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Highlights:  

 Analyses of rainfall-induced slope instability by considering saturated and unsaturated 
soil mechanics. 

 The use of two independent stress-state variables for unsaturated soil mechanics. 
 Field observation of an event of rainfall-induced slope instability. 
 Numerical analyses incorporating flux boundary conditions. 
 Saturated-unsaturated soil mechanics analysis using the extended shear strength method 

and the total cohesion method. 

Abstract. A 25.5 km long access road has been constructed in a hilly area in 
Cisokan region. Several slope instabilities occurred during the rainy season, 
particularly at the end of heavy rainfall. A comprehensive study was performed to 
understand the characteristics of rainfall-induced slope instability. The study 
consisted of field observation, analyses of field and laboratory test data, and 
numerical analyses. The study revealed that in general there were two categories 
of slopes with instability characteristics: (i) slopes with a significant groundwater 
level increase during rainfall; (ii) slopes with an insignificant groundwater level 
increase during rainfall. In the first category, the slope instability was caused by a 
loss of matric suction and eventually the pore-water pressure, uw became positive 
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as indicated by an increase of the groundwater level. In the second category, the 
slope instability was caused by a loss of matric suction without a rise in pore-water 
pressure, uw, to a positive magnitude. Two empirical curves of slope stability were 
developed as a preliminary guidance to assess slope stability during rainfall in the 
region.  

Keywords: empirical slope stability curve; field observation; numerical analysis; 
rainfall-induced slope instability; unsaturated soil. 

1 Introduction 

A 25.5 km long access road has been constructed in Cisokan region, West Java 
Province, Indonesia (Figure 1). Most parts of the access road are situated in hilly 
areas, which consists of two lanes-two ways undivided. The road was constructed 
by a combination of cutting the hillside for one lane and filling the valley side for 
the other. The road is located in the Citarum and Rajamandala formations [1]. It 
passes the unit of tuffaceous breccia, lava, sandstone, conglomerate (Pb), 
tuffaceous lake deposits (Q1), pumice tuff, tuffaceous sandstone (Mt), breccia 
and the sandstone member of the Citarum formation (Mtb), the sandstone-
siltstone member of the Citarum formation (Mts), and the clay, marl, and quartz 
sandstone member of the Rajamandala formation (Omc). 

Several slope instabilities occurred in the rainy season during the construction 
works. Slope instabilities particularly occurred after several days of antecedent 
rainfall. Rainfall-induced slope instability has occurred several times in the 
Cisokan region [2-9] as well as in other regions in Indonesia [10,11]. Global 
warming, exacerbated by human activities, has led to changing weather patterns 
such as higher rates of precipitation [12]. Rainfall infiltration has been identified 
as one of the main triggering factors of slope instability in tropical regions [13-
16]. Rainfall infiltration causes the reduction of matric suction and reduces the 
shear strength of the soil. The reduction of the shear strength lowers the resisting 
force against slope instability and lowers the factor of safety, FS, against slope 
instability [13,14]. As unprecedented rainfall intensities are expected in the 
future, it is important to investigate the effect of rainfall on the stability of 
unsaturated soil slopes, especially in tropical countries like Indonesia.  

Slope stability analysis utilizing saturated-unsaturated shear strength has been 
implemented in several countries in Asia [12,17,18]. Some new advancements of 
the method have been achieved, such as the use of an analytical formulation to 
predict the change in the factor of safety for a slope subjected to infiltration [19] 
and the use of discrete element modeling for predicting run-out characteristics of 
rainfall-induced landslides [18]. Despite this advancement, slope stability 
analysis utilizing saturated-unsaturated shear strength is not yet implemented as 
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a standard practice of rainfall-induced slope stability analysis in Indonesia. 
Laboratory tests and field measurements dedicated to this analysis are practically 
unavailable. This creates difficulties in quantifying the characteristics of rainfall-
induced slope instability in the region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Location of the investigated slopes at the constructed access road at 
Cisokan region. 

Therefore, slope stability analysis that incorporates a saturated-unsaturated soil 
system is urgently needed. Due to the lack of understanding of saturated-
unsaturated soil mechanics and the limited availability of relevant data, the use 
of estimated unsaturated soil properties for analyses incorporating saturated-
unsaturated soils is a reasonable step toward the application of unsaturated soil 
mechanics to the characterization of rainfall-induced slope instability. 

