
1.  Introduction 
 

Formation and failure of landslide dam in the 
mountainous areas with narrow river channel and 
steep mountain slope is one of the significant natural 
hazards all over the world. Landslides and debris 
flows due to heavy rains or earthquakes may block 
river flow and create landslide dam naturally. About 
84% of the landslide dams are formed by excessive 
precipitation (rain storms and rapid snowmelt) and 
strong earthquakes (Schuster and Costa, 1986). A 
landslide dam is made up of a heterogeneous mass of 
unconsolidated or poorly consolidated material. It 
differs from constructed embankment dam in that it 
has no water barrier, filter zones and drain zones and 
it also has no channelized spillway (Uhlir, 1998). In 
general, shapes of landslide dams are triangular 
without flat crest. Nearly all upstream and 
downstream faces of landslide dams are at the angle 
of repose of the material or shallower and the dams 
are much wider than their height. Apart from 
inundation of upstream areas the failure of the dam 
may generate debris flow causing major flooding, 
sediment hazard, loss of lives and properties in the 
downstream. Recent predictions of climate change 
suggest that many part of world will experience a 
higher frequency of extreme rainfall events and 
increase in the number and intensity of typhoons and 
hurricanes will produce a rising danger of landslides 
in future. So, the formation and failure of landslide 
dams and flash flood events in mountains area will be 
also increased by global climate change.  

Landslide dams may fail by the erosive destruction 
due to overtopping, abrupt collapse of the dam body 
or progressive failure (Takahashi, 1991). Landslide 
dams most commonly fail by overtopping, followed 
by breaching from erosion by the overtopping water. 
Although abrupt collapse of the dam body is not 
common, the peak discharge produced by such failure 
is very high compared with failure due to overtopping. 
From Fig. 1 and Fig. 2, it is clear that modes of 
failure of about 48% landslide dams are not known 
and about 40% GLOF events are caused by moraine 
collapse. A landslide dam with steep upstream & 
downstream faces and with high pore-water pressure 
is susceptible to slope failure. If the infiltration rate of  

 

Fig. 1 Mode of failure of landslide dams, based on 
103 failures (see Schuster and Costa, 1986) 
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Fig. 2 Causes of glacier lake outburst flood (GLOF), 
based on 25 GLOF events which have occurred either 
in the territory of Nepal or those which have occurred 
in Tibet and impacted on the territories of Nepal (see 
Shrestha and Shrestha, 2005) 
 
the dam body is large and strength of the dam body is 
small, instantaneous slip failure may occur. However, 
in-depth knowledge of the mechanism of the dam 
failures and measured data are still lacking. Most of 
the existing models are just applicable for erosion due 
to overtopping. In this context, numerical and 
experimental study of landslide dam failure due to 
sliding will therefore be useful. 

The purpose of this study is to predict the failure 
of landslide dam due to sudden sliding through flume 
experiments and numerical simulation. A stability 
model coupled with a seepage flow model was used 
to determine moisture movement in the dam body, 
time to failure and geometry of failure surface. 

 
2. Numerical Model 
 

The numerical model of the dam failure due to 
sliding consists of two models which are shown in 
Fig. 3 by broken line. The seepage flow model 
calculates pore water pressure and moisture content 
inside the dam body. The model of slope stability 
calculates the factor of safety and the geometry of 
critical slip surface according to pore water pressure 
and moisture movement in the dam body. Model of 
seepage flow and stability will be coupled with model 
of dam surface erosion and flow for the prediction of 
flood/debris flow hydrograph as shown in Fig. 3.  

 
2.1 Model of seepage flow 
   The seepage flow in the dam body is caused by 
the blocked water stage behind the dam. The transient 
flow in the dam body after formation of landslide dam 
can be analyzed by Richards’ equation. To evaluate the 
change in pore water pressure in variably saturated soil, 
pressure based Richards’ equation is used (Sharma and 
Nakagawa, 2005). 
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Fig. 3 Model of dam failure due to sliding 
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where h  is the water pressure head, ( )hKx  and 

