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1 INTRODUCTION 
 
Rainstorm is one of the most significant triggering 
factors for slope failures. The rainfall infiltration on 
slope will result in an increase of moisture content of 
the soil and hence increase the driving force. It also 
increases the pore water pressure and subsequently 
decreases the shear strength. The increase in pore wa-
ter pressure is directly related to rainfall infiltration 
and percolation or may be the result of the formation 
of perched water table. 

In tropical and subtropical areas, rainfall-induced 
slope failures are closely related to the properties of 
the soil, the geometry of the slope, and the rainfall in-
tensity. Almost all traditional slope stability analyses 
incorporate rainfall effects based on the assumption 
of saturated soil behaviour. However, this method 
cannot be applied to slopes under unsaturated condi-
tions since some of the infiltration profiles may lead 
to the development of perched water zones near the 
surface of the slope, causing a decrease in unsaturated 
shear strength and slope failures. 

This paper discusses the response of two slopes lo-
cated at Universiti Technologi Malaysia UTM cam-
pus to intense rainfall. One slope (Site-1) failed on 
December 20th, 2006 while the other (Site-2) re-
mained stable. The slopes on both sites are natural 
and homogenous slope.  

The objective of the study is to evaluate the effect 
of Rainfall intensity, Soil properties and Slope angle 
on the mechanism of rainfall-induced slope failures 

by comparing the soil conditions and the response of 
the soil at Site-1 and Site-2 to the different rainfall 
events. 

 
 

2 METHODOLOGY  
 
The study comprises the collection of field data, ob-
taining soil properties through field and laboratory 
tests, and performing slope stability analysis. 

Field data collected from the sites are the geometry 
of the slope, rainfall data and matric suction. Site-1 
was instrumented with nine tensiometers while Site-
2 was instrumented with a rain gauge and 27 tensiom-
eters. Suctions were monitored by the tensiometers 
since July 2006. Field permeability tests were also 
conducted at the sites. Undisturbed samples were col-
lected at depth of 1m and 2m at several occasions to 
obtain water content at normal condition and at ex-
treme condition. 

Laboratory tests were conducted to obtain soil in-
dex properties, shear strength parameter, and the per-
meability (falling Head Method) of soil forming the 
slope. The shear strength of soil was evaluated by 
shear box test. The soil water characteristic curves 
(SWCC) were obtained by pressure plate test. The ap-
paratus and the procedure followed for obtaining the 
SWCC is explained in Wang and Benson (2004). 

Further, the factor of safety is calculated based of 
the results from field monitoring using jet fill tensi-
ometer and laboratory using SWCC to obtain soil’s 
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suction data. Fredlund & Rehardjo (1993) unsaturated 
shear strength equation has been utilized to calculate. 

Infinite slope stability analyses were performed for 
slopes at normal condition and at wettest condition 
using the formula proposed by Fredlund et al. (1978): 

𝐹𝑂𝑆 =
𝒄&'	)	*+,∅&'(/01/2)*+,∅

4

5	67,89:68
 (1) 

where c’ = effective cohesion of the soil, N = normal 

stress applied on failure surface, ϕ’= effective friction 

angle, ua = pore air pressure, uw = pore water pressure, 

( ua-uw) = matric suction, W = total weight of the soil, 

β = the slope angle, and ϕb = unsaturated friction an-

gle, Although ϕb is generally dependent on the range 

of matric suction, the value approaches the effective 

friction angle, ϕ’ at low matric suction (Fredlund et 

al. 1987, Sung & Seung 2002). By using ϕb = ϕ’, and 

the pore air pressure is atmospheric, the above equa-

tion can be written as: 

𝐹𝑂𝑆 = 	
9&'()1/2)*+,∅

&

567,89:68
 (2) 

 
 
3 RESULTS AND DISCUSSION  
 
The results of the study are presented in this section 
with concern to the influence of each of the control-
ling factors on the stability of the homogenous un-sat-
urated soil slope subjected to rainfall infiltration with 
different duration and intensity with a combination of 
various controlling factors. 
 
