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ABSTRACT

Rainfall has been recognized as the main landslide triggering agent

particularly in Malaysia. Therefore, this project focuses on the significance of

extreme rainfalls on suction variations and slope stability using PERISI (Preliminary

Evaluation of Rainfall-Induced Slope Instability) program. Previous study showed

that the extreme rainfall is characterized by geographical location. Hence, Intensity

Duration Frequency (IDF) curve for Kota Kinabalu was developed in this study for

10 year return period based on 30 year data. PERISI was used to study the effect of

rainfall infiltration on the stability of the two cases of slope failure in Kota Kinabalu

Sabah. The study show that the critical rainfall duration depends on the soil’s

moisture retention ability and permeability. The soils at Site 1 and 2 are classified as

sandy SILT and Highly Plastic CLAY respectively. Analysis showed that

combination of 1 day major rainfall and 14 days antecedent was found to cause slope

failure in Site 1 while 30 days cumulative rainfall has caused slope instability in Site

2. The comparison between dry and extreme condition in the factor of safety analysis

also indicate that rainfall has a great effect on the slope stability.
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ABSTRAK

Hujan lebat telah dikenalpasti sebagai agen pencetus utama kepada

berlakunya kejadian tanah runtuh khususnya di Malaysia. Oleh sebab itu, kajian ini

menumpu kepada kesan hujan ekstrem terhadap taburan sedutan dan kestabilan cerun

dengan menggunakan Model PERISI (Penilaian Awal terhadap Ketakstabilan Cerun

akibat Hujan). Kajian sebelum ini menunjukkan hujan ekstrem dipengaruhi oleh

lokasi geografi. Oleh yang demikian, lengkung frekuensi tempoh keamatan (IDF)

untuk kawasan Kota Kinabalu dihasilkan dalam kajian ini untuk 10 tahun kala

kembali berasaskan data hujan 30 tahun. PERISI kemudiannya digunakan untuk

mengkaji kesan menyusupan hujan terhadap kestabilan cerun untuk dua kes

kegagalan cerun yang telah berlaku di Kota Kinabalu Sabah. Kajian menunjukkan

keamatan hujan yang kritikal bergantung kepada keupayaan tanah menahan

lembapan dan kebolehtelapan tanah. Jenis tanah untuk Tapak 1 dan 2 masing-masing

dikelaskan kepada kelodak berpasir (Sandy SILT) dan tanah liat berkeplastikan tinggi

(Highly Plastic CLAY). Analisis menunjukkan kombinasi hujan utama selama sehari

dan hujan selama 14 hari merupakan pencetus utama kepada kegagalan cerun di

Tapak 1 manakala hujan selama 30 hari adalah penyebab kepada ketakstabilan cerun

di Tapak 2. Perbandingan diantara keadaan kering dan ekstrem didalam analisis

faktor keselamatan juga menunjukkan hujan memberi kesan yang nyata terhadap

kestabilan cerun.



