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FOREWORD 

Significant parts of the world including Singapore are covered by tropical residual soils. The 
behaviour of tropical soils is not fully understood, because these soils are commonly found in 
developing economies. On the other hand, the explosive growth of regional economies has 
resulted in tremendous demand for infrastructure development. The numerous infrastructure 
developments often involve tropical residual soils that require special technology in handling 
them. The unavailability of appropriate technology for these soils has often caused unsafe 
design or failures, such as rainfall-induced slope failures, that can endanger public safety. 
Rainfall-induced slope failures have become a common occurrence in Asia where many 
hillside developments are unavoidable due to the scarcity of land.  

The Geotecnical Research Centre (GRC) at the Nanyang Technological University (NTU) has 
long been known for its research on tropical residual soils and unsaturated soil behaviour and 
its application to slope stability problems. In 1996, the Centre and the former Public Works 
Department (PWD) joined together to embark on a comprehensive programme to study the 
mechanisms of rainfall-induced slope failures in tropical residual soils. The study was funded 
by a research grant from the National Science and Technology Board (NSTB) of Singapore.  

This monograph reports the finding of the study, including the characteristics of tropical 
residual soils and the mechanisms that lead to rainfall-induced slope failures in Singapore. 
Extensive laboratory and field data including the real time monitoring data from four 
instrumented slopes in Singapore are invaluable information for practitioners and researchers.  
The monograph also presents guidelines for conducting a detailed stability assessment against 
rainfall-induced slope failure, several useful relationships for predicting pore-water pressure 
rise due to rainfall and possible measures for slope failure prevention.  

Production of the monograph is timely and appropriate in providing the needed technology 
for handling tropical residual soils, particularly in preventing rainfall-induced slope failures. 
The Geotechnical Research Centre will continue its role as the regional centre of excellence 
for research and technology development in Tropical Soils Engineering and to provide 
expertise for engineers from the region. 

 

PROFESSOR CHEONG HEE KIAT 

DEAN, SCHOOL OF CIVIL AND STRUCTURAL ENGINEERING 

NANYANG TECHNOLOGICAL UNIVERSITY, SINGAPORE 
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INTRODUCTION 

Two-thirds of Singapore's land area is covered with residual soils from the 
Sedimentary Jurong Formation and the Bukit Timah Granite Formation. Rainfall-
induced slope failures often occur in these residual soils as a result of tropical 
rainfall events. These slope failures can be dangerous, disruptive to the 
development of infrastructures and quite costly to repair. Therefore, it is timely 
and appropriate that a better technology for preventing these failures be 
developed with special consideration being given to the local climate and 
geology. This appropriate technology can be developed only if the mechanism of 
rainfall-induced slope failures is properly understood. 

Objectives 

The main objectives of the study were as follows: 

(1)  To characterise the shear strength properties of residual soils in Singapore 
(i.e., the Bukit Timah Granite and the Sedimentary Jurong Formation) 

(2)  To describe the mechanics of rainwater flow through the vadose zone 

(3)  To establish saturated/unsaturated flow models for typical residual soil 
slopes under typical flux boundary conditions in Singapore 

(4)  To examine pore-water pressure distributions for typical residual soil slopes 
in Singapore during wet and dry periods 

(5)  To evaluate the stability of typical residual soil slopes in Singapore during 
wet and dry periods 

(6)  To determine the mechanism of rainfall-induced slope failures in 
Singapore, and identify factors which contribute to the mechanism 

(7)  To produce guidelines for the detailed assessment of stability against 
rainfall-induced slope failures, and useful relations for a preliminary 
assessment, for residual soil slopes in Singapore. 

(8) To propose preventative measures and construction procedures that can be 
undertaken to reduce the possibility of rainfall-induced slope failures from 
occurring. 
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Methodology 

The methodology that was used to achieve the objectives of the project was as 
follows: 

(1)  Four research sites were selected. Two of the sites were located in the 
residual soils of the Bukit Timah Granite Formation; two of the sites were 
located in the residual soils of the Sedimentary Jurong Formation.  

(2)  Topographical surveys were conducted to establish the geometry of the 
research sites. 

(3)  Ground investigations were performed to establish the stratigraphy of the 
sites and to collect undisturbed samples for laboratory testing. 

(4)  Laboratory tests were performed to determine the index properties, 
engineering properties and mineralogy of the soils at the sites. 

(5)  The research sites were instrumented with tensiometers and a rain gauge to 
monitor the response of pore-water pressures in the field to rainfall events. 

(6)  The field monitoring results were analysed to determine the magnitude and 
distribution of pore-water pressures, the influence of antecedent rainfall and 
the mechanics of water flow at the research sites. 

(7) Stability analyses were conducted for the best and worst-case pore-water 
pressure distributions recorded at each site to calculate the maximum and 
minimum factor of safety. 

(8) A parametric study was performed to model the infiltration of rainfall into 
residual soil slopes. 
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SITE CHARACTERISATION 

The four sites selected for the study were named as follows: 

(1) Yishun, 

(2) Mandai, 

(3) NTU-CSE, and 

(4) NTU-ANX. 

The locations of the four selected sites, with reference to the major geological 
formations of Singapore, are given in Fig. 1. 

 

 

Fig. 1. Locations of the four selected research sites with reference to the major 
geological formations of Singapore. 

The Yishun site consists of residual soils that were derived from the Bukit Timah 
Granite Formation. The slope angle is approximately 23.5. The height of the 
slope is approximately 7.0 m. There is a ditch located at the crest, approximately 
3 m back from the edge of the slope. The ditch is roughly 1 m deep. The slope 
face is well turfed and clear of trees. The geometry of the slope is uniform, and 
the slope appears to be a natural cut. 
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The Mandai site consists of soils that were derived from the Bukit Timah Granite 
Formation. The slope angle is approximately 31, while the height of the slope is 
11.0 m. There are several trees located at the crest of the slope, as well as trees 
located a few metres back from the toe. The slope face is well turfed and free of 
trees. The slope angle at the base of the slope is flatter than that of the main slope 
(i.e., approximately 28), which is of uniform geometry. The slope appears to 
consist of fills. 

The residual soils at the NTU-CSE site were derived from the Sedimentary 
Jurong Formation. The overall slope angle is approximately 27 while the height 
of the slope is 7.1 m. The slope consists of two tiers of approximately equal 
dimensions. The slope has a uniform geometry in the longitudinal direction. 
There is a concrete runoff channel located on the terrace at mid-slope. A staircase 
borders the slope to the right (i.e., when standing at the toe facing the slope). The 
slope is well turfed and free of trees, with the exception of one tree located at the 
toe. The slope is a natural cut as opposed to a fill. The location of the NTU-CSE 
site on the NTU Jurong Campus is given in Fig. 2. 

The residual soils at the NTU-ANX site were derived from the Sedimentary 
Jurong Formation. The slope has an angle of approximately 29. The slope length 
and height are undefined, as the instrumented area of the site is relatively small in 
comparison to the size of the slope (i.e., the slope is considered to be of planar 
geometry for analysis purposes). The slope is well turfed and there are no trees 
located near the area that was instrumented for the study. The slope appears to be 
a natural cut as opposed to a fill. The location of the NTU-ANX on the NTU 
Jurong Campus is given in Fig. 2. 
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Fig. 2. Location of the NTU-CSE site and NTU-ANX site on the 
NTU Jurong Campus. 

Topographical Surveys  

NTU performed topographical surveys of the Yishun and Mandai sites to 
establish the geometry (i.e., slope height, surface topography and overall slope 
angle) of the sites.  

Site surveys were not performed at the NTU-CSE and NTU-ANX sites. The 
geometry of the NTU-CSE site was known from a topographical survey 
conducted as part of a previous study. The NTU-ANX site was assumed to be an 
infinite slope for analysis purposes. As such, there was no need to establish the 
height of the slope. The surface topography of the slope in the instrumented area 
is uniform. The slope angle of NTU-ANX site was approximately measured 
using a hand-held geological compass. 
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Ground Investigations 

Ground investigations were performed for the four selected research sites. The 
ground investigations consisted of drilling boreholes, collection of undisturbed 
soil samples and installation of piezometers and casings.  

A total of twenty-five boreholes were drilled at five sites: Yishun (6), 
Mandai (6), Ang Mo Kio (6), NTU-CSE (5) and NTU-ANX (2). The Ang Mo 
Kio site was later abandoned due to an encroaching development and was not 
used in the study. Ten of the completed boreholes were fitted with piezometers. 
A 10 m length of 125 mm (5 inch) diameter casing was installed into twelve of 
the completed boreholes. The remaining three boreholes were left open. A 
summary of the work performed for the ground investigations is given in Table 1.  

The boreholes were advanced using the rotary wash-bore method with foam as 
the drilling fluid. A drill bit or sampler was used to advance the hole, while the 
cuttings were flushed away by the foam to a recycle pit. The foam was circulated 
by a special foam pump.  

Continuous, undisturbed sampling was performed for each borehole using a 
Mazier sampler. The Mazier sampler is a retractable core-barrel consisting of 
three tubes: an outer tube, an inner tube and a PVC sample collector tube. The 
sampler is 1 m in length and produces a nominal core and hole diameter of 
74 mm and 127 mm, respectively. 

In some cases the soils encountered were too loose for undisturbed sampling with 
a Mazier sampler (i.e., the cutting and washing action of the Mazier sampler 
would wash the sample away). This often occurred at shallow depths. In this 
event a Shelby tube (thin walled) sampler was used to collect the sample.  
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Table 1. Summary of work performed for the ground investigations 

Depth No. of No. of (P)iezometer Depth of 
Site Borehole drilled undisturbed rock core or (C)asing piezometer tip

location No. (m) samples runs installation (m)
Yishun Y1 23.7 16 1 P 22.1

Y2 25.5 16 1 C n/a
Y3 23.8 15 1 P 21.3
Y4 24.5 16 1 C n/a
Y5 17 10 2 P 15.0
Y6 18 10 1 C n/a

Mandai M1 35.5 23 1 P 30.0
M2 32.8 20 1 C n/a
M3 32 20 1 P 28.7
M4 32 21 1 C n/a
M5 26.5 16 1 P 24.9
M6 27.8 18 1 C n/a

AMK A1 36 16 1 P n/a
A2 34.5 10 1 C n/a
A3 35 22 1 P n/a
A4 36 12 1 C n/a
A5 27.5 18 1 none n/a
A6 30 17 1 none n/a

NTU-CSE N1 20.8 12 1 C n/a
N2 24.5 16 1 C n/a
N3 27 17 1 C n/a
N4 19.5 12 1 P 17.9
N5 5 3 0 none n/a

NTU-ANX X1 13.3 10 0 C n/a
X2 21 20 0 P 19.0

Totals: 25 649.2 386 23 P- 10
C- 20

none- 3  

 

The boreholes were typically advanced until bedrock was encountered, after 
which rock coring of the first one metre of bedrock was performed. The 
exceptions were the boreholes at the NTU-ANX site, for which no bedrock 
coring was performed, and one of the boreholes at the mid-slope of the 
NTU-CSE site, which was advanced to a depth of 5 m only. The rock coring was 
performed using a surface set diamond bit and triple tube core barrel, which 
produces a nominal core and hole diameter of 52 mm and 76 mm respectively.  
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Laboratory Testing 

Laboratory testing was conducted on soil samples obtained from the ground 
investigations. The testing was required to determine the characteristics of the 
residual soils of the Bukit Timah Granite and Sedimentary Jurong formations. 
The testing was also required to establish the stratigraphy of the research sites 
(i.e., layering or zones) and determine the properties of each layer for future 
stability analyses. The laboratory tests conducted can be divided into three 
groups: index property tests, engineering property tests, and mineralogy tests.  

