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Abstract

Devastating cases of slope failure have been reported in many parts of the world; many of which are in
tropical countries where the natural and man-made slopes are mostly made up of red tropical residual
soils. Most of the failures occurred following heavy rainfall or during flooding. For this reason, the
abnormal change of the soil water content is presumed to be responsible for these failures. It becomes
imperative, therefore, to understand the soil-water interaction and eventual failure process in tropical

residual soil, if this problem is to be effectively tackled. To achieve this aim, a research was conducted
on a systematically designed and constructed slope model of a simulated tropical residual soil

slope.

Preliminary studies were conducted to assess the suitability of the selected material,
methodology and instrumentation to be used in the experiment. This was followed by a trial
experiment on a small-sized model with a surface area of 200 mm x 370 mm and a maximum
(crest) slope height of 220 mm. This small size allowed easy handling and repeatability but
could not accommodate enough instrumentation, due to the limited size. To remedy this
deficiency, another experimental trial was conducted on a larger-sized model constructed in a
square fibreglass box with surface area of 1315 mm x 1315 mm and the maximum height of
this slope was 650 mm. Before conducting the final laboratory experiment, the model was
analyzed and designed with the aid of modelling software (i.e. SLOPE/W, SEEP/W and
SIGMA/W). The geotechnical tests and other preliminary laboratory studies conducted at the
beginning of the study provided necessary inputs during numerical modelling. This numerical
modelling produced a final workable model and provided an idea about the failure mechanism
of the designed model. Finally, the main experiment was conducted on the designed model
which was constructed in a large acrylic glass. The surface dimension of this model was 1000

mm X 1700 mm and the maximum slope height was 750 mm.



In all the trials, a slope failure was caused by supplying water through a supply chamber,
provided by the side of the crest, and allowing it to move freely to the toe. The geophysical
changes and physical deformation during failure were observed using an integrated system of
electromagnetic sensors (5TE and MPS6), electrical resistivity, and cameras. From the results
presented and discussed, it was understood that the gradual movement of water through the
slope caused a gradual reduction in matric suction, with the consequent reduction of shear
strength and eventual slope movement. The physical deformation began with an initial
settlement and minor surface cracks; which continually progressed to excessive settlement and
larger cracks, before the final forward movement. The excessive settlement prior to the final
movement appears to be associated with a soil structure collapse induced by wetting; while the
forward sliding is caused by the movement of water, which tends to pull the slope downwards.
The experiment provided an improved knowledge of the slope failure mechanism in tropical
residual soils and has established the suitability of geophysical methods for monitoring the

stability of the slopes and embankments of the tropics.
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) Bulk density
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Y Unit weight of soil
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us Poisson's ratio of soil
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F Force applied
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Q Refracted angle

r Resistivity 2D inversion software
Res2Dinv Soil-Water Characteristic Curve
SWCC Time

t Temperature
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CHAPTER ONE

1.1 Introduction

There has been a resurgence of interest in the widespread slope and embankment failures across
the world due to an increase in their number and the need for remedial action to stabilise
potentially unstable slopes/embankments (Donnelly et al., 2005, Shroder et al., 2005, Change

et al., 2008, Dijkstra and Dixon, 2010, Winter et al., 2013).

In the UK alone, widespread failures of transport infrastructure embankments have been

reported, particularly between the periods of 2000/2001 and 2007 (Dijkstra and Dixon, 2010).

In England for example, the wet winter of 2000-2001, saw in excess of 30 earthworks’ failures

along the rail track in the southern region (Loveridge et al., 2010). During the same period,

many failures have been experienced along Northern Ireland’s road network (Hughes et al.,
2007). Similarly, a series of landslides were experienced in August 2004 on the Scottish road
network; critically, among them are the failures along the A83, A9 and A85 routes, which form

a major part of the network (Winter et al., 2010a).

In the US, about 75 billion dollars was lost to this problem between 1997 and 2004, making it

their most expensive natural hazard in this period (Shroder et al., 2005). Similarly, slope

failures have been seen across the world, e.g. in Canada (Haug et al., 1977), Hong Kong (Pitts,

1983), Singapore (Pitts, 1983, Rahardjo et al., 2003), Kenya (Jackson et al., 2002), Spain

(Quinn et al., 2007), Taiwan (Liu et al., 2012a) and Nigeria (Aghamelu and Okogbue, 2011,

Tabwassah and Obiefuna, 2012).



In tropical regions slopes occur naturally or as man-made and are mostly made up of residual
tropical red soils. Such soils have different physical and micro-structural properties compared
to other types of soils due to the climatic, geological and geographical peculiarities (Styles et
al., 2001, de Carvalho et al., 2015). Styles et al. (2001) divided the soil into two broad
categories namely ‘black’ and ‘red’ tropical soils. In this study, we are only concerned about
‘red’ residual tropical soil. and is simply known as laterite in many parts of the world There
are varied definitions of the term laterite but in this study, it is defined as soil material that is
highly weathered, rich in secondary oxides of iron or silica or both. It is nearly void of bases
and primary silicates, but it may contain a large amount of quartz and kaolinite. It is either hard
or capable of hardening. Although some of these characteristics are possessed by some other
soils, laterite is generally accepted as a name for a material whose composition and properties

are within the limit described above (Alexander and Cady, 1962).

The term laterite was first used by to describe ferruginous, vesicular, unstratified and porous
materials with yellow ochere from its iron content occurring abundantly in Malabar in India, It
was locally used for building and hence the name Laterite from the Latin word ‘later’ meaning
brick. (Awaisu, 1989). Its formation process involves chemical, physical and structural
transformation. It starts with the chemical weathering of the parent rock insitu, followed by the

leaching out of silica and bases (Gidigasu, 1972, Gidigasu, 1976).

Their peculiar mode of formation, the uniqueness of their properties, and low compliance to
traditional soil mechanics’ principles make tropical soils particularly challenging (Paige-Green
et al., 2015). Previously, efforts to use the classical concept to describe and model tropical soils

have proved unsuccessful due to the inability of classical theories to recognise some
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unsaturated soil properties such as soil suction (Fredlund et al., 2012). This property is now

understood to be responsible for the unusual behaviour of residual soils. The classical concept
of soil mechanics is also unable to account for the weak bonding, wide varying void ratio and
particle cementation existing in most residual tropical soils; thereby, making it inappropriate

for residual soils (Vaughan et al., 1988). Due to its different mode of formation and the

resulting unique engineering properties and performance, tropical residual soil needs to be
studied separately. Assuming the two soils are the same and applying the findings on the studies

on sedimentary deposits to the tropical soils could lead to significant errors (Vaughan, 1985).

Most of the failures cited are directly or indirectly caused by heavy rainfall causing water
ingress into the slope leading to various degrees of instability (Pitts, 1983; Liu et al., 2012).
Therefore, abnormal changes in water content within the soil are considered as one of the
factors responsible for failure, although the actual failure process is still unclear. This is
partially due to limited understanding of tropical soil behaviour and the associated slope failure

mechanism (Fredlund and Rahardjo, 1993). Jackson et al. (2002) used electrical resistivity

tomography (ERT) as a proxy for imaging moisture content changes of a road embankment
made up of tropical red soil in western Kenya. The imaging capability and non-invasive nature
of ERT was utilised to monitor the performance of engineered earthworks of the embankment
over a period of 18 months. Due to this earlier successful experimentation employing ERT with
tropical soils, the method together with electromagnetic (EM) sensors (i.e. 5TE and MPS-6) is
used in this study to understand the failure mechanism of residual tropical soil. Thus, the focus
of the research as presented in this thesis is to study hydrological changes within tropical slopes

and how such changes are linked to the slopes’ movement. The imaging capability of the



selected geophysical approaches is used to observe failure processes taking into account initial,

pre-failure and ultimate failure conditions.

1.2 Background of the project

Although the increasing number of slope and embankment failures is a global problem, it has
greater severity and devastation in tropical regions of developing countries, where tropical
residual soil is the major construction material. In Nigeria, for example, between 2009 and
2012, several earth structures made up of red tropicalsoils failed (Aghamelu and Okogbue,
2011, Tabwassah and Obiefuna, 2012) In particular, the failures recorded in 2012 were
attributed to heavy rainfall events, which led to flooding in many parts of the country. As a
consequence, 363 lives were lost, 5,851 people were injured, 3,871,530 people were displaced,
and properties were lost. According to the NEMA-Report (2012), the total loss recorded during
the period was 16.9 billion US dollars, including 9.5 billion US dollars for the cost of the
physical damage to the infrastructure. This infrastructure damage was mainly due to the failure
of different kinds of slope-related earth structures (e.g. dams and embankments). Factors such
as ground water condition, material properties and slope angle, influence slope stability.
Climate change has been recently added to the list of factors (Dixon et al., 2006, Hughes et al.,
2009). Climate change is predicted to increase in the next 100 years (UNISDR, 2008) and is
likely to adversely affect slope stability considerably (Jackson, 2013). The implication of this,
if no appropriate action is taken, more catastrophic failures are likely to be experienced in the
future. The combination of high impact, low adaptive capacity, weak institutions and poverty
(UNISDR, 2008), worsen the condition in Africa. In view of the above, there is a need to

investigate the failure mechanism of soil slopes as it relates to their hydrological changes.



1.3 Statement of the problem

Recently, there has been increasing interest in the study of the cause, effect and possible
solutions to slope failure worldwide (Tohari et al., 2000, P. Orense et al., 2004, Rouainia et al.,
2009, Oh and Vanapalli, 2010, Davies, 2011, Davies et al., 2014, Hughes et al., 2015). For
instance, in Nanyang Technological University (NTU), over 46 cases of slope failure of varying
magnitude were recorded in November 1982, following an extreme rain event (Pitts, 1983);
resulting in much research activity with many subsequent publications (Pitts, 1983, Rahardjo
et al., 2001, Rahardjo et al., 2003, Rahardjo et al., 2007, Tsaparas et al., 2002, Tsaparas et al.,
2003, Toll, 2001, Rahardjo et al., 2014). Similar studies have also been conducted elsewhere
(Ng and Shi, 1998, Zhang et al., 2000, Muntohar and Liao, 2009, Liu et al., 2012a). However,
many of these studies are purely numerical or parametric. Although useful, the numerical or
parametric studies alone do not give detailed information about slope failure mechanisms. For
instance, conventional calculation methods such as the limit equilibrium method used in
numerical or parametric studies are not able to account for the transition from peak to residual
strengths; thereby providing inaccurate information about slope stability (Gilbert et al., 1996).
Some of the experimental studies used simple instruments like piezometers and tensiometers
to measure groundwater and soil suction, respectively. Such instruments can only take point
measurements which is possible only at discrete times. This kind of study makes it difficult to

observe the process of a continuous and progressive form of failure (Fell et al., 2000).

To remedy the deficiencies of simple tools and traditional measuring techniques, non-invasive
geophysical methods have been employed in similar studies in many parts of the developed
world. These include, but are not limited to acoustic emission (AE) as used by Koerner et al.

(1981), Jurich and Miller (1987), Kousteni et al. (1999), Shiotani et al. (2001), Dixon et al.



(2003), Dixon and Spriggs (2007) and Dixon et al. (2010); and electrical resistivity tomography
(ERT) popularly used in the UK (Jackson et al., 2006, Chambers et al., 2007, Jackson et al.,
2002, Chambers et al., 2008, Sellers et al., 2010, Chambers et al., 2014). Similarly, ground
penetrating radar (GPR) was used in the ground investigation of all kinds of slope stability (Do,
2003, Evans et al., 2006a, Evans et al., 2006b). These methods have been found to be very
efficient but were mainly applied to soils in temperate climates. To date, little or no effort has
been made to apply these geophysical techniques to study the failure mechanism of residual

tropical soil slopes.

Tropical soils have different properties from other types of soils due to their climate, geological
and geographical factors. Therefore, findings from research conducted on soils from the
temperate climates cannot be applied to tropical soils without verification as this could lead to
significant errors (Vaughan, 1985). This can occur because classical theories developed
through the studies of sedimentary deposits have failed to address some concepts associated
with soils formed under the subtropical and tropical environment (Gidigasu, 1988, Fredlund
and Rahardjo, 1993, Barbour, 1998). To this end, this research seeks to answer the following

questions.

i Can geophysical techniques used in the study and the monitoring of failures in the
soils of the temperate climates be used for a similar purpose with tropical soils?

ii. What is the failure mechanism(s) of tropical soil slopes and how can geophysical
studies help in understanding the failure mechanism?

iii. How does our understanding of the failure mechanism based on the findings of this
research, help in tackling the catastrophic failures currently experienced in tropical

regions?



1.4 Aim and objectives
The aim of the research is to investigate the suitability of geophysical methods to monitor slope
failure in residual tropical soils; and furthermore, to determine the mechanisms leading to

failure of slopes formed in tropical soils.

The research aim would be achieved through the following objectives.

1. Undertake a review of pertinent literature to establish the current understanding of slope
failure mechanisms in tropical soils and methods used to assess this.

2. Produce an artificial soil to be used in the study that has physical, chemical and
geotechnical similarities to the reddish-brown residual tropical soil; and so, provide a
repeatable consistent proxy for naturally occurring tropical residual soils.

3. Conduct feasibility studies to determine the suitability of the material and the geophysical
methods (electromagnetic sensors and electrical resistivity method) proposed to be used in
the research.

4. Use numerical modelling tools to aid the analysis and design of the physical model that
will be used in the experimental study.

5. Construct a laboratory scale physical slope model and use geophysical methods to study
geotechnical and geophysical changes associated with failure development.

6. Analyse and interpret the results to determine the various mechanisms that lead to the

ultimate failure of a tropical soil slope.



1.5 Briefresearch methodology

The methodology for conducting this research involves experimental study supported by
numerical modelling. The study began by face-to-face consultation with experts in the field
and studying the relevant literature before developing a comprehensive research plan. The
preliminary studies, numerical modelling and trial experiments were conducted before the main
experiment. The preliminary study on soil properties, led to the evolution of a method that was
used to produce a synthetic tropical soil used in this study. Details of this, has been presented
in chapter 3. During the numerical modelling, a software package comprising of SLOPE/W,
SEEP/W and SIGMA/W, developed by Geo-studio Ltd was used to analyze a tropical soil slope
model. The numerical modelling exercise discussed in chapter 4, served as useful aid in
designing the experimental model. Before conducting the main laboratory experiment, series
of feasibility studies and trial tests were conducted to determine the suitability of the chosen
method, material and instrumentation for the proposed experiment. The feasibility studies and
laboratory trial tests are described under physical modelling in chapter 5. Finally, the main
experimental study was conducted on a physical model that is made up of compacted layers of
synthetic residual tropical soil and subjected to a hydraulic boundary condition that made it
fail. The failure process was monitored with combined geophysical techniques (EM sensors
and ERT). The parameters monitored include soil suctions, volumetric water content, soil
temperature, flow rate, embankment deformation and slope movement. Detailed description of
the final experiment is given in chapter 6. Figure 1.1 is a flowchart summarizing the research
methodology and how the stages of the methodology were used to achieve the research

objectives.



Face-to-face
consultations with
experts from the BGS

Extensive literature
review - Objective 1

Research plan development

Desk and experimental studies on soil properties to
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Numerical modelling
- Objective 4

Experimental set-up (preparing physical model)
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Data processing and interpretation
- Objective 6

o 00 o g
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Figure 1.1. Research flow chart

1. State of knowledege established
2. Research gap identified

Objective 1 output

Research Plan Produced

Artificial soil produced
Objective 2 output

1. Slope failure analysed
2. Slope model designed
3. Suitability determined
Objective 384 output

1. Experimental tank prepared
2. Slope model constructed

3. Instrumentation installed

1. Geophysical and geotechnical
data collected
Objective 5 output

Develop understanding about
failure mechanism

Objective 6 and final output




1.6 Contribution to knowledge

Combined geophysical techniques including electromagnetic (EM) sensors and electrical
resistivity tomography (ERT) have been used in this research to determine both pre and failure
mechanisms of residual tropical soil. The study has allowed a more in-depth assessment of the
processes involved in failure development, from equilibrium through pre-failure and ultimate
failure conditions. The use of this kind of integrated geophysical/geotechnical method to
monitor the pre and failure processes of residual tropical soil as they occur in real-time has not

been conducted previous to this study. The contribution of the study includes:

1. An improved understanding of both pre and failure mechanisms for embankment slopes
made from tropical soils; which is an important requirement for effective stability assessment

and monitoring.

2. Utilising the capability of combining geophysical techniques to diagnose embankment
stability conditions and predict failure development. For example, the use of ERT to establish
weak regions within the slope at the initial stage assists in the prediction of future failure. It is
interesting to note that the zones of weakness established previously were where the subsequent

failures occurred.

3. The EM sensors used in the experiment have demonstrated their ability to detect time-
dependent hydrological changes at the initial stage before they manifest as physical failures.
This ability has confirmed their potential to provide a warning signal that can prompt some

action to prevent catastrophe.
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1.7 Thesis structure

The thesis presented here is divided into eight chapters. These include the introductory part as

presented in this chapter and the subsequent chapters are introduced as follows.

Chapter 1 gives the general background, aim and objectives of the research. It also raised

fundamental questions that the research seeks to address.

Chapter 2 reviews the existing body of literature with a view to understand the current state
of knowledge and identify the existing gap therein. A general overview of slope stability,

factors affecting slope stability and the slope failure mechanism are reviewed in this chapter.

Chapter 3 contains the preliminary soil studies that led to the evolution of the novel
methodology for the production of artificial tropical soil used in the research. In the chapter,

the relevant index and geotechnical soil properties are established.

In Chapter 4, the numerical simulations and modelling element of the research are presented.

The simulations and models obtained are used to aid the design of the experimental set-up.

Chapter 5 describes the necessary steps taken and the detailed procedure followed to arrive at
the physical model used in the experimental study and also the results obtained in that process

are presented in the chapter.

Chapter 6 presents a more detailed and final experimental study, conducted using

electromagnetic sensors and electrical resistivity tomography.

In Chapter 7 the results obtained at various stages are interpreted and discussed.

General conclusions drawn from the entire research are presented in Chapter 8. The

recommendations for future works are also contained in this chapter.
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1.8 Chapter summary

In this chapter, a general overview of the problem that prompted the study of the failure
mechanism of tropical residual soil using geophysical techniques was presented. This includes
general and specific cases of embankment failures and their attendant consequences mostly in
tropical areas. Relevant literature outlining previous works has been presented mainly in
section 1.2. The works can be categorised into two groups. The first category is the group of
studies on tropical soil using simple, traditional geotechnical tools. The second category
presents the works carried out on the soils of temperate climates using modern geophysical
techniques. Therefore, the need to study the failure mechanism of residual soil slope has been
established. . The distinction between tropical soil and the soils of temperate climates as
postulated by many scholars, the shortcomings of the traditional geotechnical tools as pointed
out in the copious literature, and the need to tackle the widespread and catastrophic failure in
tropical regions, are the combined factors that justify the conduct of this research. The aim and

objectives, as well as the summarised methodology, have been outlined in this chapter.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

An increase in the world’s population has resulted in a greater demand for slope-related
engineering facilities (e.g. road and railway embankments) and a corresponding growth in
their construction (Abramson, 2002, Ashour and Ardalan, 2010). However, the methods used
by the relevant authorities to provide these facilities have met with the challenges of recent
widespread embankment failures. Over the last few years, a number of embankment failures
have been recorded in the UK, the US and across Africa (Donnelly et al., 2005, Shroder et al.,

2005, Change et al., 2008, Dijkstra and Dixon, 2010, Winter et al., 2010b).

The increase in embankment failures is disturbing, considering the catastrophic nature of some
of these failures and their associated negative consequences to the socio-economic life of the
people. To give a picture of the problem, Shroder et al. (2005) reported as follows. “Ground
failure is the most expensive natural hazard in the United States”.
“Between 1925 and 1975, U.S. national losses as a result of ground failure amounted to $75
billion (not adjusted for inflation or depreciation) and were >$2 billion annually (Schuster,
1996). In dollar equivalents, ground failure costs Japan ~$1.5 billion annually, and Italy $1.1
billion per year (Alexander, 1989). In the United States alone, some 25 to 50 people die each

year as a result of slope failure (Schuster, 1996) Page 217-. .
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While most of the recorded failed slopes in the humid climates are made up of sedimentary
deposits, in tropical regions, natural and man-made slopes are mostly made up of residual
tropical red soil. The soil is often referred to as 'laterites' or 'lateritic soils' and has good and
unique engineering properties, such as an open structure, cementation of soil particles and high
shear strength, but low compliance to the traditional soil mechanics’ principles (Paige-Green

etal., 2015).

Due to the increasing number of these failures and the associated high socio-economic cost,
the international interest in slope failures has increase (Schuster, 1996) globally. The topic has
been receiving attention among researchers within and from outside the geotechnical

community, particularly in the 20" century (Shroder et al., 2005; Egeli and Pulat, 2011).

As a result, the traditional causes of instability, such as pore water pressures, have been fairly
well understood; while emerging causes such as climate change effects are continuously under
experimental study. Similarly, several corrective measures to be taken on the failed or failing

slope, such as soil nailing and other types of reinforcements, have been identified.

Glendinning et al. (2009a), divided slope failures into serviceable (within the serviceability
limit state) and ultimate (reaching an ultimate limit state) failures. In the limit state failure,
appropriate stabilisation measures can be taken to control it before it reaches an ultimate or
catastrophic failure. The measure taken may be to restore the failed or failing structure to its
original or near original condition, so as it is able to function as desired. On the other hand,
with ultimate failure or a collapsed infrastructure, it cannot be restored by remedial works but
requires reconstruction with huge financial implications.
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Although knowledge of the causes of the problem and the corrective measures to be taken as
identified above are important, preventive action is the most effective way of tackling this
problem. This agrees with the wise saying ‘prevention is better than cure’. The identified ways
of preventing slope failure are through periodic assessment and constant monitoring using

modern geophysical and remote sensing techniques (e.g. ERT, GPR and LIDAR).

Stability assessment involves continuous planned cycles of inspection, monitoring and analysis
aimed at identifying any serviceable failure or sign of failure. This information enables
appropriate remedial action to be taken to avoid catastrophe. It also enables the programme for
maintenance and improvement to be designed and implemented to ensure a sustainable stability
of the assets, despite increasing traffic, environmental impacts and an increasing threat from

climate change (Glendenning et al., 2009a).

In this chapter, various methods and techniques used for slope assessment and monitoring are
discussed. The methods include both the traditional geotechnical investigations and the modern

geophysical survey based on sensing technologies.

In monitoring slope failure or stability, there is a need for a proper understanding of the failure
process. For this reason, a number of research efforts have been carried out in many parts of
the world (Tohari et al., 2000, P. Orense et al., 2004, Rouainia et al., 2009, Oh and Vanapalli,
2010, Davies, 2011, Davies et al., 2014, Hughes et al., 2015). In section 2.2 of this chapter, an
attempt is made to review the existing literature relevant to slope stability and factors affecting
it. This is followed by a review of slope failure and the failure mechanism in section 2.3.
Section 2.4 deals with various ways of monitoring slope stability or failure processes, with
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emphasis on non-intrusive geophysical methods. The last part of the chapter presents valid
reasons why there is need to use geophysical methods to study failure mechanisms of tropical
residual soils, as presented in section 2.5. The previous efforts in that direction have been

reported and the areas that need further development have been identified.

2.2 Slope

The ground surface is formed of hills, rivers and drainage systems, occurring either naturally
or man-made. Such features existing on the earth surface rising above or lowered below the
horizontal plane of the earth to form an angle are referred to as slopes. It could be fill such as

embankment or cut such as excavation for foundation.

2.2.1 Slope stability.

Slope stability analysis is an important topic in geotechnical engineering and is essential in the
design and construction of slope-related civil infrastructure such as embankments. Slopes need
to be stable for safety and functionality. Stability analysis is necessary to determine whether a
slope is safe and if not, decide the suitable stabilization measure (Liu et al., 2012b). A slope is
considered stable if it satisfies its intended need and has a suitable factor of safety (Cernica,
1995). The factor of safety is the ratio of forces resisting movement to those disturbing it. Water
pressures and gravitational forces are the main disturbing forces. While the slope material

strength and geometry determined its ability to resist movement.

2.2.2 Factors affecting slope stability.
The stability of a slope whether natural or engineered is dependent on a variety of factors.
These factors include geometry, geology, material properties and groundwater conditions. In

this section, effort is made to explain how slope stability is affected by these factors.
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Soil consists of particles and voids, with the voids being filled with water and air. The study of
soil slopes particularly concerns negative pore water pressure that occurs when air pressure is
zero, resulting in an increase in soil shear strength and stability (Zhu et al., 2012). An increase
in the water in the soil raises pore water pressure (i.e. the negative pore water pressure becomes
positive) causing a decrease of shear strength and consequent slope failure. Failures caused by
water conditions have been divided into two categories by Winter et al. (2007). These include
rainfall or overland flow that infiltrates into a potentially mobile soil, and the water that remains
within the soil causing pore water pressure to build. Both can lead to a sufficient decrease in

shear strength and possible slope movement.

The presence of old slips’ surfaces that resulted from tectonic activities or previous landslides
can develop zones where the shearing strength is at a residual state due to the prior movement,

leading to the slide resistance reaching its peak value (Abramson, 2002).

Slope geometry is another factor that influences its stability. As the angle of a slope increases,
its stability decreases. The steepness of a slope has a negative effect on its stability (Liu and
Deng, 2011, Winter et al., 2007). The steeper the slope, the less stable it is. In a high steep
slope, slope movement can easily be triggered by ground water change or human activities

such as excavation at the toe.

Stability analysis in a natural slope is most difficult and uncertain since these slips are not easily
identifiable. However, in an engineered slope, the material used in the construction is well

known and therefore more predictable than in a natural slope.
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2.2.3 Impact of climate change on slope stability

‘Global warming’ and ‘climate change’ are some of the terms used to describe changes or
anomalies in the atmosphere. Their occurrence and attendant consequences on human life have
recently been the subject of discussion by stakeholders (mentioned in the next paragraph)
globally. The literature has confirmed that there has always been change in the world’s climate
but the rate at which it has rapidly altered in recent years is creating a serious cause for concern
(Change et al., 2008, Reduction, 2008). This unusual anomaly and its potential impact on the
quality of life has been predicted to increase in the next 100 years (Dixon et al., 2006) and will

affect various sectors of human life, slope stability inclusive (Dijkstra and Dixon, 2010).

In the UK, the potential impact of climate change on slopes has been debated in a series of
workshops by individuals and corporate bodies, or in projects such as CLIFFS (Climate Impact
Forecasting For Slopes) and the UKCIP (United Kingdom Climate Impact Panel) (Dijkstra and
Dixon, 2010). The general consensus is that the parameters that determine slope stability would
surely be affected by the climate change; and failure to take action is risky (Winter et al.,

2010b).

Having reached this consensus, the question remains, how does it affect them? An attempt is

made to answer this question in the following paragraph.

It can be understood that changes in world temperature and rainfall will surely affect the
stability of slopes, either positively or negatively. For example, an increase in rainfall can
promote the growth of vegetation which prevents erosion and stabilises soil by reinforcement
with its growing root (Glendinning et al., 2009b). On the other hand, excess rainfall is capable
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of mobilizing a weak deposit through infiltration or causing an increase in pore water pressure

that may lead to failure (Winter et al., 2013).

The groundwater regime is another factor influencing slope stability and its magnitude and
distribution is highly dependent upon climate. The UK has experienced many failures in
transport embankments recently, particularly during the large amount of rainfall received in
2000/2001 and August 2004 (Dijkstra and Dixon, 2010). The rainfall received in August 2004
in some areas of Scotland is more than 300% of the usual average August rainfall and has
affected part of the Scottish road network causing significant impact on the socio-economic
life of the people (Winter et al., 2013). These failures are attributed to the repeated shrink-swell
process in response to cyclic pore pressure changes, driven by moisture variations which cause
strain-softening and the development of weak zones leading to shear failure (Dijkstra and
Dixon (2010). Many parts of the world have their share of the problem including the US

(Change et al., 2008).

