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Abstract. Landslides bring destruction to buildings, and nearby located structures and mostly occur in rural 
areas. Such hazard commonly takes place in mountainous areas in Central Asia. Kazakhstan region has 
highly vulnerable areas to rainfall-induced landslides in South-Eastern parts due to presence of many 
mountains. The purpose of the research is to demonstrate the effect of slope geometry on slope stability 
under heavy rainfall in Almaty, Kazakhstan. Transient seepage analyses were conducted using Seep/W 
while limit equilibrium slope stability analyses were performed using Slope/W. 15 sets of numerical 
analyses were carried out on different slope angle and slope height incorporating the soil-water characteristic 
curve and unsaturated permeability and unsaturated shear strength of soil from Almaty. According to the 
obtained simulation results in GeoStudio software for seepage analysis, the pore-water pressure is increased 
almost for 80 kPa at the mid slope of each simulation. The change of FoS for the gentlest slope with 27 
degrees slope angle is the lowest for 10 m slope height and the highest for 30 m slope height, whereas the 
change of FoS for slope with 45 degrees of slope angle (9%) is almost the same for all slope height.   

1 Introduction 

Beginning from past decades up to recent days, one of 
the major concerns worldwide is considered to be a 
tendency of global warming and climate change. By 
definition, climate change is abiding variations in 
temperature and weather patterns [1]. However, the 
temperature since the 19th century is continuously rising 
due to the routine of burning fossil fuels like gas, coal, 
and oil by humanity. The main effects of temperature 
change are affected weather conditions [2]. For instance, 
an increase in drought seasons, and the shrinking of ice 
sheets result in the growth of sea levels and the intensity 
of rainfall patterns [3, 4].  

In terms of rainfall precipitation, the paper focuses 
on the Kazakhstan region located in Central Asia.  
According to Jiang et al. (2020), the annual mean 
rainfall in the Central Asia region demonstrates a 
moderate rise from 1920 to 2010 [5]. However, the 
precipitation tends to increase rapidly from 2010 to 
2100, based on simulation model results. Hence, the 
increase in rainfall intensilty may lead to several 
hazards, namely floods, droughts, and landslides [6].      

Kazakhstan region has highly vulnerable areas to 
rainfall-induced landslides in the South-Eastern parts 
due to mountains [6]. Additionally, the soil movement 
on slopes may harm the surroundings and residents of 
Almaty city, which is located in the aforementioned 
region [7]. Landslides lead to destruction of buildings 
and nearby located structures. Such hazard commonly 
takes place in mountainous areas in Central Asia. One 

of the main causes is regarded to be a hydrological 
anomaly in terms of intensive rainfalls [7, 8]. Moreover, 
the author highlights Almaty city is exposed to rainfall-
induced landslides. Chepelianskaia and Sarkar-
Swaisgood (2022) indicated that South-Eastern 
Kazakhstan is highly exposed to landslide risks, where 
Almaty city is located [6]. At the moment, there is 
limited study on the effect of rainfall triggering 
landslides incorporating unsaturated soil mechanics 
principles in Kazakhstan. In addition, there is no study 
investigating the effect of slope geometry on the 
stability of slopes in Kazakhstan.  

The research aims to demonstrate slope geometry’s 
influence on slope stability under heavy rainfall in 
Kazakhstan via numerical analysis. Seepage analyses, 
including soil-water characteristic curve (SWCC) and 
permeability function, were conducted to demonstrate 
pore-water pressure changes against depth with time. 
The stability analyses were performed to demonstrate 
slope stability in terms of the factor of safety versus time 
during precipitation and dry periods.  

2 The investigated soils 

The appropriate soil is taken from the research of 
Satyanaga et al. (2022) [9]. The selected soil is clayey 
soil from Almaty. Properties of the investigated soil 
from the Almaty region are presented in Table 1.  
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Table 1. Soil engineering properties [10].

Characteristic Clayey loam
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d
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s
3 2.7 
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a 7.4

 
The water table is located at a depth of 3 meters to a 

minimum of 10 meters for Almaty city [11]. The 
appropriate parameters of clayey loam for estimating of 
soil hydraulic properties namely SWCC and 
permeability function were taken according to the study 
of Satyanaga et al. (2022) and Mercer et al. (2019) [9, 
12].  The following equation proposed by Fredlund and 
Xing (1994) was used to generate continuous curve of 
SWCC [13]. The permeability function was developed 
using the implementation of the statistical method [14]. 
Figures 1 and 2 present the SWCC and permeability 
function of the investigated soil. 
 

 

Fig. 1. SWCC curve.

 

Fig. 2. Permeability function. 

3 Research methodology 

Seepage analysis was conducted using GeoStudio 
software, where SEEP/W was utilized to obtain pore-
water pressure variations according to the depth of the 
soil at different slope angles and heights. The transient 
SEEP/W analysis was selected, and the water table 
served for initial pore-water pressure and head 
conditions. The initial rate changed from 1 to 0.65 to 
improve the convergence rate in the iteration calculation 
[16]. 

