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We adopt a depth-integrated particle method as a primary analysis of the remaining risk of landslides in   

Dhunche and Ramche areas, Nepal, which was ravaged by the April 25, 2015 Gorkha Earthquake. 

Considering the difficulty in obtaining material properties of colluvium accumulated along gulleys on 

valley walls, the number of material parameters used in this evaluation procedure is limited as small as 

possible; the initial failure slope angle, 
fi , Manning coefficient, n , for the flowing soil-water mixture, 

the angle of repose, 
d
i , at which the soil-water mixture on its depositional area stops spreading, and the 

rain concentration, RC, an index to describe rain-water collectivity of gulleys. We applied the procedure 

to our target area (3.5km by 2.62km) along the canyon of Trishuli River, Nepal. The result from this 

study indicates that colluvium soils remaining on 40-degree slopes or steeper are in the critical 

equilibrium, and can be detached at any time. However, even colluvium soils on gentler slopes such as 

the one in Ramche shows a creeping movement, and we need to keep a vigilant eye on these slopes. 
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1. INTRODUCTION 
 

The 2015 Nepal Earthquake (Mw = 7.8), also 

called the Gorkha Earthquake, was the worst natural 

disaster to strike Nepal since the 1934 Nepal–Bihar 

Earthquake. Both the debris masses that have already 

fallen into major rivers and unstable debris masses still 

perching atop of exposed bare slopes will cause 

long-lasting problems. This paper attempts to provide 

important parameters for identifying and estimating 

the risk associated with the slope failures based on the 

evidence currently available in the mountains of Nepal. 

The procedure used herein is based on the idea 

developed by Nakata and Matsushima
1,2)
 for 

widespread landslide-prone areas where a 

straightforward method of analyzing every detail of 

slope movement is unrealistic for perceiving the whole 

picture of the risk. The authors used the 

depth-integrated particle method (DIPM)
2,3)
 to describe 

movements of all landslide masses within the target 
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area (3.5 km by 2.62 km) along the Trishuli River near 

Dhunche, one of the areas hardest hit by the 

earthquake. Three best-fitting parameters that describe 

landslide mass movements were obtained to minimize 

the distance to the perfect match, �. Then, we focused 
on the remaining debris masses that could have been 

detached during the earthquake and could be a residual 

risk to the communities and important facilities 

immediately below them. 
Even slopes with their gradients less than the failure 

slope angle �� obtained for the target area may require a 

vigilant watch. A colluvium soil mass on a slope near 

Ramche village in Rasuwa district located about 4 to 5 

km south of the target area is slowly creeping year by 

year. Since the mass has been dragging down one of 

important traffic aeteries, Pasang Lhamu Highway, we 

have been monitoring the movement of the soil mass on a 

periodic basis using a dual-frequency GPS system. In the 

light of the observed creeping nature of the slope, 

immediate problems will also be discussed herein.  

 

2. METHODOLOGY 

 

Our procedure towards the analysis of the 

remaining landslide area contains several steps. A 

starting point is the acquisition of the satellite images. 

Using two photogrammetric images taken by PRISM 

sensor assembled in ALOS satellite
4)
 and evaluating as 

stereo-pairs, it is possible to construct a Digital Surface 

Model (DSM) whose minimum grid size is 5.0m 

horizontally and 1.0m vertically. Although ALOS 

satellite finished operation on May 2011, the data 

during its operation cover the entire earth surface with 

the aforementioned grid size. Therefore, the following 

analyses are possible in principle in any region on the 

earth.    

Second step deals with the flow simulation of 

detached soil mass. We adopt a depth-integrated 

particle method with a simple particle interaction 

model, which allows us to evaluate a landslide-induced 

damaged area in a wide region simulation with a low 

computational cost. It is based on the commonly-used 

shallow water equation as follows: 
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where �  is time, 	  and 
  are two orthogonal 
coordinates making up the slip surface, ��  and �� 
are 	 and 
 components of a depth-integrated flow 
velocity vector, ℎ is the thickness of the debris mass, �� and �� are 	 and 
 components of gravitational 
acceleration along the slip surface, � is the hydraulic 
pressure, � is the density of the debris mass, and ��� 
and ��� are 	 and 
 components of the basal shear 