Index Properties 

Index property tests were conducted by NTU and PWD. The index property tests 
performed were: 

 natural water contents (w), 

 Atterberg limits (LL, PL), 

 mechanical sieve analyses, 

 hydrometer tests, 

 total (i.e., bulk) densities (total), and 

 specific gravity of solids (Gs). 

In many cases a “fines content” test (i.e., percentage passing a 75 m sieve) was 
performed in lieu of a full grain size distribution analysis. Soil specimens could 
still be classified under the unified soil classification system (USCS) using this 
information, while the simplified procedure allowed for greater number of tests 
to be conducted. 

The results of the index property tests were required to determine the soil 
layering (soil zones) at the NSTB research sites. The soil layering of a residual 
profile is often very subtle and can not be determined accurately by visual 
classification. The objectivity of index property tests can be a useful aid in 
establishing the stratigraphy of a residual soil profile. 

Engineering Properties 

Engineering property tests were conducted by NTU and PWD. The engineering 
property tests performed were: 

 consolidated-undrained (CU) triaxial tests, 

 saturated permeability tests, 

 pressure plate tests, 
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 oedometer tests, 

 unsaturated shear strength testing 

The unsaturated shear strength tests were conducted using the consolidated-
drained method of testing (i.e., CD tests). That is, the specimens were 
consolidated under a given set of stress conditions (i.e., (ua) and (uauw)), then 
sheared in drained conditions. The strain rate selected for shearing the 
undisturbed specimens was relatively slow to ensure drained conditions (i.e., no 
excess pore-water pressure build-ups). A strain rate of 2105 %/min. was 
selected for shearing undisturbed specimens from the Bukit Timah Granite 
Formation, while a strain rate of 8105 %/min. was selected for shearing 
specimens from the Sedimentary Jurong Formation.  

Three specimens from each formation were used for the unsaturated CD tests. 
The specimens for the unsaturated CD testing of the Bukit Timah Granite 
Formation originated from the Yishun site (i.e., mid-slope, depth range of 2.5 to 
4.0 m). The specimens used for the unsaturated CD testing of the Sedimentary 
Jurong Formation originated from the NTU-CSE site (i.e., mid-slope, depth range 
of 4.0 to 5.0 m). Each specimen was sheared under a unique net normal stress, 
(ua), and four different stages of matric suction. Therefore, a total of twelve 
unsaturated CD tests were performed to define a failure envelope for each 
formation. A more complete discussion of the unsaturated shear strength testing 
programme is provided by Ong (1999).  

Mineralogy and Fabric 

X-ray diffraction (XRD) analyses and scanning electron microscope (SEM) 
imagery were performed on selected specimens to determine the mineralogy and 
fabric of the residual soil at the research sites. Of particular interest is the type 
and amounts of clay minerals present.  

Twenty air-dried samples from the four research sites were sent to the University 
of East London (UEL) for XRD testing. The Department of Civil Engineering, 
Soil Structure Interaction Research Group at UEL provides specialist work in this 
area. Each specimen was analysed for a total of five times using different 
preparatory treatments. The treatments involved segregation according to grain 
size as well as various chemical and heat treatments.  
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Scanning electron microscope (SEM) tests were performed by NTU. The SEM 
provides magnified images of soil specimens that can be used to determine the 
fabric of the soil as well as the shape and texture of individual soil particles. The 
shape and texture of the individual soil particles can aid in the identification of 
certain mineral constituents.  

Simplified Site Profiles and Laboratory Test Results 

Soil profiles were determined by combining information from the ground 
investigations and the results of index property and mineralogical tests. The soil 
properties assigned to each layer were derived from the laboratory testing results.  

Yishun site 

A simplified soil profile for the Yishun site is presented in Fig. 3. A summary of 
soil properties for each layer in the soil profile is given in Table 2. 

The Yishun site consists of three zones that are all quite similar to one another. 
The first zone (i.e., Layer 1) can be classified as silt with moderate to low 
plasticity. Layer 1 extends from the surface to a depth of 7 to 9 m. The 
mineralogy is dominated by quartz. 

There is a gentle transition from the first to the second zone (i.e., Layer 2). 
Layer 2 can be classified as silt with moderate plasticity. Layer 2 extends to a 
depth of 19 m at the crest of the slope, 16 m at the mid-slope and 13 m at the toe. 
Layer 2 has a higher plasticity than Layer 1. The increase in plasticity can be 
attributed to a higher clay content; mineralogical testing (i.e., XRD analyses) for 
Layer 2 revealed lower quartz contents from that of Layer 1 and high contents of 
the clay mineral Kaolinite (i.e., 30 to 62%).  

The third zone (i.e., Layer 3) is characterised by a decrease in the degree of 
weathering as the depth of the underlying bedrock is approached. Layer 3 can be 
classified as silty or clayey sand. The fines have moderate plasticity. The 
mineralogy of Layer 3 is dominated by quartz with a significant amounts of 
K-feldspar. 
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Fig. 3. Soil profile of the Yishun site. 
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Table 2. Summary of soil properties for layers in the Yishun soil profile 

Layer No./ USCS Test No. of Average Max. Min.
Description classification (units) tests value value value

1 ML w (%) 9 35 40 31
SILT LL 9 45 53 42
* moderate to PL 9 31 39 13
   low plasticity PI 9 14 31 7

fines (%) 9 58 69 47

total (Mg/m3)  1.88 1.96 1.73
c' (kPa) 1 12 12 12

'  33 33 33
Gs 3 2.688 2.700 2.676

Cc 1 0.30 0.30 0.30
2 MH w (%) 7 52 58 34

SILT LL 7 57 76 47
* moderate PL 7 40 48 29
   plasticity PI 7 17 28 7

fines (%) 7 78 87 67

total (Mg/m3)  1.76 1.89 1.64
c' (kPa) 2 13 19 6

'  29 29 28
Gs 1 2.714 2.714 2.714

Cc 1 0.64 0.64 0.64
3 SM w (%) 5 19 20 18

Silty or Clayey LL 5 42 57 35
SAND PL 5 26 34 21
* fines with PI 5 17 23 13
   moderate plasticity fines (%) 5 34 37 28

* partially weathered total (Mg/m3)  2.05 2.11 2.02
c' (kPa) 2 35 50 20

'  31 32 30
Gs 3 2.667 2.672 2.660
Cc 0 n/a n/a n/a

 

Mandai site 

A simplified soil profile for the Mandai site is presented in Fig. 4. A summary of 
soil properties for each layer in the soil profile is given in Table 3. 

The soil at the surface of Mandai site (i.e., Layer 1) is a man-placed fill. The soil 
can be classified as silty sand. The fines have a moderate to low plasticity. 
Layer 1 extends to a depth of 8 m at the crest of the slope, 4 m at the mid-slope 
and approximately 1 m at the toe. 
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The fill comprising Layer 1 most likely originated from a near-by deposit of 
residual soil from the Bukit Timah Granite Formation. The index properties, 
shear strength properties, and compressibility of the fill are similar to those of the 
underlying, weathered in situ soils (i.e., Layers 3 and 4). In addition, the 
mineralogy of the fill is similar to that of the underlying soils; quartz is the 
dominant mineral, with approximately 5% Kaolinite. However, the upper two 
meters of the fill contains a significant amount of Gibbsite that is not present at 
greater depths. 

A zone of clayey sand with highly plastic fines and some organics (i.e., Layer 2) 
is located beneath the fill. Layer 2 is most likely the original ground surface. 
Layer 2 is approximately 2 to 3 m in thickness. It extends to a depth of 
approximately 11 m at the crest, 7 m at the mid-slope and 3 m at the toe. Layer 2 
is a useful marker layer to help distinguish Layer 1 from Layer 3. 

Beneath the clayey sand is an extensive layer of silt with moderate to low 
plasticity (i.e., Layer 3). Layer 3 extends to depths of 24 m at the crest, 26 m at 
the mid-slope and approximately 22 m at the toe of the slope. 

There is a gradual transition between Layer 3 and Layer 4; the latter is 
characterised by a lower fines content as the bedrock interface is approached and 
the degree of weathering decreases. Layer 4 can be classified as silty sand; the 
fines have a low plasticity.  

Bedrock from the Bukit Timah Granite Formation is encountered at a depth of 
35 m at the crest of the slope, 32 m at mid-slope and 28 m at the toe. 
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Fig. 4. Soil profile of the Mandai site. 
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Table 3. Summary of soil properties for layers in the Mandai soil profile. 

Layer No./ USCS Test No. of Average Max. Min.
Description classification (units) tests value value value

1 SM w (%) 8 25 31 20
FILL LL 9 55 69 33
* Silty SAND PL 9 31 40 24
* fines with PI 9 24 44 6
   moderate to fines (%) 8 41 63 28

   low plasticity total (Mg/m3)  2.02 2.09 1.95
c' (kPa) 1 12 12 12

'  30 30 30
Gs 3 2.684 2.692 2.679

Cc 2 0.19 0.19 0.18
2 SC w (%) 4 26 31 22

Clayey SAND LL 4 85 89 81
* fines are PL 4 34 37 29
   highly plastic PI 4 50 54 44
   with some fines (%) 4 40 49 30

   organics total (Mg/m3)  1.94 1.94 1.94
(possible original c' (kPa) 1 14 14 14
 ground surface) '  31 31 31

Gs 1 2.686 2.686 2.686

Cc 0 n/a n/a n/a
3 MH-ML w (%) 11 36 42 32

SILT LL 11 52 68 41
* moderate to PL 11 34 39 31
   low plasticity PI 11 18 29 8

fines (%) 11 60 65 53

total (Mg/m3)  1.89 2.07 1.78
c' (kPa) 2 10 14 5

'  29 31 27
Gs 2 2.680 2.681 2.679

Cc 1 0.24 0.24 0.24
4 SM-ML w (%) 7 23 27 14

Silty SAND LL 7 45 60 38
* fines have PL 7 27 35 17
   low plasticity PI 7 18 31 10

fines (%) 7 46 54 37

total (Mg/m3)  1.95 2.06 1.84
c' (kPa) 1 0 0 0

'  28 28 28
Gs 4 2.680 2.697 2.655
Cc 2 0.20 0.20 0.20

 



 16

NTU-CSE site 

The soil profile at the NTU-CSE site is very complex. The sedimentary rocks at 
the site have been subjected to folding in the past. Drainage conditions at the site 
have resulted in wide ranges of weathering within short spatial distances. That is, 
completely weathered soil can be found a few metres away from material that 
could be described as unweathered bedrock. 

Two separate soil profiles have been created for the NTU-CSE site. The soil 
profile for the right-hand side of the slope is given in Fig. 5. The soil profile for 
the left-hand side of the slope (i.e., approximately 10 m from the profile shown in 
Fig. 5) is given in Fig. 6. A summary of soil properties for each layer in both soil 
profiles is given in Table 4. 

On the side of the slope nearest to the staircase, the surficial soils at the crest can 
be classified as silt and clay with a moderate to high plasticity (i.e., Layer 1). 
Layer 1 is not extensive; it can be found only at the crest of the side nearest to the 
staircase and extends to a depth of approximately 1 m. This soil was previously 
tested by Gasmo (1997). No mineralogical tests were performed for this layer. 

Layer 2 is the predominant surficial soil for both sides of the slope. Layer 2 can 
be classified as silt and clay with low plasticity. Layer 2 is barely distinguishable 
from the underlying layers. It was included in the soil profiles to account for the 
fact that the top 0.5 to 2.0 m of the soils at the NTU-CSE site are generally not as 
hard as the soils that lie beneath. The fines content of Layer 2 is generally higher 
than that of the underlying soils, as are the measured water contents. This soil 
was previously tested by Hritzuk (1997). 