This paper presents a study to understand the characteristics of rainfall-induced 
slope instability in the Cisokan region, West Java Province, Indonesia. The study 
combined field observation, analyses of field and laboratory testing data, and 
numerical analyses. The theory of unsaturated soil mechanics was implemented 
despite the limited data available in most geotechnical engineering practices in 
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Indonesia. 

2 Methodology 

The study started with field observations, followed by the collection and analyses 
of antecedent rainfall and soil property data. Considering the field conditions, soil 
properties and rainfall data, numerical analyses were performed to understand the 
rainfall-induced slope instability characteristics of six slopes in the region. The 
extended shear strength [20,21] and the total cohesion methods [21] were utilized 
in the numerical analyses. In the extended shear strength method, two 
independent stress state variables are required to describe the behavior of 
unsaturated soil [20-22]: net normal stress, -ua, and matric suction, ua-uw, where 
 is the total normal stress, ua is the pore-air pressure and uw is the pore-water 
pressure. The extended shear strength, ff is defined as [21]: 

 𝜏௙௙ = 𝑐ᇱ + (𝑢௔ − 𝑢௪)௙ tan 𝜙
௕ + (𝜎 − 𝑢௔)௙ tan 𝜙

ᇱ (1) 

where c’ is the effective cohesion, (-ua)f is the net normal stress state on the 
failure plane at failure, ’ is the angle of internal friction associated with the net 
normal stress state variable, (ua-uw)f is the matric suction on the failure plane at 
failure, and b is the angle indicating the rate of increase in shear strength relative 
to the matric suction. To obtain the value of the matric suction, a seepage analysis 
was performed. In this paper, the soil-water characteristic curve (SWCC) for the 
seepage analysis was predicted utilizing the index properties data with the 
equations proposed by Perera, et al. [23], which predicts Fredlund & Xing’s [24] 
SWCC fitting parameters (a, n, m and (ua-uw)r): 

 𝑎 = 32.835 ln(𝑤𝑃𝐼) + 32.438 (2) 

 𝑛 = 1.421(𝑤PI)ି଴.ଷଵ଼ହ (3) 

 𝑚 = −0.2154 ln(𝑤𝑃𝐼) + 0.7145 (4) 

 (𝑢௔ − 𝑢௪)௥ = 500 (5) 

where wPI is the weighed plasticity index, which is equal to the product of P200 
(expressed as a decimal) and the plasticity index (PI). P200 is the percentage 
passing through a Nr. 200 sieve. In this paper, the permeability function was 
calculated indirectly using the method of Fredlund & Rahardjo [21] by utilizing 
SWCC and the saturated permeability, ks, as follows:  

𝑘௪(𝜃௪)௜ =
𝑘௦
𝑘௦௖

𝐴ௗ෍൛(2𝑗 + 1 − 2𝑖)(𝑢௔ − 𝑢௪)௝
ିଶൟ

௠

௝ୀଵ

 

  i = 1, 2, …, m 

(6) 

where kw(w)i is the predicted water coefficient of permeability for a volumetric 
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water content; w corresponds to the i-th interval; i is the interval number, which 
increases as the volumetric water content decreases; m is the total number of the 
intervals between the saturated volumetric water content, s and the lowest 
volumetric water content on the experimental soil-water characteristic curve, L, 
j is a counter from i to m; ks is the measured saturated coefficient of permeability; 
ksc is the computed saturated coefficient of permeability, Ad is the adjusting 
constant, and (ua-uw)j is the matric suction. 

In the total cohesion method, the stability analysis was carried out by 
incorporating matric suction into the cohesion of the soil. Equation (1) is written 
as: 

 𝜏௙௙ = 𝑐 + (𝜎 − 𝑢௔)௙ tan 𝜙
ᇱ (7) 

where c is the total cohesion, which can be calculated as follows [21]: 

 𝑐 = 𝑐ᇱ + (𝑢௔ − 𝑢௪)௙ tan 𝜙
௕ (8) 

In this method, the matric suction is considered as a percentage of the matric 
suction in hydrostatics condition [21]. Several matric suction profiles with depth 
were considered in the analyses. 

