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ABSTRACT

The formation of tropical residual soils introduces heterogeneities in soil
mantle. While the hydraulic conductivity of Grade V1 soil is controlled only by the
variation at the material scale i.e. grain size, void ratio, and mineralogy, the
hydraulic conductivity of Grade V soil is also influenced by the presence of
heterogeneity features at the field scale. One of the important features of
heterogeneity is relict discontinuities which affects the saturated hydraulic
conductivity, ks This study focuses on the effect of the heterogeneities on the
mechanism of rainfall infiltration and the resulting suction distribution within
residual soil mass when subjected to different rainfall patterns. Three approaches
were employed in this research i.e. field observation, laboratory experiment, and
numerical modelling. Field observation was carried out at an instrumented site for
a period of one year to monitor soil response, in term of suction distribution, when
subjected to actual rainfall. Forty two (42) series of laboratory infiltration tests
were performed on homogeneous and two-layered soils with relict discontinuities
subjected to various rainfall intensities to study the effect of different rainfall patterns
on suction distribution. The field response was then simulated numerically based
on the mechanism found in the laboratory tests to obtain the most appropriate
approach in modelling the heterogeneities within soil mass. The field observation
shows rainfall patterns play an important role in the propagation of wetting front and
suction variation in the soil slope. There was an upper limit of the soil suction in
the residual soil slope, even during prolonged dry period which approximately
identical to minimum suction, wmin corresponding to the residual water content, & in
the soil water characteristic curve, SWCC of the soils. The laboratory study also
shows that heterogeneities cause the ksy Of the soil to vary from one to five orders of
magnitude. The flow mechanisms in the residual soils are controlled by the ratio of
rainfall intensity to saturated hydraulic conductivity of the soil, g/kss, the suction
potential at the interface between two layers, and the physical flowing conduit within
the heterogeneous soil mass resulting in disparate suction distribution profile.
Continuum model is capable of modelling the effect of heterogeneities in Grade V
material on the mechanism of rainfall infiltration and suction distribution in tropical
residual soil. In this method, the relict discontinuities in Grade V soil were
simulated by subdividing the layer into multiple isolated zones with an identical
SWCC but with different average kst  The study indicated that the presence of thin
Grade VI layer and the relict discontinuities in Grade V layer should be considered in
the analysis of suction distributions in residual soil slope subjected to rainfall
infiltration.
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ABSTRAK

Pembentukan tanah baki tropika menghasilkan keheterogenan dalam mantel
tanah. Konduktiviti hidraulik tanah Gred VI hanya dikawal oleh variasi pada skala
bahan iaitu saiz zarah, nisbah lompang dan mineralogi manakala bagi tanah Gred V
lanya juga dipengaruhi oleh kehadiran ciri-ciri keheterogenan pada skala lapangan.
Salah satu dari ciri-ciri utama keheterogenan ialah ketakselanjaran relikta yang
memberi kesan ke atas konduktiviti hidraulik tepu, ks Kajian ini fokus kepada
kesan heterogenan terhadap mekanisme penyusupan hujan dan taburan sedutan yang
terhasil dalam massa tanah baki akibat kenaan pelbagai corak hujan. Penyelidikan
ini menggunakan tiga pendekatan iaitu pemerhatian lapangan, ujian makmal dan
pemodelan berangka. Pemerhatian lapangan dilakukan di tapak teralat bagi tempoh
setahun untuk memantau tindakbalas tanah dalam sebutan taburan sedutan apabila
dikenakan hujan sebenar. Empat puluh dua (42) siri ujian penyusupan makmal
dijalankan ke atas tanah homogen dan tanah dua-lapisan dengan relikta takselanjar
yang dikenakan pelbagai keamatan hujan untuk mengkaji kesan corak hujan yang
berbeza ke atas taburan sedutan. Tindakbalas lapangan disimulasi secara berangka
berdasarkan mekanisme yang diperolehi daripada ujian makmal bagi mendapatkan
pendekatan paling sesuai untuk memodelkan keheterogenan dalam massa tanah.
Pemerhatian di lapangan menunjukkan corak hujan memainkan peranan penting
dalam perambatan garis basah hadapan dan kepelbagaian sedutan dalam cerun tanah.
Terdapat had atasan bagi sedutan tanah dalam cerun tanah baki, walaupun dalam
tempoh kering yang berpanjangan di mana nilainya hampir sama dengan sedutan
minimum, wmin Yang merujuk kepada kandungan air baki, 6 pada lengkung ciri air
tanah, SWCC bagi tanah tersebut. Kajian makmal juga menunjukkan bahawa
keheterogenan menyebabkan ks, tanah boleh berubah dari satu hingga lima aras
magnitud. Mekanisme aliran dalam tanah baki dikawal oleh nisbah keamatan hujan
kepada konduktiviti hidraulik tepu tanah, g/ksa;, keupayaan sedutan di antara muka
dua lapisan dan fisikal pembuluh aliran dalam tanah heterogen tersebut yang
menghasilkan profil taburan sedutan yang berbeza. Model selanjar berkebolehan
memodelkan kesan keheterogenan dalam bahan Gred V terhadap mekanisme
penyusupan hujan dan taburan sedutan dalam tanah baki tropika. Dalam kaedah ini,
ketakselanjaran relikta dalam tanah Gred V disimulasikan dengan membahagikan
lapisan tanah tersebut kepada berbilang zon terasing yang mempunyai SWCC yang
sama tetapi berlainan purata ks,;.  Kajian ini menunjukkan bahawa kehadiran lapisan
nipis Gred VI dan ketakselanjaran relikta dalam lapisan tanah Gred V perlu
dipertimbangkan untuk analisa taburan sedutan dalam cerun tanah baki di bawah
kenaan penyusupan hujan.
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CHAPTER 1

