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ABSTRACT

An imperative factor in rainfall induced slope failure is infiltration rate. 
Water that infiltrates into residual soil is predominantly controlled by two factors, i.e. 
rainfall intensity and saturated permeability of soil, which varies with depth as a 
result of weathering processes. Variation in permeability may either prevent or allow 
water to seep into deeper soil layers. Therefore, this study aimed to investigate the 
behaviour of suction distribution in a two-layered residual soil system consisting of 
Grade V and Grade VI residual soils with various saturated permeability functions 
using a laboratory physical slope model, in-situ or field work, and numerical 
modeling. The laboratory physical slope model was developed for the purpose of 
facilitating infiltration tests with three different permeability functions for each of the 
Grade V and Grade VI soils. A total of 42 infiltration tests were performed. The two- 
layered slope was then numerically simulated using SEEP/W GeoStudio software, 
which served to verify field data and determine the best modelling scheme that later 
be applied to signify the suction distribution behaviour of the residual soil slope 
model. Burrow holes present in the Grade VI soil layer caused the loss of the 
capillary barrier effect, which in turn allowed more rainfall to infiltrate into the soil 
layers. It was also found that when the ratio of permeability function between Grade
V and Grade VI soils was high, an increase in the breakthrough time with 
corresponding decrease in the breakthrough matric suction occurred. From the 
seepage analysis, the numerical model incorporating burrow holes in Grade VI 
residual layer coupled with the effect of two sets of relict joints in Grade V yielded 
significant improvement in heterogeneous residual soil slope modelling. The findings 
of this study were then validated with previous findings using Prediction Accuracy 
(PA) analysis. It was established that burrow holes and two sets of relic joints 
conclusively improved the modelling of heterogeneous residual soil slope 
particularly at depths of 1.0 m and 1.5 m.
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ABSTRAK

Faktor penting dalam kegagalan cerun disebabkan oleh hujan ialah kadar 
penyusupan. Air yang menyusup ke tanah sisa kebanyakannya dikawal oleh dua 
faktor, iaitu intensiti hujan dan kebolehtelapan tepu tanah, yang bervariasi dengan 
kedalaman akibat proses luluhawa. Variasi kebolehtelapan ini samada mencegah atau 
membenarkan air untuk menyusup masuk ke dalam lapisan yang lebih dalam. Oleh 
itu, objektif kajian ini adalah untuk mengenal pasti taburan sedutan bagi dua lapisan 
sistem tanah iaitu Gred V dan Gred VI dengan ciri-ciri fungsi kebolehtelapan tepu 
yang berlainan melalui fizikal model cerun makmal, data di tapak dan juga 
pemodelan berangka. Satu model fizikal cerun telah dibangunkan dalam makmal 
untuk ujian penyusupan dimana tiga kebolehtelapan yang berbeza bagi setiap lapisan 
Gred V dan lapisan Gred VI. Sebanyak empat puluh dua (42) ujian penyusupan telah 
dilakukan. Cerun dengan dua lapisan tanah itu kemudiannya disimulasi secara 
berangka menggunakan perisian SEEP/W GeoStudio, yang berfungsi untuk 
mengesahkan data lapangan dan menentukan skema pemodelan terbaik yang 
kemudiannya digunakan untuk mengesahkan taburan matrik yang terdapat di dalam 
cerun tanah baki. Kehadiran lubang jara pada Gred VI menyebabkan berlakunya 
kehilangan penghalang kapilari dan ini membenarkan lebih banyak air menyusup 
masuk ke dalam lapisan tanah. Keputusan juga mendapati bahawa apabila nisbah 
fungsi kebolehtelapan di antara Gred V dan Gred VI terlalu tinggi, akan 
meningkatkan masa keadaan bulus dan mengurang sedutan matrik pada keadaan 
bulus. Daripada analisis resipan, pembangunan pemodelan berangka dengan 
mengambil kira kehadiran lubang jara di lapisan Gred VI tanah berbaki bersama- 
sama dengan kesan dua set ketakselanjaran relikta di lapisan Gred V menunjukkan 
penambahbaikan yang ketara di dalam pemodelan cerun keheterogenan tanah 
berbaki. Kajian ini kemudiannya disahkan dengan dapatan kajian lepad dengan 
menggunakan kaedah Ketepatan Ramalan (PA). Didapati lubang jara dan dua set 
ketakselanjaran rekta secara menyeluruh telah menambaik pemodelan berangka 
cerun keheterogenan tanah berbaki terutama pada kedalaman 1.0 m dan 1.5 m.