Considering the predicted scenario of an increase in this global anomaly and the consensus
opinion on its potential impact on slope stability, climate change should not be underestimated

in slope stability assessment.

2.3 Slope failure mechanism

Natural and human activities have been responsible for disrupting the balance of natural and
man-made slopes. In this section, various forms of slope failure will be discussed. Due to the
hazards to life and property, as well as the economic consequences associated with slope

failure, there is a need for a precise description of its failure mechanism.
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Generally speaking, slope failures occur gradually, due to the agents and processes discussed
previously; or suddenly, when caused by some triggers. A good understanding of the means by
which slope failure occurs (failure mechanism) has important implications in determining the
trigger (Owen et al., 2011). Changes in stress, groundwater flows and strength due to either
cyclic increase in pore fluid pressure or high-intensity rainfall can trigger a slope failure (Egeli

and Pulat, 2011).

Natural phenomena such as earthquakes, flooding and rapid drawdown due to a change in
climate or any other causes can trigger slope failure. In fact, earthquakes and rainstorms

individually are identified as major triggers (Wieczorek and Jager, 1996).

There is a varied understanding of the triggering mechanisms of slope instability, but it is
commonly known that an external stimulus initiates or accelerates the failure process (Sultan
et al., 2004). The triggers most commonly identified have been summarised in Table 2-1.
Effective assessment and monitoring of slope failure depends on the proper understanding of
the development of the failure. The wrong assumption of the failure process may lead to
incorrect or wrong conclusions with attendant consequences. For example, impending failure
signs may be ignorantly allowed to degenerate into catastrophe as they are thought not to be
associated with the developing failure (Quinn etal., 2007). Slope failure takes different modes

some of which are identified and discussed in this section.
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Table 2-1: Triggers of slope failure

S/No
Trigger

Failure Mechanism

1 | Earthquake

Exposing loose, saturated granular slope material to strong
earthquake ground shaking caused the grains to compact, squeeze
together and occupy less space. Since the process occurs rapidly,
the time is too short to drain water; there is a decrease in the
effective, confining stress and the consequent increase of pore
water pressure.

Infiltration of high-intensity rainfall or rapid melting of snow pack

2 Wate_r_ increases the level of groundwater, which causes the pore water
condition :
pressure to build up.
Freezing of water in the soil can block the pores or voids and
Freeze-Thaw ; . . .
3 L results in the build-up of cleft pressure and triggering of slope
conditions
movement.
Excavation at the slope, its toe or along the orientation parallel to
the bed of the rock slope can cause downward movement by
4 Human sliding. Other human triggering activities include loading of a
activities slope, mining, drawdown in a reservoir and artificial vibrations

due to machines working at, or near the site; or other works
involving blasting.

2.3.1 Progressive failure

Like many engineering infrastructures, slopes undergo gradual loss of strength in consequence

of ageing, adverse weather conditions or due to creep and fatigue. Depending on the slope

material, the gradual loss of strength could progress continuously in the sequence shown in

Figure 2-1, until final ultimate failure occurs. The gradual building of high stress and loss of

strength in slopes is known as a progressive failure, as discovered byBjerrum (1967). Bjerrum

observed that some cohesive materials undergo deformation through a gradual strength

transition from the peak to residual state (Petley et al., 2005). The failure mechanism has been

summarised as follows, based on the work of Gilbert et al. (1996) and Fell et al. (2000).
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progressive failure sequence

Figure 2-1: Sequence of progressive failure development (After Bjerrum, 1967)

In strain-weakening soil, the failed elements of soil support decrease the shear stress as the
strain increases. When there is part of the stress that may not be supported by the failed element,
this is then transferred to the neighbouring stable soil element, making it fail in turn. This
process is shown in Figure 2-2, and it continues until equilibrium is reached between shear
stress and the strain in the soil. Otherwise, the process continues until the failure condition is

extended to the entire failure surface. The final shear failure occurs after the shear surface is

fully formed.
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: Graphical representation of progressive failure development in slope Pathak et al., 2008)
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Progressive slope failure occurs in many strain-softening materials (e.g. clay), but the failure
process is dependent on the nature of the material (Fell et al., 2000). Human activities
mentioned in Table 2.1 can initiate a failure making it to continue in a progressive manner.
This failure process has been studied using analytical modelling and the study confirmed that
this progressive strain-softening behaviour is capable of causing shear failure in slope (Gilbert

etal., 1996).

Law and Lumb (1978), tried to analyse progressive failure using the limit equilibrium method.
Although the study recorded considerable success towards an understanding of the process,
there were oversimplifying assumptions. This includes assuming the presence of post-peak
strength anytime a local failure occurs. This is not always the case. The use of the limit
equilibrium method has been criticized for its inability to account for the transition from peak
to residual strengths, thereby providing misleading information about slope stability.
According to Gilbert et al. (1996), the key principle of the method is establishing an interface
where the limiting shear resistance and the required shear resistance maintain equilibrium; this
is difficult to achieve in strain-weakening soil. Gilbert et al. (1996) further stated that assuming
the availability of peak strength along the entire failure surface could be unsafe and it is

excessively conservative to assume only residual strength is at the surface.

Although some attempts have been made to understand progressive slope failure, its effect on
slope stability needs to be fully understood. A proper understanding of its concept, recognising
its contribution to slope failure, and devising an alternative to the current traditional means of

monitoring will go a long way in tackling the problem of slope failures.
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2.3.2 Retrogressive failure Mechanism

Retrogressive failure as described by Wang et al. (2016), is a kind of dynamic process in slope
failure development, where the initial slide and the material in the failure flow away in a block.
Usually, due to the high degree of strength loss, the support of the remaining soil body is
removed, resulting in another failure similar to the previous one. This process repeats itself in
a multiple-retrogressive manner and can result in a bigger failure. Retrogressive failures are
mostly experienced in sensitive clay and tend to occur very rapidly; but the theories regarding

their mechanics are not well developed (Quinn et al., 2007)

Bjerrum (1955) used the retrogressive failure mechanism to describe the series of slumps
observed in a failed slope of Norwegian quick clays. He described the failure as been
“characterised by their retrogressive course, an initial slide followed by a series of slides in the

rear areas’.

Haug et al. (1977) studied landslides that occurred near the east bank of the South
Saskatchewan River in Saskatoon, Canada. In this study, the University of Saskatchewan's
slope software was used to analyse the failure slides with the simplified Bishop method. At the
end of the analysis, it was concluded that the hypothesis of a retrogressive mechanism is valid

and can best describe the failure at the site under study.

In the most recent study, Wang et al. (2016) used a numerical framework to study and
demonstrate the retrogressive slope failure mechanism and this is described using Figure 4. In
the figure, the material points location indicates the displaced soil while the coloured contours

represent the accumulated plastic shear strain. The factor of safety of the slope is 0.96. This
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has been determined separately using the strength reduction method. The analysis of the slope
was done by applying gravity to enable the soil’s in situ stresses (due to self-weight) to be

generated. The self-weight triggers the slope failure as the initially unstable slope is considered.

Fig. 2-3(a) shows the initial band of plastic shear strains indicating the initiation of the failure
from the slope toe. Then, the band propagates backwards and upwards, soon forming a
complete slip surface; this is shown in Fig. 2-3(b), which occurred 2.5 seconds from the
commencement. Thereafter, the sliding of the soil body above the critical slip surface starts
along the surface, and the second slip plane, also originating from the slope base, starts to form
a second failure block. The remaining slope body remains largely intact (elastic). Fig. 2-3(c)
shows that the sliding soil moves in blocks in a discrete form. The formation of soil wedges
with shapes of graben and horst is shown in Fig. 2-3(d); it is the conceptual model explaining
the mechanism of retrogressive failure. The movement continues backwards and upwards in
retrogression. After about 41 s the exposed back scarp at the rear of the second slide becomes
large enough so that as a result of the removal of the down-slope support, it causes
destabilisation and triggers the third slide, as shown in Fig. 2-3(e). Unlike the previous slide,
the current block of almost intact clay moves laterally on the horizontal plane. Fig. 2-3(f) shows
the displacement of the final stable section indicating the final stage of failure which occurred
at the time of 73.5s. From this study, it can be observed that there is an increase in the time

interval between successive slides as the failure propagates backwards.
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Figure 2-3: Failure mechanism in soft clayey slope (Wang et. al., 2016)

2.3.3 Collapse failure Mechanism
Collapse mechanism is another type of failure process experienced by some types of soils.
Many scholars have tried to define or describe collapsible soils or the collapse failure

phenomenon, but the following is the description given by Schwartz (1985).

“...a soil which can withstand relatively large imposed stresses with small settlements at a low
in situ moisture content but will exhibit a decrease in volume and associated settlement (which

could be in large magnitude) with no increase in the applied stress if wetting up occurs.”
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From separate studies conducted by (Barden et al., 1973) and (Rogers, 1995), the factors

responsible for a collapse failure can be itemised as follows:

1. An open soil structures.

2. A high void ratio

3. Alow dry density

4. A high porosity

5. High enough value of applied stress to develop a metastable condition

6. High enough value of soil suction to stabilize intergranular contacts and whose
reduction on wetting will lead to collapse.

7. Geologically young or recently altered deposit

8. High sensitivity

9. Low inter-particle bond strength.

The first four factors describe the material that has the ability to permit the flow of fluid through

it and can rearrange itself structurally with a consequent reduction in volume.

From the foregoing discussion, it can be deduced that when a partially saturated soil with
collapsible fabric experiences an increase in moisture content and is subjected to an applied
stress greater than the overburden pressure, the collapse will take place. The main trigger in

this type of failure is water condition and has been explained in Table 2.1.

There is very limited information about the collapsible nature of residual tropical soils but
considering the fact that most of the properties listed above, are exhibited by some residual

tropical soils, makes collapse behaviour a likely property of these types of soils.
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Brink (2012) listed South African tropical soils among the collapsible soils. The soil is derived
from the granite of the basement complex by weathering. His description of the mode of
formation and its chemical composition shows that it is similar to the lateritic soil found in

many parts of the tropics.

2.4 Slope Failure in Residual Tropical Soils

Just like slopes of other soil types, there are several reported cases of soil slope failures in

tropical soils. The following are few examples.

Liu et al. (2012a) reported a serious slope failure of the Ali Mountain Highway (route T18) in
southern Taiwan. The failure occurred following the strike of Typhoon Morakot on August 8,
2009. The route had to be closed to traffic over a period of three months to allow temporary
rehabilitation to be carried out. A post event site investigation conducted through extensive
field surveys and aerial photo analysis, revealed that, the exposed parts of the rocks are made
up of various sizes of yellow brownish sandstone occasionally interbedded with mudstone and
have weak cementation of stone particles. Although, geological terms were predominantly used
to describe to characterise site, it can be deduced from the description that the failed slopes
were made up of either yellowish brown particles mixed with boulders (colluvium) or highly

weathered sedimentary rocks resulting in the superficial sliding of the residual soils.

In Hong Kong, the problem of slope failures is very serious and the severity is far more than
that of Singapore, although more failures have been recorded in Singapore (Pitts, 1983). Ng

and Shi (1998) adopted a typical unsaturated cut slope in Hong Kong in a study to investigate
28



the effect of various rainfall events and initial ground conditions on slope stability. In this study
the geology of Hong Kong has been described as consisting of granitic, volcanic and
sedimentary rocks which undergo chemical and physical weathering processes resulting in the

formation of saprolitic and residual soils.

In Nan yang Technological University (NTU) alone, The large number recorded is probably
due to the topography and geology of the area, which consists of a series of hills and valleys
located on the decomposed sedimentary rocks of the Jurong formation (Pitts, 1983, Rahardjo

et al., 2003).

In Africa, vertical and lateral deformations were observed on a tropical soil embankment of a
Kenyan road. Failure occurred at the edge of the carriageway, close to the shoulder and
manifested on the pavement surface in the form of large longitudinal cracks (Jackson et al.,

2002)

In Nigeria, there are many recent cases of dam and highway embankment failures reported
from many parts of the country (Aghamelu and Okogbue, 2011, Tabwassah and Obiefuna,
2012). Personal experience and eye-witness accounts confirmed that the failure of the road
embankment along Kaduna-Birnin Gwari Road in north-western Nigeria in 2009, is the most
serious failure recorded in the region in recent years. Since then, more embankment failures
have been experienced in the area. Although the number of tropical soil embankment failures
is increasing the effort to tackle it through effective monitoring and in-depth study of the failure

process is minimal.
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The large number of failures experienced at NTU in Singapore has opened a window for
research and many attempts have been made to study the failures (Pitts, 1983, Rahardjo et al.,
2001, Rahardjo et al., 2003, Rahardjo et al., 2007, Tsaparas et al., 2002, Tsaparas et al., 2003,
Toll, 2001, Rahardjo et al., 2014). There are also some similar studies conducted elsewhere
(Ng and Shi, 1998, Zhang et al., 2000, Muntohar and Liao, 2009, Liu et al., 2012a). However,
some of these studies are numerical or parametric studies as shown in Table 2-2. Even the
experimental studies, used simple instruments like piezometers and tensiometers to measure
groundwater and soil suction, respectively. These instruments take point measurements at
certain intervals by intruding into or probing the parent material. Apart from the disturbance or
distortion brought about by the intrusion, the point measurements do not give detailed

information about the ground conditions.

Non-invasive geophysical methods are the most appropriate and have been tried in the
monitoring and studying of embankment failures of the temperate climates, with great success.
Little effort has been made to apply these techniques to monitor and aid understanding of the
failure process of tropical soil embankments. For example, Jackson et al. (2002) have
illustrated the use of ERT on a road embankment constructed of tropical red soil in western
Kenya. The survey, which was conducted at KM19+300 along Molo-Oleuguru Road in Kenya,
took 18 months to complete and 40 electrodes, spaced equally at 1 m intervals, were used. The
moisture variation within the embankment was studied and a meaningful result was obtained.
Based on the results, it was concluded that the technique could be used to monitor the stability
of tropical soil embankments. Although this singular trial on the tropical soil embankment was
successful in assessing the moisture variation, it was not able to study the failure mechanism

as this was not the objective of the experiment. Therefore, a geophysical survey on a real-time
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Table 2-2:

Selected research works on tropical soil slope failures

S/INo  Reference Study Area Research Summary Methodology Instrumentation
1 Pitts (1983) NTU, In this work, an inventory of series of slope failures  Desk study
Singapore occurred at Nanyang Technological Institute (NTU) in
Singapore was presented. Based on the presented failures
and analysis of site features, possible causes of failures
were discussed.
2 Ng and Shi Hong Kong  This is parametric study conducted to investigate the  Parametric study
(1998) influence of various rainfall events and initial ground
conditions on slope stability.
3 Zhang et al. China A field infiltration tests, conducted at a hillside near the ~ Field study Tensiometers
(2000) ship lock of the Three Gorges Dam in Hubei Province,
China. The test site consists of residual soil and
decomposed granite.
4 Toll (2001) NTU, In this study, numerical modelling was used to Analysis based on
Singapore investigate the influence of several hydrological the secondary data
parameters on the seepage conditions in a typical residual  derived from the
soil slope in Singapore. literature
5 Rahardjo et al., NTU, In this work, numerical modelling to understand the  Parametric studies
(2001) Singapore effect of antecedent rainfall was conducted . Different
rainfall patterns were simulated and their effect on slope
stability has been evaluated.
6 Tsaparas et al., NTU, This is a numerical modelling conducted to investigate ~ Parametric study
(2002) Singapore the effect of some hydrological parameters on the
stability of typical residual soil slope in Singapore. The
parameters examined are rainfall intensity, antecedent
rainfall, different initial conditions and saturated
coefficients of permeability.
7 Tsaparas et al., NTU In this paper, analysis of a 12-month long field study of  Field study Tensiometers, rain
(2003) Singapore the infiltration characteristics of two residual soil slopes gauge, and
in Singapore, is presented. Data collected consisted of piezometer.
rainfall data and pore-water pressure changes at several
depths and at several locations on the slopes.
8 Rahardjo et al., NTU In this study, the effectiveness of horizontal drains in  Field and Tensiometers,
(2003) Singapore stabilising tropical residual soil slopes against rainfall-  parametric studies  Piezometers and
induced slope failures, has been examined. The study rainfall gauges
was conducted through field investigation on two
residual soil slopes complemented with a parametric
study relating to drain position.
9 Rahardjo et al., NTU A field study aimed to understand the response of Field study Jet-fill tensiometers
(2005) Singapore tropical residual slope to different rainfall patterns and and Time-domain
the resulting changes in pore-water pressures and water reflectometry
contents.
10 Rahardjo et al, NTU This is a parametric study aimed to highlight the relative ~ Parametric study
(2007) Singapore importance of soil properties, initial ground water level,
rainfall intensity and slope geometry in inducing soil
slope failure.
11 Muntohar and Mountain This is numerical modelling conducted to study a slope  Parametric study
Liao (2009) area, response to rain infiltration during heavy rainfall in a
Taiwan mountain area of Taiwan. During the study a method
was proposed to predict the potential and timing of a
landslide.
12 Liuetal., Ali This paper studied series of slope failures and their  On site visual
(2012a) mountain attendant loses at five different locations along the Ali  observations and
Highway, Mountain Highway in Taiwan. The study is a post event  aerial
Taiwan site investigation conducted through extensive field photography
surveys and aerial photo analysis.
13 Rahardjo et al., NTU In this paper, different types of instruments for real time  Field and Piezometer,
(2014) Singapore monitoring of flux boundary conditions are illustrated to  parametric studies  tensiometer, time-

study the effect of rainfall and evaporation on pore-water
pressure and water content in slope. The data captured
automatically using a data acquisition system were
transported to a secured website in real time.

domain
reflectometry, rainfall
gauge and weather
station
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residual tropical soil embankment is crucial in understanding slope failure mechanisms in this

kind of soil.

More than any other, tropical soil slope embankment problems need more research effort and
the use of modern technologies to understand the failure mechanism. This is because there is a
lack of sufficient knowledge and theories that explain their behaviour, as stated earlier.
Furthermore, most of the regions where this kind of soil exists are developing countries with a
low capacity to bear the cost of emerging cases of embankment failures. Africa is particularly

vulnerable, due to low adaptive capacity, weak institutions and poverty (Change et al., 2008).

There is a need to use non-invasive methods to monitor residual tropical soil embankments.
This study will achieve a dual purpose of understanding the failure process in a residual tropical
soil slope and establishing the efficiency of geophysical methods in monitoring the stability of

a residual tropical soil embankment.

2.5 Slope Stability Monitoring

Soil slopes can be prone to instability and therefore need to be monitored rigorously and
continually to ensure sustainable stability. From an engineering point of view, the system does
not have to collapse before it is said to have failed. A slope or embankment is said to have
failed once some signs of instability are observed, visually or with equipment (Glendinning et
al., 2009a). Some slopes may appear stable when inspected visually, but careful assessment
using specialised equipment and methods may reveal otherwise. This is more so when they are

under adverse environmental and weather conditions. Continuous monitoring assessment is
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particularly important considering recent predictions of climate change. The assessment of
slope stability under future climate conditions revealed indications of the likelihood of
increased slope failure due to the potential impact of climate change (Mantovani et al., 1996).
The challenge, therefore, is not only monitoring slopes with visible signs of failures or known
historical movements but all slopes or embankments need to be monitored to guarantee stability

and prevent unexpected, catastrophic failure.

Observation and monitoring methods have been practiced by engineers and geologists for many
decades and in the process many tools and techniques have evolved. Traditionally, trial pitting,
drilling, boring, trench excavation and other geotechnical methods have been used to assess
and monitor ground stability for both natural and engineered slopes. While acknowledging the
fact that these methods for this purpose have achieved great success, it is also worth noting that
they have their shortcomings. Often, the use of these methods requires intrusion into the ground
under investigation; thereby damaging a portion or the whole area of the ground. Apart from
this, observations using traditional geotechnical methods are done at discrete times and
locations. This kind of observation may not provide information about the actual process of
progressive failure. This makes the methods costly and less efficient. Therefore, better
alternative tools and techniques with high precision that allow the collection of a large volume
of data at faster rate, have been developed. In the subsequent sections, various monitoring

techniques (intrusive and non-intrusive) are discussed.

2.5.1 Intrusive methods
Intrusive methods are used to obtain information about soil structure by intruding into or

probing the parent material. These include such operations as borehole drilling, sampling and
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in situ testing, test pit excavation, trench excavation, wash boring, auger boring, and percussion
drilling. The choice of a particular method depends on the objective of the survey, the site
condition, and the material type, among others. Brief descriptions of some of these intrusive

methods are given as follows.

2.5.1.1 Trial Pits and Trenches

Pitting and trenching are important parts of slope stability investigation and monitoring,
particularly on sites with easy access. These involve excavation to a required depth to assess
the ground’s near-surface condition. The depth of excavation is normally limited to the depth
of the hard layer reached during excavation, which is either an obstruction or bedrock.
Depending on the mode of the excavation, the width is generally between 1 m and 2 m
depending on whether it is a trench or a pit. The information obtained from these methods
includes an assessment of the fault activity, determination of the soil profile, and extraction of
samples for laboratory testing. This method allows extraction of high quality soil samples with
limited disturbance; thus, its advantage over drilling and some other sampling methods (Fell et
al., 2000). In small-scale projects, trenches and pits have been found to be cost-effective in
determining site stratification, exposure of fabric of a deposit, mapping and sampling (Fell et

al., 2000).

2.5.1.2 Shafts and Adits

Shaft and adits are another useful means of slope stability monitoring, but are not frequently
used due to the high construction cost, even though they are proven to be cost-effective in very
large slope failure projects (Fell et al., 2000). They allow assessment of the ground condition
by direct inspection, through the provision of access or entrance into the ground. When
properly constructed, shaft and adits provide a good working site for in situ testing and
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sampling, in addition to water drainage; thus serving the dual purpose of monitoring and

stabilisation (Fell et al., 2000).

2.5.1.3 Drilling and Boring

Drilling and boring are among the oldest methods used to obtain information about the
subsurface conditions of a site. Boreholes, in particular, have been found very useful in soil
stability assessment and have been used in many slope stability monitoring projects. These
generally involve driving circular tubes of variable diameters into the ground by hammering or
by the action of rotary metal screw of a specified diameter (Jackson, 2013). Some operations

under this category include wash boring, auger boring, percussion drilling and rotary drilling.

Information derived from this method includes the soil profile and groundwater conditions. In
groundwater investigation, it is recommended for boreholes water levels to be recorded at short
and regular intervals during sinking to avoid missing occasional perched groundwater, which
is only displayed in a mixed potential at the completion of the borehole drilling (Fell et al.,
2000). Failure to record readings at frequent intervals may not give the exact groundwater

condition of the soil.

Harris et al. (2001), recommended the use of rotary drilling in undertaking a geotechnical
investigation into European mountain permafrost. Similarly, percussion boreholes were used
in an attempt to investigate the causes of failure of historic Edinburgh Castle, in which 27
boreholes were sunk within the Castle area and at the top of the slope of Johnston Terrace
(Winter et al., 2013). Limitations of borehole drilling in slope stability monitoring include the

inability of the borehole to stay open when a slope is badly disturbed, and the likelihood of
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introducing error to piezometric pressure reading when excess drilling fluid is used (Fell et al.,

2000).

2.5.2 Soil Sampling

Sampling is done to obtain information about the site’s condition by studying a representative
sample. The sample could be disturbed, undisturbed or of high quality. The degree of
disturbance introduced to the sample depends on the sampling procedure. The disturbed sample
could be obtained by percussion drilling, trial pits or trenching. Samples taken at the topsoil
and subsequent layers are done at a depth interval that represents the soil profile and lithology

(Jackson, 2013).

The consistency of a soil and its relative density are two important properties and are usually
assessed using standard penetration testing (SPT) in most percussion borehole drilling

(Donnelly et al., 2005).

2.5.3 Non-intrusive methods

Non-intrusive methods otherwise known as non-invasive methods are increasingly becoming
popular in slope stability monitoring and failure studies. This is due to their many advantages
over traditional geotechnical methods. Chief among them is the ability to sample the soil mass
as a whole with good coverage contrary to point sampling used by the conventional boring and

drilling (Fell et al., 2000, Glendinning et al., 2009a).

These modern techniques facilitate easier and faster collection of data at a lower cost. Some of
these non-intrusive techniques employ the use of a remote sensing principle in their operation.

In some of these techniques, observations are made and data are acquired without even physical
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contact with the ground under investigation, let alone damaging it. However, there are non-
intrusive geophysical methods that are not quite remote but utilise the sensing technology to

obtain information from a soil body without damaging or disturbing it.

Earth observations using remote sensing provide data in a spatial format with a synoptic view;
the area coverage could be large, depending on the technique and weather conditions. The

measurements are made from a spacecraft, aircraft or ground station.

Conte Robles (2012), reported several slope stability projects where one or more of the
following methods were effectively used: optical fibre sensors, GPS, airborne remote sensing,
satellite remote sensing, or ground-based remote sensing. Similarly, Mantovani et al. (1996)

cited examples where various kinds of remote sensing techniques were used in Spain, Italy and

Great Britain.

Many geophysical tools are used for slope stability studies; which include but are not limited
to, establishing pre-failure conditions, material in-homogeneities and boundaries, and post-
failure investigations. Most methods are well known and their potential has since been
appreciated (Mantovani et al., 1996). However, in the last few decades, most methods have
become easier to use, data interpretations have become more reliable, more accurate and

cheaper, due to the advance of cheap computer power Hack (2000).

There are many methods, but the four most popular and frequently used in slope stability
studies are discussed in this section. These include acoustic emission (AE) in 2.5.3.1, electrical
resistivity tomography (ERT) in 2.5.3.2, electromagnetic (EM) otherwise known as ground

penetrating radar (GPR) in 2.5.3.3, and seismic profiling in 2.5.3.4.
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2.5.3.1 Acoustic Emission
Acoustic emission (AE) is a term used to describe an activity characterised by the low-level
seismic signal emitted by solids, when they are undergoing deformation or are under a stress

condition (Hardy Jr, 2005).

Terms like microseismic activity, seismic-acoustic activity, rock talk or rock noise, elastic
shocks, elastic radiation and sub-audible noise are used to refer to acoustic emission (Lord Jr,
2012, Hardy Jr, 2005, Dixon and Spriggs, 2007). The concept has long been established in
metallic objects and rocks, but its application in soil stability monitoring is somewhat recent.
The technique has been applied widely, including for surface structures such as dams, bridge
piers and abutments, foundations, and underground structures such as tunnels and mines

(Hardy Jr, 2005).

In soil, laboratory experimental studies of AE have been conducted on a small and a large scale
before it was later applied in the field. It is now generally accepted to be among the methods

of stability monitoring in natural and engineered slopes.

Although AE is a non-intrusive technique, it does not utilise a full remote sensing principle as
the monitoring equipment is placed in contact with the soil body to be investigated. This
technique has the ability to provide an early warning of failure, thereby allowing appropriate
stabilisation measures to be taken. Some advantages over other geotechnical methods are
shown in its ability to delineate an area of instability, and it does not require long processes

and measurements to establish failure (Dixon et al., 2003).
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2.5.3.1.1 Operational Theory

The principle of acoustic emission has been explained by many authors, including Hardy Jr
(1981), Choi and Kang (2003) Dixon et al. (2003) and Lord Jr (2012) as described here using
Figure 2-4. In the figure , the receiving transducer (labelled 2), which could be geophones, an
accelerometer, hydrophones or a simple AE sensor, monitors changes in velocity from the
source (labelled 1) caused by the presence of AE activity. A pre-amplifier (labelled 3) is
employed to amplify the output of the AE sensor resulting in AE activity, which is very small,
normally in the order of microvolts. This small output signal is often amplified 100 to 1000
times or even greater to enable it to be recorded. The filtering system is generally used to
eliminate some of the AE signals on the basis of their frequencies. A low or high pass filter can
be used for this purpose, but a band filter (labelled 4) with combining features is used in this
system to eliminate extraneous low and high-frequency signals. The acoustic waves are
transmitted down a cable over long distances, depending on the specimen material property. A
comparator transforms the AE of proper frequency into square-wave signals and then transmits
it to the microprocessor. A microprocessor (labelled 6) is a data capture and processing unit
that records and counts times for partial discharge per second; and the output of this is displayed

on a screen or display (as labelled 7), which is shown in analogue or digital format.
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Figure 2-4: Schematic diagram showing a set-up of AE System (adopted from US patents)

In summary, the AE monitoring system consists of a transducer that monitors AE activity, and
amplifiers and a recording system which captures, processes and displays the final output in an

analogue or digital form, as shown in the above diagram.