Field observation of slope instability was performed in the investigated area. The 
instability condition of each investigated slope was used to calibrate the analysis 
results equivalent to the condition where the factor of safety of the slope was 
equal to 1. Rainfall data was collected and antecedent rainfall corresponding to 
the slope instability was used in the analysis. Rainfall intensities at slope locations 
were interpolated from rainfall data recorded at adjacent rainfall stations. Index 
soil properties were obtained from the results of laboratory tests carried out for 
this construction [25]. The extended Mohr-Coulomb shear strength properties 
were estimated from the index properties of the soils. The Seep/W software [26] 
was used in the saturated-unsaturated transient seepage analysis. The computed 
pore-water pressure from Seep/W was then used in the slope stability analysis 
with the simplified Bishop’s method [27]. The slope stability analysis was 
performed utilizing Slope/W [28]. 

Slope stability analyses were performed for the slopes presented in Table 1. The 
analyses were performed using the extended shear strength method for slopes no. 
2 and 6. Slope no. 2 (21.7° slope angle) represents a slope that is less steep than 
the standard slope gradient 2H:1V to 1.5H:1V or 26.6° to 33.7° slope angle 
[29,30]. Slope no. 6 (52.1° slope angle) represents a slope that is steeper than the 
standard slope gradient that can be found at some hilly regions in Indonesia [e.g. 
10,11]. In addition, the slope stability analyses using the total cohesion method 
were performed for all six slopes listed in Table 1. 
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Table 1 Details of the slopes experiencing instability in March 2019. 

 

3 Field Observation 

Details of the slopes experiencing instability in March 2019 are presented in 
Table 1. The locations of the slopes are shown in Figure 1. The thickness of the 
unstable part of the slope was measured at the mid cross-section. The 
groundwater level was observed on non-rainy days and is called the ‘low 
groundwater level’ in this paper. Table 1 shows that all the observed slope 
instabilities occurred above the groundwater level, indicating the failure occurred 
within the unsaturated zone of the soil. Table 1 also shows that the thickness of 
the unstable part of the slopes was less than the depth of the hard layer, indicating 
that the slip surfaces were developed without the resistance from the hard layer. 
The field conditions of slopes no. 2 and 6 in unstable condition are shown in 
Figures 2 and 3. 

 
(a) 

 
(b) 

Figure 2 Field condition of slope at location no. 2: (a) photo, (b) cross section. 
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(a) 

 
(b) 

Figure 3 Field condition of slope at slope no. 6: (a) photo, (b) cross section. 

4 Rainfall and Soil Properties 

4.1 Rainfall 

The daily rainfall data from 1 February to 31 March 2019 from two adjacent 
rainfall stations, R1 and R2 (Figure 1), are shown in Figure 4(a). The distance of 
slopes nos. 2 to 6 to both rainfall stations is about 11 km and the distances of 
slope no. 1 to rainfall stations R1 and R2 are 12 km and 3 km, respectively. Slope 
instability occurred on 8 March 2019 and Figure 4(a) shows that from 4 to 6 
February 2019 was a period with minimum daily rainfall. It was assumed that the 
increase of pore-water pressure, uw, caused by the rainfall before 4 February 2019 
dissipated in the period between 4 and 6 February 2019. Therefore, the rainfall 
between 7 February and 8 March 2019 was considered as the antecedent rainfall 
that caused the slope instability on 8 March 2019. Figure 4(a) also indicates that 
slope instability did not occur after the high daily rainfall alone (on 9 and 13 
February and 2 March 2019) but after several days of antecedent rainfall. 
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(a) (b) 

  
(c) (d) 

Figure 4 (a) Daily rainfall depth vs. time data, (b) cumulative antecedent rainfall 
depth, (c) interpolated rainfall intensity vs. time for slope no. 2, (d) interpolated 
rainfall intensity vs. time for slope no. 6. 

It seemed that two high rainfall events (on 2 and 6 March 2019) contributed 
significantly to further reduce the stability of the slopes. These high rainfall 
events were recorded in both rainfall stations R1 and R2 (Figure 4(a)). 