vii



TABLE OF CONTENTS

TITLE PAGE

DECLARATION iii
DEDICATION iv
ACKNOWLEDGEMENT v
ABSTRACT vi
ABSTRAK vii
TABLE OF CONTENTS ix
LIST OF TABLES xiv
LIST OF FIGURES xvi
LIST OF ABBREVIATIONS xxi
LIST OF SYMBOLS xxii
LIST OF APPENDICES xxiii

CHAPTER 1 INTRODUCTION 1
1.1 Background of Study 1
1.2 Problem Statement 3
1.3 Objectives 4
1.4 Scopes of the Study 5
1.5 Significance of Study 6
1.6 Thesis Organization 6

CHAPTER 2 LITERATURE REVIEW 9
2.1 Introduction 9
2.2 Tropical Residual Soil 10

2.2.1 Heterogeneity of Residual Soil 12
2.2.2 Burrow Holes in Residual Soil 14

2.3 Rainfall-Induced Slope Failure 15
2.3.1 Rainfall Induced Slope Failure Mechanism 17

2.4 Unsaturated Soil Behaviour 18

ix



2.4.1 Soil Water Characteristics Curve (SWCC) 19
2.4.2 Hydraulic Conductivity Function 21

2.5 Rainfall Infiltration 22
2.6 Capillary Barrier Effect 23
2.7 Physical Modelling for Infiltration Test 26
2.8 Numerical Modeling 29
2.9 Concluding Remarks 31

CHAPTER 3 METHODOLOGY 33
3.1 Introduction 33
3.2 Input and Output Parameters 36
3.3 Soil Characterization 36
3.4 Index Properties of Soil 38

3.4.1 Sieve Analysis Test 38
3.4.2 Atterberg Limit Tests 39
3.4.3 Specific Gravity Test (Gs) 39

3.5 Engineering Properties of Soil 39
3.5.1 Compaction Test 40
3.5.2 Shear Strength Test 40
3.5.3 Permeability Test 40
3.5.4 Modified Permeability Test 40

3.6 Rainfall Characteristic 42
3.7 Field Work 44
3.8 Laboratory Physical Modeling 47

3.8.1 Sample Preparation 52
3.9 Experimental Program 54
3.10 Numerical Simulator 58
3.11 Prediction Accuracy (PA) 58
3.12 Concluding Remarks 59

CHAPTER 4 PRELIMINARY DATA 61
4.1 Introduction 61
4.2 Soil Properties 61

x



62
65
67
67
69

71
72

73
73
74

75

75
79
84

88

88

91

95

99

100

100

105

108

4.2.1 Index Properties
4.2.2 Engineering Properties 
Modified Permeability Test
4.3.1 Permeability for Two Relict Joint
4.3.2 Permeability for Burrow Holes
4.3.3 Comparison between Permeability of One 

Relict Joint and Two Relict Joint
Concluding Remarks

LABORATORY MODELLING
Introduction
Water Infiltration and Runoff Analysis
Comparison of Suction Distribution for One Relict 
Joint and Two Relicts Joint
5.3.1 Suction Distribution due to 1-hour Rainfall

Intensity
5.3.2 Suction Distribution due to 24-hour Rainfall
5.3.3 Suction Distribution due to 7-day Rainfall
Suction Distribution for Grade V with Two Relict 
Joint and Grade VI without Burrow Holes
5.4.1 Suction Distribution due to 1-hour Rainfall

Intensity
5.4.2 Suction Distribution due to 24-hour Rainfall 

Intensity
5.4.3 Suction Distribution due to 7-day Rainfall 

Intensity
Suction Distribution for Grade V with Two Relict 
Joint and Grade VI with Burrow Holes
5.5.1 Suction Distribution for Grade V with Two 

Relict Joint and Grade VI with Burrow Holes 
with 6.98 x 10-4 m/s Permeability
5.5.1.1 Suction Distribution due to 1-hour 

Rainfall Intensity
5.5.1.2 Suction Distribution due to 24-hour 

Rainfall Intensity
5.5.1.3 Suction Distribution due to 7-day 

Rainfall Intensity

xi



112

113

117

121
125
125
126

129

134
137

141
141
142

145

147

150

152

155

158
161

163
163

5.5.2 Suction Distribution for Grade V with Two 
Relict Joint and Grade VI with Burrow Holes 
with 1.14 x 10-3 m/s Permeability
5.5.2.1 Suction Distribution due to 1-hour 