2.5.3.1.2 Application of Acoustic Emission to the Soil Slope Stability
The application of acoustic emission in soil monitoring is now well known It is a technique
used in detecting the instability or deformation of a soil’s structure by generating a sub-audible

noise (Dixon et al., 2003).

Soils like many other solid materials generate acoustic stress waves when undergoing
deformation. The acoustic waves or sub-audible noise is generated when there is friction among
the soil particles while in rock it is due to the fracture development and propagation (Shiotani
et al., 2001, Dixon et al., 2003). This AE or noise is detectable using an appropriate transducer

or set of transducers.

In the field, a single transducer or an array of transducers is used to observe AE events,

depending on whether the objective is source location or general surveyln the field, a single
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transducer or array of transducers are used to observe AE events, depending on whether the
objective is source location or general survey. Drnevich and Gray (1981), reported two stages
in soil slope stability monitoring: namely, general and source monitoring. They described
general monitoring as a process of establishing the occurrence of AE activity and the
determination of the AE associated parameters. It is carried out with a limited number of
transducers, normally only one. While location monitoring involves the use of an array of
transducers installed at various locations on the site under study, to locate the actual source of
AE as accurately as possible. This later stage is important in estimating the true magnitude of

an observed AE activity.

The principle and procedure of AE in soil monitoring simply requires a suitable transducer to
be attached to the soil structure or specimen under study, and the acoustic signals arising from
stress or deformation of the specimen are monitored by this or a different transducer; the signals

are subsequently processed and recorded as a final output.

In early studies, the sonic technique which utilised two transducers (i.e. transmitter and
receiver) was used, but in the late 20" century when the method was maturing, it was
discovered that AE signals can be detected at the receiver even without the transmitter. Hence

the discovery of a new technique in the 1970s (Hardy Jr, 2005).

Following the discovery of this new method, many researchers have successfully employed the
technique for the monitoring of ground stability. Among them are Jurich and Miller (1987),
Kousteni et al. (1999), Shiotani et al. (2001), Dixon et al. (2003), Dixon and Spriggs (2007)
and Dixon et al. (2010) The overall simple AE monitoring experimental set-up as described by
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Hardy (2005), include a transducer (e.g geophone), amplifiers, a filter and a recorder as shown

in Figure 2-5.
SURFACE Ef} — —] pa F 3"“
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Figure 2-5: Diagram of AE monitoring system

To monitor AE activity at a depth below the surface, a transducer is placed in a suitable
borehole of 8-30 m depth. The activity which is normally in a microscopic signal, is amplified
by the pre-amplifier (PR) and post-amplifier (PA) respectively, so it can be read by the tape
recorder (TR). A filter (F) is normally included in the system to eliminate undesirable

extraneous signals before it is read by the recorder.

Despite the success recorded in the use of AE in slope stability, some shortcomings were
observed. One of these is presented when the sensor cannot detect an acoustic signal in a body
with a very large distance, due to attenuation caused by energy loss during AE transmission
(Koerner et al., 1981, Dixon et al., 2010). Depending on the type of wave propagation used,
the attenuation can increase in both horizontal and vertical directions. Bulk waves (longitudinal
and shear) for example, propagate away from a source in three dimensions, so the attenuation

also increases with distance from the source along the three directions (Hardy Jr, 2005).
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Generally, the attenuation or the range to be covered by an acoustic signal depends on the
frequency used. A higher frequency is less affected by the background noise but is associated
with high attenuation and the consequent loss of energy. Conversely, a low-frequency signal is
more likely to be contaminated by the background noise (e.g. machines’ vibration) but has low
attenuation. This means when monitoring equipment is placed at a far distance from the source
spectrum, only a fraction of the AE event will be observed; and if the depth is too large and the
source spectrum of the event does not contain a significant low-frequency component, the event
cannot be detected (Hardy Jr, 2005). Figure 2.6 shows the relationship between range and

frequency.
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Figure 2-6: Range vs frequency for AE signals (Hardy, 2005)

From Figure 2-6, it can be seen that at 10 Hz the signal can be detected up to a distance of 7000

m. While at a higher frequency of 100 kHz, the range to be covered is less than 10 m.
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Due to the attenuation, the depth at which an AE device can detect AE signals is usually in the
order of units of metres, depending on the type of geologic material. If the depths from the
source is in the order of tens of metres, a waveguide is required to relay the signal to the
measuring transducer. A waveguide was developed to provide a low-attenuation acoustic path
(Dixon et al., 2003, Dixon and Spriggs, 2007, Kousteni et al., 1999). The waveguide could be
passive or active, depending on the material type. The passive systems are used in a material
with low AE activity like clay, so that no additional AE event is introduced into the waveguide
in the process of installation. Although active waveguide systems can be installed in a cohesive
material, it has to be in a borehole which is filled with granular material, as shown in Figure 2-

7, for it to produce high AE (Kousteni et al., 1999). This is confirmed by the laboratory

experiment conducted by (Dixon and Spriggs, 2007).

Transducer
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VWave guide Amplifier
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f_f,,-ff"f T Slip plane and processing

Figure 2-7: Acoustic emission system with a waveguide (Kousteni et al., 1999)

In the experiment, Dixon and Spriggs used steel waveguides with a 55 mm diameter and 3 mm
wall thickness. The waveguide was backfilled with sub-angular crushed river gravel with a

nominal size of 5 mm. A sensor with resonant frequency of 50 kHz was connected to the
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waveguide using a magnetic device with a layer of silicon gel to aid acoustic transfer. Other

components of the set-up include amplifiers and a filtering system as shown in Figure 2-8.

Although attenuation of the AE in soil is significant at the high frequencies used in this
experiment, the acoustic path length between the deforming backfill and the steel tube allows
the AE signal to be detected by the sensor. The signal was recorded after it had been converted

from an analogue voltage input to a digital value.

Amplifier _— Anal_ogue to
with filters digital
converter

Pre-amplifier
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Figure 2-8: Acoustic emission system with an active wave-guide (after Dixon et. al., 2003)

The waveguide could be anything, provided it can successfully transfer the AE activity from
the source to the transducer. It could be a steel reinforcement rod, construction units, or a steel
pipe (Kousteni et al., 1999). Dixon et al. (2003) used a steel pipe in a study to validate the
active waveguide concept. The results of the laboratory tests and that of the field study have

confirmed the suitability of the AE equipment with an active waveguide for detecting AE
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signals in a deeper soil position. Figure 2-8 shows components of the equipment used with an

active waveguide.

2.5.3.1.3 Development of Acoustic Real-time Monitoring System
Recent increases in processing the power and portability of instrumentation provide the
possibility of developing specialist equipment for field monitoring that can operate

continuously (Dixon et al., 2003).

The ongoing research aimed at exploring the potential of the acoustic wave in slope stability
monitoring has led to a number of breakthroughs in recent times. Building on the successes
achieved, Dixon et.al. (2012 tried to improve the capability of his earlier developed AE device,
to enable it to provide early warning information of slope failure by capturing the failure
process as it occurs in real-time. The project conducted at Newcastle University by utilising
the EPSRC funded BIONICS test facility, succeeded in developing a real-time AE monitoring

system in 2009. (www.slopealarms.com. Accessed 21/09/2014).

To augment this progressive effort, the British Geological Survey (BGS), through EPSRC
funding, used its state-of-the-art facilities and highly skilled human resources to add value to
the previously invented low-cost device by Dixon of Loughborough University

(www.bgs.ac.uk accessed 04/04/2015). This formal collaboration led to the upgrading of this

concept for field application and the results have demonstrated the ability of AE sensors to
detect rapid changes in the displacement rate of a slope, which is the basic requirement of a

monitoring system to give timely warnings. (www.slopealarms.com accessed 21/09/2014).
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The output of this joint effort is the development of a new technology called Assessment of
Landslides using Acoustic Real-time Monitoring Systems (ALARMS), and field trial testing
of this technology has been successfully conducted on the UK sites and overseas (Dixon et al.,
2012). These include a trial on an active landslide at Hollin Hill, North Yorkshire, and a large
rock slope in the eastern Italian Alps. In each trial, the performance of this method compared

favourably with the traditional methods such as inclinometer measurements.

2.5.3.2 Electrical Resistivity Tomography (ERT)

The ERT method has been in use in slope stability assessment for many years. This method is
an old concept in the oil industry as it has been used to assess the water content in rock reservoir
for more than half a century (Jackson et al., 2006). Its application in the investigation of earth
embankments to assess their stability has received much attention in recent years (Chambers
etal., 2007, Jackson et al., 2002, Chambers et al., 2008). The method tries to find the difference
in resistivity between different materials of the earth’s subsurface layers. The method was
initially conceived as tedious due to its associated highly complicated mathematical
computations (Hack, 2000). This problem has now been overcome due to the continuous
upgrade of knowledge, availability of equipment and the development of many computer
programmes (Hack, 2000). For example, inversion of resistivity values can now be done easily
with Res2DInv (Sudha et al., 2009, Chambers et al., 2007). In fact, the empirical relationship
between the moisture content of a soil and electrical resistivity has been since understood

(Jackson et al., 2006). This relationship will be explained in section 2.5.3.2.2

2.5.3.2.1 Concept and Theory
The equipment for a site electrical survey comprises of arrays of metal electrodes which pass
electric current to the ground and the resulting potential difference is measured. The obtained

values of electrical resistance are inverted to obtain an electrical resistivity of the subsurface
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material (Chambers et al., 2007, Jackson et al., 2006, Gunn et al., 2005, Gunn et al., 2008,
Jackson et al., 2002). This can be achieved in many ways, but the common method utilises an
array of four electrodes, out of which two pass current into the ground and the remaining two
measure the potential difference caused by the current flowing through the ground between any

two electrodes (Hack, 2000) as shown in Figure 2-9.

source

measuring device

current electrodes

potential electrodes

Figure 2-9: Arrangement of array of electrodes (Hack, 2000)

With reference to Figure 2-10, the five common configurations of electrode arrays are

described by (Hack, 2000) as follows.

(a) ()
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In the Wenner array configuration, the electrodes are equally spaced, ‘a’ as shown

in Figure 2.10(a). This type of array configuration is relatively sensitive to changes

in the subsurface resistivity and therefore suitable for surveying horizontal

structures. The Wenner array has good signal strength.

b) Wenner-Schlumberger array

In this type of configuration, the spacing of potential electrodes at the middle of the

electrodes is kept constant; while the spacing of current electrodes away from the

potential electrodes is varied in the multiples ‘n’ of the middle spacing ‘a’, as shown



d)

in Figure 2.10(b). When n = 1, the array is effectively the Wenner type of
configuration. As ‘n’ increases, the depth of investigation increases, but the signal
strength decreases. The array is moderately sensitive to both horizontal and vertical

changes and can be used for surveying both horizontal and vertical structures.

Dipole-dipole array

In the dipole-dipole array configuration, the spacing between the current and
potential electrodes are respectively constant; while the distance in between them is
varied in multiples ‘n” of spacing ‘a’, as shown in Figure 2.10(c). Just like in the
Wenner-Schlumberger, in dipole-dipole array, the signal strength becomes smaller
when the values of the ‘n” become larger. The array is more suitable for vertical
structures, and less for identifying horizontal structures. The depth of investigation

is small compared to that of the Wenner array.

Pole-dipole array

The pole-dipole array shown in Figure 2.10(d) is similar to the Wenner-
Schlumberger array, but the difference is that one of the current electrodes is placed
at a sufficiently far distance from the survey line. The array has a higher signal
strength than the dipole-dipole array and is less sensitive to noise than the pole-pole
array. This is because the distance between the potential electrodes is not very large.

The depth of investigation is relatively large.

Pole-pole array
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This is the type of array where only one current and one potential electrode are
placed at a fixed distance of ‘a’ between them, as shown in Figure 2.10(e). The
second of each of the electrodes is placed at a far distance usually more than 20 times
the distance ‘a’. This array could be associated with a practical problem, particularly
where there is a limited space to place the electrodes. The array is sensitive to noise
due to the large distance between the potential electrodes. The depth of investigation

and horizontal coverage is quite large.

The choice of the array depends on the type of features at a particular site to be surveyed. The

comparative analysis of the various array configurations will be made in section 6.3.

Apart from the above-explained surface surveys, borehole methods also exist. In this method,
all electrodes are placed in either the same or different boreholes. If one borehole system is
used, the measurement is the same as that of the usual surface resistivity surveys, but two
borehole systems result in tomography (Hack, 2000). Daily et al. (1992), outlined a procedure
for the resistivity measurement between two dipoles. In the experiment, he used 8 electrodes

spaced equally to study infiltration events.

2.5.3.2.2 Application to soil stability monitoring

The moisture content of a soil influences its strength and density, the two most important
factors in determining the stability of soil slope or embankment (Jackson et al., 2002). The
theory of electrical resistivity assumes that there is a correlation between moisture content and
its electrical conductivity. The theory has for a long time been applied with success in slope

stability studies. In soil, high resistivity values are indicative of a low conductive zone; while
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low resistivity values are a signature of a high conductive zone, indicating that it is a weak zone

(Abidin et al., 2012).

In slope stability studies, it is important to know that; electrical resistivity is dependent on
material type. Different geological units with different material composition may give varied
resistivity values even if they are under the same moisture condition. This is because electrical
resistivity of a soil is also dependent on density, pore-fluid resistivity, matrix resistivity and
pore space morphology (Jackson et al., 2006, Jackson et al., 2002). Therefore, clays generally

have low resistivity values while loose dry sand and gravel have high resistivity.

The need to optimise the electrical resistivity technique, resulted in the introduction of new
equipment and the development of many computer programmes to collect and process data.
This allowed the resistivity data to be processed and presented in 2- and 3-dimensional

resistivity tomography — ERT (Hack, 2000).

Zhou et al. (2001), used ERT to monitor 3-D spatial and temporal variations of moisture content
in the field. In their work, 88 electrodes were used to pass current and the potential of the
electrodes was obtained by pole-pole and Wenner array methods and the inverted resistivity
data collected during the experiment compared favourably with traditional, conventional

method of water content measurement.

Sudha et al. (2009), also used the ERT technique in soil characterisation and 72 electrodes were

used; the potential difference was measured using the Schlumberger-Wenner method..
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Similarly, Chambers et al. (2007) used the technique by installing imaging arrays to monitor

seasonal moisture content changes of an earth embankment.

2.5.3.2.3 Development of resistivity real-time monitoring system

Subsequent to the successful use of the electrical resistivity technique in soil stability projects,
another innovation was introduced to make it more responsive to stability monitoring needs.
This is time-lapse electrical resistivity tomography (Chambers et al., 2008). It has the capability
to provide imaging variation in moisture content and consequent changes in geotechnical

properties, as they occur in real time in full space.

In view of the above, the British Geological Survey (BGS) made a fruitful effort by upgrading
the emerging technology by combining the time-lapse electrical resistivity tomography with
data telemetry and intelligence systems (Chambers et al., 2008). This newly enhanced
technology has the capability of monitoring and diagnosing an embankment’s internal
structure, giving a warning of an impending failure in the form of an alert seen on the data
telemetry e.g. Global System for Mobile communication, GSM (Chambers et al., 2008). The
technology is called ALERT (Automated time-Lapse Electrical Resistivity Tomography) or
ALERT-ME (Automated time-Lapse Electrical Resistivity Tomography for Monitoring

Embankments) and was developed in 2010 (www.bgs.ac.uk accessed 04/04/2015).

2.5.3.3 Ground Penetrating Radar (GPR)
Ground-penetrating radar (GPR) is a non-intrusive geophysical method that is used in
investigating the ground subsurface conditions and features. Although its concept has been in

existence for a very long period, its development as a technique for ground investigation was

53


http://www.bgs.ac.uk/

not until the second half of the 20" century (the 1960°’s) and its application to the road, in

particular, was in the 1970’s (Evans et al., 2006a).

GPR is used in diverse applications; including the mapping of geological conditions and the
thickness and depth of soil and sediment strata, determination of the depth of the groundwater
table, and the detection of subsurface cavities and fractures in rocks (Do, 2003). Others include
driving information from layers of road pavement structure and mapping of rail track
substructure conditions (Olhoeft and Selig, 2002). In general, the technique is used in the
ground investigation of all kinds including bedrock condition assessment as well as bound
material layers and foundation materials (Evans et al., 2006a, Evans et al., 2006b). Its
increasing acceptance in the geophysical investigation is due to its greater processing power,
relatively easy operation, easy and fast interpretation of data with the aid of user-friendly
software and its relative portability (Evans et al., 2006a). It may be deployed from the surface,
in a borehole or between boreholes, from aircrafts or satellites (Slob et al., 2010). Its antenna
can be pulled either by hand or towed by a vehicle. A typical GPR antenna is shown in Figure
2-11. As one of the established non-intrusive techniques, GPR has the highest resolution of all
the geophysical methods in subsurface imaging and can penetrate to the depths of 5,400 mm

depending on the properties of the material (Slob et al., 2010, Do, 2003)
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Figure 2-11: GPR antennae (Evans, 2006)

However, a major limitation of GPR is its sensitivity to unwanted noise from various sources
such as vehicles and nearby machines and unwanted signals (Do, 2003, Slob et al., 2010).
These if not adequately handled can interfere with GPR signals thereby affecting the quality

of the data obtained.

2.5.3.3.1 Principle and Performance
The principle of GPR like most geophysical methods is gradually becoming popular amongst
geotechnical engineers. The basic principle of GPR as outlined in many publications including

Evans et al. (2006b) and Slob et al. (2010), is described in this section.

The ultra-high frequency radio waves are transmitted into the ground through a transducer or
antenna. The transmitted waves are then reflected from the material and returned to the same
antenna or separate antenna which receives and stores the data in the digital control unit, as

shown in Figure 2-12. The time taken for the reflection to return to the antenna is recorded.
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The time it takes for the signal to get to the transmitter and return to the receiver depends on

the property of the radar and the medium.

. Data Control Data |
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Figure 2-12: Schematic of basic GPR system

The amount of radar energy reflected through the process of electromagnetic wave propagation
and scattering is dependent on the reflection coefficient, which in turn is dependent on the

difference in the dielectric properties of materials, as demonstrated in equation 2-1:

_ [(e)-(Ve2)]

m ............................................. 2'1
where p = bulk density
€ = dielectric constant
The dielectric constant can be obtained from GPR velocity using equation 2-2 as follows:
_ (o
ST e 2-2

V = velocity of the electromagnetic wave (cm/s)
C = velocity of light in free space (cm/s)
Mr = relative magnetic permittivity (unitless)

&r = dielectric constant i.e. relative permittivity(unitless)
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The dielectric constants are affected by the material type, temperature, water content and pore
fluid properties. Therefore, the passage of radar waves through a material is dependent on these
factors. Most ground materials have different and contrasting dielectric constants and this is an
important requirement of this technique. Table 2-2 shows dielectric constants of different types

of commonly used materials.

Table 2-3: Characteristic electromagnetic properties of some materials (adopted from Hack, 2000)

Electric Velocity Attenuation
Dielectric (for frequency 100 (for frequency 100

Material Constant MHZz) MHZz)

(m/ns) (dB /m)
Air 1 0.3 0
Metal Infinite
Fresh water 80 0.33 2x10-1
Sea water 80 0.01 1x10-1
Dry sand 3-5 0.15 1x10-2
Wet sand 20-30 0.06 0.03-3
Lime stone 4-8 0.12 04-1
Clay 5-40 0.06 1.0 —300
Granite 4-6 0.13 0.01-10
Rock salt 5-6 0.13 0.01-1.0
Shale 5-15 0.09 1.0-100

A range of GPR frequencies have been in use, but 10 MHz and 2 GHz are typically used for
engineering investigations (Evans et al., 2006b, Evans et al., 2008). Generally, a higher signal
frequency gives better resolution (i.e. a more precise indication of depth) but lower frequencies

penetrate deeper into the soil subsurface (Evans et al., 2006a).
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2.5.3.4 Seismic Profiling

Seismic profiling is one of the geophysical methods used in slope stability assessment. If not
the best, it is one of the most suitable methods in determining slope stability, because it can be
used to determine the internal structure of a soil or rock body which is an important requirement
of slope stability assessment (Hack, 2000). It is a reliable and cost-effective way of assessing
a site’s condition through the determination of ground stiffness by studying its elastic

parameters (Madun, 2012).

2.5.3.4.1 Types of Waves

Common types of seismic waves include compressional waves (also called P-waves), shear
waves (also known as S-waves) and surface wave (e.g. Raleigh and ground waves) (Hack,
2000, Madun, 2012). In terms of their oscillation, P-waves can be described as longitudinal, S-
waves as transverse, while Rayleigh waves are circular. The waves can also be described in
terms of speed of travel. In that case, P-waves are fastest and arrive early, then S-waves, then

surface waves, as shown in Figure 2-13.

Surface waves

P-wave S-wave

v

Seismogram recorded in the UK froma
distant earthquake

1 i i i i 1 i i i M 1 i i M L 1
22:20:00 :30:00 :40:00 :50:00
Time (hr:min:sec

Figure 2-13: Types of Seismic wave (http://www.bgs.ac.uk/discoveringGeology/hazards/earthquakes/images)
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The behaviour of a wave is influenced by the type of material it passes through and this varies
with the type of wave. Compressional waves are commonly used because they are easy to
generate, and they are sensitive to normal stiffness change. While shear and surface waves are
more affected by shear stiffness, which is related to the shear strength properties of the

geological material. Therefore they are more applicable to slope stability studies (Hack, 2000).

2.5.3.4.2 Attenuation and Absorption

The energy of the seismic wave attenuates as the distance from the source increases because of
absorption due to non-ideal elastic properties of the soil and rocks; and it is dependent on the
frequency of the wave, as there is more absorption in higher frequencies than lower
frequencies. Some other causes of attenuation are wave travelling behaviour (reflection,
refraction and diffraction) and the loss at the interfaces as the wave changes from a P-wave to

an S-wave for example.

2.5.3.4.3 Theory and Concept

In many slope stability assessments, a high-frequency seismic signal is required to carry out
measurements with high resolution. To achieve this, many sources are considered with each
having its merits and demerits. The sources include the traditional use of hammer blows on a
metal plate, use of explosives and the emitted signal from a controlled source known as ‘vibro-
seis’ (Hack, 2000). With this latter source, although it releases lower energy per unit time than
the explosive sources, the correlation of the controlled signal with the received signals is far
better; its energy is concentrated in the desired high frequency, and the noise/signal ratios of
the received signal can easily be increased (Hack, 2000). For a surface wave, a mass is dropped
to induce an impulsive signal into the ground to generate vibration and about 2/3 of the

vibration is transformed into surface waves. (Madun, 2012).The P- and S-waves interfere on
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the ground surface to form Rayleigh waves (Xia et al., 2002) and the wave velocity is measured

and recorded.

The seismic wave velocity method can be applied to the determination of ground stiffness for
both homogeneous stratum and layered ground. In a homogeneous soil, there is no variation of
surface wave with frequency; but in layered soil with different material properties, the wave

velocity varies with frequency (Madun, 2012) by the following relation:

Gmax = pV52 ..................................................... 2'3

Where p is mass soil bulk density and is calculated as follows:

Where
Gmax = maximum shear modulus
Vs = shear wave velocity
D = depth of penetration

E = modulus of elasticity

Once the wave velocity is measured the stiffness profile of the soil can easily be estimated.

This is illustrated by Hack (2000) in the following paragraph and with reference to Figure 2-

14
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Figure 2-14: Seismic refraction survey (a) ray paths, (b) graph of time versus distance of the first arrived signal (Hack,
2000)

Assuming an array of geophones are used for a seismic refraction survey on a two-layered soil
(of differing soil properties) as shown in Figure 2-14(a), the first arriving signal at the
geophones is for the first two geophones, the direct signal travelling through the topsoil layer;
while for remaining geophones there is the refracted wave travelling through the underlying
layer. In this case, the law of refracted waves applies: that is, the angle of incidence and that of

refraction equal 0. The top layer has velocity V 1 and the overlaid soil mass velocity V 2. The

angle 0 is given by:
S 0, RUTRR 2-5
Sinr

While,
SIN(0) = T oo, 2-6

The refracted elastic waves travelling through sediment of different material properties can be
measured by plotting a graph in Figure 2-14(b). The depth or thickness can be conveniently

calculated with the following relation:
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d= 1 Vi.t1
- E Cos(arcsin(ﬂ))
V2

Where
t1 = time intercept of the two velocities obtained from the graph

d = depth

2.5.4 Selection of Stability Monitoring Method
Various methods used in the investigation and monitoring of slope stability have been

highlighted in the preceding sections. These include both intrusive and non-intrusive methods.

The non-intrusive methods are now the popular and most preferred in slope stability monitoring
due to their numerous advantages over the intrusive methods, as discussed earlier. Different
kinds of non-intrusive, geophysical methods do exist, but those that have been frequently used
in stability monitoring in recent times are summarised in Table 2-4. Among them, two methods
are selected for use in the experimental element of this research. They are electromagnetic also
known as ground-penetrating-radar (GPR) and electrical resistivity tomography (ERT)
methods. The comparative advantages of these methods are shown in Table 2-4. Unlike
acoustic emission and seismic profiling methods, the GPR and ERT methods are not affected
by attenuation and therefore have high resolution. In the past, these methods were not
commonly used due to their associated complex mathematical computations. With the advent
of computer processing power and their relatively cheap and easy access, these drawbacks have
been overcome. The data can now be computed and interpreted very easily and with greater

accuracy using the friendly software.
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Table 2-4: Summary of non-intrusive methods

Method

Operational Theory

Recent Advancement

Advantages

Acoustic Emission
(AE)

The acoustic emission (AE) is a term used
to describe an activity characterised by the
low-level seismic signal emitted by solids
when they are undergoing deformation.
The AE device is installed on site to
monitor ground movement by listening to
the noise generated during deformation.

Development of new technology called
Assessment of Landslides using Acoustic
Real-time Monitoring Systems
(ALARMS) which provides early
warning information of slope failure by
capturing the failure process as it occurs
in real time.

i) Allows detection of
deformation or micro!
movement

ii) Captures the failur
as it occurs in real tir
iii) Ability to delineat
of instability

iv) Does not require r
computations to estab

Penetrating Radar
(GPR)

ground materials have different and
contrasting dielectric constants. The ultra-
high frequency radio waves are transmitted
into the ground and then reflected back to
the antenna. The time taken and the amount
of radar energy reflected is dependent on
the dielectric properties of materials.

Electrical The method tries to find the difference in Development of a device that has the Early warning inform
Resistivity resistivity between different materials of capability of monitoring and diagnosing | slope failure.

the earth’s subsurface layers. The an embankment’s internal structure;

equipment for a site electrical survey giving a warning of an impending

comprises of arrays of metals used as failure in the form of an alert. It is called

electrodes which pass electric current to the | ALERT (Automated time-Lapse

ground and the resulting potential Electrical Resistivity Tomography).

difference is measured. The acquired

values are inverted to obtain electrical

resistivity tomography of the subsurface

material.
Ground - GPR operates based on the principle that i) High resolution

ii) Greater processing
iii) Relatively easy to
iv) Relatively portabl

Seismic Profiling

The method can be used to determine the
internal structural set-up of a soil or rock
body, which is an important requirement of
slope stability assessment. It assesses the
site condition through determination of
ground stiffness by studying its elastic
parameters.

i) It is reliable and co
ii) Accuracy in estime
depths of structural la
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2.6 Chapter Summary

In this chapter, the problem of embankment failure was highlighted with practical examples. Although
there are corrective measures to restore the failed or failing embankment, the most effective way of
tackling the problem is by preventive action. This can be done through periodic assessment and
constant monitoring, using non-intrusive methods. The degree of effectiveness of this is largely
dependent on the level of understanding of the failure process, and the appropriate monitoring strategy
used. For this reason, the concepts of slope stability and failure mechanism were presented based on a

review of the existing literature. Different methods of monitoring embankments were also presented.

