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Abstract: Global climate change has a significant impact on rainfall characteristics, sea water level and groundwater 

table. Changes in rainfall characteristics may affect stability of slopes and have severe impacts on sustainable urban 

living. Information on the intensity, frequency and duration of rainfall is often required by geotechnical engineers for 

performing slope stability analyses. Many seepage analyses are commonly performed using the most extreme rainfall 

possible which is uneconomical in designing a slope repair or slope failure preventive measure. In this study, the 

historical rainfall data were analyzed and investigated to understand the characteristics of rainfall in Singapore. The 

frequency distribution method was used to estimate future rainfall characteristics in Singapore. New intensity-

duration-frequency (IDF) curves for rainfall in Singapore were developed for six different durations (10, 20, 30 min 

and 1, 2 and 24 h) and six frequencies (2, 5, 10, 25, 50 and 100 years). The new IDF curves were used in the seepage 

and slope stability analyses to determine the variation of factor of safety of residual soil slopes under different rainfall 

intensities in Singapore. 

1 Introduction 

Climate change has a significant effect on the statistical 

distribution of weather patterns over periods of time 

ranging from decades to millions of years. The study by 

Stern [1] showed that climate change affects many 

factors, such as, increase in groundwater table, ice 

melting, ecosystems, intense rainfall, high temperature, 

strong wind and floods. Among all factors, rainfall is the 

main factor that affects slope stability around the world. 

Previous studies indicated that rainfall events have 

become more intense in a number of countries, i.e. United 

States [2], Canada [3], Australia [4], South Africa [5], 

United Kingdom [6] and Europe [7]. Zhai et al. [8] 

reported increasing trends in daily extreme rainfalls in 

western China, and also parts of southwestern and 

southern China using the data from 1951 to 2000. Fujibe 

[9] found significant upward trends in heavy daily 

rainfalls in Japan using the data from 1901 to 2006. 

Groisman et al. [10] found an upward trend in the number 

of days with heavy rainfalls (greater than 99.7 percentile) 

in south eastern Australia. Gallant et al. [11] investigated 

rainfall trends including heavy rainfall events (95th and 

99th percentiles) over two periods (i.e. 1910-2005 and 

1951-2005) in southwest and east of Australia. The study 

by Rahardjo et al. [12] indicated that Singapore 

experienced the third highest amount of rainfall for one 

day (366 mm) in 75 years. 

 

 

 

Rainfall characteristics are often used to design water-

related structures. Reviewing and updating rainfall 

characteristics (i.e. Intensity-Duration-Frequency (IDF) 

curves) for future climate scenarios is necessary [13]. 

Studies on the rainfall IDF curves are important to 

prevent flooding and rainfall-induced slope failures. 

Some research works have been carried out to evaluate 

extreme rainfall data for different return periods and 

durations. Endreny and Imbeah [14] used two separate 

rainfall data sets in the country of Ghana with two 

different probability distribution frequency analysis 

methods to estimate IDF parameters. The results 

indicated that it is essential to combine meteorological 

and tropical rainfall measuring mission (TRMM) satellite 

data for IDF generation in Ghana. Madsen et al. [15] used 

a regional model for estimation of extreme rainfall 

characteristics in Denmark and updated the regional 

model with data from the augmented rain database for the 

period (1997–2005). Their studies indicated a typical 

annual increase of 10 % in rainfall intensity with 

durations between 30 minutes and 3 hours (for 10 years 

return periods) which is applicable for most urban 

drainage designs. 

 Many researchers have developed various formulae 

for design storm based on the construction of IDF curves. 

Chen [16] derived a generalized IDF formula for any 

location in the United States using three basic rainfall 

depths, that is, R110 (1 h, 10-year rainfall depth), R2410 

(24 h, 10-year rainfall depth), and R1100 (1 h, 100-year 

rainfall depth). Pao-Shan [17] developed regional 

Intensity–duration–frequency (IDF) formulas based on 
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the scaling theory for sites without rain gauges. Forty-six 

recording rain gauges over northern Taiwan provide the 

data set for analysis. Three homogeneous regions were 

classified by different scaling regimes and regional IDF 

scaling formulas were developed in each region. 

 Toll et al. [18], Alonso et al. [19] and Rahardjo et 

al. [20] observed that rainfall-induced slope failures 

commonly occurred around the world, especially in areas 

with tropical climatic conditions like Singapore. 

Therefore, analyses of rainwater infiltration into slopes in 

many geotechnical and geoenvironmental applications, 

such as: embankment and landfill cover system become a 

very important topic of study. Most of these constructions 

are located above a thick unsaturated zone above a deep 

groundwater table [21, 22]. The rate of water infiltration 

into slope is governed by permeability of the unsaturated 

zone above the groundwater table. As a result, changes in 

negative pore-water pressure or soil suction and shear 

strength of unsaturated soil are a function of water 

content [23].  