( )hKz  are the hydraulic conductivity in x and z  
direction, C is the specific moisture capacity 
( )h∂∂ /θ , θ  is the soil volumetric water content, 
t is the time, x is the horizontal spatial coordinate 
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. Richards’ 
equation is a non-linear parabolic partial differential 
equation in the unsaturated zone and elliptic in the 
saturated zone. Line-successive over-relaxation 
(LSOR) is often a very effective method of treating 
cross-sectional problem grids. LSOR scheme is used 
in this study for the numerical solution of Richards’ 
equation (Freeze, 1976).  
   In order to solve Richards’ equation, the 
constitutive equations, which relate the pressure head 
to the moisture content and the relative hydraulic 
conductivity, are required (Sharma et al., 2006). In 
this study, following constitutive relationships 
proposed by van Genuchten (1980) are used for 
establishing relationship of hK − and h−θ , 
with ( )η/11−=m .  

－ 654 －



 

( )
⎪
⎩

⎪
⎨

⎧

+=
m

e hS ηα1

1

  

 

[ ]
⎪⎩

⎪
⎨
⎧ −−=

2/15.0 )1(1 mm
ees SSKK  

 
 

rs

r
eS

θθ
θθ

−
−

=                                  (4) 

 
where, sK is the saturated hydraulic conductivity, 
α and η are parameters related with matric potential 
of soil and are measure of capillary fringe thickness 
and pore size distribution of soil respectively, eS is the 
effective saturation, sθ and rθ are saturated and 
residual moisture content respectively. 
 
2.2 Model of slope stability  
   The method of slices is one of the widely used 
limit equilibrium method for the analysis of the 
stability of slopes. The sliding mass is divided into a 
number of vertical slices. The static equilibrium of 
the slices and the mass as a whole are used to solve 
the problem. All methods of slices are statically 
indeterminate and involve assumptions in order to 
make the problem statically determinate. Analysis 
techniques differ from each other in respect of the 
equilibrium equations employed and the particular 
assumptions made with regards to the inter-slice 
forces. The various slice methods also differ with 
respect to the failure surface shape which can be 
analyzed. 
   Many attempts have been conducted to locate the 
position of critical slip surface with lowest factor of 
safety by using general noncircular slip surface 
theory coupled with different non-linear 
programming methods. Baker (1980) combined the 
Spencer method with dynamic programming, Nguyen 
(1985) used simplex method, Arai and Tagyo (1985) 
used the conjugate gradient method, Yamagami and 
Ueta (1986) coupled the Janbu’s simplified method 
with dynamic programming involving Baker’s ideas, 
Yamagami and Ueta (1988) performed a comparative 
study by combining several optimization methods 
with the Morgenstern-Price method.    
   The numerical procedure behind the identification 
of critical noncircular slip surface with the minimum 
factor of safety based on dynamic programming and 
the Janbu’s simplified method is mainly based on 
research by Yamagami and Ueta (1986). The 
algorithm combines the Janbu’s simplified method 
with dynamic programming on the basis of Baker’s 
successful procedure. 
   Janbu’s simplified method can be used to 

calculate the factor of safety for slip surfaces of any 
shape. The sliding mass is divided into vertical slices 
and the static equilibrium conditions of each slice are 
considered as sum of the vertical forces equal to zero 
and sum of the forces parallel to failure surface equal 
to zero. For the soil mass as a whole, sum of the 
vertical forces ∑ = 0yF and sum of the horizontal 
forces ∑ = 0xF  are considered as equilibrium 
condition. 
   Based on the above considerations the factor of 
safety, sF  for Janbu’s simplified method is defined 
as: 
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where iW  is the weight of each slice including 
surface water, il  is the length of the base of each 
slice, iu  is the average pore water pressure on the 
base of the slice, iα  is the inclination of the base to 
the horizontal, n is the total number of slices, and c  
andφ are the Mohr-Coulomb strength parameters. 

