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Abstract – Sukasada and Sawan Subdistricts are areas in Buleleng Regency that are often hit by 
landslides due to their geological conditions, since they are composed of weathered volcanic 
rocks, consisting of intersections with faults and rock joints. A rainfall model analysis is carried 
out in order to determine the probability of precipitation, while WindRose is used to analyze the 
duration of the dominant rainfall. Furthermore, SoilVision is used to determine the grain size 
distribution. Meanwhile, the equations proposed by van Genuchten and Fredlund and Xing are 
used to estimate the Soil-Water Characteristic Curve (SWCC). The Green-Ampt model is also used 
to calculate infiltration capacity. Slope stability is analyzed using an infinite slope model in order 
to produce a spatial-temporal prediction map of slope stability in the form of safety factor (SF). 
The results of the hydrology analysis reveal that rain with an intensity of 87.32-92.27 mm/day, a 
duration of 6-7 days, and types of soil in each study location in Sukasada and Sawan Subdistricts 
affects the amount of infiltration and it, in turn, affects slope stability. Extrapolation results for the 
spatial-temporal map of landslide hazard reveal the classification of safety factor as follows, SF > 
2.13 (low/stable), 1.40 < SF < 2.12 (moderate/critical) and SF < 1.39 (high/landslide). Copyright 
© 2020 Praise Worthy Prize S.r.l. - All rights reserved. 
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Nomenclature 
 Cumulative infiltration ܨ
݇௦௧ Saturated coefficient permeability 
 Angle of slope surface ߚ
߰ Matric suction head  
 Volumetric water content difference ߠ߂
z Depth 
  Initial water contentߠ
 ௦ Saturated water contentߠ
ℎ Depth of ponding 
ܵ Air-entry value  
݊  Porosity effective 
 Infiltration rate (ݐ)݂
݅ Intensity 
t Time 
  Ponding timeݐ
  Cumulative infiltration after pondingܨ
 Safety factor ܨܵ
ܿ′ Soil cohesion  
 ௧ Saturated unit weightߛ
ℎ Total height 
 ௪ Pore water pressureݑ
  Pore air pressureݑ
߶ Internal friction angle with matric suction   
  Normal stressߪ
߶′ Effective internal friction 
߬ Shear stress 
 Cumulative infiltration (ݐ)ܨ

 ௪ Depth of the wetting frontݖ	,ܮ
 Porosity ߟ
௪ݖ ∗  Time function of the depth of wetting front (ݐ)
F Shear force 
W Weight of soil 
N Normal force 

I. Introduction 
The hazard map of the soil movement from the 

research results has become the basis of the concept of 
early warning system for people who are vulnerable to 
landslides [1]. The Buyan-Beratan mountain range is a 
part of the Buleleng Regency, with hilly topography and 
geological condition originated from weathered volcanic 
rocks that have many faults. This area is an ancient 
caldera, which becomes a lake like Beratan Lake, Buyan 
Lake, and Tamblingan Lake due to changes in land use, 
resulting in frequent landslides [2]. According to the Bali 
Province BPBD report, land movements in the form of 
landslides or floods usually occur in the rainy season, 
especially in November-April, due to high rainfall with a 
percentage of occurrences of 17.21% of the safety factor 
of landslides in Bali [3]. It is also important to note that 
this condition tends to increase. The causes of the 
landslide in the area include slope inclination, rock 
conditions, slope constituents, rainfall, water system of 
slope, seismicity, and vegetation [4]. The composition of 
the rocks belongs to the group of Buyan-Beratan ancient 
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volcanic rocks (Qpbb), which consists of tuffs and 
deposits of Buyan-Beratan and Batur volcanic lava which 
are of the upper quarter, based on landscape sightings 
and geological condition illustrated on Bali’s geological 
map [5]. The composition of the rocks that includes 
volcanic deposits and weathering of volcanic rocks 
consisting of faults and joints can cause landslide in the 
caldera, and the infiltration of rain which increases the 
saturation degree of the soil and the weight of the slope 
itself can also cause landslide [6], [7]. The interpretation 
and use of the factors that cause soil movement, 
especially the natural or physical aspects, are important 
in order to conduct the proper research in creating hazard 
maps, and infiltration is also important because it is one 
of the causes of the soil movement due to its effect on the 
amount of water absorbed into the soil due to rainfall 
intensity. The mechanical parameters that should be 
introduced in the geotechnical calculations are often 
poorly known [8]. The research on the effect of rainfall 
on slope stability has become a topic of intensive 
research in the world [9]. Several empirical approaches 
have been used to determine the vulnerability level of 
landslide due to the impact of the intensity and duration 
of rainfall [10]. Slope stability analysis on finite slope in 
rainy season with timber crib wall can increase the safety 
factor > 1.5 [11]. Nevertheless, difficulties can be still 
found in measuring the amount of rainfall infiltration that 
can affect spatial slope stability. Rainwater infiltration 
modeling on spatial conditions uses seepage model from 
SEEP/W in order to obtain information on pore pressure 
required for slope stability analysis in each catchment 
model [12], [13]. Research on those factors needs to be 
carried out based on the analysis of hydrology and 
geological interpretation of ancient volcanic rocks where 
infiltration acts as a trigger for landslides, in order to 
obtain the safety factor based on the intensity of rainfall 
that is observed in spatial analysis. The ancient 
mountainous Buyan-Beratan has soil layer from 
weathering volcanic rocks consisting of sand, silt and 
volcanic breccia. During the rainy season, the area has 
always suffered landslides that threaten transportation 
infrastructure and residential areas; therefore, it is 
necessary to conduct a research on spasial slope stability 
due to infiltration. 