vii

TABLE OF CONTENTS

CHAPTER TITLE PAGE

TITLE OF PROJECT i

DECLARATION ii

DEDICATION iii

ACKNOWLEDGEMENT iv

ABSTRACT v

ABSTRAK vi

TABLE OF CONTENTS vii

LIST OF TABLES x

LIST OF FIGURES xi

LIST OF SYMBOLS xiii

LIST OF APPENDICES xvi

1 INTRODUCTION

1.1 Background of Study 1

1.2 Problem Description 3

1.3 Aim and Objectives of Study 3

1.4 Scope of Study 4

1.5 Importance of Study 5

2 LITERATURE REVIEW

2.1 Introduction 6

2.2 Rainfall Infiltration 8

2.2.1 Rainwater Infiltration into Soil Mass 9

2.2.2 Extreme Rainfall 11



viii

2.3 Soil Properties 12

2.3.1 Particle Size Distribution (PSD) 13

2.3.2 Soil Water Characteristic Curve (SWCC) 15

2.3.3 Permeability Function 18

2.3.4 Shear Strength on Unsaturated Soil 19

2.4 Soil Suction Distribution 21

2.5 Stability Analysis of Unsaturated Soil Slope 22

2.6 PERISI Model 24

3 METHODOLOGY

3.1 Introduction 27

3.2 Preliminary Data Collection 29

3.3 Statistical Analysis of Extreme Rainfall 30

3.4 Determination of Soil’s Properties 32

3.5 PERISI Model Computation Procedures 34

4 RESULTS AND DISCUSSION

4.1 Introduction 36

4.2 Extreme Rainfall Analysis 37

4.3 Case Studies 38

4.3.1 General Overview 38

4.3.2 Soil Properties 39

4.4 Back-analysis by PERISI 43

4.4.1 Suction Distribution 43

4.4.2 Stability Analysis 44

4.5 Analysis of Rainfall Pattern 48

4.6 Discussion 51

5 CONCLUSION AND RECOMMENDATION

5.1 Conclusions 53

5.2 Recommendations 54



ix

REFERENCES 56

Appendices A – C 63 – 93



x

LIST OF TABLES

TABLE NO. TITLE PAGE

2.1 British Standard range of particle sizes 15

3.1 A summary of thirty-two soils types 33

4.1 Soil properties at the selected study sites 40

4.2 Rainfall Pattern at Site 1 and Site 2 51



xi

LIST OF FIGURES

FIGURE NO. TITLE PAGE

2.1 Overview of the mechanism of rainfall-induced slope
failure

7

2.2 Relationship between rainfall and infiltration 10

2.3 Typical absorption and desorption SWCC 16

2.4 Typical suction-dependent permeability function 18

2.5 Morh-circle diagram 21

2.6 Soil element of typical infinite unsaturated soil slope 23

2.7 Relationship between IDF curve, hydraulic conductivity
function and SWCC

25

2.8 Detail computation procedures of PERISI model 26

3.1 Flow chart of research methodology 28

4.1

4.2

IDF curve for Kota Kinabalu, Sabah

IDF curve for major cities in Malaysia

37

38

4.3 Geometry of slope failure at Site 1 and Site 2 39

4.4 Particle size distributions of soil at selected sites 41

4.5 SWCC of soil at selected sites 41

4.6 Hydraulic conductivity function of soil at selected sites 42



xii

4.7 Critical suction envelope for slope at Site 1 and Site 2 46

4.8 Factor of safety chart for the slopes at Site 1 and 2 47

4.9 Daily rainfall in year 2007 49

4.10 Daily rainfall 30 days prior to failure at Site 1 49

4.11 Daily rainfall in year 1998 50

4.12 Daily rainfall 30 days prior to failure at Site 2 50



xiii

LIST OF SYMBOLS

A - Cross sectional area

Aev - Air entry value

C - Specific moisture capacity

c’ - Effective cohesion

e - Void ratio

I - Rainfall intensity

I1-hr - Intensity of 1-hour rainfall

I24-hr - Intensity of 24-hour rainfall

I30d - Intensity of 30-day rainfall

Icr - Critical rainfall intensity

i - Hydraulic gradient

Iacr - Intensity of critical antecedent rainfall

If - Infiltration rate

Imcr - Intensity of critical major rainfall

Ip - Infiltrability

k - Water coefficient of permeability

ksat - Saturated permeability

kw - Hydraulic conductivity of wetted zone

mw - Slope of soil water characteristic curve (SWCC)

n - Porosity

P - Rainfall amount

q - Rainfall unit flux

Q - Rainfall total flux

qf - Water flow rate



xiv

R - Rainfall return period

Rf - Surface Runoff
RIt - Averagerainfall intensity for a particular return period

Sr - Degree of saturation

Sx - Standard deviation of annual maximum rainfall intensities

t - Time

ta+mcr - Critical combined duration of antecedent rainfall and major

rainfall

tacr - Critical duration of antecedent rainfall

tmcr - Critical duration of major rainfall

tp - Time when surface runoff start to occur

ua - Pore-air pressure

uw - Pore-water pressure

(ua – uw) - Matric suction

W - Total weight of soil

Wev - Water entry value

X - Extreme rainfall intensity for a particular rainfall duration

X - Mean of annual maximum rainfall intensities

Y - Gumbel’sreduced variate

Y - Mean of Gumbel’sreduced variates

  - Slope inclination angle

 - Parameter related to the soil degree of saturation

' - Effective friction angle

b - Unsaturated friction angle

γd - Unit weight of dry soil

γw - Unit weight of water = 9.81kN/m3

 - Differences between the volumetric water content before and

after wetting process

π - Osmotic suction



xv

  - Volumetricwater content

a - Average volumetric water content in the wetted zone

i - Initial volumetric water content

r - Residual volumetric water content

s - Volumetric water content at saturation of desorption curve

's - Volumetric water content at saturation of absorption curve

b - Bulk density

d - Dry density

ρw - Density of water

 - Total normal stress

' - Effective normal stress

y - Standard deviation of Gumbel’sreduced variates

f - Shear stress at failure

  - Suction

min - Minimum Suction value

ψT - Total suction



xvi

LIST OFAPPENDICES

APPENDIX TITLE PAGE

A Statistical Extreme Rainfall Analysis for Kota Kinabalu 63

B Case Study Background 73

C Input and Output of Back-analysis by PERISI 80



CHAPTER 1

INTRODUCTION

1.1 Background of Study

Rainfall has been considered as the cause of the majority of slope failures and

landslides in regions experiencing high seasonal rainfalls (Brand 1984, Shaw-Shong

2004). It is well known that the infiltration impairs slope stability but the correlation

between rainfall infiltration and slope stability involves many factors. The rainfall

infiltration on slope could result in changing soil suction, raising ground water table,

as well as increasing soil unit weight and reducing shear strength of rock and soil

(Campbell, 1975).

Conventional slope stability analysis is always performed based on the

assumption that soil is in saturated condition. This fully saturated condition may be a

reasonably good assumption for many cases and is certainly not a restriction.

