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Abstract - Located in the ring of fire, Indonesia is widely covered by volcanic soil deposits in various hilly or moun-
tainous areas, especially in Java Island. It is also being characterized as a tropical region, rainfall-induced slope failure 
in residual volcanic soil, and it is of practical significance to study its mechanism. This paper presents the study of the 
influence of rainfall and antecedent rainfall pattern on the stability of a residual slope in Yogyakarta. Two residual soil 
types, clayey sand, SC, and high plasticity clay, CH, were investigated in this study which is of different soil-water and 
hydraulic characteristics. The studied area was located in Kedungrong Village, Samigaluh, Kulonprogo. The rainfall 
record was obtained from the automatic rain gauge station in Kalibawang catchment area during November 2001. Two 
rainfall scenarios were modelled in the numerical analysis; those classified as the major rainfall that precipitates for 
thirty days (Condition 1) and the three influencing-rainfall (Conditions 2 to 4). Based on the simulation result from 
the major rainfall and the antecedent rainfall, the slope tended to fail when the precipitation went on continuously for 
three days with the so-called rolling rainfall pattern. The stability of the slope was dependent on the soil-water and 
hydraulic properties of the soil layer.
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Introduction

Background
Indonesia is a tropical country which faces 

two major problems related to slope stability. 
High precipitation during the rainy season is 
the main triggerring factor of slope failures. 
Residual soils cover most slopes in the coun-

try (Tohari et al., 2008). The residual volcanic 
soils frequently exist in an unsaturated state, 
since they are commonly situated well above 
the groundwater table. The unsaturated nature 
of the residual soils tends to be susceptible to 
rainfall-induced slope failures (Rahardjo et 
al., 1995; Muntohar, 2015). In general, slope 
failures occur most frequently during wet pe-
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riods in November to March when there is an 
increase in moisture content and a decrease in 
matric suction (Muntohar and Soebowo, 2015). 
The infiltration from rainfall events into the 
slope surface causes an increase in porewater 
pressure, particularly near the surface. Many 
researches showed that the increase in moisture 
content would result in a decrease in matric suc-
tion and rise in pore water pressure effectively. 
This condition decreases the shear strength of 
the soil, making it more susceptible to failure 
(Rahardjo et al., 2001).

Given that slope failure in tropical residual 
volcanic soils is widespread, it is of great prac-
tical importance to study its mechanism.The 
mechanism of porewater pressure generation is 
site-specific; it differs from site to site depending 
on the hydrological site, rainfall pattern, topo-
graphy, geology, and soil properties (Johnson 
and Sitar, 1990; Li et al., 2005; Jotisankasa et al., 
2015). Thus, it is necessary to know the specific 
hydrological response of a soil slope to rainfall 
to develop a better understanding of the mecha-
nism controlling the initiation of a landslide. 
The main objectives of this study are to examine 
the effects of antecedent rainfall on porewater 
pressure distribution and slope stability. The 
changes in porewater pressure development pat-
tern due to one-dimensional rainfall infiltration 
are studied in this paper. In the point of view 
of a large area, the slope stability is efficiently 
evaluated based on the analytical or numerical 
method either simplified 1D method, or 2D, or 
3D watershed modelling approaches (Tran et al., 
2017; Hen et al., 2020; Ip et al., 2020). However, 
the last two approaches need some detailed input 
parameter of the slope (i.e. geometry, stratigra-
phy, topography) and soil properties, including 
geotechnical and soil-hydraulic properties. Thus, 
a simplified approach using one-dimensional 
analysis can be a beneficial tool to analyze a 
spatial shallow slope failure due to its simplic-
ity (Tran et al., 2017). The 1D or 2D analysis 
produces more conservative results, but it may 
be useful for engineering design purpose (Reid 
et al., 2015; Chen et al., 2020).

