered
slopes and many other engineering infrastructures constructed from compacted clays,
resulting in more slope failures. However, traditional geotechnical monitoring of slope
stability is time-consuming and expensive. It is favourable to characterise geotechnical
properties using more convenient and non-invasive geophysical methods (Cosenza et al.,
2006) such as the electrical resistivity method, which is closely related to soil’s geo-
structural properties and water content and therefore considered one of the most suitable
methods for monitoring slope stability and landslide risk (Di Maio and Piegari, 2012).
The resistivity method can provide soil property information in 3D from the ground
surface and is widely used to monitor subsurface moisture and geotechnical property
changes (Gunn et al., 2015). For the resistivity method to be used effectively in slope
monitoring, the relationships between soil geotechnical and geophysical properties need

to be more fully understood.

This study concentrates on investigating the interrelationships between resistivity, water
content, pore water pressure and shear strength of engineered soils under drying and
wetting cycles. The outcomes of this study are improved understanding of the role of soil

deterioration in soil property behaviour under cyclic drying and wetting processes and of



the potential uses of electrical resistivity methods in the monitoring and assessment of

slope stability.

1.2

Aims and objectives

The aims of this thesis are to investigate how soil deterioration influences property

relationships of engineered soils during successive moisture cycling through laboratory

experimentation, and to investigate the potential use of resistivity methods for quantifying

the changes in geotechnical properties of engineered soils in association with proxy

relationships under drying and wetting cycles at laboratory scale.

In order to achieve the aim, the study has the following objectives:

1)

2)

3)

4)

5)

6)

7)

To assess the performance of point sensors in measuring soil water content, suction
and resistivity under successive drying and wetting cycles through laboratory
experiments and compare with data obtained using other relevant techniques in this

study.

To investigate soil water retention (SWR) behaviour of engineered soils under
cyclic drying and wetting through laboratory experiments using different

measurement techniques.

To investigate the mechanical behaviour of engineered soils under cyclic drying

and wetting using unconsolidated undrained triaxial tests.

To investigate the electrical behaviour of engineered soils under cyclic drying and

wetting through laboratory experiments using soil samples in different sizes.

To compare the interrelationships between soil water content, resistivity, shear

strength and suction obtained using different measurement techniques.

To establish the soil geotechnical and geophysical property interrelationships in
soil samples of different sizes (from a 38-mm triaxial sample to a large lysimeter
sample) and to investigate the effect of sample size on soil property behaviour and

interrelationships obtained from laboratory experiments.

To obtain an improved understanding of soil deterioration driven by the successive

2



drying and wetting cycles.

8) To observe the development of cracks and determine the resistivity distributions
in large diameter lysimeter sample using the electrical resistivity tomography

(ERT) method.

9) To evaluate the geotechnical property behaviour of soils under drying and wetting

cycles using data derived from ERT methods.

1.3 Scope of the study

As defined in the aims and objectives, the work of this thesis concentrates on
investigations of soil interrelationships under multiple drying and wetting cycles and the
use of the electrical resistivity methods for soil testing in a laboratory scale. In this study,
the interrelationships between soil properties (i.e., water content, suction, undrained shear
strength and resistivity) are established for three types of clay soils (i.e., glacial till,
London Clay and Hollin Hill clay) through a small-scale laboratory testing programme
using 38mm-diameter triaxial specimens. The soil property interrelationships are also
investigated with medium-scale (box lysimeter test) and large-scale (large cylindrical
lysimeter test) laboratory testing programmes, and ultimately the ERT method is
employed to conduct a quantitative assessment of the geotechnical properties of the
glacial till in the large lysimeter test. Throughout the comprehensive testing programme,

certain limitations to this project can be observed:

e All the testing programmes performed in this study are laboratory-based; field

tests have not been considered in this study.

e Given the time limits and design of the testing programme, limited numbers of
soil properties were investigated; some other properties that may also be relevant
to soil deterioration were overlooked in this study, such as tensile strength,

permeability, and stiffness.

e All the soil samples used in this study were clay materials and were remoulded to
remove large particles and control the as-compacted conditions. These remoulded
samples are more homogeneous than the original undisturbed soil sample from

the field and therefore their property behaviour may not be completely
3



representative of field conditions.

e The unconsolidated undrained (UU) triaxial test used for unsaturated samples in
this study is normally conducted on saturated samples to assess short-term
stability related to a sudden failure in soils (Wood, 1990). This test was chosen
because it provides rapid measurements of clay’s undrained shear strength.
However, the shear strength measured using UU triaxial test on unsaturated soil
samples is not a “true” undrained shear strength, but the results are still
representative of the shot-term maximum shear resistance of soil under an

undrained condition.

1.4  Thesis structure

This PhD thesis is divided into five chapters. An introduction of the overall project is

presented in Chapter 1.

Chapter 2 starts with a brief review on unsaturated soil mechanics, which is relevant to
soil water retention behaviour, followed by a review of recent laboratory techniques for
the determination of soil properties relevant to this thesis. At the end of Chapter 2,

relevant research on the applications of resistivity methods is reviewed.

Chapter 3 presents a brief introduction to the three laboratory testing programmes and

describes all the methodologies used in this study.

Chapter 4 presents the results of the three laboratory testing programmes in this study

along with brief discussions for each through individual subchapters.

Chapter 5 provides a comprehensive discussion of and conclusions for the study together

with recommendations for future work.



2 Literature review

2.1 Introduction

The literature review of this thesis forms the background information about the PhD
project. The review introduces the definition of unsaturated soil, the different phases and
properties of unsaturated soils from the saturated soils. Since soil water content plays an
important role in the behaviour of unsaturated soil, the significance of monitoring soil
water content and the potential effects from climate change are reviewed. In recent
decades, a wide range of techniques has been developed to provide water content
measurement. The principles, advantages and disadvantages for these popular water
content measurement methods are reviewed. The soil water retention behaviour which is
a main factor of unsaturated soil and is essential for understanding the mechanical
behaviour of unsaturated soil is reviewed. In addition, the fundamental knowledge and
applications of electrical resistivity methods for estimating the soil water content is
presented. From the reviews, the fundamental and basic knowledge for the subsequent

works in this thesis is established.

2.2 Unsaturated soils

Classical soil mechanics has led to an emphasis on specific type of soils, i.e. the saturated
soils. However, any natural soils near the ground surface can be partially saturated with
water, which results in materials having more than two phases, differing from the
saturated soils which only have two phases (Fredlund and Rahardjo, 1993). An
unsaturated soil is commonly defined as the soil consisting of three phases, i.e. the solid,
the water and the air. However, Fredlund and Morgenstern (1977) suggested that there is
a fourth phase for unsaturated soils, namely, the air-water interface due to its unique

character.

In engineering practice, unsaturated soils are widely spread in most of the shallow earth
structures, e.g. the engineered slopes, road embankments, dams, railways. More and more
attention has been given to unsaturated soils due to their different nature and engineering

behaviour that compared with the saturated soils. The most important factor of an



unsaturated soil that differs from the saturated soil is that their pore-water pressure is

relatively negative to the pore-air pressure (Fredlund and Rahardjo, 1993).

2.2.1 Stress state variables for unsaturated soils

The mechanical behaviour of a soil can be described associated with the stress state
variables. The stress state variable for a saturated soil has been defined as the effective
stress by Terzaghi (1943). However, the stress state variables for unsaturated soils are

more complex due to the three-phase system.

Since the 1950’s, more and more researchers have attempted to extend the effective stress
concept to unsaturated soils. Croney et al. (1958) proposed a form of effective stress
equation for unsaturated soil in terms of the total normal stress, ¢ and the pore-water

pressure, u,,:

o' =o-pu, (2.1)

Where ¢’ = effective normal stress, 6 = total normal stress, ' = a factor of holding or

bonding and u,, = pore-water pressure.

Aitchison (1961) and Jennings (1961) proposed their effective stress equation for

unsaturated soil in the expression of the same form:

¢ =c+ yp’ (2.2)

Where, v is a parameter, and p” is pore-water pressure deficiency defined by Aitchison,
Y p pisp p y y

and the absolute value of pore-water pressure defined by Jennings.

Bishop (1959) was the first to propose the effective stress equation in terms of both pore-

water pressure and pore-air pressure, expressed as:

o' = (0 —uy) + y(ug — uy) (2.3)
Where, u,, is the pore air pressure, and y is a factor varies between 0 and 1, related to the

degree of saturation of the soil.

Jennings and Burland (1962) pointed out that the proposed effective stress equations did
not fully describe the relationship between volume change and effective stress for most
unsaturated soils below a critical degree of saturation, pointing out the difficulties of using

any single stress state variable to explain unsaturated soil behaviour. The importance of
6



considering the stress state variables separately while dealing with the change from

volume and shearing of partially saturated soil was emphasized.

Fredlund and Morgenstern (1977) suggested to use the combination of any two of three
possible normal stress variables as the independent stress state variables to describe
unsaturated soil behaviour. These are: 1) net normal stress, (¢ — u, ), 2) matric suction,
(uq —u,,), and 3) effective normal stress, (o — u,,). The use of independent stress state
variables solved the philosophical difficulty in finding a single-valued effective stress
equation that is matching both the shear strength behaviour and the volume change
behaviour of unsaturated soils. The independent stress state variables can then be applied
to establish the constitutive equations to describe the shear strength and volume change
behaviour of unsaturated soils. This approach has provided a more meaningful description

of unsaturated soil behaviour and has been experimentally examined by Fredlund (1973).

2.2.2 Soil suction

2.2.2.1 Total suction

Soil suction is commonly defined in terms of the free energy state or relative vapour
pressure of soil moisture, which can be determined from its partial vapour pressure
(Edlefsen and Anderson, 1943). Sposito (1981) suggested that total suction could be

described by Kelvin’s equation from a thermodynamic standpoint, which expressed as:

pm - () @)

va Wy qu

Where:
Y = total suction (kPa);
R = universal gas constant (m?.Pa.K-!.mol!);
T = absolute temperature (K);
Vyo = specific volume of water (m? kg!);

w,, = molecular mass of water vapour (kg.mol!);



U, /Uy, = relative humidity (RH)
u,, = partial pressure of water vapour (kPa);

U, = saturation pressure of water vapour over a flat surface of pure water at same

temperature (kPa).

The total soil suction, § consists of two components, metric suction (u, — u,,) and

osmotic suction (), i.e.

Lp = (ua - uw) t+m (25)

2.2.2.2 Matric suction

Matric suction is caused by capillary phenomenon due to the presence of surface tension
at the curved air-water interfaces (meniscus) within the soil pores. Therefore, the matric
suction is the difference between the pore air pressure (u,) and pore water pressure (u,,)
across the air-water interface. The matric suction decreases while the radius of curvature
of the meniscus increases (Fredlund and Rahardjo, 1993). Thus, the matric suction is
affected by the soil particle size distribution as the pore sizes of soil changes with the
change in soil particle size which then affecting on the curvature radius of the meniscus
and consequently the matric suction. The matric suction of soil is also controlled by soil

water content where the matric suction of soil increases with an decrease in soil water

content (Fredlund, 2006).
2.2.2.3 Osmotic suction

Osmotic suction is the osmotic potential produced by salts dissolved in the pore fluid,
which also contributing to the total suction. Generally, the contribution of osmotic suction
to a total suction is much less than it from matric suction in most engineering problems.
Therefore, the osmotic suction is less important than matric suction (Fredlund and

Rahardjo, 1993).

2.2.3 Soil water retention curves (SWRCs)

The soil water retention curve of an unsaturated soil is defined as the relationship between

the amount of water and the suction present in a soil (Williams, 1982), and can be used



to estimate the soil parameters required for describing unsaturated soil behaviour. The
amount of water in the soil can be expressed in various forms as: (1) the gravimetric water
content, w, which is the ratio of water mass to the solid mass in a soil; (2) the volumetric
water content, 0, which is the ratio of water volume to the total volume of soil; and (3)
the degree of saturation, S;, which is the proportion of voids in a soil that are filled with
water. The volumetric water content is the most commonly used indicator for water

content in the soil science (Fredlund and Xing, 1994).

2.2.3.1 Typical plot of SWRCs

The typical soil water retention curves along the desorption paths for a sandy soil, a silty
soil and a clayey soil are shown in Figure 2.1, indicating that the shape of a soil water
retention curve is nonlinear and dependent on the soil type. The differences between the
SWRCs for the three types of soil illustrate that the saturated water content and the air-
entry value are affected by the soil plasticity (Fredlund and Xing, 1994). Croney et al.
(1958) pointed out that the SWRC is “primarily dependent upon the particle size
distribution of the soil and the structure”. Additionally, the key properties of SWRC are
also related to the pore connectivity, shape and angularity of soil that are governed by the

soil type, density and structure (Or and Tuller, 1999).
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Figure 2.1 Typical soil water retention curves for different soils (Fredlund and Xing, 1994).



Figure 2.2 shows a typical SWRC plotted with the volumetric water content of soil along
both the desorption (drying) and adsorption (wetting) curves. A number of soil parameters
can be obtained from the SWRCs: the saturated volumetric water content,f; which is the
volumetric water content of a soil at fully saturation; the air-entry value (AEV) of the soil,
which is the matric suction at where the soil starts desaturation (i.e. air starts to enter the
largest pores of soil); and the residual water content 8,., which indicates the water content
after where the significant increase in suction is required to remove the remaining amount
of water within the soil. Klute (1986) pointed out that there might be a gap between the
end point of the wetting path and initial point of the drying path due to the entrapped air

in the soil.
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Figure 2.2 Characters of drying and wetting soil water retention curves (Fredlund and Xing, 1994).

2.2.3.2 Hysteresis of the SWRCs

Typically, the soil has different water retention behaviour on the drying and the wetting
paths due to hysteresis (Haines, 1927; Croney, 1952; Mualem, 1984). Generally, the
suction value of a soil on the drying path is higher than that on the wetting path, at a given
water content (Figure 2.3a). The hysteretic behaviour of SWRC has been explained as a
result of several mechanisms: (1) the ‘ink bottle’ effect that results from the
heterogeneities in the pore size and shape of the connective pores in the soil, while the
drying process is governed by the radius of the ‘bottlenecks’, » and the re-wetting is
governed by the radius of widest part of pores, R (Figure 2.3¢); (2) different contact angles

between water and soil particle for advancing and reducing water menisci during
10



adsorption and desorption (Figure 2.3b); (3) the effect of entrapped air due to incomplete
saturation during the wetting process; (4) volumetric changes of unsaturated soils due to
swelling and shrinking behaviour of soil that is subjected to drying and wetting (Tuller

and Or, 2004).
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Figure 2.3 (a) Hysteretic behaviour in the SWRC. (b) The effect of contact angle and (c) The ink-bottle
effect (Tuller and Or, 2004)

2.2.3.3 Equations for the soil water retention curve

In resent few decades, considerable efforts have been made to formulate the mathematical
equations to describe the soil water retention behaviour of unsaturated soils. In a soil
water retention curve equation, the normalized water content, @ is a dimensionless value

used to indicate the quantity of water contained in the soil, which is defined as:

0—0, (2.6)
95 - 01"

Where:
6 = volumetric water content of soil at any suction.

6, = volumetric water content of soil at saturation.

11



0, = residual volumetric water content of soil.

Brooks and Corey (1964) proposed the earliest SWRC equation in a form of the power
relationship. The equation was proposed for describing the desaturation of the agricultural

soils when the soil suction was greater than the air entry value:

6 = (%)A

2.7)

where:
Y, = the air entry value of the soil.
1) = suction of soil at any water content.
A = the pore size distribution index.

The materials tested in this study consisted of the sands, the glass beads, the fragmented
mixture (clay and sand) and the silt loam, which had relatively stable structure. The
equation has been proved valid for the suctions between the air entry value and residual

conditions (Campbell, 1974; Clapp and Hornberger, 1978; Williams et al., 1983).

Williams et al. (1983) suggested a linear relationship between the logarithms of suction
and the logarithms of water content to characterise the soil water retention behaviour of
eight groups of soils (primarily sandy and clayey soils) from the Australian Great Soil

Groups:

InO® =a, + b, Iny (2.8)

Where a, and b, are two fitting parameters for the curvature of the SWRC.

McKee and Bumb (1984) proposed an exponential relationship for the normalized water
content and the soil suction referring to the Boltzmann distribution in order to describe

the soil water retention curve for coal media:

O = e~ W-az)/b; (2.9)

Where a, and b, are curve-fitting parameters for the SWRC.

Equations (2.7) and (2.9) have been verified to be fitted to the SWR data when the soil

suction values are greater than the air entry value, whereas they are not valid for the data
12



under the air entry value or after a residual condition. In order to maintain the validity of
function in the whole suction range, McKee and Bumb (1987) modified their equation

based on the Fermi distribution, which is given by:

o= 1 (2.10)
T 14 e(@-a2)/b;

The validity of the modified equation has been improved in the low suction range, while

the equation is still not valid for the suction in the residual range.

A commonly used SWRC model was given by van Genuchten (1980), which is expressed

as:

o= [1 n (1mp)n]m =

where:
a = fitting parameter primarily related to inverse of air-entry value.

n = fitting parameter related to the rate of water extraction from soil once the air

entry value has been reached.
m = fitting parameter related to the residual water content.

Fredlund and Xing (1994) pointed out that the expression of the Van Genuchten model
gives more flexibility to the water retention curve than the previous equations. However,
the fixed relationship between parameter m and n (i.e., m =1 —1/n) reduces the
flexibility. They modified the pore-size distribution function proposed by van Genuchten

(1980) and introduced a correction factor Cy,) into their equation, which is written as:

~ 1 m (2.12)
o =tw {ln[e + (lp/a)”]}

Where a is a fitting parameter for the SWRC and the correction factor Cy,) is defined as:

oy Iy (2.13)
@)=~ In(1 + 1000000/,)
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Where 1), = the residual suction of soil at the residual water content. The value of
1000000 kPa is the maximum suction value of a soil at a water content approaching to
zero from the experimental data (Croney and Coleman, 1961; Koorevaar et al., 1983).
The Fredlund and Xing (1994) equation produces more flexible fitting curve to the
experimental data than the van Genuchten (1980) equation as it unlinks the fixed
relationship between m and n parameters. Numerous equations have been proposed over
the years for describing the soil water retention curve. Most of the equations perform well
for the particular soil types or in the limited suction ranges. Leong and Rahardjo (1997)
evaluated the popular used SWRC equations and concluded that the equation proposed
by Fredlund and Xing (1994) provided the best fit for various types of soil over the entire

suction range from zero to 10 kPa.

Experimental studies have shown that the SWRC is a crucial tool for determining the
particular geotechnical properties of unsaturated soils (Fredlund and Rahardjo, 1993). In
geotechnical engineering practice, the permeability of an unsaturated soil can be
estimated by using the SWRC and the saturated permeability coefficient of the soil (van
Genuchten, 1980; Mualem, 1986; Fredlund and Xing, 1994). The SWRC has also been
used for predicting the shear strength function of unsaturated soils (Fredlund et al., 1996;
Vanapalli et al., 1996; Khalili and Khabbaz, 1998).

2.3 Suction measurement techniques

Numerous techniques have been developed to estimate the suction of soils, including
pressure plate, filter paper, high-suction probe, transistor psychrometer, chilled mirror
technique and so on. The detailed reference for the various suction measurement methods
can be found in a list of literatures: (Fredlund and Rahardjo, 1993), Lee and Wray (1995),
Rahardjo and Leong (2006) and Delage et al. (2008) among others. Only the techniques
that are most commonly used and those which are related to this thesis are presented in

this sub-chapter.

2.3.1 Pressure plate

The axis translation technique is the most commonly used technique for controlling and

measuring soil matric suction. The pressure plate method uses the axis translation

14



technique to impose matric suction to the soil sample by controlling both the pore-air and

pore-water pressure (Richards, 1941; Gardner, 1956).

Pressure chamber

W Ceramic plate ‘

Figure 2.4 Pressure plate apparatus (Mendes, 2011)

The pressure plate apparatus normally consists of a pressure chamber and a saturated high
air entry value (HAEV) porous ceramic disc (see in Figure 2.4). The soil sample is placed
in good contact with the ceramic disc to allow the water flow. Once the pressure chamber
is sealed, the water pressure is maintained at atmospheric or close to a zero value and the
pore-air pressure is artificially increased of the atmospheric pressure to a reference value.
Once the desired pore water and pore air pressure are achieved, the soil sample is left for
equilibrium. Water is flow out from the soil sample through the HAEV ceramic disc
during equilibrium and the amount of water expelled from soil can be measured to
determine the water content that remains in the sample. Once the equilibrium of water
flow achieved, the suction can be determined as the difference of pore-air and pore-water
pressure (i.e.,u, — U, ). The process is repeated at different air pressure to impose

different suction value, to establish the SWRC.

Cavitation is avoided by using an axis translation technique since the pore-air and pore-

water pressure are maintained as positive values. However, the measurement range of this
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technique is limited by the air-entry value of the porous stone (commonly 1500 kPa) and

the maximum air pressure that can be allied in the pressure chamber.

2.3.2 Chilled-mirror technique

A chilled-mirror psychrometer measures the total suction of soil sample by determining
the relative humidity using the chilled-mirror dew point technique. The most frequently
used chilled-mirror device in the geotechnical engineering applications is known as the
WP4 dewpoint potentiameter manufactured by Decagon Devices, Inc., as shown
schematically in Figure 2.5. The soil sample fills about half the depth of a small container
and is placed in the device under isothermal conditions in a sealed chamber. The
measurement of total suction using the chilled-mirror device is based on the equilibrium
between the water potential in the soil sample and the vapour potential in the air space
above the soil sample in the sealed chamber. The closed chamber contains a mirror of
which the temperature is precisely controlled by a thermoelectric cooler. An optical
sensor is used to detect the exact point at which the condensation of the vapour first occurs
on the mirror and the temperature at which condensation appears, referred to as a
dewpoint, is recorded by the thermocouple attached to the mirror. The temperature of the
soil specimen which is considered to be the same with the vapour temperature in the
headspace is measured by an infrared thermometer. The relative humidity of the specimen
is then computed from the dewpoint and the sample temperature. As the chilled-mirror
psychrometer measures the relative humidity in terms of the dewpoint temperature, the
temperature control is crucial. The temperature difference between the sample and the
chamber should be small. An internal fan is employed to circulates the headspace to

accelerate the equilibrium (Bulut and Leong, 2008).

The limitation of chilled-mirror dewpoint technique for low suction ranges (suctions less
than 1000 kPa) is widely recognized. Bulut et al. (2002) tested the accuracy of WP4
instrument in total suction measurement by developing a characteristic curve on the
relationship between the osmotic suction and the salt solution concentration and found
that the readings scattered a lot once the osmotic suction falls below about 1000 kPa.
Leong et al. (2003) compared the total suction measured by the WP4 device and the sum
of the matric and osmotic suctions measured using the axis-translation method and pore

fluid squeeze technique individually and found that the total suction measured by the

16



chilled-mirror technique is always higher than the sum of the matric suction and osmotic

suction measured by other two techniques.
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Figure 2.5 Diagram of the WP4 Dewpoint PotentiaMeter (Bulut and Leong, 2008)

2.3.3 High capacity tensiometer

lectronic
Display

Since the first high-capacity tensiometer developed by Ridley and Burland (1993) at

Imperial College London, a number of devices have been developed by numerous authors

using the same concept. Delage et al. (2008) provides a detailed review of the high suction

tensiometers developed to date, as presented in Table 2.1.

Table 2.1 The proposed high-capacity tensiometers to date

Source AEV of Pressure transducer Max positive Max water
porous stone measurement range pressure tension
(MPa) (MPa) (MPa) (MPa)
Ridley and Burland (1993) 1.5 35 6 1.37
Ridley and Burland (1995) 0.5 4 4 0.74
1.5 4 4 1.8
Guan and Fredlund (1997) 1.5 1.5 12 1.25
Meilani et al. (2002) 0.5 1.5 0.8 0.495
Tarantino and Mongiovi (2002) 1.5 4 4 2.06
Take and Bolton (2003) 0.3 1.5 1 0.53
Chiu et al. (2005) 0.5 1.5 0.7 0.47
Lourenco et al. (2006) 1.5 2 1 1.23
Mabhler and Diene (2007) 0.5 0.5 0.6 0.8
1.5 1.5 0.6 14

The main specifications of the tensiometers are summarized in Table 2.1. A high capacity

tensiometer normally comprises a porous stone, a water reservoir and a ceramic force

transducer or a strain gauge, which are enclosed in a metal housing (Figure 2.6). When

the porous stone and the water reservoir are fully saturated, the pressure transducer of the
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tensiometer measures at zero suction. When the tensiometer is in contact with a soil
sample with a certain value of suction, the water in the tensiometer starts to be drawn
towards the soil until an equilibrium is reached. The response of the pressure transducer
is referred to the matric suction of the soil sample. The high suction tensiometers can be
classified based on the air entry value of the porous stone or the form of construction.
Nearly half of the tensiometers in Table 1 operate at the high suction range (up to 2000

kPa) while the remaining ones operate at lower suctions (up to 500 kPa).
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Figure 2.6 Two tensiometer designs (a) Tarantino and Mongiovi (2003); (b) Lourengo et al. (2006)

The construction of tensiometers varies in the air entry value and material of the porous
stone, the size of water reservoir and the pressure transducer. Figure 2.6 shows examples
of two designs: a tensiometer with a strain gauge attached on the diaphragm reported by
Tarantino and Mongiovi (2003) and a tensiometer developed by Lourengo et al. (2006)

in Durham university using a ceramic transducer. Low cost tensiometers have been
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developed by Mahler and Diene (2007), using an acrylic body instead of the usual

stainless steel.

2.3.3.1 Saturation

A good performance of a high capacity tensiometer relies on sufficient saturation to
remove free air from the high air entry value (HAEV) ceramic plate and water reservoir,
preventing cavitation at high suction. Cavitation in a tensiometer was the formation of
vapour cavities in the water because of increasing tension induced by the negative pore
water pressure to which the tensiometer was exposed. Furthermore, saturation is a process
to remove the air within the ceramic stone and water reservoir of the tensiometer and refill

the spaces with de-aired water.

2.3.3.2 Calibration

Once the tensiometer had been fully saturated from the saturation system, it needs to be
calibrated before use. The calibration is carried out in the positive range and extrapolated

to the negative range (Lourenco, 2008).

2.3.3.3 Advantages and disadvantages

As the tensiometer measures the matric suction directly, in both positive range and
negative range, some errors related to indirect calibrations can be avoided (Toll et al.,
2013). The small size of the tensiometer allows it to be properly used in both small-scale
laboratory tests and the field experiments. With a good saturation and calibration process,

tensiometers can provide reliable and accurate, and fast suction measurements.

The main disadvantages of using tensiometers are cavitation and drift in the calibration
curve. The measurement range of the tensiometers is restricted by the air entry value of
the porous stone and the working range of the pressure transducers be used. The drift in
calibration curves of tensiometer is normally observed on tensiometers which have
worked under negative pressures for a long period. This may cause some measurement
errors in the low suction range. It is also important that the saturation process is time
consuming for a tensiometer which is newly used or cavitated. Tarantino and Mongiovi
(2001) found that the cyclic pressurisation and cavitation process can help to remove the

air more completely from the tensiometer and reduce the time needed for saturation.
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In previous studies, the SWRCs at low suction range (i.e. less than 1500 kPa) were usually
obtained by techniques that measures matric suction, such as the axis translation
technique (Fredlund and Morgenstern, 1977; Tarantino et al., 2000) and high capacity
tensiometer technique (Ridley and Burland, 1993; Ridley and Burland, 1995; Tarantino
and Mongiovi, 2001; Lourengo et al., 2006; Mendes, 2011; Toll et al., 2013). In the high
suction range (i.e. greater than 1500 kPa), techniques that measures total suction are
mainly used, such as the psychrometer technique (Campbell and Gardner, 1971; Rawlins
and Campbell, 1986; Woodburn et al., 1993; Ridley and Wray, 1996) and chilled-mirror
hygrometer (Gee et al., 1992; Leong et al., 2003; Tang and Cui, 2005; Agus and Schanz,
2006).however, there is no available technique for measuring soil matric suction over the
entire moisture range (Delage et al., 2008; Pan et al., 2010). Most studies regarding the
drying and wetting SWRCs for fine-grained soils have been carried out at the low suction
range with limited studies performed on the high suction range (Agus and Schanz, 2006;

Al-Mahbashi et al., 2018).

2.4 Shear strength of unsaturated soils

2.4.1 Shear strength equations

The shear strength of a soil plays a very important role in numerous engineering practices
such as: the prediction and analysis of slope stability and the geotechnical designs. The
conventional shear strength equation for saturated soils is based on the Mohr-Coulomb
theory (Mohr, 1900) using the effective stress variable proposed by Terzaghi (1943),

which is given as:

r=c" + (0 — u,)tan ¢’ (2.14)

where:
7= shear strength of soil
c¢'= the effective cohesion
(o — u,,) = effective stress of saturated soil

¢’ = effective internal friction angle of saturated soil
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Bishop (1959) extended the effective stress principle and proposed a shear strength

equation for unsaturated soils:

r=c +[(6c —uy) + x(ug, —u, )] tan ¢’ (2.15)

where:
(0 — uy) = net normal stress of unsaturated soil
(u, — u,,) = matric suction of unsaturated soil
¢’ = effective internal friction of soil at saturation

In 1960’s, numerous of researchers (Jennings and Burland, 1962; Bishop and Blight, 1963;
Matyas and Radhakrishna, 1968) realized that it is unsuitable and difficult to use a single
stress state variable to describe unsaturated soil behaviour. Fredlund and Morgenstern
(1977) suggested to use any two of the three stress state variables, i.e., (6 —u,), (6 —
u,), and (u, —u,,) to describe the shear strength of unsaturated soils. A shear strength
equation using (o — u,) and (u, — u,,) as two independent stress state variables was

proposed by Fredlund et al. (1978):

r=c + (0 — uy) tan p* + (u, — u,,) tan ¢? (2.16)

where ¢¢ is the angle of friction for changes in net normal stress, (o — u,) and ¢? is the

angle of friction for changes in matric suction, (u, — u,,).

In this equation, ¢* was assumed to be a constant value which is equal to the effective
friction angle at saturation, ¢'. In addition, ¢ was also assumed to be a constant value,
which means that the Fredlund et al. (1978) equation assumed the shear strength to be a
linear function of the matric suction. However, later studies showed that ¢p¢ was not
always be constant with changing matric suction (Delage, 1987; Toll, 1990; Toll and Ong,
2003) and ¢? was also varied as a function of matric suction (Escario and S’ez, 1987;

Fredlund et al., 1987; Vanapalli et al., 1996; Toll and Ong, 2003).

Various shear strength equations have been proposed for predicting the shear strength of
unsaturated soils. Guan et al. (2009) concluded the published equations for shear strength

prediction of unsaturated soils as shown in Table 2.2.
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All the shear strength equations for unsaturated soils were proposed in linear or non-
linear approximations and were intended to describe the suction-induced shear strength
in different approaches. A non-linear model is more realistic and suitable to predict the
shear strength of unsaturated soils. The equations are all based on two frameworks:
Bishop stress framework which is related to a part of the elastoplastic constitutive
model and the Fredlund independent stress framework which is related to the soil water
retention curve. Garven and Vanapalli (2006) evaluated six empirical equations using
the shear strength data of twenty soils published and found that there was no single
prediction equation that was suitable for all soil types. However, there is no doubt
according to the literature that the prediction of shear strength of unsaturated soils
significantly depends on the soil water retention curve. In other words, the shear
strength is closely related to the matric suction for unsaturated soils.

