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Abstract: - Several areas in Busan have been recognized to experience actual failure due to heavy rainfall 
precipitation. Case histories are shown in Busan landslide area. The time dependent infiltration in unsaturated 
layers are assessed by using one-dimensional model, and the stability of the layers are calculated in the infinite 
slope. As a result, in the actual failure zones, the slopes become nearly or fully saturated and experience failure 
as the factor of safety reduces into ~1.0. It is found that the transient infiltration and stability analyses under 
three constitutive relations (soil water characteristic curve-hydraulic conductivity function-suction stress 
characteristic curve) framework can simulate the failure in the landslide area. 
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1 Introduction 
Heavy rainfall-induced landslide is one of crucial 
climatic problems in Busan [1,2]. Busan has annual 
average precipitation of 1,591 mm with the highest 
daily normal of 172 mm [3]. Such concentrated high 
intensity of rainfall occasionally causes slope 
failures. In addition, most of land sites in Busan are 
intrinsically composed of weathered soils which are 
sensitive to weaken the shear strength when water 
saturates the soils [4,5]. It corroborates the 
occurrence of landslides due to prolonged heavy 
rainfall in Busan. 

In recent years, numerical studies have been 
carried out to understand the stability of slopes 
subjected to rainfall infiltration [1,4,6-8]. Analytical 
and numerical solutions simulating unsaturated flow 
are increasingly used to assess the influence of 
infiltration to the slope stability. Thus, a 
comprehensive understanding of hydro-mechanical 
behavior of unsaturated soils is required when 
conducting infiltration and stability analysis. 

Two hydraulic properties of soil, namely, soil-
water retention and hydraulic conductivity function, 
are the primary intrinsic factors that mainly affect 
the hydro-mechanical behavior of unsaturated soils 
[6]. For decades, unsaturated effective stress has 
been acknowledged as a cornerstone for shear 
strength considerations in unsaturated soils. 
Recently, effective stress for unsaturated soils based 
on Terzaghi’s theory [9] under suction stress 
framework was developed by Lu et al. [10] in 
closed-form equations. The aforementioned 

properties (i.e. soil-water retention, hydraulic 
conductivity function, and effective stress under 
suction stress framework) can concurrently describe 
fluid flow, soil strength, and deformation behavior 
of variably saturated soils. Moreover, the three 
properties reconcile a constitutive relation which 
can be defined fully by a common set of hydro-
mechanical parameters [11]. 

In the study, a one-dimensional finite element 
model has been carried out to investigate the 
influence of hydro-mechanical behavior on the 
transient infiltration in Busan landslide area. For the 
examination of stability of the soils, the results from 
the infiltration analysis were treated as input for 
limit equilibrium calculations. Factor of safety is 
computed from the Mohr-Coulomb failure criterion 
and effective stress principle based on suction stress 
framework [8,10].  
 
 
2 Theoretical Considerations 
The transient unsaturated flow is usually described 
by the Richards’ equation [12] which, for one-
dimensional vertical flow, can be written in the form 
of suction head as 

𝛿𝛿𝛿𝛿(ℎ)
𝛿𝛿𝛿𝛿

=
𝛿𝛿
𝛿𝛿𝛿𝛿 �

𝑘𝑘(ℎ)
𝛿𝛿ℎ
𝛿𝛿𝛿𝛿

− 𝑘𝑘(ℎ)� (1) 

where 𝜃𝜃 is the volumetric water content, ℎ the water 
pressure head, 𝑘𝑘(ℎ)  the hydraulic conductivity 
function (HCF), 𝑧𝑧 the distance (positive downward), 
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and 𝑡𝑡 is the time. The use of equation (1) requires 
knowledge of two soil hydraulic properties: soil-
water retention, 𝜃𝜃(ℎ) , and the unsaturated HCF, 
𝑘𝑘(ℎ) [13,14].  

Oh et al. [15] developed satisfying mathematical 
equations for describing soil-water retention curve 
(SWRC). The equations were basically derived from 
van Genuchten’s soil-water retention model [16] 
with several corrections.  