II. Theory and Literature 
II.1. Infiltration Analysis  

One of the causes of landslides is rain. There are two 
types of rain: heavy rain and normal rain. Heavy rain is 
rain with an intensity of 70 mm/hour or more than 10 
mm/day while normal rain is rain that lasts long with an 
intensity of less than 20 mm/day, and both types are a 
common cause of landslides in Indonesia [14]. The 
amount of the design rainfall in a certain return period is 
estimated using frequency analysis and statistic 
approach.  

The types and intensity of rainfall in Indonesia can be 
seen in Table I [15]. 

TABLE I 
RAINFALL CONDITIONS AND RAINFALL INTENSITY 

Condition of rainfall Rainfall intensity (mm) 
1 hour 24 hour 

Very light rain <1 <5 
Light rain 1-5 5-20 
Normal rain 5-20 20-50 
Heavy rain 10-20 50-100 
Very heavy rain >20 >100 

II.2. Infiltration  

Infiltration capacity is the maximum capacity of water 
that can enter the soil [16]. If the infiltration of the water 
into the slope occurs continuously within a sufficient 
period and amount, it will push the soil and trigger a 
landslide. Long duration rain will increase the moisture 
content, while negative pore water pressure, cohesion, 
and internal friction angle decrease. Increased soil water 
level due to rain will reduce soil suction and increase soil 
weight [17]. The probability of slope failure is related to 
the accumulation of rainfall. The probability of slope 
failure is lower at the beginning of the rainy season and 
becomes higher at the end of the season [18], [19].  

Therefore, in modeling, safety factor is a function of 
the depth of the wetting front associated with cumulative 
infiltration.  

The Green-Ampt equation is one of several methods 
developed in order to calculate infiltration capacity. 
Infiltration equations are done by developing a more 
physical, theoretical approach in order to obtain exact 
analytical solutions.  

The Green-Ampt approach uses the term wetting 
front, which is found at the depth (L) reached at the time 
(t) as in Fig. 1 [16]. The Green-Ampt infiltration model 
has been developed to model infiltration at horizontal soil 
surfaces. Modification is required for a certain angle of 
slope surface. The following is an infiltration equation at 
an inclined surface () which requires modification. The 
following equation is an infiltration equation at inclined 
surface [20]. Cumulative infiltration is calculated using 
Equation (1): 
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Fig. 1. Green-Ampt infiltration method 
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Meanwhile, infiltration rate can be calculated using 
Equation (2) and Equation (3): 

 
  1 e eS n    (2) 
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F is cumulative infiltration, f(t) is infiltration rate, ψ is 

matric suction head, ksat is saturated soil permeability 
coefficient. Ponding time (tp) is the time needed by the 
land to reach saturated conditions (Sr = 100%). The 
ponding time for the Green-Ampt equation uses Equation 
(4) and Equation (5): 
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The amount of the cumulative infiltration based on 

ponding time can be calculated using Equations (6)-(9): 
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II.3. Infinite Slope 

Planar failure of the infinite slope model has been 
adjusted in the shallow slides analysis. Since the analysis 
is carried out on unsaturated soil, the safety factor of 
infinite slopes is measured based on the Mohr-Coulomb 
criteria [21]: 
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Modification of Equations (10) for conditions on 

infinite slope models assumes that the depth of hard soil 
or impermeable rock is very deep so that the collapse 
field is considered to occur in the wetting area as seen in 
Fig. 2. The modification to the equation is seen in 
Equation (11) [22]: 
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Fig. 2. Infinite slope model where the depth of hard soil is very deep 
 
The depth of the wetting field (zw) is calculated based 

on the relation in Equation (12): 
 

    i wF t L z       (12) 
 

For rain intensity that changes with time (t), the depth 
of the wetting field is in Equation (13): 
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III. Research Methods 
The properties of soil, which are a technical parameter 

in the analysis of infiltration and soil stability, are 
obtained from tests carried out in the laboratory. Besides 
the test results, this research has also used literature 
interpretation of sample testing in Buleleng, with 
sampling points in Sukasada Subdistrict (Pancasari 
Village and Gitgit Village) and Sawan Subdistrict 
(Lemukih Village and Sekumpul Village). 