Table 1. Soil Properties 

Parameter 
Kolej 12  
(Site 1) 

Balai Cerapan 
(Site 2) 

Unit weight (γ) kN/m3 17.2 18.0 

Specific gravity (Gs) 2.68 2.64 

Dry unit weight (kN/m3) 1.28 1.37 
Composition 

Gravel (%) 7 48 
Sand (%) 30 15 
Silt (%) 47 20 
Clay (%) 16 17 

Liquid Limit (LL) % 68.1 53.2 

Plasticity index (PI) % 24.0 17.7 

Soil type (USCS) MHS (OH) GML (GM) 

Shear Strength parameters 
Friction Angle(ǿ)  24.6˚ 39.5˚ 
Cohesion (ć) KPa 2.6 3.3 

Permeability (m/sec) 
Laboratory test 3.25 × 10-8 2.04 × 10-6 
Field test 1.07 × 10-7 1.23 × 10-5 

 
The permeability of soil at Site-2 is two orders of 
magnitude higher than that of Site-1. It is noted that 
the laboratory test gives lower value than the field test 
because the laboratory tests were performed on com-
pacted soil. 

The average change of natural volumetric water con-
tent of soil between depth 1 m and 2 m depth in Site-
2 is about 2 %. Slight change in soil water con-tent 
corresponding to depths and the rainfall is due to the 
presence of clay in soil.  

The average change of natural volumetric water 
content of soil at depth 1 m slightly higher than at 
depth of 2 m at Site-1. The water content measured a 
few days after the failure is higher than the water con-
tent at saturation. This shows that the soil has reached 
saturation at the time of failure. 
Besides the saturated permeability of the soil, the soil 
water characteristics curve (SWCC) was another im-
portant characteristic of the unsaturated soil that in-
fluences the mechanism of rainfall-induced slope fail-
ure. Figure 1 shows the SWCC curves obtained by the 
pressure plate extractors for soil samples collected at 
both sites. The highest suction that may exist in a soil 
is limited by the suction at the residual volumetric wa-
ter content. Beyond this point, the water content in the 
soil is hardly to be dissipated even though it is still 
possible. The highest suction could be recorded at 
Site-2, which consists of coarse grained soil, was 
40 kPa at residual water content of 21 %. As for the 
fine-grained soil, the maximum suction is very high 
(>1500 kPa). However, the soil loss its suction grad-
ually during the prolonged rainfall until the safety en-
velope was exceeded (Nurly Gofar et.al, 2007).  

The negative pore water pressure required for the 
calculation of factor of safety of slope was estimated 
based on the volumetric water content and the SWCC 
curve. Table 2 shows the variation of suction esti-
mated based on SWCC of soils at both sites with 
depth. 
The basic data for this study are the rainfall records, 
pore-water pressure measurements at three different 
depths for two locations. To investigate the character-
istics of pore-water pressure distributions across the 
slope profile during best (slope stability at maximum) 
and worst (slope stability at minimum) conditions, the 
data were characterised by five rainfall events in dry 
period and wet period. The dry and wet periods and 
distribution of pore-water pressures along the slope 
profile during these key times was examined. Key 
times were considered to be: (i) time at the end of a 
prolonged dry period when pore-water pressures were 
at a minimum or (ii) time following one or a series of 
significant rainfall events when pore-water pressures 
were at a maximum. Comparison of the field data and 
the calculated suction based on SWCC curve shows 
that the SWCC curve gave higher suction values than 
the field measurement. However, for normal condi-
tion, the trend is similar. This shows that the response 
of soil to rainfall infiltration is faster than could be 
predicted by the SWCC curve. 
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Table 2. Soil Suction calculated based on SWCC 

Rainfall Event 

Elevation (m) 

Site-1 Site-2 

Date mm/day mm/hr Code WC % VWC % Suction  

kPa 

WC % VWC % Suction  

kPa 

08-Dec-06 20 19 SWCC 

20-19 

1.0 32 41 300 21 29 40 

2.0 32 41 300 21 30 30 

10-Dec-06 53 36 SWCC 

50-30 

1.0 33 43 250 21 30 30 

2.0 35 45 250 22 31 20 

26-Dec-06 105 9 SWCC 

100-9 

1.0 32 50 160 23 32 15 

2.0 47 60 30 24 33 12 

17-Dec-06 150 46 SWCC 

150-46 

1.0 50 62 1 25 34 10 

2.0 50 62 1 25 34 10 

19-Dec-06 190 23 SWCC 

190-23 

1.0 54 69 0 25 34 9.8 

2.0 54 69 0 26 36 4.8 

Table 3. Soil Suction Calculated based on Jet Fill Tensiometer 

Rainfall Event Elev 

(m) 