The unsteady seepage equation is incorporated into 
SEEP/W analyses [15]. Next, the slope model with 
corresponding coordinates is constructed. There should 
be noted that the length of the top and bottom sides of 
the slope is 3 times the height of the slope. It is an 
appropriate value to avoid the effect of boundary 
conditions from the left side and right sides of the 
numerical model since raindrops may infiltrate to 
nearby soil on both sides [16]. Different angles and 
heights of slopes were used for further comparison.  

The boundary conditions as the head location for the 
left and right sides of the slope are incorporated into the 
model including total, elevation, and pressure head. 
Chepelianskaia and Sarkar-Swaisgood (2022) 
emphasize that daily heavy rainfall precipitation in 
Kazakhstan is about 20 mm [6]. Hence, 20 mm per day 
is taken as an input value of rainfall and placed on the 
surface of the built model. An example of the model is 
illustrated in Figure 3.  
 

Fig. 3. Slope model in GeoStudio.

The last step is to obtain the contour of pore-water 
pressure variations in underlying soil during rainfall 
infiltration. In addition, the graph of pore-water pressure 
versus depth is illustrated to demonstrate changes at any 
selected time.  

Slope stability analysis is performed based on 
SEEP/W analysis inputs. Pore-water pressure from 
SEEP/W is exported to SLOPE/W analysis inputs. The 
main geotechnical parameters are taken from the study 
of Khomyakov et al. (2013) for the Almaty region: 
friction angle, cohesion, and unit weight of clayey loam 
[10].  

SLOPE/W analysis uses two equations of limit 
equilibrium with respect to moment and force. Slip 
surface location using grid and radius is a built-in model 
to analyze the factor of safety versus time for 12 days of 
continuous rainfall [17]. The graph demonstrates the 
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change in the factor of safety of soil under the slope due 
to water infiltration in a time-lapse. 

4 Seepage and stability analyses 

The simulation is conducted in GeoStudio Software for 
seepage and slope stability analysis. Three different 
slope heights of 10, 20, and 30 meters were selected, 
whereas 27, 35, 45, 60, and 80 slope angles were chosen 
for the simulation process (Table 2). Figure 3 is the 
representation of the model for slope with those 
parameters. The selected angle is 27 degrees and the 
slope height is 30 meters.     

Table 2. Cases with parameters used in GeoStudio. 

 
Seepage analysis represented the pore-water 

pressure changes during the rainfall. The results from 
finite element analyses indicated that the pore pressure 
of soil is increased, and matric suction is decreased.  
Figure 4 depicts pore-water pressure (PWP) profiles at 
the beginning of rainfall, on the 4th, 10th, 16th, and 24th

days according to the depth beginning from the mid-
slope surface. It can be seen that the PWP is extremely 
low before rainfall starts on the surface. However, it 
starts to increase to the lower depths due to the location 
of the ground water table, which is 10 m below the 
ground surface. On the other hand, the highest PWP is 
on the 10th day of rainfall, which is almost -20 kPa, but 
the trend versus depth for 4th, 10th, 16th and 24th day is 
approximately the same. There should be noted that 
after 12 days of rainfall, the PWP starts to increase 
below the ground water table (yellow line in Figure 4). 
The ground water table was located at 42 m before 
rainfall started according to Figure 4, while the ground 
water table location ups to 44 m. It indicates that during 
the whole period of rainfall precipitation, the amount of 
water infiltrated into the ground is almost 2 meters with 
respect to the movement of the ground water table 
location. 
 
 
 

 

Fig 4. Pore-water pressure profile for 20 m height and 60° 
angle. 

Such a tendency of PWP during the intensive rainfall 
of 20 mm/day in the Almaty region will cause a sudden 
reduction of the strength of the underlying slope at any 
height and slope, which can further be viewed in the 
reduction of the factor of safety in slope stability 
analysis. The slope model for stability analysis is 
developed based on the inputs of SEEP/W analysis. 
Based on SLOPE/W analysis, the following graph in 
Figure 5 is developed to demonstrate the factor of safety 
of soil versus elapsed time in days for the entire period 
of 24 days. As previously mentioned, rainfall 
continuously occurs for the first 12 days.  

Firstly, it can be observed that the FoS is decreasing 
for all cases for entire rainfall period, which indicates 
the loss of shear strength of soil due to raindrop 
infiltration. Even after 12 days, the FoS is still slightly 
reduced. It can be explained by the presence of residual 
water inside the soil that goes through it to deep depths. 
However, FoS begins to insignificantly increase towards 
to 24th day from the beginning of the simulation model. 
It explains the evaporation process and the end of the 
infiltration process to ground water table and below. The 
strength also starts to increase.  

 

 

Fig. 5a. 10 m height slope. 
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Fig. 5b. 20 m height slope.

 

Fig. 5c. 30 m height slope. 

Figure 5. A factor of safety variation for different heights 
with angles (dark blue – 27° angle, orange – 35° angle, green 
– 45° angle, yellow – 60° angle, light blue – 80°). 