During the literature survey, various methods of monitoring were studied, and geophysical methods
have been found to be the most effective means of monitoring slope stability and its failure mechanism.
This is due to their numerous advantages over the conventional geotechnical methods. The methods
have been successfully used in the study of many cases of the failure of embankments made up of
sedimentary soils in temperate climates. There has previously been, however, little or no attempt to
apply the technique to the study of the slope failure mechanism of tropical residual soil. This is against
the backdrop that more slope failures in residual tropical soils have been recorded in the last few years.
Moreover, it has been confirmed that it could be erroneous to apply the findings from other types of
soils to residual tropical soil. This is because the established classical theories have failed to address
some concepts associated with soils formed under the subtropical and tropical environment (Gidigasu,

1988).
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CHAPTER 3

Production of Artificial Tropical Soil

3.1 Introduction

Residual tropical soils are extensively used in the construction of embankments in tropical and
subtropical countries, where they exist in abundance. The definition of the soils and their peculiar
properties that make them different from other types of soils is given in chapter 1. Although there is
varied definitions of the soil, there appears to be a consensus view about it been formed by intense
weathering (involving decomposition and leaching) of underlying igneous, sedimentary or
metamorphic rock, resulting in the material rich in iron and aluminium oxides (Styles et al., 2001, Huat
et al., 2007a). The variability in the definition of the soil reflects the variability of its nature and
properties (Gogo-Abite, 2005). Although, the locations where residual soils are found may be distant
apart on the geographic space, they have the same basic tropical and subtropical climates that favour
the above described intense weathering. Some of these countries with their typical soils are given in

Table 3.1.

Due to the variability in climatic conditions (i.e. rainfall and temperature) and geographical location
the two controlling factors of geology and the degree of weathering of the parent material, the physical
properties of tropical residual soil vary from region to region. Therefore, residual tropical soil is a
name used to describe a wide variety of soil rather than distinct, clearly defined soil material. In this
study, the wider meaning is adopted by considering the varied physical properties of the soil from
different parts of the world. Intensive research undertaken on tropical soils in many parts of the globe
make the properties readily accessible, Therefore, a wide range of literature was consulted to establish

these properties.
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Table 3-1: Tropical countries and the types of residual soil found in each country (Huat et al., 2007b)

Parent rock Degree of working Transported soils
Country All Completely: Completelv: Highly: Colluvium  Other
tvpes  Original struc- Original struc-  Structure included?  included?
ture destroved?  tre intact? intact, Soil
=50%7
Australia Yes ? Yos Yes Yos Yes
Brazil Mo Yes? Mo Mo Mo No
China Yes 7 s Yes ? Mo
Germany  Yes 7 Yes ? No No
Crhana Yes ? Yes Yes 7 ?
Hong Yes  Yes Yes Yes Yes Mo
Kong
India Yes 7 Yes Yes Mo No
Japan s 7 Mo Yes? Yes ?
Malaysia  Yes Yes Yes? Yes? MNo? No
Mew s Yo Yis Yies Yes? 2
Fealand
Nigeria Yes  Yes Yes Yes Yes! Yes
Pakistan Yes Mo Yes Yes? Mo Mo
Philip- Yes  No Yes Yes Yes No
pnes
Singapore Yes Yes Yeas? YWes 7 MNo?
South Yes Yes? Yes Yes 7 Yes
Afnca
Sri Lanka  Yes Yes Yes Yes Yes No
LK. Yes Yes Yes Yes Mo No
USsA Yes  Yes? Yes Yes Mo Mo

Not minding the variability in the physical properties of tropical residual soils at global scale, some
researchers hold the view that the properties and behaviour of tropical soils established in one location
could be assumed to be similar at another locations of similar climatic condition, especially where the
soils are from the same parent rock or of similar geological formation (Gogo-Abite, 2005). However,
studying tropical soils at regional or local scale will be more precise than considering it globally. For

this reason, the study focussed more on tropical residual tropical soil typically found in Nigeria with
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special emphasis to the northern Nigeria. This is in line with the study background and problem
statement, both outlined in chapter 1.

The idea of narrowing down the study to a locality of Nigeria is to allow for an in-depth investigation
to establish with precision the properties of the material under study. To achieve this objective, the
abundant information about Nigerian lateritic soil available in the literature was studied. Additionally,
laboratory tests on a soil material sourced from Zaria in northern Nigeria, were conducted to establish
index and geotechnical properties. Previously, similar tests were conducted on the same material from
the same source by Madu, 1977, Ola, 1978, Ogunsanwo, 1989, Osinubi, 1998a, Osinubi, 1998b,
Osinubi and Nwaiwu, 2006, Osinubi et al., 2009. The results of all these tests will be presented and

discussed in this chapter.

The primary aim of the whole research project is to study a failure mechanism in tropical residual soil.
It was a great challenge to conduct this research on tropical soils in a geographical location like the
UK where such soils do not exist. This is because sourcing the required quantity (i.e. 10 tons) of soil
from sites in tropical countries for detailed laboratory studies in the UK is very tasking due to the travel
distances involved. Even if there is enough budgetary provision to cover cost of haulage, transfer of
such  quantity across the borders of the countries is often  prohibited
(https://www.gov.uk/guidance/moving-prohibited-plants-plant-pests-pathogens-and-soil). To find a
solution, utilizing the materials available in the UK to produce pseudo-tropical soil. emerged as the
most practical solution. For this reason, a novel methodology was developed to modify locally
available materials to obtain an artificial soil of desired properties. This ensured that sample produced
where of the quality required and could be produced in a consistent and repeatable fashion. Similar
approaches have been successfully used in the previous studies e.g. Vaughan et al. (1988), Dibben
(1998), Zourmpakis et al. (2005) and (Jiang et al., 2012). This chapter presents how the artificial

tropical soil material was produced and validated as a suitable proxy for natural tropical soil samples.
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It should be noted that substantial part of the work presented in this chapter, has been earlier presented
as conference paper by Sadiq et al. (2016). which was undertaken as part of the research programme
presented in this thesis. The points, figures and tables taken from this paper have been duly

acknowledged.

3.2 Production of artificial soils - previous studies

One of the past attempts to develop methods of producing artificial soil for practical purposes included
mixing two or more naturally occurring soils in a standard laboratory at a very high temperature over
a certain period. This method was used by Vaughan et al. (1988) and Malandraki and Toll (2000). The

main aim here was to replicate the bond strength and density of the natural tropical soils.

In an alternative to firing, Haeri et al. (2005) produced artificial residual soils by the addition of cement
to alluvium to reproduce the strength properties of a natural Iranian soil. Similarly, Jefferson and
Ahmad (2007) produced in the laboratory an artificial collapsible soils that was used to assess collapse
properties of soil in a repeatable controllable fashion, overcoming difficulties obtaining field samples.
In this method silt sized material with varying amount of processed kaolinite, English China Clay was
used applying three different approaches, adopted from the previous work of (Lawton et al., 1989,
Trofimov, 1990, Basma and Tuncer, 1992, Assallay et al., 1997, Dibben, 1998, Zourmpakis et al.,

2005). The three approaches include the air fall, the wet, and the bonding methods.

The air fall method involves mixing silt sized particles with clay at dry condition and sieving the
mixture through a 63um sieve falling from a height of 250mm directly into an oedometer ring placed
on a porous stone/filter paper. After filling the oedometer, the surface is levelled off before adding a
small static weight to reduce the void ratio to a value closer to typical metastable loess soils. In the wet

method, a paste is form by mixing clay and silt particles with water. This paste is then placed in the
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specimen ring before loading it with static load varying between 5 and 100Kpa to create a void ratio
like that of the natural deposit. In the third technique i.e. the boding method, the paste formed in the
wet method is left to dry before crushing and placing it into the ring in layers via sieving as in air fall
method. A fine mist is then applied on each of the layers to achieve a predetermined water content
before loading it as described in wet method. Finally, the specimen is dried in the oven to create

bonding between the particles.

After creating artificial soils with similar magnetic properties to the Cambodian soil, Styles et al.
(2001) concluded that, though it is difficult, it is possible to produce an artificial soil that can reach a

large extent in replicating the properties of the natural soil.

From the above cited works, it is clear that soil can be created artificially. However, many of the
existing methods attempt to replicate one or two key geotechnical properties and no attempt was made
to reproduce basic index properties such as particle size distribution, Atterberg limits and density,
which are important in engineering applications such as stability of slopes and embankments. The
properties looked by the authors cited above are given in Table 3-2. Whilst these materials do not fully
replicate natural materials, they do overcome many challenges commonly encountered when working

with challenging soils from overseas such as a tropical residual soil.

Table 3-2: Soil properties previously considered in the production of artificial soil

Author(s) Method used Replicated Properties
Vaughn (1988) Firing of soil mixture Strength and density
Malandraki and Toll (2000)  Firing of soil mixture Strength and density
Styles et al. (2001) Magnetic properties
Haeri et al. (2005) Added cement to alluvium Strength
Jefferson and Ahmad (2007)  Air fall, wet and bonding Void ratio, density and
methods collapsibility
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In this research, a better approach to soil modification has been formulated. This chapter presents the
methodology for producing pseudo-tropical soil and the result obtained using the new approach,

which draws from the methods presented in the literature (see section 3.4.1.).

3.3 Materials

As stated earlier in section 3.1, in this study, tropical residual soil is considered in general, but laterite
typically used for the construction of engineering infrastructure in Nigeria, is selected as a case study.
A sample material sourced from Zaria in Northern Nigeria was tested in Nigeria to establish its
geotechnical properties given in Table 3.3. The properties of the soil from this source previously
established by (Madu, 1977, Ola, 1978, Ogunsanwo, 1989, Osinubi, 1998a, Osinubi, 1998b, Osinubi
and Nwaiwu, 2006, Osinubi et al., 2009, Bello, 2011) will be presented and discussed in the later
section 3.4.. Table 3.3 also contains properties of other natural materials (i.e. Etruria formation and
Builders sand), sourced and tested in the UK and were used to produce artificial tropical soil to be

discussed in this chapter.

Table 3-3: Geotechnical properties of three soils based on laboratory tests (adopted from (Sadiq et al., 2016)

Soil Type | Etruria Formation Natural Builders'

Mudrock Material Tropical Soil Sand
Properties
Liguid limit, (%) 38 41 -
Plastic limit, (%) 19 23 -
Plasticity Index, (%) 19 18 -
% Gravel 0.4 1.1 -
% Sand 8.6 37.7 99.9
% Fines 92 61.2 -
Specific Gravity 2.82 2.7 2.53
Maximum Dry Density, Mg/m? 1.99 1.92 1.335
Optimum Moisture Content, (%) 13.5 16.2 14
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3.4 Methodology

3.4.1 Stage 1. Preliminary study

The first stage was a preliminary review of tropical residual properties, from the literature. Tropical
residual soil in different parts of the world was considered first, before specifically studying Nigerian
residual soil known as laterite. This is in recognition of the possible variation in properties of the soil,
due to the differences in climatic conditions and geographical locations as discussed in section 3.1.
Among the published works consulted in the literature are that of (Madu, 1977, Ola, 1978, Ogunsanwo,
1989, Osinubi, 1998a, Osinubi, 1998b, Osinubi and Nwaiwu, 2006, Osinubi et al., 2009, Bello, 2011).
The aim here was to identify key properties of tropical residual that will serve as a basis for identifying
a British soil that will match those properties. After this, a broad range of British soils were reviewed,
again with reference to available literature. Of all the soils reviewed, Etruria formation mudrock (from
the UK stratigraphic unit) was found to possess similar index properties to the targeted tropical soil

and, thus was selected for further study.

3.4.2 Stage 2. Desk study

Following stage 1, a visual inspection was undertaken on the selected British soil i.e Etruria formation,
to examine key aspects of physical appearance, including color and texture of the soil selected in stage
1. Next, More in-depth study on the Etruria Marl including its chemical and physical properties was
undertaken at this stage., This was done by consulting a wide range of literature again including
(Gidigasu, 1972, Hutchinson et al., 1973, Madu, 1977, Ola, 1978, Cripps and Taylor, 1981,
Ogunsanwo, 1988, Reeves et al., 2006, Robertson, 1931). Again, comparison of this more in-depth
studied British soil was made with the tropical soil under study.to assess similarities and differences
between the two. From this the suitability of the soil selected in the previous stage was confirmed. It

was then decided to modify the selected British soil to arrive at artificial tropical soil.
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3.4.3 Stage 3. Laboratory testing

Laboratory tests were then undertaken to check the desk study findings. It was felt that particle size
distribution should be determined first as this gives a useful indication of other physical properties of
the soil, e.g. the permeability and the rate of deformation of saturated soils. From the particle-size
distribution curve, sand and fines fraction of each of the two soils was estimated and it gave an idea of
the proportions needed to be added to modify the chosen British soil to reach the target final product.
From this, mix ratios for the modification were established. Grading tests were carried out in

accordance with BS 1377:1990.

3.4.4 Stage 4. Soil design and Production

The mix formula designed on the basis of the sand-Etruria Marl ratio, decided in the previous stage,
was used to produce the artificial soil. This was followed by more laboratory test to determine index
and geotechnical properties of the produced soil. The index tests were conducted in accordance with
BS1377:1990 part 2, while particle density and compaction characteristics were conducted in
accordance with BS1377:1990 part 2 and 4, respectively. The results of these tests on artificial tropical
soil, were compared with the properties of the soil to be replicated. From the comparison, the similarity
of the values with that of the target natural tropical residual soil was established. Thus, the final ratio

to be used to produce the artificial tropical residual soil was confirmed.

3.5 Results

3.5.1 Results of Preliminary Studies

Etruria Formation mudrock was observed to have most resemblance with the natural tropical residual
soil based on the comparison of their properties found in the preliminary studies. This, despite the fact
that the Carboniferous Etruria Formation used was some 300 million years older than the target

Quaternary tropical residual soil and was partially lithified by burial (Robertson, 1931). This is
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because, reddish to dark brown colour and texture of the Etruria Formation mudrock and the natural
tropical residual soil, were suitably close.

Colour is particularly important as it indicates the environmental processes that a given soil has
experienced as well as its minerals make up. For example for both the selected base soils and the target
soil the reddish brown colour indicates iron oxide is present.

Table 3.4 summarizes examples of published chemical properties of the tropical residual soils giving
typical ranges seen in different parts of Nigeria. From Table 3.4 it can be seen that Ferric oxide (Fe20z3)
contents are variable, ranging from a low of 2% to a high of just over 40%. Similarly, Table 3.4. shows
that the percentage of bases are very low while a large amount (>c.35%) of silica are contained in all

soils included.

Table 3-4: Oxide composition of lateritic soil from different parts of Nigeria

Reference Nnadi (1988) Ogunsanwo Ogursanwo (1995 Ositibi (1998b)
Madu (1977) (1989)
. Eastern Nigeria Western Nigeria Northern Nigeria
Region and ‘Various parts Tfe- Tfe-
. of eastermn . Imo . . [fe-Ondo ] . .
Location s Onisha Airvort Okigwe Uni-Ife Rd Alwre  Maryland Uni-Ife  Ifewara Zaria
Nigeria P Rd Rd
Si0; 34.80 - 58.33] 56.8 495 54.7 pl1.41-623790 62.59 68.83 67.11 62.37 5141 35.6
ALO, 7.63-1603] 17.6 123 115 P3.03-2581 254 193 2121 23.93 25.82 274
Fe,03 19.45 - 42.16] 6.45 5.98 4.75 5.30- 1252 387 236 5.87 53 12.52 24
TiO, 1.15-1.55 1.27 0.801 0.754 0.64 - 0.81 047 0.64 09 0.64 0.81
MgO 0.33-2.10 | 0.106  0.059 0.054 - - - - 0.19 0.22
Ca0o 139-258 001 0.1 0.01 1.91-499] 049 062 032 017 057 028
Na,O 0.14-0.18 | 0.12 0.16 0.075 4.23-5.73 - - - 0.11 0.13
K,0 001-012 | 0148  0.069 0.07 043 262 022 163 4.1
P05 0.13 0.2 0.1
MnO 0.017  0.015 0.01
Loss of ignition 852-11.05| 4.44 5.29 5.14 1.46

Tables 3.5 and 3.6 show typical mineralogy of British Etruria mud rock and natural tropical residual
soils occurring in Nigeria, respectively. Both types of soil consist mainly of quartz, kaolinite and

goethite. However, only the natural residual tropical soil, which contains significant feldspar.
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Table 3-5: Mineral composition of typical Nigerian lateritic soil (Ogunsanwo 1988, 1995)

Sample Feldspar Quartz Kaolinite Muscovite Goethite Reference
Location
Uni-Ife 50 30 10 - 10 Ogunsanwo 1988
Ife-Ifewara rd 30 Traces 55 5 10 Ogunsanwo, 1988
Ife-Ondo Rd. - 40 25 30 Traces Ogunsanwo, 1995
Ife-Akure Rd. Traces 60 35 - 15 Ogunsanwo, 1995
Unife 50 30 10 - 10 Ogunsanwo, 1995
Ife-Ifewara rd 30 Traces 55 - 15 Ogunsanwo, 1995
Maryland - 50 35 - 15 Ogunsanwo, 1995

Table 3-6: Mineral composition of Etruria Formation (Hutchinson et al. 1973, taken from (Sadiq et al., 2016)

Sample Description Quarry samples
(in situ and largely unweathered)

) (Holdridge, 1959) |
Mineral Maximum (%) Extreme range (%)
Quartz 30.5t041 20 to 56
Kaolinite (disordered) 33t042 26 to 56
Mica/illite (disordered) 14.5 6 to 22
Expandable mixed-layer clay
Goethite/limonite 10 3t0 22
Rutile 13 1tol1l5
Carbonates 0.6 0to5

From the above analysis, it can be concluded that, the similar physical appearance of Etruria Marl and
lateritic soils is due their common chemical and mineralogical composition. The minor difference in
percentage composition of some chemical and mineralogical constituents might be due to the

difference in mode of formation.

3.5.2 Grain-size Distribution

Figure 3.1 shows the results of grading tests on the three soils involved in this study. They are Etruria
Formation mudrock, the natural residual tropical soil and the sand. In addition, two references are
shown on the graph. They are for the range of typical Etruria mudrock presented by Hutchinson et al.,
(1973) is provided for reference and the grading curve for naturally occuring residual tropical soil

based on the previous test conducted by Bello (2011).
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From the graph it can be seen that, the grading curve of Etruria mudrock is within the envelope

established by Hutchinson et al., while that of tropical soil tallies with the one provided by Bello.
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Figure 3-1: Particle size distribution of all the soils involved in this study (adopted from (Sadiq et al., 2016)

Using the soil grading curve presented in Figure 3.1, the constituents of each of the three soil has been
determined as shown in Table 3.7. It can be seen from the table, that silty sand needs to be added to
Etruria Formation mudrock to increase the percentage of sand and lower the clay content to bring it

closer to that of the tropical soil

Table 3-7: Coarse and fine fractions of the soils (Sadiq et al., 2016)

Soil Type Clay (%) Silt (%) Sand (%) Gravel (%)
Natural residual tropical soil 17 44.2 37.7 0.8
Etruria Formation mudrock 61.8 29.2 8.5 0.3
Sand 0 0 99.9 0

Based on the constituents of the three soils presented in Table 3.7 it was decided that 10 to 50 percent
of sand needed to be added to Etruria Formation mudrock to replicate the natural residual tropical soil.
By undertaking a series of trial mixes as indicated in Figure 3.2, the desired mix ratios of sand to

Etruria Formation mudrock that yielded a grading curve close to that of the targeted soil was
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determined. It was found that a ratio of 60% sand-40% Etruria Formation mudrock material provide
the best fit to the target soil. This ratio was adopted to create the artificial tropical soil.
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Figure 3-2 Particle size distribution showing the steps of soil production (after (Sadiq et al., 2016)

3.5.3 Laboratory confirmatory tests

After producing the artificial soil, further laboratory tests to confirm whether the geotechnical
properties of the produced soil, is the same as that of the natural soil yielded the results shown in
Table 3.8. In the table, the results were compared with the properties of the natural residual tropical
soil earlier established through laboratory testing. The result is also comparable with those obtained
during the previous studies in different parts of Nigeria and in other parts of the world. The results of
these previous works are presented in Tables 3.9 and 3.10 respectively. Discussion on the individual

properties are presented in the following sub-sections.
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Table 3-8: Property comparison between the natural and artificially produced lateritic soils (after (Sadiq et al., 2016)

Produced .
. . Natural Tropical
Index Properties Artificial .
. . Soil
Tropical Soil
Liquid limit, (%) 31 41
Plastic limit, (%) 12 23
Plasticity Index, (%) 19 18
Specific Gravity 2.68 2.7
Maximum Dry Density, Mg/m?
BS Standard Proctor 1.94 1.92
Optimum Moisture Content, (%)
BS Standard Proctor 11.5 16.2
Strength Parameters 1.83x10-8
Cohesion (kPa) 26
Angle of frictional resistance (0) 21.4
Permeability
BS Standard Proctor 1.83x10-8
Less than BS Standard Proctor 10-°-10-°
Table 3-9: Physical properties of laterte from different parts of Nigeria
Madu . Ola |Osinubi Osinubi et.
Reference Nnadi (1988) Bello (2011)
(1977) (1978) |(1998b) al. (2009)
Eastern Nigeria Northern Nigeria Western Nigeria
Region and Location Va FI?US Onisha Imo Airport Okigwe Zaria Ibadan
locations
Liquid limit, (%) 42.0-57.8 33.7 44.2 32.8 42 44 41 43-48
Plastic limit, (%) 213-409| 164 23.2 17.6 25 24 24 28-32
Plasticity Index, (%) 15.5-240 173 21 15.2 17 20 17 14-16
Specific Gravity 2.65 2.64 2.74 2.7 2.62 2.62 2.62-2.66
Maximum Dry Density, Mg/m’
BS Standard Proctor 1.71-1.97 1.84 1.74-1.78
Optimum Moisture Content, (%)
BS Standard Proctor 15.5-19.9 19.1 15.1-17.8
Strength Parameters
Cohesion (kPa) 26.5
Angle of frictional resistance (o) 24.1
Permeability
BS Standard Proctor
Less than BS Standard Proctor 2.50x10-"
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Table 3-10: Index properties of laterite found in other parts of the world

Tsaparas (2003) Rahardjo (2005)
T T Type 2
Property 0(‘1';75;)" d e e'('f;;r:; Type 1 (‘;';m Type 1 Type 2
anke (Surface (Surface (1.5m below
layer) below the layer) the surface)
v surface) v
Liquid Limit % 60 57.8 45 46 47 34
Plastic Limit % 39.5 26 29
Plastic Index % 21 18.3 19 17 21 13
Specific Gravity 2.8 2.8 2.67 2.72
Proctor Density (Kg/m3) 84.5* 1.86 2.27
Saturated gravimetric
ist Content % 3

3.5.4 Particle Density

The particle density of the artificial soil is found to be 2.68, which is sufficiently close to the values
for natural laterite presented in Table 3.3. It compared favorably with the value 2.7 of the natural soil
in Table 3.8 and is consistent with the typical values for laterite from different parts of Nigeria and

around the world as presented in Table 3-9 and 3-10, respectively.

3.5.5 Atterberg Limits

Atterberg limits are very important as they indicate water content of a soil, with its upper plastic limit
(or simply known as plastic limit) and that of the lower plastic limit (simply known as liquid limit).
The difference between the two limits gives the plasticity index and it is the main measure of plasticity
of a soil and is often used to determine other characteristics/properties of soils (Mitchell and Soga,
2005), as these index properties are controlled by the same factors that control all other geotechnical
properties. During the Atterberg limit test, the liquid limit of the soil was found to be 31 while its
plasticity index is 19. Although the values found with the artificial soil are lower than of the natural
deposits (see Table 3.8), their plasticity are almost identical to those of the natural soil, being the same

as the plasticity indices found in many tests previously conducted on Nigerian soil. These include the
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works done by Madu (1977), Ola (1978), Nnadi (1988) and Osinubi (1998b) as shown in Table 3.9.
Similar values were also obtained by Townsend et al. (1971) and Tsaparas et al. (2003)) for laterites
in Hawaii and Singapore, respectively as shown Table 3.10.

The lower values of the plastic and liquid limits recorded could be due to the mineralogy and nature
of the soil colloids of the added soil, and whilst slightly deviates from replicating the natural soil fully,
is deemed suitable for the purposes of this research, where relative changes in water contents are key.
The liquid and plastic limits of soil are dependent on its mineralogy and can be used to relate the water

content to its consistency (Vaughan et al., 1988).

3.5.6 Compaction Characteristics

For the compaction test, the optimum moisture content (OMC) is 11.5% and the maximum dry density
(MDD) was found to be 1.94 Mg/m3. When compared with the value of 1.92 Mg/m3 of the natural
soil shown in Table 3.6, it was found that artificial soil has a slightly higher MDD. However, this is
within the range established by Madu (1977). The lower value of 11.5 for the OMC seen with the
artificial soil (see Table 3.6) is probably due to the mineral content or particle shapes of the added
sand. Mineral content and microstructure of the soil particle of the fractions of the soils will influence

the behaviour of the resulting mixture of the soil and this is well established (Mitchell and Soga, 2005).

Due to the unique microstructure of natural tropical soil, microaggregate stability (such as laterite
concretions) and microporosity control the compaction behaviour of the soil. During compaction, the
initial increase in density with the increase in moisture content is due to the lubrication between the
soil particles which causes rearrangement of soil particles and consequent reduction of voids, though
the particle might remain loosely bound by natural concretion (de Carvalho et al., 2015). This process

continues with increase in moisture allowing more compaction energy to extend to the contact between
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the micro aggregates preserved until now. As the process continues, the soil molecules becomes closely

packed resulting to the continuous density increase, until maximum dry density (MDD) is reached.
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Figure 3-3: Compaction curve from which MDD and OMC was estimated

It is possible to reach the MDD without destroying the micro structure of the soil. This behaviour is
responsible for the high OMC values in natural tropical soil. However, if micro pore are destroyed, the
compaction process renders the soil more fined-grained and more sensitive to moisture variation (de
Carvalho et al., 2015). In that case, a low value of OMC, comparable to that of artificial soil will be
recorded. In this study, replicating the microstructural property is not the priority. What is important
is to produce a soil that is similar to the natural one in terms of physical or engineering properties. In
this case the maximum dry density of the soil is the most important, as it is the main parameter that
determines the strength of a soil. Since the Maximum dry density value of the two soils are close, the

soil is said to be similar
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3.5.7 Permeability

The permeability of soil was tested using a falling head method in accordance with the traditional

geotechnical practice. The average value of hydraulic conductivity obtained using standard proctor

compaction (25 blows) is 1.83x10® cm/s as shown in Table 3.11. Higher values were however,

recorded at less compactive efforts as will be seen later in chapter 5. This values are within the range

of values for Nigerian soil found in the literature (Ogunsanwo, 1989, Osinubi, 1998b). The range is

also the same as the one established by (Ola, 1980, Nnadi, 1987) as shown in Table 3.12 taken from

(Nnadi, 1988). Also in the table are the values of permeability coefficient of tropical residual soils

from Kenya, Venezuela and Brazil reported by (Foss, 1973, Prusza et al., 1983, Dias, 1985, Vilar et

al., 1985) and, respectively.