A non-smooth curve within the range of low 
matric suction was introduced to fix extreme 
sensitivity of van Genuchten’s model near saturation 
and overcome several shortcomings in numerical 
analysis subjected to steep hydraulic conductivity 
function caused by the sensitivity [15]. The 
equations are represented by relationship between 
effective saturation, Θ , and matric suction, 𝑝𝑝 , as 
follows  

𝑝𝑝 =
1
𝛼𝛼 �

1
𝛩𝛩1/𝑚𝑚 − 1�

1/𝑛𝑛
,𝛩𝛩 < 𝛩𝛩𝑏𝑏′ (2) 

𝑝𝑝 = 𝑝𝑝𝑏𝑏′ 𝑒𝑒𝑒𝑒𝑒𝑒{𝑎𝑎(𝛩𝛩 − 𝛩𝛩𝑏𝑏′)} ,𝛩𝛩𝑏𝑏′ ≤ 𝛩𝛩 < 1 (3) 

where  

𝑎𝑎 =
{1 + (𝛼𝛼𝑝𝑝𝑏𝑏′)𝑛𝑛}𝑚𝑚+1

−𝑚𝑚𝑚𝑚(𝛼𝛼𝑝𝑝𝑏𝑏′)𝑛𝑛
 , (4) 

𝜃𝜃𝑠𝑠 and 𝜃𝜃𝑟𝑟  are saturated and residual water 
content, respectively. 𝛼𝛼 (kPa-1) is the inverse of the 
air entry pressure, 𝑝𝑝𝑏𝑏  (kPa). 𝑛𝑛 (>1) is a measure of 
pore size distribution and 𝑚𝑚  is related to 𝑛𝑛  as 
𝑚𝑚 = 1 − 1/𝑛𝑛  [16]. After parametric study, 𝑝𝑝𝑏𝑏′ 
(kPa) which is an estimated arbitrary suction, has 
been assumed to be 0.02 of 𝑝𝑝𝑏𝑏 . Θ𝑏𝑏′  is effective 
saturation corresponding to 𝑝𝑝𝑏𝑏′. 

 According to van Genuchten [16], a closed-form 
equation for predicting unsaturated hydraulic 
conductivity is based on equation that derived by 
Mualem [17]. The predictive model by Mualem 
describes the relative conductivity function, 𝑘𝑘𝑟𝑟 , with 
respect to Θ as follows:  

𝑘𝑘𝑟𝑟(𝛩𝛩) = 𝛩𝛩𝑞𝑞 ��
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��
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1

0

�

2

�  (5) 

where 𝑞𝑞  is the empirical parameter of pore 
connectivity. By substituting equations (2) and (3) 
into equation (5), the corresponding hydraulic 
conductivity function is expressed as analytical 
solutions.  

On the other hand, unsaturated soil strength 
represented by effective stress principle under 
suction stress framework [10] is expressed as 

𝜎𝜎′ = (𝜎𝜎 − 𝑢𝑢𝑎𝑎)− 𝜎𝜎𝑠𝑠  (6) 

where 𝑢𝑢𝑎𝑎  is pore air pressure, 𝜎𝜎 is the total stress, 
and 𝜎𝜎𝑠𝑠  is defined as the suction stress characteristic 
curve (SSCC). Suction stress is an interparticle 
stress called tensile stress that characteristically 
depends on water content or matric suction, thus 
correlating the concepts of the soil water retention 
and hydraulic conductivity function for unsaturated 
soils. Recent studies stated that SSCC represents the 
effective stress for the shear strength behavior of 
unsaturated soils [10]. The suction stress 
characteristic curve, 𝜎𝜎𝑠𝑠 , is defined as [10] 

𝜎𝜎𝑠𝑠 = −(𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 ); 𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 ≤ 0 (7) 

𝜎𝜎𝑠𝑠 = −𝛩𝛩(𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 ); 𝑢𝑢𝑎𝑎 − 𝑢𝑢𝑤𝑤 ≤ 0 (8) 

This relation implies that the change in effective 
stress due to the change of saturation [10]. 
 
 
3 Numerical Infiltration Analysis  
Busan landslide area is generally classified into two 
zones based on the number of recorded landslides: 
actual failure zone and non-failure zone.  

Two soils, namely BS-1 and BS-2, were taken 
from the actual failure zones and non-failure zones, 
respectively. The soils were then examined by 
volumetric pressure plate extractor (VPPE) to obtain 
hydro-mechanical properties data. Subsequently, 
soil-water retention curve and hydraulic 
conductivity function were determined and fitted 
from the obtained data using equation (2)-(3), and 
(5), respectively. 

The two soils are classified as SM according to 
the Unified Soil Classification System (USCS). 
Geotechnical and hydro-mechanical properties of 
both soils are listed in Table 1. Of all properties, the 
notable differences between two soils lies on the 
value of slope angle (𝛽𝛽) and air-entry value (1/𝛼𝛼). 
BS-1 has steeper slope angle and higher air-entry 
value than BS-2. The rest properties e.g. internal 
friction angle ( 𝜙𝜙′ ), dry unit weight ( 𝛾𝛾𝑑𝑑 ), and 
saturated permeability (𝑘𝑘𝑠𝑠 ) are quite similar. The 
saturated cohesion (𝑐𝑐′) is assumed to be zero since 
the type of investigated soils are sands. 