The plot of cumulative rainfall depth between 8 February and 8 March 2019 
(Figure 4(b)) indicates that the rainfall depths were close between R1 and R2 
data. In addition, it also indicated that a rate of increase in cumulative rainfall 
depth of 15 mm per day in 4 consecutive weeks may cause rainfall-induced slope 
instability in this region (Figure 4(b)). For the slope stability analysis using the 
extended shear strength method, the daily rainfall depth for slopes no. 2 and 6 
were interpolated using the inverse distance weighting method [31]. The rainfall 
intensity was computed from the daily rainfall depth data calculated by assuming 
a uniform distribution of daily rainfall in 24 hours (Figures 4(c) and 4(d)). 
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4.2 Soil Properties 

A summary of the soil index properties is shown in Figure 5. The saturated unit 
weight varies from 16 kN/m3 to 18 kN/m3 (Figure 5(a)). The variation of plasticity 
index, PI is presented in Figure 5(b) with average values of 29.2%, 23.0%, 20.8%, 
24.9%, 12.9%, 18.6% for slopes no. 1 to 6, respectively. The variation of PI vs. 
N-SPT [32] is shown in Figure 5(c). There is a decreasing trend of PI as the N-
SPT value increases. The plasticity index can be related to the effective friction 
angle, ’ [33,34], and the undrained shear strength, su [33-36]. The N value of the 
standard penetration test (N-SPT) can be related to the undrained shear strength, 
su [33,36]. Standard penetration test, SPT is performed in most geotechnical 
engineering projects in Indonesia [37,38]. Hence, it is important to have an 
indirect correlation between N-SPT and PI since both are performed more often 
than the triaxial test to obtain undrained and drained shear strength parameters. 

  
(a) 

 

 

 
(b) (c) 

Figure 5 Soil properties obtained in June 2019: (a) variation of unit weight,  
with depth, (b) variation of plasticity index (PI) with depth, (c) PI vs. N-SPT (Data 
from [25]). 
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5 Numerical Analysis 

In the analyses, the effective friction angle, ’, was taken from the curve of the 
relationship between ’ and PI [33,34]. For silt layers, the average to maximum 
PI from each location (Figure 5(b)) was used to obtain ’ from this relationship. 
In each location, a value of the effective cohesion, c’, between 0 and 15 kPa was 
used. This is the range of the effective cohesion for silt layers in the region [39]. 
The value of b was estimated as 0.25 times ’. The values of c’ and b were in 
the range of several measured data for cohesive soils [21]. For claystone layers, 
the effective cohesion and the effective friction angle parameters from a project 
in this region were used [39]. The recommended parameters were obtained from 
a combination of values from laboratory tests and field geological observations. 
A value of b equal to zero was used in the project, since the unsaturated shear 
strength characteristics of claystone in the region is not understood. A value of b 
equal to zero gave the lowest value of the unsaturated shear strength for claystone.  

The saturated permeability, ks, was predicted as the value of saturated 
permeability calculated from the results of the consolidation test multiplied by a 
factor greater than one to accommodate the sample size effect [40,41]. A 
hydrostatics condition using a low groundwater level for each slope in Table 1 
was used as the initial condition. In the analysis, the maximum matric suction 
was limited to 100 kPa. Head boundary conditions were applied on the left and 
right boundaries of the numerical models, corresponding to the position of the 
groundwater level at each boundary. Rainfall intensity between 6 February and 8 
March 2019 (Figures 4(c) and 4(d)) was used as the flux boundary condition on 
the ground surface in the numerical models. The flux boundary condition was 
applied to the ground surface except in areas covered by road pavement. 

5.1 Slope No. 2 

Slope no. 2 is located within the unit of the sandstone-siltstone member of 
Citarum formation (Mts). The unit consists of well-bedded sandstone intercalated 
with siltstone, claystone, greywacke, and breccia [1]. The soil properties used in 
the analysis of slope no. 2 are shown in Table 2.  

Table 2 Soil properties used in the analysis of slope no. 2. 