The soil profile of the side nearest to the staircase is dominated by Layer 3. 
Layer 3 can be classified as silty sand with fines of a low plasticity. This layer is 
characterised by large variations in the degree of weathering over short spatial 
distances. The soil is very hard in most locations; the term sandstone or siltstone 
could be used to describe this material.  

The soil profile of the side furthest from the staircase is dominated by Layer 4. 
Layer 4 is a difficult soil to classify with the USCS. Atterberg limits conducted 
on this layer almost always fall near the A-line. The results of grain size analyses 
are strongly influenced by the procedures used to conduct the test. Layer 4 has 
been classified as sand, silt and clay in varying amounts. The soil has a low 
plasticity throughout its depth and is almost always very hard. In some cases the 
soil is relatively unweathered and can be classified as sandstone or siltstone. 
 

 

 



 17

 

 

NTU-CSE Slope

Layer 2: SILT & CLAY
- low plastici ty

Layer 3: Sil ty SAND
- fines with low plastici ty
- hard
- large variations in degree
  of weathering

Sedimentary Jurong Formation

Layer 1: SILT & CLAY
- moderate to high plastici ty

Distance (m)

125 130 135 140 145 150 155 160 165 170 175 180

E
le

va
tio

n 
(m

)

0

5

10

15

20

25

30

35

40

45

50

55

60

 

Fig. 5. Soil profile of the right-hand side of NTU-CSE site. 
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Fig. 6. Soil profile of the left-hand side of the NTU-CSE site. 
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Table 4. Summary of soil properties for layers in the NTU-CSE soil profiles. 

Layer No./ USCS Test No. of Average Max. Min.
Description classification (units) tests value value value

1 CH-MH w (%) 1 30 30 30
SILT & CLAY LL 1 65 65 65
* moderate to PL 1 35 35 35
   high plasticity PI 1 30 30 30

fines (%) 1 94 94 94

total (Mg/m3)  n/a n/a n/a
c' (kPa) 0 n/a n/a n/a

'  n/a n/a n/a
Gs 0 n/a n/a n/a

Cc 0 n/a n/a n/a
2 CL w (%) 4 19 24 16

SILT & CLAY to LL 4 36 42 32
* low plasticity SC-CL PL 4 23 24 21

PI 4 14 18 10
fines (%) 4 74 92 51

total (Mg/m3)  2.10 2.10 2.10
c' (kPa) 0 n/a n/a n/a

'  n/a n/a n/a
Gs 1 2.725 2.725 2.725

Cc 0 n/a n/a n/a
3 SM-ML w (%) 5 12 14 11

Silty SAND LL 5 29 31 27
* fines have PL 5 23 25 22
   low plasticity PI 5 6 7 4
* hard fines (%) 4 27 30 24

* large variations total (Mg/m3)  2.32 2.39 2.25
   in degree of c' (kPa) 0 n/a n/a n/a
   weathering '  n/a n/a n/a

Gs 0 n/a n/a n/a

Cc 0 n/a n/a n/a
4 SM-ML w (%) 15 11 13 9

SAND, SILT to LL 10 37 45 30
& CLAY SC-CL PL 10 23 27 19
in varying amounts PI 10 15 23 9
* low plasticity fines (%) 15 55 97 20

* hard total (Mg/m3)  2.22 2.27 2.12
* large variations c' (kPa) 3 138 167 107
   in degree of '  36 37 34
   weathering Gs 8 2.698 2.725 2.661

Cc 1 0.05 0.05 0.05
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It is quite possible that Layer 3 and Layer 4 are in fact the same soil. The water 
contents of both soils are characteristically low (i.e., 9 to 14%) and constant with 
depth. The plastic limits of the two soils are also similar. There are differences in 
the fines content and liquid limit between the two layers. However, these 
differences might be due to dissimilarities in the testing procedures between 
NTU and PWD. The soils furthest from the staircase (i.e., Layer 4) were tested 
mainly by PWD, while those nearest the staircase (i.e., Layer 3) were tested 
exclusively by NTU. NTU broke up the soil by hand and soaked it in a dispersent 
prior to sieving. In contrast, PWD laboratory technicians broke up the soil more 
thoroughly using a mortar and pestle prior to soaking and sieving. The extra 
mechanical separation of the soil performed by PWD may have been the cause 
for the measured increase in fines, and furthermore the greater liquid limits, 
noted for the soils found furthest from the staircase.  

Bedrock from the sedimentary Jurong Formation was encountered at a depth of 
20.5-24.0 m at the crest of the slope, 26.2 m at mid-slope and 18.6 m at the toe. 
However, in the case of the NTU-CSE site, the word "bedrock" is a relative term. 

The dominant mineral comprising the soils at the NTU-CSE site is quartz; the 
three specimens analysed yielded quartz contents of 88 to 96%.  

NTU-ANX site 

A simplified soil profile of the NTU-ANX site is presented in Fig. 7. A summary 
of soil properties for each layer in the soil profile is given in Table 5. 

The soil profile was found to consist of two layers or zones. The first layer (i.e., 
Layer 1) extends from the surface to a depth of approximately 10 m. Layer 1 can 
be classified as silty clay with moderate plasticity. It is typically very hard as 
evidenced by the difficulty that was encountered when installing tensiometers 
and burying conduits at the site. 
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Layer 2 can be classified as clayey silt with siltstone and sandstone fragments. 
Layer 2 is less weathered than Layer 1. However, the atterberg limits for the two 
layers are similar. Layer 2 extends to a depth of 21 m at which point the 
Sedimentary Jurong Formation was encountered. 

The soil is comprised mainly of quartz; the five specimens analysed revealed 
quartz contents between 91 and 95%. The soils contain a small amount of 
Kaolinite (1 to 3%) and Illite (1 to 5%). 
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 Fig. 7. Soil profile of the NTU-ANX site. 
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Table 5. Summary of soil properties for layers in the NTU-ANX soil profile. 

Layer No./ USCS Test No. of Average Max. Min.
Description classification (units) tests value value value

1 CL-ML w (%) 4 22 24 18
Silty CLAY LL 4 45 50 43
* hard PL 4 26 28 24
* moderate plasticity PI 4 19 22 17

fines (%) 4 58 63 51

total (Mg/m3)  2.02 2.03 2.00
c' (kPa) 2 7 9 5

'  31 32 29
Gs 0 n/a n/a n/a

Cc 0 n/a n/a n/a
2 ML-CL w (%) 2 16 21 11

Clayey SILT LL 2 46 48 44
with siltstone and PL 2 29 30 27
sandstone fragments PI 2 18 18 17

fines (%) 2 32 45 19

total (Mg/m3)  n/a n/a n/a
c' (kPa) 0 n/a n/a n/a

'  n/a n/a n/a
Gs 0 n/a n/a n/a
Cc 0 n/a n/a n/a
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Unsaturated Shear Strength Test Results 

This section presents the results of unsaturated shear strength testing performed 
on residual soil specimens from the Bukit Timah Granite and Sedimentary 
Jurong Formations. 

Bukit Timah Granite Formation 

The specimens tested from the Bukit Timah Granite Formation originated from 
the Yishun site (i.e., mid-slope, depth of 2.5 to 4.0 m). The average effective 
angle of internal friction determined by unsaturated shear strength tests (i.e., 
performed under consolidated-drained conditions) was 32. The cohesion 
intercept of the failure envelope corresponding to a matric suction equal to zero, 
or the effective cohesion, c', was 10 kPa (i.e., as read from Fig. 5.26a).  

The total cohesion intercepts of the failure envelopes obtained for matric suctions 
greater than zero were plotted to determine the b angle. This plot appears in 
Fig. 8. The b was found to be as high as 27.5 for matric suctions below 25 kPa. 
The b angle decreases as matric suction is further increased. 
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Fig. 8. Cohesion intercept versus matric suction for the Bukit Timah 
Granite Formation. 
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Sedimentary Jurong Formtation 

The specimens tested from the Sedimentary Jurong Formation originated from 
the NTU-CSE site (i.e., mid-slope, depth of 4.0 to 5.0 m). The average effective 
angle of internal friction determined by unsaturated shear strength tests (i.e., 
performed under consolidated-drained conditions) was 51. This relatively high 
' can be attributed to the high total density and cementation of the specimens 
tested.  

The cohesion intercept for each Mohr-Coulomb failure envelope was plotted to 
determine the b angle for the specimens tested. This plot appears in Fig. 9. The 
graph was plotted assuming an effective cohesion, c', of 10 kPa (i.e., the cohesion 
intercept when (uauw) equals zero). This assumption was necessary because 
saturated triaxial tests where not performed for the Sedimentary Jurong 
Formation. Unfortunately, the uncertainties associated with this assumption 
makes it difficult to predict accurately the b angle of the soil, but it may be that 
b approaches 51 (i.e., equal to ') for matric suctions <50 kPa. 
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FIELD MONITORING 

The four research sites were instrumented to study the effect of rainfall on pore-
water pressures in residual soil slopes (i.e., the mechanism of rainfall induced 
slope failures). Instruments to measure rainfall and pore-water pressures were 
installed. The instruments were equipped for automated data collection and 
connected to a data acquisition system (DAS). 

Components 

The field instrumentation systems at the research sites consisted of the following 
components: 

 a rain gauge, 

 piezometers, 

 tensiometers, 

 a data acquisition system, and 

 a power supply system. 

Rain Gauges 

Each of the four research sites was equipped with a tipping-bucket rain gauge to 
obtain site-specific rainfall data (i.e., volume and intensity). This was necessary 
as the rainfall in Singapore varies significantly across the island. 

Piezometers 

Piezometers were installed at the four research sites during the ground 
investigations. The piezometers were required to estimate groundwater table 
locations and groundwater table fluctuations during wet and dry periods.  

Tensiometers 

Tensiometers were the most extensively used instrument in this study. 
Tensiometers are capable of measuring of negative pore-water pressures (i.e., 
matric suctions) in the soil. They are also capable of measuring pore-water 
pressures in the positive range.  

The tensiometers used for this research were Soilmoisture Model 2725. A Jet-
Fill Tensiometers (Soilmoisture, 1986) as shown in Fig. 10. The main 
components of the tensiometer are the high air-entry ceramic tip, the tensiometer 
body (shaft), the pressure gauge and the jet-fill cup (reservoir). The tensiometer 
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is filled with de-aired water. The high air-entry ceramic tip allows the passage of 
water but prevents the passage of air. Contact between the soil and the ceramic 
tip is required for the tensiometer to measure the pore-water pressures in the soil. 
In the case of an unsaturated soil, the matric suction in the soil will exert a 
tension on the ceramic tip. The pore-water pressures in the ceramic tip will 
equalise with the pore-water pressures in the soil, and this pressure will be 
transmitted through the water inside the tensiometer body and measured by the 
pressure gauge. 

 

 

Fig. 10. Schematic of the jet-fill tensiometer (from Fredlund and 
Rahardjo, 1993). 

 

The Bourdon pressure gauge shown on the tensiometer in Fig. 10 was replaced 
with a pressure transducer to allow for automated data acquisition. The 
transducers were capable of recording pore-water pressures in both the positive 
and negative range: from 0 to 175 kPa (absolute) of pressure (i.e., 100 to 75 kPa 
relative to atmospheric pressure).  
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The tensiometers were installed in rows of five. The tensiometers in each row are 
installed to various depths to comprise a tensiometer “nest”. The depths of the 
tensiometer tips for each row at the Yishun, Mandai and NTU-ANX site are 0.5, 
1.1, 1.7, 2.3 and 2.9 m. The depths of the tensiometer tips for each row at the 
NTU-CSE site are 0.5, 1.1, 1.4, 2.3 and 3.2 m. 

