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Abstract

Rainfall-induced slope failure occurs in many countries including Singapore where slopes are
mostly covered with residual soils. Although the significance and impact of rainfall infiltration
in inducing slope failures are widely investigated, there have been diverse conclusions
regarding the relative roles between soil and rainfall to slope failures under various
environmental conditions. In this study, parametric studies were carried out for seven rainfall
scenarios and two soils to explore the critical rainfall scenarios affecting the slope stability in
Singapore. Special attention was given to the analyses of intensity and duration of the rainfall
based on historical rainfall data during the period of 1982-2017 in Singapore. A transient
seepage analysis was conducted, and the computed pore-water pressures were used in stability
analyses to calculate the variation of factor of safety of the slope during rainfall. The results
indicated that the slope with low permeability soil is mainly affected by the 5-day rainfall
scenario, while the slope with high permeability soil is mainly affected by the maximum daily
rainfall scenario in Singapore. Three case studies clearly validated the findings of this study.

Keywords: Rainfall scenarios, Residual soil, Slope stability, Numerical analysis
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Introduction

In recent decades, a rising global temperature has generated rapid climate changes. Previous
studies indicated that rainfall events have become more intense in a number of countries, i.e.,
Malaysia (Noor et al., 2018; Hassan et al., 2018), Indonesia (Avia, 2019; Lestari et al., 2019),
Taiwan (Tung et al., 2016; Janati et al., 2019), United States (Kunkel 2003), Canada (Francis
and Hengeveld 1998), Australia (Suppiah and Hennessy 1998), South Korea (Lee and Bae
2013), South Africa (Mason et al. 1999), United Kingdom (Osborn et al. 2000) and Norway
(Forland et al. 1998). It is common that a slope may fail during or soon after heavy rainfall.
Mechanism of rainfall-induced slope failures is governed by many factors, such as the geology
and topography of the area, soil types, soil properties, local climate (rainfall and evaporation),
and water flow patterns within the slope.

Unsaturated soil mechanics is of importance in analyzing rainfall-induced slope failures.
In Singapore, slope failures during rainfalls are commonly associated with residual soil slopes
that are often found with a significant depth of unsaturated zone above groundwater table. The
unsaturated zone is defined by the presence of the negative pore-water pressures or matric
suctions above the groundwater table (Fredlund et al. 2012; Wu et al. 2016)). The rainwater
infiltration results in the variations of pore-water pressure and water content with depth within
the unsaturated zone. An increase in water content causes a decrease in matric suction. As a
result, the soil shear strength decreases, and this may lead to failure of the slope (Fredlund and
Rahardjo 1993; Kim et al. 2017).

Rainfall has been identified as the main triggering factor for landslides in Singapore,
Thailand, Vietnam, and Indonesia (Rahardjo et al. 2014). Chatterjea (1989) studied 79 minor
landslide events in Singapore and concluded that the landslides were related to rainfall. Wang
and Towhata (2015) observed that an increasing number of landslides might be correlated with

the increasing intensity of precipitation in Japan. In Hong Kong, the density (the number of
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occurrences per km?) of natural terrain landslides increased exponentially with normalized
rainfall intensity (Ho et al. 2015). Lin et al. (2014) indicated that the number of landslides in
Taiwan had increased sharply in the last two decades, which coincided with an increase in
precipitation. These abundant observations point clearly that rainfall is closely related to slope
instability.

Many studies have been carried out to investigate the complex relationship between
rainfall and slope stability (Rahardjo et al. 2001; Rahimi et al. 2011; Ahmadi-adli et al. 2017;
Rahardjo et al. 2018). The Geotechnical Engineering Office of Hong Kong has developed
rainfall-landslide correlations, a probability-based framework to predict a number of landslides
from precipitation, by plotting landslide frequency against normalized rolling 24-h rainfall for
different types of slopes (Ho et al. 2015). Normalized maximum rolling 24-hour rainfall
intensities are calculated by dividing the maximum rolling 24-hour rainfall by the mean annual
rainfall at the same location. This is a better indicator of the severity of rainfall compared with
the maximum rolling 24-hour rainfall due to the significantly uneven rainfall distribution in
Hong Kong (Ho et al. 2015). Moreover, Taiwan authorities have developed a rainfall threshold
for different counties on the island based on rainfall data from 1989 to 2009 (Lin et al. 2014).
The rainfall threshold is defined to be the amount of rainfall that corresponds to the probability
of landslide occurrence larger than 50%. Superimposing this map of the rainfall threshold with
a map of landslide occurrence showed a strong spatial correlation between landslide and
rainfall (Lin et al. 2014).

