
 
 
 
 

Three Dimensional Transient Seepage and Slope Stability Analysis of Landslide Dam 
 

 
Ripendra AWAL, Hajime NAKAGAWA, Kenji KAWAIKE, Yasuyuki BABA and Hao 

ZHANG 
 
 

Synopsis 
The failure of landslide dam formed by mass movements may occur by sudden 

sliding of the dam body. So, this study focuses on three-dimensional (3D) transient 
seepage and slope stability analysis of landslide dam.  The 3D slope stability model 
coupled with transient seepage flow model is used for numerical simulations. 
Experiments are performed in the flume to measure movement of moisture in the dam 
body and to observe failure surface. The predicted moisture profile at different locations 
of the dam body and critical slip surface are quite close to experimental results. The 
simulated failure time will be prolonged and close to observed failure time if we use 
more rigorous method of slope stability analysis.  
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1. Introduction  
 

Temporary or permanent stream blockages by 
mass movements commonly occur in mountainous 
area due to heavy rains or earthquakes. Landslide 
dam formed by this process may fail by erosion due 
to overtopping, abrupt collapse of the dam body or 
progressive failure (Takahashi, 1991). Water 
infiltrates through the landslide dam in a transient 
manner, so the slope stability analysis coupled with 
transient seepage analysis is useful to study stability 
of landslide dam. 

Many researchers used different slope stability 
analysis method combined with hydrological model 
to analyse slope stability of natural slopes. 
Wilkinson et al. (2002) used a combined hydrology 
and slope stability model by incorporating an 
automated non-circular search technique into the 
Janbu’s method. Tsutsumi et al. (2007) used 
combined hydrology and slope stability model to 
analyse deep-seated landslide triggered by the 
Typhoon in Taketa City, Oita Prefecture. Some 

researchers focused on transient stability analysis of 
a collapsible dam using dynamic programming 
combined with finite element stress fields (e.g. 
Pereira et al., 1999; Brito et al., 2004) and very few 
studies analysed transient slope stability of 
embankments (e.g. Staiano et al., 2001, Gitirana 
and Freduland, 2003). Most of these studies are 
limited to 2D (two-dimensional) analysis. A 2D 
analysis is only valid for slopes which are long in 
the third dimension. However, failure of natural 
slopes and landslide dams confined in a narrow U- 
or V-shaped valley occurs in three dimensions. 
Therefore 3D (three-dimensional) approach is more 
appropriate to analyze such stability problems. 

This study focuses on 3D transient slope 
stability analysis of landslide dam and prediction of 
the failure due to sudden sliding through flume 
experiments and numerical simulations. The 
numerical procedure used for the identification of 
critical noncircular slip surface with the minimum 
factor of safety is based on dynamic programming 
and the simplified Janbu method. The 3D slope 
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stability analysis based on dynamic programming 
and random number generation incorporated with 
3D simplified Janbu method (Yamagami and Jiang, 
1997) is used to determine minimum factor of 
safety and the corresponding critical slip surface for 
landslide dam in the V-shaped valley. This 
approach is applicable to an arbitrary shape of slip 
surface, whereas most of the existing methods are 
just applicable for particular type of slip surface 
such as ellipsoidal, cylindrical, log spiral etc. This 
study extended model of slope stability (3D) by 
coupling with model of transient seepage flow (3D). 
Thus proposed model is capable to calculate the 
factor of safety, the geometry of critical slip surface 
and time to failure according to pore water pressure 
and moisture movement in the dam body.   
 
2. Numerical Model 
 

The limit equilibrium method is employed to 
evaluate the transient slope stability. It involves 
calculating the factor of safety and searching for the 
critical slip surface that has the lowest factor of 
safety according to infiltration of water inside the 
dam body.  