INTRODUCTION

1.1  Background of the Study

Rainfall-induced failures in residual soil slope are common in tropical or
subtropical climates that experience periods of intense or prolonged rainfall (Huat et
al., 2005; Shaw-Shong, 2004; Brand, 1984). In Malaysia, the most common type of
these failures is the shallow slide typically 1.0 m to 1.5 m depths occurs during or
immediately after intense rainfall, and the slip surfaces are frequently orientated

parallel to the slope surface (Ali Jawaid, 2000; Abdullah & Ali, 1994).

Tan (2004) defines residual soils as soils which are derived from the
weathering of rocks, formed in-situ and which have not been subjected to any
movement or transportation (in contrast to transported soils such as alluvium,
colluviums, etc.). In humid tropical climate, residual soils have a wide range of
properties depending on their parent material and degree of weathering. The tropical
residual soil mantle derived from igneous rocks mainly consists of materials
dominantly decomposed to Grades IV and V according to the six-fold weathering
classification system of International Society for Rock Mechanics (ISRM) (1981) of
saprolitic soils, and true or mature residual soil (Grade V1) of laterites (Bland & Rolls,

1998; Taylor & Eggleton, 2001; Aydin, 2006).



As many classical geotechnical concepts related to soil properties and soil
behaviours have been developed for temperate zone soils, there is difficulty in
accurately modelling procedures and conditions to which tropical residual soils are
subjected. For instance, the slope stability analysis based on the assumption of
saturated soil behaviour is not warranted because the residual soils forming the slope
are naturally in an unsaturated condition (Rahardjo & Han, 1995; Gasmo et al. 2000).
Often, the use of conventional saturated soil mechanics theory for the study of the

tropical residual soils gives anomalous results.

Recent studies (e.g., Brand, 1984; Fourie, 1996; Tsaparas et al., 2002) have
proven that the assumption of saturated conditions cannot be applied successfully for
the stability analysis of the residual soil slopes. In unsaturated conditions, negative
pore-water pressure or matric suction is found to play an important role in the
stability of the slopes, and have an important bearing on water entry, structural
stability, stiffness, shear strength and volume change of the soils. The additional
shear strength that exists in unsaturated soils due to matric suction however is lost as

a result of rainwater infiltration into the soil.

The distribution and variation of negative pore-water pressure (or suction
distribution) in unsaturated residual soils are governed by the water flow, which in
turn is affected by many intrinsic and external factors. The intrinsic factors are
mainly the hydraulic properties of the soils, including water retention characteristics
and water coefficient of permeability, and the external factors mainly refer to
climatic conditions such as rainfall intensity and duration, rainfall pattern and
evapotranspiration rate. The effects of these factors on rainfall infiltration and
hence on the pore-water pressure responses have been investigated by several

researchers (e.g., Green & Ampt, 1911; Kasim et al., 1998; Ng et al., 1999).