Rainfall-induced slope failures may also occur due to antecedent rainfall. Antecedent
rainfall is the rain that falls in the days immediately preceding a landslide event (Rahardjo et
al. 2001; Cai and Ugai 2004; Rahardjo et al. 2012). Zézere et al. (2005) studied the landslide
events in Portugal for the past 50 years and concluded that shallow slope failures were caused

by one to fifteen days of rainfalls, while deep-seated slope failures were mainly caused by one
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to three months of prolonged rainfalls. Guzzetti et al. (2007) reviewed rainfall thresholds for
the initiation of landslides. They found that many researchers in different parts of the world
related slope failures to antecedent rainfall, but with different durations, from 1 day to 120 days.
U.S. Army Corps of Engineers (1997) investigated the effect of antecedent rainfall on historical
landslide events in the western part of Washington, including the Seattle area, United States.
They identified the 3-day rainfall event as a landslide initiating rainfall threshold. The
cumulative antecedent rainfall triggering landslides in this area of the USA is around 95 mm
for three days. Chen et al. (2005) studied the slope responses (i.e., pore-water pressure
distribution) to rainfall events through comprehensive instrumentation of slopes in Taiwan.
They concluded that 5-day antecedent rainfall affects the stability of slopes in Taiwan. Studies
on the threshold of rainfall-induced landslides have been conducted in other countries in Asia,
such as: Bhutan (Dikshit et al., 2019); Japan (Hong et al.,2005); Bangladesh (Khan et al., 2012);
South Korea (Kim et al., 2015).

For Singapore, Rahardjo et al. (2008) studied the effect of antecedent rainfall on slope
failure and observed that 5-day antecedent rainfall affected the stability of some slopes. Rahimi
et al. (2011) addressed the role of antecedent rainfall on slope stability and found that the
relationship between rainfall intensity and soil hydraulic properties played a decisive role in
determining the critical rainfall pattern that caused slope failures. However, these studies were
restricted to certain areas with limited data; therefore, the results could not represent the entire
region of Singapore.

Wei et al. (1991) in a case study of the Bukit Batok landslide in Singapore found that
the failure occurred after a period of heavy rainfall and there was no rainfall at the time of
failure. It appears therefore that experiences from different regions have resulted in different
conclusions as to the significance of antecedent rainfall for slope instability (Morgenstern,

1992). Such mixed conclusions are probably the consequence of attempts to correlate the
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incidence of landslides to event rainfall patterns alone rather than evaluating how successive
rainfall events (antecedent rainfall) lead to the development of worst pore-water pressure
conditions in a slope that could affect slope stability. This study therefore attempts to evaluate
the relative role of antecedent rainfall over event-based rainfall in producing worst pore-water
pressure conditions in a slope that could affect slope stability.

Although Singapore has a moderately low-lying relief, rainfall induced slope failure is
the most common form of landslide in Singapore. It usually occurs during rainy season of the
year when rainfall is especially heavy. During the period of December 2006 to January 2007
Singapore has recorded one of the highest average prolonged rainfall over the last 80 years of
345mm for over 20 hours, of which the 20 hours of continuous rainfall of 765.9mm from 19 to
20 December 2006 was the highest recorded for the past 137 years. During this period eleven
landslides occurred in Singapore (Rahardjo et al., 2008).

A study on the increasing trend of rainfall in Singapore was conducted by Kristo et al.
(2017). They indicated a possible shift to longer duration rainfall events up to 2100. Based on
the derived trends, projected rainfall intensities in 2050 and 2100 were used in the seepage and
slope stability analyses performed on a typical residual soil slope in Singapore. A significant
reduction in factor of safety was observed in the next 50 years, with only a marginal decrease
in factor of safety in the subsequent 50 years. This indicates a possible detrimental effect of
variations in rainfall patterns on slope stability in Singapore, especially in the next 50 years.