Parameters Layers 1 and 2 Layer 3 Layer 4 
Material type Elastic silt with 

sand (MH) 
Claystone Sandstone 

Saturated permeability, ks (m/s) 1.00 × 10-8 Impermeable Impermeable 
Unit weight,  (kN/m3) 17.5 22 22 

Effective cohesion, c’ (kPa) 6.5 25 25 
Effective friction angle, ’ (deg) 27.5 16 16 

b (deg) 6.8 0 0 
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Layers 1 and 2 of slope no. 2 (Figure 1(b)) are fill layers compacted in two 
different stages. The layers were compacted at the same compaction effort. 
Therefore, the same shear strength and hydraulic parameters were used for these 
layers (Table 2 and Figure 6). 

 

(a) 

 

(b) 

Figure 6 SWCC and permeability function of layers 1and 2 for slope no. 2: (a) 
SWCC, (b) permeability function. 

Analysis using extended shear strength method 

The SWCC and permeability function of layers 1 and 2 for slope no. 2 are shown 
in Figure 6. The variation of pore-water pressure versus depth at the mid part of 
slope no. 2 and the variation of the factor of safety versus time as obtained from 
the numerical analysis are shown in Figure 7. The critical failure surface and 
factor of safety for two selected times are shown in Figure 8. The analysis results 
revealed that there was an increase of the groundwater level (Figure 7) that caused 
the slope to lose its matric suction; eventually the pore-water pressure became 
positive, leading to slope instability.  

In other words, the factor of safety of the slope decreases during rainfall (Figure 
8). The date of slope instability event agrees with the actual date of slope failure. 
This shows that the analyses are in good agreement with the field data. 
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(a) (b) 

Figure 7  (a) Variation of pore-water pressure uw vs. depth at the mid-part of 
slope no. 2, (b) variation of factor of safety, FS vs. time, t. 

  

(a) (b) 
Figure 8 Critical failure surface and factor of safety of slope no. 2: (a) at elapsed 
time 0 hours (6 February 2019), (b) at elapsed time 720 hours (8 March 2019). 

Analysis using total cohesion method 

As the analysis using the extended shear strength method revealed that there was 
an increase in the groundwater level during the event of slope instability, the 
analysis using the total cohesion method was performed under two conditions, 
namely, low groundwater level (Table 1) and high groundwater level. High 
groundwater level was obtained by raising the low groundwater level in the model 
until instability condition (i.e. FS equal to 1) was obtained. An increase of 
groundwater level of 3.8 m was found to cause instability. This increase of ground 
water level agrees with that obtained from the extended shear strength method 

Low groundwater level 

FS = 1.51 

High groundwater level 

FS = 1.01 
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(Figure 7(a)). The analysis results using the total cohesion method on slope no. 2 
are shown in Figure 9. 

 
 

(a)  (b) 
Figure 9 Numerical slope stability analysis using the total cohesion method on 
slope no. 2: (a) result of analysis for observed failure condition (matric suction 
profile 0% of hydrostatics condition of high groundwater level), (b) variation of 
factor of safety, FS vs. matric suction profile and different groundwater levels. 

5.2 Slope No. 6 

Slope no. 6 is situated on the border between the unit of the sandstone-siltstone 
member of Citarum formation (Mts) and the unit of the marl, and quartz 
sandstone member of Rajamandala formation (Omc) [1]. The unit of Mts consists 
of well-bedded sandstone intercalated with siltstone, claystone, greywacke, and 
breccia. The unit of Omc consists of dark to black, marly clay, globigerina marl, 
quartz sandstone, and quartz pebbly conglomerate. The soil properties used in the 
analysis of slope no. 6 are shown in Table 3. 

Table 3 Soil properties used in the analysis of slope no. 6. 

Parameters Layer 1 Layer 2 Layer 3 Layer 4 
Material type Elastic silt 

with sand 
(MH) 

Elastic silt 
with sand 

(MH) 

Rock Rock 

Saturated permeability, ksat (m/s) 1.21 × 10-8 5.24 × 10-9 7.50 × 10-3 Impermeable 
Unit weight,  (kN/m3) 17 17 22 22 

Effective cohesion, c’ (kPa) 6.5 13 25 25 
Effective friction angle, ’ (deg) 30.1 30.1 16 16 

b (deg) 7.5 7.5 0 0 

Analysis using extended shear strength method 

The SWCC and permeability function for layers 1 and 2 for slope no. 6 are shown 
in Figure 10. The variation of pore-water pressure, uw versus depth in the mid-

High groundwater level 

FS = 1.01 
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section of slope no. 6 and the variation of factor of safety versus time as obtained 
from the numerical analysis are shown in Figure 11. The critical failure surface 
and factor of safety for two selected times are shown in Figure 12.  