The behaviours of tropical residual soils are complex due to the variable
hydraulic conductivity of the soil matrix at the material scale. Weathering in parent
rocks tends to form zones of material with different hydraulic conductivities, which
are commonly aligned parallel to natural surfaces (Chigira, 2001). Agus et al. (2005)
works on Bukit Timah granitic residual soil in Singapore found the effect of depth of
weathering on saturated coefficient of hydraulic conductivity, ks Shows no
discernible trend, which highlights the difficulty of generalising the properties of
residual soils. Agus et al. observed the variation of saturated of hydraulic

conductivity in the residual soil mantle is within two orders of magnitude.

The soil hydraulic conductivity is a dominant factor affecting the suction
distribution and the stability of slope (Tsaparas et al., 2002; Pradel & Raad, 1993;
Cai & Ugai, 2004; Gofar et al., 2007). For example, lower permeability layers
overlain higher permeability zones parallel to a slope can result in the development
excess pore-water pressures in weathered slopes that may precede a slope failure
(Deere & Patton, 1971). In natural slope failures, hydraulic conductivities of earth
materials often found vary over three orders of magnitude (Iverson & Major, 1987;
Reid et al., 1988). Nonetheless, slope stability analysis rarely account for the effect

of small hydraulic heterogeneity.

Reid (1997) clearly illustrated that small contrasts in hydraulic conductivity
of layered slope materials can greatly modify the suction distribution, effective
stress-state field, and the stability within a slope. In earlier work, Reid & Iverson
(1992) used a finite-element simulations model that incorporated spatially variable
seepage forces to compute effective-stress fields in saturated slopes with layered
materials demonstrated that contrasts of three to four orders of magnitude in
saturated hydraulic conductivity between material layers greatly modify the
seepage-force and effective-stress fields. Reid & Iverson later concluded low

hydraulic conductivity layers that impede down slope groundwater flow create



localized areas with a high potential for slope failure. Correspondingly, Berago &
Anderson (1985) conducted a stochastic analysis of pore pressure effect on slope
stability concluded that increased heterogeneity in hydraulic conductivity can lead to

increased probability of slope failure.

Other source of heterogeneity in tropical residual soil profiles includes macro
structural features at the field scale. Numerous studies found a large proportion of
rainfall-induced slope failures in tropical residual soils are associated with field scale
heterogeneity, e.g., relict joints, bedding planes, foliations, faults, and shears (Gue &
Tan, 2006; Jamaluddin, 2007; Wen & Aydin; 2003; Fookes, 1997; Irfan, 1998). Asa
macro structural feature, relict joints are common form of relict discontinuities
normally preserved in the igneous saprolitic soils inherited from the underlying

parent bedrock.

The presence of relict joints is a factor that makes the behaviour of tropical
residual soil slope far more complex. However, at present only limited researchers
have conducted detail study on the effect of this heterogeneity feature on the stability
of slopes because in routine engineering practice the relict discontinuities potential
occurrences are often ignored until their control on mass strength becomes apparent
by movements of failures along them (Deere & Patton, 1971; Howatt, 1985;
Sandroni, 1985; Blight, 1989). Generally, slope failures along prominent relict
discontinuities are rapid and commonly occur during or shortly after heavy rainfall.
Rahardjo et al. (2000) suspected that relict discontinuities play a role in the mechanism
of failure as these continuities increase the permeability of the slope, allowing the
slope to receive more infiltration from given rainfall event as pore-water pressure
build-ups are most likely to occur at these discontinuities. However, it is possible that
some intermittent slow movements will take place unnoticed along the discontinuities

prior to final shearing during periods of less intense rainfall.



In summary, research in unsaturated tropical residual soil slopes has brought
about the realization that most slope failures are caused by the infiltration of
rainwater into the slope (Gasmo et al., 2000). While most of the previous studies
focused on the stress path and weakness fractures forming the slip plane in
homogeneous soil (e.g. Fredlund and Rahardjo, 1993), the spatial heterogeneity in
properties of soil is another important factor that should be considered for the

characterization of subsurface flow and slope instability.