Suction kPa 

Date mm/day mm/hr. Code Site-

1 

Site-

2 

0
8
-

D
ec

-

0
6
 20 19.6 R 

20-19 

0.5 5 10 

1.0 12 15 

1.5 15 19 

1
0
-

D
ec

-

0
6
 53 36.4 R 

50-30 

0.5 4 8 

1.0 10 10 

1.5 13 14 

2
6
-

D
ec

-

0
6
 105.8 9.8 R 

100-9 

0.5 3 4 

1.0 8 7 

1.5 11 10 

1
7
-

D
ec

-

0
6
 150.8 46.4 R 

150-46 

0.5 2 2 

1.0 6 4 

1.5 9 8 

1
9
-

D
ec

-

0
6
 190.8 23.6 R 

190-23 

0.5 0 0 

1.0 4 2 

1.5 7 5 

 

 
Figure 1. SWCC curves for soils at Site-1 (Kolej 12) and Site-2 
(Balai Cerapan). 

 
Prediction of suction based on water content and 
SWCC curve for wet condition indicated the reduc-
tion of suction; however, the trend remained the same 
in which the suction decreases with depth. In contrast, 
measurement by tensiometer showed that the suction 
increases with depth. These discrepancies may be due 
to the time of measurement whereby tensiometer rec-
ords the response right after rainfall while the sample 

obtained for water content determination was taken 
long time after the rainfall.  

An interesting point can also be made from this 
study that the water content of soil at Site-1 remained 
high even after a long period dry condition. This 
means that the soil stays at saturated condition due to 
the accumulation of water caused by low permeability 
and mineral content of the soil mass. 

3.1 Effect of Soil Properties  

The results from series 1, 2, 3 and 4 are presented in 
this section. The effect of soil properties on the in-
stability of homogenous unsaturated slopes with at-
tention in the saturated permeability is considered to 
play a vital role in rainfall infiltration. The variation 
in factor of safety with selected different rainfall in-
tensities; (20-19), (50-30), (100-9), (150-46) and 
(190-23) with different depths and constant slope an-
gle and two types of soil; Site-1 (MHS) and Site-2 
(GML) (see table: 1) are shown in Figure 2. 

Figure 2 shows the same pattern for factors of 
safety, irrespective of the type of soil, depth and slope 
angle, where higher rainfall intensity is recorded there 
is a lower factor of safety. Series A, B, C and D (col-
umn wise) demonstrated same soil type and different 
slope angles, the plot indicated that the higher the 
slope angle the lower the initial factor of safety. This 
implies slope angle plays an inevitable role in dictat-
ing the slope’s instability.  

A comparison of all the plots (row wise) shows 
that soil type (Site-1) with a saturated coefficient of 
permeability (3.25 × 10-8 m/sec) is less affected by 
rainfall irrespective of the rainfall intensity and 
slope’s angle. On the other hand, the soil type (Site-
2) with saturated coefficient of permeability (2.04 × 
10-6 m/sec) is more affected by the rainfall for the 
same rainfall intensity and slope’s angle. Series B and 
D shows results calculated based on SWCC, the soil 
type (Site-1) the rainfall events (higher rainfall inten-
sity) (190-23) and (150-46) demonstrated same re-
sponse at two depths (1.0-2.0) meter while at soil type 
(Site-2) shown same response but not at depth (1.0) 
meter. In contrary, for the same series B and D the 
events (less rainfall intensity) (20-19) and (50-30) 
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demonstrated same response at depth (1.0) meter at 
soli type (Site-2) while at soil type (Site-1) is not, ir-
respective of the slope’s angle. This implies that the 
soil permeability has significant effect. The general 
view reduction in factor of safety seems to be a com-
bined function of rainfall intensity and soil’s permea-
bility. 

 

 
Figure 2. The variation in factor of safety with selected different 
rainfall intensities (See table 2, for identification); (20-19), (50-
30), (100-9), (150-46) and (190-23) with different depths and 
constant slope angle and two type of soil; Site-1 (MHS) and Site-
2(GML). 