The analysis results show the loss of matric suction (Figure 11(a)), which reduces 
the factor of safety of the slope during rainfall (Figure 11(b)). The increase in the 
groundwater level is insignificant (Figure 12) and the date of slope instability 
event agrees with the actual date of slope failure in slope no 2. 

  

(a) (b) 

Figure 10 SWCC and permeability function of layers 1 and 2 for slope no. 6: (a) 
SWCC, (b) permeability function. 

 

 

 
 

(a) (b) 
Figure 11  (a) Variation of pore-water pressure, uw vs. depth in the mid-part of 
slope no. 6, (b) variation of factor of safety, FS vs. time, t.  
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(a) (b) 

Figure 12  Critical failure surface and factor of safety, FS, of slope no. 6: (a) at 
elapsed time 0 hours (6 February 2019), (b) at elapsed time 720 hours (8 March 
2019). 

Analysis using total cohesion method 

The analysis results using the total cohesion method for slope no. 6 are 
shown in Figure 13. The results show that even without an increase in 
groundwater level, the slope became unstable (i.e. FS equal to 1) due to 
the loss of matric suction. 
 

  

(a) (b) 

Figure 13 Numerical slope stability analysis using the total cohesion method on 
slope no. 6: (a) result of analysis for observed failure condition (matric suction 
profile 0% of hydrostatic condition); (b) variation of factor of safety, FS vs. matric 
suction profile. 

5.3 Other Slopes 

In general, slope no. 1 is located within a unit of tuffaceous breccia, lava, 
sandstone, conglomerate (Pb). The unit consists of andesitic and basaltic breccia, 
lava, tuffaceous sandstone, and conglomerate [1]. Slopes no. 3, 4, and 5 are 
located within the unit of sandstone-siltstone (Mts). The unit consists of well 

Low groundwater level 

FS = 1.00 

Low groundwater level 

FS = 1.46 FS = 1.01 
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bedded sandstone intercalated with siltstone, claystone, greywacke, and breccia 
[1].  

Slopes no. 1, 3, 4, and 5 were analyzed using the total cohesion method. Field 
observation indicated that there was a rise of the groundwater level in these 
locations during rain. This condition was modeled in the analysis. The results 
using the total cohesion method for slopes no. 1, 3, 4, and 5 are shown in Figure 
14. The results indicated that the increase in groundwater level caused slope 
instability. In addition, the results revealed that during dry conditions, the slopes 
had a high factor of safety. 

  

(a) (b) 

 
 

(c) (d) 

Figure 14 Variation of factor of safety, FS vs. matric suction profiles: (a) slope 
no. 1, (b) slope no. 3, (c) slope no. 4, (d) slope no. 5. 
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6 Discussion 

From the above analyses, the slopes with of rainfall-induced slope instability 
characteristics in this region could be divided into two categories: (i) slopes with 
groundwater level increase during rainfall; (ii) slope with an insignificant 
groundwater level increase during rainfall. In the first category, the slope 
instability was caused by a loss of matric suction and eventually the pore-water 
pressure became positive, resulting in an increase in the groundwater level. In the 
second category, the slope instability was caused by the loss of matric suction 
without the rise of pore-water pressure to a positive value. Unstable parts were 
found in the layers that had similar effective shear strength values (Figures 2(b), 
3(c), 8, 9, 12, and 13; Tables 2 and 3). This indicates that the groundwater 
increase governed the reduction of shear strength. Slopes nos. 1 to 5 fall into the 
first category. These slopes have an inclination angle equal to or less than 31.3°. 
Slope no. 6 falls into the second category. This slope has an inclination angle 
equal to 52.1°. By comparing slopes no. 1 and 3 it seems that the slope height did 
not contribute significantly to rainfall-induced slope instability. The results also 
indicate that for the first category of slopes, the factor of safety during dry 
conditions was high (±1.5). However, at high groundwater level, an increase in 
matric suction profile did not contribute to a significant increase of the factor of 
safety. This indicates that efforts to keep the groundwater level low and to 
maintain matric suction above the groundwater level are necessary since they 
contribute significantly to maintaining a high factor of safety. Further 
investigation is needed to understand the characteristics of rainfall-induced slope 
stability of slopes with an inclination angle between 31.3° to 52.1°. 