 
Eq.(5) can be generalized as 
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   The factor of safety, defined in Eq.(6), can be 
minimized by the introduction of the ‘auxiliary 
function’, G , and minimization of sF  is equivalent 
to minimizing the function G . 
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When applying dynamic programming, minimization 
of G  is carried out over all admissible slip surfaces: 
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Fig. 4 Schematic representation of stages, states and 

slip surface 
 

where, mG is the minimum of the function G , which 
yields the critical slip surface. sF in Eq.(10) is not 
known in advance, so that starting with an initial 
assumed value of sF , we must iterate the computation 
process. As shown in Fig. 4, an orbitary line jk which 
connects points ( )ji, and ( )ki ,1+ is considered as a 
part of assumed slip surface. iR and iT  on the 
surface jk  are obtained from Eq.(7) and Eq.(8) and 
the return function is calculated using Eq.(11). 
 

isii TFRkjDG −=),(                    (11) 
 
   If )( jHi is the minimum value of G from the 
point A (Fig. 4) to the point ( )ji, , then the minimum 
G  value from A  to ),1( ki + is given by Eq.(12). 
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The boundary conditions are 
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   Difference between the value of sF  calculated 
by Eq.(6) after this procedure and initially assumed 
value of sF  should be within tolerance, therefore, 
iteration is required to obtain exact value of sF  
along the slip surface.  
   The Janbu’s simplified method uses a correction 
factor of  to account for the effect of the interslice 
shear forces. However, in this study correction factor 
is not considered since the range of correction factor 
for non-cohesive soil is small. 
 
3. Lab Experiments 
 
    The schematic diagram of the flume used in the 
lab experiment is shown in Fig. 5. The flume was 5m 
long, 20cm wide and 21cm high and the slope of the 
flume was set at 17 degree.  

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 5 Experimental setup 
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Fig. 6 Grain size distribution of sediment mix 

 
Table 1 Some parameters of the sediment considered 

 
Sediment type SMix 

Saturated moisture content, θsat   0.287 

Residual moisture content, θres  0.045 

α 5.50 

η 3.20 

Saturated hydraulic conductivity, Κsat 

(mm/hr) 1440 

Specific gravity, Gs 2.65 

Mean grain size, D50 (mm) 1.00 

Angle of repose, φ (degree) 34 
 

    Silica sand S1, S2, S3, S4, S5, S6 and S7 are 
mixed in equal portion to make the mixed sediment 
for dam body. The grain size distribution of sediment 
mixture is shown in Fig. 6. The mean diameter of the 
sediment mixture was 1mm. van Genuchten 
parameters (including rθ ) were estimated by 
non-linear regression analysis of soil moisture 
retention data obtained by pF meter experiment. 
Some other parameters of mixed sand are listed in 
Table 1. 
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Fig. 7 Arrangement of WCRs (1-9). 
    
   The shape and size of landslide dam, grain size 
distribution, degree of compaction and moisture 
content of landslide dam material depend on the site 
condition and the process that have triggered dam 
forming landslides. However for simplicity, in this 
study, triangular dam of homogeneous material with 
uniform compaction and uniform initial moisture 
content was used.  Triangular dam was prepared on 
the rigid bed of flume by placing mixed sand on the 
flume. The upstream and downstream faces of 
landslide dam are slightly shallower than the angle of 
repose of the sand mixture. The height of the dam 
was 20cm and the longitudinal base length was 84cm. 
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. Water 
level of reservoir was kept constant in case I; where 
as steady discharge was supplied in case II. Temporal 
weight of debris flow was also measured in the 
downstream end of the flume with the help of load 
cell. The shape of slip surface during sliding of the 
dam body was measured by analyses of video taken 
from the flume side.  
   For both cases, water content reflectometers 
(WCRs) were used to measure the temporal variation 
of moisture content during seepage process. Nine 
WCRs were inserted inside the dam body from a 
sidewall of the flume. The arrangements of WCRs are 
shown in Fig. 7. The data acquisition interval for 
WCRs was 1 sec. The probe rods disturb the sliding 
of the dam body so water content was measured in 
separate experiment under same experimental 
conditions. 
   All the WCRs were calibrated prior to the 
experiment. The relationship between volumetric 
water content and output period of WCR was 
represented by different linear equation for different 
WCR. pF meter with automatic pressure controller 
was used to determine the van Genuchten parameter 
of sand mixture used for the landslide dam. 

 
4. Result and Discussion 
 

   A high water level or 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 water pressures. 
   Numerical simulation and flume experiments 
were performed to investigate the mechanism of 
landslide dam failure due to sliding for two cases. 
 