2.4.2 Triaxial test for determining soil shear strength
One of the most common used methods to determine the soil shear strength in the

laboratory is the triaxial test, of which the testing procedures are described in BS 1377-7:
1990 and BS 1377-8: 1990 (BSI, 1990d; BSI, 1990¢).
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2.5 Climate change projections and its impact on engineered slopes

Climate change projections have suggested that in the further the UK will suffer more
extreme weather (i.e., warmer, drier summers and wetter, milder winters with more
intense rainfall invents) (CCRA, 2012; Watts et al., 2015). There is a great concern of
how these projected changes in climate will affect the stability of the earth structures as
the climatic changes are in close relation to the precipitation extremes that may contribute
to the occurrence of landslides and slope failures (Huggel et al., 2012). In this subchapter,
the background of climate change and the effects of a changing climate on the stability of

engineered slope are reviewed.

2.5.1 Background

“Most of the warming observed over the last 50 years is likely to be attributable to human
activities”, stated by IPCC (the Inter-governmental Panel on Climate Change). A study of
IPCC (2001) demonstrated that, since the industrial revolution, Carbon dioxide levels in
the atmosphere have risen by over 30 percent in the world scale. Over the 21" century,
the temperature of world is projected to rise by 0.3-1.7°C under the lowest emission
scenarios, and 2.6-4.8°C for the highest emission scenarios (IPCC, 2014). The future
climate has been predicted to be the mode of hotter drier summer and wetter winter with
more intense rainfall (Jenkins and Lowe, 2003). Loveridge, et al. (2010) indicated that
UK should suffer a drier summer by up to 10% -25%, and a 10% - 20% wetter winter in
the year 2050. Similarly, the future scenarios utilised in BIONICS (Biological and
Engineering Impacts of Climate Change on Slopes) project showed that climatic issue is
likely to generate wetter winters in the north and west of UK and warmer summer
particularly in the southeast, then produce much drier soils (Kilsby et al., 2009). Since the
predicted climatic changes in temperature and precipitation are in close relation to the
groundwater and pore-pressure fluctuations, a series of studies were set up to investigate
the impacts of changing climate on the slope stability (Dehn et al., 2000). For example,
Schmidt and Dikau (2004) established a GCM’s (General Circulation Models) to predict
the potential effect of climate change upon slope stability in UK. It is of great significance
to understand the long-term effects of changing climate on the engineered soils and

therefore the stability of engineered slopes.
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2.5.2 Climate effects on slopes

Climate change has already been specified as an important natural change that has
potential impact on engineering properties of engineered slope materials (Kilsby et al.,
2009). Although the actual climate impact on the engineered infrastructures is still not
fully investigated, the projected future climate scenarios have already shown the potential
that the climate change will affect the precipitation and temperature and subsequently the
soil water content and the mechanical behaviour of unsaturated soils (Schmidt and Dikau,
2004). The future climate scenario of drier summer and wetter winter is likely to
contribute to the deformation in clay materials. Additionally, heavy precipitation and
summer storm events are likely to induce the development of desiccation crack that
contributing forward reduction of effective stress and other geotechnical parameters.
“These changes subsequently lead to a degradation of engineered slope materials and
have serious impact on slope stability” (Dijkstra and Dixon, 2010). There is sufficient
literature evidence that increases in temperature and rainfall caused by climate change
have an influence on the performance of engineered slopes. The increase in temperature
and rainfall is likely to cause fluctuation of water content, and subsequently the crack
development (Clarke and Smethurst, 2010). A key consequence resulting from the
climatic change is deterioration in strength and pore water pressure of slope material due
to continuous shrinking—swelling cycles and surface cracking (Kilsby et al., 2009).
Previous studies have demonstrated that the engineered embankments failed by sliding
many years after construction with reduced shear strength in the field much smaller than
the estimated values determined from laboratory tests on compacted samples (Rogers and
Wright, 1986; Glendinning et al., 2015; Gariano and Guzzetti, 2016). Therefore, it is very
important to thoroughly understand the impacts of future climate on slope stability and

the significance of research on monitoring and prediction methods.

2.5.3 Deterioration in soil mechanical properties under drying-wetting cycles

As mentioned above, the most direct impact of changing climate on engineered slopes is
introducing more intensive fluctuations in soil water content, which are closely related to
the hydraulic and mechanical properties of engineered soils (Glendinning et al., 2018).
To understand the impact of climate change, in many previous studies, the hydraulic
mechanical behaviour of soils, such as the soil water retention and shear strength

behaviour, has been investigated through laboratory experiments under repeated drying
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and wetting conditions. Rogers and Wright (1986) performed a series of direct shear tests
on compacted Beaumont Clay specimens under drying and wetting processes and found
that repeated drying and wetting can result in a significant decrease in the effective stress
shear strength parameter. Goh et al. (2014) conducted a series of consolidated drained
(CD) triaxial tests on three different sand-kaolin mixtures subjected to multiple drying
and wetting cycles. Their results showed that both the water retention and shear strength
behaviour changes with drying-wetting cycling, indicating a decrease in matric suction
and shear strength at given water content as the number of cycles increased. Hen-Jones
(2018) tested the undrained shear strength of two clays under two cycles of drying and
wetting and showed that the undrained shear strength of soil reduced at the second cycle.
Similar findings have been reported by a number of other previous studies demonstrating
a deterioration in soil suction and strength properties (e.g. shear strength and tensile
strength) driven by the successive drying and wetting activities (Stirling et al., 2014;
Glendinning et al., 2015; Azizi et al., 2020; Stirling et al., 2020; Wen et al., 2020). All
these studies demonstrated a deterioration in soil suction (water retention capacity) and
strength properties associated with the microstructural changes drying and wetting cycles,
with the most pronounced change occurring after the first cycle. The mechanism driving
this deterioration was thought to be the microstructural changes associated with
volumetric changes caused by cyclic swelling and shrinkage during moisture cycling. The
micro-structure change of soil materials during drying-wetting cycles was investigated in
previous study using the environmental scanning electron microscope (ESEM). The
ESEM results suggested that the soil fabric and aggregates reconstructed and rearranged
over time during drying and wetting cycles, results in deterioration in soil fabric with the
development of micro-scale cracks and fractures (Hen-Jones et al., 2017; Stirling et al.,
2020), as well as the changes in the pore size distribution (Azizi et al., 2020). Kong et al.
(2018) analysed the pore size distribution of a clayey soil under multiple drying and
wetting cycles using Nuclear magnetic resonance (NMR) relaxometry and found that the
changes in SWRCs over drying and wetting cycles were quantitatively related to the pore
size distribution. It has also been noticed that the drying and wetting cycles can cause
reduction of the initial saturated water content, air entry value and therefore the water

retention capacity.

It was realised that the soil deterioration strongly depends on the microstructure and

volumetric changes driven by the repeated swelling-shrinking of clay materials during
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drying-wetting cycles. The effect of drying and wetting cycles on soil swelling and
shrinkage behaviour has also been investigated by a number of previous studies.
Estabragh et al. (2015) investigated the volumetric behaviour of a clay mixture under
cyclic drying and wetting through series of laboratory tests. Their results showed a
hysteresis between the swelling and shrinkage curves (i.e. the relationships between void
ratio and water content of soil for wetting and drying processes) and an evolution in the
swell-shrink behaviour of soil over drying-wetting cycles, indicating a reduction in
saturated void ratio over drying-wetting cycling. The results also showed that the
hysteresis of the swell-shrink curves, in other words the change in volumetric behaviour,
was most significant at the first drying-wetting cycle and decreased by cycles, and
eventually reaching an equilibrium state after about four or five cycles. Similar findings
has also been reported by other studies (Al-Homoud et al., 1995; Basma et al., 1996),
which were thought to be due to the rearrangement and reorientation of the soil fabric and
the destruction of the large elements. The volumetric behaviour of clays were found
closely related to the clay content, index properties and shrinkage range (Izdebska-Mucha
and Wojcik, 2013), and were further affected by the drying-wetting history and the as-
compacted conditions under repeated drying and wetting cycles (Day, 1994).

As reviewed above, the soil deterioration driven by drying and wetting cycles has been
evident by many previous studies. However, it should be noted that most of data for
SWRC and strength properties under drying-wetting cycling were determined over the
limited cycles or in a limited suction range. Data of SWRCs determined in both the high
and low suction ranges and for multiple drying-wetting cycles are rarely found in the
literature (Al-Mahbashi et al., 2018). It is of significant to obtain a more thorough
understanding of the soil deterioration driven by the seasonal changing climate through
laboratory and field testing and therefore the potential modelling approaches (Hen-Jones
et al., 2017; Glendinning et al., 2018; Gunn et al., 2018; Stirling et al., 2020). This is

crucial for more critically assessing the long-term geotechnical parameters.

2.6 Soil water content measurement methods

The gravimetric method is the only way to measure the soil water content directly. The
gravimetric water content (GWC) of soil is defined as the water mass as a proportion of

soil dry mass. The GWC can be directly determined through the soil mass measurements
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before and after oven drying at 105°C for 24h-48h (BSI, 1990a). During oven drying, the
water is removed from a soil sample by evaporation with the amount of water removed

being determined. The gravimetric water content, therefore, can be derived as:

Myer — Mgy
w= —= Y % 100%
mdry

(2.25)

Where w is the gravimetric water content of soil, my,.; and mg,, are the soil sample

mass before and after oven drying, respectively.

The gravimetric method provides direct measurement on soil water content. However,
the method is time-consuming and the oven drying process damages the natural soil
structure, making it difficult to be used in the field or provide continuous measurement
on the soil water content. Nevertheless, since it is the most direct and actual measurement
method of soil water content, the gravimetric method can be used to calibrate the data

from all the indirect methods.

Indirect methods measure the water content through surrogate properties that are closely
related to the soil water content with empirical relationships. Table 2.3 summarizes
several of the indirect techniques available with the brief descriptions. In the following
sections, the principles, advantages and disadvantages of several widely used indirect

water content measurement methods will be reviewed.
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Table 2.3 Indirect methods for determining the soil water content (Evett et al., 2008)

Surrogate

Method Measurement Explanation

Neutron Count of slow A radioactive source emits fast neutrons (5 MeV),

moisture meter | neutrons around a | which lose energy as they collide with other atoms, in
source of fast particular hydrogen. The surrogate 1is the
neutrons concentration of slow neutrons. Since the only rapidly

changing source of hydrogen in the soil is water, 6y
can be calibrated vs. the count of slow neutrons.

Thermal Heat conductivity | A pulse of heat is generated and the subsequent rise or

Sensors or heat capacity of | fall in temperature of adjacent soil is measured over
the soil time. Soil 1s a poor conductor of heat, and water a

good one, so the amount of heat or rate of heat
transmission is closely related to 6y.

Time domain Travel time of an | A fast rise time electromagnetic pulse is injected into

reflectometer electromagnetic a waveguide inserted into or buried in the soil. The

(TDR) pulse time required for the pulse to travel along the metal

rods of the waveguide is determined by the bulk
electrical permittivity of the soil. The 6y is a major
factor influencing the bulk permittivity (BEC). True
TDR involves capture of a waveform and analysis to
find the travel time of the highest frequency part of
the pulse.

Campbell FDR | Repetition time See TDR sensors; same, except reliance on reflected
for a fast rise time | pulse reaching a set voltage rather than waveform
electromagnetic analysis causes the method to be more influenced by
pulse BEC and temperature.

Capacitive Frequency of an An oscillating current 1s induced 1 a circuit, part of

Sensors oscillating circuit | which is a capacitor that is arranged so that the soil

becomes part of the dielectric medium affected by the
electromagnetic field between the capacitor’s
electrodes. The 6, influences the electrical
permittivity of the soil, which in turn affects the
capacitance, causing the frequency of oscillation to
shift.

Conductivity Electrical An alternating current voltage 1s placed on two

Sensors conductivity ofa | electrodes in a porous material in contact with the

(e.g., granular | porous medium in | soil, and the amount of current is a measure of the

matrix sensors | contact with the conductivity and amount of water in the porous

and gypsum soil material between the electrodes. These are used for

blocks) estimation of soil water tension (suction), not 6.

Tensiometers Matric and Capillary forces retaining water in the soil pores are
gravitational soil | connected through the soil water to water in a porous
water potential cup connected to a tube filled with water. This
components generates a negative pressure within the tube, which

can be measured with a vacuum gauge. These are used
for estimation of soil water tension (suction), not 6.

2.6.1 Neutron probe

The neutron probe detects the thermal neutrons to determine the water content of soil.
The probe employs a fast neutron source being installed on the surface or lowered in an

access tube. When the fast neutrons collide with the hydrogen nucleus in the water, the
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neutrons slow down since they lose much of their energy. The detection of slow neutrons
returning to the probe allow the estimate of amount of hydrogen present, giving a measure
on the soil moisture. The neutron probe is relatively easy to use and can provides robust
and accurate measurements on soil water content (<1%). Disadvantages of using neutron
probe include the high costs, the risk with radioactive material, and the specific calibration
for the probe (Muioz-Carpena et al., 2004; Robock, 2015). In addition, the neutron probe
works well for the deep profiling of underground (Robinson et al., 2003a) but becomes

inaccurate near surface since the neutron scattering is most imprecise near the soil surface

(Evett et al., 1993).

2.6.2 Dielectric methods

In addition to the neutron probe technique, the dielectric methods determined the
volumetric water content by measuring the dielectric constant (or the bulk permittivity)
of soil &, The dielectric constant can be determined by measuring the velocity of an
electromagnetic wave travelling through the soil (Topp et al., 1980). Since the
permittivity of water (¢, =81) is distinct from the permittivity of air (e, =1)and soil matrix
(¢4 =2 to 5), the bulk permittivity of soil is closely related to the volumetric water content
(Topp et al., 1980; Blonquist et al., 2005). Topp et al. (1980) proposed an empirical
calibration relationship of soil dielectric constant and volumetric water content for

mineral soils, which is expressed as:
0=-53x107+2.92x107% &, —5.5x107" &,°+4.3x107° &’ (2.26)

The empirical calibration equation (2.26) is widely used as the default calibration for the
commercial dielectric type instruments. However, this empirical equation is a universal
calibrating relationship for mineral soils independent with the soil type and complex
densities of natural soils. A soil specific calibration is required for the high organic
content soils and those expansive soils who have strong volumetric changes during drying

and wetting.

According to the sensor outputs, the dielectric devices can be divided into three different
types: the time domain reflectometry (TDR), the frequency domain reflectometry (FDR)
and the amplitude domain reflectometry (ADR).
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2.6.3 Time domain reflectometry (TDR)
2.6.3.1 Introduction

TDR is one of the most accurate and reliable measurement techniques on estimating the
soil volumetric water content (Topp et al., 1980; Robinson et al., 2003a; Huisman et al.,
2006). TDR technique was first used to detect discontinuities in the transmission lines,
thus it was so called ‘cable tester’ in the telecommunication industry (Jones et al., 2002).
In 1970s, Topp et al. (1980) used the TDR technique with coaxial transmission lines to
determine the volumetric water content of different mineral soils. They found there was
a strong relationship between the permittivity measured by TDR and volumetric water
content of soil and proposed an empirical equation which is given by Equation (2.26).
Topp equation allows the volumetric water content of the soil to be estimated from
permittivity measurements using TDR technique as well as other dielectric-based
methods. The empirical equation by Topp et al. (1980) has been verified by numerous
authors using many different types of soils (Topp et al., 1982; Smith and Patterson, 1984;
Topp and Davis, 1985; Drungil et al., 1989; Grantz, 1990).

In addition to determining the apparent permittivity, the TDR technique is able to measure
the bulk electrical conductivity of soil samples. Dalton et al. (1984) first suggested the
use of TDR to determine soil bulk electrical conductivity from the attenuation of the TDR
signal voltage. Alternative approaches have been proposed for the simultaneous
measurements of both apparent permittivity and electrical conductivity of soil by using
TDR (Dalton et al., 1984; Dasberg and Dalton, 1985; Topp et al., 1988). However, the
thin-sample approach by Giese and Tiemann (1975) has been suggested to be the most
effective method of determining BEC of soil using TDR among other approaches (Nadler
et al., 1991; Topp et al., 2000; Lin and Tang, 2007). Heimovaara et al. (1995) proposed
that the load resistance measured by TDR consisted of the sample resistance and the cable
resistance. However, the theory was suggested to be incomplete by comparing the
measured and optimised cable resistance (Huisman and Bouten, 1999). In consequence
Castiglione and Shouse (2003) proposed an improved solution for calibrating the ER
measurement of the TDR method. These efforts promoted calibrating methodology for

the TDR probes to obtain a more accurate measurement of soil bulk EC.
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Over the years, the development of manufactures in data acquisition systems and
computer-operated multiplexers have made TDR one of the standard techniques to

monitor the soil water content in the field (Baker and Allmaras, 1990; Topp et al., 2003).

2.6.3.2 Measurement principles of TDR

Principle of the permittivity measurement

The TDR device propagates high-frequency electromagnetic signals into its coaxial
waveguides, normally consisting of two or three stainless steel prongs (Figure 2.8), and
measures the propagation time that takes for the signal to travel along the transmission
lines (Evett et al., 2008). The reflection of a signal that involves a change in voltage is
received by the TDR system. The common way to express the reflection of the signal is

to use a reflection coefficient, p,,, which is given by:

Vi—=1, (2.27)

where V; is the measured voltage of the soil sample (V) and V, is the output voltage of the

TDR system (V).

The velocity of the signal travelling through the waveguides of TDR probe is a function
of refractive index (i.e. square root of the apparent permittivity), \/g_a , of soil and can be

determined from the travel length (i.e. the length of waveguides) and the travel time (Topp

et al., 1980).

o S (2.28)

V=—

€a
and 2L (2.29)
t

where c is the velocity of light in free space (ms™), At is the time for the electromagnet
signal to travel along the waveguides (s) and L is the length of the waveguides (m). The
equations (2.28) and (2.29) can be rearranged and simplified to be written in terms of a

ratio between an apparent length and actual length of the TDR probe, which is given as:
L 2.30
Ja=le (2.:30)
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where L, (m) is an apparent length equal to CTM. The apparent length can be observed

and determined by analysing the waveform of the TDR measurement plotting in terms of
the reflection coefficient vs. the apparent length, as shown in Figure 2.8. The apparent
length of measurement is defined as the distance between the two points that the
reflections of signal occur at the start and the end of the probe rods. The two reflection
points at the start and the end of probe rods have been marked in the waveform in Figure
2.8. Equation (2.30) can thus be used to determine the apparent permittivity using TDR
(Robinson et al., 2003a).

TDR device
Coaxial cable

Probe head Probe sensor (rods)

1.0

air
Start Multiple reflections
al
reflection :
(start of the :

rods) \

<«— End reflection in air water

0.5

reflection coefficient

!

Reflection : %e——— Endreflection
within the : in water
{ probe head :

0.0 0.2 0.4 06 0.8 10 12
apparent length (m)

-0.5

Figure 2.8 Schematic of the TDR equipment and the waveforms of TDR measurements in air and in water
(Curioni, 2013)

Principle for bulk electrical conductivity (BEC) measurement

In a TDR measurement, the bulk electrical conductivity, o, of soil is correlated to the
attenuation of the propagating signal, resulting in a lower level out the state of the

reflection coefficient at long apparent distance (Dalton et al., 1984). According to the thin
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sample approach proposed by Giese and Tiemann (1975), the BEC of soil measured by
TDR can be expressed by equation (2.31):

1 Zyce 1—ps .
Oy ==X 0°70 « p (2.31)
Z, L 1+ po

where o, (Sm™1) is the bulk electrical conductivity, Z,. () is the output impedance of
TDR system (typically ~ 50Q), &, is the electric constant equal to 8.854 X 107 12Fm™1,
Zy (Q) is the characteristic impedance of the probe, L (m) is the physical length of probe
and p,, is the measured reflection coefficient at long distance. The equation (2.31) can be
simplified by introducing a probe constant, Kp (m™1) giving by equation (2.32) to be

expressed as equation (2.33):

ZyCE
K, = OL 0 (2.32)
5 = &(1 - Poo) (2.33)
¢ Z.\1+ po,

Where Kp is the geometric constant of TDR probe which can be measured experimentally
by immersing the probe in solutions of known ER (Jones et al., 2002). Equation (2.31) is
proposed assuming that there is no loss in the reflection coefficient in the system.
However, anything between the start points of reflection occurring and the probe head
results in attenuation of the reflection coefficient in the practice. With the loss in the
system, the reflection coefficient of the open circus would reduce to less than 1 whilst the
reflection coefficient of the closed circus would tend upwards. In order to account for the
system dependant attenuation, Castiglione and Shouse (2003) suggested an approach to
correct the reflection coefficient:

Pu — Po

Peorr = 2 (—po — pc) +1

(2.34)

Where p., 1s the corrected reflection coefficient for use instead of p,, in equation (2.33),
Py, 18 the uncorrected reflection coefficient measured at long distances, p,, is the reflection
coefficient of the open circus and p, is the reflection coefficient of the close circus. With
calibrating the probe constant, Kp and output impedance, Z,., the bulk EC of soil can be

calculated by applying p., measured by TDR to equation (2.33).
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2.6.3.3 Applications of TDR

In last few decades, the establishment of dielectric theory and the success of high-
frequency measurement of dielectric constant (permittivity) have prompt TDR to become
a practical technique for measuring the permittivity of porous media. Since the late 1970s,
the use of TDR techniques has extended to geosciences for estimating soil water content,
because the apparent permittivity of soil is strongly dependent on volumetric water
content (Robinson et al., 2003a). Empirical and dielectric mixing models are two different
approaches used to relate dielectric permittivity to volumetric water content for the
calibration of the TDR method. Empirical equations are determined directly from the
functional relationships that fit the experimental data points, normally expressing water
content as a polynomial function of dielectric permittivity, such as equation (2.26) by
Topp et al. (1980), without consideration of any physical justifications. The dielectric
mixing models consider soil as a multiphase mixture of dielectric components (i.e. solids,
water and air), and therefore relates its bulk dielectric permittivity to the individual
permittivity and volume fractions of the dielectric constituents (Tinga et al., 1973; Roth
et al., 1990). The empirical equation for mineral soils has been widely used since it does
not require the determination of additional parameter, whereas soil-specific calibrations
are suggested for the determining of VWC for organic soils and clays, which bind a large
amount of water (Jones et al., 2002). In addition to estimate the soil water content from
the apparent permittivity, TDR was used to estimate soil bulk electrical conductivity
(BEC) from its signal attenuation. As the signal propagates along the TDR rods buried in
the soil, the energy of the applied signal attenuated in proportion to the electrical
conductivity. The proportional decrease in signal voltage is closely related to the bulk
conductivity of soil (Jones et al., 2002). The development of multiplexing and advanced
data acquisition system allowed the simultaneous measurements of multiple TDR probes
for the field testing (Heimovaara and Bouten, 1990; Herkelrath et al., 1991; Topp et al.,
2003). The TDR techniques have been used in many studies for soil water content and
BEC measurements in the laboratory and field tests for agricultural research and slope
stability monitoring (Evett et al., 2008), over a wide range of soil types including frozen
soils (Patterson and Smith, 1981; He et al., 2016). Jacobsen and Schjonning (1995)
summarised various empirical equations and suggested that Topp’s equation might be the
first choice if an accuracy of =+ 0.02~0.03 (VWC) was acceptable. Curioni (2013)
calibrated the TDR probes rigorously follow the methodologies reported by Heimovaara
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(1993) and Robinson et al. (2003b) and evaluated the performance of the well-calibrated
probes with reference solutions with known permittivity and electrical conductivity. The
results of this study suggested that TDR can achieve a good level of the measurement of
apparent permittivity and BEC with an accuracy of 2% and 3%, respectively, and a
precision of approximately 2% for both parameters. However, the study also reported that
the accuracy of TDR reduced to up to 10% when the measurements were taken on
materials in dry conditions, which have low permittivity and BEC. Similar phenomenon
was pointed out in previous studies and was thought to be due to the air gaps around the
TDR rods caused by installation or shrinkage of soils during drying (Topp et al., 1982;
Asquith, 2015). In addition to perform as a less expensive and more accurate tools for soil
water content and BEC estimation, the TDR techniques were also used as a proxy of other
soil properties such like specific surface area and water retention properties (Jones et al.,
2002). Much efforts have been paid in previous studies to relate the electromagnetic
properties to the geotechnical properties, as it was make great potential of using
geophysical methods and remote sensing to describe the underground geotechnical
information (Thomas et al., 2010a). TDR has also been used in research with respect to
relate the electromagnetic property to the geotechnical properties, such as liquid limit,
linear shrinkage property (Thomas et al., 2010a), dry density (Thomas et al., 2010b) and
specific surface area (Peplinski et al., 1995). Furthermore, TDR techniques were used for
providing reference measurements of apparent permittivity, conductivity, or water
content in geophysical surveys, such as electrical resistivity tomography (Koestel et al.,
2008; Schwartz et al., 2008) and ground penetration radar (Huisman et al., 2003; Curioni,
2013).

2.6.4 Frequency domain reflectometry (FDR)/capacitance

In addition to the TDR technique, there are some other dielectric type devices available
for measuring the permittivity of soil with different principles, such as the FDR and ADR
probes. FDR and capacitance probes measure the soil dielectric constant using two or
more plates or rods as capacitors that are embedded into the soil. For FDR, the dielectric
constant is determined by measuring the resonant frequency of the circuit (composed by
the capacitors and the soil as the dielectric) when applying an oscillating charge into the
soil. In the capacitance method, the dielectric constant is determined by measuring the

charging time which is related to the volumetric water content of the soil.
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FDR and capacitance techniques provide accurate and robust water content measurements
and the costs of these types of sensors are relatively lower than TDR probes. However,
the measurements are affected by the soil bulk density, solution conductivity and potential
air pockets around the capacitors. A soil specific calibration is also needed for these
probes while dealing with different types of soil (Dean et al., 1987; Mufioz-Carpena et
al., 2004).

2.6.5 Impedance/amplitude domain reflectometry (ADR)

The amplitude domain reflectometry determines the dielectric constant of soil by
measuring the electrical impedance of the soil medium. The oscillator in the probe
propagates an electromagnetic signal with a fixed frequency through the transmission line,
and the amplitude of the voltage standing wave produced on the transmission line is
measured to determine the impedance of the soil medium. The impedance of soil is
composed by two parts: the electrical conductivity and the dielectric constant. The effect
of conductivity can be removed by using an appropriate frequency (commonly 100MHz).
The ADR probe is much cheaper than the other dielectric probes and has similar
performance as TDR and FDR (Nakashima et al., 1998). However, the ADR probe is also
affected by the soil conditions and requires soil specific calibration (Mufioz-Carpena et

al., 2004).

2.7 Electrical resistivity methods
2.7.1 Introduction

The electrical resistivity method is used in the investigation of horizontal and vertical
discontinuities in the electrical properties of the ground. It is routinely made at the surface

of the earth to investigate the shallow subsurface conditions (Sharma, 1997).

Electrical resistivity methods use direct currents or low-frequency alternating
currents, which can avoid dielectric conduction, to investigate the electrical properties of
the earth (Reynolds, 2011). In the most commonly used resistivity method, an artificially
generated current is introduced into the ground, which can cause potential differences due
to the anomalous geological conditions and inhomogeneity within the earth, and the

resulting potential differences are measured at the surface (Kearey et al., 2002). In 1912,
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Conrad Schlumberger used the resistivity method for the first time in field experiments

in Normandy (Sharma, 1997).

As the electrical resistivity method is a non-intensive and low-cost technique that can
provide measurements of soil water content in a large field scale (Hassan, 2014), it has
great potential to investigate the characteristics of the water content of engineered soils,
and subsequently the soil water retention behaviour, and consequently the shear strength

behaviour of engineered soils.
2.7.2 Electrical resistivity of earth materials

Electrical resistivity is a physical property of a material that describes the ability to resist
the current flow within it. It is defined as the resistance between opposite faces of a unit
cube conductor. For a conductor of resistance R (ohm), length L (m) and uniform cross-

section area A (m?), its resistivity p is expressed as:

RA (2.35)

The SI unit of resistivity is ohm meter (€2 m). The reciprocal of resistivity is termed

conductivity, ob, which is measured in Siemen per meter (S/m).

The electrical conduction is caused by the movement of electrically charged particles
through a transmission medium. Electrical current is driven in most rocks mainly by the
movement of ions in pore water, since most mineral grains in rocks are insulators (Sharma,
1997; Kearey et al., 2002). The electrical conduction is, therefore, mainly electrolytic in
most rocks. As a result, the electrical resistivity property of a rock is mainly controlled by
the porosity and pore water content (Bryson, 2005; Friedman, 2005) . However, in water-
bearing rocks, the lithology and geologic age affect slightly on resistivity, since these two
factors tend to control the porosity, pore water content and salinity of rocks (Keller, 1966).
Nevertheless, the temperature also affects the resistivity as it affects the mobility of ions

present in the water filling the pores (Zhou et al., 2015).
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2.7.3 Basic theory of electrical resistivity (ER) methods

In a homogeneous conductor, the relationship between current /, resistance R and

potential differences AV can be expressed by Ohm’s law:

AV = RI (2.36)

Substituting R using equation (2.4) into equation (2.3), the resistivity p can be written as:

_Aara (2.37)
P=T1L
Considering let the length of the conductor in equation (2.5) tend to zero and its resistivity

is uniform within it, the equation (2.5) can be written as:

W _pl_ (2.38)
aL - a P

Where -0V /0L represents the potential gradient associated with current through the
conductive element in volt m™! and i is the current density per unit cross-section area in A

m2.

Now consider a semi-infinite, homogeneous conducting medium of uniform
resistivity with a single current source of strength, +/ enter at point C on its surface (Figure
2.1a). The current will travel away radially from the original point C, and the equipotential
surfaces will be uniformly distributed over hemispherical shells within the medium. At a
distance r from the current source C, the area of hemispherical surface is 2ar?, then the

current density i can be expressed as:

1 (2.39)
T 27r2

Combining equation (2.6) and (2.7), the potential gradient associated with current can be

written as:

_a_V _pl (2.40)
or  2mr?
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The potential ¥, at distance  can be obtained by integration:

_ p_l (2.41)
= 27T

In engineering practice, four-electrode method is most commonly used in resistivity
determination, since the contact issues can be minimized via this electrode configuration
(Keller, 1966). Current is injected into the ground by one pair of electrodes (C1 and C2);
potential differences are measured with the second pair of electrodes (P1 and P2) at

ground surface (Figure 2.9b).

From equation (2.9), the potential difference between P; and P is expressed as:

_ _(_P! pl ) ( pl pl ) (2.42)
V=Ver = Ve, = (27TC1P1 21C, P, 2nC,P, 2mC,P,
I/ 1 1 1 1
VV==£—( _ B N ) (2.43)

Rearranging equation (2.11), it is:

v
o=k (2.44)

Where K is the geometric factor depends on the electrode configuration.

The text above demonstrates the basic theories of electrical resistivity methods.

Current ——/
flow line

flow line

Figure 2.9 The current flow and potential distribution of a semi-infinite and homogeneous medium (a) a
single current source (b) four-electrode method (Hassan, 2014)
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2.7.4 Point/one-dimensional measurement of ER methods.

In a laboratory scale, the resistivity of soil can be measured by either two-electrode or
four-electrode systems. Normally a two-electrode system injects current flows using only
two electrodes (two metal plates) from two ends of a regular shaped specimen and the
potential difference is measured between the same pair of electrodes (ASTM, 2005). A
Miller soil box method (ASTM, 2001) is a modified two-electrode method that introduces
an additional pair of inner electrodes for potential measurement. In the system, the outer
two pins (metal plates) are used for injecting current into the soil and the inner pair are
used for potential difference measurement (see in Figure 2.10). Although the soil box
system has four electrodes, it is still using the same principle that the traditional two-
electrode method uses. The resistivity can be determined according to equation 2.45,
where A is the cross-sectional area of the current flow and L is the spacing between two

inner electrodes.