The model consists of two models. The transient 
seepage flow model calculates variation of pore 
water pressure and moisture content inside the dam  

 

Fig. 1 General flow chart of coupled model for 
transient slope stability analysis. 

body due to gradual increase of water level in the 
upstream reservoir. The slope stability model 
calculates the factor of safety and the geometry of 
critical slip surface according to change in pore 
water pressure and moisture movement in the dam 
body. Water level in the upstream reservoir ( )LW  in 
each time step is determined by water-volume 
balance equation considering inflow discharge ( )inQ , 
rate of infiltration inside the dam body ( )shQ  and 
flume geometry (width and slope). General outline 
of coupled model is shown in Fig.1. A brief 
description of each model is given below. 
 
2.1 Model of seepage flow 

Seepage flows through landslide dam formed in 
narrow valleys are likely to have three dimensional 
effects. To consider 3D water infiltration into 
originally unsaturated landslide dam, 3D seepage 
flow model is developed by incorporating 3D 
Richards’ equation. To evaluate the change in pore 
water pressure in variably saturated soil, pressure 
based modified Richards’ equation is used.   
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where h  is the water pressure head, ( )hK x , 

( )hK y  and ( )hK z  are the hydraulic conductivity 
in x , y  and z  direction, ( )hC  is the specific 
moisture capacity ( )h∂∂ /θ , θ  is the soil 
volumetric water content, t  is the time, wS  is the 
saturation ratio, sS  is the specific storage, x  and 
y  are the horizontal spatial coordinates and z is 

the vertical spatial coordinate taken as positive 
upwards. Eq.(1) represents flow in both the 
unsaturated domain as well as in the saturated 
domain. For saturated domain, 

( ) ( ) ( ) szyx KhKhKhK === , sθθ = , ( ) 0=hC and 
1=wS , where sK and sθ are the saturated 

hydraulic conductivity and saturated water content 
respectively. sS depends on compressibility of the 
solid matrix and fluid, so it approaches zero in the 
unsaturated and unconfined porous medium.  
Line-successive over-relaxation (LSOR) scheme is 
used in this study for the numerical solution of 
Richards’ equation (Freeze, 1976). 

)(SWL =  
shin QQ

dt
dS

−=
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In order to solve Richards’ equation, 
constitutive relationships proposed by van 
Genuchten (1980) are used for establishing 
relationship of hK −  and h−θ , with 

( )vnm /11−= . 
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where, α and nv are van Genuchten parameters, 

eS  is the effective saturation, sθ and rθ are 
saturated and residual moisture content 
respectively. 
 
2.2 Model of slope stability 

The evaluation of transient slope stability of 
landslide dam by the limit equilibrium analysis of 
columns involves calculating the factor of safety 
and searching for the critical slip surface that has 
the lowest factor of safety. Several methods have 
been proposed to determine factor of safety for 
three dimensions based on limit equilibrium 
analysis of columns which are valid for an arbitrary 
slip surface. Ugai (1988) and Ugai and Hosobori 
(1988) extended the simplified Janbu method and 
Spencer method in 2D problems to 
three-dimensions. 3D simplified Janbu method 
proposed by Ugai et al. is simple and comparatively 
rigorous one. The main advantage of this method is 
that when the slope under consideration is gentle 
(less than 45o), a factor of safety can be determined 
by only one formula rather than by simultaneous 
equations in general cases and therefore iterative 
procedures will be significantly simplified 
(Yamagami and Jiang, 1997). The model of slope 
stability incorporates 3D simplified Janbu method 
proposed by Ugai et al. coupling with the 
minimization approach based on dynamic 
programming and the method of Random Number 
Generation. The model is further coupled with 
seepage flow model for transient slope stability 
analysis. 

A 3D sliding mass and vertically divided 
columns within a slope is shown in Fig.2. Fig.3  

 

Fig. 2 A stage-state system and dividing scheme 
for a 3D slope (Modified from Yamagami and 
Jiang, 1997) 
 

 
Fig. 3 Forces acting on a typical column 

 
shows the forces acting on a typical column taken 
from Fig.2. 