Rainfall Intensity
5.5.2.2 Suction Distribution due to 24-hour 

Rainfall Intensity
5.5.2.3 Suction Distribution due to 7-day 

Rainfall Intensity
Controlling Factors
5.6.1 Effect of Relict Joint
5.6.2 Effect of Burrow Holes
5.6.3 Effect of Field Scale Heterogeneity on Suction

Distribution
5.6.4 Effect of Ratio Permeability between Grade V

and Grade VI
Conclusion

LABORATORY MODELLING
Introduction 
Modelling Scheme
Comparison Simulated Suction between Previous 
Researcher and Scheme I
Comparison Simulated Suction between Previous 
Researcher and Scheme II
Comparison Simulated Suction between Previous 
Researcher and Scheme III
Comparison Simulated Suction between Previous 
Researcher and Scheme IV
Comparison Simulated Suction between Previous 
Researcher and Scheme V
Comparison of Suction Distribution on Numerical 
Modeling using PA
Conclusion

CONCLUSIONS AND RECOMMENDATIONS
Conclusions

xii



7.1.1 Permeability of Saprolitic Layer (Grade V) 163
7.1.2 Permeability of Lateritic Layer (Grade VI) 163
7.1.3 Suction Distribution Behavior and Flow

Mechanism on Two-Layered Residual Soil 
with Relict Joint Set and Burrow Hole 
Subjected to Various Rainfall Intensity and 
Duration 164

7.1.4 Modelling Concept in Heterogeneous Residual
Soils 165

7.2 Recommendations 166
7.2.1 Effect of Multiple Orientation of Relict Joint

and Area and Depth of Burrow Holes 166
7.2.2 Improvement of Laboratory and Site

Instrumentations 167
7.2.3 Full Scale Modeling under Field Condition 167
7.2.4 Studies on Infiltration Rate at Interface 167

REFERENCES 169
LIST OF PUBLICATIONS 179

xiii



11
38
43
50

54

55

56
57
64
64

66
66

68

70
74

78

83

87

95

LIST OF TABLES

TITLE
Majors factors affecting soil formation (Singh et al., 2004)
Testing for index properties of soil
Coefficients for IDF curve for several place in Johor
Technical details of the new rainfall simulator
Experimental scheme for rainfall intensity with two relict 
joints
Experimental scheme for rainfall intensity with one relict 
joint
Experimental scheme test for rainfall intensity with two 
relict joint and burrow hole
Permeability properties for each layer
Properties of Grade V soil
Properties of Grade VI soil
Soil water characteristics curve parameter of Grade V and 
Grade VI soils
Fitting for SWCC
Saturated permeability for Grade V or Silty Gravel with 2 
relict joint
Saturated permeability for Grade VI or sandy silt with 
existing burrow hole
Rainfall and runoff amount data during infiltration test
Comparison of matric suction at interface for initial 
condition and the end of testing for one relict joint and two 
relict joint for 1 hour rainfall intensity
Breakthrough data for one relict joint and two relict joint 
due to 24-hour rainfall intensity
Breakthrough data for one relict joint and two relict joint 
due to 7-day rainfall intensity
Breakthrough data for 24-hour rainfall in a two-layered 
soil with two relict joint in Grade V soil

xiv



Table 5.6 

Table 5.7

Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12 
Table 6.1 
Table 6.2

Breakthrough data due to 7-day rainfall in a two-layered
soil with two relict joint in Grade V soil 99
Breakthrough data due to 24-hour rainfall in a two-layered 
soil with Grade VI 6.98 x 10-4 m/s permeability and two 
relict joint in Grade V soil 108
Breakthrough data due to 7-day rainfall in a two-layered 
soil with Grade VI 6.98 x 10-4 m/s permeability and two 
relict joint in Grade V soil 111
Breakthrough data due to 24-hour rainfall in a two-layered 
soil with Grade VI 1.13 x 10-3 m/s permeability and two 
relict joint in Grade V soil 121
Breakthrough data due to 7-day rainfall in a two-layered 
soil with Grade VI 1.13 x 10-3 m/s permeability and two 
relict joint in Grade V soil 124
Ratio of q/Ksat for all type of rainfall and soil layer Grade
VI 128
Ratio between Grade VI and Grade V permeability 134
Modelling scheme for numerical analysis 144
PA analysis between previous researcher and current study
with site data 160

xv



LIST OF FIGURES

FIGURE NO. TITLE PAGE
Figure 2.1 Classification of weathering profile (Mclean & Gribble,

1979) 12
Figure 2.2 Illustration of macropore flow (Hendrickx & Flury, 2001) 15
Figure 2.3 Four phases in unsaturated soil (Liu et al., 2011) 19
Figure 2.4 Soil water characteristics curve (SWCC) 20
Figure 2.5 Hydraulic conductivity function for several types of soil