Data Acquisition System 

The Data Acquisition System (DAS) selected for the study was programmable to 
allow for different reading intervals. The DAS was programmed to take a set of 
instrument readings every 4 hours during normal operation. The DAS was 
programmed to decrease the reading interval to 10 minutes during rainfall events 
(i.e., when pore-water pressures are subject to rapid changes). The rainfall gauge 
was used to trigger the DAS to switch from one reading interval to the other. 

Power Supply System 

The power supply system varies between the four research sites. The location of 
the NTU-CSE and NTU-ANX sites on campus allowed for the use of DC power 
supplies that simply plugged into an existing wall outlet. The remote location of 
the Yishun and Mandai sites, however, necessitated a self-sufficient power 
supply. For this reason, a photovoltaic power supply system was used. 

Instrumentation Layout 

The locations of the instrumentation components are given in Figs. 11 through 14 
for the Yishun, Mandai, NTU-CSE and NTU-ANX sites, respectively. The 
location of boreholes drilled for the ground investigations are also shown. 
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Fig. 11. Instrumentation layout for the Yishun site. 

 

 

Fig. 12. Instrumentation layout for the Mandai site. 
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Fig. 13. Instrumentation layout for the NTU-CSE site. 

 

 

Fig. 14. Instrumentation layout for the NTU-ANX site. 
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Field Monitoring Results 

For each site, the magnitude and distribution of pore-water pressures during wet 
and dry periods are given. Stability analyses are conducted for the best and worst 
pore-water pressure conditions recorded at the site during the analysis period. 
The contribution of antecedent rainfall to the worst pore-water pressure 
conditions is examined. The pore-water pressure and hydraulic head changes 
during significant rainfall events at the research sites are examined in detail to 
observe the mechanics of rain water flow through residual soil slopes.  

Pore Water Pressure Distributions 

One-dimensional plots of pore-water pressure profiles recorded at key times at 
the Yishun site are given in Figs. 15 and 16. Figure 15 shows typical pore-water 
pressure profiles recorded near the crest of the slope (i.e., Row B) while Fig. 16 
shows typical pore-water pressure profiles recorded near the toe (i.e., Row E). 
Key times in the analysis period were considered to be: 

 At the end of a prolonged dry period when pore-water pressures were at a 
minimum (i.e., stability is at a maximum).  

 Following one or a series of significant rainfall events when pore-water 
pressures were at a maximum (i.e., stability is at a minimum). 

 During a significant rainfall event when the pore-water pressure distribution 
was in transition. 

The piezometric levels recorded by piezometers at the Yishun site are included in 
Figs. 15 and 16 for reference. Also included in the figures is a hypothetical 
hydrostatic pressure line for the case of a groundwater table located at the soil 
surface (i.e., a fully saturated slope). Similar plots of one-dimensional pore-water 
pressure profiles at key times for the Mandai, NTU-CSE and NTU-ANX sites are 
given in Figs. 17 through 19. 
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Fig. 15. One-dimensional plot of pore-water pressure versus depth for a typical 
row at the crest of the Yishun site (i.e., Row B) during key times of the analysis 
period. Piezometric levels and the hypothetical hydrostatic pressure line for the 
case of a groundwater table located at the surface (i.e., fully saturated slope) are 

included for reference. 
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Fig. 16. One-dimensional plot of pore-water pressure versus depth for a typical 
row at the toe of the Yishun site (i.e., Row E) during key times of the analysis 

period. Piezometric levels and the hypothetical hydrostatic pressure line for the 
case of a groundwater table located at the surface (i.e., fully saturated slope) are 

included for reference. 
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Fig. 17. One-dimensional plot of pore-water pressure versus depth for a typical 
row at the crest of the Mandai site (i.e., Row A) during key times of the analysis 
period. Piezometric levels and the hypothetical hydrostatic pressure line for the 
case of a groundwater table located at the surface (i.e., fully saturated slope) are 

included for reference. 
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Fig. 18. Onedimensional plot of pore-water pressure versus depth for a typical 
row at the crest of the NTU-CSE site (i.e., Row A) during key times of the 
analysis period. The hypothetical hydrostatic pressure line for the case of a 

groundwater table located at the surface (i.e., fully saturated slope) is included 
for reference. 
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Fig. 19. One-dimensional plot of pore-water pressure versus depth at the 
NTU-ANX site. The data was compiled from tensiometers in Row A and Row B. 

The hypothetical hydrostatic pressure line for the case of a groundwater table 
located at the surface (i.e., fully saturated slope) is included for reference. 

 

 



 36

The following observations were made regarding the pore-water pressure 
distribution in residual soil slopes: 

 Significant negative pore-water pressures can develop during prolonged dry 
periods (i.e., several days to several weeks). 

 Negative pore-water pressures readily dissipate in the upper 3 m (i.e., the 
zone in which most rainfall-induced slope failures occur in Singapore) with 
the occurrence of even a moderate rainfall event. Most of the negative pore-
water pressures in the upper 3 m at all four research sites were dissipated at 
one point in the analysis period. 

 Perched water tables formed in the upper 3 m of soil at three of the four 
research sites at least once during the analysis period. The exception was the 
NTU-ANX site at which a zero-pore-water pressure distribution occurred 
(i.e., a pore-water pressure of 0 kPa at all depths monitored) for a significant 
portion of the analysis period. 

The worst pore-water pressure conditions that can occur in a residual soil slope 
are of particular interest to the study of rainfall-induced slope failures. The worst 
pore-water pressure conditions are judged to be the pore-water pressure 
distribution with the highest magnitude of positive pore-water pressures. The 
worst pore-water pressure conditions to occur at each of the four research sites 
were as follows: 

 The worst pore-water pressure conditions that were measured in the upper 
3 m at the Yishun site consisted of positive pressures at all depths monitored 
(i.e., 0.5, 1.1, 1.7, 2.2 and 2.9 m). The positive pore-water pressures did not 
exceed the hypothetical case of a hydrostatic pore-water pressure distribution 
with the groundwater table located at the surface (i.e., a fully saturated 
slope).  

 The worst pore-water pressure conditions that were measured in the upper 
3 m at the Mandai site consisted of positive pressures at all depths monitored. 
The positive pore-water pressures that were measured at 0.5 and 1.1 m 
slightly exceeded those of the hypothetical case of a hydrostatic pore-water 
pressure distribution with the groundwater table located at the surface (i.e., a 
fully saturated slope). The positive pressures that were measured at depths of 
1.7, 2.2 and 2.9 m fell below, but were near to, the hydrostatic pressure 
condition. 

 The worst pore-water pressure conditions that were measured in the upper 
3 m at the NTU-CSE site consisted of positive pressures at all depths 
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monitored (i.e., 0.5, 1.1, 1.4, 2.3 and 3.2 m). The positive pore-water 
pressures did not exceed the hypothetical case of a hydrostatic pore-water 
pressure distribution with the groundwater table located at the surface (i.e., a 
fully saturated slope). 

 The worst pore-water pressure conditions that were measured in the upper 
3 m at the NTU-ANX site consisted of a zero-pore-water pressure 
distribution. That is, a pore-water pressure of 0 kPa was measured at all 
depths monitored (i.e., 0.5, 1.1, 1.7, 2.2 and 2.9 m). The zero-pore-water 
pressure distribution was experienced at the NTU-ANX site for much of the 
analysis period.  

Further monitoring of the slopes will be required to determine if the worst pore-
water pressure conditions developed during the analysis period are in fact the 
worst conditions that can develop at each site. 

Range of Stability for Typical Residual Soil Slopes in Singapore 

The variation in the factor of safety at the four research sites during the analysis 
period is presented in this section. The changes in the factor of safety of the 
slopes are the result of pore-water pressure fluctuations caused by the infiltration 
of rainfall.  

It should be noted that the critical slip surface was forced to occur in upper 3 to 
4 m of the soil profile for all stability analyses performed as this was the extent of 
pore-water pressure measurements. The accuracy of any slope stability 
calculation beyond this depth would be questionable as the pore-water pressure 
distribution was not measured but rather was inferred by the Kriging method at 
greater depths. 

Yishun Site 

The maximum factor of safety recorded during the analysis period for the Yishun 
site was 3.2. The depth of the critical slip surface (i.e., the maximum vertical 
distance from the ground surface to the critical slip surface) was 3.2 m. 

The minimum factor of safety for the analysis period was 2.0, a decrease of 39% 
from the maximum. The depth of the critical slip surface remains at 3.2 m. 
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Mandai Site 

The maximum factor of safety recorded during the analysis period for the Mandai 
site was 2.0. The depth of the critical slip surface was 3.2 m. 

The minimum factor of safety for the analysis period was 1.4, a decrease 30% 
from the maximum. The critical slip surface was located at a depth of 3.1 m. 

NTU-CSE Site 

The maximum factor of safety recorded during the analysis period for the 
NTU-CSE site was 6.0. The critical slip surface was located at the interface 
between two layers (i.e., Layers 1 and 2 as described in Fig. 5). Layer 2 was 
specified as "bedrock" (i.e., a layer of infinite shear strength) for the purpose of 
stability analysis. The interface was located at a depth of 1 m below the ground 
surface. 

The minimum factor of safety recorded for the analysis period remains 
unchanged from the maximum, as does the location of the critical slip surface. 
The stability analysis is insensitive to changes in pore-water pressure because the 
cohesion values assumed for the soils at the NTU-CSE site were quite high. 

NTU-ANX Site 

The maximum factor of safety recorded during the analysis period for the 
NTU-ANX site was 1.3. The minimum factor of safety was also 1.3. The critical 
slip surface was located at a depth of 2.9 m for both cases. 

The factor of safety of the slope did not change significantly between the 
minimum and maximum pore-water pressure conditions. This was because the 
location of the critical slip surface (i.e., the slip surface with the lowest factor of 
safety) was the same for both cases as was the pore-water pressure measured 
along the critical slip surface. The pore-water pressures, and hence the factor of 
safety, change significantly only in the upper two metres of the deposit. 
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Effects of Antecedent Rainfall 

The role of antecedent rainfall in the creation of the worst pore-water pressure 
conditions varied among the four research sites. Antecedent rainfall was shown 
to be of great importance to pore-water pressure development at the Yishun site, 
of lesser importance at the Mandai site and of little or no importance at the 
NTU-CSE and NTU-ANX sites. 

The effects of antecedent rainfall appear to be closely related to the permeability 
of the soils at the site in question. The stability of residual soil slopes comprised 
of soils with a high permeability is generally unaffected by antecedent rainfall. 
The high permeability soils allow for quick redistribution of excess water from 
rainfall events and a restoration of the pore-water pressures in the slope to their 
pre-rainfall condition. The influence of antecedent rainfall on the development of 
pore-water pressures generally increases as the permeability of the soils at the 
site is reduced. Soils with a lower permeability cannot redistribute excess water 
from rainfall events as quickly, and therefore are vulnerable to gradual pore-
water pressure build-ups from a series of antecedent rainfall events. However, 
there is a limiting condition on the preceding comment: as the permeability of the 
soils is further reduced, there eventually comes a limiting condition where the 
soils no longer allow for the infiltration of rain water into the slope. The stability 
of such a slope would be generally unaffected by rainfall.  