One-dimensional Infiltration Model
The one-dimensional Richards equation was 

solved numerically to simulate water movement 
in variably saturated media. The fundamental 
of water movement equation in porous media is 
described as in Equation (1):

( ) ( ),
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t
K

t z z
θ ψ ψψ β
∂  ∂ ∂ = +  ∂ ∂ ∂     .......... (1)

In unsaturated-saturated soil, the hydraulic 
properties, θ (ψ) and K (ψ), are highly nonlinear 
functions of the pressure head. The common 
hydraulic function can be applied using analyti-
cal models as written by Genuchten (1980). The 
model was developed based on the statistical 
pore-size distribution model of Mualem (1976). 
The expressions of Vanapalli et al. (1996) are 
given by Equation (3) to (6).
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and m = 1-1/n ................................................ (5)

where:
ψ and θ represent the soil water pressure head 
and volumetric water content respectively, α cor-
responds to the air entry value, n represents the 
slope of SWCC, m is related to the residual water 
content, t is time, z is vertical coordinate with the 
origin at the soil surface (positive upward), K (ψ) 
is the unsaturated hydraulic function, and β is the 
slope angle. 

There were five independent parameters: θr, θs , 
α, n, and Ks in the above equations. Jotisankasa and 
Mairaing (2010) estimated the pore connectivity 
parameter l in the hydraulic conductivity function 
was about 0.5 as an average for many soils.
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Figure 1. Infinite slope and boundary conditions of infiltration.

Slope Stability Analysis
In respect of slope stability analysis, the fac-

tor of safety (FS) against failure was determined 
based on the theory of limit equilibrium of forces 
and moments. In a traditional infinite slope model, 
the stability analysis was performed incorporating 
the variation of the pore water pressure profile 
resulting from the one-dimensional infiltration 
model. The safety factor of an unsaturated soil 
slope with a slip surface parallel to the ground 
surface is shown in Figure 1. Considering the ex-
tended Mohr-Coulomb failure criterion (Fredlund 
et al., 1978), the factor of safety is expressed in 
Equation (6). This expression can be rewritten as 
Equation (7) to model the effect of soil suction on 
the shear strength as proposed by ASTM (2013).
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and Θ is volumetric soil-water content function 
as expressed by
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where:
FS : safety factor of slope stability,
zf : distance from the ground to the 

slip surface,
c’ : effective cohesion,
φ’ : effective friction angle,
β : slope angle,
γt : total unit weight of the soil,
(ua - uw) : matric suction,
ua and uw : pore air pressure and porewater 

pressure, respectively,
(σn - ua) : net normal stress on the slip 

surface,
σn : total normal stress,
φb : angle defining the increase in 

shear strength for an increase in 
matric suction,

θ, θs, θr : volumetric water content, satura-
tion volumetric water content, 
and residual volumetric water 
content, respectively.

Analysis and Methods 

Geological Condition and Slope Properties
The area of study was located in Kedungrong 

Village, Samigaluh, Kulonprogo, which is part 
of Menoreh Mountains. Figure 2 presents the 
distribution of the slope angle in the investigated 
area. It shows hilly morphology with slopes incli-
nation more than 40% or 20o. The slope angle at 
the failure area in Figure 2 was measured insitu 
about 22o by using total station. The geological 
setting of the area is shown in Figure 3. The rock 
was formed during the Eocene until Late Miocene 
era. Marl was found at the bottom and interbed-
ded with sandstone, volcanic breccias, and lava 
deposits of Eocene. Reef limestones of Middle 
Miocene was overlain by limestone, tuffaceous-
calcareous sandstone of Middle to Late Miocene, 
and alluvial deposits. In general, the volcanic 
rocks of Menoreh Mountains are highly fractured 
and weathered. In this situation, soil deposit was 
formed with about 5 m to 10 m thickness. At the 
studied area, the slope is mainly covered by the 
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Figure 2. Distribution of slope inclination at the Kedungrong area.
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Figure 3. Geological condition of the Kedungrong and adjacent area.

residual soil of weathered breccia. The cohesion 
of clayey rock ranges from 40 to 70 kPa, and the 
internal friction angle was 20o - 35o. In compari-
son, the cohesion of weathered volcanic rock was 

25 - 27 kPa, and the friction angle ranged from 
20o to 35o (Kusumayudha and Ciptahening, 2016).