 In this study, the frequency distribution method 

(Gumbel method) was used to develop a new IDF curve 

for rainfall design in Singapore for six different durations 

(10, 20, 30 min and 1, 2 and 24 h) and six frequency 

periods (2, 5, 10, 25, 50 and 100 years). The new IDF 

curve was used in the seepage and slope stability analyses 

to determine the variation of factor of safety of residual 

soil slopes under different rainfall intensities in 

Singapore. 

2 Rainfall Conditions in Singapore  

Climate in Singapore is characterized by uniform 

temperature and pressure, high humidity and particularly, 

abundant rainfalls. Based on National Environmental 

Agency of Singapore data, the climatic condition in 

Singapore is divided into two main seasons, the wetter 

Northeast Monsoon season from December to May and 

the drier Southwest Monsoon season from June to 

November. Maximum rainfall is usually observed 

between December and January, whereas June is noted as 

the driest month [24]. The annual extreme values of 

precipitation for six different recorded durations, namely: 

10, 20, 30 min and 1, 2, 24 h have been extracted from 

historical rainfall records of Singapore island for the 

period from 1985 to 2010. Meteorological services 

Singapore has a network of meteorological stations which 

provide real-time observations across Singapore. There 

are over 60 automatic weather stations which are 

complemented with the electronic tipping bucket rain 

gauges across the island. The analyses of rainfall in this 

paper utilized rainfall data from 15 rainfall stations 

island-wide as shown in Figure 1 [25].   

3 Intensity-Duration-Frequency-Curve  

Intensity-duration-frequency (IDF) curves are a tool to 

relate rainfall and its frequency. The IDF curve is 

commonly used to obtain “design rainfall” for different 

water system projects. Chow et al. [26] and Singh [27] 

suggested three steps in the estimation of IDF curves. The 

first step included a best fitting function to each group 

comprising the data for a specific duration. In the second 

step, the new rainfall intensities for each duration and a 

set of selected return periods (e.g. 2, 5, 10, 25, 50, 100 

years, etc.) were estimated. This was performed by using 

the best fitting functions of the first step. In the third step, 

the final IDF relationship could be obtained in two 

different ways: either (a) for each selected return period 

the rainfall intensities were computed and a graphical 

relationship of intensity and duration for different return 

periods was established, or (b) the rainfall intensity was 

functionally related to the rainfall duration and the return 

period using mathematical and regression analyses to 

derive such equation.  

Sedimentary Jurong Formation

Bukit Timah Granite

Old Alluvium

Legend:

Tengah

Sembawang

Seletar

Paya Lebar

Changi

 

Figure 1. Location of rainfall station across Singapore island 
 

The frequency distribution method, namely Gumbel 

distribution function [28] was used in this study. Gumbel 

method was the most widely used distribution function 

for analyses of IDF curve owing to its suitability for 

modelling maxima. The annual maximum rainfall depth 

(P) for different durations, td (5 min, 10 min, 30 min, 60 

min, 120 min and 600 min) was tabulated to obtain the 

average (Pave) and standard deviation (S) of the 

maximum rainfall depth for periods between 1985 and 

2010. These variables were required in computing rainfall 

intensity (IT) for specific frequency (return) period using 

frequency distribution methods. Annual historical 

maximum rainfall depth, P (in mm) values for the above 

six durations were extracted from 5 main meteorological 

stations in Singapore and summarized in Table 1. The 

selection of maximum rainfall for each duration in Table 

1 was carried out based on the “continuous rainfall” 

method. If the duration of particular rainfall from 

meteorological data was less than the designated duration 

(i.e. 10 min, 20 min, 30 min, etc) in the paper, the rainfall 

was not used in this study. 

 
Table 1. Annual maximum rainfall (P) from 5 different rainfall 

stations in Singapore 

Year P(mm) 

5 

min 

10 

min 

30 

min 

60 

min 

120 

min 

600 

min 

1985 24 103 123 101 250 10 

1990 58 128 129 115 99 107 

1995 138 95 135 124 22 452 

2000 88 66 126 117 28 11 

2005 74 96 122 137 48 106 

2010 26 80 147 106 34 111 

Pave 68 95 130 117 80 133 

S 43 21 9 13 88 163 
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The first step in the construction of IDF curves is best 

fitting certain function to the maximum rainfall amounts 

for a number of fixed durations. Then, the relationships 

of the rainfall intensity for any duration and return period 

can be derived. Figure 2 shows the original IDF curves of 

Singapore for 2, 5, 10, 25, 50 and 100 years return 

periods. The IDF curves show similarity with the upper 

half portion of the sigmoidal curve. Therefore, a logistic 

function was adopted for best fitting the IDF curve of 

Singapore. The proposed equation for best fitting IDF 

curve of Singapore is shown in Equation 1. The 

parameters of equation 1 used in best fitting the original 

IDF curve of Singapore are summarized in Table 2. 
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Figure 2. Original intensity-duration-frequency curves of 