stress, ��, respectively. �� is given by the following 
relation: 
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where �	  is the hydraulic radius, which is almost 

identical to the debris depth ℎ  for a widespread 

flowing mass, and �  is the Gauckler–Manning 
coefficient used in the Manning formula that 

empirically relates the average velocity of a liquid 

flowing in an open channel with the linear hydraulic 

head loss, which can often be approximated by the 

channel bed slope � when the flow is shallow. 
In the time-marching DIPM calculation scheme, a 

debris mass is described as a two-dimensional 

assemblage of discrete particles on a slope carrying 

Lagrangian parameters. The DIPM is thus similar to 

smoothed particle hydrodynamics
5,6)
 in the sense that a 

time-marching calculation scheme is utilized. However, 

it can maintain the movement of a rapidly flowing 

debris mass in a more stable manner because each 

particle is assumed to interact only with its 

neighboring particles. Each particle retains its volume 

unchanged. Therefore, when its neighboring particles 

exert compressive/repulsive forces on this particle, its 

height increases, and its base area is decreased. When 

neighboring particles move apart, they are detached 

from each other and no traction force is induced. The 

repulsive force is linearly related with the hydraulic 

pressure � in Equation (1), which is given by the 
following relationship: 
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where ℎ� and �� are the initial height and width of 

particle (debris column). The volume �  of each 
particle is thus given by � = ℎ���

�																																								(6) 
 

 

3. STUDY AREAS 

 

A rectangular area of 3.5 km by 2.62 km along the 

Trishuli River near Dhunche was studied in consideration 

of the importance of hydropower facilities. Ramche (1.62 

km by 1.3km) was also chosen because of the presence of 

the Pasang Lhamu Highway leading to China (Fig. 1). 

According to Dhital, 2015 both areas are considered to 

have the same geological formations. Fig. 2 shows the 

cumulative frequency of slope inclinations in the two 

areas; The average inclination of slopes in Ramche is 

about 10 degrees smaller than that in Dhunche, and yet 
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greater part of the colluvium covering the slope is moving 

inch by inch. Black arrows in Fig. 3 show one section of 

Pasang Lhamu Highway in Ramche, which was 

constructed in 2003 across the creeping colluvium soil 

mass. This section had been carried steadily down until it 

sagged too much to take the traffic of the highway, and 

its new road shown by white arrows was constructed 

where the old one was once constructed.  

 
Fig. 1 Study areas location 

 
Fig. 2 Cumulative slope frequency in Ramche and Dhunche 

Village 

 
Fig. 3 Former roads (Konagai et al., 2016)

7)
 

 

 

4. EVALUATION OF REMAINING 

LANDSLIDE RISK  

 
The Receiver operating characteristic (ROC) 

curve is drawn for the Dhunche area by plotting the 

true positive rate (TPR in Equation (8)) against the 

false positive rate (FPR in Equation (7)) at various sets 

of the three parameters, ��, �, and ��, for a batch of 

landslide simulations. The closest point on the ROC 

curve to the upper-left corner represents the best set of 

the parameters, in other words, the shortest “distance” 

from the upper-left corner to the ROC curve provides 

the optimum set of the parameters, for which distance 

is given by Equation (9)
8)
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In the parametric study for Dhunche area, the three 

parameters, ��, �, and ��, were varied over the ranges, 
35 to 45°, 0.03 to 0.3 m

1/3
s, and 10 to 30°, respectively, 

in an attempt to minimize the distance defined by 

Equation (9), and the optimum set of parameters were 

determined to be 
�� � 41°	

� � 0.2

�� � 10°

	m�/�s																																	10a�, 10b�, 10c� 

with the minimum distance of r � 0.4989  to the 
upper-left corner reached. The model correctly 

predicted 63 % of the observed unstable areas (TP) 

with an FPR of 33 %, which can include slopes that 

barely escaped being detached and past landslide 

traces. 