The results of this study yield information in support of the preceding 
commentary. Antecedent rainfall was an important factor in the development of 
pore-water pressures at the Yishun site, while it was considerably less important 
to pore-water pressure development at the Mandai site. The soils comprising the 
slope at the Yishun site are less permeable than the soils comprising the slope at 
the Mandai site. Infiltration tests conducted in an open double-ring infiltrometer 
at the Yishun site measured an infiltration rate of 2.0105 m s1 at the crest and 
6.7106 m s1 at the toe. Similar tests conducted at the Mandai site gave 
infiltration rates of 1.21104 m s1 at the crest and 1.33104 m s1 at the toe. 
The higher permeability of the soils at the Mandai allow for a quicker 
redistribution of excess pore-water pressures resulting from rainfall events than 
the lower permeability soils at the Yishun site. The later is susceptible to gradual 
pore-water pressure build-ups from antecedent rainfall events occurring several 
days, and possibly several weeks, before a triggering event. 
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The limiting condition on the relationship between the influence of antecedent 
rainfall and the permeability of soils at a residual soil slope is best demonstrated 
by the NTU-ANX site. The permeability of the surficial soil at the NTU-ANX 
site is very low: 1.1109 m s1 as measured by a saturated triaxial permeameter 
test conducted on a soil specimen from 20 to 25 cm below the ground surface 
(i.e., for a 3' of 50 kPa). The pore-water pressure distribution, and hence the 
stability, of the NTU-ANX site was shown to be for the most part unaffected by 
rainfall.  

The relationship between the permeability and the effects of antecedent rainfall is 
not clear at the NTU-CSE site due to the complex hydrogeology of the slope. The 
softer surficial soils at the NTU-CSE site are fairly permeable relative to the 
harder underlying soils. An infiltration test conducted on the surficial soils gave 
an infiltration rate of 2.5106 m s1 (Leo, 1998), while permeability tests 
conducted on the underlying soils gave values as low as 3.0109 m s1 
(Hritzuk, 1997). The stratigraphy of the site and permeability of surficial soils 
should be conducive to significant pore-water pressure build-ups. However, it is 
strongly suspected that the slope has an appreciable lateral flow component, 
which prevents pore-water pressure build-ups from occurring. 

Mechanics of Rain Water Flow 

The mechanics of rainwater flow (i.e., infiltration) through residual soil slopes is 
of particular interest to this study. Two-dimensional plots of pore-water pressure 
and hydraulic head distributions at different times during a series of significant 
rainfall events were prepared for each research site. By comparing the plots in 
sequence, an idea of the mechanics of rainwater flow through the residual soil 
slope at each site can be obtained. 

The pore-water pressure and hydraulic head distribution plots for a typical site 
(i.e., the Yishun site) are given in Figs. 20 through 25. The plots are for a series 
of rainfall events that occurred at the Yishun site from 4-Dec-98 to 6-Dec-98. 
The plotted times are indicated in Fig. 20. The plots themselves are given in 
Figs. 21 through 25.  
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Fig. 20. Pore-water pressures at various depths for the crest of the Yishun site, 
from 3-Dec-98 to 10-Dec-98. 
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Fig. 21. Two-dimensional plot of: (a) pore-water pressures in kPa, and (b) total 
hydraulic head in metres at the Yishun site on 4-Dec-98 at approximately 4pm 

(time line #1). 
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Fig. 22. Two-dimensional plot of: (a) pore-water pressures in kPa, and (b) total 
hydraulic head in metres at the Yishun site on 4-Dec-98 at approximately 8pm 

(time line #2). 
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Fig. 23. Two-dimensional plot of: (a) pore-water pressures in kPa, and (b) total 
hydraulic head in metres at the Yishun site on 5-Dec-98 at approximately 12pm 

(time line #3). 
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Fig. 24. Two-dimensional plot of: (a) pore-water pressures in kPa, and (b) total 
hydraulic head in metres at the Yishun site on 5-Dec-98 at approximately 6pm 

(time line #4). 
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Fig. 25. Two-dimensional plot of: (a) pore-water pressures in kPa, and (b) total 
hydraulic head in metres at the Yishun site on 6-Dec-98 at approximately 12am 

(time line #5). 
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The following observations regarding the mechanics of rainfall water flow 
through the vadose zone were made from an analysis of the data from all sites: 

 Rain water infiltrates into the slope in the vertical direction. 

 The majority of infiltration appears to occur at the crest. 

 Initially, infiltration flows vertically downward towards the groundwater 
table. 

 After a significant amount of rainfall/infiltration, pore-water pressures begin 
to build-up and perched water tables (i.e., zones of positive pore-water 
pressures) can develop. 

 Flow through a perched water table is mainly in the down-slope direction 
(i.e., from crest to toe). 

 The depth of direct influence for infiltration, based on field data, appears to 
be 3 m. Redistribution can extend the influence depth beyond that, possibly 
up to 6 m, as indicated by the parametric study. 

 

 



 48

Hydrological Response 

Analysis of rainfall, runoff, and tensiometer readings at row-A (at slope crest), at 
depths 0.5, 1.5 and 3 m for Yishun, Mandai, and NTU-CSE slopes were made to 
study the hydrological response of the slopes. Analysis of the increase in 
pore-water pressure due to rainfall were also made in an attempt to examine the 
variability of pore-water pressure from storm to storm and the closeness of 
association between daily rainfall amount and pore-water pressure increase, by 
means of simple correlation. These analyses provided necessary information on 
the hydrological response of the slopes and identified easily measurable rainfall 
parameters for assessing rise in pore-water pressure in the slopes. 

Annual rainfall varied from –6% (Mandai slope) to +10% (NTU slope) of the 
long-term mean (2000 mm) over the study period. The rainfalls were fairly 
distributed over the year since the number of rainy days ranged from about 
4142% per year for the slopes. Storm events in the slopes were 
characteristically short (the mean duration was about 45 hours), and of average 
depth of about 10 mm, which produced rainfall of rather high intensity (Table 6). 
The characteristics of all storm events showed high temporal variability from 
storm to storm as reflected by the high coefficient of variation associated with 
these characteristics in all the slopes. No significant differences were observed in 
any rainfall characteristics (depth, duration) in any slopes (Table 6). 

The impact of rainfall on the slope soil moisture conditions was observed through 
the pore-water pressure changes in the soil. As the tensiometers were scanned at 
6 hour intervals during periods of no rain and at 10 minute intervals during 
rainfall and continued at the same rate till 30 minutes after cessation of a rainfall, 
the tensiometer readings therefore reflected any change in the pore-water 
pressure due to rainfall. Tensiometers installed on the study sites recorded 
breakdown of suction at all levels of wet days. The deeper soil layer at 3 m depth 
remained in positive pore-water pressure for about 68.3%, 74.3%, and 84.4 % of 
the 420 monitored days in Mandai, NTU-CSE, and Yishun slopes respectively, 
while frequent changes in pore-water pressure from negative to positive were 
recorded for shallow depths (50 cm) in response to rainstorms (Rezaur et al., 
2000). 
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Recovery of suction between storms is due to vertical movement of water and 
utilisation of the soil moisture by the slope vegetation during dry days. Positive 
porewater pressures recorded in the topsoil layer varied between 53156 days 
(12.637.1%) of the monitored days (Table 6) and were associated with 
consecutive days of rainfall. The higher moisture ingress into the slope materials, 
however, does not lead to constantly wet soil conditions. This was seen in the 
rapid suction recovery during dry weather. The average daily suction recovery 
rates were 5 kPa d1 for shallow depths, 13 kPa d1 for greater depths, while the 
maximum recorded was 7 kPa d1 in Mandai slope. The upper soil layers, with 

Table 6. Statistical characteristics of rainstorms and pore-water pressure in 
the slopes (from Rezaur et al., 2000) 

 Yishun Mandai NTU-CSE 

Number of rainy days 172 171 176 
Storm depth (mm)   

Mean 12.30* 10.94* 12.50* 
Minimum 0.25 0.25 0.25 
Maximum 79.75 109.50 74.50 
CV 129.26 130.61 102.59 
Total 1893.00 1872.00 2200.00 

Storm duration (h)    
Mean 4.96* 4.14* 4.42* 
Minimum 0.17 0.17 0.17 
Maximum 21.23 20.97 21.67 
CV 93.16 99.16 91.74 

Pore-water pressure, uw (kPa) at row A    
No. of days with +uw at depth 0.5 m 156 53 144 

Mean 3.0 7.0 2.0 
Maximum 6.0 9.0 5.0 
Minimum 56.0 40.0 21.0 
CV 328 92 155 

No. of days with +uw  at depth 1.5 m  185 179 192 
Mean 6.0 2.0 1.0 
Maximum 9.0 15.0 9.0 
Minimum 37.0 27.0 9.0 
CV 149 329 465 

No. of days with +uw at depth 3.0 m  312 287 354 
Mean 3.0 4.0 7.0 
Maximum 19.0 21.0 16.0 
Minimum 26.0 16.0 2.0 
CV 261 114 54 

CV: Coefficient of variation  
* Values with the same letter in each row do not differ significantly (p<0.05) as determined 

by significance test (Scheaffer and McClave, 1990)
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their dense grass-cover and therefore, a dense root system, recorded quicker 
suction recovery than the lower layers where the influence of vegetation is less. 
The instant response of the pore-water pressure to the infiltrating rainwater 
reflected considerable infiltration on the grass-covered slopes. The rapid 
infiltration of rainwater and the resulting increase in porewater pressure, on the 
urban grass-covered slopes in Singapore during prolonged wet periods make the 
slopes particularly prone to instability. The quick saturation of the soil profile 
during a rainfall can be attributed to the rise of water table and the infiltration of 
rainwater from the ground surface. Anderson and Burt (1990) refer the rise of 
water table as the complete saturation of capillary fringe. Rate of infiltration can 
also increase due to water flow through cracks near the surface. The pore-water 
pressure showed a high spatial variability as reflected by the significant 
differences in their statistical characteristics (mean, minimum, maximum, and 
CV) from slope to slope (Table 6). These differences could be attributed to the 
variability of soil properties between the slopes. The fewer number of days with 
positive pore-water pressures of the total monitored days at all depths in Mandai 
slope (Table 6), points to its coarse particle sizes which allow quick vertical 
movement of moisture to produce the observed effects.  

Storm Response and Runoff Generation 

At the study sites, although pore-water pressures and rainfall data were logged 
automatically, runoff data logging were initiated only manually during rainfall 
and runoff. As both Yishun and Mandai slopes were remote, technical problems 
hampered the acquisition of sufficient runoff data for these two sites. However, 
input rainfall and output runoff data were collected for 27 rainstorms in 
NTU-CSE slope, which is within campus. Runoff data were logged at 10 sec 
intervals. Runoff data for these 27 rainstorms were analysed to determine; total 
runoff volume resulting from each rainfall event, total runoff volume expressed 
as a percentage of total rainfall, which is referred to as the runoff coefficient 
(Singh, 1992), total infiltration, and the peak intensity of each rainfall event. The 
total runoff amount was calculated from integration of the area under the runoff 
hydrograph. Total infiltration were estimated for all runoff measurements from 
the difference between total rainfall and runoff (Hillel, 1980; Premchitt et al., 
1992). 