Singapore 
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Note: 

IT = rainfall intensity (mm/h) 

td = duration (min) 

Itr = the maximum rainfall intensity at particular return 

period (mm/h) 

b = fitting parameter related to the bending in the IDF 

curve (min)  

c, d = fitting parameters related to the shape of the IDF 

curve 

 
Table 2. Parameters of the proposed equation in best fitting the 

original IDF curve of Singapore  

Tr (years) Itr b c d 

2 139 32.4 1.48 1.74 

5 180 32.4 1.48 1.74 

10 205 32.4 1.48 1.74 

25 249 32.4 1.48 1.74 

50 275 32.4 1.48 1.74 

100 301 32.4 1.48 1.74 

 
The second step in the construction of IDF curves is 

the estimation of a new rainfall intensity for different 

durations and return periods in Singapore. In this method, 

the frequency of rainfall, PT (mm) for any rainfall 

duration td (hour) with specified return period Tr (years) 

is computed using Equation 2 [29]. 

SKPP TaveT      (2) 

where: 

Pave  = the average of maximum rainfall depth which can 

be calculated using Equation 3. 

n

P

P

n

i

i

ave


 1      (3)  

where Pi is the maximum rainfall depth for particular year 

and for certain rainfall duration (mm) and n is the number 

of years, respectively. 

S = the standard deviation of maximum rainfall depth 

which can be calculated using Equation 4. 
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KT is Gumbel frequency factor which can be calculated 

using Equation 5.  
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Then, the rainfall intensity, IT (mm/h) for return period Tr 

can be obtained from Equation 6. 

d

T
T

t

P
I       (6) 

where td is duration in hour (1/6, 1/3, 1/2, 1, 2, 24 h). 

 

The calculated frequency and intensities of rainfall for 

different durations and return periods based on the 

historical annual maximum rainfall from 1985 to 2010 in 

Singapore are indicated using dotted symbols in Figures 3 

and 4. The final step in the construction of IDF curves is 

best fitting the calculated new rainfall intensities using 

Equation 1 as proposed in this study. The best fitted line 

for the new IDF curves of Singapore are shown in 

Figures 3 and 4. The parameters of Equation 1 in 

describing the new IDF curve are summarized in Table 3. 
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Figure 3. Modified intensity-duration-frequency curve of 

Singapore for 2, 10 and 50 years return periods as calculated 

using Gumbel method 
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Figure 4. Modified intensity-duration-frequency curve of 

Singapore for 5, 25 and 100 years return periods as calculated 

using Gumbel method 

 

Table 3. Parameters of Equation 1 in describing the new IDF 

curves of Singapore 

Tr (years) Itr b c d 

2 631 12 1.8 2.1 

5 1020 12 1.8 2.1 

10 1279 12 1.8 2.1 

25 1606 12 1.8 2.1 

50 1848 12 1.8 2.1 

100 2088 12 1.8 2.1 

 

Parameters Itr in Table 3 indicated that the rainfall 

intensity for short duration of rainfall (5, 10, 20 minutes) 

in the new IDF curves were much higher than the one in 

the original IDF curves of Singapore for all return 

periods. The same values of parameters b, c and d in 

Table 3 show that the new IDF curves have the same 

shape for different return periods which are also observed 

in Table 2. The lower b value in the new IDF curve (12 

min) as compared to that in the original IDF curve (32.4 

min) shows that the increase in the rainfall intensity 

occurs in the shorter duration of rainfall. In the new IDF 

curve, the rainfall intensity has increased significantly for 

durations higher than 12 minutes whereas in the original 

IDF curve, the rainfall intensity only increases 

significantly for durations higher than 32.4 minutes. The 

higher values of parameters c and d in Table 3 as 

compared to those in Table 2 indicate that the new IDF 

curve is steeper than the original IDF curve. As a result, 

the rate of increase in rainfall intensity in the new IDF 

curve is higher than that in original IDF curve. 

4 Seepage and Slope Stability Analysis 

In this paper, numerical analyses were carried out to 

observe the variations of factor of safety under different 

frequencies of rainfall (i.e. 30 minutes and 10 hours) for 

50 year return periods. Rainfall frequency of 30 minutes 

was selected to represent short duration of rainfall (≤ 60 

minutes) whereas rainfall frequency of 10 hours was 

selected to represent long duration of rainfall (> 60 

minutes). Transient seepage analyses were conducted 

using the finite element software Seep/W (Geoslope 

International Ltd., 2007a) and slope stability analyses 

were conducted using Slope/W (Geoslope International 

Ltd., 2007b). Based on the original IDF curve, rainfall 

intensities of 22 mm/h and 185 mm/h were observed in 

conjunction with rainfall durations of 10 hours and 30 

minutes, respectively. Based on the new IDF curve, 

rainfall intensities of 36 mm/h and 465 mm/h were 

observed in conjunction with rainfall durations of 10 

hours and 30 minutes, respectively. Therefore, four cases 

of seepage and stability analyses were carried out in this 

study (Table 4). Case no 1 included numerical analyses of 

residual soil slope under 22 mm/h of rainfall for 10 hours. 