(Rahadjo et. al 2012) 21
Figure 2.6 Capillary barrier system in residual soil slope (Morris &

Stormont, 1999) 24
Figure 2.7 SWCC for fine-grained soil and coarse-grained soil to

determine the breakthrough suction (Li, Du, Chen, &
Zhang, 2013) 25

Figure 2.8 Hydraulic conductivity curve for fine-grained soil and also
coarse grained soil (Li et al., 2013) 25

Figure 3.1 Flow chart of research study 35
Figure 3.2 Location of study area 37
Figure 3.3 Cross section of the trial pit 37
Figure 3.4 Modified permeability equipment 41
Figure 3.5 Artificial relict joint 42
Figure 3.6 Artificial burrow holes 42
Figure 3.7 Field set up for data collection 45
Figure 3.8 Cross section for field set up 45
Figure 3.9 Tensiometer used in field work 47
Figure 3.10 Rain gauge used in field data 47
Figure 3.11 Rainfall collector used in the field data 47
Figure 3.12 Infiltration model box 48
Figure 3.13 Schematic diagram for infiltration model box 49
Figure 3.14 Rainfall simulator 49

xvi



51
52
53
53
62

63

66

67

69

70

71

76

77

79

80

81

82

85

Set up for the infiltration test 
Schematic diagram of the infiltration test setup 
Artificial relict joints 
Artificial burrow holes
Balai Cerapan Soil profile (Kassim et al., 2012)
Particle size distribution of Grade V (Silty gravel) and 
Grade VI (Sandy silt)
Soil water characteristics curve of Grade V and Grade VI 
soils
Hydraulic conductivity of Grade V and Grade VI by using 
Van Genutchen method (1980)
Coefficient of saturated permeability of Grade VI with two 
relict joint
Coefficient of saturated permeability of Grade VI with 
existing of burrow hole
Permeability of Grade V (silty gravel) with one relict joint 
and two relict joint
Suction distribution due to 1-hour rainfall in a two-layered 
soil with one relict joint in Grade V soil (a) 100 mm 
spacing (b) 200 mm spacing (c) 300 mm spacing
Suction distribution due to 1-hour rainfall in a two-layered 
soil with two relict joint in Grade V soil (a) 100 mm 
spacing (b) 200 mm spacing (c) 300 mm spacing
Suction distribution for 1 relict joint and 2 relict joint at 
interface due to 1-hour rainfall intensity
Suction distribution due to 24-hour rainfall in a two- 
layered soil with one relict joint in Grade V soil (a) 100 
mm spacing (b) 200 mm spacing (c) 300 mm spacing
Suction distribution due to 24-hour rainfall in a two- 
layered soil with two relict joint in Grade V soil (a) 100 
mm spacing (b) 200 mm spacing (c) 300 mm spacing
Suction distribution for 1 relict joint and 2 relict joint at 
interface due to 24-hour rainfall intensity
Suction distribution due to 7-day rainfall in a two-layered 
soil with one relict joint in Grade V soil (a) 100 mm 
spacing (b) 200 mm spacing (c) 300 mm spacing