These forces are: ijW  is the weight of column, 

ijP  is the vertical external force acting on the top 
of the column, ijT  and ijN  are the shear force 
and total normal force acting on the column base, 

ijQ  is the resultant of all intercolumn forces acting 
on the column sides. According to Ugai’s, ijQ  is 
decomposed to a component 1Q  parallel to 

−x axis and a component 2Q  inclined at an angle 
( )xzijαηβ tantan 1−=  to the −y axis, where η  is 

unknown constant (Ugai, 1988). In addition other 
symbols in Fig.3 include: xΔ and yΔ are 
discretized widths of the columns in the −x and 

−y direction, xzijα  and yzijα  are the inclination 
angles of the column base to the horizontal 
direction in the xz and yz planes, respectively. 

Applying equilibrium conditions in horizontal 
and vertical directions for the entire sliding mass, 
Ugai (1988) defined two safety factors shF  and 
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svF . Both of these factors depend on η  and they 
become equal to each other at a certain η  value. It 
has been shown that the equation svsh FFF ==  is 
usually satisfied at small η  values (Ugai, 1987; 
Jiang and Yamagami, 1999). For small values of η , 
calculated shF  values show little change with 
variation of η . In other words, sufficiently 
accurate values of the 3D factor of safety can be 
calculated based on shF  evaluated at 0=η  and 
based on this approximation, factor of safety F  
can be expressed by following expression: 
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where, ijc  and φ  are the effective strength 
parameters of soil, iju  is the pore water pressure at 
the column base, ( ) 2/122 tantan1 yzijxzijJ αα ++=  
and  R

ij
L

ij
x

ij XWXWV −=Δ . R
ijXW and L

ijXW are 
the resultant of water pressure acting on upstream 
and downstream face of the column. 

A modified form of the Mohr-Coulomb equation 
(Vanapalli et al., 1996) can be used to account the 
shear strength of an unsaturated soil to derive 
Eq.(4). However in this study increase in shear 
strength due to the negative pore water pressures is 
ignored. 

The simplified formula, Eq.(4) can provide 
sufficiently accurate results when the slope is less 
than 45 o (Ugai and Hosobori, 1988). 

A search procedure for determination of critical 
3D surfaces developed by Yamagami and Jiang 
(1997) is used in this study. This study extended 
their work to transient slope stability analysis by 
incorporating seepage flow model. In Eq.(4), ijW , 

ijP  and iju  ( 0=ijc  for cohesionless soil) are 
time dependent and can be determined at each time 
step by coupling with 3D transient seepage flow 
model. The output (pore water pressure and 
moisture content of each cell) and boundary 
condition (depth of surface water) of seepage flow 
model can be used to determine these quantities. 
The details of transient slope stability analysis of 
landslide dam by using dynamic programming and 

simplified Janbu method for 2D case can be found 
in Awal et al. (2007). The main difference between 
application of dynamic programming for 2D and 3D 
case is the expression of factor of safety and states. 
States in each stage line are points in 2D case, 
whereas states in each stage plane are curves in 3D 
case. State curves in each stage plane are generated 
by method of random number generation 
(Yamagami and Jiang, 1997).   

  
3. Experimental Studies 
 

The summary of experiments to measure 
moisture profile and to observe failure surface are 
shown in Table 1. Mixed silica sand of mean 
diameter 1mm was used to prepare a triangular dam 
in the flume. van Genuchten parameters (including 
θr) were estimated by non-linear regression analysis 
of soil moisture retention data obtained by pF meter 
experiment.  

 Water content reflectometers (WCRs) were 
used to measure the temporal variation of moisture 
content during seepage process. The probe rods 
disturb the sliding of the dam body so water content 
was measured in separate experiment under same 
experimental conditions. 