Soil sampling is as shown in Fig. 3, with several 
sample points in the surrounding area.  

Table II shows that the soil in Sukasada and Sawan 
Subdistricts has a specific gravity value between 2.58-
2.63, and according to the Unified classification system, 
with a dry volume weight between 1.14-1.19 gr/cm3, the 
soil belongs to the group of organic clay (OH) with LL 
liquid limit > 50%. Soil properties in Bongancina 
Village, Pempatan Village, and Munduk Village are used 
as comparison.  
 

TABLE II 
SOIL PROPERTIES INVESTIGATION 

Parameter Research Location Unit Pancasari Gitgit Lemukih Sekumpul 
Type of Soil OH ML MH ML - 
Dry volume 
weight (γd) 

1.14 1.17 1.15 1.19 gr/cm3 

Spesific grafity 2.58 2.63 2.61 2.63 - 
Soil Permeability 2.10×10-06 2.15×10-06 2.51×10-06 2.56×10-06 cm/s 
Shear strength: 
Cohesion (c) 4.29 3.21 3.80 3.17 kPa 

Internal friction 
(φ) 35.12 34.56 30.32 33.63 ° 

SM = Silty sand 
ML = Organic silt and fine sand 

MH = Organic silt 
OH = Organic Clay 
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Fig. 3. Sampling Locations  
 

This research also uses geological maps and Landsat 
7-ETM satellite imagery in order to see the surface 
profile of Buleleng Regency in general. Rainfall data are 
collected from seven stations closest to the two sub-
districts, namely the Bongancina, Gitgit, Munduk, 
Pedawa, Pempatan, Sawan, and Umadesa rain stations. 
Additionally, the data of the daily rainfall from 1993-
2016 have been used to estimate rainfall intensity in 
Sawan and Sukasada Subdistricts. After collecting the 
data, the analysis of the rainfall infiltration is conducted. 

A hazard map is created by converting the Earth’s 
DEM (Digital Elevation Model) and slope data. For 
spatial processing, it is necessary to utilize digital data of 
land use obtained from satellite image processing using 
the Maximum Likelihood method. This research uses the 
band combination of 542. 

IV. Results and Discussion 
IV.1. Infiltration Analysis 

Infiltration analysis begins with analyzing dominant 
rainfall using the WRPLOT View (Wind Rose Plots for 
Meteorological Data) in order to find out the distribution 
of the dominant rainfall duration in one month in each 
study location, which is analyzed in the form of a 
RainRose graph. In this research, daily rainfall data is 
used as input. Therefore, the dominant rainfall 
distribution can be obtained from the analysis of each 

rainfall station. The value of the dominant rainfall 
duration for each study location can be seen in Table III. 

This table reveals a different dominant duration of 
rainfall for normal rain, heavy rain, and very heavy rain.  

The rain with normal intensity has a longer duration 
compared to the one with very heavy intensity. The 
intensity of the design rainfall is analyzed using design 
rainfall with a 2-year return period.  

The value of the rainfall obtained from the analysis is 
considered as a rain model representing the conditions in 
the field, in which rain occurs for 6 periods in 1 year 
from November to April.  

The value of rainfall intensity for each study location 
is in Table IV.  

The analysis of the infiltration capacity on slopes 
using the modified Green-Ampt equation shows that the 
soil with a saturation degree of 70% has a greater value 
of infiltration capacity than the one with a saturation 
degree of 80%, 90%, 94%, and 98%. The value of the 
infiltration capacity is inversely proportional to the value 
of the saturation degree, where the greater the value of 
the soil infiltration capacity, the lower the degree of soil 
saturation.  

Based on the analysis of daily infiltration capacity, the 
infiltration rate and cumulative infiltration in study 
locations decrease as the value of the soil saturation 
degree increases.  

The results of the analysis of infiltration capacity for 
normal, heavy, and very heavy rain models can be seen 
in Tables V-VII. 