We may also have to consider the presence of gulleys, 

namely cuts into steep valley walls by the erosive 

action of flowing water. Almost entire stretches of 

these gulleys are buried deeply with debris of highly 

weathered rock detritus. Although the earthquake 

occurred in the late dry season, soils and debris 

deposits near these cuts would certainly have been 

wetter than the other convex parts of the slope. 

To highlight this feature of valley walls, rain 

concentration (RC) values
9)
 were calculated for the 

entire region of the target terrain. The RC values were 

obtained by the following procedure: 

(1) Rain particles were uniformly generated over the 

entire region of the target terrain in the DIPM 

simulation. 

(2) Allowing all rain particles to be completely drained, 

we counted the number of rain particles that passed 

through each cell of the terrain grid. This number for 

each cell was then divided by the initial number of rain 

particles in one cell, and this value was defined as the 

RC value. 

Given this reconsideration, the distance � 
decreases to 0.454 with �� set at 30, and the TRP and 
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FRP values become 72 % and 35 %, respectively, 

when the old landslide trace is excluded. When 

including the old landslide trace, the distance 

decreases further to 0.4054  with TPR and FRP 

values of 73 % and 30 %, respectively. 

 
Fig. 4 Areas of landslide risk remaining (FP) in Dhunche 

 
Not only this study but also our preliminary 

studies for the valley walls of the Trishuli River 

(Tomita, 201810)) have shown that the critical angle, 
if, is less sensitive to the location and/or extension of 

the target area, and fluctuate little around 40⁰. 

Assuming that the critical angle is also around 40⁰ in 

Ramche, the area of remaining landslide risk is shown 

in Fig. 4.  

 

 
Fig. 5 Area of risk of landslide in Ramche using the numerical 

simulation 

5. CREEPING MOVEMENT OF 

COLUVIUM DEPOSIT IN RAMCHE 

 
 

A dual-frequency GPS was used to monitor the creeping 

movement of the colluvium deposit on a periodic basis.   

The equipment used in this study is GX 1220, Leica 

Geosystems. In a GPS survey, positioning accuracy is 

largely affected by the arrangement of four or more GPS 

satellites in the space. The Geometric Dilution of 

Precision (GDOP) is an index showing the additional 

multiplicative effect of navigation satellite geometry on 

positional measurement precision. The smaller the GDOP 

number, the higher is the accuracy. In this study, 

measurement was carried out after confirming that the 

GDOP at the time of measurement was 5 or less so that 

the error can be around 0.012m at a maximum. 

In Ramche, measurements were made by Konagai et 

al.
7)
 in July 2015 using a series of metal pegs fixed into 

the ground along Ramche section of Pasang Lhamu 

Highway. This area was continually measured, and new 

pegs were also added by Tomita, et al. 2018
10)
 (Fig.5). 

 
Fig. 6 GPS points location (Tomita, H., 2018) 

 
 The reference point for the survey was set to 28 ° 00 

'56.31531 "N, 85 ° 12' 49.08833" E. The number of metal 

pegs over which we put GPS receivers went up to 25 at a 

maximum. However some of these pegs were 

occasionally lost due to rockfalls and frequent road 

repairs (Fig.6). The measured displacements of 

representative GPS points (400 times exaggerated) are 

shown in Fig.7 Displacements become very large in the 

middle of the line of metal pegs particularly near the GPS 

point No.20. Meanwhile displacements become very 

small near both ends of the line of metal pegs.  The 

increments of displacements at these metal pegs are 

consistent with the cumulative displacement pattern of 

the highway, which has been built up over 15 years 

period since it was constructed in 2003.  
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Fig. 7 Displacement of the representative GPS points (Tomita, 

2018
10)

) 

 

(1) Microtremor measurements 
 

The creeping movement of the slope can be 

attributed to the presence of a thick colluvium, 

which can be much softer than the intact bedrock 

underlying beneath it. If the stiffness contrast 

between the surface colluvium and underlying 

bedrock is large, ratios of spectrum amplitude of 

ambient ground motions to the one at the outcrop of 

this bedrock can indicate the presence of the 

colluvium.  

Microtremors were recorded on September 18, 2017 

using CV-374 (Tokyo-Sokushin Co. Ltd.), with the 

following specifications:  

• Sampling frequency: 100Hz; 

• Measurement range: ± 0.02 m/s (± 2 

kine); 

• AD (Analog to Digital) resolution: 24 

bits.  