This study was aimed at evaluating two slopes 
covered with two homogeneous residual soil 
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types. The two soils are identified as the red and 
black coloured soils. The soil layer was found to 
be of about 8 m thickness (H). The basic proper-
ties of the soils are presented in Table 1. The red 
soil is thereafter assigned as SC, and black soil 
is CH, in this paper. Shear strength characteristic 
of the soils was investigated in the direct shear 
box. The specimen size was 63.7 mm in diameter 
and 22 mm in height. A slow multistage-shearing 
direct shear test was carried out at normal stresses 
of 31, 62, and 123 kPa to determine the fully 
saturated shear strength of the soils. The shearing 
rate was set at 0.05 mm/min such that no excess 
pore water pressure developed during shearing

Prior to the experiment, a trial saturation test 
was conducted on the specimen. The specimen was 
placed in PVC tube and submerged in water batch. 
The suction was measured by tensiometer hourly, 
and the specimen weight was measured to deter-
mine the water content and degree of saturation. 
It took approximately 20 hours for the specimen 
to be fully saturated which was measured by the 
suction near 10-2 kPa. In present study was much 
less that the trial specimen, after the specimen was 
placed in shear box bowl, then the specimen was 
immersed for 24 hours to attain full saturation.

The unsaturated - saturated behaviour of 
the soils was demonstrated by the soil-water 
characteristic curve (SWCC). The SWCC was 
determined using miniature KU tensiometer 
for suction, ψ, less than 100 kPa, and the filter 
paper technique for suction, ψ, greater than 100 
kPa. The tensiometer apparatus was detailed in 
Muntohar (2015).The Whatman filter paper No. 
42 was used and the suction was inferred using 
the calibration curve suggested in ASTM D5298 
(ASTM, 2013). The schematic apparatus and test-

ing procedures to determined SWCC using filter 
paper was explained in Muntohar (2015). The 
SWCC of the soil is shown in Figure 4a. Measure-
ments of unsaturated hydraulic conductivity are 
timely, difficult to set up and sensitive to error, 
either in the laboratory on core samples or in the 
field (Mualem, 1976). It was rendering such mea-
surements impractical for testing field variation.
The unsaturated hydraulic conductivity is often 
obtained from a closed-form mathematical model 
of SWCC and saturated hydraulic conductivity 
(ksat), to overcome these difficulties (Doussan and 
Ruy, 2009; van Genuchten, 1980). The saturated 
hydraulic conductivity (ksat) of the soil was de-
termined from the double-ring infiltrometer test. 
The ksat values were 0.0968 m/day and 0.0864 
m/day for the SC soil and the CH soil slopes 
respectively. The measured moisture - suction 
relationship was fitted using the van Genuchten 
(1980) model to obtain the SWCC, while the 
hydraulic conductivity function was predicted 
using Mualem (1976) model. Figure 4b shows 
the hydraulic conductivity function of the soils. In 
this study, the initial suction at the ground surface 
is measured to be 60 kPa and gradually decreased 
to zero at the bottom layers at 8 m depth as sug-
gested by Muntohar et al. (2013).