However, recent studies (e.g. Brand 1984, Fourie 1996, and Tsaparas et al. 2002)

proved that the assumption of saturated conditions cannot be applied successfully for

the stability analysis of slopes in unsaturated conditions. The increasing acceptance

of unsaturated soil mechanics hence has highlighted the need to correlate the slope

failure with rainfall in order to understand the mechanism of rainfall-induced slope

failures.
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Brand (1984) suggested that the most catastrophic landslides are triggered by

major rainfall of more than 70mm/day. His finding was contested by other

researchers (e.g: Lumb, 1975; Ng and Shi, 1998; Tsaparas et al., 2002) who focused

on the important role of antecedent rainfall instead of the influence of a single

rainstorm event for the initiation of slope failure. Antecedent rainfall is defined as

rain that falls in the days immediately preceding the landslide event (Rahardjo et. al.,

2001). Periods of rainfall with some associated threshold magnitudes that may

induce landslide vary from less than 24 hours for shallow debris flows (Wilson &

Wieczorek 1995; Larsen & Simon 1993; Caine 1980) to a few months for deep

seated slow moving landslides (Flentje 1998). In Hong Kong, Lumb (1975)

suggested that antecedent rainfall up to 15 days prior to the failure event should be

considered in addition to the intensity of the triggering rainstorm while Ng and Shi

(1998) suggested critical rainfall duration of antecedent rainfall between 3 to 7 days

only. Meanwhile in Singapore, Rahardjo et al. (2001) suggested 5 days of

antecedent rainfall as the critical rainfall duration.

Subsequent researches showed that the rainfall induced slope instability is

affected by total rainfall and initial condition of the slope (Tsaparas et al., 2003) and

also soil permeability and slope depth (Pradel and Raad, 1993 and Lan et al. (2003)).

Case studies presented on the topic of rainfall induced failure in different

geographical regions (Brand (1984), Rahardjo et al. (2000), Roslan and Mohd

(2005), Tohari and Rahardjo (2006), Gofar et al (2007)) have suggested different

conclusions on the threshold rainfall condition for the slope failures. Hence,

Chowdhury and Flentje (2002) concluded that geographical location has an effect on

the occurrence of rainfall induced slope failure. Gofar and Lee (2008) concluded

that critical duration of antecedent rainfall is influenced by three major factors i.e (1)

the type of soil, (2) the geographical location and (3) the depth of the slip plane.

Hence, they developed a model to simplify the effect of rainfall infiltration on slope

stability based on statistical rainfall analysis and intrinsic characteristics of soil in

Peninsular Malaysia. The model is presented as a computer program named PERISI

stands for Preliminary Evaluation of Rainfall Induced Slope Instability (Gofar and

Lee, 2009).
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1.2 Problem Description

In Malaysia, the study on the rainfall-induced slope failure through the

integration of local extreme rainfall is very limited. As mentioned earlier, the

rainfall-induced slope failure problem should be treated as a localized problem, in

which experiences from different regions of the world would result in different

conclusions. Thus, it is necessary to study the mechanism of rainfall-induced slope

failure based on the extreme rainfall analyzed from the local historical rainfall data.

Since the preliminary evaluation of rainfall induced slope instability model

developed by Gofar and Lee (2008) was focused on rainfall and soil characteristics in

Peninsular Malaysia only, this project will look at the application of the model for

landslide cases in Sabah in order to evaluate susceptibility of rainfall induced

landslide for the locations.

1.3 Aim and Objectives of Study

The aim of this study is to generate a statistical extreme rainfall for slope

stability analysis in Sabah and to demonstrate the significance of these extreme

rainfalls on suction variations and the stability of the slope through case studies.

Therefore, the objectives of this study are:

i. To develop rainfall intensity-duration-frequency (IDF) curves for

slope stability analysis based on rainfall data from Kota Kinabalu

station
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ii. To demonstrate the ability of PERISI model to analyze the

susceptibility of slope to rainfall induced landslide by using two cases

of slope failures in Kota Kinabalu.

iii. To analyse the significance of these extreme rainfalls on the stability

of the slope

1.4 Scope and Limitation of Study

The scopes of this study are outlined as follows:

i. Kota Kinabalu rainfall station are considered in the analysis of

statistical rainfall using method of Gumbel (1954) for 10-years return

period

ii. 30 years record of daily rainfall from Kota Kinabalu station is used

and the cumulative rainfall magnitudes are calculated for the

following daily rolling periods: 1, 2, 3, 5, 7, 14 and 30 days

iii. Two cases of landslides occurred in Kota Kinabalu areas are selected

for slope stability analysis

iv. In the absence of actual data, the soil water characteristic curve

(SWCC) and permeability function are predicted based on particle

size distribution (PSD)
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1.5 Importance of Study

Rainfall-induced slope failure involves a very complicated mechanism that

governed by a number of parameters and uncertainties. It is evidenced that beside the

contributing factors such as soil strength properties, soil mass and geometry, the

factor of safety of slope can be altered by the changes in pore water pressure or

suction which in turn greatly influenced by triggering factor of rainfall infiltration.

This relationship therefore reveals the importance of this study to understand the

dominant factors affecting the failure, the critical rainfall pattern, and the

corresponding suction distribution in order to successfully evaluate the effect of

rainfall infiltration on the stability of a slope.