Case no 2 included numerical analyses of residual soil 

slope under 36 mm/h of rainfall for 10 hours. Case no 3 

included numerical analyses of residual soil slope under 

185 mm/h of rainfall for 30 minutes. Case no 4 included 

numerical analyses of residual soil slope under 465 mm/h 

of rainfall for 30 minutes. 

 
Table 4. Case study for numerical analyses in this study 

Case Rainfall intensity 

(mm/h) 

Duration  

(min) 

1 22 600 

2 36 600 

3 185 30 

4 465 30 

 

The initial condition for all cases was taken as 

hydrostatic pore-water pressure conditions. The finite 

element model and the boundary conditions for all cases 

were similar as shown in Figure 5. The initial position of 

groundwater table (6 m and 1 m depths below the crest 

and the toe of the slope, respectively) as well as the 

height (15 m) and the angle (27
o
) of the slope for all cases 

analyzed in this study were obtained from Rahardjo et al. 

(2010) to represent typical position of groundwater table 

and slope geometry of residual soil slopes in Singapore. 

Soil-water characteristic curve (SWCC) and permeability 

function used in this study were extracted from Satyanaga 

et al. (2014) for residual soil slopes from Bukit Timah 

Granite in Singapore as presented in Figures 6 and 7, 

respectively.  

Stability analyses of the residual soil slope were 

carried out by incorporating the pore-water pressures 

from different time increments as obtained from the 

seepage analyses. The factors of safety at different time 

increments were calculated using Bishop's simplified 

method of slices. The saturated and unsaturated shear 

strengths were incorporated in Slope/W for analyzing the 

stability of the residual soil slope under different 

rainfalls. Effective cohesion, c’, effective friction angle, 

’ and rate of change in shear strength due to matric 

suction change, 
b
 angle used in this study were 16.5 kPa, 

26
o
 and 13

o
, respectively. Figure 8 shows the variation of 

factor of safety of the residual soil slope under rainfall 

intensities of 185 mm/h and 465 mm/h for 30 minutes. 

Figure 9 shows the variation of factor of safety of the 

residual soil slope under rainfall intensities of 22 mm/h 

and 36 mm/h for 10 hours. 
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Figure 5. Slope model for seepage analyses of all cases in this 

study 
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Figure 6. Soil-water characteristic curve used in this study 
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Figure 7. Permeability function used in this study 
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Figure 8. Variation of factor of safety for the investigated 

residual soil slope under 30 minutes of rainfall 
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Figure 9. Variation of factor of safety for the investigated 

residual soil slope under 10 hours of rainfall 

 

Comparing rainfall intensities and saturated 

permeability (ks) of soil used in the analyses, rainfall 

intensity in case 3 is lower than ks whereas rainfall 

intensity in case 4 is higher than ks. However, Figure 8 

shows that the variations in factor of safety with respect 

to time during and after rainfalls of 185 mm/h and 465 

mm/h were similar. These could be attributed to a short 

duration of rainfall loading on the surface of the slope, 

resulting in small changes of pore-water pressures near 

the surface. Hence, the differences in the variations of 

factor of safety for residual soil slopes under rainfall 

intensities obtained from the original and the new IDF 

curves were very small. Figure 9 indicates that factor of 

safety of the residual soil slope decreased more 

significantly during rainfall of 36 mm/h as compared to 

that during rainfall of 22 mm/h. These happened since the 

rainfall frequency was high (10 hours), resulting in the 

higher total rainfall and higher water flow within the soil 

layer under 36 mm/h rainfall as compared to those 

associated with 22 mm/h rainfall. Figure 9 also indicates 

that it is important to analyze the stability of the slope 

using the new IDF curve since the stability analyses using 

the new IDF curve produced a lower minimum factor of 

safety of the slope.   

5. Conclusions 

New IDF curves were proposed in this paper based on 

Gumbel distribution function. A new equation was also 

proposed to best fit the IDF curves of Singapore. The 

results of the numerical analyses indicated that the 

rainfall intensity from the new IDF curves generated a 

lower minimum factor of safety as compared to the 

rainfall intensities from the original IDF curve of 

Singapore. The study presented in this paper is limited to 

one soil type. Further analyses must be carried out to 

investigate the effect of changes in IDF curve on the 

factor of safety for different soil type. 
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