Soil Box

Resistivity system

Figure 2.10 Typical apparatus for Miller soil box (ASTM, 2001)

A conventional four-electrode resistivity measurement system normally consists of a
resistivity meter, four electrodes (i.e., one pair for injecting current into the soil and
another pair for the potential measurements) and cables for connecting the system. The
resistivity meter has two essential components: a direct or low-frequency current source
for current generation and a potential measuring unit (Loke, 2001; Samouélian et al.,
2005). In a resistivity system, the electrodes are inserted into the soil in specific arrays,
from where the geometric factor K can be defined.
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Figure 2.11 Testing apparatus of the four-electrode resistivity system using Wenner array (BSI, 1990b)

Figure 2.11 shows the typical testing set up for a four-electrode resistivity system using
Wenner array. The detailed testing procedures for this method are stated in BSI (1990b)
and ASTM (2001). In this method, four metal electrodes are inserted into the soil
specimen with a constant spacing a. Current [ is injected to the soil though the outer two
electrodes and is measured by an Ammeter in series and the voltage difference VV is
measured between the two inner electrodes by a Voltmeter. The geometric factor K can

be determined from the configuration of the array that:

2T
K = — 9ma (2.46)

(1 _ 1 _ 1 N 1)
C1P1 C2P1 C1P2 CZPZ

and the resistivity can be calculated using equation 2.29.

The use of two-electrode methods requires good contact between the metal plate and the
surfaces of the soil specimen as a poor contact decreases the actual cross-sectional area
of the current flow and raises high contact resistance. In addition, the continuous direct
current applied in a two-electrode system will cause an unreversed oxidation-reduction
reaction in the metal electrodes, which causes the orientation of ions, referred to as
polarization (Keller, 2017). The arrangement of four electrode methods minimises the
contact issues and the polarization problems (Gupta and Hanks, 1972; Campanella and

Weemees, 1990; Beck et al., 2011).
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Figure 2.12 Diagram of resistivity piezocone using linear four-electrode arrangement (Campanella and
Weemees, 1990)

Numerous resistivity probes have been developed based on the four-electrode
arrangement to adapt to the needs of resistivity measurements on different soil types, sizes
and shapes. In addition to the standard Wenner testing systems described in ASTM (2001)
and BSI (1990b), the most widely used resistivity probing systems are normally designed
based on the linear electrode arrays (e.g. Dipole-Dipole, Wenner and Schlumberger).
Campanella and Weemees (1990) proposed a resistivity piezocone (Figure 2.12), in
which a four-electrode resistivity module is embedded at the back of the piezocone. The
four electrodes are made of brass and are arranged in a linear array in constant spacing.
Similar devices have also been reported in numerous literature, e.g. Peixoto et al. (2010),

Davies and Campanella (1995), Cai et al. (2013).

In addition to the conventional linear arrangements, Habberjam and Watkins (1967)
suggested a non-linear array of which the four electrodes are in a square configuration
(Figure 2.13). Two adjacent electrodes (C) are used as current dipoles and the other two
(P) are used as potential dipoles. There are two main advantages of this square
configuration, firstly, the configuration makes all the measurement pairs to be close
together, allowing the probe to be adapted to smaller specimens; and secondly, the
configuration allows measurements to be taken from two perpendicular directions, which

reduces the orientation effect.
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Figure 2.13 square configuration of four-electrode method (Habberjam and Watkins, 1967)

More recently, Munoz-Castelblanco et al. (2011) developed a square configuration
resistivity probe to investigate the resistivity behaviour of a local unsaturated soil in a
triaxial apparatus while the soil sample is subjected to a drying and wetting process. The
probe is constructed by four metal electrodes embedded in a silicone body. Since the
electrodes are flat with the contact surface of the silicon body, it is difficult to maintain
good contact between the electrodes and soil. A slurry paste of clay is required to improve
the contact; therefore, a specific calibration is needed due to the use of wet paste. Using
the same arrangement, Hassan (2014) developed a square array resistivity probe to
investigate the resistivity characteristics of a sandy clay under drying and wetting among
the relationships between soil resistivity and geotechnical properties (e.g. water content,
dry density and void ratio). The probe used a similar design to Munoz-Castelblanco et al.
(2011), whereas the electrodes were made of finer steel wires, the ends of which protrude
from the probe body to form four prongs that can be inserted into the soil specimen

(Figure 2.15).

4mm
Araldite 2012 2mm}

Outlet
cables

i) Silicone
body

Electrodes

Figure 2.14 four-electrode resistivity probe in square configuration (Munoz-Castelblanco et al., 2011)
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Figure 2.15 square configuration resistivity probe developed by Hassan (2014).

2.7.5 Electrical resistivity tomography (ERT)

Electrical resistivity tomography (ERT) technique is one of the active geophysical
methods in engineering practices for surveying the subsurface geotechnical information
using electrical resistivity as a proxy, which is widely used in landslide investigation and
slope stability monitoring (Samouélian et al., 2005; Perrone et al., 2014). The ERT
technique can provide two-dimensional (2D), three-dimensional (3D) and four-
dimensional (4D) imaging of the subsurface resistivity distribution using multi-electrode

arrays.

2.7.5.1 Apparent resistivity pseudo-sections for a 2D ERT

In a typical 2D ERT survey, numbers of electrodes are installed into the ground surface
in aregular spacing along a line (Figure 2.16). The measurements are operated at different
stages by increasing the inter-electrode spacing from a single-spacing stage. In the first
stage, each single resistivity value is measured using a fixed array (i.e. the array of
electrode A, B, M and N shown in station 1), and the measurement array, referred to as
‘station’ in the Figure 2.16, will be rolling along the line to complete the total profile of

resistivity values for the stage. The inter spacing between the electrodes is increased to
45



extend the investigation depth and the measurement process is repeated until the

maximum spacing is reached.
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Figure 2.16 Diagram of a typical pseudo-section for a 2D ERT survey using Wenner array. (Samouélian
et al., 2005)

It is crucial to understand that the measured resistivity values represent an apparent
resistivity, which is not the true resistivity for the heterogeneous subsurface (Sharma,
1997; Slater et al., 1997). It should also be noted that this electrode spacing-dependent
investigation depth is a pseudo-depth in the pseudo-section, but not the actual
investigation depth (Loke, 2004). In conventional resistivity interpretation for a dipole-
dipole array, the measured apparent resistivity data point is placed at the intersection of
two 45 degree lines starting from the centre of the current and potential dipoles
respectively (Hallof, 1957). Another method is to place the horizontal position of the data
point at the centre of the quadrupole and the vertical position of the data point at a “pseudo
depth”, which is the median depth of investigation of the electrode array used in the
survey (Edwards, 1977). The median depth is dependent on the sensitivity values or the
Fréchet derivative of the resistivity array. All the sets of measurements are, hence,
gathered to map a 2D pseudo-section, in which an approximate resistivity distribution of

the subsurface is displayed.
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2.7.5.2 Configuration and sensitivity of resistivity arrays

A resistivity array defines the specific positions of the four electrodes (i.e., current pair
and potential pair) during the measurement. The resolution, sensitivity and depth of ERT
measurement data are affected by the electrode array been used (Seaton and Burbey,
2002). The most frequently used array configurations are shown in Figure 2.17 along with
their electrode arrangements and the geometric factors. The geometric factor K differs
from different arrays. Hesse et al. (1986) pointed out that the use of combination of
multiple measurement arrays can help to understand more features of the testing material

and get better interpretation.
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Figure 2.17 Typical array configurations for ERT (Loke et al., 2011)

Figure 2.18 shows the sensitivity patterns for different resistivity arrays. The sensitivity
value represents the degree to which a change in the resistivity of a fraction of the
subsurface will influence the potential measured by a particular array (Loke, 2001). The
sensitivity function is derived mathematically from the Fréchet derivative for a

homogeneous half-space (McGillivray and Oldenburg, 1990), and is given by:

1 x(x —a) + y? + z* (2.47)
47-[2 [xZ + y2 + 22]1'5[(36 _ a)Z + yZ + Z2]1.5

F3p(x,y,2) =

Where, a is the electrode separation in the pole-pole array.
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Figure 2.18 The sensitivity patterns for different electrode arrays (Dahlin and Zhou, 2004)

2.7.5.3 3D-ERT data

The 3D ERT provides subsurface electrical information in a spatial basis, which is more
accurate in describing the heterogeneities of the property information in the complex
subsurface of the earth (Loke, 2001; Aizebeokhai, 2010). A three-dimensional ER
imaging can be obtained from reconstruction of a series of parallel 2D ER imaging to
map the spatial resistivity distributions. Chambers et al. (2002) emphasized that for a
heterogeneous subsurface, 2D profiles from at least two perpendicular orientations are
require for mapping the 3D ERT model. Additionally, an alternative method for mapping
3D resistivity imaging is using the square configuration proposed by Habberjam and
Watkins (1967). They reported that the use of square configuration reduces the orientation

effect in resistivity measurement, comparing with using the co-linear arrays.

2.7.5.4 4D ERT data

The 1D,2D and 3D resistivity imaging demonstrate the resistivity distribution in the
subsurface at a specific time of the measurement. ERT techniques of adding time series

to the collected data are so called “time-lapse” or “4D” data sets. 4D ERT typically refers
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to a 3D data set with multiple time steps, while the time lapse method can also be used in
analysis of data sets of any dimension (1D, 2D, and 3D) with multiple time steps. The
time-lapse inversion methods (LaBrecque and Yang, 2001; Daily et al., 2004) can be
performed using ERT data sets in which the time series between the collected data sets
are treated as a variable in the inversion process. Moreover, another common method is
to conduct individual inversions each time step in the time lapse sequence, and
subsequently establish difference models (e.g., percentage changes or difference ratios)
between the inversion results (Whiteley et al., 2019). Time-lapse ERT data can provide
information on spatial variations in the resistivity in the subsurface overtime. Time-lapse
ERT methods have grown rapidly and have been widely used in the field of monitoring
the landslides since the interrelationship between the soil resistivity and water content

(Drahor et al., 2006; Chambers et al., 2014; Gunn et al., 2015; Wilkinson et al., 2016).

2.7.6 Applications of ER methods
2.7.6.1 The use of ERT in multiple engineering disciplines

The ERT technique has been used in many engineering disciplines, since a wide range of
material changes are accompanied with the changes in resistivity. For example, the ERT
has been used in geological characterisation (Sass, 2007; Hirsch et al., 2008; Hsu et al.,
2010; Chambers et al., 2012) for identifying the subsurface geological variations. It is
used as an efficient tool to monitor the frozen ground (Hauck et al., 2003; Hilbich et al.,
2011; Rosset et al., 2013), and for monitoring the CO> storage and immigration (Kiessling
et al., 2010; Schmidt-Hattenberger et al., 2013). The 2D ER survey has also been utilized
for detecting the urban caves (Antonio-Carpio et al., 2004; Santos and Afonso, 2005;
Gambetta et al., 2011) and sinkholes (Dobecki and Upchurch, 2006; Carbonel et al., 2014;

Kaufmann, 2014) near the ground surface.

2.7.6.2 ERT for slope monitoring and landslide investigation

Recently, the development of automated multi-electrode resistivity systems has
significantly accelerated the speed of resistivity measurements. These multi-electrode
systems make it possible for the complex multiple-electrode arrays to be managed using
computer-controlled resistivity meter, of which the switching units allow any four-
electrode combination to be selected. The latest multi-channel systems also allow

numbers of potential electrode pairs to be measured at the same time, letting the
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acquisition process to be rapid (Samouélian et al., 2005). Gunn and Ogilvy (2010)
developed a fully automated resistivity system, ALERT-ME (Automated Time-Lapse
Electrical Resistivity Tomography), which can be operated remotely, providing 24h
monitoring (Figure 2.19). The system has been used to monitor the groundwater
movement of an embankment while the subsurface soils are subjected to a seasonal drying

and wetting.
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Figure 2.19 The ALERT-ME system developed by British Geological Survey (BGS) (Gunn et al., 2010)

The ERT data should always be analysed associated with the local geology and can help
to verify the geotechnical model of the investigation site. Figure 2.20 shows 2D ERT
cross-sections for two profile lines of a landslide site in North Switzerland, along with
the geotechnical model for one of the profile lines obtained from the direct penetration
tests (Friedel et al., 2006). The ERT model shows good agreement with the geotechnical
model referring to the subsurface geological information of the slope. A similar study
conducted by Perrone et al. (2008) on a clay slope in Italy, used 2D ERT to construct the
boundary between bedrock and clay formation, again, an agreement was shown between
the resistivity model and the geotechnical model based on borehole data (see Figure 2.21).
Both studies indicate the ability of ERT for providing subsurface geotechnical

information.

Since 2000’s, a large number of studies with respect to the applications of 2D and 3D

ERT for landslide investigation and slope stability monitoring have been published. The

studies covered comprehensive landside types involving complex landslides (Gallipoli et

al., 2000; Lapenna et al., 2003; Naudet et al., 2008; Ogusnsuyi, 2010), translational or
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rotational landslides (Godio and Bottino, 2001; Meric et al., 2005; Lee et al., 2008; Hibert
et al., 2012; Shan et al., 2014), debris, earth flows or shallow landslides (Demoulin et al.,
2003; Schmutz et al., 2009; Chambers et al., 2011; Carpentier et al., 2012; Ravindran and

Prabhu, 2012) and the rockslides (Godio et al., 2006; Heincke et al., 2010; Panek et al.,
2011).
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Figure 2.20 2D ERT model based on the combination of Wenner, Schlumberger and Dipole-Dipole array
data collected from two profile lines: (a) cross-section EX01, (b) cross-section EX08; and (c) 2D
geotechnical model obtained from direct penetration tests (DPT) for profile EX08. (Friedel et al., 2006)
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Figure 2.21 Geotechnical model for a clay slope in Italy, generated from the 2D ERT survey and borehole
data. (Perrone et al., 2008)

The 2D ERT survey can provide basic geological information of the subsurface soils, help
to reconstruct the geotechnical model of the investigated slope, to identify the geometry
and formation boundaries of the landslide body, to detect the possible failure surface and
the fracture location, and to estimate the groundwater saturation and storage in an
interested cross-section in the site (Perrone et al., 2014). Otherwise, series 2D ERT data
can be used to reconstruct the 3D ERT model, providing a volumetric information of
resistivity variations in the subsoil, which is very similar to that obtained from the 2D
ERT, but in a spatial basis. Bichler et al. (2004) investigated the Quesnel Forks landslide
in British Columbia, Canada using 3D ERT technique. In this study, a total of ten 2D
ERT profiles, from two perpendicular directions, were gathered to reconstruct the 3D
ERT diagram that was covering the whole investigated area, using the grid-based
approach (see in Figure 2.22). From the 3D imaging, the rupture surface and separating
boundaries between the sliding materials and the undisturbed strata, which are indicated
by low resistivity portions, can be identified. Drahor et al. (2006) used similar approach

to reconstruct the 3D ERT model from parallel and perpendicular 2D ERT cross-sections
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in a graphical way (Figure 2.23), and successfully detected the failure surface of the

landslide and the presence of a fault in the investigated area.
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Figure 2.22 3D ERT diagram for the Quesnel Forks landslide constructed from two perpendicular 2D
ERT data sets (Bichler et al., 2004).
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Figure 2.23 Local geological map of a landslide site in Turkey and the 3D resistivity diagram. (Drahor et
al., 2006)

However, the 2D and 3D ERT only provide static electrical information of the subsurface
soils. More recently, the developments in time-lapse ERT methods allow the change of
resistivity in both space and time to be displayed. Most of the studies involving time-
lapse ERT are aimed at identifying the groundwater movement and distribution within
the slope subsurface (Whiteley et al., 2019). All of these studies were based on either 2D
or 3D ERT model with additional time series variable. Chambers et al. (2009) used the
ALERT system to investigate an active landslide at a site near Malton, North Yorkshire,

UK. In the study, 2D time-lapse ERT method was employed to investigate the hydraulic
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changes in the subsoil of the landslide (see Figure 2.24). From the percentage change in
resistivity between two time series 2D profiles, the near-surface fissures, moisture

accumulation zones and the evaporation boundary can be identified.

y[m]

100+ .
@) August2008 | 1o 1 slipped WMF
§ 90+
< 801
E
s 7010
8 6o
[ )
o Iteration 5
50 RMS Error = 2.3% [
40-
100+ .
(b) February 2009 | 1,0 4 slipped WMF
gl 90‘
< 801
5 7010 g A L
1‘-‘0 ] G e .. |
S 60 , |
o lteration 5
50+ RMS Error =1.4% [
40/ -----1;:!----5------
9
Resistivity [Qm]
(c) 100, Difference between August 2008 14
901 & February 2009
Q Zone of fissuring & moisture \_» 76 .
2 80- accumulation \ 38 * \
§ 7010 e ‘ brainége v : /
® i Apparent depth of |
S 60 o 'nfo,SSF’ o w influence of seasonal
T} : R0° temperature effects
50+
404 -----I:I----I:l------

-28 -14 0 14 42
Percentage change in model resnstnvnty

Figure 2.24 2D time-lapse resistivity results (a) August 2008 (b) February 2009 and (c) differential
resistivity image (Chambers et al., 2009)

Uhlemann et al. (2017) employed 3D time-lapse method to image the hydrological
processes in the Hollin Hill landslide in North Yorkshire, UK. In this study, the electrode
movements in the sliding material has been considered and taken into account to the
inversion models to eliminate the possible artefacts in the electrode configurations
(Wilkinson et al., 2016). In addition, the resistivity data were converted to moisture
content data by fitting with a Waxman-Smits model (Waxman and Smits, 1968), which

was established based on the experimental data. Figure 2.25 shows the time-lapse
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volumetric images of moisture content data, which presents the hydrogeological
variations in the landslide body. Both the shallow and deeper moisture dynamics were
imaged to be assessed incorporating with the local lithological model. The shallow
moisture behaviour involves the seasonal infiltration activities in winter and the near
surface moisture decreasing during summer, whereas the deep moisture dynamics are
related to the regional ground water table and the drainage path from upper mudstone to
the underneath sandstone formation. Additionally, the crack development during the

reactivation period of the landslide and the formation of ponds during post-reactivation

were captured from the 4D time-lapse imaging.
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Figure 2.25 3D gravimetric moisture content (GMC) images extrapolated from a 3D time-lapse ERT
model (Uhlemann et al., 2017).

A similar study undertaken by Hen-Jones (2018) employed both 2D and 3D time-lapse
ERT to investigate the hydrogeology and hydraulic changes in the subsurface of a
research embankment (Hughes et al., 2009) at Nafferton Farm in Northumberland. The
ERT data was converted to 2D and 3D GMC images using the same geotechnical-
geophysical transformation approach. Furthermore, the GMC data derived from ERT
profile was subsequently converted to a suction distribution diagram (Figure 2.26) by
fitting a Van Genuchten model (van Genuchten, 1980) through the drying and wetting
SWR data obtained from laboratory experiments. The ERT-derived data (i.e., GMC and
suction data converted from ERT measurements) were compared with the data that were
directly measured from the point measurement sensors. The results suggested that
resistivity can be well-used as a water content indicator if appropriate proxy relationships

between resistivity and water content were established. However, the author pointed out
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that the estimated soil suction from ERT-derived data showed limited quantitative
agreement with the suction values measured by the point sensors. This may be attributed
to the differential in between the laboratory and in-situ SWR behaviour, since the SWRC
properties (e.g., AEV, shape, saturated water content, hysteresis) vary from many factors
such as the as-compacted conditions and volumetric changes. In this case, the laboratory-
derived proxy relationships (i.e., SWRCs) that are more representative of the field
condition, are required for the application of estimating soil suction using ERT-derived
data. Additionally, the abilities of 3D ERT to capture crack development and the rapid
infiltration activities from heavy precipitation were identified through the time-lapse

surveying.
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Figure 2.26 Time-lapse 2D ERT profiles and the converted GWC and suction images, modified from
Hen-Jones (2018).

However, in most of these previous studies, ERT data have been successfully used to
qualitatively describe the relative changes in soil resistivity and water content, whereas
limited data were found to provide quantitatively measurements that can be compared to
the reference measurements from other techniques. Future work to investigate the
potential use of ERT data for quantitatively describing the soil water content and other
geotechnical properties through laboratory and field tests is very important (Gunn et al.,
2018; Hen-Jones, 2018).
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2.8 Chapter summary

The literature review presented in this Chapter forms the background knowledge of the

thesis. It can be summarised as follows:

The future climate is going to be hotter, drier summers and milder, wetter winters with
more intense rainfalls in the UK according to the climate change projections. Such a
change in atmospheric conditions will make the soils in the engineered slopes subjected
to more frequent cyclic drying and wetting and influence the soil properties related to the

slope stability.

Many factors may be involved in the failure of slope, but the rainfall-induced suction and
shear strength changes are likely to be the important roles, especially relevant for the low
permeable and expensive clays that widely spread in the UK. The seasonal water content
changes result in deterioration in soil suction (i.e. negative pore water pressure) and hence
the effective stress which controls the shear strength of the slope soils. Soil suction can
be determined from the soil water retention curves, which are hysteretic between drying
and wetting paths. As the soil water retention capacity deteriorated over time driven by
the seasonal water fluctuations, the relevant strength parameters determined from
laboratory tests have gradually become unreliable for the long-term stability assessment
of the engineered infrastructure (Glendinning et al., 2018; Stirling et al., 2020). So that
the determination of soil water retention behaviour for engineered soils under effect of
drying-wetting cycles can help to understand the long-term shear strength behaviour of
the soils. However, the suction measurements are limited in low or high suction ranges
due to restriction of measurement techniques (Al-Mahbashi et al., 2018). SWRC data are
rare for expansive soils over both the low and high suction range under repeated drying
and wetting cycles. Since the soil deterioration is closely related to the microstructure
change due to cyclic swelling-shrinking behaviour of clays, which is controlled by the
soil type and drying-wetting history, the data of soil water retention and shear strength
characteristic curves determined over a more completed water content (suction) range
may contribute to an improved understanding of soil deterioration. Determination of
SWRCs over a wide range of suction (water content) can be performed using the

combination of different techniques (Agus and Schanz, 2006; Delage et al., 2008).
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The real-time monitoring of soil water content using remote sensing and the geophysical
methods is aneffective tool for predicting the potential slope failures and assessing the
slope stability (Glendinning et al., 2018; Gunn et al., 2018; Tang et al., 2018a). Point
moisture sensors are widely used in the laboratory and field moisture determinations, but
only provide point measurement. As the electrical resistivity of soil is closely related to
the soil water content, the ERT-based slope monitoring system has now been developed
to monitor the water content changes in the engineered slopes associated with the
laboratory determination of the interrelationships between the soil resistivity and water
content (Chambers et al., 2014; Hen-Jones et al., 2017). In most of these previous studies,
ERT data have been successfully used to qualitatively describe the relative changes in
soil resistivity and water content, whereas the comparable data for quantitative
assessment are very limited. Further work to quantitatively describe the geotechnical
properties using ERT techniques has important implications for monitoring and early
prediction of the slope stability (Hen-Jones, 2018). Additionally, the effect of repeated
drying and wetting cycles on resistivity behaviour needs to be more fully understand in
order that the ERT data can be effectively used to indicate water content of soils. Further
work is needed for determining the interrelationships between soil moisture and

resistivity and the effect of seasonal water content changes on their relationships.
Considering this context, the identified gaps of knowledge are described as follow:

e Deterioration of soil suction (i.e. negative pore water pressure) and strength
property driven by drying-wetting cycles has been identified in previous study,
but it still needs to more fully understood by investigating the SWR behaviour and
shear strength behaviour of engineered soils subjected to multiple cycles of drying

and wetting conditions.

e SWRC data are rare for clays over both the low and high suction range under
repeated drying and wetting cycles. Determination of SWRC and shear strength
data over a more completed water content (suction) range through laboratory
experiments is needed to get a more thorough understanding of soil deterioration.
The determination of SWRC over the entire water content range can be achieved

by combination of different suction measurement techniques.
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ERT data have been successfully used to qualitatively describe the relative
changes in soil resistivity and water content, whereas limited data were found to
provide quantitatively measurements that can be compared to the reference
measurements from other techniques. Future work to investigate the potential use
of ERT data for quantitatively describing the soil water content and other

geotechnical properties through laboratory and field tests is very important.

Further work is needed for determining the interrelationships between soil
moisture and resistivity and the effect of seasonal water content cycling on their
relationships in order that the ERT data can be effectively used to indicate water

content of soils.
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3  Methodology

3.1 Introduction

This chapter describes the principles, procedures and techniques used in the experiments
to achieve the objectives stated in Introduction Chapter. The methodology consists of

three parts that represent three laboratory-based experiments:

a) Investigation of soil properties using point sensors in a box lysimeter.

b) Laboratory investigation of soil property relationships under drying-wetting
cycles.

c) Investigation of geotechnical-geophysical relationships in a lysimeter with a 1.2-

m diameter.

3.2 Investigation of soil property relationships using different

devices in a soil box lysimeter

3.2.1 Introduction

In this laboratory programme, a glacial till material obtained from the BIONICS
(Biological and engineering impacts of climate change on slopes) embankment (Hughes,
2009) were compacted into a plastic box using dynamic compaction to obtain a dry
density and water content close to nature conditions. Four different water content sensors
and four suction measurement devices were installed in the soil to measure hydraulic and
electrical properties under cyclic drying and wetting processes. The soil properties
measured in this programme included volumetric water content, pore-water pressure,

conductivity (the reciprocal of resistivity).

3.2.2 Construction and materials of soil box lysimeter

The remoulded BIONICS glacial till materials was compacted into a cubic container to
construct the soil box lysimeter. Four different water content sensors and four suction
measurement devices were installed in the soil to measure hydraulic and electrical
properties. Figure 3.4 shows a three-view drawing of the construction of soil box
lysimeter along with the locations of the testing devices. To perform measurements in

similar soil conditions during drying and wetting, the devices were placed at the same
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depth of the soil sample and were expected to locate close enough. For these purposes, an
84L (610 mm x 390 mm x 355 mm) cubic plastic box was used as the soil container in
this test. The size of the container was considered appropriate because the volume of such
a container was large enough to accommodate all the instruments and arranges them at
the same depth based on the measurement volume of the instruments. It is also a suitable
size for observing the cracking behaviour on the surface of the sample and leaving enough
depth for the instrument to avoid the influence of surface cracks on the instruments during
drying and wetting. 103 kg of BIONICS materials were compacted into the box to form
a 210-mm height soil sample. The details of the BIONICS glacial till material can be
found in subchapter 3.3.2. The sample was initially compacted at 25% gravimetric water
content (GWC) which was wet of optimum water content of 15.4% (as shown in Table
3.2) and representative of the saturated water content used for describing the SWRC of
BIONICS materials in numerous previous studies (Glendinning et al., 2018). To
determine the SWRC in the whole suction range, the initial dry density of 1.6 Mg/m?® was
targeted to achieve a near saturated initial condition. Various commercial moisture and
water potential measurement devices were arranged at half the depth of the soil sample,

as shown in Figure 3.3, to monitor the electrical and hydraulic changes.

3.2.3 Soil water content and suction measurement devices

Various point sensors were employed in this experiment to measure the water content,
suction, and bulk electrical conductivity/ resistivity of the soil sample under drying and

wetting cycles. The instruments used in this experiment are as follows:

e Two 5TE sensors and MPS (1,2 and 6) sensors from Decagon Devices.

e An MI2x probe from Theta Probe.

e A CS640 time domain reflectometry (TDR) probe from Campbell Scientific Inc.

e A TDR probe developed in the ROBUST project, which is referred to ‘TDR-R’
probe in this thesis.

¢ A high capacity tensiometer (HCT) made in Durham University.

The TDR probes, STE sensors and ML2x probe measure the apparent permittivity (i.e.,
square root of the permittivity/dielectric constant) using time domain, frequency domain
and amplitude domain techniques, respectively. Decagon MPS (1,2 and 6) sensors and

tensiometer were used to estimate matric suction of soil sample. Additionally, The TDR
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probes the 5TE sensors could also provide the measurements of the soil bulk electrical

conductivity. Figure 3.1 shows the pictures of the point sensors employed in this

= ' » - MPS-1

experiment.

=
ML2x | = CS640

Figure 3.1 Pictures of the instruments used in this experiment.

3.2.3.1 Specifications

Table 3.1 shows the specifications of the point sensors employed in this experiment. The
specification information of these sensors was referred to Decagon Devices (2016), Delta-

T Devices Ltd (2009), Campbell Scientific Inc. (2017) and J.D. Asquith (2015).

Table 3.1 Specifications of point sensors used in soil box

Sensor type | Property measured | Range Resolution Accuracy

S5TE VWC 0to 100% VWC | 0.08% VWC +3% VWC
Bulk conductivity | 0 to 23 ds/m 0.01 ds/m +10% from 0~7ds/m
Temperature -40 °C to 60 °C 0.1°C +1 °C

62




ML2x VWC 5to 60% VWC 0.1% VWC +2% VWC
TDR probe | VWC 0to 100% VWC | - -

Bulk conductivity | 0to 5 ds/m - -
MPS-1 Pore water pressure | -10 to -500 kPa 0.1 kPa -
MPS-2 & | Pore water pressure | -9 to -100,000 kPa | 0.1 kPa -
MPS-6

Temperature -40 °C to 60 °C 0.1°C +1 °C
Tensiometer | Matric suction up to 1,500 kPa 0.1 kPa -

3.2.3.2 Calibrations of decagon sensors

MPS-1, 2 and 6 sensors were using factory calibration built in to the EM50 datalogger.
Two 5TE sensors were calibrated with the soil specific calibrations and the calibration
results are presented in subchapter 4.2.1.

3.2.3.3 Calibration of ML2x probe

The ThetaProbe ML2x probe measures volumetric water content 0,, by measuring the

apparent dielectric constant € based on the certain relationship between them proposed

by Topp et al. (1980):

Ve =ag+ax 8, (3.1)

where ayand a;are two coefficients related to the soil type.

The ML2x probe responds sensitively to the changes in dielectric constant € of the soil,
and it converts these changes to a voltage output V (ThetaProbe Itd., 1999). The

relationship between these two properties can be expressed as follows:

Ve = 1.07 + 6.4V — 6.4V2 + 4.7V3 (3.2)

Therefore, the calibration process is to determine the coefficients a, and a,. For mineral

soil, ay and a,are suggested to be 1.6 and 8.4, respectively. Combining the equations
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land 2, the final calibration relationship between voltage output V of ML2x probe and
volumetric water content 68,, shows a non-linear curve (as shown in Figure 3.2), and is

written as

0, = —6.309 + 7.619x1072V — 7.619x107°V?2 + 5.59x1078)3 (3.3)

However, a soil specific calibration was established for ML2x probe based on the
relationship between the sample VWC and the dielectric constant response of the probe
to be compared with the default empirical calibration and is presented in subchapter 4.2.1.
The result suggests that a soil specific calibration is necessary for the ML2x probe to

provide more accurate readings of VWC for the glacial till material.
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Figure 3.2 Calibration curve of ML2x probe

3.2.3.4 Saturation and calibration of a high-capacity tensiometer

Saturation

A good performance of a high capacity tensiometer relies on sufficient saturation to
remove free air from the high air entry value (HAEV) ceramic plate and water reservoir,
preventing cavitation at high suction. Cavitation in a tensiometer is the formation of
vapour cavities in the water as a consequence of increasing tension induced by the

negative pore water pressure to which the tensiometer is exposed.
64



Furthermore, saturation was carried out to remove the air within the ceramic stone and
water reservoir of the tensiometer and refill the spaces with de-aired water. The detailed

procedures are stated below:

1. The tensiometer was inserted into a sealed stainless-steel saturation manifold.

2. A vacuum was applied to the saturation manifold to remove any air from the
tensiometer and inner space of the manifold.

3. The de-aired water was refilled into the saturation manifold using a pump during
vacuuming to saturate the tensiometer’s ceramic stone and water reservoir.