The servo-accelerometer built in the receiver is 

capable of recording three orthogonal components 

(x, y and z) of acceleration over the frequency range 

from 0.1 to 100 Hz. The microtremor receiver was 

put immediately near 5 metal pegs with its x-axis 

oriented along the dip direction of the slope (Fig. 8). 

Among these 5 points, Point MT01 is considered to 

be put immediately on the exposed outcrop. 

The data recorded in the time domain were 

Fast-Fourier-transformed into the frequency 

domain, and then smoothed using the Parzen 

Window at 0.5 Hz to obtain spectrum amplitude 

ratios.  

  

 

Fig. 8 Measurement points of fine movement measurement by 

microtremor (Tomita, 2018
10)

) 
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Fig. 9 Spectrum results in the survey line (Tomita, 2018
10)

) 

 

For all components, the predominant period at 

which the maximum spectrum amplitude ratio is 

reached appears at around 0.8 s, and its fluctuation 

is negligibly small. Probably the entire stretch of the 

colluvium deposit was moving as a whole. For 

horizontal components, the amplitude ratio becomes 

larger as we get nearer to the furthest points MT05 

and MT06. This may indicate that the colluvium is 

the thickest at around these points.  

 

 

4. CONCLUSION 
 

Debris masses remaining on steep slopes in 

critical equilibrium with their binding forces can be 

detached at any time once gravity overpowers the 

binding strength. For the steep mountain slopes 

along the Trishuli River in the Himalaya struck by 

the 2015 Gorkha Earthquake, an attempt was made 

to numerically assess the remaining risk of slope 

failures in terms of three mechanical parameters, 

namely, the critical angle i� at which a debris mass 

starts sliding, the Gauckler–Manning roughness 

coefficient n, and the angle of repose i� for the 
flowing debris mass. Through a batch of numerical 

simulations, the optimum set of parameters was 

found to be i� � 41°, n � 0.2	m�/�s, and i� � 10°, 
which minimized the distance to perfect 

classification r in the simulation to r � 0.4989. 
The model correctly predicted 63 % of the observed 

unstable areas, and the false positive rate (FPR) was 

33 %. 

The false positive areas included a huge past 

landslide mass. An up-close look at the remaining 

unstable slopes highlighted the presence of unstable 

debris masses of highly weathered and fragmented 

rocks accumulated along gulleys. Because these 

materials can be wetter than materials in other areas, 

even in the dry season due to their being deposited 

along gullies, rain concentration (RC) values were 

calculated for the entire region of the target terrain. 

The RC values were obtained by generating rain 

particles uniformly over the entire target terrain and 

by counting the number of rain particles passing 

through each cell of the terrain grid throughout the 

entire draining process. The greater part of the 

unstable debris mass on slopes where RC values 

were larger than 30 was found to have been 

detached during the earthquake, and the remaining 

debris masses with RC values close to or greater 

than this value could be in a state of critical 

equilibrium with their binding forces. The landslide 

positive (TP + FP) areas were thus redefined as 

those areas with RC values larger than 30, and the 

minimum distance to the perfect classification r 
decreased to 0.45372, with TPR and FPR values of 

72 % and 35 %, respectively. When the old 

landslide trace was added to the TP areas, the 

distance r decreased further to 0.4054, with TPR 
and FPR values of 73 % and 30 %, respectively. 

Given the difficult situation of the presence of 

major valley roads leading to hydropower stations 

and refugee camps scattered along the dry riverbed 

of the Trishuli, we need to keep close watch on 

these slopes, particularly in the FP areas. 

Even slopes with their gradients less than 41 

degrees may require a vigilant watch. A colluvium 

soil mass on a slope near Ramche about 4 to 5 km 

south of the target area is slowly creeping year by 

year. Spectrum amplitude ratios were obtained 

along the highway section that has been moving 

down inch by inch, with the southern point on the 

exposed bedrock as the reference. Clear 

predominant period at around 0.8 s may indicate the 

presence of the thick colluvium.    
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