Rainfall Scenarios
Figure 5 shows the rainfall hyetograph of the 

area. The precipitation record was obtained from 
the automatic rain gauge station in Kalibawang 
catchment area during November 2001. Slope 
failures were documented within the rainfall 
period, on 21 November 2001. According to the 
criteria proposed by Aleotti (2004) and Hong et 
al. (2018), antecedent rainfall occurred within 

Parameter Red Soil (SC) Black Soil (CH)
Specific gravity, Gs 2.73
Total unit weight, γt 16.1kN/m3 17.7 kN/m3

Particle size:
Coarse-grained: Gravel/sand 84% 49%
Fine-grained: Silt/clay 16% 51%
Liquid limit, LL 43% 49%
Plasticity index, PI 17% 24%
Soil classification (USCS) SC CH
Cohesion (c’) 1.7 kPa 9.7 kPa
Internal friction angle (φ’) 20o 19o

Saturated permeability coefficient (ksat) 0.0968 m/day 0.0864 m/day

Table 1. Properties of the Soil Layer
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two weeks prior to the intense or critical rainfall. 
The transient seepage analysis was divided into 
three rainfall scenarios. The first case, infiltration 
analysis was carried out for continuous rainfall 
within the entire period of analysis, i.e. 1st to 30th 
November 2001. The rainfall was assigned as ma-
jor rainfall (Condition 1). The cumulative rainfall 
(Vr) was about 0.422 m for 30 days precipitation.

The second rainfall scenario (Condition 2) was 
determined to evaluate the effect of antecedent 
rainfall on the slope stability. The analysis did 
not take into account the antecedent percipitation 
prior the intense rainfall period (see Figure 5). In 
this research, critical rainfall on 13-21 November 

was applied to evaluate the effect of rainfall pat-
tern on slope stability. The total rainfall (Vr) for 
the period was 0.208 m. Thus, the third scenario, 
the rainfall was idealized as delayed (Condition 
3), and average or uniform pattern (Condition 4), 
shown in Figure 6.

Results

Effect of Antecedent Rainfall on the Slope 
Stability

Figures 7 and 8 provide the results of numeri-
cal modelling of the SC and CH slopes under the 

Figure 4. (a) Soil-water characteristic curve, (b) Hydraulic conductivity function of the soil.
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Condition 1 and Condition 2 rainfall scenarios. 
The results are displayed in the variation of safety 
factor (FS) and time (t). Figure 7 accounted for the 
antecedent rainfall, while it was omitted in Figure 
8. In general, the Figures show that the factor of 
safety varies the rainfall intensities. Both Figures 
show that the slope is likely stable (FS > 4) at the 
beginning of precipitation and initiate to fail (FS 
< 1) at 18 days. The minimum FS (FSmin = 0.93 
for SC, and FSmin = 0.90 for CH soil) continued 
to 21 days and days end for SC and CH slopes 
respectively. The SC slope exhibits a rapid down 
of the FS during rainfall, and quickly recover 
when there is no rainfall. This result indicates 
that the slope with a high ksat value experiences 
rapid decrease and recover in FS comparable to 
the slope with a low ksat value. A similar charac-
teristic was concluded by Rahimi et al. (2011).

The effect of antecedent rainfall is clearly 
shown in Figure 8. The FS variation after 18 
days is almost similar to the case in Figure 7. 
The result indicates that the antecedent rainfall 
does not significantly affect the factor of safety. 
The antecedent rainfall period was separated by 
three no-rainfall periods (N1, N2, N3). Prior to the 
intense rainfall, there were three days no-rainfall 
period. During the no-rainfall period, the condi-
tion leads to increasing the suction at the surface 
and wetting front. Hence, the effect on the slope 
stability was insignificant to reduce the factor of 
safety. Hong et al. (2018) explained that if the 
duration of no-rainfall period was longer than the 
rainfall event, then the effect of antecedent rainfall 
was less effective to triggering the landslide. The 
simulation in Figure 8 is alluding to conclude 
that the intense rainfall for eight days prior to the 
landslide event effectively induced slope failure.