4. The saturation manifold was then pressurised to 1 MPa using a pressure controller
to further remove the present air within the tensiometer. At least a two-week
pressurisation period was needed for a new tensiometer undergoing its first
saturation and for a tensiometer that was dry or long from cavitation. A shorter

saturation period — normally 2 days — was used for a freshly cavitated tensiometer.
Calibration

Once the tensiometer had been fully saturated from the saturation system, it was
calibrated before use. The calibration was carried out in the positive range and

extrapolated to the negative range as performed by Lourengo (2008).

The calibration process involved 1) stepping down the pressure in the saturation manifold
from 1,000 kPa to 200 kPa at an interval of 200 kPa using a pressure controller, 2)
recording the voltage response output by the embedded force transducer and 3) stepping
up the pressure in the manifold back from 200 kPa to 1,000 kPa and recording the voltage

output to check for hysteresis.
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Figure 3.3 Calibration relationship between the pressures allied to the manifold and the voltage output of
the force transducer.

Figure 3.3 shows the calibration curve of the tensiometer — number 25343 — used in this
programme. It indicates a linear relationship between the pressure allied to the
tensiometer and the voltage response of the tensiometer’s force transducer. An R-squared
value equal to 1 indicates perfect fitting by the calibration points with the linear regression
mode. However, the tensiometers whose R? values are closely approaching 1 are also
considered to be reliable in measurements of suction, such as the one used in this

programme.

3.2.3.5 Installation of sensors

The probes and sensors were installed into the soil horizontally at half the depth of the
sample in an arrangement as shown in Figure 3.4. Once the third layer of soil was
compacted into the plastic box, soils were trimmed from the sample surface at the
designated sensor locations using a small shovel to create rectangular potholes that were

slightly larger than the sensor sizes.

For the two TDR probes and Theta-probe (ML2x), installation method is directly
inserting the coaxial rods of probes into the soil sample horizontally from the lateral wall
of the potholes. The process was carried out carefully and slowly to avoid any deviation

of probe’s rods and contact with hard materials.

Other sensors that do not have long and fine rods (5TEs and MPS-1, 2 & 6), were first

coated with bulk soils to maintain good contact between the soil and the sensor prongs
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(or the ceramic sensor heads), then placed horizontally in the potholes, letting the sensors

lied on the pothole base. The soils cut out were than backfilled to the potholes.

The tensiometer was installed with assistance from a plastic guide through a Poly Vinyl
Chloride (PVC) tube. Wet soil paste was used as slurry at the face of the tensiometer to

ensure good contact between the probe and the soil.

Once the devices were all buried in the potholes, the soil was filled back up to level the
surface. The back-filled soils were compacted more slightly and carefully upon the
sensors using a 0.5kg round PVC bar, considering that the large compaction effort may
cause large change in the density of the surrounding soils and shake the underneath
sensors. The cables of the devices were passed through the holes drilled on the wall of

the plastic box and connected to data loggers.
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Figure 3.4 The plan view and side views showing the construction of the soil box lysimeter and the
employed devices

3.2.4 Sample preparation

The original BIONICS soil was remoulded in the laboratory to achieve an initial water
content of 25% and an initial dry density of 1.6 Mg/m?. By calculation, 103 kg of

remoulded soil was required.
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The soil sample preparation methodologies adopted are as follows:

1) The soil was air dried at room temperature.

2) The soil was crushed using a crushing machine and sieved through a 2 mm sieve to
remove large particles.

3) The sieved material was sealed in a plastic container to equalise for 24 hours, and
samples were taken to measure the residual water content.

4) 105 bags — each containing lkg of soil — were prepared to mix with rainwater.

5) Soil was mixed with water using Hobart rotary mixing machine to achieve the target
gravimetric water content (GWC) of 25%.

6) All the mixed soil was sealed in plastic bags and left to equalise for at least 24 hours

before compaction.

3.2.5 Compaction

The dynamic compaction was used in this experiment for compacting soil materials into
the cubic box container manually by using a 5 kg hammer. Considering that relatively
large volume of soil needed to be compacted, compacting all the soils in one time was not
applicable as it would make the upper part of the compacted sample denser than the lower
part. The decision was thus made to compact the sample by five layers in order to get a
more uniformly compacted sample. Consequently, 103 kg of soils were divided into five
equal parts to be compacted into the soil box. The layered compaction may still cause
some vertical anisotropy in the density of sample as extra compaction efforts would be
applied to the lower layers during compaction of upper layers. However, the influence of
extra compaction effort on the lower layers was thought to be not significant in this test

since a near saturated as-compacted condition was targeted.

Five horizontal lines were marked at inside wall of box from the base in an interval of 42
mm to indicate the upper limit of each layer during compaction. 20.6 kg of soil for each
layer was weighed out and evenly distributed in the soil box. A plastic sheet was then
placed over the soil to maintain the water content and to prevent the wet soil from sticking
to the hammer. The soil was manually compacted using a 5 kg metal hammer, with a
120mm square base and a long handle. The hammer was dropped along the inside wall
clockwise with a constant drop height 150 mm and evenly covered the whole compaction
area. For each layer, the soil was evenly compacted until the mark-line was reached. Once

the third layer was compacted, soil was cut off from the positions of each sensor to allow
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them to be installed, the installation process of the sensors has been stated in section

3.2.3.5.

Considering that the TDR probe as well as other sensors need a seating time for allowing
the settling of the soil around the rods/sensor heads to get good contact (Lane and
Mackenzie, 2001), the compacted sample was left for a period of approximately one

month before commencing the test.

3.2.6 Drying and wetting cycles

The soil sample was subjected to a cyclic drying and wetting process after compaction so
that the effects of extreme weather (seasonal water content changes) on soil property
relationships could be investigated. In this experiment, three drying and wetting cycles

were achieved for the glacial till sample in a period of 28 months.

3.2.6.1 Drying process

Once the compaction was completed, the soil sample was covered by a plastic sheet at
the top to allow moisture in the soil to reach equilibrium. When the readings of the sensors
became stable, the plastic sheet was removed, and the sample was exposed to the air for
drying until a residual water content of approximately 5% was achieved. However, in
practice the water loss in soil sample became fairly slow when the VWC went down to
approximately 13-15% (corresponding to about 7% GWC), as shown in Figure 4.2, the
sample was not allowed to dry to an exact value of 5% GWC due to the time limitation.
The drying processes ended up at approximately 14% VWC, 15% VWC and 20% VWC

respectively for the first, second and third drying process.

3.2.6.2 Wetting process

Once the drying process had been completed, the soil sample was irrigated by water spray
from the surface for wetting. The surface of the sample was fully covered by four thin
cotton towels during wetting to ensure that the water could infiltrate evenly and slowly
into the soil sample from the surface. The set-up of box lysimeter was weighing by a
loadcell to monitor the mass change of the soil sample throughout the experiment. Results
showed that 17.51kg water had been lost from the soil sample in the first drying period
of 181 days, yielding a mean evaporation rate at approximately 0.4 mm per day. To give

the sample a similar wetting rate to that of the drying and considering the presence of
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evaporation simultaneously during the wetting period, the sample was recharged by water
spray at an intensity of about 0.8 mm per day (double of the drying rate), meaning in an

average of approximately 180 ml water was sprayed to the soil sample per day for wetting.

3.2.7 Data gathering

The devices from Decagon Devices (5TEs, MPS 1, 2 & 6) were logged by the EM50 data

logger manufactured by Decagon Devices Inc.

The tensiometer and ML2x were connected to the MSL data logger and received by the
TRIAX system (Toll,1999).

3.3 Laboratory investigation of soil property relationships under

drying-wetting cycles

3.3.1 Introduction

In this testing programme, soil properties of three engineered clay materials were
measured through laboratory tests to investigate the soil property interrelationships under
successive drying and wetting conditions. The water content, suction, shear strength and
electrical resistivity of the soil material were simultaneously measured using 38-mm
diameter triaxial samples which subjected to drying and wetting cycles. Materials tested
in this study comprised BIONICS glacial till, London Clay, and Hollin Hill Clay. The soil
suction was measured using Decagon WP4C water potentiameter; the resistivity was
measured using a four-point resistivity probe; and the undrained shear strength was
determined through the British standard undrained unconsolidated (UU) triaxial test. The
details of the methodologies used in this testing programme are presented in the following

sections.

3.3.2 Testing materials

To investigate the soil property interrelationships of engineered soils under drying and
wetting conditions, three representative clay materials were tested. The following soil

materials were tested in this study:
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1) BIONICS glacial till

The material collected from a research embankment in Nafferton Farm, Northumberland,
Northeast of England, which is a part of the Biological and engineering impacts of climate
change on slopes (BIONICS) project. The fill materials of BINOICS embankment was
Durham lower boulder clay, sourced from the east of Durham city, UK (Hughes et al.,
2009). Testing showed the material is a sandy clay of intermediate plasticity (plastic limit
19.5%, liquid limit 41.7% and plasticity index 22.2%), according to Figure 3.5 and Figure
3.6. The X-Ray Diffraction (XRD) analysis for the sub 2 um fraction of the BIONICS
materials suggested the clay mineral assemblages of BIONICS material composed of
variable amounts of illite/smectite (percentage mean of 49 %), chlorite/smectite (mean of
5 %), illite (mean of 19 %) and kaolinite (mean of 26 %). The non-clay minerals found
in the sub-2 um fractions were quartz and lepidocrocite (Hen-Jones, 2018). This type of
boulder clay is representative of UK transport infrastructures as it is typical of over 60%

of the British Isles (Hughes et al., 2009).
2) Hollin Hill material

The material, which is derived from Whitby Mudstone Formation (Upper Lias Group),
collected from the surface flow of the Hollin Hill landslide (Chambers et al., 2008).
Results of the particle size distribution (PSD) test and Atterberg limit test suggested that
the Hollin Hill material was a silty clay material of high to very high plasticity (plastic
limit 31.1%, liquid limit 71.2% and plasticity index 40.1%). Results of mineralogy from
XRD analysis showed the Hollin Hill material (surface flow) composed of variable
amounts of illite-smectite (33.4%), kaolinite (21.6%), Mica (16.2%), quartz (18.4%),
Albite (5.4%) and microcline (4.8%) (Merritt, 2014). The Hollin Hill clay is a
representative material in the research for the landslides in UK. Approximately 50% of
all landslides in Yorkshire occurred within the Lias Group. Particularly, the Whitby
Mudstone Formation, which outcrop at Hollin Hill was the most prone to landsliding in

North Yorkshire (Foster et al., 2007).
3) A weathered London Clay

The London Clay tested in this study sourced from a quarry site in Colchester, Essex, UK.
The PSD test and Atterberg limit test suggested that the London Clay used in the study

71



was a silty clay of very high plasticity (plastic limit 28%, liquid limit 77% and plasticity
index 49%). The soil presented a clay content of 56%, and a specific density of 2.72. The
sub-2-um clay mineral XRD analysis indicated that the Colchester London Clay samples
have mean clay mineral assemblages of 44% smectite, 18% illite, 13% chlorite and 24%
kaolinite, and small amount of quartz (Kemp and Wagner, 2006). The London Clay is an
important type of fissured stiff clay deposited in the Tertiary, which is widely underlying

in south-east of England, including most area of London (Nishimura, 2006).

These three clay materials are all representative soils in the geotechnical engineering
practice, which are in close relation to UK infrastructures or geological hazards.
Additionally, the three clay materials have different clay contents varies from 27% to 56%
and have different plasticity of intermediate to very high plasticity. One of the objectives
of this thesis is to investigate the soil property behaviour under effect of the drying and
wetting cycles. A significant feature of expansive clay materials driven by the cyclic
drying and wetting processes is the volumetric swelling and shrinkage behaviour. Since
the swelling-shrinkage behaviour of clays is generally believed to correlate to the
plasticity and clay content (Izdebska-Mucha and Wojcik, 2013; Widomski et al., 2018),
the three soils, which were representative of different clay contents and different

plasticity , were meaningful to be investigated.

3.3.2.1 Particle size distribution (PSD)

For all three types of soils, the materials of which had passed the 2mm sieve were used
to make the 38mm diameter triaxial specimens (76mm in height). The particle size
distribution (PSD) curves for the three soil materials are shown in Figure 3.5. The PSDs
for the Glacial till and the London Clay were determined following the procedures
described in BS 1377: Part 2 (BSI, 1990). The PSD data for Hollin Hill Clay material was
obtained from the internal engineering geological report for the Lias Group produced by
British Geological Survey (BGS) (Hobbs et al., 2012). From Figure 3.5, the glacial till,
Hollin Hill Clay and London Clay have clay contents of 27, 40 and 56% respectively.
The silt contents for the same types are 35, 52 and 36% respectively, indicating all the
three materials have high clay and silt particle concentrations. The sand contents for the
same types of soil are 38, 8 and 8% respectively. The PSD results show that the glacial
till tested in this study is a sandy clay whilst the London Clay and Hollin Hill Clay are
the silty clays.
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Figure 3.5 Particle size distributions (PSD) for the glacial till, London Clay and Hollin Hill Clay. The
PSD data for Hollin Hill Clay is obtained from the Engineering Geological report for Lias Group by
British Geological Survey (Hobbs et al., 2002).

3.3.2.2 Plasticity index

The results of Atterberg limits determined by cone penetrometer method for the liquid
limit and the rolled thread method for the plastic limit following the BS 1377: Part 2 (BSI,
1990a) are presented on a Casagrande Chart in Figure 3.6. In the Casagrande chart, the
A-line separates the claylike materials (plotted above the A-line) from silty materials
(plotted below the A-line), and the B-line shows the upper limit for general soils. Testing
of the materials suggested that the BIONICS glacial till, London Clay and Hollin Hill
Clay are intermediate plasticity, very high plasticity, and high to very high plasticity clays,
respectively. The results indicated that the three selected materials were representative of
clay materials from a wide range of plasticity. A summary of index properties for the

three soils are shown in the Table 3.2.

73



80 A

70 4 Low Intermediatel High Very high 7| Extremely high
plasticit plasticity | plasticity plasticity , plasticity
y M H v/
60 7
-
& A
é 50 4 \;’]9 / :)p\
< \ / \\,\,
= 40 1 Q\// L o Q\//
B ) s =
= \ s AN
2 30 - s »
A 7
= L/
7/
90 A s '/
Ve
_ 7/
10 1 7 v
0
0 10 20 30 40 50 60 70 80 90 100 110 120
Liquid Limit (%)
London Clay Hollin Hill @ Glacial till

Figure 3.6 Results for Atterberg limit tests for Glacial till, London Clay and Hollin Hill materials,
according to BS 1377: Part 2 (BSI, 1990a). A-line shows the boundary of clay (above) and silt (blow),
whereas B-line shows the upper bound of general soils.

3.3.2.3 Compaction tests

Compaction curves were obtained for BIONICS material and London Clay by the BS
light (Proctor) compaction test (BSI, 1990c), using a mechanical compaction machine
with a 2.5kg hammer. The compaction tests were performed for determining the
maximum dry density (MDD) and correspondent optimum water content (OMC) for the
material under the certain compaction effort. In engineering practice, compaction of earth
structures is suggested to be performed close to the optimum water content to give the
materials the best performance. The compaction results of BIONICS material and London
Clay are presented in Figure 3.7 and Figure 3.8 respectively, suggesting that the MDD
and OMC for BIONICS soil are 1.81 Mg/m? and 15.5%; the MDD and OMC for London
Clay are 1.40 Mg/m?® and 30.1%. For Hollin Hill material, the compaction test was not
conducted in this study due to insufficient soils. However, the historical data has shown
that the MDD and OMC for Whitby Mudstone Formation (at Hollin Hill) are 1.71 Mg/m?
and 15.4%, respectively (Hobbs et al., 2002).
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Table 3.2 Summary of the index properties of soils tested in this study

Index property

Soil type Glacial Till | London Clay | Hollin Hill Clay
Maximum dry density (Mg/m?) 1.81 1.40 1.71

Optimum moisture content (%) 15.5 30.1 15.4

Plastic limit (%) 19.5 28 31.1

Liquid limit (%) 41.7 77 71.2

Plasticity index (%) 22.2 49 40.1

Specific gravity (Mg/m?) 2.66 2.72 2.65

3.3.3 Sample preparation

One of the important purposes of this testing programme was to measure the soil
properties (i.e., water content, suction, resistivity, and shear strength) simultaneously on
the same soil specimen, in order that the property relationships can be directly established
from the measurements. To achieve this purpose a large number of specimens are required
to be arranged at multiple water content stages within the drying and wetting cycles.
Considering the efficiency and for saving the time of making sample and testing, quick
undrained triaxial tests using samples with relatively small size (38mm diameter) was
chosen for determining the undrained shear strength, resistivity and suction of the soils.
The use of small size samples was known to give more variability than samples of larger
size (e.g., S0mm and 100mm). For this reason, three repeated samples were prepared and

tested at each water content stage to reduce the variability due to the sample size.

Sample preparation procedures are stated in this section using glacial till as an example.
In order that the soil property relationships can be compared between different sample

size, the initial conditions for the small triaxial specimens used in this testing programme
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are mostly the same as for the box lysimeter sample to keep the consistency in as-

compacted condition.

Bulk soil was first air dried to a residual condition and then crushed by a crushing machine
with a plate spacing of 3 mm. The large gravel pieces were removed from the materials
before crushing. The crushed material was passed through a 2-mm sieve to remove large
particles and stones, and the material was then mixed with water using a large mixer to
achieve an initial GWC of 25%. The wet bulk soil that was made was sealed in plastic
bags and left to reach equilibrium for at least 24 hours. For each specimen, 173.5 g of soil
was statically compacted into a standard 38-mm triaxial mould (see in Figure 3.9) to
achieve an initial dry density of 1.6 Mg/m? and a porosity of 0.38, which corresponds to

approximately a 96% degree of saturation.

Figure 3.9 A 38-mm triaxial sample mould with a funnel (top right) for adding the soils

The sample-making procedures are as follows:

1) An amount of 173.5 g of soil was weighted out and divided into five equal parts.
2) Silicon grease was applied to coat the inner wall of mould for decreased friction

between the soil and mould.
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3) Each portion of soil was added into the mould through a home-made funnel
(shown on the top right in Figure 3.9), and roughly compacted Using a small steel
hammer to be slightly higher than one fifth of the depth of the mould.

4) The surface of the soil was scarified after each layer to improve interlocking
between layers.

5) Once the last layer was completed, caps were installed on the two ends of mould,
and the mould was statically compacted by a hydraulic compaction machine for
at least five minutes.

6) The caps were removed, and the soil sample was pushed out slowly.

Once a specimen was made, it was wrapped in a plastic film and left to equalise for at

least 24 hours before testing.

3.3.4 Drying and wetting cycles

The soil samples were subjected to repeated drying and wetting cycles, in order to
investigate the soil property relationships under the seasonal moisture change, for the
reasons reviewed in subchapter 2.5. The drying and wetting processes for the triaxial
specimens are described in this section using glacial till material as an example. The
drying and wetting processes for London Clay and Hollin Hill specimens are mostly the
same as for glacial till material but started with different as-compacted conditions and
numbers of drying-wetting cycles as shown in Table 3.3. The London Clay samples were
prepared at 30% GWC with an initial dry density of 1.40 Mg/m? in accordance with its
maximum dry density (MDD) and optimum water content (OMC). The BIONICS
material and Hollin Hill Clay were prepared at 25% and 24% GWC, respectively, which
were wet of optimum representative of the in-situ conditions in accordance with the

previous studies using these materials (Glendinning et al., 2018; Hen-Jones, 2018).

Testing of the first drying and wetting cycle has been frequently investigated in the
previous research and is not sufficient for investigating the long-term changes in the soil
property relationships due to seasonal drying and wetting cycles. However, the two-cycle
testing is still not sufficient as this is not able to make clear about the tendency of the
changes in soil property relationships. For these reasons three-cycle testing is considered
suitable herein for more thoroughly understanding the effects of repeated drying -wetting

on the soil property interrelationships.
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Table 3.3 Drying and wetting of three types of soil

Soil type Initial GWC | Initial dry density | Residual GWC | Number of dry
(%) (Mg/m?) (%) and wet cycles

Glacial till 25 1.6 =5 3

London Clay | 30 1.40 ~6 2.5

Hollin Hill 24 1.61 ~4 1

For glacial till which is the most concerned soil in the study, 3-cycle was chosen. For
London Clay, the initial condition was chosen based on the optimum water content and
maximum dry density from BS light proctor compaction. For Glacial till and Hollin Hill

material the initial condition was representative for the field condition.

In total, 183 specimens with 38mm diameter were made using Glacial till and subjected
to three full drying and wetting cycles at different GWC stages. In one drying/wetting
path, 33 specimens were distributed into 11 GWC stages from 5% to 25% with an interval
of 2% GWC. Table 3.4 shows target water content stages of six drying and wetting paths
(three drying and wetting cycles). For each water content stage, three repeated soil
samples were prepared for repeated tests to reduce the variability due to the small sample

size and ensure the reliability and repeatability of the tests.

Table 3.4 Water content (WC) stages of three drying and wetting cycles for the Glacial till material

Westages | 1\ 5 | 3 | 4| s | 6| 7| 8| 910/
Cycle No.
1* drying 25% | 23% | 21% | 19% | 17% | 15% | 13% | 11% | 9% | 7% | 5%
1% wetting 25% | 23% | 21% | 19% | 17% | 15% | 13% | 11% | 9% | 7% |«
2™ drying L] 23% [ 21% | 19% | 17% | 15% | 13% | 11% | 9% | 7% | 5%
2™ wetting 25% | 23% | 21% | 19% | 17% | 15% | 13% | 11% | 9% | 7% |«
3 drying L] 23% [ 21% [ 19% | 17% | 15% | 13% | 11% | 9% | 7% | 5%
3" wetting 25% | 23% | 21% | 19% | 17% | 15% | 13% | 11% | 9% | 7% |«

For drying, the specimens were unwrapped, labelled, and placed in large trays to be air-

dried (as shown in Figure 3.10).
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Figure 3.10 The 38mm diameter triaxial soil specimens air-drying on the bench

For the wetting process, a humidifying chamber was used (Figure 3.11,Figure 3.12). The
chamber was constructed in an 84L insulated box with two mist makers immersed in the
water to produce mist. The soil specimens were placed above the water level supported
by a steel grate. A plastic clapboard was placed on the grate above the mist makers to
prevent the water splashing to the specimens. Before wetting, the target mass of each
sample was calculated according to the target GWC shown in Table 3.4, and the soil
sample was regularly weighed with an electronic scale during wetting process to control
the GWC. Once the samples were wetted by the mist produced in the chamber to the
target GWCs, they were then wrapped by the cling films for at least 24 hours for

equilibrium before testing.

The significance of this cyclic drying and wetting process is to simulate the impact of
cyclic moisture changes caused by extreme weather and to investigate how it influences

the behaviour of soil suction, shear strength and resistivity.
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Figure 3.11 Schematic of the humidifying chamber

Figure 3.12 Humidifying chamber used to wet soil samples in this study
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3.3.5 Laboratory testing methods

Once the sample was prepared, the resistivity was measured for each sample using a four-
point resistivity probe prior to the triaxial test, as stated later in section 3.3.5.1. The soil
sample was then put into the triaxial cell to measure the undrained shear strength through
the unconsolidated undrained (UU) triaxial test. A piece of soil specimen was then sliced
from the triaxial sample after the triaxial test to measure the soil suction using WP4C
potentiameter (procedures see in section 3.3.5.3). Three repeated samples were tested for

each water content stage of the drying and wetting cycles.

3.3.5.1 Resistivity measurement using a four-electrode resistivity probe

The square four-electrode probe developed in Durham University (Hassan, 2014) was
used to measure electrical resistivity properties. The probe consists of four stainless steel
electrodes with an inter electrode spacing, a, of 10 mm, and it is capped by a PVC frame
with a diameter of 16 mm and a depth of 12.5 mm as shown in Figure 3.13. Silicone was

filled within the frame between the electrodes to avoid interference between them.

Figure 3.13 a) Four-electrode resistivity probe used for measuring soil resistivity; b) resistivity probe
being installed on the soil sample

During the measurement, one pair of electrodes was connected to a low-frequency (95

Hz) AC power source for injecting current into the soil sample; another pair of electrodes
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was used for potential measurement. A reference resistor, Ry = 20 Q, was connected in

series to calculate the current of the circuit (see in Figure 3.14).

— )
&

| I
Ro AC power source
resistivity
probe
(v)

Figure 3.14 The circuit for measurement of resistivity using the square four-electrode resistivity probe

The resistivity can be determined using equation (2.44) associated with the readings of

the two voltage meters (V5 and V), which is expressed as:

AV W (3.4)
P=RT =8V R,

The geometric factor, K can be simply calculated by equation (2.46):

2T 2T

a
(clp _clp _ClP +61P) 2-+2
141 241 142 212

3.5)

K = = 0.1073

However, the theoretical equation (2.46) can only be used in an ideal condition that the
measured sample should have a simi-infinite surface and to make point contact with the
electrodes. Hence the resistivity probe was calibrated to determine the geometric factor

K.

The Hanna EC meter manufactured by Hanna Instrument was employed for calibrating
the resistivity system. The EC meter was firstly calibrated using three standard solutions
of known conductivities (84 uS/cm, 1413 uS/cm and 12.88 mS/cm) produced by Hanna
Instrument. To calibrate resistivity measurements over a sufficiently large range, samples
of rainwater and distilled water were collected, as well as three solutions mixed from

Hanna standard solution and distilled water. Table 2.1 shows the calibration results of the
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resistivity system. The resistivity of samples was obtained by calculating the reciprocal

of the conductivity values measured by Hanna EC meter. The apparent resistance

measured by resistivity system was determined from the readings of two voltmeters (V3

and ).
Table 3.5 Calibration results of four-point resistivity meter

specimens conductivity | resistivity Vi V2 apparent resistance

(uS/cm) (ohm.m) (mV) (mV) (ohm)
distilled water 4.09 2444.99 0.38 | 445.46 23507.12
rainwater1 29.30 341.30 2.66 | 446.92 3360.30
rainwater2 30.10 332.23 2.99 | 476.03 3184.15
solutionl 38.80 257.73 3.95 | 468.61 2372.71
84 uS/cm solution 84.00 119.05 8.18 | 467.30 1142.54
solution2 156.10 64.06 13.40 | 389.85 581.87
solution3 737.00 13.57 56.00 | 362.48 129.46
1413 pS/cm solution 1413.00 7.08 116 381.41 65.76

The calibration curve between resistivity and measured apparent resistance was shown in

Figure 3.15. The geometric factor, K was equal to the slope of the line ( K = 0.104),

which was different to the value determined using theoretical equation. Hence the

resistivity of soil samples can be measured using the resistivity probe by applying

equation (3.4).
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Figure 3.15 Calibration line for the four-point resistivity meter.
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3.3.5.2 Undrained unconsolidated triaxial test

The undrained shear strength of specimens was determined through unconsolidated
undrained triaxial test (UU test) using a triaxial compression apparatus. The testing
processes followed the procedures described in BS 1377-7:1990 Chapter 8 (BSI, 19904d).
All the specimens were compressed at a uniform strain rate of | mm/min. The UU test is
typically used to determine shear strength of low permeability soils for a shallow
foundation or other engineering infrastructures. For the UU triaxial test, a constant
confining pressure of 100 kPa was applied to the soil sample, which represents the field

condition with a soil depth of about Sm at which the soils were collected.

3.3.5.3 Suction measurement

Total suction measurement by WP4C PotentiaMeter

A small cylindrical sub-sample, normally with a thickness of 2-3 mm and a diameter of
3cm, was sliced off from the original triaxial specimen after triaxial testing to take a

suction measurement using the WP4C water potential meter (manufactured by Decagon

Devices), as shown in Figure 3.16.

WP4C @&

Dewpoint PotentiaMeter

Figure 3.16 WP4C PotentiaMeter manufactured by Decagon Devices
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The WPA4C uses the chilled-mirror dewpoint technique to measure the water potential
(total suction) of samples. It is suitable for the measurement of total suctions up to 100
MPa, whereas it has limited accuracy in the wet end of the suction range. It has an
accuracy of 0.05 MPa in the suction range of 0 to 5 MPa, which results in an accuracy of
+5% of the reading at 1MPa and +£50% of the reading at 0.1 MPa. (Decagon Devices Inc.,
2015).

Matric suction measurement by Durham SWRC apparatus

The dewpoint method derived by the WP4C is not able to measure the suction accurately
in the wet end of suction range, especially where the suction is lower than 1MPa as
discussed above. An alternative method was proposed to measure the soil water retention
curves (SWRCs) for the wet moisture (low suction) range using the Durham SWRC
apparatus (Toll et al., 2015). The apparatus can provide continuous measurements of
water content, suction and volume change. The apparatus is made up of a PVC fame
placed on an electronic balance to measure the specimen mass, and hence determine the
water content (Figure 3.17a). Four horizontal and two vertical linear variable differential
transformers (LVDTs) are fixed on the frame to measure the volume change of the sample
during drying and wetting so that the volumetric water content could be determined. The
matric suction of sample was determined using a Durham high capacity tensiometer
placed beneath the sample. A soil slurry was applied between the soil sample and the
tensiometer to aid the contact. SWR data was determined for both drying and wetting
paths using the apparatus for the BIONICS glacial till material. For the drying process,
the sample was exposed to the air for drying; whilst for the wetting process, a clear plastic
plate was placed over the soil sample to prevent evaporation, and four injectors were used

to add water to the sample trough the holes in the plastic plate (Figure 3.17b).
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Figure 3.17 The Durham SWRC apparatus for measuring the soil water retention (SWR) data using the
tensiometer: a) the overlook of the apparatus and b) an enlarged picture showing the sample condition
during wetting

3.3.5.4 Water content measurement

The gravimetric water content (GWC) of each soil sample was determined following the
procedure described in BS 1377:Part 2:1990 (BSI, 1990a). The remaining soil sample
was placed in a small tray, and the mass of both the tray and the wet sample was measured
by a digital scale before sending them into a 105 C°® oven. After heating for at least 24
hours, the dry mass of the sample was weighed, and the GWC can be calculated. For each
sample, only a small piece of soil was sliced off (with 2-3 mm thickness) for testing the
suction by WP4C. All the remaining samples were put into the oven to measure the GWC.
Therefore, the GWC measured can be treat as the average value of whole sample. Before
testing, all samples were wrapped in cling film and left for at least 24 hours for water

equilibrium. The GWC was thought to be consistent in the samples.

3.4 Investigation of geotechnical-geophysical relationships in a large

cylindrical lysimeter

3.4.1 Introduction

A lysimeter allows soil to be segregated from its surroundings, and to some extent, it is
closer to the natural conditions in site. The lysimeter test lies somewhere between field

testing and the small-scale laboratory experiments.
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The BIONICS glacial till materials were compacted into a large lysimeter to simulate a
more representative scale that is closer to a field condition than the small-scale laboratory
testing. The volumetric water content and suction were measured using TDR probes and
high-capacity tensiometers from different depths and locations. Electrical resistivity
tomography (ERT) was employed to map the distribution of resistivity of the soil over
time, as well as to map the water content distributions based on the proxy relationship
between the resistivity and water content obtained from the small-scale laboratory tests

using the triaxial samples stated in section 3.3.

3.4.2 Structure of the lysimeter

The lysimeter in this experiment was a cylindrical soil container made of black Poly Vinyl
Chloride (PVC) material with an inner diameter of 1.2m and a height of 1.5m (as shown
in Figure 3.18). Four columns of instruments were buried into the lysimeter at six
different layer depths of 0.05 m, 0.2 m, 0.35 m, 0.5 m, 0.7 m and 0.9 m respectively (see
in Figure 3.19). In each layer, there were four TDR probes and four tensiometer ports that
arrayed in pairs at an insertion depth of 0.17 m to measure the volumetric water content
and suction, and there were 16 stainless steel electrodes, which were evenly spaced

around the circumference of the lysimeter wall to measure the resistivity (Figure 3.20).