xvii



86

88

90

93

95

97

99

103

104

106

108

110

112

Suction distribution due to 7-day rainfall in a two-layered 
soil with two relict joint in Grade V soil (a) 100 mm 
spacing (b) 200 mm spacing (c) 300 mm spacing
Suction distribution for 1 relict joint and 2 relict joint at 
interface due to 7-day rainfall intensity
Suction distribution due to 1-hour rainfall in a two-layered 
soil with two relict joint in Grade V soil (a) 100 mm 
spacing (b) 200 mm spacing (c) 300 mm spacing (d) 400 
mm spacing
Suction distribution due to 24-hour rainfall in a two- 
layered soil with two relict joint in Grade V soil (a) 100 
mm spacing (b) 200 mm spacing (c) 300 mm spacing (d) 
400 mm spacing
Suction distribution due to 1-hour rainfall in a two-layered 
soil with two relict joint in Grade V soil
Suction distribution due to 7-day rainfall in a two-layered 
soil with two relict joint in Grade V soil (a) 100 mm 
spacing (b) 200 mm spacing (c) 300 mm spacing (d) 400 
mm spacing
Suction distribution due to 7-day rainfall in a two-layered 
soil with two relict joint in Grade V soil
Suction distribution due to 1-hour rainfall in a two-layered 
soil with Grade VI 6.98 x 10-4 m/s permeability and two 
relict joint in Grade V soil (a) 100 mm spacing (b) 200 
mm spacing (c) 300 mm spacing (d) 400 mm spacing
Suction distribution at interface due to 1-hour rainfall in a 
two-layered soil with Grade VI 6.98 x 10-4 m/s 
permeability and two relict joint in Grade V soil
Suction distribution due to 24-hour rainfall in a two- 
layered soil with Grade VI 6.98 x 10-4 m/s permeability 
and two relict joint in Grade V soil (a) 100 mm spacing (b) 
200 mm spacing (c) 300 mm spacing (d) 400 mm spacing
Suction distribution due to 24-hour rainfall in a two- 
layered soil with Grade VI 6.98 x 10-4 m/s permeability 
and two relict joint in Grade V soil
Suction distribution due to 7-day rainfall in a two-layered 
soil with Grade VI 6.98 x 10-4 m/s permeability and two 
relict joint in Grade V soil (a) 100 mm spacing (b) 200 
mm spacing (c) 300 mm spacing (d) 400 mm spacing
Suction distribution at interface due to 7-day rainfall in a 
two-layered soil with Grade VI 6.98 x 10-4 m/s 
permeability and two relict joint in Grade V soil

xviii



115

116

119

120

123

125

128
129

131

132

133
134

136

137

Suction distribution due to 1-hour rainfall in a two-layered 
soil with Grade VI 1.13 x 10-3 m/s permeability and two 
relict joint in Grade V soil (a) 100 mm spacing (b) 200 
mm spacing (c) 300 mm spacing (d) 400 mm spacing
Suction distribution at interface due to 1-hour rainfall in a 
two-layered soil with Grade VI 1.13 x 10-3 m/s 
permeability and two relict joint in Grade V soil
Suction distribution due to 24-hour rainfall in a two- 
layered soil with Grade VI 1.13 x 10- m/s permeability 
and two relict joint in Grade V soil (a) 100 mm spacing (b) 
200 mm spacing (c) 300 mm spacing (d) 400 mm spacing.
Suction distribution at interface due to 24-hour rainfall in 
a two-layered soil with Grade VI 1.13 x 10- m/s 
permeability and two relict joint in Grade V soil
Suction distribution due to 7-day rainfall in a two-layered 
soil with Grade VI 1.13 x 10- m/s permeability and two 
relict joint in Grade V soil (a) 100 mm spacing (b) 200 
mm spacing (c) 300 mm spacing (d) 400 mm spacing.
Suction distribution at interface due to 7-day rainfall in a 
two-layered soil with Grade VI 1.13 x 10-3 m/s 
permeability and two relict joint in Grade V soil.
Suction distribution for 1 hour time for different ratio of
q/ksat
Infiltrating water penetrate in the burrow hole
Resultant suction for 1-hour rainfall intensity in a two- 
layered soil with different permeability in Grade VI and 
two relict joint in Grade V soil (a) 100 mm spacing (b) 
200 mm spacing (c) 300 mm spacing (d) 400 mm spacing
Resultant suction for 24-hour rainfall intensity in a two- 
layered soil with different permeability in Grade VI and 
two relict joint in Grade V soil (a) 100 mm spacing (b) 
200 mm spacing (c) 300 mm spacing (d) 400 mm spacing
Resultant suction for 7-day rainfall intensity in a two- 
layered soil with different permeability in Grade VI and 
two relict joint in Grade V soil (a) 100 mm spacing (b) 
200 mm spacing (c) 300 mm spacing (d) 400 mm spacing
Samples taken for moisture content test
Moisture content changes with depth for different ratio 
(Grade VI / Grade V) (a) at crest (b) at toe
Matric suction changes with depth for different ratio 
(Grade VI / Grade V) (a) at crest (b) at toe

xix



143

146

146

147

148

149

149

151

151

152

153

154

154

157

157

158
160

Schematic diagram for modeling residual soil slope
Comparison simulated suction between previous
researcher and Scheme I for 0.5 m depth
Comparison simulated suction between previous
researcher and Scheme I for 1.0 m depth
Comparison simulated suction between previous
researcher and Scheme I for 1.5 m depth
Comparison simulated suction between previous
researcher and Scheme II for 0.5 m depth
Comparison simulated suction between previous
researcher and Scheme II for 1.0 m depth
Comparison simulated suction between previous
researcher and Scheme II for 1.5 m depth
Comparison simulated suction between previous
researcher and Scheme III for 0.5 m depth
Comparison simulated suction between previous
researcher and Scheme III for 1.0 m depth
Comparison simulated suction between previous
researcher and Scheme III for 1.5 m depth
Comparison simulated suction between previous
researcher and Scheme IV for 0.5 m depth
Comparison simulated suction between previous
researcher and Scheme IV for 1.0 m depth
Comparison simulated suction between previous
researcher and Scheme IV for 1.5 m depth
Comparison simulated suction between previous
researcher and Scheme V for 0.5 m depth
Comparison simulated suction between previous
researcher and Scheme V for 1.0 m depth
Comparison simulated suction between previous
researcher and Scheme V for 1.5 m depth
Suction distribution (a) wet condition (b) dry condition