At present the study of infiltration process in a layered soil slope under
unsaturated condition have been conducted actively in soil science, agriculture and
hydrology to investigate infiltration characteristic in soils (Miyazaki, 1988;
Srivastava & Yeh, 1991; Corradini et al., 2000), but only a few studies was carried
out in geotechnical engineering (Kisch, 1959; Choo & Yanful, 2000; Tami et al.,
2004). These investigations reported that the variety of heterogeneities exhibited in
layered soil materials significantly affect water movement by creating non-uniform
velocity flow process. Heterogeneities in various forms indeed control the
mechanisms and locations of failure, fast build-up and chaotic distribution of
pore-water pressure and the factor of safety in residual soil slope. Thus, a better
understanding of the interactions among the heterogeneities, rainfall infiltration and
suction distribution as a whole should enable the significance of the discrete features

in stability to be more consistently assessed in residual soil profile.

1.2 Problem Statement

The tropical weathering process involves in the formation of tropical residual
soil introduces heterogeneities in the residual soil mantle that are strongly controlled

by macro structural features at the field scale, and micro fabric and mineralogical



variations at the material scale. As a result, these heterogeneities, i.e. field scale
heterogeneity and hydraulic heterogeneity greatly modify the suction distribution
during rainfall infiltration in the layered residual soil slopes. This situation leads to
discrepancies in the saturation profiles developed in soil mass, and eventually affect
the slope instabilities, e.g. the influences of heterogeneity features such as relict
discontinuities on the stability of slopes in tropical residual soil are often overlooked
due to poor understanding on the importance of the discontinuities in controlling the

geomechanical behaviour of the soil.

Study on the mechanism of rainfall infiltration through residual soils rarely
account for the effect of small contrasts in hydraulic conductivity of the residual soil
materials. Hence, the mechanism of rainfall-induced slope failure involving
variations in hydraulic heterogeneity in the soils is still exposed to several
uncertainties. As heterogeneities are often responsible for the occurrence of
localized abnormalities, collection of laboratory and field evidences are required to
validate behaviours and properties of the tropical residual soil under rainfall
condition. Development of a realistic model incorporating effects of these features
can help predict how and where abnormal seepage flow and pore-water pressure

pattern may develop.

1.3 Objectives

The aim of this study is to develop an infiltration model for incorporating the
effect(s) of heterogeneities on the mechanism of rainfall infiltration and suction
distribution behaviour in a tropical residual soil slope under high precipitation rate.

In order to fulfil the overall objective, the following specific objectives are set forth:



Q) To investigate the effect of relict discontinuity feature on the residual
soil permeability.

(i)  To monitor and assess the changes in pore-water distributions for a
residual soil slope associated with local rainfall condition.

(i)  To investigate the suction distribution in homogeneous and
two-layered system of residual soil slope, with and without the
presence of relict discontinuity feature subjected to various rainfall
patterns.

(iv)  To determine the mechanics of water flow in residual soil slope
subjected to various rainfall patterns by considering the effect of

heterogeneities.

1.4 Scope of Study

In this study, the tropical residual soils [Grade V to Grade VI of the six-grade
rock weathering classifications of International Society for Rock Mechanics, ISRM
(1981)] were intensively investigated. The study focused on a two-layered system
of tropical residual soil slope with and without relict joints present within its mantle.
Two vital research approaches have been undertaken in this study, i.e., field study
and laboratory modelling. In addition, numerical simulation was also performed by
undertaking the results of field study and laboratory modelling as the basis for
modelling the effect of heterogeneities on the suction distribution in the residual soil

as a response to rainfall infiltration.

A single sloping site located within the compound of Johor Bahru campus of
Universiti Teknologi Malaysia was selected as the study area. The site was

instrumented with rain gauge, runoff collector, and tensiometers for monitoring the



response of suction to rainfall infiltration in a period of one year. The main
objective of the determination of suction and rainfall distribution in the field works
was to establish dependable initial condition of soil materials for the subsequent
infiltration tests in the laboratory modelling, and to compare with the simulated
suction distributions generated from the numerical model simulation subjected to

local rainfall condition.

Soil samples from the study area were collected to obtain representative
properties as input in infiltration tests. The soil characterization was also required
to establish the stratigraphy of the study area (i.e., layering or zones), and to

determine the properties of each layer for numerical analyses.