The literature review on the past studies related to rainfall threshold triggering
landslides in different countries highlights the importance of analyzing the rainfall threshold
that causes slope failures in Singapore in order to provide alert level prior to the occurrence of
slope failures. Consequently, warning systems based on the alert level of rainfall threshold will

prevent casualties and damages to the surrounding infrastructures.
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The main objective of this study is to investigate the two critical rainfall scenarios
affecting stability of residual soil slopes in Singapore through analyses of historical rainfall
data and case studies. It is necessary to study the relationship between local rainfall events and
soil types since Singapore residual soils exhibit a wide range of coefficient of permeability.
Rainfall analysis was comprehensively carried out based on historical rainfall data of Singapore
for the period of 1982-2017. The numerical studies based on actual landslides confirmed that
the two critical rainfall scenarios, i.e., 5-Day rainfall and Daily maximum rainfall were the
important factors that caused the failure of slopes with low and high permeabilities,
respectively.

Methodology

Analysis of historical rainfall
Comprehensive studies were carried out by the Scottish government on the effect of antecedent
rainfall on slope stability for the development of policy to include rainfall threshold and
duration for slope stability in Scotland. They observed that the cumulative and duration of
antecedent rainfall triggering slope failures in Australia, Italy, Singapore, Scotland, and
Norway were 280 mm for 3 days; 320 mm for 5 days; 600 mm for 6 days; 195 mm for 14 days
and 190 mm for 7 days, respectively. The analyses from Pennington et al. (2014) on
comprehensive historical landslide data from the British Geological Survey indicated that 300
mm antecedent rainfall for 7 days results in the majority of landslides in the United Kingdom.
A summary of antecedent rainfall on slope stability studies from different countries can be seen
in Table 1.

Figure 1 shows locations of the 37 meteorological stations which have hourly records
of historical rainfall data for the period of 1982-2017 in Singapore. The maximum daily rainfall
and the maximum 5-day antecedent rainfall from 1982 to 2017 were calculated and used as

rainfall loading in slope stability analyses. The maximum daily rainfall of 354 mm/day was
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observed on 19 December 2006 from Woodbridge Hospital rainfall station. The maximum 5-

day antecedent rainfall of 577 mm was observed from 17 to 21 December 2006. It should be

noted that the term 5-day antecedent rainfall refers to the rainfall amount observed within five

continuous days.

Table 1 Summary of different durations of antecedent rainfall triggering slope failures in
different countries

Days of antecedent rainfall

Country Published by Year (total amount)
Malaysia Lee et al. (2014) 2014 3-day (150 mm)
Taiwan Chen et al. (2005) 2005 5-day (390 mm)
Sinaanore Transport and Work Scotland

gap unit, Transport Scotland, Scottish | 2008 5-day (320 mm)

Government

China Yang et al. (2020) 2020 7-day (300 mm)
Indonesia Chikalamo et al. (2020) 2020 15-day (200 mm)
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Fig. 1 Locations of the meteorological stations used for the rainfall distribution in Singapore
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Parametric study

Parametric studies were conducted to assess the stability of residual soil slopes in Singapore,
subjected to different rainfall loadings. Two different saturated coefficients of water
permeability were used in the analyses; k, = 5.0E-8 m/s (referred to as low permeability soil
herein) and kg = 1.0E-5 m/s (referred to as high permeability soil herein). Rahardjo et al. (2007)
did the parametric studies on the effect of slope height and rainfall intensity on stability of
residual soil slopes in Singapore. They concluded that the minimum factors of safety of slopes
higher than 6 m are almost the same under heavy rainfall higher than 240 mm/day regardless
the slope height. Typical slope geometry in Singapore with 6 m slope height and 45° slope
angle was used in the numerical analyses. Unsaturated soil properties of soil-water
characteristic curves (SWCCs) and permeability functions associated with low and high
permeability soils were used as input in the seepage analyses (Fig. 2). The transient seepage
analyses and slope stability analyses were conducted using SEEP/W and SLOPE/W,

respectively (Geo-Slope 2012).
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Fig. 2 Unsaturated hydraulic properties of two soils for seepage analyses