xx



LIST OF ABBREVIATIONS

AEV -  Air-Entry Value
IDF -  Intensity Duration Frequency
PA -  Prediction Accuracy
SWCC -  Soil Water Characteristics Curve

xxi



LIST OF SYMBOLS

a
6r

Yw

h a

h w

k sat

P(t)
Q
q
R/t

Coefficient of Hydraulic Conductivity Function
Residual Water Content
Inclination Angle
Unit Weight of Water
Air-Entry Head of Fine Soil Layer
Air-Entry Head of Coarse Soil Layer
Coefficient of Permeability
total input (rainfall intensity, irrigation)
Storage Capacity 
Infiltration Rate
The average Rainfall Intensity (mm/hr) for ARI and duration t

xxii



APPENDIX
.Appendix A

LIST OF APPENDICES

TITLE PAGE
Programming For Data Logger 177

xxiii



CHAPTER 1

INTRODUCTION

1.1 Background of Study

Rainfall-induced slope failures are common problems in many tropical areas 
covered by residual soil. Basically the soil profile in the area is from granitic 
formation and the existing of rainfall that decreased the matric suction caused a 
shallow rotational failure (Jamaludin & Hussein, 2006). Slope stability in residual 
soil and rainfall infiltration has a close relationship between each other. Experience 
has shown that many slopes failure occurred during or shortly after rainfall (Gavin 
and Xue, 2007). In general, many factors could govern the slope stability. Rainfall 
induced slope failure are normally governed by two factors, which are, rainfall 
intensity and coefficient of saturated permeability, ksat (Chao et al., 2013).

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 matured residual soil (Grade VI) of 
laterites (Bland & Rolls, 1998; Taylor & Eggleton, 2001; Aydin, 2006). The 
weathering process involved in the formation of residual soil introduces variation in 
material scale and also in field scale. In material scale, the weathering process cause 
the igneous rock to decompose to Grade IV (lateritic layer) and V (saprolitic layer). 
Therefore, it produced variations in grain size, porosity, mineralogy, lithologic 
texture, rock mechanical properties, structure and diagenetic processes. In field scale, 
the variation in residual soil because of discontinuities in soil mass such as relict 
joints, bedding planes, foliations, faults and shears happen in saprolitic layer. While 
in lateritic layer, insect population such as burrow holes govern the properties of soil 
such as density and hydraulic properties of soil (Bastardie, Capowiez, De Dreuzy, & 
Cluzeau, 2003). The permeability of lateritic layer can be as high as to 0.01 m/s
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within 1 m depth with the existence of burrow holes (Keith, 1992). Meanwhile, the 
permeability of saprolitic soil varies with depth, and the variation is within two 
orders of magnitude (Agus, Leong, & Rahardjo, 2005; Harianto Rahardjo, 
Satyanaga, Leong, Ng, & Pang, 2012).

Residual soil is commonly found in an unsaturated state because of the 
location of ground water table is well below the soil layer and possesses high matric 
suction, especially during dry seasons. However, the different in permeability in the 
soil layers, results in variation in suction distribution in the residual soil. This 
permeability value is a dominant factor that contributes to the changes of suction 
distribution in residual soil. At relatively dry conditions or high matric suctions, the 
fine-grained soil has a high coefficient of permeability, while the coarse-grained 
layer has an extremely low coefficient of permeability. When the infiltrating water 
starts to infiltrate from the surface, the coefficient of permeability of the fine grained 
layer increases gradually, while that of the coarse grained layer remains extremely 
low. As the infiltrating water accumulates and reaches the fine-coarse interface, the 
matric suction of the coarse-grained layer begins to decrease significantly. Once the 
matric suction of the coarse grained layer reaches its water-entry" value, (yw), the 
coefficient of permeability of the coarse-grained layer increases rapidly and may 
exceed the coefficient of permeability of the fine-grained layer (Ross, 1990).