Table 3-11: Permeability test result

Measured/Calc. Parameter TEST 1 TEST 2 TEST 3
Dia. of a stading tube (cm) 0.21 0.21 0.21
Area of the tube, a (cm?) 0.03 0.03 0.03
Dia. of sample (cm) 10 10 10
Area of sample, A (cm?) 78.5 78.5 78.5
Length of sample, | (cm) 14.1 14.1 14.1
Initial height ho (cm) 53 45 42
Final height h (m) 45 42 34
Time, t (s) 61488 25524 61056
Perm. Coefficient, k (cm/s) 1.65E-08 1.68E-08 2.15E-08
Average k, (cm/s) 1.83E-08

Table 3-12: Insitu and compacted permeability of some laterite soils (Nnadi, 1988)

Soil Type Location Clay Content Permeability (cm/sec) Reference
(%) Compacted In situ

Red Residual soil Kenya 78 -90 101 10* Foss, 1973

Laterite Soil Nigeria N.A 10°to 101° N.A Ola, 1980
Granite Laterite Venezuela N.A 10-0 10* Prusza, 1983
Cenozoic Brazil 10 - 40 N.A 103-10* Villar, 1985

Latosol Brazil 68 6.2-1.3x10% 1.5x10° Dias & Gonzales
1985

Laterite Soil Nigeria 15-20 101-10% N.A Nnadi, 1987
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3.5.8 Shear Strength

The shear strength parameters were obtained by direct shear test. Figure 3-4 shows the maximum shear
stress at each applied normal stress. The relationship is not perfectly linear as shown by the curvilinear
form of the original Mohr failure envelope. This unusual behaviour is exhibited by some tropical soils

due to the weak bonding existing among the coarse particulate materials (de Carvalho et al., 2015).
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Figure 3-4: Mohr failure envelope

To obtain the strength parameters, a linear trend line was plotted, and from the straight line effective
cohesion intercept was obtained. The values obtained are 26 kPa and 24° for cohesion and angle of
internal resistance respectively. The result is consistent with Ola (1978) who conducted a research on
a soil from the same source as the soil tested in this research. He obtained 26.5kPa and 21.4° for
cohesion and angle of shear resistance, respectively, as shown in Table 3.9. The values of shear
strength parameters obtained in other parts of the world, are tabulated by Townsend (1985) as shown
in Table 3.13. The table contains similar values of strength parameters of lateritic clays from Africa
and Venezuelan granitic lateritic soils, respectively reported by (Horn, 1982) and Prusza et al., 1983.

In particular, the ¢ value for andasol reported by Wesley (1974) is identical to the value of artificial

soil obtained in this study.
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Table 3-13: Shear strength parameters of some tropical soil around the world (Townsend, 1985)

Soil type and location d:;lr:enes C'inkPa Reference
Lateritic gravels, Africa 37.5 0-40 Horn (1982)
Lateritic clays, Africa 225 0-100 Horn (1982)
Lateritic soil, Panama 38 0 Townsend (1970)
Granitic lateritic soil, Venezuala 21.5 20 Pursza (1983)
Granitic laterite, Brazil 31 0 Vargas (1953)
Andasol, Java 36 24 Wesley (1974)

Based on the comparison made between the shear strength parameters of the produced artificial soil and that of
the natural soil, it can be concluded that, the two have similar strength property. Like other properties of residual
tropical soils, the strength property can vary considerably depending on the controlling factors of formation and
soil makeup. The strength parameters are influenced by the mineralogy and chemical composition which in turn
depend on the parent material, degree of weathering and climatic factors. Cohesion increases with the increase
in kaolinite content, while the angle of friction increases with increasing sesquioxides content (Gogo-Abite,
2005). Ogunsanwo (1989), illustrated how the strength parameters vary with the variation of parent material by

testing laterite from different geological origin as shown in Table.3.14.

Table 3-14: Effective strength parameters of laterite from different parent materials (Ogunsanwo, 1989)

Parent Material ¢’ (deg) ¢’ (kPa)
Quartz schist 31 15
Mica schist 31 35
Granite gneiss 30 15
Amphibolites 27 45
Benin sand 26 26

From Table 3.14 it can be observed that, laterite from Benin Sand is the closest to the one sourced from Zaria,

which is replicated in this study.
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3.6 Summary and Conclusions

Tropical soil required for the research intended to be conducted in UK, is not readily available at this
geographical location. Due to impossibility of sourcing the material from tropical countries where the
exist, it was decided to modify locally available materials to arrive at the artificial soil with desired
engineering properties. Although there are existing methods of soil modification, none of them could
give a satisfactory procedure to achieve the desired objective. For this reason, a new method is hereby
developed based on the intensive study of properties of tropical residual soil typically found in Nigeria
and around the world . With the established method, the available British mudrock material and sand

were used, to produce an artificial tropical residual soil.

In the chapter, the methodology developed was presented and discussed. It involved extensive
literature research through which chemical and physical properties of all the soils involved were
studied. Laboratory tests to assess the properties of the British soil and sand involved in this study were
also conducted. A mix formula was then designed by varying the soil composition and conducting the
particle size distribution (PSD). At the end, sand-Etruria ratio of 2:3 gave a PSD that is the nearest to
that of the targeted tropical soil. To confirm the product of the experiment tallies with the prediction
of analysis and design, the properties of the resulting soil were determined by laboratory testing. The

results obtained, were compared with the properties of natural tropical soils.

The physical properties such as particle size distribution, specific gravity, plasticity index and
maximum dry density of the artificial soil are found to be similar to that of the natural tropical, though
the liquid limit and OMC are little lower than required. The little difference in moisture sensitivities
between the natural and artificial soils is due to the possible differences in mineralogy of and
microstructure between the two soils. These were not considered in this study, as the main objective is

to replicate the physical or engineering properties of the natural soil.
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Based on the similarity in colour, chemical constituents, and physical properties, it can be concluded
that when 40% of a commercial sand used for building is added to 60% of Etruria formation mudrock
material an artificial soil is produced that is comparable with the natural residual tropical soil from

Nigeria.
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CHAPTER FOUR

NUMERICAL MODELLING

4.1 Introduction

Numerical modelling and simulations have now been generally accepted as a research tool in
geotechnical engineering. The modelling is conducted for many reasons. Some of them mentioned by
Barbour and Krahn (2004) include making a prediction about the behaviour and performance of a part
or whole of engineering infrastructure, comparing options to make decisions, verifying some
established governing scientific principles or validating a physical or full-scale model (Krahn, 2012).

All these reasons are relevant to this research as explained as follows.

In slope stability studies, the flow of water through the soil, the positive and negative pore pressures
generated due to the flow of water and instability or deformation in response to the hydrological
processes, are the major processes involved. The process can be quite complex and requires the
application of mathematical relationships and other scientific principles to describe (Barbour and
Krahn, 2004). Fortunately, many numerical tools have been developed to handle these complexities,
in recent years. Such tools are used in this research, to complement the physical modelling employed
in the experimental element of the research. Specifically, the numerical modelling was used to achieve

the following twofold objective.

First, is to aid the design of the physical model to be used later in the experimental study. This was
done by comparing alternatives, varying boundary conditions and studying different scenarios before
selecting the best option that meets the requirement of the research objective. Second, is to study the
designed slope model in a more detail manner, to get an idea about the failure behaviour of the designed

model.
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The process began by selecting the appropriate numerical software that can model the above processes
before using it to achieve the above objective. The steps taken to achieve the above objectives and the

outcome of the exercise are presented in this chapter.

4.2 Theoretical concept and selecting numerical models

Many numerical models have been developed and applied in slope stability studies. Davies (2011),
after reviewing many of them, grouped the models into two broad categories. Those that model the
flow of water in the soil are called the hydrological models while those that are concerned about
physical deformation are termed, mechanical models. Before selecting the right numerical model, it is
essential to have a good understanding of the theory and concepts involved in the study.

Naturally, tropical soils exist as unsaturated soil due to their deep water table (Fredlund and Rahardjo,
1993). The region above phreatic surfaces experiences negative pore water pressures (suction) which
contributes significantly to the stability of a slope (Rahardjo et al., 2005), As unsaturated soils, they
differ in many ways from the saturated soils due to the differences in their basic composition. Saturated
soil is two-phase made up of solid and water, while the unsaturated soil is multi-phase composed of
soil particles, water, air and air-water interphase (Fredlund and Rahardjo, 1993, Egeli and Pulat, 2011,

Barbour, 1998).

In this study, the properties of interest are the flow of fluids, the resulting change of soil strength and
volume (deformation). There are state variables that control these behaviours. For instance, the variable

that controls flow behaviour is flux or hydraulic head.

Although most of the laws governing the flow of water in soil are fundamentally meant to apply on

saturated soil condition, the same laws can be used to describe the flow behaviour in an unsaturated
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soil. For example Darcy (1856) applies to both saturated and unsaturated flow. The law relates the

rate of flow of water through a soil with the hydraulic head gradient as equation 4-1.

Where,
V = flow rate of water (m®/s)

k = coefficient of permeability with respect to the water phase (cm/s)

i = % = hydraulic head gradient in the y-direction

However, while in saturated soil, coefficient of permeability, k is constant, in unsaturated soil, k
varies with water content or the matric suction (Fredlund and Rahardjo, 1993, Rahardjo et al., 2005,
Egeli and Pulat, 2011). The constitutive relation that shows how the function k varies with water
content or suction is known as soil water characteristic curve (SWCC).

The partial differential equation describing the flow of water is given by equation 4-2.

%(Kx‘;—:>+aiy(Kya—H)+Q=0 ....................................... 4-2

Where,
K= Hydraulic conductivity
H = Total hydraulic head
Q = Flux

x and y are the coordinates on the Cartesian plane

The equation applies to the saturated flow which can be likened to the steady flow where there is no
change in water storage with time. The equation can be interpreted as the rate of change of volumetric

water content is the in the x and y directions plus the applied flux in the domain equals to zero. For
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saturated isotropic flow, the material permeability in both directions is the same. Therefore, the flow

is only dependent on the hydraulic head as stated by Darcy’s law.

In contrast to the saturated condition, the rate of change of water content per unit time in an unsaturated
flow, is dependent on the water flux, hydraulic gradient and the hydraulic conductivity as given in

equation 4-3. Details about the derivations can be found in (Fredlund et al., 2012).

a OH a oH 20
a(KXE)'Fa—y(KyE)-l‘Q—— .............................................. 4-3
Where,

6 = volumetric water content changes

t=time

x and y are the coordinates on the Cartesian plane

State variables describing the flow behaviour as presented above, is somehow clear and easy to
comprehend. In contrast, the state variables that describe the mechanical behaviour (i.e., the volume
change, deformation, and shear strength) of a 4-phase unsaturated soil is complex. Due to its
complexity, the limited space provided here is not adequate to fully describe it. It is, however,
important to note that changes in volume and shear strength are fundamentally controlled by changes
in effective stress. In an unsaturated flow, stress state changes in the air-water inter phase otherwise
known as contractile skin contributes to these changes. It can cause soil to change water content, shear
strength and volume (Fredlund and Rahardjo, 1993).Recognising this fact, Fredlund et al. (1978)

extended the Mohr-coulomb equation to include the effect of soil suction as shown equation 4-4.

T=c+ (c—-Ua)tan® + (Ua—Uw)tan®b.............................. 4-4

Where,
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T = Shear stress (kPa)

o = Normal stress (kPa)

C = Cohesion (kPa)

Ua = Air pressure (KN/mm2)

Uw = Air pressure (KN/mm2)

0 = Angle of shear resistance (degrees)

O6b = Angle of shear resistance due to back pressure (degrees)

To this end, it is shown that, all the saturated flow theories apply to the unsaturated flow but in a

different way. It is also understood that, the unsaturated soil behaviour is non-linear. It is best

formulated as a partial differential equation and solved using numerical techniques (Fredlund et al.,

2012). The numerical software required for that purpose must have the capability to model the

following hydrological and mechanical processes.

1) Saturated-unsaturated flow of water in a soil body.

i) Generated pore pressure (including soil suction) and the associated stresses due to the flow
described above.

iii) The effect of hydrological changes on the strength and stability of the slope.

iv) Volume change or slope deformation due to the above changes.

Geo-studio has satisfied all the above requirements. The software can analyze and give result in

pictorial and graphical forms. The graphical form enables the relation between any two variables to be

easily established. A brief description of the software is given in the next section.
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4.3 Geostudio Software

Geo-studio is a suite of geotechnical numerical analysis software developed by Geo-slope Int. Ltd. It
is made up of many components but those that are relevant to this study are SLOPE/W, SIGMA/W
and SEEP/W. All these modelling tools are meant for 2-Dimentional numerical simulations and are

sufficient for this study. Each of these modules is briefly explained in this section.

4.3.1 SLOPE/W

SLOPE/W was initially developed by Fredlund at the University of Saskatchewan and has been
commercially available since 1977 (Krahn, 2012). It is arguably the first commercially available
geotechnical software for analyzing slope stability. The analysis is based on the oldest technique of
analysing slope stability, the limit equilibrium method (LEM). In the analysis, possible slip surface is
created, and the associated factor of safety is computed. This is repeated for many possible slip surfaces
and, at the end, the trial slip surface with the lowest factor of safety is deemed the governing or critical

slip surface.

One of the limitations of limit equilibrium stability analysis is that it considers only static equilibrium
equations. This results in not allowing the variation of the value of safety factor and unrealistic stress
distributions is obtained (Krahn, 2003). To overcome these limitations, some finite elements (FE)
based software such as SEEP/W and SIGMA/W have been developed by Geo-studio and made to work
in an integrated form with SLOPE/W. The integrated approach increased analysis possibilities and

remedied the deficiency of the purely limit equilibrium formulations.

Although SLOPE/W can be used as a stand-alone product, the incorporation of finite element
computed pore-water pressures and stresses in the stability analysis has in no small measure increased

the capability of the program and improved our understanding of the slope failure process.
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4.3.2 SEEP/W

SEEP/W is mainly a hydrological model that simulates seepage and other hydrological processes
through a porous medium. Its ability to handle both saturated and unsaturated flows made it ideal for
this research. The Saturated/Unsaturated material enables it to model both saturated and unsaturated
flow. The basic material property required for the analysis is hydraulic conductivity. It has been shown
in section 4.2 that the property is not constant but changes with the change in volumetric water content

(VWC) and soil suction. SEEP/W has a special function to establish this relationship.

In seepage analysis, the boundary conditions are the driving force that causes the flow. It is either the
hydraulic head (H) difference between two points or flow quantity (Q) into or out of the system as
shown the previous equations. Q is sometimes expressed as a rate per unit area or time across the edge
of an element (q). SEEP/W provides a function to input any of the known alternative boundary
conditions and the resulting solution gives the other alternative. The basic constitution equation is
given as in 4-5.

[KIH) =0T +eeeeee e 4-5

Where, K = Material property known as hydraulic conductivity in m/s

A review boundary condition is a potential seepage face in SEEP/W where water is expected to exit

the slope and is flagged under boundary conditions of SEEP/W.

4.3.3 SIGMA/W

SIGMA/W is used to perform stress and deformation analyses and it is a tool for a more accurate
assessment of slope stability under both working and ultimate loading.

Change in volumetric water content is dependent on the material properties and the stress condition in

the soil. There are many constitutive relationships that describes the process. One of them is the linear
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(perfectly) elastic model. It is based on Hooks law of elasticity which states that as the force is applied,
there is a corresponding elastic deformation. For this reason, the soil stiffness (K) is required to
compute the displacement (D), for every force (F) applied. The basic constitutive relation is
represented by equation 4-6. Basically, all the boundary conditions are categorized into two, namely
force or displacement.

[KID) ZIFT: oo, 4-6

SIGMA/W, though FE based software, its analysis is fundamentally based on the principle of static
equilibrium in which at least one part of the geometry is specified as zero displacements (i.e. fixed)
boundary condition to enable the unknown condition at the rest of the part of the boundary be
determined. It is common to specify left and right sides along with the bottom edge of a problem as
fixed ‘bound’ condition. The specified boundary conditions on a geometry are applied to the

underlying nodes or elements.

4.3.4 Coupled Analysis

As stated earlier, to overcome the limitation of LEM used in SLOPE/W, the FE based components
(SEEP/W and SIGMA/W) of GEOSTUDIO are used. The analysis involving the use of all these
software at the same time is called a coupled analysis. Mathematically, analyzing both seepage
dissipation and stress-deformation in a single case requires the relevant equations be solved
simultaneously. Therefore, a simultaneous equation is formed by putting together, the two respective

equations in SEEP/W and SIGMA/W.

With the coupled analysis, it is no longer necessary to have SEEP/W as well as SIGMA/W. In asingle

analysis, all the properties and boundary conditions are developed, applied and the problem resolved.
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4.4 Modelling failure mechanism

The study of failure mechanism is the central aim of the entire research. The research is mainly
experimental, but a numerical modelling back-up was added to make it more robust.

Prior to the numerical study, some laboratory tests were conducted to determine the index and
geotechnical properties of the soil to be used in this experiment. Additionally, some trial tests to
determine the homogeneity and infiltrability or water percolation of the proposed model. A full account
of the index tests has been given in chapter 3 while the trial tests can be found in chapter 5. These
initial tests provided crucial information about the behaviour of the proposed model and the results

obtained during those tests served as inputs during the numerical modelling.

The modelling of the slope failure was done by considering how the groundwater changes and
accompanied changes in pore water pressure, affect the strength and stability of soil slope. The physical
properties of interest are the water flow, shear strength and volume change. There are many state
variables that describe the unsaturated soil behaviour but those that are related to three mentioned
properties are the ones considered during this study. The soil index and geotechnical properties were
obtained by direct laboratory measurements while properties like residual moisture content, that could
not be measured were estimated using soil-water characteristic curves (SWCC) in accordance with the
recommendation of the established protocols by Fredlund et al. (2012). SWCC was also used to relate
the variables that describe the unsaturated flow. It is generally accepted as a vital tool and constitutive

model in describing unsaturated soil behaviour (Barbour, 1998).

The first stage of modelling exercise was aimed at designing the physical model while the second stage
was a more detailed study aimed at predicting the behaviour of the designed model. Geo-studio

package comprising of SLOPE/W, SEEP/W and SIGMA/W software described above, was used to
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achieve this twofold objective. The initial process of designing the model was done by coupling
SLOPE/W with SEEP/W, while SIGMA/W was included in a fully coupled analysis, to capture stress

and deformation in the final detailed study as will be seen later in section 4.4.3.

4.4.1 Modelling principle used

The main steps involved in each of the two modelling stages include identifying the state variables,
establishing the constitutive relations, formulating the problem and using numerical solver to solve the
problem. This sequence is in line with the established procedure by Fredlund (2012). The sequence
was maintained at each modelling stage. The main modelling process involved seepage and stability

analysis.

4.4.1.1 Seepage Analysis

In seepage analysis, the required properties are the hydraulic conductivity and volumetric water
content. It has been stated earlier that both properties are not constant in an unsaturated flow. They
vary with soil suction. A built-in soil sample in SEEP/W was used to define the volumetric water
content function in terms soil suction as shown in Figure 4-1. Based on this established relation, the

unsaturated hydraulic conductivity was defined as shown in Figure 4-2.

0st \\
\

Volumetric Water Content

1 1 1 1
0 ey e e} TR
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Figure 4-1: Volumetric water content (VWC) graph
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Figure 4-2: Graph for material hydraulic conductivity

The hydraulic conductivity was defined as a function of the soil suction using Van Genuchten (1980)
method. It is one of the many method proposed to best fit laboratory data on the SWCCs based on
closed-form, empirical equations as listed by Fredlund et al. (2012). It was mentioned in this
publication that the method best fit to define the central portion between air-entry value (AEV) and
residual condition of the SWCC. This portion, known as transitional zone is dominated by the
continuous change in water content and is crucial to this study since it is the range where the failure is

expected.

Since finite element was used in seepage analysis, mesh specification was required. Meshing is an
important feature of FE analysis. In this study, precision and processing time were the two factors
considered in selecting the mesh size. Coarser mesh gives less precision in the computed factor of
safety than the finer mesh though the difference in most cases does not exceed 2% (Griffiths and
Marquez, 2007). On the other hand, the finer size takes longer time to do the required computations
(Suryo, 2013). Striking the balance between the two extremes, a medium size unstructured mesh with

the dimension 0.05m was used. The mesh has unstructured pattern made up of quadrilateral and
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triangular elements and is recommended by the software developer (Krahn, 2012). More details about

the mesh is given in 4.4.3.4.

The slope stability analysis started first by conducting a steady state analysis to establish the initial
condition. Thereafter, a transient seepage analysis was conducted. To simulate the saturated and
unsaturated condition anticipated, a saturated/unsaturated model was used during the analysis. More

details can be found in section 4.4.2.

4.4.1.2 Stability Analysis

The pore-water condition computed using SEEP/W was used as inputs to simulate hydrological
conditions during stability analysis. Other inputs required for stability analysis include the mechanical
properties of soils. There are many material properties model used for stability analysis but in this
study, Mohr-coulomb model was used. The model was used because it satisfies the requirement of
providing information about soil mechanical strength that can be compared with the forces acting on

the slope to obtain a factor of safety.

Stress and deformation analysis require the young’s modulus to be specified. This was described by

the stress-strain relation using linear elastic model.

After specifying the material properties and the potential slip surface, the problem was solved using
limit equilibrium (LE) method. There are many methods of analysis using LE but, in this research,,
Morgenstern-Price was used. The method was used because it satisfies both force and moment
equilibrium static equations unlike some other methods like Bishop and Janbu. Additionally, it applies

both inter-slice normal and shear forces, while other methods use only normal force, or none.
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Above, is the general procedure used in the numerical study presented in this chapter. Specific details

are provided under relevant sections of the two modelling stages.

4.4.2 Numerical Study to design a slope model

Factors affecting the stability of slope have been reviewed in a considerable detail in chapter 2. These
factors include soil properties, slope geometry and groundwater condition. At this stage, available
options for each of these three factors were analyzed and the best options were considered in designing
an experimental slope model. The objective was to arrive at the best combination of factors that can
cause failure. The reason is that, unless the slope is made to fail, the central objective of studying its

failure mechanism cannot be achieved.

At every stage of the numerical analysis, a single parameter was varied to conduct seepage and stability
analysis using limit equilibrium while the rest of the parameters are kept constant. The option that gave
the least factor of safety was considered the best and therefore selected for further study. During this
exercise, accuracy or the magnitude of the computed values is of less significance. The only thing that
matters is the comparison between alternatives and change between simulations (Krahn, 2012). For
this reason, this stage, the slope stability analysis was conducted using SLOPE/W based on only
SEEP/W computed pore-pressures. The resulting factor of safety (FOS) was used as an evaluation
criterion. To get the pore pressure, both steady and transient states seepage analysis was conducted,

while the factor of safety was obtained using the limit equilibrium method.

4.4.2.1 Material properties
The soil material properties obtained by laboratory test at optimum compaction (i.e. optimum moisture

content) have been presented in chapter 3. To favour slope failure, a trial slope was constructed and
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tested to failure with a compaction density and moisture less than the optimum values (i.e. on the dry
side of the compaction curve). They are therefore less than the optimum values. This is done to make
the material factor contribute to the slope failure so that the requirement for studying failure mechanism
can be met. The properties are shown in Table 4-1 and the procedure for obtaining the properties has

been presented under feasibility tests in chapter 5.

Generally, shear strength parameters i.e. cohesion ‘¢’ and angle of frictional resistance ‘@’ obtained at
a compaction level dry of optimum, are lower than their optimum counterparts. There is a great
difference in terms of ‘¢’ but for ‘@’ the difference is very small. This observation is corroborated with
the findings of (Vanapalli et al., 1997). The hydraulic conductivity value of a soil compacted at a
moisture content dry of optimum as shown in Table 4-1, is higher than those obtained at optimum

condition due to the higher void ratio at that compaction level.

Table 4-1: Soil properties

Properties Value
Liquid limit, (%) 12
Plastic limit, (%) 31
Plasticity index, (%) 19
Specific Gravity 2.68
Density, Mg/m?3 1.87
Gravimetric Moisture Content, (%) 10
Sat. volumetric Moisture Content, (cm3/cm3) 0.4
Residual Moisture Content, (cm3/cm3) 0.05
Cohesion (KPa) 5.2
Angle of internal resistance (°) 19.2
Permeability (m/s) 2.41x10-5

99



The soil material properties were kept constant during this stage sensitivity studies of this stage while

geometry and the hydraulic boundary condition were varied.

4.4.2.2 Parameters selection

Stage 1: Geometry Selection

It is important to keep in mind that, the main objective of employing numerical modelling in this study
is to aid the design of physical model to be used for laboratory experiments. Therefore, after the soil
properties as in 4.4.2.1, the first stage in the design is to know the geometry and dimension of the
model. The geometry of slope consists of slope angle, height, width and the dimensions of toe and

crest. These features were designed with the following considerations.

) The dimensions must be accommodated by the experimental tank prepared for the
experimental study. The tank is an acrylic tank with dimension
2000mmx1000mmx1000mm. When the water supply and discharge chambers are
subtracted from the lengths of the tank, the effective lengths for the slope model is
1700mm.

i) Slope features such as height, slope angle, crest and toe are to be designed to favour

slope failure.

In view of the above, the length (1700mm) and width (1000mm) as in (i) are kept constant, while the
features in (ii) were varied in the analysis to determine an option with the highest tendency to fail. Ten
trials were run, with each conducting seepage and stability analysis. The pore pressure developed
during the steady seepage analysis was imported to conduct stability analysis. The option that gave the
lowest FOS was considered the best and selected for further study. Table 4-2 and Figure 4.3 — 4.4 show
the options considered with the variable slope height, crest and toe dimensions, and slope angle.
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Table 4-2: Experimental trials considered during numerical analysis

OVERALL DIMENSIONS TOE DIMENSION CREST

TRIAL WIDTH F.O.S
No. Length Width Height Length Depth o
(mm)
(mm) (mm) (mm) (mm) (mm)

1 1700 1000 650 900 150 300 4.93
2 1700 1000 650 600 150 300 4.26
3 1700 1000 650 500 100 300 4.00
4 1700 1000 650 500 200 300 3.98
5 1700 1000 650 1000 200 300 3.85
6 1700 1000 700 600 200 600 3.80
7 1700 1000 700 700 200 500 3.73
8 1700 1000 700 200 200 600 3.69
9 1700 1000 700 600 100 500 3.10
10 1700 1000 750 600 100 500 2.91

From the results shown in Figure 4-3 — 4-4, option 10 gave the lowest FOS and therefore considered
for further studies. The factors responsible for the low factor of safety in option 10, includes the higher
slope height (0.75m) and larger angle of slope (45°) compared to the other options. As the angle of
inclination increases, the ratio of sliding forces to that of stabilising forces increases. Steep slope has

a negative effect on the stability of a slope(Liu and Deng, 2011, Winter et al., 2007).
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Stage 2: Selection of Boundary Condition

In seepage analysis, there are two possible hydraulic boundary conditions namely head (H) and flux
(Q or ). In the previous stage, only flux condition was used for geometry selection. At this stage, the
two conditions were compared as in Figure 4-5. The applied boundary conditions include the 0.75m
and 9.67x10-6¢cm/s for total head and constant flow rate, respectively. The flux boundary condition

was selected based on the results obtained during the initial laboratory studies.
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Figure 4-5: Comparing the two types of hydraulic boundary conditions

From Figure 4-5, it was observed that the flux condition gives the lower FOS, though with a negligible
difference. It was therefore selected for the next stage. Another reason that justifies the selection of
flux condition is for practical convenience. The water flow rate can easily be controlled in the
laboratory experiment using a flow meter. Additionally, head boundary condition is difficult to use in
a practical laboratory set-up involving a slope physical model with compaction parameters lower than

the optimum, it is difficult to measure the changes at zero time.
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Stage 3: Location of Boundary Condition

Having decided to apply the flux boundary condition, the right location that can easily cause failure
needed to be determined. To achieve this, three possible options were considered. These include
applying the flux at the top end, bottom end or full height of the slope as shown in Figure 4-6. From

the comparison, it can be observed that the full height application produced the least factor of safety

and therefore selected.