A summary of the matric suction condition at slope instability is presented in 
Table 4. Using the field observation and test data (Table 1) and the calculated 
groundwater level at the event of slope stability (Table 4), two empirical curves 
of slope stability were developed (Figure 15). The slope instability is related to 
SPT since this test is used in most projects in Indonesia and the database of SPT 
tests in Indonesia is much larger than that of triaxial and index properties tests 
[37,38]. The relationship in Figure 15 serves as a preliminary guidance to assess 
slope stability during rainfall in the region. The regression along the X-axis 
covers only the values of N-SPT from 2 to 8 which correspond to soft to medium 
clay [33]. More observation data are required to extend the coverage of the 
curves. Figure 15 indicates that as the ground water depth increases, the slope 
stability increases, as indicated by an increase of the stable slope angle (Figure 
15(a)) and a decrease of the thickness of the unstable part of the slope (Figure 
15(b)). The ground water depth represents the matric suction, which plays a 
significant role in maintaining the stability of the slope. Figure 15 also indicates 
an increase of slope stability as the average N-SPT of the unstable zone of the 
slope increases. There is a decrease of the plasticity index as the N-SPT value 
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increases, as shown in Figure 5(c). Since there is an increase of the saturated 
friction angle with a decrease in the plasticity index [33,34], there is an increase 
of the saturated friction angle with an increase of the N-SPT. An increase of the 
saturated friction angle increases the slope stability. 

The analyses presented in this paper were performed using an unstable condition 
(FS equal to 1) as a calibration factor. The precise value of the factor of safety 
with variation of matric suction needs to be further investigated. This highlights 
the need for unsaturated shear strength and unsaturated hydraulic properties 
measurement and for rainfall measurement with time for the analysis of rainfall-
induced slope instability. In addition, monitoring of pore-water pressure is also 
required to verify the calculated factor of safety. 

Table 4 Summary of matric suction condition at slope instability. 

Slope 
no. 

Slope 
height 

(m) 

Slope  
angle 
(deg) 

Slope 
gradient 

(H:V) 

Back-calculation at slope instability 
Predicted increase  

of groundwater level  
(m) 

Predicted matric 
suction profile  

(% of hydrostatic) 
1 7.2 23.0 2.4H:1V 4.3 0 
2 12.6 21.7 2.5H:1V 3.8 0 
3 11.7 23.0 2.4H:1V 3.6 0 
4 9.4 31.3 1.6H:1V 3.5 0 
5 10.4 24.4 2.2H:1V 2.5 0 
6 35.0 52.1 0.8H:1V 0 0 

 

 

 

 
(a) (b) 

Figure 15   Empirical curve of slope stability: (a) relationship between the slope 
angle, the average N-SPT of the slope failure part, and the ground water depth; (b) 
relationship between the thickness of the slope failure part, the average N-SPT of 
the slope failure part, and the groundwater depth. 
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7 Conclusions 

The application of the unsaturated soil mechanics principle played an important 
role in obtaining realistic results from the rainfall-induced slope stability analyses 
in the studied region. A rate of increase in cumulative rainfall height of 15 mm per 
day in 4 consecutive weeks may cause rainfall-induced slope instability in this 
region. 

The slopes with of rainfall-induced slope instability characteristics in this region 
can be divided into two categories: (i) slopes with a significant groundwater level 
increase during rainfall (associated with slope angles equal to or less than 31.3°); 
(ii) slopes with an insignificant water level increase during rainfall (associated 
with a slope angle of 52.1°). It seems that the slope height does not contribute 
significantly to rainfall-induced slope instability. Two empirical curves of slope 
stability were developed as a preliminary guidance to assess slope stability in the 
region during rainfall. The relationship covers N-SPT values from 2 to 8.  

The analyses also highlight the need for unsaturated shear strength and unsaturated 
hydraulic properties measurement, the need for rainfall measurement with time 
for the analysis of rainfall-induced slope instability. Monitoring of pore-water 
pressure as an important part of the analysis is also needed. 
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