Many studies such as Kassim et al., (2012), Kim and Lee, (2013), Lee, et al. 
(2011) and Trandafir et al. (2008) concluded that matric suction plays an important 
role in slope stability especially in residual soil. The slope failure happens due to 
total or partial loss of matric suction during rainfall infiltration and causes the shear 
strength of soil to decrease. At initial condition, when the matric suction is high, 
there is a greater initial factor of safety and hence the slope is stable. However, 
during rainfall, the matric suction decreases which eventually decreases the factor of 
safety of the slope. Previous studies have already demonstrated that matric suction 
contributes to the shear strength of soil. The rainfall intensity and duration affect the 
suction distribution in soil with an intermediate saturated permeability such as sandy 
silt, which is common type of residual soil (Gofar and Lee, 2008). Suction 
distribution in coarse-grained soil is greatly influenced by short and intense rainfall.
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Prolonged rainfall event influences suction distribution in fine-grained soil (Gofar 
and Lee, 2008).

Many researchers proved that suction distribution is an important factor in 
slope stability of residual soil. Kassim et al. (2012), demonstrated the influence of 
incorporating relict discontinuities in the analysis of suction distribution. Their 
findings have shown that the suction distribution in simulated analysis in which relict 
discontinuities were considered would give the best fitted results with the measured 
field suction distribution. However, their research findings focused on one set of 
relict joint only, and could not represent the real site condition. Usually, four to five 
well-defined major sets of joints are found in the granitic and volcanic rocks at any 
locality. Two vertical to sub vertical joint sets are commonly developed as the 
principal sets (Irfan, 1998). The effect of relict joint with more than one set of relict 
joint is required to validate the flow mechanism and suction distribution in the 
residual soil slope. The activities of insect or fauna in lateritic layer can also modify 
the permeability function of this layer. Therefore, this factor should also be take into 
account in the analysis of suction distribution in residual soil. By considering factors 
that contribute to the permeability of saprolitic and lateritic layer, the actual 
hydraulics properties of the residual soil profile can be obtained and suction 
distribution and flow mechanism in residual soil can be fully understood.

1.2 Problem Statement

Shallow landslides have been studied for practical and scientific reasons. In 
spite of their limited size, shallow landslides pose a significant hazard to 
communities because they are often difficult to predict, and they can result in debris 
flow which is potentially destructive due to their velocity and their bulking capability 
during propagation. Many factors contribute to this type of failure. These factors can 
be categorized into two; i.e. intrinsic factor and external factor. The main intrinsic 
factor is related to hydraulic conductivity of the soil. While the external factors 
mainly refer to climatic condition such as rainfall duration and intensity.
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Studies of residual soil properties from Singapore have shown that the index 
and engineering properties of residual soil vary with depth (Rahardjo et al. 2012). 
While in the field scale, the relict discontinuities such as joints, faults, foliation, 
bedding planes appear in saprolitic layer. In lateritic layer, the existence of insect 
population such as burrow hole results in the variation of permeability of this layer 
(Keith, 1992). All these factors contribute to the heterogeneity in residual soil. The 
heterogeneity of this soil profile produced chaotic phenomena which serve as signal 
before slope failure occurs (Aydin, 2006). However, previous studies only focused 
on saprolitic layer with one type of relict joint and ignored lateritic joint profile. On 
this note, development of model that can incorporate all these factors to evaluate 
suction distribution and flow mechanism in the analysis of slope failure will certainly 
bridge the vacuum gap. Therefore, this study is conceptualized to tackle this 
challenge.

1.3 Objectives

The aim of this study is to model a flow mechanism effect on suction 
distribution in tropical residual soil slope subjected to different rainfall intensity. 
The objectives of the study are as follows:

i. To study the effect of relict joint set on the saturated permeability (ksat) 
of residual soil layer (lateritic layer).

ii. To analyse the effect of burrow holes on the saturated permeability (ksat) 
of residual soil layer (saprolitic layer).

iii. To determine the suction distribution behaviour and flow mechanism on
two-layered residual soil with relict joint set and burrow hole subjected 
to various rainfall intensity and duration.

iv. To model flow mechanism effect on suction distribution in tropical
residual soil slope with existing of two set of relict joint in saprolitic 
layer and burrow holes in lateritic layers subjected to different rainfall 
intensity
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1.4 Scopes of the Study

This study presents the investigation of flow mechanism and suction 
distribution in a two-layered system of tropical residual soil slope with the presence 
of relict joint sets in saprolitic layer and burrow hole in lateritic layer. Two research 
approaches i.e. laboratory physical modeling and numerical modeling were followed 
to achieve the objectives of this study. Considering the analyses focused on an 
infinite slope, suction distribution at crest, middle and toe of the slope were 
considered to be the same. Therefore, the analyses emphasis on suction distribution 
at middle of the slope.