The parametric studies consist of seepage and stability analyses with seven scenarios
of rainfall application (Table 2 and Figs. 3 and 4). In scenario 1, a maximum daily rainfall of
354 mm/day (Max. Daily rainfall) based on historical rainfall data from 1982 to 2017 (Rahardjo
et al., 2020) was applied for one day on the soil surface (see Fig. 3). In scenario 2, a maximum
cumulative rainfall of 521 mm for three days (3-Day rainfall) based on historical rainfall data
from 1982 to 2017 was applied in the analyses. The distribution of rainfall loading for scenario
2 consisted of the application of 112 mm/day for two consecutive days (on the first two days)
and the application of 354 mm/day on the last day (see Fig. 3). In scenario 3, a maximum
cumulative rainfall of 570 mm for four days (4-Day rainfall) based on historical rainfall data
from 1982 to 2017 was applied in the analyses. The distribution of rainfall loading for scenario
3 comprised the application of 75 mm/day for three consecutive days (on the first three days)
and the application of 354 mm/day on the last day (see Fig. 3). In scenario 4, a maximum
cumulative rainfall of 577 mm for five days (5-Day rainfall) based on historical rainfall data
from 1982 to 2017 was applied in the analyses. The distribution of rainfall loading for scenario
4 was the application of 56 mm/day for four consecutive days (in the first four days) and the
application of 354 mm/day on the last day (see Fig. 3). In scenario 5, uniform cumulative

rainfall of 577 mm for five days (5-Day uniform rainfall) based on historical rainfall data from
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1982 to 2017 was applied in the analyses. The distribution of rainfall loading for scenario 5
was the application of 115 mm/day for five days (see Fig. 4). In scenario 6, the uniform rainfall
loading of 534 mm/day (maximum daily rainfall based on historical rainfall data from 1982 to
2017) was applied for 10 days (Max. 10-Day uniform rainfall) on the soil surface (see Fig. 4).
In scenario 7, the uniform rainfall loading of 56 mm/day (minimum daily rainfall based on
historical rainfall data from 1982 to 2017) was applied for 10 days (Min. 10-Day uniform
rainfall) on the soil surface (see Fig. 4). The selection of maximum daily and maximum 5-day
rainfall were based on the occurrences of past landslides in Singapore. Some landslides
occurred after 1 day of rainfall. Other landslides occurred after 5 days of rainfall (Rahardjo et

al., 2007)

Table 2 Different rainfall scenarios applied in parametric studies

Scenario Rainfall pattern Intensity Intensity

No. (mm/day) (m/s)

1 Max. Daily rainfall 1 x 354 1x 4.1E-6

2 3-Day rainfall 2 x 112 + 354 2 X 9.7E-7+4.1E-6
3 4-Day rainfall 3 X 75+ 354 3 x 8.4E-7 +4.1E-6
4 5-Day rainfall 4 x 56 + 354 4 X 6.5E-7 + 4.1E-6
5 5-Day uniform rainfall 5x 115 5% 1.3E-6

6 Max. 10-Day uniform rainfall 10 x 354 10 x 4.1E-6

7 Min. 10-Day uniform rainfall 10 x 56 10 x 6.5E-7

10
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Fig. 4 Rainfall applications in scenarios 5 to 7

Seepage and slope stability analysis

Numerical models and boundary conditions used in the parametric studies are presented in Fig.
5. A typical groundwater table at a depth of 3 m and 2 m below the crest and the toe of the
slope, respectively was adopted in the analysis. The side boundaries are at a distance of 18 m
from the crest and the toe (3 times the height of the slope) to avoid any influence of the
boundary conditions on the seepage process within the slope. The boundary conditions adopted

were as follows: zero total flux was applied to the bottom boundary and the side boundaries
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above the groundwater table; pressure head was applied to the side boundaries below the
groundwater table; and unit flux boundary according to the rainfall intensity with potential
seepage face review was applied to slope surface to simulate rainfall infiltration with no
ponding.