5 Discussion 

According to Figure 6, the change of FoS for the gentlest 
slope with 27 degrees slope angle is the lowest for 10 m 
slope height and the highest for 30 m slope height, 
whereas the change of FoS for slope with 45 degrees of 
slope angle (9%) is almost the same for all slope height. 
On the other hand, Figure 7 represents the reason for the 
reduction of FoS by implementing pore-water pressure 
change at the end of rainfall period. PWP is decreased to 
82-84% with respect to the initial value for 27 degrees 
slope, while for 45 degrees, the change decreases to 84-
86% for all cases. It can be observed that the change of 
FoS is reversely proportional to the slope angle for all 
three cases with respect to steeper slopes. This 
phenomenon can be explained by the fact that the initial 
factor of safety is already low for higher slopes, and the 
change of FoS after rainfall is less than the change of FoS 
in the shorter slopes. For instance, the change of FoS for 
slopes with 80 degrees angle and 30 m height slope is 
approximately 0% at the end of the rainfall period.  

There can be observed a tendency of change of FoS 
from lowest angle to highest for all three cases, where 
the steeper the angle, change in FoS is lower for higher 
slopes. For example, 12.29%, 3.34%, -0.32% (Figure 6) 
for 10 m, 20 m, and 30 m slope heights, respectively. The 
initial FoS value before the rainfall starts is reversely 
proportional to slope heights, which indicates that the 
lowest slopes have high FoS since the steeper slopes are 

more susceptible to failure or land sliding due to extreme 
rainfalls. The numerical values of FoS at t=0 (rainfall 
starts) and t=12 days (rainfall ends) are graphically 
represented in Figures 8 and 9 for all three cases and five 
angles. For example, in the case of 27 degrees slope, 
before rainfall starts, FoS equals to 3.26, 1.76, 1.40 
(Figure 11) for slope heights 10, 20, and 30 meters, 
respectively. For the steepest slope angle (80 degrees), 
FoS equals 1.86, 0.91, and 0.62 (Figure 11) for 10, 20, 
and 30 meters, respectively.  

 Figure 6 also shows almost identical reduction in 
terms of percentage for all three cases for only 45 
degrees steep slope angle. The values are 9.37, 9.07, 
8.96% for 10, 20, and 30 m slope heights. It can be 
named as a breaking point in the observed tendency. 
There can be concluded that the reduction of FoS is 
around 9% with respect to the initial value for all slope 
heights besides three cases at 45 degrees slope. 

 

 

Fig. 6. A factor of safety change at the end of the rainfall 
against slope angles for three different slope heights. 

Fig. 7. Pore-water pressure changes at the end of the rainfall 
against slope angles for three different slope heights. 

Overall, some patterns on PWP changes are observed 
after the rainfall period stops with respect to initial 
values that obtained before rainfall starts and are 
graphically represented in Figure 8. A difference 
indicates the reduction of PWP during the rainfall period, 
which means the ground water table location is raised 
due to the infiltration of rain drops into the ground. The 
change in PWP has the lowest values for the gentlest 
slope (27 degrees), which are 83, 84, and 82% for 10, 20, 
and 30 meters, respectively. Reversely, the PWP 
reduction has the highest amount at the steepest slope (80 
degrees). The values are 95, 95, and 94% for 10, 20, and 
30 m slope heights, respectively. Therefore, there can be 
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concluded that the reduction of PWP is proportional to 
slope angles.  

The reason that at steepest slopes the PWP dropped 
more than in gentle slopes at the midslope surface relates 
to the flow of runoff and infiltrated raindrops into the 
ground. When the slope becomes steeper, the flow and 
drop of rainwater from the top become faster than the 
gentler slopes. Simultaneously, infiltrated raindrops at 
the top of the slope flow downward below the slope and 
affect the sharp change in PWP at the surface of 
midslope. Figure 7 shows a difference in PWP change 
between angles 80 and 27 degrees for 12%, 11%, and 
11.8% at 10, 20, and 30 m slope height respectively. 

 

 

Fig. 8. Factor of safety before the rainfall starts against slope 
angles for three different slope heights. 

Fig. 9. Factor of safety right after rainfall stops against slope 
angles for three different slope heights. 
 
 

6 Conclusions

According to the obtained simulation results in 
GeoStudio software for seepage analysis, the pore-water 
pressure is increased to almost 80 kPa at the mid-slope 
of each simulation. It leads to an increase in suction and 
a decrease in shear strength of strength. Additionally, 
slope stability analysis demonstrated that the factor of 
safety is oppositely proportional to slope height and 
angle. The change of FoS for the gentlest slope with 27 
degrees slope angle is the lowest for 10 m slope height 
and the highest for 30 m slope height, whereas the 
change of FoS for slope with 45 degrees of slope angle 

(9%) is almost the same for all slope height. 
Nevertheless, the factor of safety tends to reduce for all 
simulation cases, which confirms the loss of strength of 
soil due to a large amount of infiltration into the ground. 
There should be noted that the obtained results are 
applicable to clayey silt.  
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