Figure 3.18 The cylindrical soil lysimeter with a diameter of 1.2m and a height of 1.5m, and the arrays of
instrument ports for settling tensiometer, TDR probes and ERT electrodes.
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3.4.3 Sample preparation

All the soil collected from the site was dried out to residual and tamped to small clumps
using a 5-kg metal hammer. The soil clumps were then passed through a 10-mm sieve to
remove rocks and other large particles. The passed materials were separated into 100-kg
batches and stored in plastic bins. Samples were taken from each batch to calculate the
residual water content and to determine the amounts of water needed to reach a target
water content of 22%. Each batch of soil was then mixed with water in a large paddle
mixer. Once all the batches were mixed, the remoulded soil was stored in dumpy plastic

bags, well-sealed and left to reach equilibrium before use.

3.4.4 Filling the lysimeter

The filling process involves weighing out the certain amount of soils, the compaction of
soils in the large lysimeter and scarifying the surface of each sub-layer to improve the

connections between layers.

The prepared material was filled into a lysimeter in 50 equal layers to form a large soil
sample with a height of 1 m. For each layer, the thickness was 20 mm, and the soil was
compacted to an initial dry density of 1.65 Mg/m?. Soil was compacted manually using a

5-kg tamper with a square base of 120 mm by 120 mm.

Before filling the lysimeter, a trial compaction test was performed to determine the
compaction effort required to fill the lysimeter. The test was conducted in a rigid plastic
box with a base area of 365 mm by 263 mm and a hight of about 250 mm. The inside box
was marked using a mark pen at every 20 mm height intervals from the base, consistent
with that of one compaction layer in the lysimeter. The quantity of soil needed for each
20 mm layer, which can be determined from the target dry density and the water content,
was weighed and filled into the container for compaction. By compacting the soil to
20mm height, adjusting the falling height and the number of blows, the appropriate falling
height and the number of blows were determined to be 150mm and about 39 times. The
results were then scaled up to the large lysimeter size. The results suggested that 460
blows per layer with a 150-mm drop height were appropriate to achieve the target initial

dry density in the large lysimeter.
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The lysimeter was also marked at every 20 mm from the base to a height of 1 m. For each

layer, the soil was compacted in four quarters. The filling method for one layer is as

follows:

10.

11.

The soil for one layer was weighed out and divided equally into four parts.

The first three parts of soil was distributed evenly into the first three quarters of
the lysimeter using a coarse rake.

A plastic sheet was placed on one quarter, and the person compacting stood on
the sheeting whilst distributing the final bucket evenly in the last quarter.

The heights around the circumference were checked against each of four series of
wall markings that indicate layer heights every vertical 20 mm.

Any anomalies were distributed whilst trying to minimise the amount of raking,
as this causes separation of the larger soil particles from the smaller ones.

For each quarter layer, 115 tamps were applied with 150-mm drops whilst the
person compacting preferentially stands on compacted soil.

Using a trowel, the circumference of the lysimeter was navigated, sliding the
trowel flat against the soil to remove any lip forming against the side wall.

Soil cuttings were distributed where appropriate, gauged using the markers on the
side walls.

The process continued by covering the soil with a plastic sheet once more and
repeating 115 tamps per quarter of the lysimeter.

The plastic sheeting was then be removed, and the final 115 tamps were applied
over the entire surface of the lysimeter.

All but the last layer was scarified to aid in interlocking between layers.

After each layer, the level of the surface was assessed to check whether more soil needed

to be distributed into some sections over others to maintain a flat surface area during the

filling process. Once the last layer was filled, the surface of the sample was flattened.

3.4.5

Installation of instruments

Once the soils have been filled into lysimeter reaching the instrument layers at 0.1, 0.3,

0.5, 0.65, 0.8 and 0.95m height from the bottom, respectively. The instruments employed

in the lysimeter tests were set up according to the procedure described below.
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For TDR probes, the installation method involved trimming soils out from the installation
positions to create four potholes to allow the insertion of the TDR probes and inserting
the rods directly into the soil from the potholes (as shown in Figure 3.21). The process
was carried out carefully and slowly to avoid the deviation of probe’s waveguides and the
contact with hard materials. After installing the TDR probes, the soils cut out were filled

back to the potholes.

The tensiometer was installed with assistance of a plastic guide through a PVC tube. The
PVC tubes for guiding the insertion of the tensiometers were buried into the soil sample
following the same procedures with TDR installation. After the compaction was
completed, tensiometers were inserted into the PVC tube until touching the soil sample.
Wet soil paste was used as slurry at the head surface of the tensiometer to ensure good

contact between the probe head and the soil.

Once the compaction has been completed, 64 electrodes were installed to lysimeter via
the electrode ports on the upper four instrument layers. The electrodes (as shown in Figure
3.22) are 20cm stainless-steel rods with a diameter of 0.8cm, with Scm and 7cm threaded
at the two ends, respectively. The electrodes were installed by screwing the long thread
head into the soil sample via the electrode ports with an insertion length of about Scm.
Considering that the shrinkage of soil during drying may break the contact between the
soil and the electrode, a threaded head was designed to embed the electrode more firmly
in the soil, thereby improving the contact between the soil and the electrode. The shorter
threaded end (5cm) was designed to fix the copper cable to the electrode with two hex
bolts. The 8cm smooth section on the electrode is reserved to allow the movement of
electrode due to the shrinkage and expansion of the soil during drying and wetting cycles.

A completed set up of one instrument column on lysimeter is shown in Figure 3.22 (right).
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Figure 3.22 The diagram of stainless-steel electrode with dimensions for ERT measurements (left) and the
completed set up of one instrument column on lysimeter (right).
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3.4.6 High capacity tensiometers

Eight tensiometers were employed in this laboratory programme due to a shortage of
available tensiometers. Six of them were installed in a column to obtain a full vertical
data profile. The other two tensiometers were initially installed to the near-surface layer
(layer 6) to provide a parallel comparison with the main measurement column and were
moved down stepwise to the lower layers when their readings approached the cavitation
point. The saturation and calibration processes for the tensiometers are described in

section 3.2.3.4.

3.4.7 Time domain reflectometry system

Twenty-four TDR probes were calibrated and installed in the lysimeter to measure the

volumetric water content and soil bulk conductivity.

Once the compaction of the lysimeter was completed, the TDR probes were connected to
the SDMX50SP multiplexers, which were controlled by the TDR100 switching box. The
TDR100 was then connected to the computer though serial port and controlled by the
TRIAX software which was designed for data acquisition of TDR measurement (Asquith,
2015). The command signals can be delivered to the TDR100 by the computer via the
software to control the switching between twenty-four probes and perform time-lapse

measurements using TDR probes.

The raw data received from the TDR probes were analysed by the Waveform software
(Asquith, 2015) to calculate the relative dielectric permittivity and then converted into

volumetric water contents.

3.4.8 Irrigation system

An automated irrigation system was set up on the large lysimeter for sample wetting, as
shown in Figure 3.23. During the wetting period, a PVC lid with a square hole in the
centre was fixed over top of the lysimeter to reduce the evaporation of soil sample. A
Tee-tube was placed on the lid with the short edge inserted into the lysimeter via the hole
on the lid. An irrigation sprinkler was fixed at the base of the Tee-tube and with its water
supply pipe passing through and out of the Tee-tube, down to the computer-controlled
water pump. The pump was powered by a programable power supply, of which the pulse-

on time and output power can be controlled by the computer. While working, the
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rainwater was pumped from a water container placed outside the lysimeter through water
supply piping and was sprayed radially to the sample surface by the sprinkler fixed above
the centre of sample surface. The irrigation was run 4 times a day with an intensity of
650mL per minute and lasted for 30 seconds each time, meaning a total of 1.15 mm of
rain was applied to the lysimeter sample per day. This irrigating rate was chosen based
on two considerations: firstly, allow the soil sample to be wetted efficiently; and secondly,

avoid pooling on the sample surface.

PVC lid of lysimeter

PVC Tee-tube

Water pipes

Sprinkler
Computer-controlled

water pump

Water container

Figure 3.23 Schematic diagram of irrigation system for large lysimeter test

3.4.9 Electrical resistivity tomography system
3.4.9.1 Instrumentations
A multiple-channel resistivity system was used for data collection (see in Figure 3.24).

The system consisted of the following:

e A Supersting R8 resistivity meter manufactured by Advanced Geosciences, Inc.
(AGI) that provides accurate output current and allows one to take measurements

from eight potential pairs at the same time.
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e An AGI multi-electrode switching box that allows Supersting to automatically
control and switch between 64 electrodes during resistivity surveys.

e A 12-V leisure battery for the power supply.

Due to the capacity of the switching box, only 64 electrodes on the upper four layers of
the lysimeter were used in the ERT system. The electrodes were made of stainless steel,
with 5-mm thread heads to be screwed into the soil through the ERT ports. The outer ends
of the electrodes were connected to the switching box through copper cables and multi-

pin connectors.

Figure 3.24 A multi-channel resistivity system used for ERT

3.4.9.2 Resistivity arrays

The measurements were taken following the predefined resistivity arrays that were read
by the SurperSting resistivity meter with command files. The inversion results were
generally obtained with the 4x16 electrode geometry based on the upper four electrode

rings installed on the lysimeter. For each electrode ring, a circular dipole-dipole
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configuration was chosen to take resistivity surveys and generate survey files for ERT
inversion. For each measurement array, a fixed electrode pair (A and B) was selected as
the current injection dipole (see in Figure 3.25), while the other electrodes were selected
as potential pairs (M and N) for potential measurements. The potential dipoles were
paired by adjacent electrodes and shifted anticlockwise around the electrode ring. After
seven potential pairings of M and N electrodes providing 180° coverage, the current pair
was shifted anticlockwise by one electrode along the electrode ring, and the potential
measurements were repeated as stated above. The arrays were repeated until the current
dipole covered the whole electrode ring. Reciprocal measurements were taken for each

normal measurement to check the data quality.

The command files defining the sequences of the ERT measurements were created and
uploaded to the resistivity meter to control its measurements. The Supersting
automatically ran measurements following the designed sequences of the resistivity
arrays which were written into the command files and recorded the data in its built-in

memory storage.

Figure 3.25 Circular dipole-dipole configuration with the current injection dipole at electrodes A and B,
and the potential measuring dipole at electrodes M and N

3.4.9.3 Pre-processing of the raw data
The Supersting resistivity meter operated the resistivity surveys following the resistivity

arrays defined in the command files, and it saved the data in stg. file format, which
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included the date/time of measurement, the V/I (apparent resistance of measurement), and

the xyz coordinates of the A, B, M and N electrodes.

Pre-processing of the raw data was done to rearrange the data into the required format to

create input files for ERT modelling. The detailed procedures are as follows:

e Defining the electrode IDs of A, B, M and N electrodes for each measurement
point by correlating the IDs to the electrode coordinates.

e Correlating the reciprocal measurements to each corresponding normal
measurement and calculating the reciprocal errors.

e Removing large errors in data, of which the reciprocal errors were greater than
5%.

e Rearranging the processed data and writing them into the required format for

modelling.

3.4.9.4 Error analysis for ERT measurements

Accurate determination of measurement errors is important to reduce misinterpretation in
the inverse modelling of ERT measurements (LaBrecque et al., 1996). Measurement
noise decreases resolution of the inverted model. Incorrect noise estimation results in
gross smoothing of the structure (noise overestimation) or artefacts (noise
underestimation). The measurement error can be caused by factors such as (1) poor
contact between the soil and the specific electrode, (2) random errors associated with the
measurement device and (3) occasional error related to background and environmental

noise.

Stacking (repeated tests) is a method of noise quantification to check the data quality of

ERT measurements. An alternative measure is the ‘reciprocal error’, defined as,
er = Rn'Rr (36)

where R, is the resistance of normal measurements and R; is the resistance of reciprocal
measurements. The reciprocal error, e; is the difference between resistances of normal
and reciprocal measurements, indicates the data noise. The reciprocal error can detect
errors that may not be apparent from repeated checks. In the inverse modelling of ERT,
the reciprocal errors were used to identify bad measurements and to estimate error level

for the inversion. The inversion used a simple Gaussian error model in which the
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magnitude of reciprocal error |e| increases with the magnitude of measured resistance |R|

according to,
le|=a + b|R] (3.7)

Error models were created for ERT data at each time point to identify the error levels of
the measurements. Figure 3.26 shows the error model produced for ERT data collected
on date 15/02/2019. It shows that the magnitude of the reciprocal error |e| increases with
the magnitude of the measured resistance |R|. For this individual ERT measurement, the
data noise of 0.0086 (0.86%) was determined from the error model. In inverse modelling
of the ERT data, an estimated system error of 2.5% was added to the reciprocal errors to
obtain the error level for the inversion such that the error parameter for the inversion of

ERT data collected on 15/02/2019 was 3.36%.
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Figure 3.26 Error model for the ERT data of 15/02/2019

3.4.9.5 Electrical resistivity tomography modelling

The ERT data modelling was achieved using an open-source code, E4D

(https://e4d.pnnl.gov/), described in Johnson et al. (2010). This E4D code is a 3D
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modelling and inversion code for ERT data that allows forward modelling, numerical

inversion and time-lapse 4D inversion to be achieved.

Three running modes in E4D were used to establish the 3D and 4D resistivity tomography

of the lysimeter sample:

1) ER mesh generation Mode (Mode 1 as defined in the E4D user guide): A mesh
generation mode was used to create the finite element mesh (FEM) for the ERT
forward and inverse modelling, based on the lysimeter sample geometries and the
electrode locations.

2) An ER static inversion mode (Mode 3 in the E4D user guide) was used to perform
electrical resistivity inversion for the starting ERT measurement data.

3) An ER time-lapse inversion mode (Mode 4 in the E4D user guide) was used to
undergo inversions for multiple time-lapse surveys based on the resistivity

solution of the baseline ERT data.

3.4.9.6 3D and 4D ERT inversion methods using E4D

The large lysimeter test had ran for a period of nine months over one drying and one
wetting period from 20 September 2018 to 20 May 2019. A total of 36 survey files in
weekly intervals were produced for doing the time-lapse inversions. For each survey file,
200 apparent resistance readings were obtained from the upper four layers following the
circular dipole-dipole configurations as mentioned in section 3.4.7.2. Once the ERT
survey files were produced, the survey created for the starting date 20/09/2018 was set as
the baseline survey data. A real resistivity inversion was done for the baseline data using
the ER static inversion mode (Mode 3) in E4D to obtain the 3D real resistivity solution
for the baseline. Once the baseline resistivity solution was made, the time-lapse inversion
Mode (Mode 4) in E4D was used to produce the real resistivity solutions for the series of
ER surveys obtained from the large lysimeter test. The time-lapse inversion was
conducted using time-lapse smoothness constraints and using the baseline solution as the

reference.

3.5 Chapter summary

In order that the aim of the project can be achieved, three phases of laboratory-based

experiments have been conducted as stated below.
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In the first phase, several point measurement sensors were employed for estimating the
soil water content, electrical resistivity and suction on a cubic glacial till sample during

cyclic drying and wetting in a controlled environment.

In the second phase, soil electrical resistivity, suction and shear strength were determined
by a four-electrode resistivity probe, WP4C soil water potentiameter and Unconsolidated
Undrained triaxial tests on 38mm diameter triaxial specimens made of three different

types of soil.

In the third phase, a 3D time-lapse electrical resistivity tomography (ERT) method was
employed to map the real-time resistivity changes in a 1.2m diameter cylindrical lysimeter;
point sensors were also used to provide water content and suction measurements on
different depths within the lysimeter. In establishing the interrelationships between the
electrical and the geotechnical properties, the spatial geotechnical information (i.e., the
water content and suction distributions) within the large lysimeter sample could be

converted from the ERT-derived resistivity data.
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4 Results

4.1 Introduction

In order that the aim of the project can be achieved, three phases of laboratory-based
experiments have been conducted to investigate the soil property interrelationships under
repeated drying and wetting cycles. In the first phase, SWRCs and resistivity-water
content relationships were determined for a cubic soil tank using different point sensors.
In the second phase, soil electrical resistivity, suction and shear strength were determined
by a four-electrode resistivity probe, WP4C soil water potentiameter and Unconsolidated
Undrained (UU) triaxial tests on 38mm diameter triaxial specimens made of three
different types of soil. In the third phase experiment, spatial resistivity distributions were
measured for soil sample in a 1.2m diameter cylindrical lysimeter using time-lapse
electrical resistivity tomography (4D-ERT) method; point sensors were also used to
provide reference measurements of water content, resistivity and suction on different

depths within the lysimeter.

In this chapter, results from the three phases of experiments are presented separately
followed by a comparison of the soil property relationships between the results obtained

in different phases.

4.2 Box lysimeter results
The aims of the box lysimeter testing were to:

e Compare the performances of different point sensors for soil water content and
suction measurements.

¢ Investigate the relationships between soil water content, pore water pressure, and
resistivity and how the relationships change over cycles of drying and wetting.

e The experiment was designed to achieve three complete drying and wetting cycles.
However, it stopped at the midway point of the third wetting path due to time
limitations. This section shows how the soil property relationships between water

content, pore water pressure and resistivity evolve over cycles of wetting and

drying.
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4.2.1 Sensor calibrations

All the moisture sensors used in this experiment determine the Volumetric water content
by measuring the dielectric constant/permittivity, &, of soil medium using different
principles, i.e., the TDR probes, STE sensor and ML2x probe measure the apparent
dielectric permittivity using time domain, frequency domain and amplitude domain
techniques respectively. The sensor responses relate to the soil permittivity and then need
to be converted into volumetric water contents based on the calibration relationship
between the apparent permittivity and the VWC of the soil. The widely used factory-
default calibration for these permittivity type moisture sensors is the empirical equation
with respect to the relationship between the apparent permittivity and the VWC proposed
by Topp (1980). However, the default calibration is only the universal relationship
between &, and VWC independent of the soil type. The effect of dry density and soil
matrix permittivity varying from different soils should have been considered when
correlating apparent permittivity to the water content (Malicki and Walczak, 1999). A
soil specific calibration is, therefore, required for clays to reach a higher accuracy for
research purposes as the dry density of the clay changes by the variation of the water

content during drying and wetting.

Figure 4.1 shows the calibration relationships between the refractive index (i.e. square
root of apparent permittivity) and volumetric water content for the sensors. With respect
to the ability of the empirical equation to estimate the volumetric water content of the soil,
the soil specific calibrations are compared with the empirical Topp’s mineral equation.
The results can be observed to have close linear relationships between the apparent
permittivity measured by the sensors and the sample volumetric water content. As can be
seen that the calibration lines of TDR probes are better fitted with the Topp’s equation,
especially the CS640 probe, whereas the other two types of sensors show distinct
deviations from the empirical equation. It is noted that the two 5TE sensors show different
calibration lines, implying that a soil specific calibration is required for each specific

sensor when using the STEs.
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Figure 4.1 Calibrations of moisture sensors between square root of the apparent permittivity /€, and

VWC. The red circle in the figure shows a steeper tendency than the normalized trend line for 5TE 2 with
data points over 35% of VWC.

4.2.2 Property changes over time
4.2.2.1 Volumetric water content

Figure 4.2 presents the time series volumetric water content (VWC) data obtained from
five different water content sensors, in which there are two Decagon 5TE sensors used at
different locations in the box lysimeter as shown in Figure 3.3 (in section 3.2.3.5). All the
volumetric water content values are converted from the permittivity measurements using
the soil specific calibrations of the sensors as presented in Figure 4.1. All the sensors
show degrees of the VWC variability while the soil sample subjected to cyclic drying and

wetting and the five sensors show differences in the VWC measurements.

Overall, the TDR-ROBUST (TDR-R), 5STE-1 and ML2x sensors approximately agreed
to each other in the data span. However, the readings of the TDR-R probe and the ML2x
probe show higher values than those of the STE-1 sensor in between 32% and 40% VWC
in the first drying process due to the insufficient calibration for STE-1 over 30% VWC.
In accordance with the calibration line of 5TE-1 in Figure 4.1(green line), the calibration

points of the STE-1 sensor generally follow a linear relationship while the VWC is below
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35%, whereas there are insufficient data points to fix the calibration for VWC
measurement over 35%. However, from the calibration line for 5STE-2 (orange line in
Figure 4.1), it can be seen that the trend of calibration points over 35% VWC becomes
steeper than the normalized calibration line of STE-2 (marked by the red circle in Figure
4.1), implying that the response of 5TE sensor shows lower sensitivity in apparent
permittivity measurements over 35% VWC, which may cause the less accuracy of STE
sensor in VWC measurements over 35%. In the range of 32% to the residual water content
on the first drying process, the STE-1 and TDR-R shows strong agreement in the VWC
measurements and show higher values than the ML2x probe. In the second and third
drying processes, the VWC measured by TDR-R probe is higher than that of STE-1 and
further higher than that of ML2x, the possible reason for this may be due to the air pockets
between soil and the sensor prongs caused by compaction and sample drying. The effects

of entrapped air will be discussed later in this section.

As can be seen Figure 4.2, at the starting point of the experiment, the VWC readings of
TDR-R and ML2x are around 38%, while the readings of STE-1 and 5TE-2 are both at
around 35%, and the reading of CS640 is at about 28%. The gravimetric water content
(GWC) and the dry density of the soil sample are initially made at around 23% and 1.63
Mg/m? respectively, which correspond to a VWC at approximately 37.5%. The TDR-R
and ML2x probes, and therefore, provide the most reasonable readings in VWC at the
starting point.

It can also be seen in Figure 4.2 that there are instant jumps in VWC measurements for
the CS640, STE-2 and ML2x probes (marked by the red circles) occurring at the wet ends.
This provides evidence of the existence of the entrapped air pockets between the sensor
prongs and the surrounding soils. When the soil was becoming saturated approaching the
wet ends, the irrigated water infiltrated and filled the air gaps, causing the sudden
increases in the VWC measurements of the sensors, as parts of the sensors were directly
surrounded by the water. However, the issue is more serious for the STE-2 sensor and
CS640 probe than the ML2x. The poor contact between the sensor prongs and the soil for
5TE-1 and CS640 also led to an underestimation of VWC when the soil was unsaturated,
since parts of the sensor prongs were in direct contact with the entrapped air, resulting in

a low value in permittivity measurements.
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Figure 4.2 Time series volumetric water content data measured by four different sensors in the soil box
lysimeter. The red circles show instant jumps in VWC measurements for the CS640, 5STE-2 and ML2x
probes.
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Figure 4.3 VWC data obtained by the five point sensors for the date 08/01/2016 at a measurement interval
of one hour.

The variability of determining the VWC using point sensors can be seen from Figure 4.2.
Compared with other sensors, the data obtained by TDR probes gave greater variability
when measuring the VWC of sample. Data of one day before the test started was collected

for investigating the variability of results obtained by the point sensors. Figure 4.3
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presents the hourly VWC data for the date 08/01/20160btained by the five point sensors.
The data sets show the measurements of VWC before the start of the test, where the VWC

values should be constant.

Table 4.1 The mean value and standard deviations (S.D.) of hourly VWC data for date 08/01/2016.

Property CS640 TDR-R STE1 STE2 ML2x
Mean 0.2784 0.3900 0.3384 0.3566 0.3919
S.D. 0.0063 0.0026 0.0002 0.0000 0.0002

Table 4.1 shows the mean values and standard deviations (S.D.) of the one-day data sets
for the five sensors. The standard deviations given clearly represent the variability of
sensors in determining the VWC in the period. The results suggest that the CS640 probe
has the greatest variability in VWC measurement with a bias of two standard deviations,
denoted £1.26% VWC. The TDR-R has a comparatively greater variability in the
measurement with a bias of two standard deviation, denoted +0.52% VWC. The 5TE
sensors and Theta probe (ML2x) have relatively smaller variability in VWC

measurements that the bias introduced is less than +£0.04% VWC.

4.2.2.2 Pore water pressure

Figure 4.4 shows the time series pore water pressure (PWP) data collected by three
different versions of Decagon MPS water potential sensors and the Durham high capacity
tensiometer. It can be seen that all of the sensors show agreements in the range of around
-300 to 0 kPa and separation occurs when the PWP continues to decrease in the first
drying path. The reading of the MPS-2 sensor shows high consistency with the
tensiometer all the way down to -1151 kPa, where the tensiometer cavitated and goes
down to about -3000 kPa at the dry end of the first drying path. The reading of the MPS-
1 sensor keeps constant after reaching a value of around -430 kPa, which is close to the
measuring limit (-500 kPa according to its user manual) of it. The MPS-6 sensor was
considered damaged or improperly installed because it gave lower readings in suction (i.e.

negative pore water pressure) estimation compared to the MPS-2 and the tensiometer.

From Figure 4.2 and 4.3, It can be seen that the readings the PWP obtained by the MPS-
2 sensor at the dry ends of three drying and wetting cycles are -3042 kPa, -2190 kPa and
-1883.7 kPa respectively, which indicate a reduction in suction (negative pore water

pressure) at the dry ends by cycles. While the VWC readings from the TDR-R probe at
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the three driest points are 15%, 14.9%, and 21.3% respectively, where the driest water
contents for the first and second cycle are very close and lower than that of the third cycle.
It can also be seen that the 21.3% VWC corresponds to a PWP of about -1942 kPa on the
second drying path in accordance with the same time point. This might indicate a
reduction in suctions of the soil sample at given VWCs from the initial drying path to the

subsequent drying path.

The readings of VWC measured by TDR-R at the wet ends (referring to the zero suction
points) of three drying-wetting cycles are approximate 40.0%, 36.4%, and 36.0%
respectively. This might indicate a reduction in saturated VWC from the initial drying
path to the main drying path and the consistency of saturated VWCs in the following

cycles.
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Figure 4.4 Time series pore water pressure data measured by four different sensors in the soil box
lysimeter.

4.2.2.3 Resistivity

The TDR probes and 5TE sensors measure the bulk conductivity of soil. The bulk
resistivity value is reciprocal to the bulk conductivity value. Figure 4.4 shows the time
series data of electrical resistivities obtained from the TDR-R, CS640, 5STE-1 and 5TE-2
sensors. Overall, the data from the TDR-R and 5TE-1 sensors show strong agreement
with each other in the whole data span, whereas the readings taken by the CS640 are
higher than the readings taken by the former two sensors. The resistivity data taken by

5TE-2 shows large division with others that it is much higher than the readings taken by
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the other three sensors. Again, it is due to the poor contact issue mentioned above. The
S5TE sensor measures the bulk conductivity of soil by using two stainless steel screws
(installed on two of the sensor prongs) as the two electrodes (i.e., positive and negative
electrodes). When the soil is unsaturated, the entrapped air, especially around the two
screws, cause poor contact between the electrodes and the soil medium, dramatically
reducing the electrical conductivity between the two electrodes. At the wet ends, when
the soil is reaching a saturated condition, the water fills the air gaps, causing the sudden
jumps in conductivity (drops in resistivity) readings of STE-2 (see in Figure 4.4). The
results suggest that the saturated resistivity is about 20 Qm for the initial sample, 17 Qm
after one drying-wetting cycle and 13-17 Qm for the sample after two drying and wetting
cycles. The decreases in saturated soil resistivity during cyclic drying and wetting might
be attributed to the changes in soil fabric and micro-structures during repeated drying and
wetting processes. Results in section 4.3.5 illustrate the volumetric changes of clays over
successive drying and wetting cycles, the void ratio of Glacial till switched to lower
values over cycles. It has been proven that there is a positive correlation between soil void
ratio and soil resistivity at a given water content (Hassan, 2014), which may imply that
the decrease in saturation resistivity over cycle is the result of a decrease in the void ratio.
is a result of decrease in the void ratio. In addition, the cracking and deterioration in clays
at the micro-scale due to drying and wetting cycling have been observed in many previous
studies using ESEM imaging (Hen-Jones, 2018; Azizi et al., 2020; Stirling et al., 2020).
Hen-Jones (2018) suggested that the development of micro-cracks lead to an increase in
soil resistivity at low water contents and a decrease in resistivity approaching saturation,
since these cracks cause more discontinuity in soil medium at low water content and

become more conductive bridges when they were filled with water at high water content.
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Figure 4.5 Time series resistivity data measured by three different sensors in the soil box lysimeter.

The variability of results can be observed in the resistivity measurements of the four
sensors in Figure 4.5. In order to assess the accuracy of the sensors in resistivity
measurement, hourly data of one day before the start of the test was collected to
investigate the variability in determining the resistivity using the four-point sensors as

shown in Figure 4.6.
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Figure 4.6 Resistivity data obtained by four point sensors for the date 08/01/2016 at a measurement
interval of one hour.
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Table 4.2 presents the mean values and standard deviations of the resistivity data obtain
by the four point sensors on date 08/01/2016. The standard deviations clearly represent
the variability of measurement results from the four sensors. The results suggest that
CS640 has the greatest variability in resistivity measurement with a bias of two standard
deviations, =£0.74(0m, denoted percentage variability of +2.78% of resistivity. The STE-1
has a variability in resistivity measurement with a bias of +£0.4Q0m, denoted percentage
variability of +£1.89% of resistivity. The measurements of TDR-R and 5TE2 sensors are

relatively consistent without significant variability.

Table 4.2 The mean values and standard deviations (S.D.) of hourly resistivity data for date 08/01/2016.

TDR-R CS640 STE1 STE2
Mean (Qm) 19.76 26.63 21.15 83.33
S.D. 7.25%10°" 0.37 0.20 5.80x10

4.2.2.4 Data at the end of the experiment

The box lysimeter experiment was terminated in May 2018. The overlying soils above
the sensors were carefully removed from the box using a soil shovel. For each sensor, one
soil sample was collected locally from the surrounding soil to test on the gravimetric
water content. Additionally, three intact soil samples were taken near the instrument layer
using a cutting ring to estimate the average dry density of the soil sample from the GWC
and the volume measurements at the end of the experiment. The final VWCs of the soil
samples around each of the sensors were estimated from the GWC and dry density values
to compare with the final records of the sensors. Table 4.1 shows a comparison between
the VWC results measured by the sensors at the end of the experiment and the VWCs
estimated from the gravimetric and the dry density data. It can be seen that the reading of
TDR-R probe is closest to the estimated value, whose percentage error is 1.61%. The
MI2x and 5TE-1 also provide relatively accurate readings, whereas the readings of STE-
2 and CS640 have large differences from the estimated values. However, the dry density
of the final sample in Table 4.3 was estimated from the average of the three regular shape
soil samples. The actual dry density may vary among the surrounding soils of each sensor

due to the heterogeneities of water content within the soil sample.

Figure 4.5 shows the sensor locations and the gravimetric water content results of the

surrounding soils for each sensor. The results indicate that the gravimetric water contents
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are heterogeneous within the soil sample at different locations. The GWC is shown to be

higher at the edges than that in the centre. This might be due to the water flowing down

from the gaps between the soil edges and the lysimeter wall and wet the soil at the edges

prior to the centre. In addition, it can be seen that the STE-2 sensor is situated very close

to the ML2x and the CS640 probe, especially the ML2x. This close location may cause

interference between these sensors which affects the VWC measurements resulting in the

abnormal readings of STE-2 and CS640. However, the sensors were used to conduct an

interference test after they were removed from the box. The results of this check did not

show any clear evidence of interference.

Table 4.3 Data for the final point of box lysimeter experiment

Device GWC | Estimated VWC (%) VWC (%) percentage | Suction
(%) average dry | estimated from | read by the | error (kPa)
density GWC and dry | sensors
(Mg/m?) density data
5TE-1 15.85 | 1.74 27.58 24.59 10.84%
5TE-2 16.06 | 1.74 27.94 20.69 25.96%
Tensiometer | 16.51 | 1.74 28.73 n/a
MPS-1 17.98 | 1.74 31.29 n/a 38.00
MPS-2 16.31 | 1.74 28.38 n/a 77.00
MPS-6 17.64 | 1.74 30.69 n/a 35.60
MI2x 17.03 | 1.74 29.63 24.96 15.77%
TDR 15.73 | 1.74 27.37 26.93 1.61%
(ROBUST)
TDR 16.22 | 1.74 28.22 17.40 38.35%
(CS640)
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Figure 4.7 A photograph of device layout in the soil box lysimeter showing the sensor locations and the
gravimetric water content results of the surrounding soil for each sensor.