The pore-water pressure distributions from SEEP/W were used as input for the slope
stability analyses in SLOPE/W. The objective of this study is to show the effect of rainfall on
slope stability. The main property affecting the rate of rainwater infiltration is the permeability
of soils. Hence, one set of soil shear strength with two different permeabilities was used in the
numerical analysis. The soil properties used in the slope stability analyses are unit weight (y; =

19.6 kN/m3); effective cohesion (¢’ = 6 kPa); effective friction angle (¢’ = 26°) and
unsaturated ¢? angle (= 13°), which were within the typical range of residual soil properties
in Singapore, as studied by Rahardjo et al. (2012). Bishop’s simplified method of slices for
circular slip surfaces was used in the calculation of factor of safety. It is assumed that no tension
crack is allowed, and the recovery of matric suction after the end of rainfall due to evaporation

and evapotranspiration is not considered in the analyses.
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Fig. 5 Numerical model and boundary conditions used in parametric studies
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Discussions on results of parametric studies

The variations of factor of safety (FS) obtained from slope stability analyses are presented in
Figs. 6 to 8. Figure 6a shows that FS of the slope with low permeability soil decreased and
reached a critical FS of 1 only at the end of 5-Day rainfall (scenario 4). This might be attributed
to the relatively lower permeability of the soil as compared to the rainfall intensities in
scenarios 1 to 4. Hence, the same amount of rainwater infiltrated into the soil layer resulting in
the same rate of decreasing in factor of safety in scenarios 1 to 4. Figure 6b shows that FS of
the slope with high permeability soil decreased significantly from the initial FS of 1.48 to the
critical FS of 1 at the end of Max. Daily rainfall (scenario 1). This happened since the rainwater
easily percolated down to the soil layer due to the high permeability of the soil. A similar trend
was observed in the changes in FS for scenarios 2 to 4 regardless of days of antecedent rainfall.
The significant decrease in FS for the slope with high permeability soil under 3-Day, 4-Day,
and 5-Day rainfall scenarios occurred on the last day of rainfall. This might be attributed to the
high rainfall intensity on the last day for scenarios 2 to 4 that lead to a significant drop of matric
suction in the slope.

Figure 7 shows that FS of the slope with low permeability soil decreased and reached
acritical FS of 1 at the end of application of 5-Day uniform rainfall (scenario 5). This happened
due to the lower permeability of the soil causing a slow rate of rainwater infiltration into a
greater depth. The rainwater had reached the critical slip surface which was associated with
critical FS before the rainwater could flow out from the soil layer. The figure also shows that
FS of the slope with high permeability soil decreased and reached only to FS of 1.2 at the end
of application of 5-Day uniform rainfall (scenario 5). This was attributed to the relatively lower

rainfall intensity as compared to the permeability of the soil.
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The results from stability analyses of the slope with low permeability soil under both
Max. and Min. 10-Day uniform rainfall scenarios (scenarios 6 and 7), as shown in Fig. 8a
demonstrate that trends of the changes in FS were the same as those under Max. Daily rainfall,
3-, 4-, and 5-Day rainfalls, as shown in Fig. 6a. This might be attributed to the lower
permeability of soil as compared to the rainfall intensities in scenarios 6 and 7. Hence, the same
amount of rainwater infiltrated into the soil layer, resulting in the same decreasing rate in FS
for scenarios 6 and 7. In addition, the FS started to remain constant after 6 days application of
rainfall. This was attributed to the fully saturated condition of the slope due to the rising of the
groundwater table into the ground surface. The boundary condition on the ground surface was
set as flux with no ponding condition. Hence, no mounding of water occurred, although the
groundwater table rose up to the ground surface. As a result, the FS remained constant upon
reaching the fully saturated condition. Figure 8b shows that FS of the slope with high
permeability soil under Max. 10-Day uniform rainfall decreased significantly from the initial
FS of 1.48 to the critical FS of 1 after 1 day of rainfall. This happened due to the significant
amount of rainfall that was applied on the slope surface (353.6 mm/days), resulting in a large
amount of rainwater infiltration reaching critical slip surface associated with the critical FS of
1 within 1 day.

Overall, the results from the stability analyses shown in Figs. 6 to 8 indicated that the
slope with low permeability soil reached critical FS of 1 due to 5-Day rainfall scenario, while

the slope with high permeability soil reached critical FS of 1 under Max. Daily rainfall scenario.