Laboratory modelling experiments, i.e., infiltration tests were conducted in a
specially fabricated infiltration model and a soil column for two-dimensional and
one-dimensional tests, respectively. The infiltration model comprised a soil slope
of 600 mm in height and 2000 mm in length which tilted at two optional angles of
18° and 27°. The relatively gentle angles were chosen because they represent the
typical angle found in natural residual soil slope. Moreover, the study mainly
focused on infiltration behaviour in the unsaturated residual soils, and the slope was
not tested for failure. Monitoring instruments with automated data acquisition
system were installed on the models to allow continuous pore-water pressure (and
suction) measurements. The behaviours of tropical residual soil were investigated
subjected to various rainfall conditions account for the coupled effect of
heterogeneities in two residual soils with different and small contrast in hydraulic
conductivity at three main configurations, i.e. homogeneous-layered, two-layered

soil systems and two-layered soil systems with artificial relict joints.

The laboratory experiment is the main approach in this study because of the

difficulties of sampling representative volumes of heterogeneous residual soil and the



poor control of boundary conditions in the field experiments. Thus, the study was

technically exposed to certain assumptions as follows:

(i)

(i)

(iii)

The artificial relict joints introduced in the system were assumed to be
representative of the actual relict discontinuities in soil mass.

The ideal environment in the laboratory with controlled precipitation
and room temperature was assumed to be representative of the actual
climate condition.

The soil materials used in the laboratory modelling are assumed to be

homogeneous.

1.5  Significance of Study

The findings of this research may be viewed as an alternative or/and

improvement to the existing and realistic laboratory models for residual soils. The

benefits that would be gained from the study may include the followings:

(i)

(i)

Providing essential information on the nature of pore-water pressure
changes related to measureable rainfall and soil parameters for
assessing stability of a residual soil slope.

Development of an infiltration model incorporating a relict
discontinuity feature for rainfall infiltration study, especially on

tropical residual soil slope under high precipitation rate.
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1.6 Thesis Organization

This thesis consists of seven chapters: Introduction (Chapter 1), Literature
Review (Chapter 2), Research Methodology (Chapter 3), Preliminary Data (Chapter
4), Laboratory Modelling (Chapter 5), Modelling of Heterogeneity (Chapter 6) and
Summary, Conclusions and Recommendations (Chapter 7). In the end of each
chapter, concluding remarks are provided to briefly discuss and summarize the

content of the chapter.

Chapter 1 generally describes the background of problems associated with the
rainfall-induced slope failure in tropical residual soils as well as the objectives, scope
and significance of the present study. Brief description on the heterogeneities in
tropical residual mantle at the material scale and at the field scale that strongly control

the behaviours of the residual soils was also presented.

Review of literatures is presented in Chapter 2. This chapter provides
descriptions, comparisons, concepts of appropriate theories published in literature
pertaining to this thesis. In addition, Chapter 2 also outlines the laboratory

modelling techniques and methodologies employed in the previous studies.

Research methodology and laboratory experiments exercised in this study are
explained in Chapter 3. Other than the discussion on basic data collection, Chapter
3 also describes the design and implementations of the two main methodologies

adopted in this research, i.e., field monitoring and laboratory modelling.

The results and analyses are discussed separately in three chapters, i.e.
Chapter 4, Chapter 5 and Chapter 6. Chapter 4 presents and discusses the

preliminary data obtained from two main natures of experimental data as described
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in Chapter 3. The results comprise the characterization of residual soil and the

response of suction distribution through field observation.

The laboratory modelling setup is presented in Chapter 5. The discussion
mainly focuses the results of laboratory experiments considering the effect of
layering as results of the formation of tropical residual soil. The laboratory
experiments also focus on the effect of field scale heterogeneity as intrinsic

characteristic of residual soil on mass permeability and suction distribution.

Chapter 6 presents numerical simulation performed to model the effect of
heterogeneities on the mechanism of rainfall infiltration and suction distribution in
the residual soil that has earlier identified in Chapter 4 and Chapter 5.  The model

serves as the final outcome of the study.

The final chapter of the thesis (Chapter 7) covers summary of the thesis and
conclusions drawn from the present study as well as the recommendations for further

researches.
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