 
TABLE III 

THE DOMINANT RAIN DURATION FROM RAINROSE ANALYSIS 

No. Location 
Normal 
Rainfall Heavy Rainfall Very Heavy 

Rainfall 
t (day) t (day) t (day) 

1 Sukasada 13 6 5 
2 Sawan 9 7 6 

 
TABLE IV 

RECAPITULATION OF INTENSITY REPRESENTING NORMAL, HEAVY, 
AND VERY HEAVY RAINFALL THAT OCCURRED AT THE STUDY SITE 

No. Location Normal Rainfall Heavy Rainfall Very Heavy Rainfall 
i (mm/day) i (mm/day) i (mm/day) 

1 Sukasada 49.1 87.33 155.38 
2 Sawan 48.24 92.27 210.11 

 
TABLE V 

CALCULATION RESULTS OF NORMAL RAIN INFILTRATION CAPACITY 

Location Sr 
(%)

Green-Ampt 
F Cumulative 

infiltration f Infiltration rate tp Ponding time 

(mm) (mm/day) (day) 

Sukasada (Gitgit) 
93 3.710 0.149 6.360×10-05 
96 3.316 0.134 5.026×10-05 
98 3.023 0.122 4.136×10-05 

Sukasada 
(Pancasari) 

93 2.776 0.113 3.481×10-05 
96 2.137 0.088 1.992×10-05 
98 1.559 0.066 9.996×10-06 

Sawan 
(Sekumpul) 

93 9.458 0.576 4.797×10-04 
96 8.541 0.525 3.823×10-04 
98 7.864 0.488 3.174×10-04 

Sawan (Lemukih) 
93 10.274 0.621 5.772×10-04 
96 9.460 0.575 4.813×10-04 
98 8.871 0.543 4.174×10-04 
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rainfall also reveals that the infiltration rate and 
cumulative infiltration decrease along with the 
value of the soil saturation degree.
Tables V
Green
infiltration on spatial slopes. The value of 
capacity uses the Green
of slope stability based on the influence of rainwater 
infiltration. In general, changes in infiltration rate and 
cumulative infiltration during rain can be explained by 
graphs
time
infiltration is strongly influenced by ponding time where, 
during rain, rainwater will infiltrate the soil until 
reaching the ponding time. After reaching the ponding 
time, the infiltration value tends to
stops. Meanwhile, Fig. 5 shows that the cumulative 
infiltration value will continue to increase until the rain 
stops, showing that the cumulative value of rain affects 
the cumulative infiltration value. The greater the 
cumulative v
infiltration value is, hence, the greater the threat to the 
soil movement is.
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The infiltration calculation for heavy and very heavy 
rainfall also reveals that the infiltration rate and 
cumulative infiltration decrease along with the 
value of the soil saturation degree.
Tables V
Green
infiltration on spatial slopes. The value of 
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during rain, rainwater will infiltrate the soil until 
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time, the infiltration value tends to
stops. Meanwhile, Fig. 5 shows that the cumulative 
infiltration value will continue to increase until the rain 
stops, showing that the cumulative value of rain affects 
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cumulative v
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soil movement is.
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The infiltration calculation for heavy and very heavy 
rainfall also reveals that the infiltration rate and 
cumulative infiltration decrease along with the 
value of the soil saturation degree.

VII, 
Ampt equation can be used in analyzing 

infiltration on spatial slopes. The value of 
capacity uses the Green
of slope stability based on the influence of rainwater 
infiltration. In general, changes in infiltration rate and 
cumulative infiltration during rain can be explained by 

that show the relation between infiltration and 
s seen in the following.

infiltration is strongly influenced by ponding time where, 
during rain, rainwater will infiltrate the soil until 
reaching the ponding time. After reaching the ponding 
time, the infiltration value tends to
stops. Meanwhile, Fig. 5 shows that the cumulative 
infiltration value will continue to increase until the rain 
stops, showing that the cumulative value of rain affects 
the cumulative infiltration value. The greater the 
cumulative value of rainfall is, the greater the cumulative 
infiltration value is, hence, the greater the threat to the 
soil movement is.

IV.2.

Water infiltration causes a decrease in the value of soil 
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shear strength parameters

pressure that will change under wetting conditions. Pore 
water pressure that is initially negative will increase to 
zero when the soil conditions are at the level of the 
groundwater (g.w.l) and will become positive when the 
soil conditions are below the groundwater level. This 
change in pore water pressure has also resulted in 
changes in soil shear strength parameters, especially 
cohesion value and internal friction angles
Fredlund equations are used to estimate the value of soil 
shear strength parameters based on suction values. 

location can be seen in 
there is a change in the 
the changes in the suction value. In general, the cohesion 
value (
decreases. When the suction value is high, the soil is dry. 

when the suction value is low, the soil is wet, causing the 
soil cohesion value to decrease. 

(
φ
value, in which the value of 
suction value increases and the level of saturation 
decreases.
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The value of the internal friction strength parameter 
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and it affects slope stability. 
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Fig. 6. A decrease in cohesion value against change of suction value
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