15



297
298

299
300

301
302

303

304

305

306

307

308

309

310

311

1.6
—&—5-Day rainfall

15 --e- Min. 10-Day uniform rainfall (6.37E-7m/s)
51,4 F i — 2~ Max. 10-Day uniform rainfall (4.09E-6m/s)
313 - |
S
512 1
Q
11 A

10 t————————— TRy — —————————————

0.9 i

0 1 2 3 4 5 6 7 8 9 10
Elapsed time, day
(b) Low permeability soil
1.6
—=—5-Day rainfall

L5 --- Min. 10-Day uniform rainfall (6.37E-7m/s)
%* 14 ~ — - Max. 10-Day uniform rainfall (4.09E-6m/s)
313 |
S
g12
Q
®11

1.0

0.9

0 1 2 3 4 5 6 7 8 9 10
Elapsed time, day

(b) High permeability soil
Fig. 8 Variations in factor of safety for scenarios 4, 6 and 7

Case study

Three cases of slope failures based on historical records were analyzed in this section. The
locations of the three slope failures are indicated in Fig. 9.

Case 1: slope at Yio Chu Kang Road

A slope failed near Yio Chu Kang Road on 21 December 2006. The height and angle of the
slope near Yio Chu Kang Road are 5.5 m and 32°, respectively, which were obtained from the
digital elevation model (DEM) map. The groundwater table was located at 3 m below the crest
of the slope and 2 m below the toe of the slope. The rainfall data were obtained from the closest

rainfall station at Woodbridge Hospital Station (Fig. 9). The cumulative 1-day of rainfall on
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the day when the slope failed was 7.1 mm. This indicated that antecedent rainfall is the more
likely cause of failure. In this case, the numerical analyses were carried out to consider 5-Day
rainfall (scenario 4). The 5-days cumulative rainfall prior to slope failure near Yio Chu Kang
Road was 577.1 mm which was the maximum 5-Day antecedent rainfall for the period of 1982-
2017.

The numerical model of the slope near Yio Chu Kang Road is presented in Fig. 10. The
soil properties used in stability analyses were obtained from a nearby borehole located at Ang
Mo Kio St 21 (Rahardjo et al. 2012). The required SWCC and permeability function for the
seepage analyses using SEEP/W are shown in Fig. 11. Three sets of rainfall loading were used.
The first rainfall loading was Max. Daily rainfall with an intensity of 354 mm/day (maximum
daily rainfall for periods of 1982-2017). The second rainfall loading was the 5-Day uniform
rainfall with an intensity of 115 mm/day. The third rainfall loading was the 5-Day rainfall with
four days of uniform rainfall (56 mm/day) and one day of high-intensity rainfall (354 mm/day).
The pore-water pressure variations from seepage analyses were exported into SLOPE/W for
slope stability analyses. The shear strength parameters of the soil are effective cohesion (c') of

3 kPa, effective friction angle (¢') of 25° and ¢? angle of 11°.

7

dbridge Hospital S 7

232y &

Fig. 9 Location of slope failure near Yio Chu Kang Road and nearest rainfall station at
Woodbridge Hospital Station
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Figure 12 shows that the FS of the slope decreased to 1 after 5-Day rain. This happened
due to the lower permeability of the soil, causing a slow rate of rainwater infiltration into a
greater depth. The figure also indicates that the trend of decreases in FS due to the application
of both 5-Day uniform and 5-Day rainfall was the same, and there was no significant drop in
FS due to the application of Max. Daily rainfall. This might be attributed to the lower
permeability of soil (k; = 5.0E-8 m/s) as compared to the applied rainfall intensity. Hence, the
same amount of rainwater infiltrated into the soil layer resulting in the same rate of decrease in

factor of safety under both rainfall intensities.

—a—5-Day rainfall
--0- 5-Day uniform rainfall (1.34E-6m/s)
— - Max. Daily rainfall (4.09E-6m/s)

Factor of safety
PR e e
N w SN (&)

=
=

=
o
.

o
©

Elapsed time, day

Fig. 12 Variations in factor of safety for the slope near Yio Chu Kang Road under different
rainfall loading