Infiltration of rainfall into the slopes utilized by 
the numerical model based on finite element 
method, SEEP/W [18]. The seepage model of 
SEEP/W made use of the measured soil-water 
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retention and hydraulic conductivity function to 
simulate movement of water through the unsaturated 
slopes.  

The dimension of the soil column was set to 2 m 
in height and 1 m in width, considering the 
occurrence of shallow failure. A constant suction of 
15 kPa was assigned from the top (surface) to the 
bottom (impermeable layer) of the model as the 
initial suction. The left and right edge of the soil 
column were assigned as no flow boundaries. On 
the top surface of the soil column, a prescribed 
probability based rainfall, 10mm/hr, was applied. 
The analyses were terminated after 24 hours in 
simulation. For simplicity, the intensity of rainfall 
was kept constant for the entire duration of rainfall. 
The illustration of initial and boundary conditions of 
one-dimensional model used in the present study is 
depicted in Fig. 1. 

 

Fig. 1. Illustration of numerical model 
 

Fig. 2 shows the relationships between effective 
saturation and depth, obtained from transient 
infiltration analysis. As shown in Fig. 2 (a), the soil 
above impermeable layer in BS-1 became nearly 
saturated after 10 hours of infiltration. The 
saturation continued to the slightly below the 
surface (~0.5 m) after 18 hours of infiltration. At the 
end of simulation, the entire depth of soil was nearly 
fully saturated. 

From Fig. 2 (b), it can be noted that at 2 m below 
the surface, the saturation remained unchanged 
while at 1 m below the surface, a rapid saturation 
occurred between 10 and 18 hours of infiltration. At 

the end of simulation, the soil was still partially 
saturated (around 80% of saturation). 

 

 

Fig. 2. Transient infiltration analysis results of (a) 
BS-1 (b) BS-2 

 
 
4 Slope Stability Analysis 
Rainfall-induced slope failures are generally 
shallow and the failure planes are commonly 
parallel to the slope surface. Therefore, the surficial 
stability of slope is often evaluated using a single 
layered infinite slope model [19] with the shear 
strength of soil computed from conventional Mohr-
Coulomb failure criterion and the effective stress 
principal under suction stress framework as the 
basis concept. 

The key indicator that represents stability of 
slopes is factor of safety (FOS), which commonly 
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BS-1 34.573 13.589 5.12E-05 0 34.328 0.414 0.029 0.174 1.220 -3.5 
BS-2 35.523 14.375 5.56E-05 0 22.343 0.502 0.122 3.441 1.365 -3.5 
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Table 1  
Geotechnical and hydro-mechanical properties of soils in Busan landslide area 
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defined as relation between shear stress at failure 
and driving shear stress [7]. Based on the Mohr-
Coulomb failure criterion and the limit equilibrium 
approach, the FOS can be expressed as [8] 

𝐹𝐹𝐹𝐹𝐹𝐹 =
𝑐𝑐′ + (𝛾𝛾𝑡𝑡𝑧𝑧𝑤𝑤 𝑐𝑐𝑐𝑐𝑐𝑐2 𝛽𝛽 − 𝜎𝜎𝑠𝑠)𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡′

𝛾𝛾𝑡𝑡𝑧𝑧𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠 𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝛽𝛽
 (9) 

where 𝑧𝑧𝑤𝑤  is the vertical depth of soil slice and 𝛾𝛾𝑡𝑡  is 
total unit weight of soil). 

Fig. 3 shows factor of safety profile of both soils 
with respect to depth. As shown in Fig. 3 (a), factor 
of safety of BS-1 reduced into ~1.0 at the same 
moment when the soil was nearly saturated. It 
happened at both observation depths (1 m and 2 m 
below the surface). At the end of the simulation, it is 
shown that the factor of safety of the surface was 
~1.0, indicating the failure almost occurred at the 
entire depth. 

From Fig. 3 (b), it can be inferred that BS-2 soil 
were stable since the FOS was still greater than 1.5 
despite the soils had been nearly saturated. 

 

 

Fig. 3 Stability analysis results of (a) BS-1 (b) BS-2 
 
 
5 Conclusions 

The transient infiltration and stability analyses can 
simulate the actual failure in the landslide area 
under SWRC, HCF and SSCC framework. In the 
case history on the actual failure zones, the 
unsaturated slopes become nearly saturated for the 
entire depth. On the contrary, in the non-failure 
zones, the slopes are partially saturated even after 
the rainfall infiltrates the slopes for 24 hours. 
Furthermore, it is verified that failure occurs in the 
actual failure zones as indicated by the reduction of 
FOS into ~1.0 when the soil is nearly saturated. On 
the other hand, failure does not occur in the non-
failure zones since the FOS of soil is greater than 
1.5 for the entire depth. 
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