The infinite slope model concerns the analy-
sis within the saturation zone where it is located 
above the wetting front. Thus, the slip surface 
was potentially located at the wetting front and 
transitional zone (Duncan and Wright, 1995; 
Rahardjo et al., 1995). As a consequence of con-
tinuous saturation in the wetting front, the factor 
of safety declines to a value of lesser than one (FS 
< 1) as observed on day 18th to 21st. For the SC 

soil, the factor of safety varies with the rainfall 
intensity. The variation depends on the wetting 
front and pore water pressure which fluctuated 
during the rainfall. The reduction and recovery of 
the factor of safety are higher on SC soil which 
is comparable in CH soil. It can be contributed 
to a higher infiltration rate in SC soil than in CH 
soil, which is affected by the value of parameter 
“n”. Rahimi et al. (2010) indicated a soil with a 
higher value of “n” resulting in a higher rate of 
infiltration, reduction, and recovery in the factor 
of safety.

Comparison of The Pore Water Pressure Dis-
tribution of SC and CH Soils

Figure 9 illustrates the variation of pore 
water pressure with depth due to major rainfall 
pattern (Condition 1) for CH and SC soil type, 
respectively. The Figure shows the pore water 
pressure response at the selected time at P1 to 
P6 and N1 to N4 (see Figure 5 for the notation). 
In general, the Figures demonstrate that the pore 
water pressure increased with the elapsed time 
of rainfall depending on the rainfall intensity. At 
a low rainfall intensity or no rainfall, the wetting 
front is not clearly defined when the suction at 
the surface is greater than zero. As the rainfall 
continuously precipitates the surface, the slope 
surface becomes saturated. At this condition, then 
the saturation zone propagates to a deeper layer 
and form a sharp wetting front (see at P1, P2, and 
P4). In case of decreases in precipitation or no 
rainfall event (N1 to N4), the pore water pressure 
decreased as the result of water redistribution. The 
model did not take into account the evaporation. 
Thus, the pore water pressure decreasing at the 
upper zone is just a result of water redistribution 
downwards, and no supply of water from the rain 
above to replenish the soil.

The worst pore water pressure distribution was 
shown in low permeability soil slope (CH soil). 
The variation of porewater pressure due to rainfall 
takes place over a wide range of residual soils 
with high permeability as compared to residual 
soils with low permeability. In transient seepage 
conditions and in response to rainfall, the pore 
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water pressure profile depends on the magnitude 
of rainfall flux, the saturated coefficient of per-
meability, and the water storage function. The 
ksat essentially becomes the upper limit of the 
infiltration rate, when the ground surface flux 
under transient conditions is equal to or greater 
than the saturated coefficient of permeability (I/
ksat ≥ 1). With the same saturated coefficient of 
permeability, the soil with a larger water storage 
coefficient has a larger water storage capacity 
(Kim et al., 2012). Consequently, the downward 
movement of the wetting front in the soil is slower 
than that in a soil with a smaller water storage 
capacity. Given the same water storage function, 
the matric suction in the soil with a larger satu-
rated coefficient of permeability will disappear 
more quickly. Some studies recommended the 
flux ratio (I/ksat) rather than rainfall intensity (I) to 
investigate the effect of soil hydraulic properties 

Figure 9. Pore water pressure profile at the major rainfall scenario for CH and SC soils type at the various time of pre-
cipitation.

(Zhang et al., 2004; Rahardjo et al., 2007; Lee 
et al., 2009). When the I/ksat is higher, the matric 
suction values at the slope surface decreased and 
resulted in the decreasing of FS value. The matric 
suction at slope surface decreases marginally 
when the I/ksat is greater than 0.3, and slope fail-
ure appeared when infiltration flux is very close 
to the saturated hydraulic conductivity (Zhang et 
al., 2004; Santoso et al., 2011).