In summary, heterogeneities in water content and suction were detected in the soil box
(the 54L soil sample in this experiment). The point measurement sensors can provide
abnormal measurements due to many uncertainties. In order that the sensors can be used

properly, soil-specific calibrations are essential.

4.2.3 Soil property relationships
4.2.3.1 Soil-water retention curves (SWRCs)

In the previous sections, the time series pore water pressure, volumetric water content and
electrical resistivity data were presented. In this section, the data are presented as soil
water retention curves (SWRCs), which combine the pore water pressure and water
content data at each time point. The SWRC is produced based on the VWC and suction
data obtained from TDR-R and MPS-2 sensors respectively as these devices were
considered to have the greatest accuracy during the calibration exercise. Figure 4.6
presents the SWRCs of the soil sample under three drying and wetting cycles. In Figure
4.6a it can be seen that in the first drying and wetting cycle, the VWCs on the drying path
are higher than those on the wetting path corresponding to the same suction values, clearly
demonstrating a hysteresis between drying and wetting. The saturated VWC drops from

about 39.5% at the beginning of the first drying path (initial VWC as a compacted
113



condition) to approximately 35% at the end of the first wetting path. Figure 4.6b presents
the SWRCs of the soil sample for the second drying-wetting cycle, again there is a
hysteresis between the drying and the wetting path that demonstrates a higher VWC on
the drying path than that of the wetting path corresponding to the same suction. However,
the hysteretic behaviour of SWRCs is less significant in the second cycle than in the first
cycle. In addition, the hysteresis is shown to be insignificant at the top and bottom
portions of the drying-wetting loop and the sample was wetted back to about 35% VWC
at the wet end of the second cycle wetting path. Figure 4.6¢ shows the SWRCs of soil
samples for the third cycle. The same hysteretic behaviour is detected in the third cycle.

The wetting stage of the third cycle was not completed due to time limitations.

Figure 4.7 illustrates combining SWRC data for all the three drying-wetting cycles. It can
be seen that the suction value at a given water content in the first drying path is higher
than that in the second drying path and further higher than that in the third drying path,
indicating a deterioration in the suction of soil sample as the number of drying-wetting

cycles increases.
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Figure 4.9 SWRCs of glacial till under drying and wetting for the box lysimeter sample

4.2.3.2 Resistivity-water content relationships under drying and wetting

The relationships between electrical resistivity and volumetric water content under cyclic
drying and wetting for the box lysimeter sample are presented in Figure 4.8. Overall, the
soil resistivity increases with decreasing water content. In the first drying-wetting cycle
(see Figure 4.9a), the resistivity increases from 20 Qm to 74.6 Qm during drying and then
decreases to 17 Qm during wetting. It can be seen that the resistivities in the wetting path
show higher values than in the drying path when the VWC of the sample is over 26% and
lower values than in the drying path when the VWC is under 26%. The same situation
can be seen in the second and the third drying-wetting cycles. This may be due to 1) the
different volumetric (shrinking and swelling) behaviour of clays during drying and
wetting, which cause the differences in soil’s degree of saturation between drying and
wetting at given VWCs and the resistivity of soil is more closely related to the degree of
saturation than to the VWC; 2) the development of micro-cracks during drying processes,
as the air in the cracks reduce the conductivity of soil in the dryer condition and the water

in the cracks increase the conductivity of soil in the wetter condition.
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4.3 Triaxial sample experiment results

In this section, testing results obtained using the 38 mm diameter triaxial specimens
according to the methods stated in subchapter 3.3 are presented. In the triaxial sample
testing programme, soil properties including water content, suction, resistivity and
undrained shear strength were measured using triaxial samples made of three different
soil materials. The interrelationships between the measured properties for these soils such
as the SWRC, strength water content relationship and resistivity water content

relationships are presented.

4.3.1 Soil water retention (SWR) behaviour

A series of soil water retention curves (SWRCs) are presented in this section to
understand the soil water retention behaviour of the three different types of soil (i.e.,

glacial till, London Clay and Hollin Hill clay).

For all three types of soil, the total suctions were measured on small pieces of sample
(cylinder with a diameter of 30mm and a thickness of 2mm) that were sliced off the
triaxial samples (after triaxial testing) using the Decagon WP4C water potential-meter.
An additional SWRC measurement was conducted using the tensiometer apparatus to
determine the cyclic SWRCs for the glacial till material in low suction ranges (less than
1000 kPa). Since the osmotic suction takes a large proportion of the total suction in the
low suction range (normally < 1000 kPa) and a very minor proportion in the higher
suction range (> 1000 kPa), the total suction data of which the values are greater than
1000 kPa are also representative for the matric suction. As a result, a full range data set
for the SWRCs was made in a combination of data measured by the tensiometer apparatus
for the low suction range (<1000 kPa) and data measured by the WP4C for the high
suction range (>1000 kPa). All the measured suction data were fitted with the Fredlund
and Xing (1994) model and the obtained SWRCs are presented using volumetric water
content (VWC).

4.3.1.1 Total suction SWRCs

The total suction SWRCs for glacial till material determined using the WP4C potential
meter are shown in Figure 4.11. SWR data for three drying and wetting cycles are

presented for the glacial till material. Generally, the total suction SWRCs are interpreted
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as logarithmic functions as to the relationships between total suction and volumetric water
content and all the curves fall within the range of suction approaching residual water
content at high suction values and the air entry pressure at low suction values. The total
suction grows rapidly as the soil samples desaturate. In the first drying path, the total
suction increased from about 100 kPa to around 40,000 kPa when samples were dried
from a saturation VWC of about 40% to a residual VWC of about 5%. In the first drying
and wetting cycle, an obvious hysteresis can be detected between the drying and wetting
path, which indicates a higher volumetric water content on the drying path than that on
the wetting path at a given suction value. It can be seen that the SWRCs for the following
two cycles are all enveloped in between of the first drying and wetting curves. The
SWRCs for the second and the third drying-wetting cycles are less hysteretic than in the
first cycle. Comparing the first and the second drying curves, it can be seen that the total
suction on the first drying path is higher than that on the second drying path at a given

VWC value, indicating a deterioration in suction from the first to the second drying path.
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Figure 4.11 Soil water retention curves of the glacial till for cyclic drying and wetting. The suction
values are presented using total suction measured by the WP4C potential meter. ‘D1’ and ‘W1’ represent
the first drying path and the first wetting path.
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Figure 4.12 Soil water retention curves of the London Clay for cyclic drying and wetting. The suction
values are presented using total suction measured by the WP4C potential meter.
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Figure 4.13 Soil water retention curves of the Hollin Hill Clay for cyclic drying and wetting. The suction
values are presented using total suction measured by the WP4C potential meter.

The total suction SWRCs for London Clay and Hollin Hill Clay under cyclic drying and
wetting are presented in Figure 4.12 and Figure 4.13 respectively. In Figure 4.12, the
same hysteresis between drying and wetting paths is found in the London Clay’s SWRCs
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during the first and the second drying-wetting cycles. The deterioration in total suction
can also be detected between the drying curves as the number of cycles increases. The
SWRC data for the Hollin Hill are more scattered as shown in Figure 4.13, this may be
due to some operation error during the experiment. It must state that the tests on Hollin
Hill samples was conducted with the assistant of an undergraduate student, Anna Brooks.
More variability in Hollin Hill data may be resulted from the different operating
procedures during testing. However, the hysteresis and deterioration in the total suction

SWRCs can also be evident in the fitting curves to the Hollin Hill data.

4.3.1.2 Matric suction SWRCs

The total suction values measured by WP4C can only substitute matric suctions when the
values are greater than about 1000 kPa where the osmatic suctions make up only a minor
proportion. In order that the soil water retention curves can be made on a wider range, a
series of soil water retention data were measured using tensiometer apparatus to cover the
measurements in low suction range (<1000 kPa). Parts of the data obtained using the
dewpoint method (WP4C) are selected to cover the measurements in high suction range
(>1000 kPa). By combining these two sets of data a full range SWRC data set with
respect to the matric suction was determined. The widely used SWRC models proposed
by van Genuchten (1980) and Fredlund and Xing (1994) were used to fit experimental
data obtained in the laboratory, hereafter referred to as the VG model and the FX model,
respectively. Figure 4.14 shows experimental data of SWRCs for the Glacial till during
the first drying and wetting cycle along with the best-fit curves for both the VG and the
FX models. The R-squared values of the regression models show that both the VG and
the FX models have a good fit to the measured data, whereas the FX model performs
better than the VG model in describing the drying SWRC data. As can be seen in Figure
4.14 that discrepancy could be found between the VG and the FX fitting curves at the wet
end, where the suction values were less than approximately 300 kPa. The VG SWRC was
flatter than the FX fitting curves in the low suction range and overestimated the VWC
values in the suction range between 10 to 300 kPa on the drying path. It can also be
observed that the VG fitting curves demonstrated higher VWC values than the FX fitting
curves in the high suction range with suction values greater than 10 MPa. To be concluded,
the FX model performed better than the VG model since it provided more flexible fit to

the experimental data obtained in this study. It may be due to that the VG equation
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(Equation 2.11) related the two fitting parameters m and n through the fixed relationship
m = 1 — 1/n. This reduces the flexibility of the fitting model. More accurate results can
be obtained using FX model which leaves m and n parameters with no fixed relationship
(Fredlund and Xing, 1994). Therefore, the SWR data of Glacial till under multiple drying
and wetting cycles were fitted with the FX model hereafter to produce the SWRCs in this

thesis.
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Figure 4.14 Curve fits for the van Genuchten (VG) and the Fredlund and Xing (FX) models with SWRC
data for the Glacial till during the first drying and wetting cycle.

SWRCs for Glacial till under cyclic drying and wetting were produced using Fredlund
and Xing (1994) model as shown in Figure 4.15. Generally, in one drying and wetting
cycle, the VWCs of drying path show higher values than that of the wetting path at given
suctions. Distinct hysteresis can be found between the primary drying and wetting paths,
whereas the hysteretic behaviour gradually decreased as the number of cycles increased.
It can be seen that VWC of the first-cycle drying path is higher than those of the
subsequent cycles and the saturated VWC gradually drop down by cycles at the wet end
of the drying curves. The saturated volumetric water content at the beginning of the first
drying path is shown to be about 39% and dropped to around 34% when the second drying
path started, and subsequently dropped to about 32.5% while the third drying path started,

indicating a deterioration in suction as the number of drying-wetting cycle increases.
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Figure 4.15 Soil water retention curves for glacial till under three cycles of drying and wetting obtained
using tensiometer apparatus for wet range (SWR) and dew point potentiometer for dry range (WP4C)
along with the best fitting curves based on Fredlund and Xing model

The SWRCs for three continuous drying paths are presented using the degree of saturation
as moisture proxy in Figure 4.16 where the air-entry values (AEVs) were also determined
based on the curves. It shows that the air-entry value of the glacial till material at the first
drying path was determined to be close to 610 kPa, whilst the AEVs for the drying paths
of the second and the third cycle were about 500 and 400kPa, respectively. It means the
air entry value of glacial till material gradually decreased by cycles as the number of

drying-wetting cycles increased.
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Figure 4.16 Degree of saturation versus matric suction SWRCs obtained from compacted glacial till
material by tensiometer and WP4C potential meter for three drying paths. Air entry values for the three
drying paths are determined based on the Fredlund and Xing (1994) fitting models.

Figure 4.17 shows the comparison between the total and matric suction SWRCs
determined for the first drying and wetting cycle of glacial till material. The total suction
was measured using WP4C and the matric suction was determined using the combination
of the tensiometer apparatus and WP4C. It can be seen that both the drying and wetting
curves in a wet moisture range from continuous measurements using tensiometer are in
good connection with the data points of total suction in a dryer range measured by the
WPAC potentiometer, indicating the SWRCs can be successively determined over the
whole soil moisture range by the combination of these two methods. However, for the
wet end, the total suctions measured by WP4C show higher values than the matric
suctions measured by tensiometer as the osmatic suction of soil is more pronounced in

low moisture range.

124



045 -

0.4

0.35 e WP4C DI
= WP4C W1
S 03 ‘
N
S —SWRDI
9  0.25
S
% 02 — SWR W1
= ’ .
0 —— FX fitting
E 015 (drying)
E - - - - FX fitting
= 0.1 (wetting)
=
> 0.05

0 T T T T 1
1 10 100 1000 10000 100000
Suction (kPa)

Figure 4.17 A comparison of SWRCs between total suction and matric suction measured for the glacial till

material in the first drying and wetting cycle with total suction obtained by WP4C and matric suction obtained

by the combination of tensiometer and WP4C.

4.3.2 Shear strength-water content relationships

The undrained shear strengths of soil samples were determined through the undrained
unconsolidated (UU) triaxial test following the procedures described in BS 1377-7:1990
Chapter 8 (BSI, 1990). The shear strength results of the three soils under drying and

wetting cycles are presented in this section.

4.3.2.1 BIONICS material

The relationships between the undrained shear strengths C, and the gravimetric water
contents w for the glacial till under three drying and wetting cycles are presented in Figure
4.18 by different cycles separately. As shown, the C,-w characteristic curves are
interpreted as logarithmic functions within the water content range between residual
water content to nearly saturation. The undrained shear strength increases as the
specimens are dried out from the initial water content and decreases as the specimens are

wetted back.
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Figure 4.18. Undrained shear strength, C, - water content (gravimetric) relationship of the glacial till for
three drying-wetting cycles: a) the first drying-wetting cycle, b) the second drying-wetting cycle, ¢) the
third drying-wetting cycle.

Hysteresis can be found between the drying and wetting path of the C,,-w relationship, for
all the drying-wetting cycles. The specimens exhibit higher shear strength values in the

drying path than in the wetting path at a given water content, although these converge at
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two ends of the loops. This behaviour relates to the hysteresis between the drying and
wetting of the soil water retention behaviour, the lower suctions of the wetting path might
result in the lower suction-induced shear strengths, causing the reductions in wetting path
shear strengths. However, the hysteretic relationship between C, and w may also be
influenced by micro-scale cracking or the volumetric changes (swelling and shrinking) of

the clay material during cyclic drying and wetting.

Figure 4.19 presents the shear strength — gravimetric water content relationships for the
drying paths of the three drying-wetting cycles in the glacial till. The data shows a
deterioration in shear strength while the number of drying and wetting cycles increases,
which might be due to the micro-scale crack development. However, the deterioration is
shown to be more significant between the first and the second cycle than between the
second and the third cycle. This can be explained as the initialization of the main cracks
normally occurs in the first drying path while the soil is subjected to successive drying
and wetting (Stirling al et., 2015); or it could also be linked to relatively large porosity
changes driven by the shrink-swell action causing changes to the SWR relationships

between different drying-wetting cycles.
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Figure 4.19 Comparison of the C.-w relationships between the drying paths of the three cycles for glacial
till
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However, it must be noticed that describing the shear strength changes using GWC as the
water content proxy does not take the volumetric changes into account. The shear strength
data are also plotted against volumetric water content (VWC) and degree of saturation
(Sr), showing in Figure 4.20 and 4.20, respectively. The shear strength against VWC and
S plots also show a hysteresis between drying and wetting in each drying-wetting cycle
due to hysteretic soil water retention behaviour. The reduction in shear strength at a given
VWC or S, as the number of drying-wetting cycle increases also indicates the

deterioration in soil fabric due to the development of cracking.
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Figure 4.20 Relationships between undrained shear strength and VWC for glacial till for three drying-
wetting cycles
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three drying-wetting cycles

Figure 4.22, 4.21 and 4.22 present the relationships between undrained shear strength
against GWC, VWC, and degree of saturation for the London Clay specimens under
successive drying and wetting, respectively. From the gravimetric water content plot
(Figure 4.22) it can be seen that the C, of specimens increase with the decreasing water
content. Hysteresis between drying and wetting paths can be detected for the first and
second cycle, however, for the third cycle, only the drying experiment has been done. The
shear strengths in the first cycle drying path show higher values than the second cycle
drying path at given water contents, while the shear strengths of third drying path lie
somewhere in between of the first and second paths. Again, the gravimetric plot does not

count the effect of dry density (and other volumetric changes of clay material under



drying and wetting), so that the volumetric water content and S, plots are presented in
Figure 4.23 and 4.23 respectively. The undrained shear strength data against VWC and
S indicate that the C, increases with decreasing VWC and desaturation during drying and
vice versus during wetting. Hysteresis in shear strength behaviour between drying and
wetting is evident again in the data. Comparing the three drying paths, the drops in shear
strengths at given VWC and S, from first to following drying-wetting cycles imply the

deterioration in strength property of London Clay as the number of drying-wetting cycle

Increases.
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Figure 4.22 Shear strength-GWC relationships for London Clay under cyclic drying and wetting
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Figure 4.23 Shear strength -VWC relationships for London Clay specimens under cyclic drying and
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Figure 4.24 Shear strength - degree of saturation relationships for London Clay under cyclic drying and
wetting.

4.3.2.3 Holin Hill Clay

Figure 4.25, 4.25 and 4.26 present the undrained shear strength data as a function of the

GWC, VWC, and degree of saturation, respectively. Once again, the data suggests that
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there is a hysteresis between the drying and wetting path of C,-soil water content relations.
The undrained shear strengths of Hollin Hill specimens on the second drying path are
lower than those on the first wetting path, strongly proving that the reduction in shear
strength from the first to second drying path is not entirely due to the hysteric soil water

retention behaviour, the deterioration in soil fabric is evident.
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Figure 4.25 Relationship between undrained shear strength and GWC for Hollin Hill material under
cyclic drying and wetting.
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Figure 4.26 Relationship of undrained shear strength and volumetric water content for Hollin Hill
material under cyclic drying and wetting.
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material under cyclic drying and wetting.
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4.3.3 Shear strength — suction relationships

Figure 4.28 shows the data of undrained shear strength C, as a logarithmic function of the
soil suction for specimens of glacial till at three drying paths. It can be seen that the C,
increases rapidly to about 600 kPa with the growing suction and then increases gradually
thereafter as the specimens are dried out. All the drying stages exhibit a drop in shear

strength at a given suction with increasing number of drying-wetting cycles.

Figure 4.29 and 4.29 present the C,-total suction relationships of drying paths for the
London Clay and Hollin Hill Clay specimens, respectively. The data also suggest a rapid
increase in C, of London Clay and Hollin Hill Clay specimens up to about 800 kPa and
500 kPa respectively with growing suction, in a low suction range. The shear strength
then increases slower with growing suction in the higher suction range. The drops in shear
strength from previous to next drying path at a given suction can also be observed in the
London Clay and Hollin Hill Clay data. These suction-independent deterioration in shear
strength from successive drying and wetting can be addressed and might be due to the

development of micro-scale cracks during the drying process.
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Figure 4.28 Undrained shear strength against total suction relationships during drying of three drying-
wetting cycles for the glacial till specimens.
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135



4.3.4 Resistivity-water content relationships
4.3.4.1 Glacial till

Figure 4.31 illustrates the relationships between electrical resistivity and degree of
saturation for glacial till under three cycles of drying and wetting. In general, data sets
from all the drying and wetting paths established an inverse power relationship between
resistivity and degree of saturation, the resistivity increases as the degree of saturation
decreases in a testing S, range of 20% to 100%. In much previous research, similar
relationship was presented between soil resistivity and water content from laboratory tests
performed on Clay materials (Hassan, 2014; Merritt, 2014; Hen-Jones, 2018). The
resistivity values increase slowly from full saturation to a S, of about 70% from about 20

Qm to 30~40 Qm and grow more dramatically to a residual S, of about 20%.
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Figure 4.31 Resistivity -water content relationships for the glacial till under three drying-wetting cycles.

It should be noticed that, in general, the relationships between resistivity and degree of
saturation for different drying-wetting cycles and drying/wetting paths do not display a
consistent trend. According to the trends of resistivity changes shown in Figure 4.31, the
resistivities in drying path at a given S, are a little higher than those in the wetting path
within the same drying-wettting cycle. This might be due to the development of micro-
cracks during drying processes, as the micro-cracks interrupt the continuities of fluid

water and block the current flows within the soil specimen, resulting in higher resistivities.
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In Figure 4.31, it can also be seen that the resistivities show higher values in the second
drying-wetting cycle than in the first and the third cycles, and the resistivities from the
third drying-wetting cycle are lying between the first and second cycles. This implies that
the resistivity is affected by multiple factors while the clay material being subjected to a
successive drying and wetting, the volumetric changes of clays due to swelling and

shrinking should also be considered except the water content changes and cracking.

4.3.4.2 London Clay

The relationships between electrical resistivity and degree of saturation for London Clay
specimens under cyclic drying and wetting process are presented in Figure 4.32. It can be
seen from the trend lines that the resistivity has an inverse power relationship with the
degree of saturation for all the drying and wetting paths. Hysteresis is not found between
the first drying and wetting path for the London Clay resistivity data, whereas the data
shows little hysteresis between drying and wetting path for the second cycle. However,
this hysteric behaviour in drying and wetting resistivities may result from the
inconsistency in crack development of the individual soil specimens. An increase of soil
resistivity at given S, with the increasing number of cycles is evident from the results,

indicating a deterioration in soil fabric due to crack development.

The relationships between electrical resistivity and degree of saturation for London Clay
specimens under cyclic drying and wetting processes are presented in Figure 4.33. The
second drying path establishes a higher resistivity value than the first drying path in the
dry range, which indicates an increase in resistivity when subjected to a cyclic drying and

wetting due to crack development.
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Figure 4.32 Resistivity- degree of saturation relationships under cyclic drying and wetting for London
Clay specimens.

4.3.4.3 Hollin Hill Clay
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Figure 4.33 Resistivity-Sr relationships for Hollin Hill specimens under drying and wetting.

4.3.5 Shrinking-swelling curves

The volumetric changes of clays during successive drying and wetting induce variations
in dry density and void ratio, which have an impact on the soil property behaviour. It has
been proved that for given water content, a higher dry density (corresponding to a lower
void ratio) results in a lower resistivity for the glacial till material (Hassan, 2014). The
changes in void ratio also affect the behaviour of soil suction and suction induced shear
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strength as they are related to the pore size of soil. The pore size and pore size distribution

have been proved to affect SWRC (Fredlund & Xing, 1994; Vogel & Roth, 2001).

4.3.5.1 Glacial till

Figure 4.34shows the shrinkage and swelling curves for glacial till under drying and
wetting cycles. In the first cycle drying path (see in Figure 4.34a), the void ratio of the
specimens decreased from 0.68 at 25% GWC until reaching a shrinkage limit of 0.42 at
around 12% GWC, then stays constant to the dry end. In the wetting path, the void ratio
of specimens keeps constant until wetted to about 13% GWC and then decreases to 0.58
at a saturated water content of about 22%. It can be seen in Figure 4.34b that the glacial
till specimens in the second cycle were wetted from an initial void ratio of 0.59 at 22%
GWC to a shrinkage limit of 0.4 void ratio at 12% GWC. For the second wetting path,
the void ratio remains constant before being wetted to about 13% GWC and increases to
0.53 at 20% GWC. In the third drying-wetting cycle, the shrinkage curves of drying and
wetting are nearly reaching equilibrium, the specimens are dried from an initial void ratio
of 0.53 at 20% GWC to a shrinkage limit of around 0.38 void ratio at about 13% GWC
before drying out to the residual and then be wetted back by the same path to a void ratio
of 0.5 at 19.5% GWC.

In order that the changes in soil void ratios for the glacial till under cyclic drying and
wetting can be presented more clearly, trendlines of shrinkage curve data from all the
three drying-wetting cycles are combined and shown in Figure 4.35 with the data points
removed. A hysteretic relationship is shown between soil water content and void ratio,
for the repeated drying-wetting cycles. For all three drying and wetting cycles, hysteresis
between the drying and wetting paths can be found, showing that the specimens following
a drying path exhibit higher values of void ratio for a given water content than those
following a wetting path. However, the hysteresis is more significant in the first cycle and
becomes less significant as the number of drying-wetting cycle increases, and
convergence is almost reached in the third cycle. It can also be seen that the relationship
between void ratio and water content for glacial till changes as the number of cycles
increases. Both the secondary and tertiary drying paths exhibit a drop in void ratio from
the previous drying path, indicating a change in swelling and shrinking behaviour of the

soil material under repeated drying-wetting cycles.

139



0.70

0.60

0.50

0.40

0.30

0.70

0.60

0.40

0.30

0.70

0.60

0.50

0.40

0.30

R2=0.9724 / e DI
R2=10.9672 '/

— . — Sl

D1

!

0.05 0.1 0.15 0.2 0.25 0.3

b) 7

R2=0.943 7 A W2
R2=0.9607 7/
— . — sr=l

D2

—— W2

0.05 0.1 0.15 0.2 0.25 0.3

C) ya = D3

R2=0.9662 R
R2=0.9581 4 - — Sl

D3

———-W3

0.05 0.1 0.15 0.2 0.25 0.3

Gravimatric water content

Figure 4.34 Shrinkage curves of glacial till under three cycles of drying and wetting: a) the first cycle, b)

the second cycle, ¢) the third cycle.
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Figure 4.35 Shrinkage curves of glacial till material for three drying and wetting cycles.

4.3.5.2 London Clay

Shrinkage and swelling curves for London Clay specimens under repeated drying and
wetting cycles are presented in Figure 4.36 by individual cycles, along with the saturation
line of 80% and 100%. The shrinkage curve for the third drying path is presented
accompanying the second wetting curve as the tests were ended by the end of the third
drying. All the London Clay specimens were statically compacted to an initial condition
of 1.41 Mg/m? dry density and 30% GWC, corresponding to the optimum water content
and maximum dry density obtained from the proctor test. This gives the London Clay
specimens an initial degree of saturation at about 86%, which is different from the full
saturation initial condition for the glacial till specimens. The specimens for the first cycle
drying path were either dried to residual or wetted to fully saturation to get a more

complete understanding of the shrinking-swelling behaviour (see in Figure 4.36a).

It can be seen that the shrinkage limits for the three drying-wetting cycles are 0.59, 0.60
and 0.61 respectively. Hysteresis can be observed between the shrinkage (drying) and
swelling (wetting) curves in the first and second drying-wetting cycle and convergence is
achieved between the second cycle wetting and third cycle drying path, implying that the
soil particles and fabric are re-structured while going through a repeated drying and
wetting from the as-compacted condition. This restructuring process of soil affects the

shrinking and swelling behaviour, i.e., volumetric changes, and finally the soil reaches an
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equilibrium condition after certain cycles of drying and wetting. It is noticed that the void
ratio on the wetting path at a given water content is higher than that on the drying path in
a drying-wetting cycle before the equilibrium is achieved, indicating an increase in void

ratio with the increasing number of drying-wetting cycles.

In order that the changes in soil void ratios for the glacial till under cyclic drying and
wetting can be presented more clearly, trendlines of shrinkage curve data from all the
three drying-wetting cycles are combined and shown in Figure 4.37 with the data points
removed. Hysteresis is found between the drying and wetting paths in both the primary
and secondary drying-wetting cycles, showing that the void ratios of specimens following
a wetting path for a given water content have higher values than those following a drying
path. This shows a contrasting trend to the glacial till of changes in void ratio-water

content relationships under repeated drying and wetting.

4.3.5.3 Hollin Hill Clay

Shrinkage and swelling curves for Hollin Hill Clay under drying and wetting are
presented in Figure 4.38, along with the saturation line of 80% and 100%. The results
suggest that the void ratio of Hollin Hill Clay at shrinkage limit is about 0.48 for the first
cycle and 0.60 for the second cycle. Similar to the London Clay data, the void ratio of
Hollin Hill Clay shows the higher value on the wetting path than on the drying path at a
given water content, exhibiting an increase in void ratio as the number of drying-wetting

cycle increases.
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Figure 4.36 Shrinkage curves of London Clay specimens under three cycles of drying and wetting: a) the
first cycle, b) the second cycle, c) the third cycle.
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Figure 4.38 Shrinkage curves for Hollin Hill Clay under cyclic drying and wetting
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4.4 Results of large lysimeter test

4.4.1 Introduction

In this subchapter, the results from nine months of testing the lysimeter containing the

glacial till material are presented.

4.4.2 Water contents

The water contents were measured the Time Domain Reflectometry (TDR) probes buried
within the lysimeter at certain depths and applying the specific calibration determined in

subchapter 4.1.1.

Within the lysimeter, four columns of instrumentation were labelled as columns A, B, C,
and D in an anticlockwise order around the circumference of the lysimeter as shown in
Figure 4.40. In each instrumentation column, there were 6 device layers vertically

distributed and were numbered 1 to 6 from the bottom to the top as shown in Figure 4.39.

Layer 6— =
Layer 5——
Layer 4—>

Layer 3——

Layer 2——

Layer 1——

Figure 4.39 Diagram of the vertical arrangement of instrument layers in the lysimeter
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Figure 4.40 Diagram of horizontal instrument arrangement for one layer in the lysimeter, the locations of
A, B, C, D columns are highlighted

Figure 4.41 shows the initial distribution of volumetric water contents (VWC) with depth
for the lysimeter sample measured by TDR probes on the starting date 20" September
2018. It can be seen that there was a broad agreement as the VWCs lay between 34% to
40% excluding those of column B and C at 0.5m depth (layer 3), which present relatively
lower water contents. The lysimeter had an estimated initial bulk volumetric water content
of 36.2% based on the estimated initial dry density and gravimetric water content of the
bulk soil in the lysimeter, whilst the TDR probes provided an average initial VWC of
36.1%, which is fairly close to the estimated value. However, the TDR probes on the
instrument port B3 (column B, layer 3), C3 (column C, layer 3) and D2 (column D, layer
2) exhibited large deviations in VWC estimation from the other probes in the same depth
as marked by the red dash line circles in Figure 4.41. This can be due to either: 1)
underestimating in VWC by TDR probes caused by the poor contact between the probe
prongs and the surrounding soils or the entrapped air between the probe prongs; 2) the
different as-compacted conditions of the surrounding soils of these specific probes due to
the uneven compaction efforts that might be applied in some specific areas during the

compaction, as the soils were manually compacted using a tamper.
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Figure 4.41 Initial vertical distributions of volumetric water content for lysimeter using TDR probes. The
red dash line circles marked the large deviation data points at layer 2 and 3.

4.4.2.1 Drying period

The time series VWC data for four instrument columns of lysimeter are presented in
Figure 4.42, 443, 4.44 and 4.45 separately, indicating the VWC variations in the
lysimeter with depth for the drying period from 20% September 2018 to 14" February
2019 followed by a wetting period until 24" May 2019. Each figure illustrates VWC data
from six TDR probes installed at layers 1 to 6 referred to different depths as shown in

Figure 4.39.

Across the four figures, there is a general trend for the near-surface probes in layer 6 to
have the greatest decrease rate in water content during the air-drying period and the drying
rate becomes slower as the burial depth of the probe increases. However, the two TDR
probes on ports C3 (soil column C, layer 3) and D2 (soil column D, layer 2) were deemed
to be not functioning as they provide anomalous readings. It can be seen in the Figures
that the water contents measured by the layer 6 (near-surface) probes showed an
immediate decrease from the starting of the drying process and the water contents
measured in the layer 5,4 and 3 started showing the decreasing trends after about 3 days,

two weeks and three weeks, respectively. In the layer 1 and 2, it takes much longer time

147



for the probes to response to the drying activity. The water contents at the bottom two
layers started to decrease at approximately 50 days after the beginning of the drying. It
can also be noticed that the drying rates of layers 3 and 4 probes became slower and
tended to remain constant with the bottom two layers while the desaturation of the bottom
two layers started. This can be explained as the water started to drain from the bottom
into the middle layers of lysimeter once the air entry value of soils in the bottom layers

was reached, the inter-movement of water between the bottom and middle layers occurred.