Out of these 27 monitored rainstorms, 8 storms with a rainfall amount less than 
10 mm did not produce any runoff and 4 storms with a rainfall less than 10 mm 
preceded by an antecedent rainfall, produced insignificant runoff (<1 mm). The 
runoff coefficients in the slope for all runoff-generation storms varied between 
11%45%, with an average value of 25%. Analysis of the main elements that 
compose the water budget (rainfall, runoff, infiltration) shows a high positive 
correlation (r2=0.921) between rainfall amount and runoff, despite of variability 
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of slope response from storm to storm. Variations in runoff generation were 
noticed from storm to storm. These variations were the reflections of the 
variability of slope hydrological response from storm to storm and were caused 
by the variability in antecedent weather and soil conditions. Therefore, the 
highest rainfall events are not necessarily the highest runoff producing events 
(Rezaur et al., 2000). This depends on the antecedent weather and soil conditions 
and the type and degree of vegetative surface cover (Van Dijk and Kwaad, 1996). 
No significant relationship could be established between peak rainfall intensity 
and runoff (r2=0.356; p=0.05). Generation of overland flow appears to be quite a 
rare event in undisturbed tropical soils. On average, overland flow accounted for 
28% of the monitored total rainfall. All monitored rainstorms that were preceded 
by a wet weather resulted in higher than average runoff. The data suggest that 
usually rainstorms in excess of 10 mm generate runoff, even under dry 
antecedent moisture conditions. In Fig. 26 runoff amounts are plotted against 
rainfall amounts for the 27 monitored rainstorms. A linear regression fitted to the 
data points shows an intercept on the x-axis, indicating the existence of a 
threshold rainfall amount, of about 10 mm to produce a significant runoff. 

 

 

Fig. 26. Relationship between storm rainfall and runoff amount at NTU-CSE 
slope (from Rezaur et al., 2000) 
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The duration of the hydrograph and the shape of their recession curves are an 
expression of the type of runoff generation, and they give some insight into the 
hydrological processes operating in a catchment (Boughton and Freebairn, 1985). 
Fig. 27 shows the rainfall hyetograph and runoff hydrograph of a composite 
storm recorded at NTU-CSE slope on December 12, 1998 with a total rainfall of 
45 mm, and two peak intensities of 240 mm hr1 and 120 mm hr1, resulting into 
18 mm of total runoff. Fig. 27 reflects the slope response to rainfall during dry 
and wet soil conditions. The first runoff hydrograph is characterised by a fast 
flood, which decreases quickly. This circumstances explains the fact that, it 
represents the Hortonian overland flow under dry soil conditions, where the 
intensity of rainfall exceeds the infiltration capacity and produced overland flow 
of short duration (30 min) with a steep rise and steep recession limb. The first 
rainfall with 28 mm of rainfall, produced 10 mm of runoff and 18 mm of 
infiltration, which is about 40% of the total (45 mm) rainfall. In contrast, the 
second rainfall event after 20 minutes of the first rainfall, with similar rainfall 
characteristics, total amount 17 mm and peak intensity of 120 mm hr1, but under 
conditions of soil moisture saturation, produced about 8 mm of runoff of a long 
duration (55 min) and 9 mm of infiltration (20% of the total rainfall) because of 
the prolonged recession curve, a consequence of near saturation. 

It was observed during storm events that overland flow was generated only after 
3050% of the storm time has elapsed. Development of positive pore-water 
pressures at the upper soil layer during wet periods is thought to help the 
generation of such overland flow on the grass-covered slope during rainfall. It is 
postulated that the high root density of the grass-covered soil allows prompt 
infiltration of high amount and therefore, reduces the amount of runoff. This 
results in the time lag before overland flow is generated. However, the decreasing 
root density and organic matter in the lower layer might impede further vertical 
movement of water. As a result a perched water table may develop at a shallow 
depth and results in positive pore-water pressures. With an additional rainfall, 
saturated overland flow develops sometimes after the onset of storms. Bonell and 
Gilmour, 1978 and Bonell et al., 1983 observed similar conditions of overland 
flow generation in rainforest of Babinda, Queensland, where a progressive 
reduction in hydraulic conductivity with increasing soil depth obstructs the 
vertical movement of water and aids the generation of widespread saturation 
overland flow on the forest slopes. However, the impact of overland flow is 
much reduced by the presence of surface irregularities and roughness. Much of 
the overland flow were diffused and not concentrated and no rill development 
was noticed during the runoff measurements. The surface runoffs were similar to 
interrill flows, which have negligible soil detachment capacity (Jayawardena and 
Rezaur, 1999). 
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Fig. 27. Rainfall hyetograph and runoff hydrograph of a storm event on 
12 December 1998 recorded at NTU-CSE slope (from Rezaur et al., 2000) 

 

 

Relationship between increase in pore-water pressure and rainfall 
amount 

It was observed during the analysis of pore-water pressure response to rainfall 
that breakdown of suction occured at almost all levels of rainfall events. 
Therefore, the correlation between the increase in pore-water pressure uw, 
(difference in pore-water pressure before and after a rainstorm) and rainfall 
amount, R, was tested. This was done by splitting the rainfall data into daily basis 
and taking the algebraic difference in pore-water pressure before and after daily 
rainfall, in row-A at depth 50 cm of Yishun, Mandai, and NTU-CSE slopes. The 
attraction in relating increase in pore-water pressure to rainfall amount rather 
than rainfall intensities is that the former type of data are more readily available 
from meteorological stations. Measurement of rainfall intensity for 
meteorological purposes are normally the average intensity or the peak intensity 
over fairly long period and seldom meet the requirements in slope hydrological 
studies (Hudson, 1995; Jayawardena and Rezaur, 2000a). Furthermore, the role 
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of intensity is not always so obvious. Short duration intense storms where the 
infiltration capacity of the soil is exceeded causes runoff, so do storms of long 
duration and low intensity which saturates the soil (Morgan, 1995, Jayawardena 
and Rezaur, 2000b). Also rainfall, however, shows many discrete and dynamic 
changes of intensity during a rainstorm. A thunderstorm often shows initially a 
sudden peak intensity, tailing off to more gentle rain, many storms have an 
indeterminate pattern with one or more peak intensities (Lal, 1990), while the 
pore-water pressure once starts to increase in response to rainfall does not 
decrease unless a drying condition is established. It appears therefore that, the 
increase in pore-water pressure or runoff generation from an area is likely to be 
controlled not only by the intensity and the static condition factors such as, slope 
angle, cover, and soil properties, but also by the rainfall amount which is a 
cumulative effect of intensity and duration (Ng and Shi, 1998; Jayawardena and 
Rezaur, 2000b). 

The increase in pore-water pressure due to rainfall was analysed by fitting the 
field data to two models: a non-linear model of the power form (Equation 1); and 
a non-linear model of logarithmic form (Equation 2). Values for the parameters 
of the models were obtained by the Gauss-Newton non-linear regression method 
(Wilkinson, 1986). 

 1
1

b
w Rau   [1] 

  Rbauw log22   [2] 

It was found that a logarithmic form of relationship best describes the field data 
sets. A regression fit to the data sets of the increase in pore-water pressure, uw, 
and daily rainfall amount, R, of the logarithmic form (Equation 2) showed 
positive correlation with r2>0.83 for all sites, suggesting that about 83% of the 
increase in uw can be accounted for by rainfall amount. The unaccounted 17% 
probably represent the error of the estimate caused due to neglecting other static 
condition factors such as, soil properties that influence the increase in pore-water 
pressure. 

Fig. 28 shows the relationships between increase in pore-water pressure at 50 cm 
depth of row A, to daily rainfall amount for the three slopes. The equations in 
Fig. 28 indicate that, both the coefficients a2 and b2 increase with increasing 
particle sizes. Mandai being rich in coarse particle sizes shows higher values of 
uw than other slopes. This suggests that the increase in pore-water pressure is 
not only dependent on rainfall amount but also sensitive to catchment soil 
properties. However, the pore-water pressure does not increase proportionately 
with increasing rainfall amount but instead tends to decline at higher rainfall 
amounts. Although uw values are different for Yishun, Mandai and NTU-CSE, 
they appear to increase against the rainfall amount and tend to decline at rainfall 
amounts greater than about 10 mm daily rainfall. This tendency is perhaps due to 
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the fact that at higher rainfall amounts the soil at 50 cm depth reaches near 
saturation. This could also be attributed due to the formation of a perched water 
table at shallow depths during higher rainfall amounts. Another explanation 
could be, the mechanism for the increases in pore-water pressure that actually 
occur due to the interaction between rainfall, infiltration and soil properties, are 
far more complex than what was assumed in developing the relationship 
described here (Rezaur et al., 2000). 

Previous studies on rainfall and surface runoff (Chatterjea, 1994) on three 
catchments in Singapore under various slope, soil type and vegetation cover 
reveal that, an average daily rainfall of less than 12 mm did not generate any 
runoff and on occasions higher amount of rainfall failed to generate runoff. 
Significant runoff occurred when the total amount of daily rainfall exceeded 12 
mm. The degree of runoff depends on the rainfall duration, intensity and 
antecedent rainfall. Study of their records and of this study as indicated in Fig. 26 
and Fig. 28, therefore, allows a broad generalisation to be made that surface 
runoff and perhaps soil erosion occur when daily rainfall is greater than 10 mm. 
This distinction allows the selection of a threshold rainfall amount. This 
threshold rainfall is not a deterministic parameter, but is a stochastic variable 
obtained as a by-product because of delineating rainfall into runoff and 
infiltration, and is dependent on catchment properties (Rezaur et al., 2000). 
However, it has practical significance. It determines the effectiveness of a given 
rainfall under a given soil and climatic condition to generate surface runoff and 
to cause erosion; and it allows distinction be made between runoff and 
non-runoff generation rainfalls or erosive and non-erosive rainfalls.  
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Fig. 28. Relationship of increase in pore-water pressure at 50 cm depth to daily 
rainfall amount for the three slopes (from Rezaur et al., 2000) 

 

Using this distinction, the distribution of daily rainfall was calculated using the 
rainfall records of the study slopes. Fig. 29 shows the distribution of daily rainfall 
amount observed at Yishun, Mandai and NTU-CSE slope during the study 
period, which reveals that about 63% of the total annual rainfall fell at amount 
less than or equal to 10 mm daily rainfall. Only about 37% of total annual rainfall 
fell at amount greater than 10 mm daily rainfall. On this basis, about 37% of the 
daily rainfall are capable of producing runoff and about 63% of the rainfall 
become infiltration. This is about the same amount reported by Premchitt et al. 
(1992) for Hong Kong, where in a study of 13 catchments of subtropical climate 
they found that 34% of rainfall became runoff and 66% became infiltration. As 
the major contribution to rainfall induced slope instability is frequently 
considered to be infiltrating water (Brand, 1984; Rahardjo et al., 1997) this 
higher percentage of infiltration indicates the potential reason why slopes in 
Singapore are prone to shallow landslides. While there seems to be a difference 
in number of annual rainstorms in the three study slopes (Fig. 29), there appears 
to be a little difference in the percentage distribution of rainfall amounts. 
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Fig. 29. Distribution of daily rainfall amount in Yishun, Mandai and NTU-CSE 
slope recorded during the study period (from Rezaur et al., 2000) 
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NUMERICAL MODELLING 

A parametric study of rainfall-infiltrated slopes was performed to examine the 
effect of infiltration on the stability of unsaturated residual soil slopes. The study 
focused on the infiltration characteristics of residual soil slopes and determining 
the change in the factor of safety during rainfall. 

A finite element seepage model, SEEP/W (Geo-Slope, 1998a), was used to 
simulate rainwater infiltration into a slope and generate transient pore-water 
pressure distributions. This provided information about the infiltration 
characteristics for each combination of slope angle and slope height examined. 

A limit equilibrium slope stability model, SLOPE/W (Geo-Slope, 1998b), was 
used to determine the critical slip surface and the factor of safety for the transient 
pore-water pressure distributions calculated by SEEP/W. This provided 
information about the effect of infiltration on slope stability. 

Chosen Parameters 

Four different slope angles of 18, 27, 45 and 63 (3H:1V, 2H:1V, 1H:1V, and 
0.5H:1V) were analysed in combination with three different slope heights of 
10m, 20m and 40m. These values were chosen based on a slope height of 10m, 
which is a typical slope height in Singapore, and a slope angle of 27 (or 2H:1V), 
which is a typical design angle used by the Public Works Department of 
Singapore for residual soil slopes. All other parameters remained constant. The 
generalised geometry of the slope used in the parametric study is shown in 
Fig. 30. 