To measure the movement of dam slope during 
sliding, red colored sediment strip was placed in the 
dam body at the face of flume wall. A digital video 
camera was placed on the side of the flume to 
capture the shape of slip surface due to sudden 
sliding. The shape of slip surface during sliding of 
the dam body was measured by analyses of videos 
taken from the flume sides. 

The flume of 500cm long, 30cm wide and 50cm 
high was used. The rectangular shape of the flume  

  
Table 1 Summary of Experiments 

 

Expt. No. Case Discharge (cm3/s) 

To measure moisture profile. 

1 3D-1 29.8 

2 3D-2 30.5 

To observe failure surface. 

3 3D-3 29.8 

4 3D-4 30.1 
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Fig. 4 Shape of the dam body and cross section 
at crest 

 

 
Fig. 5 Arrangement of WCRs (1-12), view from 
Side B 

 
was modified to make cross slope of 20o. The slope 
of the flume was set at 20o. The shape and size of 
the dam body is shown in Fig.4 and Fig.5. The 
arrangement of WCRs are shown in Fig.5. The 
holes were prepared in the side B of the flume and 
twelve WCRs were inserted inside the dam body 
from that side. Two set of experiments were carried 
out to measure moisture profile at different location 
of the dam body. 
  
4. Results and Discussions 
 

A gradual rise of water level in the reservoir 
causes water to penetrate into the dam body and it 
increases both pore water pressures and weight of 
the dam body. Sliding of the dam body occurs when 
the mobilized shear stress which is increased by the 
weight increase of the dam body becomes larger 
than resisting shear stress which is decreased by the 
increase of the pore water pressures.  

Steady discharge was supplied from the 
upstream of the flume. Moisture content in the dam 
body was measured by using WCRs. The measured  
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Fig. 6 Comparison of moisture profile (Expt. 
3D-1 and 3D-2) 
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moisture content is the average of 18cm length from 
the side of the flume (Fig. 5). The moisture along 
WCR may not be constant due to three dimensional 
effect of water movement inside the dam body. The 
measured moisture profile for ‘Expt: 3D-1’ and 
‘Expt: 3D-2’ for different WCRs is slightly 
different although discharges used in both 
experiments are nearly equal (Fig.6). This may be 
due to variation of saturated hydraulic conductivity 
in two experiments. Fig.7 shows the comparison of 
simulated and experimental results of moisture 
profile at different WCRs which are in good 
agreement. 

Two experiments (Expt: 3D-3 and Expt: 3D-4)
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Side View (Side A) Front View Side View (Side B) 

Fig. 8 Sliding surface at 978sec (Experiment: 3D-3) 
 

 
Side View (Side A) Front View Side View (Side B) 

Fig. 9 Sliding surface at 1070sec (Experiment: 3D-4) 
  

 
 
 
 
 
 
 
 
 

Fig. 10 Simulated critical slip surface (3D) 
  
were carried out for nearly equal discharge to 
observe slope failure. Slope failure was observed at 
930sec in ‘Expt: 3D-3’ (Fig.8). In case of ‘Expt: 
3D-4’, failure was observed at 1030sec and slide 
mass is also deeper than ‘Expt: 3D-3’ (Fig.9). This 
may be due to difference in non uniformity in 
sediment mixing, compaction, and saturated 
hydraulic conductivity between two experiments. 
However efforts were made to make uniformity in 
both experiments.  

Based on preliminary analysis of 3D slope 
stability, thousand numbers of states were generated 
at each stage plane. The other hydraulic 
conditions/parameters and grid systems used in 
seepage flow model for simulation are Qin = 
29.8cm3/sec, Ks = 0.0003m/sec, sθ = 0.287, rθ = 
0.045, α = 5.5m-1, vn = 3.2, tΔ = 0.01sec and 
block size of 10mm. Column size of =Δx 5cm and 

=Δy 3cm were used in slope stability model. 

Convergence criterion (difference between the 
factors of safety from the final two iterations) of 
less than 0.002 was used. 