Soil samples were collected from the Balai Cerap, Universiti Teknologi 
Malaysia, Skudai area. Their index and engineering properties were determined in 
the laboratory. The determined soil properties were used in the numerical analysis. 
Similarly, these soil samples were also used in the laboratory physical model. The 
laboratory physical modeling was conducted with two layered soil with the 
incorporation of artificial relict joint and burrow holes artificially incorporated. The 
laboratory modelling was conducted at Geotechnical Engineering laboratory, School 
of Civil Engineering, UTM. The slope infiltration model used was of 1000 mm in 
length, 300 mm in width and 600 mm in height and tilted at slope angle of 18o. This 
angle is a typical slope angle used in slope construction. The slope model is 
instrumented with tensiometers to measure suction distribution during the infiltration 
test. The experimental program performed was divided into two schemes, i.e. a two- 
layered soil with two sets of artificial relict joint and a two- layered soil with two set 
of artificial relict joint and burrow holes.

Numerical analysis was performed to simulate the effect of flow mechanism 
and suction distribution in tropical residual soil slope under different rainfall 
intensities. The simulation was carried out using commercial software Seep/W.
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1.5 Significance of Study

The findings from this research will be used as improved method of the 
existing laboratory and numerical analysis in residual soil slope. The benefits that 
could be derived from this research include the following:

a. Provide knowledge on suction distribution in analyzing slope stability
in residual soil with the presence of two relicts joint set subjected to 
various rainfall intensities.

b. Provide knowledge on suction distribution in analyzing slope stability
in residual soil with the presence of burrow holes subjected to various 
rainfall intensities.

c. To develop a model of flow mechanism in residual soil slope with the
consideration of soil of heterogeneity under to different rainfall
intensities.

1.6 Thesis Organization

This thesis consists of seven chapters. The thesis starts with Chapter One as 
Introduction; Chapter Two, Literature Review; Chapter Three, Methodology; 
Chapter Four, Suction distribution due to one relict joint and two relicts joint; 
Chapter Five, Laboratory modeling; Chapter Six, Numerical Modelling and the last 
chapter or Chapter Seven is for Conclusions and Recommendations.

Chapter one presents the background of the study which include problem 
statement, objectives of the study, scope of the study and significance of the study. 
The Chapter also described various studies from previous researchers related to this 
topic.

Chapter two describes the detailed theories and concepts related to this study 
as outlined by previous researchers. The unsaturated soil theory is the main concept 
of this study and it should be fully understood. Therefore, after introduction details of
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unsaturated soil theory were contained. This was followed by explaining rainfall 
characteristics especially in Malaysia. The macrospores or burrow holes and 
contribution of this to ksat are detailed in Part 2.5. The phenomenon of capillary 
barrier which influences the flow of water in residual soil is also contained in this 
chapter. Lastly, the chapter describes the physical and numerical modeling processes.

Chapter three describes the methodology which includes the material and 
procedure followed in this study. Basically, the methodology followed to achieve the 
objectives of this study is divided into two parts; laboratory works and numerical 
works. The laboratory work is further separated into two parts; testing for soil 
properties and physical modeling of the study.

The comparison of suction distribution between soil with one relict joint and 
two relicts joint was discussed in detail in Chapter 4. Results of analysis from 
pervious study by Lee, et al, (2011) stated that the minimum suction value in a 
residual soil is affected by the rainfall intensity, rainfall duration, and the saturated 
permeability of the soil. Therefore, the comparison between suction distribution, time 
to achieve minimum suction and also moisture content are discussed in Chapter 4.

Burrow holes in lateritic soil is another main factor that govern the 
permeability of soil and hence, affects the flow mechanism in residual soil. Results 
from permeability test of burrow holes and also two sets of relict are discussed in 
detail in this chapter. Flow mechanism of two-layer soil with the presence of two 
relicts joint and burrow holes are included in the Chapter 5.

Numerical modeling is another scope of this study and is explained in 
Chapter 6. The procedure of determining the best model that can fit the previous field 
suction distribution data is contained in this chapter. Data from field works are used 
to verify the results from numerical model. The presence of two relicts joint and 
burrow holes are included in the numerical analysis. Lastly, the summary of findings, 
conclusions and recommendations for further study are presented in Chapter 7.
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