Case 2: slope at Jalan Asas

A slope failure occurred at Jalan Asas on 11 November 2018. The slope is located within
residual soil from Bukit Timah Granite. The nearest rainfall station is at Bukit Panjang Telecom,
which recorded a 1-Day rainfall of 103.6 mm prior to the failure event. The height and angle
of slope at Jalan Asas are 10 m and 37°, respectively, as obtained from the DEM map. The
groundwater table was located at 1.5 m below the toe of the slope. The numerical model of this

slope is presented in Fig. 13.
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The soil properties used in the stability analyses were obtained from a nearby borehole
located at Orchard Boulevard (Rahardjo et al. 2018). The required SWCC and permeability
function for the seepage analyses using SEEP/W are shown in Fig. 14. The pore-water pressure
variations from seepage analyses were exported into SLOPE/W for stability analyses. The
shear strength parameters of the soil are effective cohesion (c¢") of 9 kPa, effective friction angle
(¢") of 30° and ¢? angle of 20°. The variations in FS are presented in Fig. 15. The condition
of slope prior to rainfall is considered to be safe since the initial FS is higher than 1.5. After
one day of rainfall, the FS dropped to 1.2. The value of 1.2 is likely to be considered as unstable
condition in accordance with Building Construction Authority (2018), which was proven by

the fact that the slope failure occurred on 11 November 2018.
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Fig. 13 Numerical model used in seepage analyses of the slope at Jalan Asas
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Fig. 14 Unsaturated hydraulic properties for seepage analyses of the slope at Jalan Asas
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Fig. 15 Variation in factor of safety for the slope at Jalan Asas

Case 3: slope at Kent Ridge
A slope failure was recorded within the slope National University Singapore campus (Kent

Ridge) on 11 January 2006. The slope is located within the residual soil from Jurong Formation.
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The rainfall data prior to failure event were obtained from the closest rainfall station located at
Ulu Pandan station. A 5-Day antecedent rainfall of 149 mm was observed prior to the failure
event. The height and angle of slope at Kent Ridge are 11 m and 40°, respectively, as obtained
from the DEM map. The groundwater table was located at 1.5 m below the toe of the slope.
The numerical model of this slope is presented in Fig. 16.

The soil properties used in the seepage and stability analyses were obtained from a
nearby borehole located at the commonwealth area (Rahardjo et al. 2012). The required SWCC
and permeability function for the seepage analyses using SEEP/W are shown in Fig. 17. The
pore-water pressure variations from the seepage analyses were exported into SLOPE/W for
slope stability analyses. The shear strength parameters used in the slope stability analyses are
effective cohesion (c’) of 7 kPa, effective friction angle (¢') of 27° and ¢ angle of 20°. The
variations in FS are presented in Fig. 18. The condition of slope prior to rainfall was considered
to be safe since the initial FS was higher than 1.5. After five days of rainfall, the FS dropped
t0 0.98. The value of 0.98 corresponds to an unstable condition and this is supported by the fact

that the slope failed on 11 January 2006.

Boundary condition (BC)
" ac : Pressure head (p =24 m)
12 df : Pressure head (p =13 m)
10 cd : No flow (Q=0)
alkjihgf : Flux (rainfall, g= 5-day rainfall of 149 mm)
be : Groundwater table
Slope height : 15 m
Slope angle : 35° & 40 °

Elevation, m
>

2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 78 80 82
Distance, m

Fig. 16 Numerical model used in seepage analyses of slope at Kent Ridge
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Conclusions

The following conclusions can be made based on the assessment of rainfall scenarios for slope
stability analyses in Singapore.

Rainfall scenarios with the incorporation of antecedent rainfall (Scenarios 2 to 4)
affected the stability of the slope with low permeability soil by lowering the factor of safety of
the slope before the occurrence of the maximum daily rainfall. In other words, the antecedent
rainfall controlled the rate of decrease in factor of safety, particularly under 5-Day rainfall
scenario, resulting in the critical factor of safety of 1.0.

The instability of slopes was controlled by the amount of infiltrated rainwater into the
slope as represented by the decrease in factor of safety. Maximum daily rainfall scenarios based
on the historical rainfall data from 1982 to 2017 in Singapore affected the stability of the slope
with high permeability soil more significantly because the amount of infiltrated rainwater was
the highest.

Consequently, the slope with low permeability soil is mainly affected by 5-Day rainfall,
while the slope with high permeability soil is mainly affected by Maximum daily rainfall in
Singapore. Combined with the historical rainfall data and numerical analyses, these

observations give insight into instability of slopes subjected to prolonged rainfalls.
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