Case I: Constant water level in reservoir 
   The reservoir in the upstream of the dam was 
filled by water up to 16mm below crest level of the 
dam in 25 seconds. Then water level was maintained 
constant. Sudden sliding of the dam was observed at 
255sec. Photo 1 shows the observed sliding surface in 
the lab experiment. 
   The slip surface was determined by the 
measurement of tilting of the red colored sand strips 
with the help of snaps captured by the video camera 
positioned in the side of the flume. Fig. 8 shows 
simulated and experimental slip surface. The 
simulated failure time was 237sec after start of filling  
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Fig. 8 Comparison of simulated and experimental slip 

surface 

(Unit: cm) 

 

5 

1 
2 
3 4 

6 
7 

8 
9 20 

20 

20 
15

20 
18 

66 

－ 657 －



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  
 

Fig. 9 Simulated and experimental results of water content profile for constant water level in reservoir (WCR – 
4, 6 and 9) 

 
of reservoir. The simulated time was slightly earlier 
than the experimentally observed time that may be 
due to the assumption of immobile air phase in 
unsaturated flow and variation of saturated hydraulic 
conductivity since it was difficult to make sand 
mixture perfectly homogeneous and degree of 
compaction may not be uniform throughout the dam 
body. 
   Same experimental conditions were used to 
measure change in moisture content in the dam body 
using WCRs.  Simulated and experimental results of 
variation of moisture content at WCR-4, WCR-6 and 
WCR-9 are shown in Fig. 9. The results of numerical 
simulation of moisture profile in the dam body are in 
good agreement with the experimental results. 
 
Case II: Steady discharge in reservoir 
   Steady discharge of 39.8cm3/sec was supplied 
from the upstream end of the flume. The sliding 
surface observed in the experiment is shown in Photo 
2. The sliding of the dam body was observed at 
350sec in the experiment whereas in the simulation it 
was observed at 317sec. Fig. 10 shows the 
comparison of simulated and experimental slip 
surface. For the same experimental conditions, 
change in moisture content in the dam body was 
measured by using WCRs. Fig. 11 shows the 
simulated and experimental results of moisture profile 
at WCR-5, WCR-7 and WCR-9 which are quite close. 
   The numerical simulation and experimental 
results of moisture profile are in good agreement for 
both cases. The geometry of predicted critical slip 
surface was also similar to that observed in the 
experiment. So the model developed by coupling the 
seepage flow model with the stability model in this 
study is promising. 

 
5. Conclusions 
 
   Sudden failure of landslide dam was studied in 
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Fig. 10 Comparison of simulated and experimental 
slip surface 

 
experimental flume for constant head and steady 
discharge in the upstream reservoir. A high constant 
water level or gradual rise of water level in the 
reservoir causes water to penetrate into the dam body 
and it increases mobilized shear stress and dam fails 
by sudden collapse when it becomes larger than  
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Fig. 11 Simulated and experimental results of water content profile for steady discharge in reservoir (WCR – 5, 7 
and 9) 

 
resisting shear stress. The numerical simulation and 
experimental results of movement of moisture in the 
dam body, predicted critical slip surface and time to 
failure of the dam body are in good agreement.  The 
numerical simulation and experimental results of 
movement of moisture in the dam body, predicted 
critical slip surface and time to failure of the dam 
body are in good agreement.  The failure time can 
also be predicted by numerical model so it has great 
potential to extend for the prediction of flood/debris 
flow hydrograph by abrupt collapse of landslide dam.     
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要 旨 
豪雨や地震により形成された天然ダムは, 越流により浸食され急激な崩壊や進行性の破壊が起きることが

ある。天然ダムの崩壊によって流下する最大流量は, 越流浸食によって流下する流量よりも, はるかに大きい。

天然ダムの滑り破壊のメカニズムを明らかにするために, 数値シミュレーションと水路実験を行った。数値シ

ミュレーションと実験結果を比較したところ, ダム内の浸透, 限界滑り面, ダムが破壊するまでの時間につい

ては似たような結果が得られた。 
 

キーワード：天然ダムの破壊, 斜面安定, 浸透流, 数値シミュレーション, 室内実験 
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