On the response of pore water pressure (see 
Figure 9), the rainfall infiltrated deeper into the 
SC soil than the CH soil. However, at this situa-
tion, a sharp wetting front is shown more obvi-
ously in the CH soil profile. Many researchers, 
e.g. Tsai (2011), Zhai and Rahardjo (2013),  Likos 
and Yao (2014), Rahimi et al. (2015), indicated 
that the shape of the SWCC and hydraulic func-
tion generated a difference response in pore water 
pressure distribution. The shape of SWCC is 
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determined by the fitting parameter α, n, and m as 
in Equations (3) and (4). Theoretically, the higher 
the value of “α” the volumetric water content, it 
will be smaller at the same suction, but the gradi-
ent of SWCC will be higher. When the value of 
“n” is smaller, the flow will be faster, less water 
required to fill the soil for the same amount of 
suction reduction. However, in this study, the 
permeability function of the soil plays a greater 
role than the difference in SWCC. The SC has a 
higher value of parameter “α” than the CH soil. 
The saturated hydraulic conductivity of the SC 
soil is greater than the CH soil (see Figure 3b). 
Rahimi et al. (2015) indicated that unsaturated 
permeability function also controled the infiltra-
tion rate of rainwater into the soil. With respect to 
the hydraulic conductivity function, a higher per-
meability function therefore will cause a higher 
infiltration rate of rainwater into the soil. Then, 
the rainwater infiltrates more profound into this 
soil and results in a deeper wetting front.

Effect of The Idealized Rainfall Pattern on 
The Pore Water Pressure and Slope Stability

Figures 10 and 11 shows the distribution of 
pore water pressure for the SC and CH soils 
under the second rainfall scenario of Condition 
3 and 4 rainfall, respectively. Figures 10a and 

11a show the pore water pressure distribution 
of the SC and CH soils under the measured 
rainfall. Figure 10b shows the pore water pres-
sure distribution associated with the advanced 
rainfall pattern for the SC slope. The distribution 
seems similar to the measured rainfall (Figure 
10a). When the rainfall was idealized as uniform 
or average pattern (Figure 10c), the pore water 
distribution increases drastically from -60 kPa 
to -22 kPa at the beginning of rainfall (t1). Af-
ter eight days of precipitation, the pore water 
pressure is near to zero (uw ∝ 0) at whole soil 
layers. This condition indicates that the slope 
is saturated and interferes the slope to become 
unstable (FS < 1, as shown in Figure 12a). The 
CH soil exhibits different response of pore wa-
ter pressure (see Figures 11b and 11c). Figure 
11b shows the pore water pressure distribution 
associated with the advanced pattern. The pore 
water pressure near the slope surface increased 
from -60 kPa to near zero (uw ∝ 0) after six 
days of rainfall (t6). The rainwater infiltrated to 
a deeper soil layer associated with the rainfall 
duration, and the wetting front is advanced 
to a 3 m depth at the rainfall end (t9). A quick 
decreasing of suction was observed under the 
uniform rainfall simulation as shown in Figure 
11c. The pore water pressure increased from 
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Figure 10. Distribution of pore water pressure in SC slope (a). measured rainfall; (b). idealized rainfall Condition 3; and 
(c). idealized rainfall Condition 4.

Note: Time of rainfall t1 = 1 day, t2 = 2 days, … tn = nth days.
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Figure 11. Distribution of pore water pressure in CH slope, (a). measured rainfall; (b). idealized rainfall Condition 3; and 
(c). idealized rainfall Condition 4.

Note: Time of rainfall t1 = 1 day, t2 = 2 days, … tn = nth days.
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Figure 12. Variation of the factor of safety (FS) with time due to rainfall scenarios, (a). for SC slope; (b). for CH slope.

Figure 12b. This finding was also discussed by 
Rahimi et al. (2011) and Tsai and Wang (2010).