Flux Location Seepage Analysis Stability Analysis
—
E o7 ] o209
= o6
= 06
8 o5~
S 04
(] L
Top End L 08
02 —[
01—
0.0
0.1
<
£ 07—
=
— 06 —F[
S o5 —F
S o4 [ [
€ o
o -
= 03—
Bottom End i)
0.2 =
0.1 —
0.0 == | |
0.1 0.5 0.8 1.1
Distance (m)
—_ 7
= . ,2.91
= ~ .
— 06 D
2 os
S o4
@
. = 03
Full Height L 02
0.1
0.0

-0.1

. 0.0
Distance (m) -0.1 0.2 0.5 0.8 1.1 1.4 1.7

Figure 4-6: Comparing the flux boundary conditions
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4.4.2.3 Design Output
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Figure 4-7: Model design

At the end of step by step analysis, the final produced slope model is the one shown in Figure 4-7. It
has an angle of 45° the total length of 1.7m, the height of 0.75m, a crest width of 0.5m and the
dimension of the toe is 0.6mx0.1m. A hydraulic flux rate is to be applied by the left end height of the

slope. The material properties remain the same as shown in Table 4.1.

4.4.3 Detailed analysis to predict behaviour of the model

In the previous section, although the pore-water pressure was used in the slope stability analysis, the
only evaluation criterion was the factor of safety. In this section, the modelled pre-failure failure
processes such as unsaturated water flow, development of pore-water pressure, stress and deformation
mechanism are analyzed and presented. The objective is to study the designed model in a greater detail
to get an idea of the failure behaviour of the model. The analysis conducted includes seepage, stress
and stability analysis.

4.4.3.1 Case definition

To conduct a detailed seepage analysis, the model designed at the previous design stage was used and
is shown in Figure 4-8 in two forms. Figure 4-8(a) shows the case definition for seepage analysis while

Figure 4-8(b) shows the case definition for stress analysis.
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Figure 4-8 : Problem definition (a) For seepage analysis (b) For stress analysis

4.4.3.2 The material properties

The soil material used in both types of analysis is the same but the properties of interest in each analysis
are different. In seepage analysis, the required properties are the hydraulic conductivity and
volumetric water content while in slope stability analysis, Mohr-coulomb material model requires
strength parameters (¢’ and @) and the self-weight (unit weight) as inputs. Stress and deformation
analysis require the young’s modulus and poison ratio to be specified. These was described by the
stress-strain relation using linear elastic model. Each of the soil parameters was specified using the

appropriate material function of the modelling software.

4.4.3.3 Boundary Conditions

Both hydraulic and stress boundary conditions were used in the analysis as shown in Figure 4.8. To
simulate increase in water volume experienced during flooding, flux boundary was applied in steps
between the orders of 10°’cm/s to 10%cm/s as a function of time over a total period of 4000 seconds.
The stepped application of flux was possible through the hydraulic functions of SEEP/W.

The flux was assigned to the left vertical boundary and the bottom boundary was considered as “no
flow”. On the right-hand side, the review boundary also known as seepage face was specified while

zero pressure has been indicated on the vertical side of the toe.
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For the stress analysis, the movement was constrained along x-direction at the left and right-hand sides

while the bottom end was specified as fixed in both x and y directions.

4.4.3.4 Mesh specification
Mesh properties were kept the same as the one used in the previous stage. The properties is described

in section 4.4.

4.4.3.5 Analysis
Seepage, stress and stability analysis were conducted to obtain the required details. The analysis was
done using a coupled approach of geo-studio. In the same package, SEEP/W, SIGMA/W and

SLOPE/W were used. The approach is explained in section 4.3.3.

A steady-state analysis was first conducted to establish the initial condition. Thereafter, the transient
analysis was conducted over a period of one hour. Various available models in SEEP/W, relating the
VWC and Ksat were applied. The one-hour period was selected based on the experience with the

preliminary laboratory studies.

To analyse stresses, the stress- strain relationship was described by a linear elastic constitutive model
while linear-plastic theory (Mohr-coulomb) was used in the stability analysis.

4.4.3.6 Results Presentation

From the analysis, the rate of change of water content with time, the pore-water distribution and the
change in hydraulic gradient were studied. The graphical representations of each of the conditions

above are shown in Figure 4-9..
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Figure 4-9: Flow vectors

Figure 4-9 shows the flow vectors showing the direction of water flow and the level of water at the
end of the simulation period. The change of groundwater level with time obtained during a transient

seepage analysis is illustrated by isolines as indicated in figure 4-10.
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Figure 4-10: The change of water level with time

The change in water content within the soil at each time step is accompanied by the change of pore-
water pressure and ground stresses. The pore-water distributions at the initial and final stages of the

analysis period are shown in Figure 4-11.
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Figure 4-12 Comparison of stability analysis based on two different approaches

In a stress analysis, in addition to the above parameters, the change in ground stress condition with

time was also studied.

The results presented in Figures 4-11-4-13 represent the outcome of two types of analysis. These

include purely seepage analysis, and the stress analysis based on the pore-water pressure obtained

during seepage analysis.
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The effect of water content change and the corresponding changes in stress and pore-water pressure
on slope stability were studied by incorporating the computed parameters in the stability analysis.
Figure 4-12 shows a comparison of results of slope stability analysis based on the two categories of
analysis. In one of the analysis water seeping out of the slope is not allowed to drain out of the system.
Instead, it was made to pond on the surface of the toe. In the second analysis, a free drainage is allowed.
The deformation pattern of the two as shown by their deformed meshes is different but their effect on
slope stability is of negligible difference. The negligible difference between their factor of safety, attest

to this fact.

Figure 4-13 shows the water content and pore-water pressure conditions at different times when the

water is not allowed to drain out of the system.
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Figure 4-13: Stress changes with time (15-60mins)

Comparing the results of stress analysis in Figure 4-12 with that of the selected option during seepage
analysis, shown in Figure 4-14, indicates that the two types of analysis arrived at almost the same FOS.
This shows that the stability results are virtually the same; though the accuracy and the amount of
information obtained in stress coupled analysis is more than that of seepage analysis. For example,
stress and seepage coupled analysis result provides stress-deformation behaviour as shown in Figure
4-12. This is not possible to obtain in seepage alone analysis. Since the stability results are virtually

the same, seepage alone analysis is considered in the further analysis.
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Figure 4-14: Analysis results when constant hydraulic flux was applied

Until this point, the factors of safety obtained during stability analyses are based on the applied constant
uniform flux boundary condition. The next figure i.e. Figure 4-15 shows the factor of safety obtained
when a stepped uniform flux described in section 4.4.2.3 was applied. The stepping is to simulate

sudden increase in water content experienced during flooding.
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Figure 4-15: Analysis results when time step hydraulic flux was applied

The factors of safety obtained up to this point are unfactored safety factors which are not safe enough
due to some risks associated with the design of steep and reinforced slopes. To make it safer, partial

factor of safety is applied in accordance with BS8006: 1995 Section 7. The relevance of reviewing the

factors has been discussed by Corbet and C (2010). The factored safety factors also known as over
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design factors (ODF) is used to account for some uncertainties related to the material strength and
loading. In accordance with BS8006: 1995 Section 7, the values for soil unit weght, earth resistance
and effective cohesion are multiplied by 1.5, 1.25 and 1.6, respectively. The obtained ODF during the

analysis are given in Figure 4-16, while the variations of factors with time are plotted on a graph in

Figure 4-17
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Figure 4-16: Seepage and stability analysis with over design factor (ODF)
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Figure 4-17: Change of FOS with time

4.5 Summary and concluding remarks

Before selecting the right numerical software to use, the fundamental theories were reviewed to
understand how flow of water causes changes in pore-water pressure and strength of the soil. This
allowed the parameters to be captured in the numerical modelling, to be highlighted.

The numerical modelling was conducted in two stages. In the first stage, the model was designed by
comparing alternatives in geometry and boundary conditions. In the second stage, the detailed analysis
of the designed model gave a good understanding of the hydrological processes taking places within
the slope and their impact on slope stability. It also provided ideas about the failure mechanism of the

slope.

In section 4.4.2, a step-by-step analysis made to arrive at the designed model has been shown. It
involved comparing possible alternatives of the three factors affecting slope stability. Comparing the

ten alternatives of geometry as shown in Figure 4-4 shows option ten is the one that produced the least
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factor of safety. During this exercise, the flux boundary condition was kept constant while varying the
geometry. After selecting the right geometry, the two alternative hydraulic boundary conditions were
compared in Figure 4-5 before maintaining the flux boundary condition in the design. The result of
comparison of three possible options as shown in Figure 4-6 indicates that the best option is to apply
a flux at the full height instead of top or bottom end. At the end of this stage, the model produced is

the one shown in Figure 4-7.

In section 4.4.3, results of the detailed analysis of the designed model were presented. The results
shown in Figures 4-9-4.13 analyzed the various changes in hydrological and stress conditions while
Figure 4.14 shows the impact of these changes on the slope stability. The factors were further reduced
by applying partial safety factors in accordance with the BS8006 section 7, to obtain more realistic
values. The variation of the final factors of safety with time, in response to the changes in water and

pore-water pressure, is shown in Figure 4-16 — 4 -17.

The results are only presented in this chapter, discussion will be made in chapter 7. Here, the point of

interest is to gather necessary information that can aid the setting-up of the laboratory experiment. The

numerical modelling procedure and results presented in this chapter has satisfied this requirement.
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CHAPTER 5

PHYSICAL MODELLING

5.1 Introduction

Physical modelling and its use in studying slope stability problems, is gaining popularity due to its
numerous advantages over the full-scale field tests. With physical modelling, it is possible to obtain a
reliable information and straightforward visual perception of progressive slope failure under controlled

laboratory conditions (Ni et al., 2016).

The hallmark of this research is building a physical model and subjecting it to the condition that will
make it fail thereby allowing its failure process to be studied using geophysical methods. To achieve
this, the designed model and planned experiment were broken into simple components. Each
component was assessed separately before building up to the complex model. The initial assessment
of the individual component is what is referred in this section as feasibility tests. The feasibility study
was aimed at ascertaining the possibility of using the selected material, methodology and

instrumentation for the designed physical modelling of this research.

During the feasibility study, the initial water content and density to be maintained during compaction
were decided, the method of ensuring the homogeneity (i.e uniformity of moisture and density) of a
sample was devised, and the permeability of the soil material to be used was determined. Additionally,
the electromagnetic sensors to be used in the modelling were assessed. Since the electrical resistivity
method is intended to be used in the final experiment, the electrical properties of the soil were assessed
at this stage. The ability of the 5TE volumetric water content (VWC) sensor to measure electrical

conductivity made this assessment possible.
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After being satisfied with the results of the feasibility tests, the physical model was constructed and
the experiment was conducted to test the model. The experiment was first conducted on a small model
(Length = 370mm, Width =200mm, Maximum height = 220mm) before the large-scale (Length
=1050mm, Width =1000mm, Maximum height =650mm) experiment. Detailed schematic diagrams
with dimension can be found in the later sections i.e. 5.5.2 and 5.6.2, respectively. The small-size trials
were aimed at getting an initial idea about the failure mechanism associated with the slope. Due to its
size, it was easy to conduct many repeatable tests with relative ease. However, its small size limited
the number of instrumentations in the study. This limitation was overcome with large-scale testing.
Moreover, in large-scale physical modelling, boundary and scale effects are minimised (Jia et al.,
2009). This buttressed the reason why a large-scale model is used in the main experiment.

In this chapter, the steps followed to develop a physical model and subsequently conduct an experiment
on the developed model has been described. The result obtained at each step has been presented. The

chapter began with the introduction of the materials and instrumentation used in the research.

5.2 Material Used

A reddish-brown tropical soil, extensively used in the construction of embankments of civil
engineering related infrastructure in tropical and subtropical countries (like Asia, Africa and Southern
America), was used in this research. Due to non-availability of the material in the UK where the
research was conducted, the material was produced by systematically modifying the available British
mud rock material called ‘Etruria Marl” with commercially available British sand known as ‘builders
sand’ to obtain a pseudo-tropical soil with similar engineering properties to the original type found in
Nigeria. The detailed procedure for the production of this soil is given in chapter 3. The properties of

pseudo-tropical soil as contained in that chapter are given Table 5-1.
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Table 5-1: Property of artificially produced residual tropical soil

Property Value
Liquid limit, (%) 12
Plastic limit, (%) 31
Plasticity index, (%) 19
Specific Gravity 2.68
Maximum Dry Density, Mg/m? (BS Standard Proctor) 1.945
Optimum Moisture Content,,% (BS Standard Proctor) 115
Cohesion, C' (KN/m?) 26
Angle of internal resistance © (°) 21
Permeability (cm/s) 2.41x10-6

5.3 Instrumentation

The instrumentation includes 5TE and MPS-6 sensors which were used to monitor soil volumetric
water content (VWC) and matric suction (MS) respectively. The 5TE sensor also measures soil
temperature and electrical conductivity of the soil. To measure the physical deformation, cameras we
are used to capture digital images through the transparent experimental box. Each of these parameters
and their measuring instruments will be briefly described in this section. Detailed experimental set-up
will be provided under final experiment in Chapter 6. More detailed sensor description can be found

in the Decagon devices manuals(Decagon, 2015, Decagon, 2017).

5.3.1 5TE Volumetric Water Content Sensor

5TE is one of the new electromagnetic sensors developed by Decagon Inc. to measure soil water

content, electrical conductivity and temperature. Unlike other types of sensors that use gold traces to
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measure electrical conductivity, 5TE uses two stainless steel screws as an array for electrical
conductivity measurement. The use of stainless steel array makes it more robust than the other types
of sensors. This is because it is less affected by polarisation. The two-point array is located on the two

of the three sensor prongs shown in figure 5-1. The sensor specifications are given in Table 5-2.

Connection Cable

Thermal Sensor
(Thermistor)

Dielectric VWC

Polywethane
Overmolding

Screws for
Two Point
Eleckrical Array

Figure 5-1: 5TE sensor features (Decagon, 2015)

Table 5-2 : 5TE sensor specification

Measured Parameter Range Resolution Accuracy

Apparent dielectric 1 (air) to 80 1-20: 0.1 €a (unitless) | 1-40 (soil range): 1 €a

permittivity (Unitless) (water) 20-80: <0.75 €a 40-80(VWC): +15%
(unitless)

Volumetric water content 0-50 0.08 +1-2

(%VWC)

Bulk Electrical Conductivity 0-23 0-7:0.01dS/m, 0 -7dS/m: +10%, user

(dS/m) 7-23:0.05dS/m calibration required

above 7 dS/m
Temperature (°C) -40 to 50 0.1°C +1°C
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To measure the water content, a 70MHz oscillatory wave is supplied to the sensor prongs that charges
according to the dielectric property of the surrounding material. The microprocessor measures the
stored charge and brings an output value dielectric permittivity from the sensor. The stored charge is
proportional to the soil dielectric and volumetric water content. Decagon devices convert raw dielectric
permittivity values using the mathematical relationship between dielectric permittivity and volumetric
water content in soil developed by Topp et al. (1980) popularly known as Topp equation.

To measure the electric conductivity (EC), an alternating current is applied to the two stainless steel
screws that serve as electrodes and the resistance between them is measured. To obtain electrical
conductivity, the inverse of the measured resistance ie the conductance is multiplied by the cell
constant. The measured electrical conductivity is normalised to 25°C.

Temperature measurement is a more straight-forward than the previous measurements. The 5te uses a

thermistor to measure the temperature. The thermistor is located underneath the sensor overmold

5.3.2 MPS-6 Matrix Suction Sensor

MPS-6 is another electromagnetic sensor developed by Decagon Inc. to measure soil hydraulic
properties. The sensor shown in Figure 5-2, measures soil water potential otherwise known as matric
suction. The sensor has a low power requirement and can continuously measure suction with the help
of data logger. The sensor also measures temperature, making it possible to compare suction readings
at various temperatures. The feature used for the temperature measurement is the same as the one used

in the 5TE sensor. The sensor specifications are given in Table 5-3.
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Screens
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(Static Matl'ix’,l

Figure 5-2: MPS6-6 sensor features (Deaagon 2015)

Table 5-3: MPS-6 sensor specifications

Measured Parameter Range Resolution Accuracy
Matric Suction (kPa) -9 to -100,000 0.1 10% of reading + 2 kPa
Temperature (°C) -40 to 60 0.1°C +1°C

There are two basic parameters that describe the state of water in soil: one is soil water content or the
amount of water per unit of soil, and the other is soil suction or the energy state of water in the soil.

All soil suction measurement techniques measure the potential energy of water in a state of equilibrium
with water within the soil. According to the Second Law of Thermodynamics systems with differing
energy levels if connected together tends to move toward attaining equilibrium energy level. When an
object comes into hydraulic contact with the soil, the water potential of the object comes into

equilibrium with the soil water potential.

Pore pressure measuring instruments such as tensiometers, psychrometers and hygrometers make use
of this equilibration principle to measure soil suction. For the sensors that use a solid matrix
equilibration technique, a known material with a known static matrix of pores is introduced into the
soil and allowed to come into hydraulic equilibrium according to the Second Law of Thermodynamics.

Once the two are in a state of equilibrium, measuring the suction ability of the solid matrix gives the

121



matric suction of the soil. The same principle is used by MPS-6, but the sensor measures the dielectric
permittivity of a solid matrix {porous ceramic discs) instead, to determine its matrix suction. The
dielectric permittivity of air, the solid ceramic, and water are 1, 5, and 80 respectively. So, the dielectric
permittivity of the porous ceramic discs depends on the amount of water present in the ceramic disc

pore spaces.

Water content and water potential are related by a relationship, called the moisture characteristic curve.
Thus, the matrix suction of a soil is inferred with the moisture characteristic curve after measuring the

water content of the ceramic.

5.3.3 Time Lapse Camera

Brinno Time-lapse camera 64x46x106mm in size. It is a very portable and durable camera that captures
images continuously at a specified time interval and then converts the captured images to video for
easy viewing. This ability of continuous capturing and conversion of the image to video makes ideal
for monitoring slope movement. The camera is easy to operate, and its lens can be rotated up to 120°
making it possible to adjust the view to the desired position. It has a focal length of 26mm, minimum
focus distance of 75mm and angle of view of 59°. It has the capacity capture up to four frames, but the
custom time interval is 1 second to 24 hours. The output image resolution is 1280x720. The camera is

powered by 4AA battery and can last for 78 days if the image capturing interval is set at 24 hours.

122



5.4 Feasibility Tests

5.4.1 Selecting Moulding Water content and the working density

Among the index and geotechnical tests conducted, the compaction test is considered to be very
important as the two parameters i.e Maximum dry density (MDD) and Optimum moisture content
(OMC) are crucial in determining the initial moulding water content. The compaction test was
conducted in accordance with the British Standard (BS1377-5, 1990). The standard Proctor mould
was used for the test and the variation of moisture contents with density recorded during the test is

shown in Figure 5-3.
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Dry Density (Mg/m3)

1.82
1.80
1.78
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| 0 15.00 17.00 19.00
Moisture Content (%)

Figure 5-3: Compaction curve

From Figure 5-3, the MDD and OMC were found to be 1.942Mg/m3 and 11.3% respectively. These
were considered as reference parameters. The right side of the peak point of the curve is called the
‘wet side’ which covers moisture content higher than the OMC with softer sample consistency, while

the ‘left side’ has lower water content than the ‘OMC’ with stiffer consistency (Egeli and Pulat, 2011).
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It was also observed during the test, that the moisture content of the soil influenced the ease at which
soil can be manipulated (spreading and compaction). When the soil moisture was greater than 10% but
less than 13% as indicated by a red line on figure 5-3 above, the soil was hard to manipulate. Mixing,

spreading and compaction became more difficult.

Based on results obtained and the observation made during the test, the density and initial water content
of the soil to be used in the subsequent tests were decided to be lower than those optimum values to
achieve the objective of making slope to fail thereby allowing the failure mechanism to be studied.
Particularly the moulding water content of 10% was decided and used in the subsequent experiment to

arrive at the density less than the MDD.

5.4.2 Homogeneity Test

Having decided the moulding water content and the working density, it was then considered necessary
to control these parameters for repeatability and test result comparison. For this reason, a homogeneity
test was conducted. The objective was to determine how best these parameters can be kept as uniform
as possible. To achieve this objective, soil types were mixed in the right proportion and compacted at
moisture content (10%) less than the optimum moisture content. A standard CBR mould was used and
each sample was compacted in three layers as specified by BS 1377. During compaction, a light metal
plate was placed on the soil surface and 2.5kg hammer was used to apply the number of blows required
to the plate surface area. Samples were taken by coring to determine the homogeneity in moisture and

density as shown in Figure 5-4.

Table 5-4 shows the results obtained during the test. From the result, it can be seen that the values of

density and moisture content of three sub-samples are almost the same. Similarly, the values of the
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main sample and that of sub-samples are very close. Therefore, the sample can be said to be

homogeneous.

—

Figure 5-4: Homogeneity test with CBR mould

Table 5-4: Homogeneity test result

Table 1 Homogeneity test a). 10 Blows compaction 20th Nov 2015
Compaction Test Main Sample 1 Sub Sample A Sub Sample B Sub Sample C
Wt of mould and wet soil (W2) 8807.00 429.45 429.91 431.60
Wt of mould (W1) 5150.70 201.21 201.21 201.21
Wt of wet soil (W2-W1) g 3656.30 228.24 228.70 230.39
Vol. of wet soil mm? 2303.35 143.96 143.96 143.96
Bulk density =m/v, 1.59 1.59 1.59 1.60
Cont No, 1 2 Se M4 M42 M29 4A D1
Wt of wet soil and cont. g 27.55 25.53 17.97 23.85 27.07 24.26 21.63 23.39
Wt of dry soil and cont. g 25.61 24.12 16.86 22.34 25.27 22.70 20.19 21.89
Wt of cont. g 441 5.55 5.29 5.32 4.02 5.48 3.93 3.72
Wt of dry soil. g 21.20 18.57 11.57 17.02 21.25 17.22 16.26 18.17
Wt of moisture g 1.94 141 1.11 1.51 1.80 1.56 1.44 1.50
Moisture content % 9.15 7.59 9.59 8.87 8.47 9.06 8.86 8.26
Average Moisture content % 8.37 9.23 8.76 8.56
Dry Density 1.45 1.45 1.46 1.47
b). 5 Blows compaction
Compaction Test Main Sample 1 Sub Sample A Sub Sample B Sub Sample C
Wt of mould and wet soil (W2) 8484.00 424.58 424.11 423.90
Wt of mould (W1) 4964.10 201.21 201.21 201.21
Wt of wet soil (W2-W1) g 3519.90 223.37 222.90 222.69
Vol. of wet soil m* 2303.35 143.96 143.96 143.96
Bulk density =m/v, 1.53 1.55 1.55 1.55
Cont No, 1 2 9--4 8.. 4--4 8e 39 NC
Wt of wet soil and cont. g 22.40 17.36 19.11 19.16 28.18 22.33 27.75 30.15
Wt of dry soil and cont. g 21.22 16.26 18.04 17.98 26.31 20.95 25.88 28.15
Wt of cont. g 5.55 3.93 5.29 4.41 5.85 5.32 3.72 4.02
Wt of dry soil. g 15.67 12.33 12.75 13.57 20.46 15.63 22.16 24.13
Wt of moisture g 1.18 1.10 1.07 1.18 1.87 1.38 1.87 2.00
Moisture content % 7.53 8.92 8.39 8.70 9.14 8.83 8.44 8.29
Average Moisture content % 8.23 8.54 8.98 8.36
Dry Density 1.42 1.43 1.42 1.43
Sample Length (mm) | Diam. (mm) [Volume (mm?)
Main 127 152 2303.35
Sub 127 38 143.96
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5.4.3 Infiltration and Permeability test

The ease at which water infiltrates or permeates into the soil was studied in two ways. First, the
standard falling head permeability test was conducted in accordance with the generally accepted
traditional procedure as reported by Head and Epps (1994). Secondly, a test procedure for infiltration

test used by Johnson (1963) was employed and is briefly described as follows.

Two soil samples of 2000mm? volume each, were compacted in two different moulds at a specified
moisture content, one of which is shown in Figure 5-5(a). The samples were compacted at different
densities. A known quantity of water was poured on the surface of the samples as in 5-5(b), and the

time taken for water to infiltrate (draw down) into each sample, as in 5-5(c&d) was recorded.

Figure 5-5: Infiltration test

The result for standard permeability test is shown in Table 5-5 while that of filtration test is shown in

Table 5-6.
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Table 5-5: Results of permeability test

a). Permeability

Permeability, k =al/At *In(ho/ha1), (cm/s)

©0.000024

Measured Parameter 10 Blows 5 Blows
Dia. of a pipe (cm) o.21 o.21
Area of pipe, a (cm?®) 0.03 0.03
Dia. of sample (cm) 10.00 10.00
Area of sample, A (cm?®) 78.50 78.50
Length of sample, | (cm) 14.10 14.10
Initial height ho (cm) 77-00 77-00
Final height h; ¢m) 47 .00 47 .00
Time, t (s) 126.00 16.00

0.000192

b). Compaction

Compaction Effort 10 Blows 5 Blows
Sample Sub samplea Sub samplea
Wt of mould and wet soil (W2) 5400.90 5288.60
Wt of mould (W2a) 3334.80 3335-80
Wt of wet soil (W=2-Wa) g 2066.10 1952.80
Vol. of wet soil m3 1106.85 1106.85
Bulk density =m/v, 1.87 1.76
Cont No, Taa B32 NC S
Wt of wet soil and cont. g 16.56 14.98 13.29 13.05
Wt of dry soil and cont. g 15.55 14.05 12.51 12.25
Wt of cont. g 5.49 4.95 5.58 5.52
Wt ofdrysoil. g 10.06 9.10 6.93 6.73
Wt of moisture g 1.01 0.93 0.78 o0.80
Moisture content % 10.04 10.22 11.26 11.89
Average Moisture content % 10.13 11.57
Dry Density 1.69 1.58
Note: 2.5kg hammer was used for this test
Table 5-6: Infilteration test results
Length (mm) Diam. (mm) | Volume (mm?)
Compaction 127 152 2303.35
Compaction Effort 5 blows 10 blows
Wt of mould and wet soil (W2) 9983.00 10660.00
Wt of mould (W1) 6590.00 7097.00
Wt of wet soil (W2-W1l)g 3393.00 3563.00
Vol. of wet soil m? 2303.35 2303.35
Bulk density = m/v, 1.47 1.55
Infiltration
Depth (mm) ) 5 blows ) 10 blows
Time (s) Inf. Rate Time (s) Inf. Rate
10 6 1.67 10 1.00
20 18 1.11 28 0.71
30 33 0.91 55 0.55
40 80 0.50 251 0.16
50 202 0.25 609 0.08
Graph 7.1a: Iniltration rates against Depth
1.80
1.60 10 blows, intact sample 5 blows, intact sample
& 1.40
E 1.20
% 1.00
& 0.80
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Note: 1.8kg hammer was used for this test
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In the standard permeability test, 2.4 x 10-°cm/s was obtained when 10 blows of 2.5kg was applied
resulting in a dry density of 1.69Mg/m3. When 5 blows of the hammer were applied 1.58Mg/m? dry

density was obtained and the resulting permeability is 1.92 x 10cm/s.

The infiltration test result shows that the time taken for 1L of water to infiltrate a soil sample compacted
in CBR mould with 10 blows of the small hammer is 88s while the value of 55s was obtained under
the same condition but with 5 blows. This shows that the amount of effort applied influences the
resulting density and the infiltration rate. The time taken for the water level to fall to various depths
was recorded and the results of 5 and 10 blow compaction are shown in the figure attached to Table 5-
6. The test shows that if the soil is compacted to a density less than MDD, appreciable permeability

values can be obtained. It also shows that the infiltration rate decreases as the water level increases.

5.4.4 Assessment of Electromagnetic Sensors

The performance of the electromagnetic sensors for possible use in the main experiment was assessed

by first calibrating the sensors before using it later for soil homogeneity test.