4.4.2.2 Wetting period

After a drying period of nearly five months, the near-surface layer (layer 6) was observed
to be dried out according to the steady readings by the TDR probes. Since the time
required for the lysimeter sample to be dried out to the bottom would be extremely long,
the wetting process for the lysimeter sample was started on 14" February 2019. An
automated irrigation system, as mentioned in subchapter 3.4.8 , was used to wet the

sample from the top surface by providing an intensive water spray.

It can be seen in Figure 4.42, 4.43, 4.44 and 4.45 that for all the columns the water
contents in layer 6 increased instantly when the wetting started. Layer 5 wetted slowly as
irrigation was applied to the lysimeter and the wetting rate gradually increased over time.
The water contents in the lower layers took longer to begin to wet. This can be explained

due to the time required for the wetting front to pass deeper into the lysimeter.

Another observation with layer 6 is the different wetting behaviour within the soil
columns while the layer was wetted to between 30% - 32% of VWC. It can be seen that
the columns A and B in Figure 4.42 and 4.43 show an abrupt increase in water content
after being wetted to 30% and 32% respectively, whereas the columns C and D show this
upward trend more slowly. This was explained as the water pooled above columns A and
B in preference to C and D due to unevenness of the sample surface. A similar abruptly
rising tendency in VWC was also found in layers 4 and 5 on soil column A. This can be
explained as a consequence of water infiltrating the vertical cracking developed during
drying and wetting along the instrument line for the column A as the soil column became

more heavily saturated.
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Figure 4.46 Volumetric water content ratio profiles with depth for the lysimeter Column A during the
drying period ( from 20/09/2018 to 14/02/2019, labelled by red polyline) and the wetting period ( from
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Figure 4.47 Volumetric water content ratio profiles with depth for the lysimeter Column B during the

drying period and the wetting period.

151



VWC ratio

-0.60 -0.40 -0.20 0.00

0.20

0.2 4

0.3 -

0.5

Depth of probes (m)

0.6 1

0.8

0.9 -

20/09/2018
20/10/2018
20/11/2018
e 120/12/2018
e 20/01/2019
—14/02/2019
14/03/2019
28/03/2019
14/04/2019
e 2.8/04/2019
e 14/05/2019
—24/05/2019

Figure 4.48 Volumetric water content ratio profiles with depth for the lysimeter Column C during the

drying period and the wetting period.
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Figure 4.49 Volumetric water content ratio profiles with depth for the lysimeter Column D during the

drying period and the wetting period.
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4.4.3 Pore water pressure

The pore water pressure in the lysimeter was determined using the high capacity
tensiometers described in chapter 3. Due to the limited number of available tensiometers
in the laboratory, it was unrealistic to make full use of the total 24 tensiometer ports on
the lysimeter. Therefore, eight tensiometers were used in the drying period, six of them
were used to make measurements covering a whole vertical instrument column (soil
column D) on the lysimeter and the other two probes were initially installed into the two
ports on the column A and C in layer 6 to provide comparative measurements. The two
tensiometers were then moved down to the next lower depth once the measured suction

was approaching the cavitation point of the tensiometer.

Figure 4.51 presents the pore water pressure profiles of lysimeter for the drying and
wetting periods. It was undesirable to let a tensiometer to be cavitated as it takes weeks
for a cavitated tensiometer to be re-saturated and a recalibration is also required. However,
most of the tensiometers used in the drying period cavitated before reaching a negative
pore water pressure (PWP) at -800 kPa, and half of them cavitated before achieving a
negative PWP at -500 kPa as shown in Figure 4.51. This can be explained by the poor

contact issue caused by the shrinking of soil during drying even a guide tube was used to
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aid the contact between the tensiometer and the soil. It may also be caused by the
insufficient saturation process, which makes the entrapped air left in the water reservoir
of the tensiometers, leading to a reduction of cavitation point. During the drying period,

a maximum suction measurement of about 1400 kPa was achieved by the tensiometer

installed on the port A6.
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Figure 4.51 Pore water pressure profiles for different locations on the lysimeter using a high-capacity
tensiometer during the drying and the wetting periods.

In the drying period, it can be observed that the tensiometers in the upper four layers
immediately showed a decrease in pore water pressure after the drying started, whilst the
PWPs measured in the bottom two layers stayed at a near zero value for about 20 days
before showing a slow decrease. The three tensiometers in layer 6 registered the greatest
decrease in pore water pressure, reaching pore water pressures as low as about -1.4 MPa
after a one-month period. The tensiometers in layers 5, 4 and 3 also showed a similar
tenancy of decreasing in PWPs as layer 6, but with stepwise reduced decreasing rates.
Across the data by all the tensiometers, strong agreements were found between the probes

at the same depth for the soil columns.

In the wetting period, in order that the widest possible range of suction could be recorded,
it was planned to re-install the tensiometers in the lysimeter ports once the corresponding

instrumentation layer was wetted to the suction range just below the cavitation value of
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the tensiometers (expected to be around 600 to 700 kPa). Practically, three tensiometers
were re-installed in layers 4, 5 and 6 on Column D to measure the pore water pressure
changes in the lysimeter during the wetting period. The results of pore water pressure
from three tensiometers placed in layers 4, 5 and 6 on column D are also presented in
Figure 4.51. The two tensiometers in layers 4 and 6 started with PWPs at around -250
kPa and the tensiometer in layer 5 initially read at approximately -380 kPa PWP. From
the PWP results for the wetting period, it clearly showed that the lysimeter sample was
wetted from the top to the bottom layers, the layer 6 was the first to be wetted back to a
PWP just below zero kPa and followed by the layer 5, which had also been wetted to

saturation one month later.
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Figure 4.52 Pore water pressure and Volumetric water content data using tensiometer and TDR probe for
the instrument port D6 (column D, layer 6) on the lysimeter during the wetting period.

It can also be noticed in Figure 4.51 that there were three small-scale drying-wetting
activities that happened for layer 6 soil. Figure 4.52 is an enlarged picture showing the
pore water pressure and volumetric water content variations of port D6 for a six-week
period after installation of the tensiometer. It can be clearly seen that there were three
obvious falls in pore water pressure due to the irrigation failures during the wetting
process. These irrigation pauses were caused by the unexpected shut down of the

irrigation system due to power issues in the laboratory. The failures in irrigation caused
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small-scale drying-wetting cycles and resulted in drops in both volumetric water content
and pore water pressure of soil in the near-surface layer. The result shows that a 1%

reduction in volumetric water content led to a 100 kPa reduction in pore water pressure.

It can also be seen in Figure 4.52 that when the layer 6 was wetted to about 34% VWC,
it was the first time for the porewater pressure measured at port D6 to reach a near-zero
value, from where the pore water pressure readings started to remain consistent just below
zero and the soil around the D6 port became saturated. However, the VWC measured at
port D6 did not stop increasing after saturation but kept the upward trend with the
persistent irrigation. This could be due to the over-wetting of soil after the saturation was
reached. It means that the soil can stay swelling even when the saturation has been
reached if the water is persistently added to it. This causes the increase in soil porosity

and the VWC is then increasing with the increasing porosity.

4.4.4 Soil water retention curves (SWRCs) of large lysimeter test

The drying and wetting soil water retention curves for the glacial till measured in the large
lysimeter are presented in Figure 4.53. All the SWRCs are established by the VWC. and
suction data collected from different locations on the lysimeter using TDR probes and
tensiometers. Overall, the trends for all the drying curves follow a similar shape indicating
the matric suction increases with the decreasing volumetric water content. However, the
curves measured at different layers and locations still show some differences. The three
drying curves measured at layer 6 on column A, C and D present strong consistency and
exhibit higher values of suction for a given volumetric water content than those measured
at lower layers. The two drying curves measured at layer 5 show a distinct difference that
the water content for a given suction measured at port D5 shows high value than those
measured at C5. This indicates that the differences in SWRCs from different locations
might not only be due to the depth. It could be due to the variations of the as-compacted
volumetric water contents of soil from different locations. A more significant difference
is shown between the wetting paths. The two wetting curves measured at port D4 and D6
present strong agreement and exhibit higher values of suction for a given volumetric water
content than those obtained from port D5. In this test, hysteresis is again observed
between the drying and wetting paths of SWRCs for the glacial till, showing that the
VWC values following a drying path for a given suction are higher than those following

a wetting path.
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Figure 4.53 Soil water retention curves measured from different locations on the large lysimeter for the
glacial till.

4.4.5 Electrical resistivity measured by TDR probes

The electrical resistivity results using TDR probes for the lysimeter during the drying and
the wetting periods are presented by columns in Figure 4.54, 4.55, 4.56 and 4.57. Across
all the Figures, nearly all the probes started with a resistivity value between 20 to 30 Qm
except the two probes on ports B2 and D4. The results show that the probes in layers 5
and 6 responded to the drying and wetting activities immediately once the drying was
started or the irrigation was applied. Layer 6 soils registered the greatest rate of increase
in resistivity during the drying period. Before the irrigation was applied, the resistivity
readings from layer 6 (0.05m) on columns A, B and C increased to about 100 Qm, whist
the maximum reading from port D6 was 128 Qm. In layer 5 (0.2m), the column D probe
also measured the highest maximum resistivity at about 110 Qm, whereas probes on other
columns measured at between 70 to 90 Qm. The data was more scattered in a high
resistivity range than in a low resistivity range probably due to the limited resolution of
conductivity measurement from the TDR probe. The resistivity values were converted
from the conductivities measured by the TDR probe based on the reciprocal relationship

between the two parameters. In the wetting period, it can be seen in the Figures that all
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the near-surface (layer 6) probes responded immediately once the irrigation was applied
(from the date 14/02/2019) and had a dramatic decrease in resistivity. After a three-month
wetting period, the resistivities in layers 5 and 6 all reduced to about 22 - 25 Qm, which
are close to the resistivity values of the soil at the initial condition (at the beginning of
drying), indicating the soils at layers 5 and 6 were wetted to near saturation. It can also
be noticed that for the column A and B, the resistivities at layers 1, 2, 3 and 4 continue to
rise for 1-2 months after the irrigation was applied, whilst the resistivities measured at
some of these layers for columns C and D show much quicker responses to the wetting
activity. This could be due to water flowing down the side of the lysimeter (between the
soil and the lysimeter wall) and therefore reaching lower layers more rapidly. A gap was
observed to have opened between the soil and the lysimeter wall during drying as the soil

shrank.
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Figure 4.54 Electrical resistivity data using TDR probes for varying depths on lysimeter soil Column A
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Figure 4.55 Electrical resistivity data using TDR probes for varying depths on lysimeter soil Column B
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Figure 4.56 Electrical resistivity data using TDR probes for varying depths on lysimeter soil Column C
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Figure 4.57 Electrical resistivity data using TDR probes for varying depths on lysimeter soil Column D

4.4.6 Comparison of soil water retention behaviour

In the previous subchapters, soil water retention curves (SWRCs) determined using
different methods and on different sample sizes were presented separately for the three
testing programmes. Figure 4.58 shows a comparison between the SWRCs of the primary
drying-wetting cycle for the glacial till material obtained from three experiments. The
drying and wetting SWRCs for large lysimeter test are presented by patterns with solid
and dash lines separately to confine the variations of data obtained from different
instrument ports. It can be seen that the drying curves from three experiments are in good
agreements in the range where the volumetric water content is higher than about 25%,
whilst the suction measured by the MPS-2 sensor in the box lysimeter experiment stay at
a value of about 2500 kPa when the volumetric water content became lower. This may
indicate that the working range of the MPS-2 sensor used in box experiment is up to 2500
kPa. For the wetting path, the curve determined for the small triaxial sample (shown in
the FX fitting curve) shows higher VWC values when the suction is below 100 kPa and
lower values when the suction is between 100 to about 300 kPa than the curve determined
for the large lysimeter. The wetting curve from the large lysimeter test acts as a scanning

curve of the primary wetting path as it was not completely dried out. The wetting curves
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for box lysimeter and small sample shows strong agreement in the suction range between
400 to 2500 kPa whilst the wetting curve for the small sample shows a higher VWC value
than that for the box lysimeter below 400 kPa suction.

It is concluded that the data are promising. The soil water retention curves from the small

triaxial sample are representative of the sample from a larger scale.
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Figure 4.58 Comparison of soil water retention curves on the primary drying and wetting paths for the
glacial till material determined from three testing programmes.

4.4.7 ERT-derived results

This subchapter contains the results of the electrical resistivity tomography monitoring
programme of the lysimeter, over the time span of six months, starting from September

2018 when the data collection began.

4.4.7.1 The ERT model of lysimeter

The ERT data modelling was achieved using an open-source code, E4D
(https://e4d.pnnl.gov/), described in Johnson et al. (2010). The code allows users to

configure the ERT model based on real sample geometry.
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Figure 4.59 shows a conceptual diagram of the cylindrical soil tank in the lysimeter along
with the locations of the tensiometer ports for the four instrument columns. The 24
tensiometer ports were set as holes in the configuration model as they are made of
insulting PVC materials. The configuration model confines the volume of the lysimeter
sample as a conductive material in where the current flows are allowed to travel freely;

and defines the PVC tensiometer ports as the holes, which were insulated.

A finite element mesh (FEM) for the ERT forward modelling and an inversion was then
created using the mesh generation mode in E4D, as shown in Figure 4.60. It can be seen

that the elements are more concentrated around the points where the electrodes are located.

The measured data sets were written into srv. files (the format of input data files in E4D)

following the measurement array sequence.
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Electrodes for
/ ERT measurement

Guide tubes for
tensiometers

0
Y X (m) ‘ 0.4
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Figure 4.59 Conceptual diagram of the lysimeter sample with the locations of four soil columns and the
positions of 24 plastic guide tubes for the tensiometer ports
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Electrodes

Figure 4.60 Oblique view showing the inversion mesh for the lysimeter model

4.4.7.2 2D resistivity images at monthly intervals

In order to establish the general trends in the resistivity response of the lysimeter sample
during the drying and wetting periods, Figure 4.61 shows the 2D cross-sections along the
plane MN (as shown to Figure 4.59) of the time-lapse 3D ERT models which present the
resistivity distributions within the lysimeter sample at monthly intervals from 20th
September 2018 to 20th May 2019. The images clearly show that the resistivities of the
lysimeter sample started with consistent low values (less than 20 ohm.m) from the
baseline model (on 20" September 2018) and increased from the top layer during the
drying period until 14" February. After irrigation was applied to the top of the lysimeter
sample from 14" February 2019, the resistivities gradually decreased from the top of the

sample. It can be noticed that the resistivity increased more rapidly by the N side rather
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than the M side from the centre top of the sample during drying, which may indicate an
uneven air motion above the surface of sample. The top of the lysimeter wall is half a
metre higher than the sample surface this may reduce air motion around the edge of the
upper surface of the soil when compared to the centre. Consequently, stronger air motion
at the centre of the upper surface may have led to the soils at the centre drying faster and

becoming more resistive than the material at the edge.
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Figure 4.61 Electrical resistivity distribution at monthly intervals extracted along line MN, derived from
3D ERT data.

In addition, a horizontal zone with a high resistive response can be seen at a depth of
between 0.2 and 0.3m (in which the layer 5 electrodes were installed). The presence of
the high resistivity zone is thought to be as a result of the development of a cracking plane

at a depth between 0.2m and 0.3m during the drying period, of which the location is
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shown the imaging for the date 20/05/2019 in Figure 4.61, marked by the red dashed lines.
In the wetting period (after 14/02/19), the decrease in resistivity in the lysimeter sample
initialised from the edge of the upper surface to the centre of the upper surface and then
gradually progressed to the lower layers. It has been mentioned in subchapter 3.4.8 that
the sample was wetted by an irrigating unit that applied water radially to the sample
surface such that the edge was wetted prior to the centre. It can be noticed that the high
resistive zone lying at 5% layer (0.2m depth) faded gradually during wetting but still
showed a relatively high resistivity response compared to the upper and lower layers until

the end of the experiment.

4.4.7.3 Converted water content distributions over time

By applying the Waxman-Smiths relationship developed from small triaxial sample
experiments, the 3D ERT data shown in Figure 4.61 were converted to water content using
the porosity model shown in Figure 4.62, and the Waxman-Smits curve shown in Figure
4.63. In Figure 4.64, 2D time-lapse data are presented in terms of gravimetric water content

for the cross-sections along plane MN.

The images clearly show that the gravimetric water content (GWC) within the lysimeter
sample started from an almost saturated condition (between 20% and 25%) while the edge
of the upper surface shows a little lower GWC (around 20%) than the main body of the
sample (25% GWC). During the drying period, the sample generally dried from the top
surface to the lower layer and the drying front moved down to 0.5m depth before
irrigation was applied. The central part of the top layer dried faster than the edge due to
the stronger air motion above the centre of the sample surface as explained in subchapter
4.4.7.2. 1t can be seen that the converted GWC of the 5" layer gradually exhibited lower
value than that of the 6" layer during the drying period. This low GWC at 5" layer may
not indicate a true value of GWC at the depth as it is converted from the high resistive
zone in the 3D ERT data which is believed to be the result of a horizontally developed

crack within the lysimeter sample during drying.

In the wetting period, data shows that the soil sample wetted from the edge of the top
surface. The wetting front gradually infiltrated the central part of the top layer and then
moved down toward the lower layers. The GWC for the edges of the soil sample below

0.5m showed a continuous decrease after the irrigation was applied. On 20" May 2019,
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the GWC for the 5" layer shows a relatively low value between 10% and 15% that is not
in accordance with the measurements from TDR probes that showed a saturated condition.
Again, this low converted GWC may result from the high resistivity value caused by
cracks and the low GWC zone may reveal the outline of the horizontal crack lying in the

depth of the 5" layer of lysimeter sample.
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Figure 4.63 Resistivity vs. water content data of BIONICS glacial till material of the first drying-wetting
cycle along with the fitting curves of Waxman-Smits model.
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Figure 4.64 Converted gravimetric water content distributions at monthly intervals for the cross-
section of lysimeter model along plane MN.

4.4.8 Comparisons of TDR and ERT derived data
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4.4.8.1 Comparison of TDR and ERT derived resistivity data

Figure 4.65 shows the comparisons of measured and inferred electrical resistivity data for
column A profile at different depths. For each depth of investigation, three types of
resistivity data are presented: data directly measured by the TDR probe (“TDR” dataset

Z(m)

Z(m)

Z(m)



in the legend), data obtained by ERT (“ERT (mean)” dataset in the legend), and inferred
data that derived from the VWC values measured by TDR by applying the Waxman-
Smits modelling (“modelling (W-S)” dataset in the legend). The volume of an individual
ERT cell confined in the mesh model (as shown in Figure 4.60) is small in the whole
sample model. To compare the ERT and TDR data, the mean value of ERT resistivity of
all the cells related to the location of the corresponding TDR probe was used in the
comparison. An inferred resistivity dataset converted from VWC measurements of TDR
probe by using the Waxman-Smits (W-S) relationship is also presented in the
comparisons. Since the W-S model for the glacial till was established based on resistivity
and VWC data obtained from direct methods and the use of the TDR probe on VWC
determination was supported by the soil specific calibration, the W-S delivered dataset is
considered as a reference resistivity data which represents a relatively true resistivity

value of the lysimeter sample during the drying and wetting.

Generally, the TDR- and the ERT-derived data show similar qualitative trends in the
resistivity measurements over time while the soil sample subjected to a drying and wetting
cycle. Both methods indicate an increase in resistivity during drying and a decrease during
wetting. However, there is a distinct difference between the two methods when
quantifying the exact values of resistivity response. As can be seen for layers 1,2,3 and 6,
the resistivity derived from ERT method shows a lower value than that directly measured
by the TDR probe whilst for layers 4 and 5, the ERT-derived resistivity shows much

higher value than that measured by TDR in a dry moisture range.

The closet agreement between ERT derived data and the W-S converted data was
observed at layers 3 (0.5m) and 6 (0.05m), whilst the ERT data showed little higher
resistivity values than those of W-S converted data during drying period and showed low
values in the end of wetting period. At the near surface layer (0.05m), the consistent lower
resistivity values observed for the ERT data (around 15 ohm.m) in comparing with the
W-S converted data (around 20 ohm.m) in the wet end may be resulted from the over-
wetting condition of the soils of the sample surface caused by the water pooling. Large
deviations were observed between the ERT derived and W-S converted resistivity data at
layers 4 (0.35m) and 5 (0.2m). This is caused by the development of the potential
horizontal crack at the depth between 0.2 and 0.3m as discussed above. The crack

becomes the abnormity in the ERT inversion model with very high resistivity which has
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influences on all the cells in the volume close to it, causing the abnormally high values of

resistivity measured by ERT at the layers 4 and 5.
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Figure 4.65 Comparison of measured and inferred electrical resistivity data for layers 1to 6 on Column
A— measured resistivity data obtained from ERT imaging measurements (red curves) and the TDR probes
blue curves); the inferred resistivity data (black curves) is converted from the VWC data of TDR by
applying the Waxman-Smits model.
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4.5 Chapter summary

A soil lysimeter test was conducted to examine a series of soil suction and moisture
measurement sensors on a soil tank under cyclic drying and wetting conditions. Results
suggest that for the permittivity-based point sensors, soil-specific calibration is required
to ensure more accurate measurements on soil moisture. Hysteresis was found between
the drying and wetting paths for the soil water retention curves and resistivity-water

content relation curves when the soils were exposed to drying and wetting cycles.

A series of triaxial samples were made using three types of soils to investigate soil
property relationships under multiple cycles of drying and wetting. The main findings are

summarised as:

. Within the same cycle, the specimens on the drying path have higher UU shear
strength and matric suction than those on the wetting path due to hysteresis.

. The behaviour of resistivity, shear strength and suction are different in
different cycles. Hysteresis in the soil shear strength- moisture relationships
and soil water retention behaviour are more significant in the first drying and

wetting cycle and reduces as the number of cycles increases.

. Deterioration in shear strength and suction were found during multiple cycles
of drying and wetting.
. The behaviour of soil electrical and geotechnical properties is influenced by

cracking, volumetric change, and hysteresis.

A large scale lysimeter test was conducted to investigate the interrelationships between

soil geotechnical and geophysical properties, the results suggested that:

. Both point sensor and ERT methods demonstrated similar qualitative trends
in resistivity measurements during drying and wetting

. Generally, the point sensor measurement using two-point measurement
showed higher reading than the ERT method which uses the four-point
measurement

. Cracking was detected in the lysimeter ERT measurement and created much

higher resistivity values.
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5 Discussions

In this chapter, a discussion of the results of the three experimental programmes will be
presented. There is a considerable correlation between the three programmes, therefore

they are compared where relevant.

5.1 Laboratory testing techniques

5.1.1 Determination of soil water retention curves (SWRCs)

The soil water retention curve (SWRC) illustrates the relationship between suction and
water content of the soil, which is an important component of unsaturated soil constitutive
models and crucial for determining the hydraulic conductivity of unsaturated soil. The
determination of SWRCs traditionally relies on filter paper method and pressure plate
method, which has certain limitations. The filter paper method can deliver suction
measurements over a wide range of soil water content, but it is time-consuming involving
water potential equilibrium between the soil sample and the filter paper, and it relies on
the use of a suitable calibration curve as an indirect method (Bicalho et al., 2011). The
pressure plate method has a limited measurement range of less than 1500 kPa restricted
by the air entry value of the ceramic disk, and the measurement relies on good contact
between the ceramic disk and the sample surface, especially for dry samples. Another
limitation of using the pressure plate method is the long time for potential equilibrium

(Pan et al., 2010).

There is no available technique for measuring soil matric suction over the entire moisture
range (Delage et al., 2008; Pan et al., 2010). Most studies regarding the drying and wetting
SWRCs for fine-grained soils have been carried out at the low suction range with limited
studies performed on the high suction range (Agus and Schanz, 2006; Al-Mahbashi et al.,
2018). In previous studies, the SWRCs at low suction range (i.e. less than 1500 kPa) were
usually obtained by techniques that measures matric suction, such as the axis translation
technique (Fredlund and Morgenstern, 1977; Tarantino et al., 2000) and high capacity
tensiometer technique (Ridley and Burland, 1993; Ridley and Burland, 1995; Tarantino
and Mongiovi, 2001; Lourengo et al., 2006; Mendes, 2011; Toll et al., 2013). In the high
suction range (i.e. greater than 1500 kPa), techniques that measures total suction are
mainly used, such as the psychrometer technique (Campbell and Gardner, 1971; Rawlins
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and Campbell, 1986; Woodburn et al., 1993; Ridley and Wray, 1996) and chilled-mirror
hygrometer (Gee et al., 1992; Leong et al., 2003; Tang and Cui, 2005; Agus and Schanz,
2006). However, data of SWRC are limited for expansive soils over both the low and high
suction range under repeated drying and wetting cycles. Determination of SWRCs over a
wide range of suction can be performed using the combination of different techniques
(Agus and Schanz, 2006; Delage et al., 2008). Since it is crucial to have the matric suction
determined over a larger range to gain a more completed understanding of SWR
behaviour for unsaturated soils over drying-wetting cycles, which meet one of the
objectives of the thesis, SWRCs were determined for glacial till material using a
combination of high capacity tensiometer and chilled-mirror technique (i.e. performed
using WP4C PotentiaMeter) to cover a more complete suction range. Both the high
capacity tensiometer and the WP4C PotentiaMeter provides rapid measurements on soil
suction (i.e. few minutes for tensiometer and around 10 minutes for WP4C). Although
the WP4C provides measurements for a wide range of suction—from 1 to 300 MPa, it
has less accuracy for wet specimens with suction lower than 1 MPa (Campbell et al.,
2007). To maintain the measurement range, a high capacity tensiometer apparatus was
used to measure SWR data for the low suction range where the suction was lower than 1
MPa. The combination of two techniques allows the SWRCs to be determined for glacial
till over a moisture range from saturation to residual water content under repeated drying

and wetting.

In the box lysimeter testing programme, the dielectric water potential sensors MPS-1,
MPS-2 and MPS-6 manufactured by Decagon Devices Inc. were also used to determine
the matric suction of the soil sample during successive drying and wetting cycles. These
sensors measure the dielectric constant to determine the volumetric water content (VWC)
of the porous ceramic sensor head and provide indirect measurements of soil matric
suction by converting the VWC into suction using a default calibration retention curve
for the ceramic plate. Although the MPS-2 and MPS-6 sensors have a working range
between -9 to -100000 kPa, they are only well calibrated between -9 and -100 kPa by the
manufacture (Decagon, 2016). The promising performance of such sensors relies on the
accurate calibration retention curve of the ceramic plate and good contact between the
soil and the sensor heads. In this study, MPS-1,2&6 sensors and tensiometer were used
to measure the matric suction of soil sample under drying and wetting cycles in a box

lysimeter. As can be seen from Figure 4.4, during the drying process, the readings of MPS
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sensors and tensiometer show good agreement in the range of 0 to -300 kPa, whereas only
MPS-2 water potential is in good agreement with the reading of tensiometer below -300
kPa up to about -1200 kPa. The accuracy of water potential sensors to measure low
suctions (i.e. < about 500kPa) has also been verified in many previous studies (Kammerer
et al., 2014; Nolz and Kammerer, 2017; Walthert and Schleppi, 2018). Although the
working range of MPS-2 and MPS-6 sensors indicated by the manufacture is up to -100
MPa, little information can be found in the literature to substantiate the use of water
potential sensors in the high suction range (Nolz and Kammerer, 2017). All three MPS
sensors show a lower limit in determining the water potential in this study: for MPS-1, it
is down to approximately -500 kPa, which is in accordance with the manual (Decagon,
2009); for MPS-2 and MPS-6, there is a lower limit at approximately -3000 kPa and -
1200 kPa, respectively. It can also be evident from Figure 4.58 that the water potential
sensor is failure to measure high suctions above about 3000 kPa while the water content
of the clay sample reduces continuously. Some previous studies have pointed out that the
measurement of these sensors at high suction range are not reliable (Tripathy et al., 2016;
Walthert and Schleppi, 2018). The failure of MPS sensors to measure high suctions may
be attributed to multiple factors. Firstly, in Figure 5.1, it can be seen that the ceramic’s
water retention curve of MPS-2 and MPS-6 tends to be flat at water potential between -
1000 to -10000 kPa, which means that the large change in the applied water potential
causes small change in the water content within the sensor ceramic in this range, resulting
in a low sensitivity zone for the water potential measurement. Additionally, the shrinkage
of clay material at a dry condition may introduce air into the interface between the sensor
and the soil sample, creating discontinuities in the water phase between the sensor and

the sample, thus disturbing the water flow (Tripathy et al., 2016).
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Figure 5.1 Calibration curve of MPS-2 and MPS-6 sensor ceramic by the manufacture (Decagon, 2016)

5.1.2 Point sensors for determination of soil water content

Several point sensors were used to determine the VWC of soil samples during drying and
wetting in the box lysimeter and large cylindrical lysimeter testing programme. All the
moisture sensors determine VWC by measuring the apparent permittivity, &4, of soil using
different principles: i.e., time domain reflectometry (TDR probes), frequency domain
reflectometry (5TE sensors) and amplitude domain reflectometry (ML2x probe). The
sensor responses are related to soil dielectric permittivity, thus are converted into
volumetric water contents according to the calibration relationship between soil apparent
permittivity and VWC. The success of using TDR techniques as well as other dielectric
sensors to determine soil water content depends on two phases, the first of which is to
accurately measure the bulk permittivity of the soil. The second is to determine a reliable
conversion relationship between the measured apparent permittivity and the soil water
content (Robinson et al., 2003a). The empirical relationship between soil water content
and apparent permittivity proposed by Topp (1980) are widely used as the factory
calibration of these dielectric sensors for measuring the water content. As can be seen in
Figure 4.1, the calibration results show a linear relationship between the refractive index
(i.e. square root of the apparent permittivity) and the VWC, which is consistent with the
literature (Malicki et al., 1996; Schaap et al., 1997; Robinson et al., 1999; Asquith, 2015).
However, most of the calibration lines obtained by soil-specific calibration of these
dielectric water content sensors are offset from the empirical Topp model. This has been
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noted in many previous studies involving different soil types (Whalley, 1993; Schaap et
al., 1997; Jones et al., 2002; Curioni, 2013; McCann et al., 2013; Asquith, 2015). As
stated above, the calibration procedure for the dielectric sensors should involves two
stages, first of which is the instrument calibration to ensure the accurate measurements
on soil relative permittivity, and the second is the instrument independent calibration on
the conversion relationship between soil permittivity and water content. The former is
normally conducted based on the electrophysical theories of the techniques and applying
two-point calibration to calibrate the permittivity measurement in water and air
(Heimovaara, 1993; Robinson et al., 2003a; Decagon, 2010). In practice, the bulk
permittivity measurement of soil medium is more complex than that of the water and air
and affected by numbers of factors, such as the bulk density and the solution electrical
conductivity. The soil bulk conductivity has a small effect on TDR but a more significant
effect on capacitance probe. The permittivity measurement of the TDR probe is also
affected by the cable length (Heimovaara, 1993), the frequency of propagation signals
(Thomas et al., 2010b) and temperature (Curioni, 2013). The A soil-specific calibration
is required for these point sensors to determine the VWC for a clay material given that
the dry density of clay changes over time under repeated drying-wetting cycles.
Additionally, good contact between the soil and the sensor is crucial for using the
dielectric moisture sensors since the prongs of most sensors are sensitive to the entrapped
air around them. Poor contact issues were found in both box lysimeter and large lysimeter
experiments and the problematic sensors resulted in an underestimation of soil water

content.