The soil profile selected for the parametric study consisted of a single 
homogeneous soil layer. The soil layer was assigned a saturated permeability of 
1.0104 m/s, the SWCC shown in Fig. 31, the permeability function shown in 
Fig. 32 and the shear strength properties given in Table 7. 

The initial pore-water pressure distribution for each slope configuration was 
defined as a hydrostatic pore-water pressure profile with a limiting negative pore-
water pressure of 75 kPa, as shown in Fig. 33. This limit was selected based on 
field measurements of negative pore-water pressures. The limit was imposed to 
prevent the generation of unrealistic pore-water pressures. The distribution given 
in Fig. 33 provided a similar initial condition for each of the slope angles and 
slope heights examined. 
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Fig. 30. Generalised geometry of parametric study slope. 
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Fig. 31. Soil-water characteristic curve. 
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Fig. 32. Permeability function.  

 

 
 

Table 7. Shear strength parameter combination. 

Combination c 
(kPa) 

 
(deg) 

b 
(deg) 

 
kN/m3 

1 10 26 26 20 
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Fig. 33. Initial pore-water pressure profile at the crest of the 10 m slope standing 
at 27 where Y is equal to Elevation in metres and pressure is in kPa. 

 

The top boundary was specified as a flux boundary to apply the specified rainfall 
intensity to the slope. A rainfall intensity of 80 mm/hr (2.2105 m s1) was 
applied from time equal to 0 hours until time equal to 4 hours. A rainfall intensity 
of approximately zero (1.01012 m s1) was then applied over a further period of 
10 days which allowed the water that infiltrated the slope to redistribute. The top 
boundary condition was the same for all analyses. 
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Results 

The results from the infiltration portion of the parametric study show that for a 
rainfall intensity less than the saturated permeability, the slope height and slope 
angle have little effect on the infiltration characteristics of the slope. Each of the 
slope heights and slope angles examined had similar infiltration characteristics 
and similar changes in pore-water pressures. The 4.0 hour rainfall caused a 
positive pore-water pressure zone to develop with a maximum pore-water 
pressure of approximately 20 to 30 kPa at a depth from 2.0 to 3.0 m. An example 
of a pore-water pressure distribution for the slope with after four hours of rainfall 
is given in Fig. 34 (i.e., for 27 slope with a height of 10 m). The hydraulic head 
contours are given in Fig. 35. 
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Fig. 34. Pore-water pressure contours (kPa) at time equal to 4.0 hours. 
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Fig. 35. Total head contours (m) at time equal to 4.0 hours. 

 

The slope stability results showed that in the initial stages of a rainfall event, the 
stability of the slope depended on the slope height, slope angle and pore-water 
pressure distribution. The location of the critical slip surface and the factor of 
safety for the 10 m slope standing at 27 before the rainfall event (i.e., time equal 
to 0 hours) are shown in Fig. 36. The critical slip surface is deep-seated at this 
time. 
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Fig. 36. Critical slip circle at time equal to 0 hours for 10 m slope standing 

at 27. 

 

As rain water infiltrates into the slope, a zone of positive pore-water pressure 
developed. The critical slip surface shifted from a deep-seated slip to a shallow 
slip (i.e., 2 to 3 m) through the positive pore-water pressure zone. The stability of 
the slope was no longer affected by slope height. This was because for a given 
slope angle, the pore-water pressure profile after 4 hours was approximately the 
same for all slope heights. The location of the critical slip surface and the factor 
of safety for the 10 m slope standing at 27 after four hours of rainfall (i.e., 
rainfall intensity equal to 80 mm hr1) are shown in Fig. 37. 
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Fig. 37. Critical slip circle at time equal to 4.0 hours for 10 m slope standing at 
27. 

 

The infiltration and slope stability results and conclusions from the parametric 
study are valid only for the specified parameters of this study. They may not 
necessarily be true for other values of slope, soil, climatic and hydrologic 
parameters. 
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STABILITY ASSESSMENTS 

This section outlines methodologies that can be used to assess the stability of 
residual soil slopes against rainfall-induced slope failures in Singapore. Included 
are: 

 guidelines for performing a detailed assessment, and 

 useful relations for a preliminary assessment. 

Guidelines for a Detailed Assessment  

This section presents a methodology for assessing the stability of a residual soil 
slope against a rainfall-induced slope failure. The methodology described here is 
essentially the same as the one used in this study. 

Step 1: Obtain the geometry of the slope 

The geometry of the slope must be obtained for future stability analyses. The 
geometry of a slope is defined by the slope angle and the slope height (i.e., 
assuming the slope angle is constant). A hand-held geological compass should be 
able to provide a measurement of slope angle to the level of accuracy required. 
The height of the slope can be determined using the measured slope angle along 
with a measurement of the length of the slope face. If the geometry of the slope is 
not constant, a more accurate means of determining the geometry may be 
required. That is, the geometry should be determined by performing a 
topographical survey with proper surveying equipment. 

It would be wise to inspect the slope for visible surface (i.e., tension) cracks at 
this stage of the assessment. Surface cracks can greatly increase the infiltration 
rate into the slope, and therefore the total volume of infiltration that can enter the 
slope for a given rainfall event. 

Step 2: Perform a Ground Investigation 

A ground investigation must be performed to establish the stratigraphy of the 
site, locate the groundwater table and obtain undisturbed soil samples for 
laboratory testing. At least one borehole should be located at both the crest and 
toe of the slope for each cross-section analysed. Additional boreholes should be 
drilled on the slope face. The number of additional boreholes to be drilled 
depends on the length of the slope face and the uniformity of the soils in the 
slope. As a rule, an additional borehole should be drilled at 20 m intervals along 
the slope face. More boreholes should be drilled if the residual soil formation is 
expected to be non-uniform (e.g., the Sedimentary Jurong Formation).  
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The boreholes need not be advanced past 10 m to adequately define the 
stratigraphy at the site, as rainfall-induced slope failures usually occur near the 
surface. However, at least one of the boreholes should be advanced to the depth 
of the groundwater table. 

If the groundwater table is shallow (i.e., <5 m from the ground surface at the toe), 
piezometers should be installed at the crest and toe to define the groundwater 
table location. The borehole at the crest must be advanced deep enough to 
intercept the groundwater table in this respect. If the groundwater table is deep 
(i.e., >5 m from the ground surface at the toe), then a single piezometer at the toe 
will suffice.  

It may be desirable to extend one borehole to the bedrock interface to identify the 
bedrock formation. 

Undisturbed soil samples should be collected from the first 10 m of each 
borehole for use in laboratory tests and to aid in the identification of soil layers. 
The undisturbed samples may be obtained with a thin-walled Shelby tube. In the 
event that the residual soils are too hard to be sampled with a Shelby tube, a 
Mazier sampler has proven to be successful. 

Locating the presence of any structural discontinuities is of particular importance 
to the ground investigation. A structural discontinuity in a residual soil profile 
typically results from joints and fractures in the parent rock but may also be due 
to an abrupt change in the degree of weathering. Structural discontinuities are 
known to cause pore-water pressure build-ups during rainfall events (i.e., perched 
groundwater tables). As such, rainfall-induced slope failures are most likely to 
occur along these structural discontinuities. 

Step 3: Conduct Laboratory Tests 

Laboratory tests should be performed on the undisturbed soil specimens collected 
in Step 2. The laboratory tests required include: 

 index property tests 

 atterberg limits 

 grain size distribution 

 in situ water content 

 total (i.e., bulk) density 

 specific gravity of solids 

 shear strength tests 
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The atterberg limits and grain size distribution are required to identify the soils at 
the site using a classification system such as the USCS. A knowledge of the 
in situ water content is helpful, especially when compared alongside the 
Atterberg limits. The bulk density is required for stability analyses. The specific 
gravity of solids is required to calculate the void ratio and can be used to indicate 
variations in mineralogy. 

Shear strength tests are required to determine the shear strength parameters ' and 
c'. The shear strength tests should be conducted in a triaxial cell using the 
consolidated-undrained (CU) method of testing with pore-water pressure 
measurements (Head, 1986). In the event that significant portions of the slope are 
unsaturated or located above the water table, unsaturated shear strength testing 
should be performed to determine the b angle of the soils involved (Fredlund 
and Rahardjo, 1993).  

If it is desirable to perform a seepage analysis as part of the stability assessment, 
additional laboratory tests will have to be performed. The saturated coefficient of 
permeability, ks, will be required for all soils involved in the seepage analysis, 
saturated and unsaturated. Saturated permeability testing can be conducted in the 
laboratory using a triaxial permeameter. For surficial soils it is best to obtain the 
ks in the field using an open double-ring infiltrometer. Soil-water characteristic 
curves (SWCC's) are required for the unsaturated soils involved in the analysis so 
that unsaturated permeability functions can be calculated.  

The laboratory testing may have to be performed in several rounds. That is, after 
the first round of laboratory test results is obtained, the soil layering at the site 
may not be entirely clear. Additional tests should be performed in this case to 
establish a more accurate soil profile, and to ensure the appropriate soil 
properties are obtained for each layer in the profile.  

Step 4: Install pore-water pressure measuring devices and rain gauge for 
field monitoring 

Pore-water pressure measuring devices must be installed to obtain an idea of the 
pore-water pressure distributions that can result from various rainfall events. 
Tensiometers are well suited for this purpose as they can measure pore-water 
pressures in both the positive and negative range. However, other pore-water 
pressure measuring devices may prove adequate. 

The pore-water pressure measuring devices should be installed in nests at various 
locations along the slope. The number of nests that should be installed depends 
on the length of the slope face and the uniformity of the soils in the profile. At 
least one nest of devices should be installed for each 20 m of slope face in 
addition to the one nest at both the crest and toe of the slope. More nests should 
be installed if the soils at the site vary significantly along the slope face. Each 
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nest must consist of several pore-water pressure measuring devices installed to 
various depths from 0 to 5 m below the surface. However, tensiometer 
installation is limited to a depth of 3 m. 

The pore-water pressure measuring devices must be connected to a data 
acquisition system to simplify the data collection process. If possible, the data 
acquisition system selected should be programmable to take more readings when 
it rains, as the readings at these times are most critical to the stability assessment.  

Rainfall data must be collected on site due to spatial variations in rainfall 
amounts and intensities across the island. The rainfall should be measured using 
a tipping bucket rain gauge or similar device that is capable of measuring the 
volume, intensity and time of rainfall events. The rain gauge should ideally be 
compatible with the data logger chosen for the pore-water pressure measuring 
devices to simplify the data collection and reduction process. The rain gauge may 
even be used to trigger the data logger to take more readings during rainfall 
events. The rain gauge should be placed in the open, clear of trees or other 
obstructions. 

The instrumentation must be monitored for a suitable period of time. The period 
of time should ideally encompass a rainy season, or several weeks during which 
an above average amount of rainfall occurred. The objective is to obtain a 
database of rainfall events and resulting pore-water pressure distributions. The 
larger the database, the better the chance to ascertain the effects of rainfall on the 
pore-water pressure distribution, and hence the stability of the slope. 

Step 5: Perform stability analysis 

Stability analyses should be performed at various times in the analysis period to 
obtain the factor of safety of the slope. There are many suitable slope stability 
software packages available on the market that can be used to perform the 
analysis. The input required for the model includes the site geometry (Step 1), 
stratigraphy (Step 2 and 3), shear strength parameters (Step 3) and a suitable 
pore-water pressure distribution (Step 4).  