 
The water table level is not monitored at site during 
this study, but series A and C studies there is no sign 
or affect for water table particularly during high rain-
fall intensity events. These findings suggest that ho-
mogeneous soil with a low saturated coefficient of 
permeability are safe from short-duration rainfall 
events regardless of rainfall intensity subjected to 
slope, where a short-duration rainfall event is defined 

as 24 hours (Brand 1992). On the other hand the ho-
mogeneous soil slopes with high saturated coefficient 
of permeability, the slope’s stability is greatly af-
fected by short-duration and high intensity rainfall. 
Therefore, the need for long-duration or antecedent 
rainfalls to fail a homogeneous soil slope with low 
permeability can be explained by the fact that the time 
required for rainwater to in-filtrate the slope with low 
permeability soil is very long. All these texts fit in a 
frame which should not be changed (Width: Exactly 
187 mm (7.36"); Height: Exactly 73 mm (2.87") from 
top margin; Lock anchor). 

3.2 Effect of Rainfall Intensity 

Figure 3 shows the plot of variation in factor of safety 
versus depth for several rainfall event with re-gard to 
the smallest and biggest slope’s angle in the study (20 
and 50) for two type of soil (Site-1 and Site-2). The 
factor of safety calculated based on soil suction 
monitored from site. The water ground level is 
neglected because is not shown sign in previous plot.  

 

 
Figure 3. Factor of safety versus depth for several rainfall event 
with regard to the smallest and biggest slope’s angle in the study 
(20 and 50) for two type of soil (Site-1 and Site-2) 

 
Figure 3 shows that after a rainfall event start the 
factor of safety will drop throughout the depth 
gradually regardless of the soil type, rainfall intensity 
or slope angle. The magnitude or rate of reduction in 
factor of safety is directly affected by rainfall inten-
sity and soil type. The higher rainfall intensity the 
lower factor of safety throughout the depth. There-
fore, for a high rainfall intensity the decrease in fac-
tor of safety is fast and the curve descending is more 
gentile throughout the depth, while for the low rain-
fall intensity the factor of safety has slow response 
and the curve dropped rapidly throughout the depth, 
irrespectively to soil type and slope’s angle. The pos-
sibility of the existing of threshold intensity will 
cause the maximum reduction in factor of safety of a 
homogenous soil slope. This can be seen clearly from 
coincides of the plots of high intensity rainfall events, 
irrespective to the soil type or slope angle. It is 
appeared that the threshold effect of rainfall inten-sity 
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is significant for soil with higher saturated coef-
ficient permeability compare tow lower one. 

3.3 Effect of Slope Angle  

The effect of slope angle on the stability of homoge-
nous soil slope is shown in Figure 4. The relationship 
between factor of safety and slope angle throughout 
three depths (0.5, 1.0 and 1.5m), four slope angles and 
five different rainfall intensity were examined. In 
general, the higher the slope angle, the lower factor of 
safety. It can be seen clearly that the rate of drop in 
factor of safety for different depths and different type 
of soil at different slope angles; 30°, 40° and 50° are 
the factor of safety for different depths and different 
type of soil at different slope angles; 30°, 4°0 and 50° 
are the same except at angle 20° the rate is higher. 
This conceivable because a steep slope will yield a 
lower factor of safety. The plot Figure 3 suggested 
that under short time rainfall event the soil type with 
small slope angle two requirements must be consid-
ered for failure. First, the saturated coefficient of per-
meability of the soil slope should be higher than (10-
5 m/s) and second the rainfall intensity applied to the 
slope should be high. It could be concluded that the 
result of slope instability with small slope angle and 
higher saturated coefficient of permeability is un-
likely to fail. In fact, the results from this study show 
that slopes with angle less than less than 50° and soil 
with lower saturated coefficient permeability is safe 
even under extreme rainfall intensity, while for high 
saturated coefficient of soil the slope angle should be 
less than 40° in extreme rainfall intensity. This em-
phasizes again the importance of rainfall duration and 
soil saturated coefficient of permeability. The nega-
tive relationship between factor of safety and slope 
angle can be describe by linear regression equation of 
the form.  

𝐹𝑂𝑆 = 𝐸 + 𝐹𝑥 (3) 

Where: FOS = Factor of Safety; E = intercept; x = 
Slope Angle and F = slope of regression line.  
Although the factor of safety bear negative relation-
ship with slope angle, the slope and intercept of the 
relationship are different for different soil type and 
rainfall intensity. 