Figure 13 shows the normalized factor of safety 
to evaluate the rate of the decrease in the factor of 
safety with the elapsed time of rainfall. The factor 
of safety at a time tn, obtained from Figure 12, is 
divided with the initial factor of safety at time t0 for 
corresponding rainfall pattern. Slope subjected to 
delayed rainfall pattern results in rapid decreasing 
of the factor of safety. Figure 13 shows that the 
rainfall patterns influenced the FS reduction rate 
and the time of failure corresponding to the FSmin 
for both SC and CH soil slopes. The FS of slopes 
decreased from its initial value by 80 - 82 % under 
the delayed rainfall pattern, and the FS decreased to 

-60 kPa to -5 kPa after a day of rainfall (t1) and 
continued to near zero (uw ∝ 0) after three days 
of rainfall (t3). The wetting front reached 2 m 
depth at rainfall end (t9), which was shallower 
than the slope under delayed rainfall pattern (see 
Figure 11b). Kim et al. (2012) explained that 
a soil with a lower hydraulic conductivity and 
the infiltration distance is comparatively long. 
It takes more time for water infiltration to reach 
a higher depth, because water movement on the 
slope surface in the lower hydraulic conductivity 
soil is easily delayed compared to the larger one. 
This result causes the time of slope failure (FS 
< 1) during a uniform rainfall pattern is earlier 
than the delayed rainfall pattern, as shown in IJ
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Month Average day of precipitation DX   
(day)

Average Daily Rainfall RX
(mm)

Minimum Factor of Safety, FSmin

CH soil SC soil
November 8 0.0166 1.13 1.21
December 9 0.0157 1.12 1.17
January 8 0.0145 1.21 1.37
February 9 0.0152 1.14 1.24
March 8 0.0142 1.23 1.39
April 7 0.0120 1.33 1.78

Table 2. Properties of Rainfall from 1998  -  2015 and Factor of Safety During Wet Season

Figure 14. Precipitation distribution from January 1998 to December 2015 in Kalibawang rainfall station.
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Figure 13. Normalized factor of safety with time due to rainfall scenarios, (a). SC slope; (b). CH slope.

60 - 70 % of its initial value under uniform rainfall 
pattern. The results show that the FS reduction rate 
of CH slope (Figure 13b) is higher than the SC 
slope (Figure 13a).

Application of The Rainfall and Infiltration-
Slope Stability Model

Hourly rainfall was recorded from January 
1998 to December 2015 (Figure 14). Landslides 
often occur during the wet season from Novem-

ber to April (Muntohar and Ikhsan, 2015). The 
rainfall duration in a day and the daily rainfall 
intensity of each month from November to April 
is shown in Table 2. The idealized average rain-
fall (Condition 4) produces the worst factor of 
safety. Then, the model can be adapted to predict 
the slope instability during the wet season. The 
summary of the factor of safety for each month 
is presented in Table 3. The slope achieves the 
worst stability in December, which the factor of 
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safety is the lowest during the rainy season of 
November  -  April. The slope covered by CH soil 
experiences a lower factor of safety compared to 
the slope with SC soil. The result is consistent 
with the analysis in Figure 13.

Conclusions

This paper investigated the mechanisms of 
rainfall-induced slope failure in the Kedung-
rong area, Indonesia, through a numerical 
simulation. The study investigated the effect 
of selected rainfall characteristics and soil 
type. The simulation results conclude that 
the slope failure may not necessarily be trig-
gered by a major rainfall event that occurred 
on the whole month. A prolonged antecedent 
rainfall plays a role in triggering the failure of 
the slope. The slope failure would potentially 
occur when rainfall continuously precipitates 
on the slope surface for about three days. This 
condition resulted in continuous saturation on 
the wetting front. The characteristics of the 
saturated-unsaturated function of the residual 
soil affected the destabilization pattern of the 
slope. Thus, understanding and determination of 
the saturated-unsaturated function is significant 
to study the mechanism of the slope failure. Un-
der the delayed rainfall pattern, the FS of slope 
decreased by 80 - 82 % from its initial value, 
and the soil slopes of FS decreased to 60 - 70 
5 of its initial value under uniform rainfall pat-
terns. A uniform or average rainfall pattern has 
been commonly and easily used to evaluate the 
slope stability. The slope covered by soil with a 
low hydraulic conductivity experience a lower 
factor of safety compared to the slope with high 
hydraulic conductivity.
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