The factor of safety calculated from the stability analyses can be plotted against 
the rainfall events that occurred during the monitoring period. An example of a 
factor of safety versus rainfall event plot for the Yishun site is given in Fig. 38. 
From such a plot, the engineer can obtain a feel for the effect of rainfall events on 
the factor of safety of the slope. For example, is the factor of safety affected most 
by the volume of rainfall that occurs in one hour, one day or one week? Perhaps 
the factor of safety is particularly affected by a high intensity, short duration 
storm but only if this storm occurs after an extended wet period. 
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Fig. 38. Factor of safety versus time for the Yishun slope. 

 

Once an idea of the effect of rainfall on the stability of the slope is obtained, long 
term rainfall records must be examined. The slope may be in danger of 
experiencing a rainfall-induced slope failures if:  

 the minimum factor of safety determined during the monitoring period was 
close to unity and  

 the return period of the storms encountered during the analysis period, 
particularly for the type of event(s) that was(were) shown to affect the 
stability of the slope in question, was not that long (i.e., the worst-case 
conditions could get much worse than those encountered during the analysis 
period).  

However, this procedure will only provide a subjective assessment of the stability 
of a residual soil slope against a rainfall-induced slope failure. A more objective 
assessment cannot be obtained unless the worst-case pore-water pressure 
distribution for a given slope can be predicted with a reasonable degree of 
accuracy. 

There are three different approaches that can be taken to try and predict the 
worst-case pore-water pressure distribution, and hence the minimum factor of 
safety, that can occur for a given slope. These are: 

(1) Long term pore-water pressure monitoring at the site in question 

(2) Review of pore-water pressures recorded at similar sites 

(3) Seepage modelling 
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Long term pore-water pressure monitoring in the field is the most direct approach 
to determine the worst-case pore-water pressure distribution that can exist. 
However, it is the most time consuming. That is, in order to obtain the worst-case 
pore-water pressure distribution by direct field measurement, the slope must be 
monitored until the worst-case rainfall event, or sequence of rainfall events, 
occurs. This may take years. In addition, if the worst-case conditions are being 
measured in the field, the slope will or will not have failed; this is not exactly an 
engineered solution.  

A more useful approach from an engineering standpoint would be to predict the 
worst-case pore-water pressure distribution for a given site based on the worst 
conditions recorded at similar sites. However, such data may be hard to find. This 
study has provided a record of pore-water pressure distributions at four different 
sites during several significant rainfall events. Further monitoring of these sites is 
still required to obtain a more accurate picture of the worst-case pore-water 
pressure distribution that can develop. 

Alternatively, seepage modelling could be performed. The concept behind a 
seepage model is to predict the worst-case pore-water pressure distribution (and 
hence the worst-case factor of safety) that would result from a theoretical 
worst-case rainfall event. The geometry of the slope, the soil profile, saturated-
unsaturated permeability functions and SWCC's are required as input for the 
model. Ideally, the seepage model would first be calibrated with lesser, measured 
rainfall events to see if it could predict pore-water pressure distributions similar 
to those measured in the field for the same event. After calibration, theoretical 
worst-case rainfall events could be analysed with the model to predict the 
theoretical worst-case pore-water pressure distribution.  

However, previous attempts at seepage modelling for residual soil slopes have 
encountered difficulties associated with properly assessing the permeability of 
the soils, the surface-flux boundary condition and the initial pore-water pressure 
conditions. Large variations in the permeability of a residual soil slope can occur 
over short spatial distances. Predicting the fluxes across the soil-atmosphere 
interface is a complex task that is subject to error. As such, seepage modelling 
results should be confirmed with field data whenever possible. 

One final point on stability assessment that must not be overlooked: a slope that 
has experienced stability problems in the past is likely to experience stability 
problems in the future. Furthermore, minor stability problems serve as warning to 
the potential for major, more devastating stability problems and should be 
heeded. 
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Useful Relations for Preliminary Assessment 

The results from the computer modelling (i.e., the parametric study) previously 
described were used to develop Preliminary Assessment Charts. The charts 
provide a preliminary assessment of slope stability against a rainfall-induced 
slope failure for typical residual soil slopes in Singapore. The design charts are 
valid only for residual soil slopes whose parameters are similar to the parameters 
used in the parametric study, outlined in Table 8. 

The charts presented in Figs. 35 through 37 can be used to determine the factor of 
safety of slopes with slope heights of 10, 20 and 40 metres, respectively, and 
varying slope angle. The charts presented in Figs. 38 through 41 can be used to 
determine the factor of safety of slopes with slope angles of 18, 27, 25 and 63 
degrees, respectively, and varying slope heights.  

Each of the charts presented in Figs. 39 through 45 consists of several lines, each 
line representing the factor of safety versus the varied parameter (i.e., slope angle 
or slope height) for a particular pore-water pressure distribution. Graphical 
representations of the pore-water pressure distributions used to generate the lines 
appear with the chart. The successful application of the charts requires the 
selection of an appropriate pore-water pressure distribution to describe the worst-
case conditions that could reasonably occur at the site.  
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Table 8. Parameter values used to generate Preliminary Assessment Charts. 

Slope Parameters Soil Parameters Climatic and 
  Hydrologic Parameters 

 Slope Height 
From 10 m to 40 m. 

 SWCC 
Refer to Fig. 27 

 Groundwater level 
location 
Refer to Fig. 26 

 Slope Angle 
From 18 to 63 

 Saturated permeability 
1.0 x 104 m/s 

 Rainfall intensity 
80 mm/hr 
(2.2x105 m/s) 

 Soil Layer Profile 
Single layer 
 - homogeneous 

 Permeability function 
Refer to Fig. 28 

 Initial pore-water 
pressure distribution 
Refer to Fig. 29 

  Unsaturated shear 
strength parameters 
c = 10 kPa 
 = 26 
b = 26 
 = 20 kN/m3 
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(b) 

 
Fig. 39. Preliminary Assessment Chart for 10 m slope. (a) Transient pore-water 

pressure distributions, (b) respective factors of safety calculated using (a). 
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(b) 

Fig. 40. Preliminary Assessment Chart for 20 m slope. (a) Transient pore-water 
pressure distributions (b) respective factors of safety calculated using (a). 
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(b) 

 

Fig. 41. Preliminary Assessment Chart for 40 m slope. (a) Transient pore-water 
pressure distributions (b) respective factors of safety calculated using (a). 
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(b) 

Fig. 42. Preliminary Assessment Chart for 18 slope. (a) Transient pore-water 
pressure distributions (b) respective factors of safety calculated using (a). 
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(b) 

Fig. 43. Preliminary Assessment Chart for 27 slope. (a) Transient pore-water 
pressure distributions (b) respective factors of safety calculated using (a). 
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(b) 

Fig. 44. Preliminary Assessment Chart for 45 slope. (a) Transient pore-water 
pressure distribution (b) respective factors of safety calculated using (a). 
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(b) 

Fig. 45. Preliminary Assessment Chart for 63 slope. (a) Transient pore-water 
pressure distributions, (b) respective factors of safety calculated using (a). 
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PREVENTATIVE MEASURES AND CONSTRUCTION PROCEDURES 

Preventative measures and construction procedures can be undertaken to reduce 
the possibility of a rainfall-induced slope failure from occurring. The decision 
whether or not to implement these measures (procedures) should take into 
consideration both the probability and consequences of a failure. The probability 
of a failure can be ascertained using the guidelines for a detailed assessment or 
the relations for a preliminary assessment. The consequences of a rainfall-
induced slope failure can include economic losses (i.e., damage to property), 
disruption to service (i.e., transportation, utilities, etc.) and the potential for 
injuries and loss of life. 

Once the decision is made to implement preventative measures, an appropriate 
method for stabilising the slope must be chosen. Successful methods for 
stabilising residual soil slopes in Singapore are outlined by Rahardjo, Leong, 
Gasmo and Deutscher (1998). Any one or a combination of these methods may 
be used. The methods include:  

 Installation of soil nails or ground anchors. These may be used to secure 
loose surficial deposits to harder underlying layers. 

 Installation of a grid of drains just below the surface to channel infiltration 
out of the slope. The grid may also serve as reinforcement.  

 Regrading and compaction of the slope to a flatter angle. 

Another possibility is to permanently cover the surface of the slope with an 
infiltration-limiting material such as shotcrete or chuman. This practice is 
commonly used by engineers in Hong Kong. The infiltration-limiting cover will 
prevent pore-water pressure build-ups in the slope during periods of heavy 
rainfall and may even help to preserve matric suctions. However, there are 
drawbacks to the use of such a cover. These include: 

 Evaporation is impeded during dry periods. 

 The shotcrete or chunam surface is not aesthetically pleasing. 

One area of research that shows promise for overcoming these drawbacks is the 
development of engineered soil covers. Engineered soil covers can be designed to 
limit infiltration during wet periods while still allowing for evaporation during 
dry periods. Engineered soil covers are also more aesthetically pleasing as they 
allow for the growth of vegetation. Further research is required in the area of 
engineered soil covers to develop viable options for the local soils and climate 
conditions of Singapore. 
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Temporary covers can be used during the construction process when slopes can 
be especially vulnerable to pore-water pressure build-ups caused by infiltration. 
Previous research conducted by NTU has shown that an unvegetated (i.e., bare) 
slope is more susceptible to the pore-water pressure increases during rainfall 
events than vegetated or covered surfaces (Lim, 1995). It would be wise to cover 
exposed, bare soil (i.e., from an excavation or cut) with a plastic sheet or other 
temporary infiltration-limiting material to limit these pore-water pressure 
increases. The results of this study have shown it is particularly important to 
cover the area near the crest, and perhaps several metres back from the crest. 

 
CONCLUSIONS 

An examination of the field measurements and parametric analysis that were 
performed for this study indicate that mechanism of rainfall-induced slope 
failures in Singapore is as follows: 

Infiltration from rainfall events penetrates into the surface of the slope, causing 
the dissipation of matric suctions, and eventually leads to positive pore-water 
pressure build-ups (i.e., perched water tables), particularly near the surface (i.e., 
top 3 m). The increase in pore-water pressure effectively decreases the shear 
strength of the soil, making it more susceptible to failure.  

It is suspected that surface discontinuities (i.e., cracks and fissures) play a role in 
the mechanism of failure as these discontinuities increase the permeability of the 
slope, allowing the slope to accept more infiltration from a given rainfall event. It 
is also suspected that structural discontinuities (i.e., interfaces between soil layers 
with different permeabilities/degrees of weathering) contribute to the mechanism 
of failures as pore-water pressure build-ups are most likely to occur along these 
discontinuities. 

The influence of antecedent rainfall for a given site appears to be closely related 
to the permeability of the soils at the site. The lower the permeability of the soils 
at the site, the more the stability of the site will be influenced by antecedent 
rainfall. However, there is a limiting condition on the preceding statement; there 
is a point when the permeability of the soils at a site is so low that rain water has 
great difficulty entering the slope. The stability of such a slope is for the most 
part unaffected by rainfall. 

The parametric study revealed that slope angle and the pore-water pressure 
distribution are important factors to be considered when assessing the stability of 
a slope against a rainfall-induced slope failure. The height of the slope, on the 
other hand, is not a significant factor.  
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Preventative measures and construction procedures can be undertaken to reduce 
the possibility of a rainfall-induced slope failure from occurring. Methods for 
stabilising residual soil slopes in Singapore that have proven to be successful in 
the past include soil nailing/anchoring, drainage grids (i.e., just below the 
surface) and regrading and compaction to a flatter angle. One additional 
preventative method that shows promise is the development of engineered soil 
covers. Engineered soil covers can be designed to limit infiltration during wet 
periods while still allowing for evaporation during dry periods. Further research 
is required in the area of engineered soil covers to develop viable options for the 
local soils and climate conditions of Singapore. 
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