The procedure involves compaction to the desired density of a representative soil sample into a 2 litre
plastic container and then inserting the 5TE sensor that measures volumetric water content, bulk
electrical conductivity and the temperature of the sample. Figure 5-6 shows the compacted soil sample
with an inserted 5TE sensor while Figure 5-7 shows the exact position of the sensor in the sample as
specified in the sensor application note prepared by Cobos and Chambers (2010). The procedure as
contained in this technical note is based on the procedure developed by Starr et al. (2002). It involves
comparing direct indirect measurement of water content and will be described in the later part of this
section. The procedure above was repeated to ensure repeatable insertion quality and average readings

were taken

128



Figure 5-6: Sensor insertion and water content measurement

. l
@

(b)

Figure 5-7: Idealised measurement volume of 5TE sensor (Decagon, 2015)
The volumetric soil sample was obtained by inserting the volumetric soil sampler into the undisturbed
soil near the sensor and taking the intact soil core inside it as shown in Figure 5-8(a). The entire soil
core was placed into a drying container and weighed before oven drying the sample for water content

determination.

The above procedure was repeated with an increase in water until the soil nears saturation. This was

evident by softening of the soil and glistening after compaction as shown in Figures 5-8 (b and c)
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The volumetric water content is the volume of water per volume of bulk soil and was calculated for

each sample and result is shown in Table 5-7. Sensor measurements are shown in Table 5-8.

Figure 5-8: Stages in water content (VWC&GWC) measurements

Table 5-7: Table showing the calculated VWC and GWC values

Sensor ) Sample . . .| SoilBulk | Calculated | Measured L
Sample Container Wetsoil + | Drysoil + |Mass &vol. of | Dry soil . Gravimetric Water Content
Label Output Mass (g) volume Container (g) | container (g)| water (cm3) mass (g) Densiy e e (%)
(Counts) (cm’) (g/em’) | (em*fem?) | (cm®/fem’)
A B c D E F G=EF H=F-C | 1=HID J=GID K L =(GIF)*100 | M=Avg(L)

1a 238 9.75 | 4534 | 81.56 | 80.68 0.88 7093 | 1.56 0.02 0.07 1.09
1b 237 9.98 | 4534 | 81.94 | 81.07 0.87 71.09 | 157 0.02 0.07 1.07 1.08
2a 299 37.89 | 45.34 | 109.83 | 106.64 319 68.75 | 1.52 0.07 0.10 2.99
2b 300 2096 | 45.34 | 94.00 | 90.79 3.21 69.83 | 1.54 0.07 0.10 3.54 3.26
3a 451 17.62 | 4534 | 9504 | 88.02 7.02 7040 | 1.55 0.15 017 7.98
3b 449 2742 | 45.34 | 107.90 | 100.48 742 73.06 | 1.61 0.16 017 7.38 7.68
4a 898 23.79 | 45.34 | 11151 | 96.33 1518 | 7254 | 1.60 0.33 0.34 15.76

4b 898 37.93 | 45.34 | 12685 | 111.07 | 15.78 7314 | 1.61 0.35 0.34 14.21 14.98

In accordance with the calibration procedure, the calculated values were plotted against the average of
raw sensor counts as shown in Figure 5-9. From the graph, the relationship between VWC and sensor
raw counts, in form of mathematical model was established. This relationship is referred to as
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calibration function. It is a linear equation obtained by trendline function of Microsoft excel and is

shown on the graph.
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Figure 5-9: Calibration function graph

The obtained calibration function was applied to the sensor data collected subsequently. When logging
data this equation is applied to the raw data downloaded from the logger. It is stated in Decagon (2015)
note, that “the resolution, precision, repeatability, and sensor to sensor agreement of the sensors are
excellent, so the soil specific calibration of one sensor can be applied to all other sensors of that type

in that particular soil”.

It is noteworthy that feasibility tests were concluded with the test on the 5TE sensor. No any trial test
was conducted on the MPS6 sensor, as it was not considered necessary. This is because the two sensors

work based on the same principle.
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Table 5-8: 5TE sensor measurements at different gravimetric water content

Gravimetric Corrected
Measurement VWC Temp Bulk EC BUlk EC
Water Content Time
%) m3/m3 °C mS/cm mS/cm
11 12:18 PM 0.074 24.3 0.00 0.00
12:19 PM 0.074 24.2 0.00 0.00
12:20 PM 0.072 23.8 0.00 0.00
12:21 PM 0.076 233 0.00 0.00
12:22 PM 0.074 24.0 0.00 0.00
12:23 PM 0.072 242 0.00 0.00
Average 0.07 23.97 0.00 0.00
33 02:02 0.10 23.0 0.02 0.02
02:04 0.09 231 0.03 0.03
02:06 0.09 239 0.02 0.02
02:12 0.09 24.0 0.02 0.02
02:14 0.09 235 0.02 0.02
02:16 0.09 231 0.02 0.02
Average 0.09 23.65 0.02 0.02
7.7 5:28 0.169 245 0.28 0.28
5:29 0.169 24.4 0.29 0.29
5:30 0.168 24.2 0.29 0.29
5:31 0.168 24.1 0.29 0.30
5:32 0.168 24.0 0.30 0.31
5:33 0.177 23.7 0.31 0.32
Average 0.17 24.15 0.29 0.30
15 6:42 0.318 21.7 0.60 0.64
6:44 0.319 21.6 0.60 0.64
6:50 0.319 213 0.61 0.66
6:54 0.326 21.2 0.60 0.65
6:56 0.319 21.2 0.60 0.65
Average 0.32 21.39 0.60 0.65
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Water content is the quantity of water contained and is expressed as a ratioof volume or mass.. For
simplicity and accuracy, it was considered necessary to establish a mathematical relationship between
the two. Therefore, the calculated GWC values in table 5.5 were plotted against measured VWC values.
The relationship is shown in Figure 5-10. The relationship in form of linear equation is applied to the
sensor data collected subsequently. So that, when a volumetric water content is known, the gravimetric

water content can be estimated, and vice versa.
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Figure 5-10: Measured VWC versus GWC

5.4.5 Homogeneity Test using 5TE Sensor

To control the amount of compaction on the sample and hence the density, a sample was compacted
in a plastic box in layers. The box and the soil are shown in Figure 5-11. A rigid wooden plate of 25mm
thickness was placed on the soil surface and a hammer was used to compact the soil as described in
5.4.2. The compacted sample is shown in Figure 5-11(a)
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Figure 5-11; Homogeneity test with sensor (a) Compacted sample, (b) Sealed sample with probe

Three 5TE sensors equally spaced were inserted vertically into the soil and measurement of VWC with
the sensor commenced immediately. Then, the core was taken from the sample while sensor
measurements were being made. This was done by inserting the coring tube into the undisturbed soil
by the two sides of each sensor to take the cores. From these samples, the average density and moisture
content surrounding each sensor were determined. The entire box was then sealed with a non-
conductive cling film to avoid moisture loss for the period when sensor measurement was being taken

as shown in Figure 5-11(b)

Since the sensors can measure soil temperature and bulk electrical conductivity while measuring the
soil moisture, these parameters were recorded during the above-mentioned tests. With the results, the
electrical properties with respect to moisture and density variations were assessed. Table 5-9 shows

the moisture and density around each of the sensor probe used in the study.

The traditional assessment shows that the parameters are almost uniform at all the three probes
locations. In terms of moisture, the percentage difference between point 1 and 2 is 5.25% while the
percentage difference between point 2 and 3 is only 2.5%. In terms of density, the percentage difference
between the average density of point 1 (1.19Mg/m3) and that of point 2 (1.22Mg/m3) is 1.1%. While

the percentage difference between point 2 and 3 (1.17) is 4%. Since the moisture difference between
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the 3 points is 5.25% or less and that of the density is 4% or less, it can be concluded that the sample

is relatively homogeneous. It is, important to note that the moisture difference is higher between points

1 and 2 than that between 2 and 3 while in terms of density the reverse is the case.

Table 5-9: Density and moisture distribution in the first experiment

Compaction Test

Weight of mould and wet soil (W2)] 404.990 | 514.970 409.990 519.770 | 403.390 | 512.670
Weight of mould (W1) 206.300 309.520 206.300 309.520 206.300 309.520
Weight of wet soil (W2-W1)g 198.690 205.450 203.690 210.250 197.090 203.150
Vol. of wet soil. m? 1.519E-04|1.519E-04| 1.519E-04 |1.519E-04}1.519E-04|1.519E-04
Bulk density in Mg/m3=m/v, 1.31 1.35 1.34 1.38 1.30 1.34
Cont No, 5A 5B 6A 6B 7A 7B1
Weight of wet soil and cont. g 37.35 46.46 46.29 50.82 46.05 46.67
Weight of dry soil and cont. g 36.87 45.34 45.05 49.20 44.72 45.50
Weight of cont. g 32.05 33.09 32.88 32.96 32.05 33.09
Weight of dry soil. g 4.82 12.25 12.17 16.24 12.67 12.41
Weight of moisture g 0.48 1.12 1.24 1.62 1.33 1.17
Moisture content % 9.96 9.14 10.19 9.98 10.50 9.43
Average Moisture content % 9.55 10.08 9.96

Dry Density 1.19 1.22 1.17

The volumetric water content data collected with the sensor measurements are compiled in Appendix
A and the results are graphically shown in Figure 5.12. Unlike the traditional geotechnical method, the
geophysical measurement using sensor shows less degree of homogeneity. As shown in the Appendix,
the percentage difference between point 1 and 2 is initially on the average of 12% and later stabilised
to the average of 11%. Similarly, the percentage difference between 2 and 3 was initially on the average
of 7% before stabilising to the average value of 6%. Despite this disparity, one thing is common to
both traditional geotechnical and sensor geophysical methods of homogeneity assessment. That is, the
difference in moisture between point 1 and 2 is higher than that of between 2 and 3 in both methods.

This validates the use of the sensors for homogeneity test.
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Figure 5-12: The VWC measurements with 3 ports 5TE sensor

There are many reasons why the percentage difference is higher in sensor measurements than in
traditional compaction method. One of the reasons is the high sensitivity of the sensors to disturbance
or attenuation (Decagon, 2015). Taking the sample with an iron pipe, for density test and moisture
content determination may affect the sensor measurement. For this reason, another sample was
prepared for the repeat of the test. In the second experiment, same method and compaction effort were
used as the previous but samples for moisture content determination were taken from the compacted
sample the next day, to avoid error due to sample disturbance. This was done after the successful
completion of the sensor measurements. A better result was obtained in the second experiment as

shown in Table 5-10 and Figure 5-13. Appendix B gives more details of the sensor measurements.

Table 5-10: Determination of density and moisture distribution in the second experiment

Compaction Test 1 2 3 4
Weight of mould and wet soil (W2) 454.500 466.930 465.790 463.090
Weight of mould (W1) 309.520 309.520 309.520 309.520
Weight of wet soil (W2-W1)g 144.980 157.410 156.270 153.570
Vol. of wet soil. I’ﬂ3 1.134E-04 1.190E-04 1.190E-04 1.156E-04
Bulk density in Mg/m3 =m/v, 1.28 1.32 1.31 1.33
Cont No, A5 C10 Cc8 E-5 C12 C3 GG1D | 1600-1
Weight of wet soil and cont. g 27.68 28.58 36.60 27.27 21.99 33.89 46.28 23.89
Weight of dry soil and cont. g 26.63 27.99 35.61 26.34 21.39 32.95 45.30 22.41
Weight of cont. g 14.07 20.48 22.88 15.16 14.13 21.10 32.90 4.84
Weight of dry soil. g 12.56 7.51 12.73 11.18 7.26 11.85 12.40 17.57
Weight of moistureg 1.05 0.59 0.99 0.93 0.60 0.94 0.98 1.48
Moisture content % 8.36 7.86 7.78 8.32 8.26 7.93 7.90 8.42
Average Moisture content % 8.11 8.05 8.10 8.16

Dry Density 1.18 1.23 1.21 1.23
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Figure 5-13: The volumetric water content measured with 5TE in the second experiment

From the results, it can be seen that the percentage difference between the measurements made with
port 1 and 2 was initially 11% then 5% before stabilising to 4%. Similarly, the difference between
ports 2 and 3 was initially 11% then 5% before it stabilised to 3%. This second experiment confirms
that the moisture distribution between one point of the sample to another, is at least 96% uniform and
the difference between the measured three points is negligible. More discussion on Figure 5.13 can be

found in the following section 5.4.6.

5.4.6 Moisture Equilibrium

From the experiments in 5.4.5, a knowledge about the moisture equilibrium of the soil sample can be
derived. The graph in Figure 5.13 shows that the moisture content changes were non-uniform at the
beginning but the uniformity was achieved after 4-5 hours, giving steady values thereafter. At this time
the sample can be said to reach its equilibrium stage. It is a time when no further moisture movement
occurs. The result from the two experiments shows that the moisture equilibrium can be achieved
within some hours from the completion of compaction and sealing of the sample, but it is preferable
to allow the period of 24 hours before running the test. This is done to eliminate any doubt and avoid

uncertainty on the test.
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5.4.7 Electrical Properties

To measure the material electrical property, a current of known density has to pass through the material
and the potential difference across the flow path distance be recorded (Sellers et al., 2010). From
Ohm’s law, we know that the potential difference between any two given electrodes is directly
proportional to the supplied current and inversely proportional to the resistance of the material i.e.
V=IR. From that relation, if the conductivity of the material is known, the resistivity can easily be

estimated.

5TE uses a two-sensor array located on the screws of two of the 5TE prongs shown in Figure 5.1, to
measure the electrical conductivity (EC). The array measures the EC by applying an alternating
electrical current to the two electrodes and measuring the resistance between them. To get the
conductivity, the inverse of the resistance (conductance) is multiplied by the cell constant (Decagon,

2015).

The temperature effect on electrical properties of the soil has been stressed by many researchers
(Sellers et al., 2010). To account for the temperature variations effect on the measured electrical
conductivity, the measured values are normalized to 25°C. A reference temperature T of 25°C is
normally used as a standard and bulk electrical conductivity measured at a particular temperature ECt

is adjusted to a reference ECzs, using equation 5.1 developed by Keller and Frischknecht (1977).

ECt

ECys = 1+0(T—-25)

Where g denotes temperature slope compensation which is commonly considered as 0.0191_C-1. This
value for o was experimentally proven to be approximately 1.9% increase in EC per each 1_C increase

anywhere on the temperature scale (Ma et al., 2011).
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The procedure used in assessing the electrical properties of the soil is the same as the calibration
procedure explained in 5.4.4. As the volumetric water content is measured the corresponding value of
electrical conductivity and the temperature are also recorded. The electrical conductivities are then
normalised using Keller and Frischknecht equation shown and explained above. Based on this

procedure Table 5-11 is formed from the data collected earlier.

Table 5-11. Variation of electrical conductivity with water content

VWC Temp. Corrected EC ~ GWC
EC (mS/cm)
(cmd/cm?) (°C) (mS/cm) (%)
0.074 30.3 0.00 0.00 1.82
0.165 30.7 0.05 0.05 6.79
0.242 30.6 0.38 0.34 11.00
0.310 29.1 0.47 0.44 14.72
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Figure 5-14: Variation of electrical conductivity with water content
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The conductivity values were plotted against both gravimetric and volumetric water content
respectively as shown in Figure 5-13. From the graph it can be seen when the gravimetric water content
was 0%, there was no conductivity. When the value is between 3-4% a negligible value of conductivity
was recorded. A reasonable value was recorded when the gravimetric water content was around 5%.
The conductivity increases rapidly with the gravimetric water content at the value between 5% and
11%. Beyond this value, the rate of increase of conductivity with water decreases. The graph shows
that the trend of variation of electrical conductivity with water content is the same for the volumetric

and gravimetric water contents.

In a separate experiment, the change of conductivity with the water content was studied. In this
experiment, the effect of density variation was also studied. Table 5-12 gives the data obtained from
this experiment. It shows a similar trend to the previous test as both shows that no conductivity
recorded at zero water content and the values increase with an increase in water content up to a certain
optimum value. Two tables with detailed data measurements taken by traditional geotechnical and

sensor geophysical methods, respectively, are given in Appendix C.

Table 5-12: Variation of electrical conductivity with water content

VWC Temp Bulk EC Correct. EC GWC

ms3/m3 °C mS/cm mS/cm %
0.14 22.50 0.04 0.04 5.30
0.22 22.50 0.40 0.42 9.70
0.29 22.00 0.60 0.63 15.80
0.31 21.50 0.60 0.63 24.65
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In this experiment, the conductivity value of 0.63m.S/cm remains constant after reaching optimum
value 15% water content as shown in Figure 5.14. From the graph, it can be seen that the density
increases with the increase in moisture content up to the optimum moisture content of 15% yielding a

maximum dry density of 1.5Mg/m?®.

From the two tests conducted and the results obtained and analysed, it can be shown that there is no
conductivity in adry or nearly dried soil sample. The electrical conductivity is very sensitive to change
in water content at a value higher than 5% but less than optimum water content, whereas when wet of
optimum, electrical conductivity is less sensitive to the changing water content. This is corroborated
by the finding of Abu-Hassanein et al. (1996). The experiment gave an idea of the electrical properties
of the soil as well as density and water content to be used when conducting electrical resistivity

tomography (ERT) experiment. It also shows that ERT is suitable for use in the main experiment.
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Figure 5-15: Variation of conductivity with water content
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5.5 Small-Scale Experiment

5.5.1 Experimental Procedure

Two small tanks were used for this experiment as shown in Figure 5-16. Each tank was made up
translucent acrylic sheet with a dimension of 370x200x500mm. The tank has a supply and discharge
chambers provided at the two ends of the tank. Before construction, the designed shape of the slope
was first drawn against the wall of each tank. The bottom surface was roughened by laying and sticking
a sandpaper to it. This technique was used to avoid the sliding of soil body along the slope-base
interface (Tohari et al., 2007). To minimize friction along the surface of the side walls, a Teflon

lubricant was sprayed. The fluid was previously used by Jia et al. (2009) for this purpose.

Figure 5-16: The prepared experimental tanks

The soil described in section 5.2 was used for the construction of homogeneous slope. About 35kg of
the soil was oven dried at a temperature of 105°C for 24 hours. The soil was divided into two and each
portion was mixed with 10% water. The chosen moisture content is little drier than OMC (11.5%) and
was previously determined during feasibility tests. Etruria mudrock and sand was first mixed at dried
stage, before adding water to mix again. At both stages, the soil was thoroughly mixed using

mechanical mixer to achieve homogeneity. Two identical slope models were built. Each slope was
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constructed by placing a prepared sample of soil in three horizontal layers, in the experimental tank.
On the surface of each layer, a purpose-made plastic plate of 220x190x10mm was placed to cover
compaction area, and 2.5kg hammer was used to compact the soil by applying a number of blows on
the surface of the plate After compaction, the soil slope was trimmed to form the desired geometry
following the shape previously drawn against the walls of the tank as shown in Figure 5-17. One of
the two models was used to test the homogeneity of the sample and the second one was preserved for
the experiment. More details about slope construction procedure will be provided in section 5.6.1.
Homogeneity test was conducted by taking samples at different locations of the slope and determining

the moisture and density. Figure 5.18 shows points where samples were taken for homogeneity test.

Figure 5-17: Constructed slope model

Figure 5-18: Sampling for homogeneity test
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For the experimental slope, instrumentation was made after the construction as shown in Figure 5.19
and initial condition was measured. The box was then covered with polyethene sheets to reduce the
moisture loss. The model slope was allowed for more than 24 hours to cure and achieve moisture

equilibrium. The experimental set-up is shown in Figure 5-20

,’l Sensor

Figure 5-19: Installed sensors

Figure 5-20: Experimental set-up
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The test started by watering the surface to simulate rainfall. When no failure was observed in response
to the applied rainfall, the rainfall was suspended, and water was later supplied into the slope model
through the supply chamber at the side of the upper end of the slope. The geophysical processes taking
place and geotechnical changes caused by the water supplied was monitored using electromagnetic
sensors, while the physical changes in response to the geophysical processes were observed using

cameras.

5.5.2 Small-Scale Trial Results
Two sensors each for 5TE and MPS-6, labelled Ports 4 and 5 respectively, were used in this

experiment. The locations of these sensors on the slope are shown in Figure 5-21.

Supply Chamber

5TE Moisture Sensors

an Drainage Chamber Matric Suction Sensors

220

- Port 4

70

Figure 5-21: Slope dimension and instrumentation

The results shown on Figure 5-22 indicate initial irregular readings for both water content and matric
suction. This can be seen on section AB of the graph. Moving further along the graph, fairly regular
values can be observed for both soil matric suction (MS) and volumetric water content (VWC) as
shown by section BC. Section CD of both graphs shows gradual changes in MS and VWC respectively.
This can be observed to have started shortly after 4.30pm, the time when water was supplied through

the supply chamber. A rapid increase in VWC at 4.46pm followed by a rapid decrease in MS by
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4.52pm can be seen on section DE. Beyond this point, all the readings remain fairly constant after

reaching their optimum values as shown by section EF of the same Figure 5-22.
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Figure 5-22: Sensor measurement results

The physical response to geophysical processes happening within the soil began by 4.39pm with a
minor initial settlement shown on Figure 5.23A. Thereafter, an increase in water content and a decrease
in matric suction led to the excessive settlement (collapse) and potential forward sliding as shown in
figure 5.23B. A collapse movement and forward movement as shown on figure 5.23C were observed
around 5.00pm. At every stage of slope movement, the difference between the original and new shape

of the slope is shown by the solid and dotted lines respectively.
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Figure 5-23: Stages of slope failure

5.6 Large-scale trial experiment

5.6.1 Experimental Procedure

A Large fibreglass tank with the shape and dimension in mm shown in Figure 5-24(a) was used for
this experiment. Inlet and outlet chambers where created at the two ends of the box. They are for the
supply and discharge of the water into and out of the model respectively. The preparation of tank and

soil used for the slope construction is the same as in the small-scale experiment described in 5.5.1.
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However, the procedure for slope construction is given in more detail in this section. The tank prepared
for the experiment is shown with dimension in Figure 5-24(a&b). The slope construction was preceded

by the design of the compaction layers and each is described in the following subsections.

(b) Tank preparation

5.6.1.1 Design of compaction layers

The experimental slope was constructed by placing and compacting a prepared sample of soil in
horizontal layers of soil, in the experimental tank. The layer thicknesses were designed before the
commencement of slope construction. The designed is based on the principle developed and advanced
by Menard 1975. Menard compaction first developed in 1969 (Mayne et al., 1984), is based on the
energy waves transmitted into the layer compacting soil due to the weight of the dropping hammer and
the height from which the hammer drops on the soil. The energy is transmitted from the point of impact
to a certain maximum depth dmax called a depth of influence. Beyond this point, the compaction has no

effect as illustrated in Figure 5.25. Menard estimates this depth using equation 5-2.

|
_L

Figure 5-25: Depth of influence (dmax) and critical depth (dc)
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dmax :\/WH .................................................................... 5'2

Where W is weight in tons, and H is the height of the free fall.

According to Mayne et al., (1984), equation 5-2 has gone through series of modification resulting to
equation 5-3. Mayne et al., (1984) also opined that, a glance through the literature confirmed that about
half of the depth of influence effectively feels the intensity of the impact, beyond which it diminishes
with depth until reaching dmax. That effective depth is called critical depth dc, and is shown in Figure

5-25.

Where n is the unit factor which is tones per unit length

The two depths, dmax and dc are related by equation 5-4

In this study, a hammer of 4.5kg weight, falling from a height of 460mm on a square wooden plate of
300mm length, placed on the surface of a soil layer. To calculate the maximum depth (dmax) that will

feel the impact of the compaction, equation 5-3 applies.

Therefore, since W=4.5Kg (0.0045tons), H=460mm (0.46m) and 0.3m square length is considered,

then n = 0.015ton/m and dmax =0.186m=186mm

From the above calculation, it can be concluded that the depth of influence using 4.5kg hammer falling
from 460mm is 186mm and a layer of this thickness can be compacted with that hammer. However,
only about half of this layer thickness (i.e 93mm) will be effectively compacted as the further depth

I.e beyond critical depth dc, the impact diminishes with depth. For his reason, it was decided that the
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soil be compacted in layers of 100mm thickness. 8mm deeper than the critical depth but less than the
depth of influence. In a successive layers of a slope as shown in Figure 5-26, this trade-off is aimed

to avoid over compaction of the underlying layer or under compacting the bottom of the current layer.

Figure 5-26: Critical and design depths

5.6.1.2 Compaction

On the surface of each layer, a purpose-made wooden plate of 300x300x25mm was placed and 4.5kg
hammer was used to compact the soil by applying 3 blows on the surface of the plate. On each layer
of 100mm, the hammer falling freely from a height of 460mm delivered 2416J/m® per blow yielded a

dry density of 1.6Mg/m?®.

During compaction, the wooden board was moved around the soil compaction surface with the unit
areas covered by compaction plate (known as influence zones), overlapping one another as shown in
Figure 5-27. This was done in consideration of the fact that the impact of the blow attenuates (Mayne
et al., 1984), thereby making the perimeter of the influence area feeling less impact than the inner
zones closer to the point of impact as illustrated in Figure 5-28. The overlapping enables the less
compacted peripheral areas (marked 2) to achieve compaction near equal to the inner zone (marked 1)

as can be seen in Figure 5.29
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Areas of overlap

Figure 5-27: Conpaction influence zones overlapping one another

/ Point of impact

Figure 5-29: The overlap of compaction energy waves and a less compacted peripheral flange
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However, there is still a peripheral flange formed along the perimeter of the surface that is less
compacted than the interior zones (Maynard) as indicated by dotted lines in Figure 5.29. To prevent
the potential problem that might be caused by peripheral flange during the subsequent experiment, the
area at the perimeter was further compacted manually, until it was seen to have reached the compaction

level of the remaining interior zone.

5.6.1.3 Control of compaction uniformity
In spite of the design and the necessary measures put in place to ensure uniformity during compaction
as described above, quality control was still considered necessary to ensure the compacted layers meet

the specification of the design (Menard and Broise, 1975, Mayne et al., 1984).

Part of the soil prepared for the experiment was used to conduct a trial test prior to experimental slope
construction. The same compaction procedure used in the trial experiment was used in the main test.
The procedure involved compacting soil and coring sample at different parts of the slope to determine

the moisture and density. Figure 5.30 shows the stages involved in the homogeneity test.

4 el

Figure 5-30: Stages involved in homogeneity test

As stated earlier, the soil was laid and compacted in layers, each of 100mm thickness. Upon completion

the soil slope was trimmed to form the desired geometry as in Figure 5-31. MPS6 pressure sensors
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were buried as shown Figure 5.5-32 while 5TE sensors were installed immediately after completing
the compaction as shown in Figure 5.33(a). The box was then covered with polyethene sheets to reduce
moisture loss from the soil due to evaporation as shown on Figure 5.33(b). The model slope was

allowed for 24 hours to achieve moisture equilibrium.

Trnmming to shape

N 7 lavers of 100mm thick each

Figure 5-31: Slope construction procedure

Figure 5-32: Burying MPS-6 sensors during slope construction

Before building the slope, the experimental tank was adequately braced with two lengths of 45mm x
45mm x 5mm mild steel angle sections crossed against the two parallel sides of the tank walls and
connected to the two high tensile steel rods of 21mm diameter crossed at the other two sides of the

tank, as shown in Figure 5.33(b). Gravel and sharp sand were used to serve as filter material in the
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supply and drainage chambers as shown in Figure 5.34. The materials also protect the non-woven
fabric of polypropylene geotextile material placed between the chambers and main soil body. The use
of the filter materials and the geotextile wall is to prevent internal erosion and scouring during the

increase in water level(Tohari et al., 2007).

b

Figure 5-34: Picture showing supply and drainage chambers

Experimental set-up and other details with dimensions are shown in Figure 5.35 and 5.36,
respectively. The test started by supplying water into the slope model through the supply chamber at
the side of the upper end of the slope. The geotechnical changes and geophysical processes due to
the water flow were monitored using sensors, while the physical response was observed using

cameras mounted at the adjacent sides as shown in Figure 5.35
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Figure 5-36: Large slope dimension and instrumentation

5.6.1 Results of the Large Experiment
Before presenting the results, it is useful to understand the positions of the various sensor ports (5TE

and MPS6) used to take measurements. The plan view in Figure 5.37 provides these details.
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Figure 5-37: Plan view and sensor locations

Figure 5.38 shows the changes in matric suction and volumetric water contents measured with ports
1-5 each of 5TE and MPS6 respectively. The results are presented in three parts namely, pre-failure

condition, failure development process and post-failure results.