The simulated critical slip surface at t = 0 sec 
and t = 770 sec is shown in Fig.10. The simulated 
factor of safety (F) was higher than 1 in the 
beginning. The simulated factor of safety was less 
than 1 at 770sec however the observed failure time 
in the experiment was about 930sec. The 
simulations were also carried out for reduced 
discharge of 29cm3/sec to account evaporation as 
well as reduced saturated hydraulic conductivity of 
0.00028m/sec to account uncertainty of hydraulic 
conductivity. In both cases dam was failed at 
790sec. The simulated failure time was 830sec for 
Ks = 0.00025m/sec. So, the failure time is also 
depends on saturated hydraulic conductivity. 3D 
simplified Janbu method satisfies the horizontal and 
vertical force equilibrium while it does not satisfy   
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the moment equilibrium. In addition, the method 
assumes that the resultant interslice forces are 
horizontal. These assumptions produce factor of 
safety that are smaller than those obtained by more 
rigorous method that satisfy complete equilibrium.   
So the simulated failure time is earlier compared 
with observed failure time in the experiment. The 
preliminary analysis (Fig.11) shows that the factor 
of safety calculated by using extended 3D 
Spencer’s method (Ugai, 1988; Jiang and 
Yamagami, 2004) is in the range of 1.05 to 1.06 
when the landslide dam was failed (Factor of safety 
<1) according to 3D simplified Janbu method. Thus 
failure time will be prolonged and close to observed 
time if we use more rigorous method of slope 
stability analysis. Moreover, the friction in the side 
wall of the flume was also ignored in the 
computation. The comparison of failure surface in 
two faces of the flume (Fig.10) shows the good 
agreement with experiment. 

The shape of the slip surface depends on many 
factors. Data of actual slip surfaces in natural 
landslide are still lacking to generalize the 
constraints to generate the state curves based on soil 
properties. Further improvement of model by 
incorporating more rigorous method of slope 
stability analysis is essential for the practical 
application of 3D transient slope stability analysis. 

 

5. Conclusions 
 
Sudden failure of landslide dam was studied in 

the experimental flume for steady discharge in the 
upstream reservoir. A gradual rise of water level in 
the reservoir causes water to penetrate into the dam 
body, increasing mobilized shear stress and causing 
dam to fail by sudden collapse after it becomes 
larger than resisting shear stress.  

The slope stability model coupled with transient 
seepage flow model was developed by using the 
limit equilibrium method. Numerical simulations 
and flume experiments were performed to 
investigate the mechanism of landslide dam failure 
due to sliding. Comparisons show that results of 
numerical simulations and experimental 
measurements are quite close in terms of movement 
of moisture in the dam body and predicted critical 
slip surface.  However the time to failure of the 
dam body is earlier in the simulation. The model 
can be further improved by incorporating more 
rigorous method of slope stability analysis so that 
the model can be used for the slope stability 
analysis of both landslide dam and natural slopes. 
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天然ダムにおける非定常浸透流及び斜面安定の三次元解析 

 

 

Ripendra AWAL・中川一・川池健司・馬場康之・張浩 

 
要 旨 

豪雨や地震により形成された天然ダムは堤体の急激なすべりにより破壊が起きることがある。本研究は, 天然ダムに

おける三次元非定常浸透流解析と斜面安定解析を主眼としている。非定常浸透流解析と三次元斜面安定解析の組み合わ

せによる数値解析, 及び水路実験による堤体内での水分の移動・破壊面の計測を行った。数値解析により堤体内の複数

の箇所における水分分布, 限界すべり面について実験結果と極めて近い結果を得られた。ダムが破壊にいたるまでの時

間については数値計算結果が実験結果よりも短くなったが, さらに精密な斜面安定解析モデルを用いることにより改

善されると考えられる。 

 

キーワード: 浸透流, 斜面安定, 三次元モデル, 数値シミュレーション, 室内実験 
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