5.2 Soil property interrelationships

5.2.1 Soil water retention curves

Soil water retention curves have been determined in this study on different sample size
and using different techniques as stated in section 5.1.1. In triaxial sample experiment,
the total suction values were measured by WP4C, which can substitute matric suctions in
a suction range of greater than about 1000 kPa, at where the osmatic suctions take minor
proportion in high suction range (Fredlund and Rahardjo, 1993). In the low suction range,
soil water retention data were measured using tensiometer apparatus to cover the

measurements of suction range less than 1000 kPa. By combining these two sets of data
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a full range SWRC data set with respect to the matric suction was determined for glacial
till under multiple drying and wetting cycles. SWRCs for glacial till under cyclic drying
and wetting were then made using Fredlund and Xing (1994) model as shown in Figure
4.15. Generally. Distinct hysteretic SWR behaviour has been evident herein from the
SWRCs of this study. The saturated volumetric water content at the beginning of the first
drying path is shown to be about 39% and dropped to around 34% when the second drying
path started, and subsequently dropped to about 32.5% while the third drying path started,
indicating a deterioration in water retention capacity as the number of drying-wetting

cycle increases.

The results of SWRCs from the three testing programmes show clear hysteresis between
the drying and the wetting paths in a drying-wetting loop. which demonstrates a higher
VWC on the drying path than that of the wetting path at a given suction. The hysteresis
of SWRCs has been found and discussed in many previous studies (Fredlund and
Rahardjo, 1993; Leong and Rahardjo, 1997; Likos et al., 2014). Tuller and Or (2004) has
concluded the mechanisms of hysteresis to several factors: the ‘ink bottle’ effect, different
contact angles between water and soil particle, the effect of entrapped air due to
incomplete saturation during the wetting process, and volumetric changes of unsaturated
soils due to swelling and shrinking behaviour of soil that is subjected to drying and

wetting.

The results of SWRCs in Chapter 4 shows that hysteresis of the drying-wetting loop is
more significant at low suction range than that at high suction range. This may be
attributed to the different water retention mechanisms of soil in the range of low and high
water content. Tuller et al. (1999) has proposed that the matric suction of soil is governed
by two individual mechanisms: capillary and adsorption. Capillarity is caused by surface
tension of water that takes place at the water-air interfaces (menisci) within the soil pores,
which is governed by the pore size distribution. The adsorption water at the surface area
of the soil particles results from the interaction between water and soil particles,
especially the clay minerals, due to the presence of electric double layer and the
exchangeable cations (Tuller and Or, 2004). In the high water content (low suction) range,
the water retention behaviour is mainly dominated by capillary mechanism, which is
related to the “inkbottle” effect, soil-water contact angle, entrapped air and volumetric

changes due to swelling and shrinkage. In the low water content range (high suction),
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adsorption controls the soil water retention, which is governed by the mineralogy and clay
activity. Since the adsorption and desorption processes are physically reversible, this

makes the hysteresis at high suction range less pronounced (Lu and Khorshidi, 2015).

According to the SWRCs results presented in the Results Chapter, it has been found that
the degree of hysteresis between the drying and wetting path is most pronounced in the
first drying-wetting cycle and is less significant in the subsequent cycles. Similar results
were reported for unsaturated soils in previous studies (Goh et al., 2014; Glendinning et
al., 2018; Stirling et al., 2020; Wen et al., 2020). This may be attributed to the changes in
the microstructure and the swelling-shrinkage behaviour of the soil material driven by the
successive drying and wetting cycles. As stated above, the hysteresis of SWRC is
dominated by the capillarity which is highly related to the pore size distribution, pore
connectivity, pore shape and angularity which is governed by the soil micro-structure
(Tuller et al., 1999). The main effect of drying and wetting cycles on expensive soils (e.g.
clays) is the irreversible changes of soil micro-structure driven by repeated swelling and
shrinkage (Al-Homoud et al., 1995; Basma et al., 1996; Estabragh et al., 2015). The
continuous reconstruction and reorientation of soil fabric and particles during repeated
swelling and shrinkage may result in destruction of large clay aggregates, disorientation
of structural elements (Basma et al., 1996), cracking and fatigue to structures (Al-
Homoud et al., 1995; Hen-Jones, 2018; Stirling et al., 2020), and the changes in pore size
distributions (Kong et al., 2018; Azizi et al., 2020). These micro-structural changes also
influence the swelling potential of clay, leading to an increase (e.g. as observed on
London Clay and Hollin Hill Clay in this study) or a decrease (e.g. as observed Glacial
till in this study) of void ratio over drying-wetting cycles depends on the aging history
and the as-compacted conditions of samples (Day, 1994). Furthermore, the volumetric
changes of soils during swelling-shrinking cycles were also found to be most pronounced
in the first cycle and decreased with increasing cycles, which has a similar trend to the
changes in hysteresis of cyclic SWRCs. This may imply the strong correlation between
the SWRC hysteresis and volumetric changes. Additionally, the SWRC results showed
that soil suction in both the box lysimeter test and the small triaxial sample test,
representing different sample sizes, deteriorated with the drying-wetting cycle as the
number of cycles increased. It may imply that this deterioration is consistent across

different sample sizes and could be scaled to field conditions.
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5.2.2 Resistivity-water content relationships

Figure 4.31 illustrates the relationships between electrical resistivity and degree of
saturation for glacial till under three cycles of drying and wetting. In general, datasets
from all the drying and wetting paths established an inverse power relationship between
resistivity and degree of saturation, indicating an increase in soil resistivity as the degree
of saturation decreases in a testing S, range of 20% to 100%. The resistivity values
increased slowly from full saturation to a S, of approximately 70% from about 20 Qm to

30~40 Qm and grew more dramatically to a residual S, of about 20%.

Generally, the resistivity measured on the second and third drying-wetting cycle at a given
water content or S, showed higher value than that on the first cycle. This might be due to
the development of micro-cracks during drying processes, which interrupt the continuities
of water fluid and block the current flows within the soil specimen, thereby resulting in

higher resistivities.

Noticeably, the relationships between resistivity and degree of saturation generally
changed over time as the number of drying-wetting cycles increased; the trends of this
evolution in the relationship do not remain consistent between the drying and wetting
paths or between the different cycles. Figure 4.31 demonstrates that the resistivities show
higher values in the second drying-wetting cycle than in the first and third cycles for
glacial till material, and the resistivity characteristic curves of the third drying-wetting
cycle lie between the curves of the first and second cycles; this implies that soil resistivity
behaviour is complex and that it is affected by multiple factors when clay material
subjected to successive drying and wetting. For instance, as for the glacial till material in
this study, the successive development of micro-scale cracks and fractures within the soil
samples in the drying processes cycles leads to an increase in resistivity over cycling
(Hen-Jones, 2018), whereas the reduction in void ratio over drying-wetting cycles results
in a decrease in resistivity for a given water content over cycling (Hassan, 2014). In this
case, the cracking and volumetric changes caused by drying-wetting cycles has an
opposite effect on resistivity, such that the ultimate effect of drying-wetting cycles on soil
resistivity behaviour is uncertain and the weight and susceptibility of each effect may
need to be assessed. Therefore, when interpreting the changes in resistivity-water content

relationships of clay under repeated drying and wetting cycles, the volumetric changes of
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clays due to cyclic swelling and shrinking must also be considered in addition to the water

content changes and cracking.

5.2.3 Strength-water content relationships

Hysteresis is shown between the drying and wetting path of the C,-w relationship for all
the drying-wetting cycles. The specimens exhibited higher shear strength values in the
drying path than in the wetting path at a given water content. The hysteresis in C,-w
relationships might be related to the hysteresis between the drying and wetting of the soil
water retention behaviour. The lower suctions of the wetting path might result in lower
suction-induced shear strengths, causing the reductions in wetting path shear strengths.
However, the hysteretic relationship between C, and w may also be due to micro-scale
cracking or volumetric changes (swelling and shrinking) in the clay material during cyclic

drying and wetting.

All the drying stages exhibit a drop in shear strength at a given suction from the before to
the next drying-wetting cycle. This shows a deterioration in shear strength, which
demonstrates a progressive loss in the shear strength at a given water content as the
number of drying and wetting cycles increases. Noticeably, the deterioration of shear
strength is shown to be more significant between the first and second cycles than between
the second and third cycles, which is consistent with the deterioration which has been
observed in the cyclic SWRCs; an explanation for this may be that the progressive loss
in suction, as observed in the cyclic SWR behaviour, reduces the suction-induced shear
strength, resulting in a progressive deterioration in soil shear strength during repeated

drying-wetting cycles.

The results of the relationships between shear strength and suction as presented in
Subchapter 4.3.3 reflect that the micro-cracks directly cause a reduction in shear strength
independent of the suction-induced shear strength with increasing numbers of drying-
wetting cycles; this indicates that the development of micro-cracks has a direct influence
on the performance of soil shear strength. In a conclusion, the deterioration in soil shear
strength behaviour is driven by both the cyclic SWR behaviour and the development of

micro-cracks under repeated processes of drying and wetting.
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5.3 Soil deterioration of clay materials under drying-wetting cycling

The work presented in the results chapter provides evidence for a deterioration in fabric
of compacted clay materials during successive drying and wetting cycles. This soil fabric
deterioration described a progressive rearrangement of clay aggregates associated with

the development of micro-scale cracks during successive drying and wetting cycles.

All the results from three laboratory experiments conducted on different sample sizes
suggest the hysteretic nature of SWR behaviour, wherein the measured suctions on the
drying path for given water contents were higher than those on the wetting path. The
mechanism driving the hysteresis for the primary SWRC loop has been suggested and
summarised in many related studies, as reviewed in Subchapter 2.2.3.2. A key
observation from the laboratory results in this study is that the suctions measured on the
second and third drying paths did not follow the primary drying path and showed lower
values of suction for given water contents than those on the drying path of the previous
cycle, indicating that the clay material progressively lost its ability to produce the same
amount of suction at a given water content with increasing numbers of drying and wetting
cycles. The rate of this progressive degradation in suction detected in SWRCs, driven by
repeated drying-wetting cycles, is inconsistent, with the most significant change observed
between the primary and second drying paths. This phenomenon was found in different
scales of testing, such as the triaxial sample experiment for the small-scale and the box
lysimeter experiment for the medium-scale laboratory test. Similar hysteric behaviour and
deterioration has also been observed in results of undrained shear strength. This indicates
that the SWR behaviour associated with a deterioration in suction contributes to a
progressive loss in soil shear strength under repeated moisture cycling. Deterioration in
both the suction and shear strength are most pronounced in the first drying and wetting
cycle, as observed in the triaxial testing results. Similar results have been reported by Goh

etal. (2014).

It is worth noting that the deterioration of soils during drying-wetting cycles cannot be
considered in isolation from the microstructure changes and development of micro-scale
cracks driven by the repeated swelling and shrinkage. The continuous reconstruction of
soil fabric and aggregates promotes the developments of micro-cracks (Hen-Jones, 2018;
Stirling et al., 2020) and makes the voids of be occupied by a greater portion of larger

pores (Azizi et al., 2020). These influence the soil water retention behaviour and
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contribute to the deterioration in soil suction under drying and wetting cycles. The results
of the relationships between shear strength and suction presented in Subchapter 4.3.3
demonstrate a reduction in shear strength that independent of suction over increasing
numbers of drying-wetting cycles. This may also be attributed to the development of
micro-cracks and larger porosity during repeated drying and wetting cycles, which has a
direct influence on the performance of soil shear strength (Chen et al., 2018; Hen-Jones,
2018), since it breaks the continuity of the soil fabric, producing more potential failure
planes in a micro-scale within the soil. Thus, this becomes an additional mechanism of

driving the deterioration in soil shear strength in addition to the SWR behaviour.

The implications of progressive soil deterioration on slope stability are considered
involving two aspects. Firstly, the engineered slopes that constructed with clay materials
undergo a progressive deterioration in soil suction and soil fabric driven by the actions of
drying and wetting, resulting in a progressive loss of soil shear strength and, subsequently,
more potential slope failures. Secondly, the deterioration of important geotechnical
parameters used for assessing the long-term stability of slopes as well as other engineered
infrastructures should be considered, a critical range of which can be defined from a
deterioration model that developed from laboratory tests, as the soil properties change
gradually over time due to progressive soil deterioration driven by the seasonal moisture
cycles. By investigating the undrained shear strength and soil-water retention behaviour
of unsaturated clay materials that subjected to multiple cycles of drying and wetting, an
improved understanding of weather-driven deterioration of engineered soils has been
presented in this study. This improved understanding can help with the development of
deterioration models, such as that proposed by Glendinning et al. (2018), that can be used
to predict the evolution of key geotechnical parameters used in stability analyses,
providing a more critical assessment of the long-term stability of engineered earthworks,

particularly for those influenced by changing climate and extreme weather.

5.4 Implementation of ERT in slope monitoring

Traditionally, the monitoring and assessment of slope stability has relied on point sensor
networks, which are normally installed in drilled boreholes. The installation of these
sensors disturbs the continuity of the near-surface soils. Recently, the ERT method has

become popular for monitoring slope stability and multi-purpose engineering disciplines
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as it is a non-invasive and fast means of obtaining spatial information on electrical
resistivity in the subsurface of the earth. The latest multi-channel systems also allow
numerous potential electrode pairs to be measured at the same time, speeding up the
acquisition process of ERT (Samouélian et al., 2005). Many other studies have suggested
that the ERT method is suitable for observing qualitative changes in subsurface soil
structures (Sass, 2007; Hirsch et al., 2008; Hsu et al., 2010; Chambers et al., 2012).
However, to use the ERT method as a means of monitoring the moisture dynamics of
engineered slopes, ERT-derived data must also be quantitatively interpreted to
extrapolate specific geotechnical properties. In establishing this geotechnical-geophysical
property transformation, the geotechnical properties in a large-scale, such as those in the
field, become possible to be measured based on the ERT-derived data by applying
laboratory-obtained proxy relationships, for example the proxy relationship between soil

water content and resistivity and the SWRCs.

To achieve this extrapolation of geotechnical data from the ERT-derived data, the glacial
till material was compacted into a large cylindrical lysimeter with a diameter of 1.2 m to
simulate field conditions. To perform a quantitative investigation, volumetric water
content and bulk conductivity were measured using TDR probes from different depths
and locations of lysimeter sample to compare with the ERT-derived data. Electrical
resistivity tomography was employed to map the distribution of soil resistivity over time
as well as to map the water content distributions based on the Waxman-Smits relationship
between soil resistivity and VWC, as established through the small-scale laboratory
measurements on triaxial specimens with diameters of 38 mm. In Figure 4.65, a
comparison between the ERT- and TDR-derived and WS-converted resistivity data was
made for the quantitative analysis of the ERT-derived data. The results indicate that the
ERT-measured resistivity closely agrees with the data converted from the VWC
measurement of the TDR probes using W-S modelling in lysimeter sample except for the
crack-influenced layers (layers 4 and 5). This also indicates close agreement between the
VWC data measured by the ERT and the TDR. However, there are still several deviations
observed between the ERT-derived resistivity data and the WS-converted resistivity data
in the drying period for layers 1, 2, 3 and 6, which is considered to be caused by the
artefact for the ERT modelling. The artefact of ERT modelling has been reported by most

of the studies involving ERT methods and can result from systematic ERT configurations,
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random errors in ERT data, high contact resistance issues during the drying of soil and

misestimation of the error level in ERT inversion (Koestel et al., 2008).

Furthermore, the resistivity measured directly from TDR probes showed a much higher
estimation of VWC than that measured by ERT. This may be due to the different
methodologies of ERT and TDR in resistivity/conductivity measurements as the ERT
method uses a four-electrode array whilst TDR is based on a two-point method. Previous
research has shown that resistivity measured from the two-point method showed higher
values than in the four-point measurement of the same type of soil (Hen-Jones, 2018).
Another potential cause for the overestimation in TDR probe resistivity is because the
calibration of the TDR probe for conductivity measurement is conducted using the factory
calibration process (Decagon Devices, 2013), which may not be suitable for the glacial
till material in this study, therefore a soil specific calibration may be required for the TDR

probes to measure the resistivity.

Additionally, the development of a horizontal crack was detected in the lysimeter sample
between layers 4 (0.35 m) and 5 (0.2 m) during the drying period in the ERT images, as
discussed in Subchapter 4.4.8.2. The crack generated during drying produced high
resistivity zones in the inverted ERT model, which influenced the resistivity response of
the surrounding cells by dramatically increasing the resistivity measured by ERT. The
same observations were reported in a number of other studies (Hassan, 2014; Hen-Jones,
2018; Tang et al., 2018b), indicating that the ERT method can detect the development of
cracks associated with soil drying activities. Furthermore, the crack generated in the large
lysimeter sample in this study affected the resistivity response of ERT for the adjacent
instrument layers, making it impossible to compare ERT data with the TDR-derived data
of these layers. Unfortunately, since the lysimeter walls are not transparent and are made

of black PVC material, crack development was not really observed.

As discussed above, the ERT method was proven to have the ability to describe the
moisture dynamics of the engineered soil both qualitatively and quantitatively, aiding
with the geotechnical-geophysical proxy relationship. However, it has been proven from
the laboratory tests that the proxy relationships between the geotechnical properties and
resistivity changes over time due to soil fabric deterioration driven by the repeated

processes of drying and wetting. This aging effect on soil fabric has also been observed
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in the field tests (Glendinning et al., 2018; Hen-Jones, 2018; Stirling et al., 2020). If the
ERT data are directly used to convert the geotechnical parameters in the stability
assessment of an engineered slope exposed to a changing climate, the converted data may
become misfits over time due to this aging effect driven by soil deterioration.
Nevertheless, the results from this study also demonstrate that the change in the water
content-resistivity relationship among cycles is less significant than that of the
geotechnical relationships, such as SWRCs and the shear strength water content
relationships. Thus, the ERT data is a suitable water content indicator for unsaturated
soils that undergo repeated drying and wetting cycles. In this case, if used in association
with viable deterioration models, the electrical resistivity method has the potential to

monitor the deterioration of soils in-situ (Glendinning et al., 2018; Hen-Jones, 2018).
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6 Conclusions and Recommendations

6.1 Conclusions

A large portion of engineered slopes and cuttings for the UK’s transport networks are
constructed on compacted clay soils, which are exposed to the changing climatic
conditions. The deterioration of soil fabric driven by repeated moisture cycling affects
the determination of soil geotechnical properties are important for the assessment of slope
stability, since the properties are likely changing over time with deterioration. Given that
soil electrical resistivity is popularly used as a water content indicator, the aims of this
thesis were 1) to investigate how soil deterioration influences unsaturated soil property
relationships during successive water content cycling, and 2) to use resistivity methods
to quantify the changes in soil properties under drying and wetting cycles in association
with proxy relationships. In order to investigate the soil deterioration of engineered soils
affected by the changing climate, several objectives were made to investigate the
interrelationships between the mechanical properties and the water content of unsaturated
soils under repeated drying and wetting cycles, as the water content of soil is a key factor
governed by the drying-wetting cycles. In establishing these property relationships by
multi-scale laboratory tests, an improved understanding of soil deterioration driven by
repeated drying and wetting cycles has been successfully obtained in this study.
Simultaneously, to investigate the potential use of resistivity method for quantifying and
monitoring the long-term changes of soil geotechnical properties under drying-wetting
cycles, the proxy relationship between resistivity and water content in multi-scale
laboratory experiments has been investigated in this study, since the water content is
closely related to the geophysical properties (e.g. resistivity and permittivity), and can be
used as a good proxy parameter for soil to bridge the geophysical and other geotechnical

properties.

To achieve these purposes, this study investigated the interrelationships between soil
geotechnical and geophysical properties by outlining the relationships between soil
resistivity, water content, suction and undrained shear strength on samples of various
sizes and soil types using different testing techniques through three phases of laboratory
testing programmes. Samples tested were also subjected to repeated drying and wetting

cycles to investigate the effects of changing climate and weather-driven soil fabric
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deterioration on soil property relationships. A summary of the conclusions drawn from

each subject of the results and discussions is given in the following sections.

Soil water retention behaviour of engineered clay materials under drying and
wetting cycles has been investigated through laboratory experiments in this
study. The soil water retention curves have been determined for different types of
clay material over a wide suction range under multiple cycles of drying and
wetting. Particularly, for the glacial till material, of which the SWRCs have been
determined for different sample sizes and using different techniques. In the box
lysimeter test, soil suction and water content were determined using MPS sensors
and water content point sensors, respectively; in the small-scale triaxial sample
experiment, the combination of tensiometer and chilled-mirror techniques
allowed the SWRCs to be determined for glacial till in an entire water content
range from saturation to the residual water content under repeated drying and
wetting; and in the large cylindrical lysimeter test, the SWRCs were obtained by
tensiometers and TDR probes. The hysteretic soil water retention behaviour was
observed in the first and the subsequent drying and wetting cycles for three
different types of soils, indicating different SWR behaviour during drying and
wetting that the suction value at a given water content on the drying path is higher
than that on the wetting path. The SWRC data determined from different
laboratory scales associated with different sample sizes shows close agreement in
the first drying and wetting cycle, as shown in Figure 4.58. The slight differences
between the wetting curves of different experiments were attributed to the
different wetting rates and different measurement techniques applied during
wetting process, or it may be explained that the drying curves in the box and in
the cylindrical lysimeters present a scanning curve, and the drying curve of the
small samples represents more closely to a primary drying curve due to the
different drying-wetting history. The degree of hysteresis of the SWRCs were
found more pronounced in the low suction range than in the high suction range,
which could be explained by different mechanisms controlling the water retention
behaviour in the low suction and high suction ranges. The hysteresis of SWRC
has been observed to be most significant in the first cycle of drying and wetting,
and the degree of hysteresis decreases over cycling, with the largest decrease

occurring between the first and second cycles. This could be explained as being
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related to the reconstruction of microstructure and the volumetric changes of the
clay material driven by repeated swelling and shrinking during the drying-wetting
cycling. These changes in soil microstructure and volumetric behaviour lead to
changes in the pore size distribution and the development of cracks (Hen-Jones,
2018; Azizi et al., 2020; Stirling et al., 2020), and thus a reduction in the degree
of hysteresis, with the main changes occurring during the first drying-wetting
cycle. The SWRCs for clays changes progressively over time under repeated
drying and wetting cycles, evolving into curves with decreasing suctions as the
number of drying-wetting cycles increases. This evolution indicates a progressive
loss in soil suction at a given water content over cycling due to soil fabric
deterioration. The degree of deterioration in soil suction observed from SWRCs

is not consistent over cycling and is most significant after the first cycle.

Mechanical behaviour of unsaturated clay materials under successive drying
and wetting cycles has been investigated in this study through laboratory
experiments. The undrained shear strength was measured using unconsolidated
undrained triaxial test for three types of engineered clay materials subjected to
multiple cycles of drying and wetting. Characteristic curves of undrained shear
strength against water content have been obtained to study the mechanical
behaviour of unsaturated clays under drying-wetting cycles. Results have shown
that shear strength-water content relationship evolves over time under drying-
wetting cycles. A hysteresis was found between the drying and wetting curves,
suggesting that for a given water content, the shear strength on the drying path is
higher than that on the wetting path. Hysteresis of shear strength characteristic
curves was found to be most pronounced in the first drying-wetting cycle and
decreased with cycling. It has also been found that the relationship between soil
shear strength and water content changed over drying-wetting cycling, showing a
loss in soil shear strength at a given water content with increasing number of
cycles, with the greatest loss occurring at between the first cycle and the second
cycle. These are in consistent with the tendencies that have been found for the
SWRCs, indicating that the shear strength behaviour of unsaturated soils is closely
related to and controlled by the SWRC. The deterioration in suction driven by the
drying-wetting cycles affects the suction-induced shear strength, resulting in

progressive deterioration in soil shear strength. Additionally, it was also found in
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this study that the relationship between undrained shear strength and suction
varies with drying-wetting cycles, suggesting that the shear strength at a given
suction reduced with increasing number of drying-wetting cycles, as shown in
Figure 4.28. This is thought to be due to the volumetric changes and the
development of micro-cracks in the clay during drying and wetting cycles, which
becomes another mechanism driving the deterioration in soil shear strength,

independent of SWR behaviour.

In this study, an improved understanding of the soil deterioration driven by the
changing climate has been established by investigating the soil water retention
behaviour and shear strength behaviour of three clay materials under repeated
drying and wetting cycles, as concluded in above. Soil deterioration describes a
progressive reconstruction and reorientation of clay fabric and aggregates
associated with the volumetric changes and development of microcracks due to
the repeated processes of swelling and shrinkage driven by successive moisture
cycles. This progressive deterioration in soil fabric and microstructure affects the
pore size distribution and thus the soil water retention behaviour, reducing the
ability of soil to maintain suction at a given water content with increasing number
of drying-wetting cycles. The deterioration in soil suction further influences the
soil’s mechanical behaviour and leads to a reduction in soil shear strength over
drying-wetting cycles. Soil fabric deterioration also directly results in decreases
in shear strength independent of suction behaviour due to the development of
micro-cracks and larger pores. The soil fabric deterioration results in higher values
of resistivity due to cracking. The aging effect of the fabric deterioration on soil
property relationships under drying-wetting cycles was found to be more
pronounced during the first cycle and decreases as the number of drying-wetting
cycles increases. This is likely because the reconstruction of soil microstructure
is the most pronounced in the first drying-wetting cycle, decreasing in subsequent
cycles and eventually reaching equilibrium after several cycles. The implication
of this improved understanding of soil deterioration driven by drying and wetting
cycles is to take the evolvement of geotechnical properties into account when
assessing the long-term stability of engineered slopes and other infrastructures

affected by the seasonally changed climate.
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Point sensors were used in this study as alternative techniques to determine the
soil geotechnical and electromagnetic properties in laboratory for investigating
the soil property inner-relationships. In box lysimeter experiments, MPS series
sensors and tensiometer were employed to measure matric suction of soil sample
under cyclic drying and wetting. The MPS-1, MPS-2 and MPS-6 sensor fit well
with the tensiometer readings in the suction range of 0 to 300 kPa, only MPS-2
sensor showed a good agreement with tensiometer reading in the suction range
over 300 kPa until the tensiometer was cavitated at 1200 kPa. The MPS sensors
are sometimes not reliable in the high suction range due to the limitation of factory
calibration in high suction range and the contact issues caused by shrinkage of
clay during drying. The water content sensors were used in this study to monitor
volumetric water content changes of soil sample during drying-wetting cycles.
The soil-specific calibration of the water content sensors was performed in this
study. The results show that the calibration lines for different sensors are different
and deviate from the empirical calibration curve (i.e. the Topp model), indicating
the use of empirical calibration can lead to over- or underestimation of volumetric
water content. This is likely due to the influences of density and solution
conductivity on the permittivity measurement. A soil-specific calibration of point
sensors on the desired testing range is necessary for ensuring the accuracy of water
content measurements during drying and wetting. It was also found the point
sensor overestimates soil resistivity because it uses a two-point method. In
addition, the performance of the point sensors relies on good contact between the
sensor prongs/head and the surrounding soils. Data indicated that the sensors in
poor contact with soil overestimate resistivity and underestimate VWC. This is
due to the air gaps introduced between the sensor and the soil, with extreme low

permittivity and high resistivity.

The proxy relationships between soil electrical resistivity (ER) and water content
were established for different types of soil from different scales of laboratory
testing. The proxy relationships changed over time with the drying-wetting
cycling, and the trends of this evolution in the ER-water content relationship do

not remain consistent between the drying and wetting paths or the different cycles,
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since the resistivity characteristics are affected by multiple factors. In the box
lysimeter test, clear hysteresis was found between the drying and wetting curves
of the ER-water content relationship determined by point sensors, demonstrating
that the resistivity of the wetting path is higher in the low water content range, and
is lower in the high water content range than that of the drying path. Whereas in
the triaxial sample experiment, little hysteresis could be observed between drying
and wetting path and showed a constantly lower resistivity on the wetting path
than that on the drying path. These differences in hysteresis of resistivity
characteristic curves are likely due to the different saturation history, different
measurement techniques are used, and the microstructure changes of soil sample
during drying and wetting associated with the development of micro-scale
fractures. Hysteresis in resistivity-water content/Sr relationships was also found
over drying and wetting cycles. Generally, the resistivity for a given water content
or degree of saturation on the subsequent drying-wetting cycles has a higher value
than that of the first drying-wetting cycle due to the development of micro-cracks.
Additionally, the proxy relationship between soil resistivity and water content is
also controlled by the volumetric changes of soils because of the swelling and
shrinkage driven by repeated drying-wetting cycles, since higher dry
density/lower void ratio results in a lower resistivity response for the soil of a

given water content or degree of saturation.

To investigate the use of resistivity methods in quantifying and monitoring the
property changes of engineered soil subjected to drying and wetting cycles, a 64-
elecrode ERT system was used in a 1.2m diameter cylindrical lysimeter to
measure the spatial resistivity information of soil sample during the drying-
wetting cycles. The time-lapse 3D ERT data was successfully obtained to quantify
and map the continuous changes in resistivity distributions within the large
lysimeter sample, which represents a large-scale laboratory test. The TDR
network was also employed in this study for providing reference measurements
of soil VWC and resistivity. The ERT derived resistivity data were in good
agreement with the point sensor results in qualitatively describing the relative
changes in the spatial resistivity distribution of soil sample with changing water
content, indicating a decrease with increasing VWC and an increase with

decreasing VWC. The ERT data have also been successfully used to provide
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quantitative assessment of the moisture dynamics in the large-scale laboratory test
with applying the proxy relationship established through the small-scale
laboratory test. The ERT-derived resistivity data matched well with the inferred
resistivity data that converted from the VWC results of TDR, whereas it showed
large deviations from the resistivity data that directly measured by TDR. This
indicate the ERT data is capable for estimating the VWC of soil in long-term
monitoring. The difference between ERT and TDR data may be because ERT uses
four-point method and TDR uses two-point method. According to the literature,
the two-point measurement over-estimate resistivity values. Furthermore, the
ERT method can detect the development of cracks, which are shown as anomalies
with high resistivity in the ERT inversion models. The anomalies such that caused
by cracking can mislead the interpretation of the inverted resistivity data so that it

is important to accurately define any anomalies within the ERT model.

6.2 Recommendations for future work

e Small-scale laboratory testing

Future research could apply the methodologies of this study to other essential clay
materials. Stiffness, permeability, shear strength parameters and other important
geotechnical properties of soil should be added into this evaluation for a more
thorough analysis of the evolution of soil property relationships under repeated
moisture cycling. A scanning electron microscope (SEM) or X-ray scanning
technique could be employed to directly observe the mechanism of soil fabric
evolution during the successive processes of drying and wetting. Further drying and
wetting cycles should also be applied to testing soils in future work to obtain a deeper
understanding of soil fabric deterioration and its long-term impact on the behaviour
of soil geotechnical properties. In establishing the comprehensive soil property
relationships, a long-term deterioration model for soil material can be developed to

be used in the monitoring and assessment of slope stability.
e Lysimeter testing

With the first cycle of drying and wetting finished for the large lysimeter testing,

subsequent drying-wetting cycles can be continued as it was before but ideally with a
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suite of reliable tensiometers installed on as many ports as possible to fully capture
the SWR behaviour for the lysimeter sample. The ERT array used in the lysimeter
testing should also be extended to achieve full coverage of the lysimeter sample to aid

the sensitivity of the ERT array for the bottom layers.

A scaled-down version of the lysimeter with an apparent wall and denser ERT array
may be interesting in future work as it would allow for the development of cracks to
be observed more directly from both the top and the lateral surfaces of the soil sample,
and the ERT images would be produced in a higher resolution. Such an approach
would also drive the drying-wetting cycles to be more rapid, thereby providing faster
quantitative assessments for the other essential source materials that create unstable
slopes in the UK, such as the London Clay Formation, Lisa Group and Gault

Formation.

e ERT system in field testing

A comprehensive laboratory testing programme was conducted in this study to
investigate and validate the potential uses of electrical resistivity methods in
evaluating the geotechnical behaviour of compacted clays. The results of this study
clearly prove that ERT methods can be used as a strong water indicator to quantitively
assess the moisture dynamics of soils under drying and wetting cycles in a large-scale
laboratory test. Future work should focus on how to extend this use to a field test, in
conjunction with the development of the deterioration model, to provide more

efficient assessments of slope stability.
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