5.6.1.1 Pre-failure condition

With reference to Figure 5-38, the section between A and D represents the period when water was not
supplied and the measurement made during this period captured the pre-failure condition. Volumetric
water content (VWC) graph shows initial irregular readings before reaching constant values as shown
by sections AB and BC of the graph respectively. On the MS graph, this initial period was characterized
by the decrease in matric suction before recording fairly constant values. This is shown on sections
AB’ and B’C of the graph, respectively. Section CD shows some changes on both VWC and MS
graphs. These began around 1.45pm on 16/08/2016, the time when polyethene cover was removed to

prepare the sample for testing. The section indicates by a rough or nearly zig-zag section on VWC
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graph, and continuous increase of values on MS graph. Ports 1 and 5 of the matric suction graph show
some anomaly. Port 5 shows a continuous increase in suction, while Port 1 shows a similar trend but

has a short relatively flat section. The anomaly could be due to sensors malfunction.
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Figure 5-38: VWC and MS sensor measurements

Before the water supply, the initial volumetric water content values of 0.11cm3/cm3, 0.11 cm3/cm3,
0.10 cm3/cm3, 0.14 cm3/cm3, and 0.15 cm3/cm3 was respectively recorded at point 1,2,3,4 and 5 by
5TE sensor ports. Similarly, initial values of soil suction before the test as recorded by MPS6 ports

were 14.1, 13.2, 12.7, 12.2 and 15.4kpa for ports 1,2,3,4 and 5 respectively.
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5.6.1.2 Failure development process

Failure development process began after the water has been supplied into the slope. This commenced
by 3.41pm on 16/08/16. Geophysical processes captured by the sensors are shown on section DEFG
of Figure 5.38. To get a clear picture of what happened at this stage, the section has been carved out

and enlarged as Figure 5.39.
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Figure 5-39: Sensor measurements during water supply

A gradual change was first recorded by the sensors until around 5.00pm when a rapid decrease of
sensors was observed, followed by a rapid increase in water content. By 5.39, all the VWC and MS
sensors have respectively responded rapidly except at port 1. The trend shows that for both VWC and
MS sensors located at the crest, near the supply chamber (ports 4 and 5) are the first to respond to
changes, followed by those located at the sloping section (ports 2 and 3) before port 1 located at the

toe. The first rapid change in MS and VWC was experienced at port 1 (the toe) by 5.44pm.
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All VWC sensors except port 1, recorded their maximum value of 0.310cm3/cm? around 5.50pm before
dropping down, following the suspension of water supply, with only a minute interval between the
first and second sets of readings. Port 1 recorded it maximum value of 0.328 cm3/cm?®® 6.06pm. The
matric suction readings took a similar trend, but the readings were decreasing as opposed to the
increase in moisture content. The rapid changes continued until it reached the peak after which there
was a slow and gradual change after the initial drop down from the peak values as shown in Figure 5-
39.

While these hydrogeological processes were taking place, within the soil, the physical responses were
being observed. The observed physical processes can be reported with reference to the sketch of Figure
5-40. The observed responses to the flow of water were in two ways. First, there was a minor settlement
shown by the difference in level (D), drawn against the wall of the experimental tank in Figure 5-33.
A Similar difference (D") in the height of the geotextile wall has also been observed. This was observed
to have occurred around 4.15pm. The second response of the slope was in form of a minor failure sign
(F) near the middle of the slope. It happened 5 minutes after the earlier sign. The two responses are

captured in the photograph of Figure 5-41A.

Figure 5-40: The physical response to the flow of water

Figure 5.41B and 5.41C show the progression of the earlier observed responses. Figure 5.41D and

5.41E show that earlier observed D and D’ have increased beyond normal settlement. Similarly, the
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failure sign F has progressed and formed more or less a transverse crack across the width of the slope
surface. Water was first observed to appear at the surface of the toe below Port 2 at 4.31pm. Water
continued to surface, and it was all over the slope face by 4.48pm and the water supply was stopped at
this point. The above-observed failure continued to progress gradually and steadily. Forward
movement was observed to occur partially and later changed to total slope movement at 5.36pm.

gn increases

e, Collapse

Figure 5-41: Photographs showing physical response of slope

160



liding begins

) NOW across
e slope

slope

he toe

continues

Figure-5.41 (Continued): Photographs showing physical response of slope to the flow of water




5.6.1.3 Post-Failure Condition

After suspending the water supply, port 1 increased to 0.328 while the rest dropped to 0.30 and less.
During this time, the gradual movement of slope still continued and the final destination was reached
around 5.49pm. The failure was in form of collapse and forward motion as shown on Figure 15. This
was observed with a camera and visually by observing how the slope deviates from its original shape

drawn against the walls of the tank and is shown in Figure 5-41(F to I).

Figure 5-42: Post failure shape

At the end of the movement, the observations made as shown in Figure 5-42 were as follows.
1. The earlier observed failure sign progressed to multiple cracks across the surface of the slope
2. The D has increased excessively, indicating collapse settlement
3. The water flows out of all over the slope surface to the drainage chamber

4. There was a forward sliding movement towards the toe.

5.7 Summary and key outcomes
In this chapter, the steps followed to develop a physical model has been presented. These included the

feasibility tests and trial experiment on the developed experimental physical models. During the
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feasibility studies, the suitability of the selected methods, material and instrumentation were assessed.

The results obtained during both the initial trial test on the small physical model and the final large-

scale experiment were presented. The geophysical changes that occurred before, during and after slope

as recorded by the sensors are one part of the results presented. The second part is the camera captured

images of the physical deformation during failure development. The results are presented in this

chapter only to give the initial idea about failure mechanism of the slope. A detailed discussion can be

found in chapter 7. The following are the key outcomes of the physical modelling exercise as presented

in this chapter.

During this test, the maximum dry density at the optimum moisture content was determined.
With reference to this optimum values the moulding water content and the working density to
be maintained in the subsequent experiments were decided. The decision was supported by the
experience acquired during the compaction test.

For repeatability and test result comparison, the compaction parameters (moisture and density)
have to be kept as uniform as possible. To achieve this, homogeneity test was conducted using
both traditional geotechnical method and modern geophysical approach (using 5TE sensor).
The results presented have shown that sample homogeneity is achievable.

Permeability is another important soil property that needs to be considered in assessing the
suitability of a soil for the main experiment. Both standard falling head permeability test and
unconventional infiltration test have confirmed that the soil is suitable for the main experiment.
The performance of electromagnetic sensors to be used in the main experiment were assessed
and were found suitable for both parameters measurement and their control. This was
demonstrated through homogeneity test.

The suitability of electrical resistivity tomography (ERT) method in the final experiment was

confirmed by assessing the electrical properties of the soil using electromagnetic sensor (5TE.
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vi.  The trial test on a small-scale physical model gave an initial idea about the geophysical
processes occurring in the soil body and their consequences on slope stability. Many repeatable
tests were conducted with consistent results.

vii. A large-scale experiment conducted produced a similar result with an improved understanding
of hydrological changes and the corresponding slope movements. This is because its size
allowed enough instrumentation to be installed and made it possible to collect more data that
is necessary for detailed study.

From the above, it can be summarized that the steps followed led the successful development of a

physical model, and the results obtained from the trial experiments on the physical model provided a

useful information about failure mechanism of tropical residual soil slope. With that information

coupled with knowledge gained from numerical modelling (see chapter 4), a final experiment on a

well-designed physical model was confidently conducted (see chapter 6).
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CHAPTER SIX

FINAL EXPERIMENT WITH GEOPHYSICAL METHODS

6.1 Introduction

Geophysical methods are becoming popular in slope stability monitoring and other ground studies over
traditional geotechnical methods due to their many advantages (Shiotani et al. (2001), (Hardy Jr,
2005),(Evans et al., 2006b),Dixon and Spriggs (2007), Chambers et al., (2008)). One of such
advantages is the ability to sample soil mass as a whole against the point sampling used by the
conventional methods (Fell et al., 2000, Glendinning et al., 2009a). The most widely used geophysical
methods in slope stability studies i.e. acoustic emission (AE) method, Electrical Resistivity
Tomography (ERT), Ground Penetrating Radar (GPR) and seismic profiling have been discussed in
chapter 2. The GPR method otherwise known as electromagnetic (EM) method has been tried and the
results of this trial has been presented in chapter 5. The last trial experiment conducted in a fibre glass
tank as presented in chapter 5 has been repeated and is presented in this chapter, before presenting the
final experiment. In other words, this chapter presents the final stage of this research, comprising of
the repeat trial experiment conducted in a large fibre glass tank described and presented in chapter 5
and a final test performed in a large transparent acrylic glass. Unlike the trial experiments presented in
the previous chapter, in both experiments presented in this chapter, ERT was used in addition to EM
method used previously. The aspects of the experimental methodology that have been discussed in
the preceding chapters are not repeated in this chapter. More discussion of the results presented here

can be found in chapter 7.
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6.2 Experimental Set-up

The experimental set-up consists of the physical model constructed in a large transparent experimental
tank and instrumented with measuring devices to monitor the changes during the test. The physical
model was constructed in accordance with the specification of design made during numerical
modelling where the optimal dimension of the physical model and the appropriate boundary conditions

were obtained. The following is the brief description of each part of the experimental set-up.

6.2.1 Experimental Tank

The tank shown in Figure 6.1 was used for the final experiment. The overall dimension of the tank is
1000mm x 2000mm x 1000mm and is made-up of transparent acrylic sheets of 25-mm thickness. The
entire structure is designed to be watertight to prevent leakages. The side walls of the box were made
smooth enough to simulate plain strain condition. They are thick and rigid enough to avoid deflection.
At the interface along the side walls, a transparent lubricant (Teflon) was applied to reduce friction to
a minimum. The bottom surface was glued with sandpaper, to simulate rough and hard impermeable

foundation.

Figure 6-1: Experimental tank
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Chambers were provided at the two ends of the box to allow for inlet and outlet of water, in and out of
the slope. When the water supply and discharge chambers are subtracted from the lengths of the tank,
the effective length is 1700mm. The box was adequately braced to avoid deflection during soil
compaction and during subsequent stages of the experiment. The bracings are made up of aluminium
pipes of 50mm diameter. Further details of the tank can be found in the appendix D, while the positions

of the instruments will be provided in section 6.4.1 and 6.4.2.

6.2.2 Slope Construction
Before the slope construction, the shape of the slope was drawn against the side transparent walls. This
served as a setting-out for the model construction and meant to guide the measurement of slope

deformation during the future experiment. The completed slope is shown in Figure 6.2

Figure 6-2: The constructed slope in a braced transparent tank

The slope model is made up of homogeneous pseudo-tropical soil. The methodology of producing the

soil as well as engineering properties has been discussed in chapter 3. The basic steps of slope
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construction are the same as in the previous trial test described in chapter 5. The difference is that this
test was conducted in a large transparent tank. Additionally, the slope size differs slightly from the
previous one. The shape and dimension of the slope are in accordance with the design as discussed in

chapter 4.

6.2.3 Instrumentation

The slope was instrumented with 5TE and MPS6 sensors to monitor volumetric water content and soil
suction respectively. Additionally, electrical resistivity method was used to study hydrogeological
property changes during the experiment. The instruments have been calibrated prior to installation as
discussed in chapter 5. The 5TE, MPS-6 and time-lapse camera used in this experiment have been
described in that chapter. Therefore, only electrical resistivity apparatus will be discussed in this

section.

6.2.3.1 Resistivity Apparatus

The electrical resistivity array was constructed by sourcing and coupling different components. It
consists of a non-corrosive 1.5 mm diameter and 4cm long stainless-steel electrodes tied to a copper
wire using double 24 ways connectors and wired up to the automatic resistivity system as shown in
Fig 6.3. A stainless steel electrode was considered suitable for use because it has been found to be less
affected by polarization (Herman, 2001). The resistivity data acquisition system used is called TIGRE

resistivity meter and is shown in Figure 6-4.
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Figure 6-3: The electrodes

6.2.3.2 Resistivity data acquisition meter

Figure 6-4: Resistivity data acquisition meter (3d view). (Retrieved from http://www.allied-associates.co.uk on 2002/18)
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It is a high-quality meter developed by Allied Associates Geophysical Ltd, to measure earth electrical
resistance. The TIGRE consists of relays, which allow computer-controlled sounding and imaging. It
has a maximum power output of 36 watts, manual selection of current in steps up to 200mA, a choice

of sample time/signal length averaged and three frequency settings.

The TIGRE is connected to a computer system to conduct resistivity survey. By means of a control,
installed on a computer, the correct electrode is automatically switched for each measurement with the
help of a bank of relays enclosed in the meter. All data are logged automatically and are made available
for interpretation immediately. TIGIG is Basic DOS software that was used to control the transfer of

the collected data from the TIGRE.

Figure 6-5 shows the front panel of data acquisition meter, below where various units of the meter are
placed. On the left-hand side of the panel, there are display and transmitter/receiver controls, while
cable sockets occupy the right-hand side of the panel. The selected current is displayed on the screen
of the device. Additionally, the number of cycles (repetitions), and the resistivity connection are also

displayed with the current.

Figure 6-5: Resistivity data acquistion meter (plan view). (Retrieved from http://www.allied-associates.co.uk on 20/02/18)
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6.2.3.3

Depending on the purpose of measurement, a basic resistivity meter or a multi-electrode system can
be constructed. A multi electrode system of up to 128 electrodes is allowed by the meter, though 32
electrodes are commonly used. The whole meter is housed in a high impact and water resistant steel
case with a lid as shown in Figure 6-4. More details about the TIGRE can be found in (Allied-

Associates, 2006)

Complete data acquisition systems
The complete data collection system includes the sensors, data collection and storage meters, and their

controlling software installed on a computer.

5TE and MPS6 were connected to decagon automatic data logger while the resistivity arrays were
connected to automatic resistivity data acquisition system called TIGRE shown in Figure 6-5. The
TIGRE resistivity metre and sensor data logger were connected to separate laptop computers for data
collection. While the decagon sensor data logger was powered by small dry cell batteries, the Tigre
resistivity was powered by two large batteries alternatively, with one used while the second was being
charged. The use of two alternate batteries was to ensure the selected voltage is kept constant as

allowing it to drop will affect the output of the equipment. The set-up of the two data acquisition

systems is shown in Figure 6-6.

Figure 6-6: Data acquisition connected systems
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6.3 Resistivity array design
Resistivity testing involves passing a current of known density through a material and record the
voltage potential across a known flow path distance. The multi-electrode system is commonly used to
collect large data sets required for electrical resistivity tomography (ERT) imaging. In this study, 32
number of electrodes were installed on the model at the beginning of the experiment and the sort of in-
built switching system was used to activate four of the electrodes at a time automatically using a

multiplexer (Herman, 2001).

Some of the factors that influence the measured potential are the type of array configuration, current

used and the sensitivity of the measuring equipment. The popular types of array configurations and

their characteristics (*) have been explained in 2.4.3.2.1 and are given in Table 6.1.

Table 6-1: Analysis of array configurations

CHARACTERISTICS Wenner | Wenner— Dipole— | Pole- Pole—
Schlumberger | dipole pole dipole
Sensitivity of the array ++++ ++ + ++ ++

horizontal structures

Sensitivity of the array + ++ ++++ ++ +

vertical structures

Depth of investigation + ++ +++ ++++ F++
Horizontal data coverage + ++ +++ ++++ F++
Signal Strength ++++ +++ + FH++ ++

* Poor =+, Good = ++, Very good = +++, Excellent = ++++
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6.4

After due consideration of many factors listed in Table 6-1, a Wenner configuration was considered
suitable for use in this experiment due to its high sensitivity to horizontal structure and signal strength.
Each array has thirty-two non-corrosive stainless-steel electrodes wired up and connected to the
automatic data acquisition system as described previously. The spacing of the two electrodes
determines the ‘effective depth’ to which the current will penetrate depending on the homogeneity of
the layers. (Hack, 2000). It has been recommended by (Rlcker and Ginther, 2011) that the depth of
penetration be at least 20% of the electrode spacing. For this reason, the electrodes spacing, and depth

of penetration used are 5¢cm and 1cm respectively.

Experimental Programme

For control purposes, the water content, the density and initial matric suction values were recorded at
the end of slope construction. The soil suction sensors (MPS-6) were installed during model
construction while the volumetric water content sensors (5TE) and resistivity array were installed at
the completion of slope construction. When the slope model was completed, the box was covered with
polythene sheets to reduce moisture loss from the soil due to evaporation. The model slope was allowed

for more than 24 hours to reach moisture equilibrium.

Before the final experiment, the trial test conducted previously in a large fibreglass box as presented
in chapter 5 was repeated. But in the repeat test, the electrical resistivity method which was not used
in the previous test was included. The procedure described above applies to both the trial and the final
tests. In this section, the procedure for the two experiments are described and the result obtained in

each experiment is reported.
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6.4.1 Procedure for the Trial Experiment

After construction of slope and installation of 5TE and MPS-6 sensors, the sample was left for 21 days
to allow for equilibrium to be established. During this period, the sample lost large amount of moisture.
This caused a continuous drying of sample leading to the formation of minor tension cracks as shown
in Figure 6.7. To avoid downward propagation of the cracks, and to make it easy to install resistivity
array, a light mist was applied, and the sample was properly covered to avoid further moisture loss.

Before running the test, a contact resistance of the installed resistivity array was checked but the result
obtained was not good in most of the electrodes positions due to the improper contact between the
slope and electrodes. To improve the contact resistance a paste of the same soil type was used to form
strips along the line of array positions. The paste was prepared by adding 5% more of water and mixing
manually. The arrays were then re-installed along these lines of strips as shown in Figure 6.7. The

contact resistance was checked again and was found to be alright.
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Figure 6-7: The installed electrical resistivity array
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Two arrays were used to cover the entire length of the slope from crest through the slope to the toe.
One of the two arrays was installed in the middle while the other one was installed at one side, to
measure the conditions at the middle and sides respectively. The third array was installed perpendicular
to the two arrays, at the middle of the sloping section, to monitor changes taking place along that
section. Details of the array arrangement and the locations of other instrumentation are shown in Figure

6-8.

Figure 6-8: The installed electrical resistivity array (3D view)

Here, the test started by supplying water into the slope model through the supply chamber at the side
of the upper end of the slope. To simulate the gradual wetting of slope with water from any natural
source, the water was supplied in steps. The flow rate meter shown in Figure 6.10 was used to regulate
the water flow. The geotechnical changes and geophysical processes taking place were monitored
using sensors (5TE, MPS6 and ER) while the physical response was observed using the camera. The

experimental set-up is shown in Figures 6-9.
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Figure 6-9: Flow meter Figure 6-10: Experimental set-up

6.4.2 Procedure for the Final Experiment
In the main experiment, a transparent experimental tank has been used. The location of the
instrumentation are shown in Figure 6.11 and the detailed dimension is shown in Appendix B. The

procedure for setting up the experiment is the same as the trial experiment in section 6.2.

Like the previous experiment, in this experiment, there was a considerable length of time between the
construction of the slope and the commencement of the test. For this reason, a considerable amount

of moisture has been lost.

During compaction, a finer particle soil was placed at the surface layer. This measure was taken to
avoid having a problem with contact resistance again and to eliminate the use of soil paste strips that
was thought to have inhibited slope movement. This strategy worked well as no problem was
encountered during this experiment. The instrumentation in this experiment was the same as in the
previous trial experiment. A light mist was applied at the surface to facilitate array installation. Details

of the array arrangement and locations of other instrumentation are shown in 6-12.
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Figure 6-12: Schematic sketch of slope dimension and instrumentation

As usual, the test started by supplying water into the slope model through the supply chamber at the
side of the upper end of the slope. The geotechnical changes and geophysical processes taking place

were monitored using sensors (5TE, MPS6 and ER) while the physical response was observed using

the camera.
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6.5 Data collection

With electromagnetic sensors i.e. 5TE and MPS-6, data was collected using automatic data logging

produced by Decagon Ltd. The data logger was controlled by a software installed on a laptop

computer. The data collection began after the completion of slope construction and continued

without break till after the experiment. For each sensor, the condition before, during and after the

experiment was recorded in a single measurement.

With resistivity method, the data collection was done in a similar manner to the one with EM sensor,

except that the measurements were not done continuously. There were short breaks to switch from one

array to another. The resistivity data acquisition system can measure only one array at a time. After

complete measurements with an array, the acquisition system is disconnected from the array and

moved to another array. As mentioned earlier, three arrays were used for the resistivity survey in each

of the two experiments but only the result of the final experiment is reported. The sequence of data

collection with these arrays are given in table 6.2

Table 6-2: Laboratory measurements and observations

Period of Location of Start Finish Visual Observation
Measurement measurement time time
Before the Side 11.34 11.56 Stable. No any sign of failure observed
water flow Centre 12 12.21 Stable. No any sign of failure observed
Horizontal 12,24  12.4  Stable. No any sign of failure observed
During the Centre (1st measure.) 13.55 14.15
water flow Horizontal 14.18 14.37
Significant cracking and surface
Side 1443 15.05 slumping in the first 500mm; Side array
measurements abandoned due to
slumping at side of slope
Centre (2nd 15.06  15.28 Slgnlf!can_t craf:klng and surface
measure.) slumping in the first 500mm
After the water Horizontal 153 1542 Horlzqntal survey_llnes stopped due to
flow slumping of slope in last 6 electrodes
Centre 16.21 16.43 Post experiment conditions
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6.6 Data processing
Data acquired at the end of the experiment includes the MPS-6 readings, 5TE readings, ERT data and
photographs. The MPS-6 and 5TE reading were processed in the usual way whereas the resistivity data

was inverted using Res2Div inversion software.

During the inversion, a 2D virtual model of the true resistivity was first created. Then the apparent
resistivity pseudo-section was calculated, assuming a survey is conducted across the model. Lastly,
the inversion was done by iteratively changing the model until is produces a calculated apparent
resistivity pseudo-section that is the best fit to the actual measured apparent resistivity pseudo-section.
The final inversion images were finally produced and the best representative sections were obtained.
Details of the procedure of data processing and inversion can be found in Loke and Barker (1994) &

Loke and Barker (1996).

6.7 Results

The results of the initial and final experiments processed data collected during the experiments are
reported in this section. In the initial trial, the results consist of graphs from the sensor recorded
readings and camera captured photographs while in the final experimental results, the processed

resistivity data is reported in addition to the graphs and photographs.

6.7.1 Results of the trial experiment

The results shown in Figure 6-13 represents the condition before, during and after the water supply.
The results of the initial condition before the water supply includes period of excessive moisture loss,
followed by the period of little moisture increase before reaching a state of equilibrium. The rise of
water content shown in the figure, represents the condition when the water was being supplied. These
stages and more, will be explained in this section.
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Figure 6-13: 5TE and MPS-6 measurements

6.7.1.1 Initial condition before the water supply

Figure 6-13 shows how volumetric water content dropped from a high value to about 0.06m%/m? before
beginning to attain equilibrium. A high average value of about -1600Kpa has been recorded by matric
suction sensors. The dropping down of the VWC to a very low value and the high value MS are
indicative of the loss of moisture experienced at the initial stage. The next stage as shown on the graph,
incudes a simultaneous little increase in VWC and MS which was followed by a period of equilibrium
shown by a relatively flat section on both graphs. The minor changes before reaching equilibrium is

due to the mist applied as explained in the procedure. The observed variability among the sensors is
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due to the inability to maintain moisture uniformity within the soil caused by non-uniform moisture

loss. The last stage shown as rise of water content will be explained in the following section.

6.7.1.2 Condition during the water supply

The water supply into the soil caused changes to its pore-fluid properties. The increase in water content
is shown by the right end of the flat section of volumetric water content graph of Figure 6-13. The
reduction of matric suction was also observed within this range. For clear understanding, the section

is enlarged as Figure 6-14.
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Figure 6-14: Sensor measurements during and after water supply

The increase in water supply into slope caused rapid changes in pore fluids properties at all locations
and was detected by all the sensors as shown in Figure 6-14. The upper graph shows a rapid increase
in water content while the lower graph shows a rapid decrease in matric suction. In the upper graph
Port 2, 4 and 5 of volumetric water content sensors were the first to increase before port 3, with port 1
being the last to record the changes. Matrix suction graph shows a similar pattern except that, the
anomaly is observed with ports 3. It shows a gradual decrease in matrix suction after an initial rapid

increase while port 4 showed a very slow response to the end of the experiment.
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At this stage, while these hydrogeological changes were taking place within the soil, the physical
response was being observed on the slope surface. This includes the initial minor settlement which
later increased excessively. Similarly, some minor surface cracks were initially observed near the
middle, across the width of the slope. Before the end of the experiment, multiple cracks of various
sizes were formed and spread all over the slope as shown in Figure 6-15. No global movement was
observed, rather, a partial movement of the soil body occurred. The water flowing in the slope was
first seen on the surface at the toe around 12.00pm, while the failure was progressing. On the surface

of the toe, the water appears first below port 2 before the other side of the toe.

Figure 6-15: Slope physical deformation
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6.7.1.3 After the water supply

After stopping the water supply at 1.41pm, port 1of the volumetric water content sensor, increased
continuously while the sensors at the rest of the locations dropped down. Matrix suction sensors show
a similar trend but anomaly was observed with ports 3 and 4. Port 3 shows a gradual increase after an

initial rapid increase while port 4 shows a slow increase up to the end of the experiment.

During this time, the gradual movement of slope still continued, and the final destination was reached
around 2 pm. At the end of the experiment, only collapse settlement occurs but no forward sliding was
observed. This was thought to have been caused by the paste strips placed at the position of arrays,

which tends to reinforce the slope and inhibit movement.

6.7.2 Results of the final experiment
The results of the final experiment presented in this section comprise of those collected by
electromagnetic sensors (i.e using GPR method), electrical resistivity method, and photographic

observations.

6.7.2.1 Electromagnetic sensor results
Just like the previous experiment, the results of the final experiment are presented in this section in
three stages. That is, the initial and experimental condition as presented in Figure 6.16. Each is

explained in the subsequent sub-sections.

6.7.2.1.1 Initial condition before the water supply
A considerable amount of moisture was lost before the water was supplied into the slope at 1.30pm.
After the initial moisture loss, an average value of about 0.12m%/m? was maintained constant over a

long period before the water supply. This is shown by the flat section of the upper graph in Figure
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6.16. Similarly, high matric suction caused by the moisture loss, remained relatively constant over this
period as shown by the relatively flat section of the lower graph in the same figure. During this period,

an average value of about -750Kpa was recorded.
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Figure 6-16: Sensor measurements

6.7.2.1.2 Experimental condition during water supply
The water supply into the soil caused a gradual and later rapid change in soil water and suction

respectively. Increase in water content was recorded by volumetric water content sensors as shown by
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the right end of a flat section of volumetric water content graph of Figure 6-17. The reduction of matric
suction was also observed at this point of the matrix suction graph of the same figure. To clearly

understand what happened at this point and beyond, it is carved out of the Figure 6-15 and enlarged as

Figure 6-17.
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Figure 6-17: Sensor measurement during and after water supply

6.7.2.1.3 After the water supply

When the water supply was stopped, ports 3, 4and 5 dropped down a little and maintained constant as
shown in figure 6.17. Port 1 was the last to respond to the changes. Matrix suction sensors show a
similar trend but anomaly was observed with ports 2.