Table 4 and Figure 5 demonstrated the values of 
regression coefficient E, F and the corresponding co-
efficient of correlation. Table 4 and figure 5 shows 
that within the different soil type, the E-value corre-
sponding to FOS decrease as rainfall intensity in-
crease. Moreover, for the same rainfall intensity, the 
E-value corresponding to FOS decrease as the satu-
rated coefficient permeability decrease. This trend 
suggests that the E-value is actually a function of rain-
fall intensity and soil type. Since the fitted lines are 
parallel to each other, the magnitude of E-value for 
FOS indicates to what extent minimum FOS will de-
crease from initial FOS due to rainfall event. The 

nearly constant of F-value, indicates the linear rela-
tionship between FOS initial and FOS minimum with 
slope angle. The study reveals that any increment in 
slope angle will cause reduction in the FOS 

 

 
Figure 4. The relationship between factor of safety and slope an-

gle throughout three depths (0.5, 1.0 and 1.5m) 

 
Table 4. Soil Properties 

Rainfall 
Event 

Soil 
Type  

Depth 
(m) 

E F r2 

R20-19 
(1) 

Site-1 

0.5 5.607 -0.081 0.968 

1.0 4.197 -0.058 0.935 

1.5 3.751 -0.053 0.941 

Site-2 

0.5 7.833 -0.098 0.878 

1.0 6.332 -0.083 0.894 

1.5 5.721 -0.077 0.901 

R5-30 
(2) 

Site-1 

0.5 5.089 -0.073 0.964 

1.0 3.526 -0.047 0.900 

1.5 3.303 -0.046 0.919 

Site-2 

0.5 7.165 -0.091 0.884 

1.0 5.498 -0.075 0.905 

1.5 5.164 -0.071 0.910 

R100-9 
(3) 

Site-1 

0.5 3.959 -0.054 0.926 

1.0 3.161 -0.042 0.885 

1.5 2.958 -0.040 0.898 

Site-2 

0.5 5.829 -0.078 0.900 

1.0 4.997 -0.070 0.912 

1.5 4.719 -0.067 0.917 

R150-46 
(4) 

Site-1 

0.5 3.441 -0.046 0.902 

1.0 2.796 -0.037 0.864 

1.5 2.817 -0.039 0.902 

Site-2 

0.5 5.162 -0.071 0.910 

1.0 4.496 -0.065 0.921 

1.5 4.497 -0.065 0.921 

R190-23 
(5) 

Site-1 

0.5 3.018 -0.042 0.913 

1.0 2.584 -0.035 0.869 

1.5 2.574 -0.036 0.890 

Site-2 

0.5 4.494 -0.065 0.921 

1.0 4.162 -0.061 0.927 

1.5 4.163 -0.061 0.927 
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Figure 5. The values of regression coefficient E, F in response 
to rainfall event. 

 
4 CONCLUSIONS 
 
Several conclusions could be derived from the study 
on the response of soil slopes. 

Firstly, short duration rainfall with low intensity 
has no significant effect in homogeneous unsaturated 
slope with low saturated coefficient of soil permea-
bility. However, the rainfall intensity is significant in 
assessing the instability of homogeneous soil slope 
with low saturated coefficient of permeability than 
those with higher. Short duration rainfall with high 
intensity has great effect in homogenous soil slope 
with low saturated coefficient of soil permeability. 

Secondly, it was observed that rainfall intensity 
does not necessarily produce the lowest factor of 
safety, for the soil with low saturated coefficient of 
permeability, factor of safety will reach to lowest 
value comparing with soil with high saturated coeffi-
cient of permeability.  

Thirdly, residual soils with low fines and high per-
meably pore-water pressure variation could take 
place over a wide range while in residual soils with 
relatively low fines and high permeably pore-water 
pressure variation occurs over a narrow range.  

Fourthly, factor of safety varied rainfall magnitude 
for all slopes. On this consideration it appears that the 
factor of safety of residual soil slopes with higher 
slope angle constitute a worst condition of sloe insta-
bility and more likely to fail under a rainfall event. 

Fifthly, shallow slope failures are dominated by 
the combination of soil properties (particularly in sat-
urated coefficient of permeability) in response to rain-
fall intensity. 

Lastly, the SWCC can be used to estimate the 
highest suction that may be reached in a soil slope and 
the fluctuation range of the suction.  
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