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Fig. 4: Highly damaged road sections of the Meehl Highway and representative slope failures on roadside slope. 

a negative curvature value. On the basis of average curvature 

defined in Eq. (1 ), Uchida et al. (2004) derived the landslide 

probability function from discriminant analysis as follows: 

F = 0.075[0]-8.9[e] +0.0056 [allllllt]-3.2 (2) 

where F is the landslide probability function or 

discriminant score, () is the slope angle in degrees, e is the 

average curvature, and slope failure is the maximum ground 

acceleration in gal (1 gal = 0.01 m/s2). Pixels having positive 

F-value always have the potential to fail during an earthquake, 

and negative F-values suggest the slope will not fail during an 

earthquake. Equations ( 1) and (2) are easily applicable to DEM 

in the GIS platform. 

The calculated F-value for the selected area does not 

have any correlation with the earthquake-induced slope failure 

in the area. To overcome this issue and to check the predictive 

power of F for slope failure occurrence, the F-values were 
qualitatively examined with the help of success rate curves. 

In statistical landslide susceptibility analysis, the success rate 
is a measure of goodness of fit and for this research, success 

rate can be a measure of the predictive power of landslide 

susceptibility values (here, F-values) because calculated 

susceptibility values do not have any statistical relationship 

with existing slope failures (as they do in other statistical 

landslide susceptibility analysis teclmiques). To obtain the 

success rate curve for the F-values, the calculated index values 

of all pixels in the map were sorted in descending order. The 

ordered pixel values were subsequently categorised into 100 
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classes with 1% cumulative intervals and an F-value map was 
prepared. The F-value map was crossed with the slope failure 
inventory map and the succ:ess rate curve was prepared from 
cross table values. 

For the earthquake-induced slope failure after September 
18, 2011, Sikkim/Nepal border earthquake, the succ:ess rate 
reveals that in 20% of the study area, F-values bad a high rank 
and could explain 64% of total landslides. Likewise, 40% of 
higher slope failure hazard index (LHI) values could explain 
95% of all existing landslides. Fig. 5 provides percent coverage 
of slope failures as a function ofF-value. To compare the slope 
failure susceptibility values, the area under the curves are 
estimated from the success rate graphs (Fig. 5). The area under 
the curve qualitatively measures the success rate or prediction 
rate of the F-values. A total area equal to one denotes perfect 
prediction accuracy. Alternatively, when the area under the 
curve is less than 0.5000, the analysis is invalid. In this study, 
the area under the curve is 0.8344, indicating that the prediction 
rate was 83.44% (Fig. 5) and the analysis is valid. 

To construct the classified susceptibility map of the 
selected small area, the reference suocess rate curve (Fig. 6) 
is created. md the corresponding F-values for susceptibility 
levels of 40o/o, 60%, 800/o and 90% (with F -values ranging from 
low to high) are calculated. Four slope susceptibility classes are 
established as Stable Zone Oess than 40%), Moderately Stable 
Zone (�%), Quasi Stable Zone (60-800/o), and Unstable 
Zone (80..100%). The susceptibility map of the selected area 
prepared based on these intervals is shown in Fig. 6. 

When the zonation map is crossed with slope failure map 
inventory map of the same area, it is noticed that in 96% of 
earthquake-induced slope failures after Sikkim-Nepal Border 
Earthquake of September 18,2011 are found in Unstable and 
Quasi Stable zones (Fig. 7). 
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Fig. 5: Sueeas rate c:urve and predictlou rate ohuueptfbiHty 
map for the 1elected 1mall area. 

Fig. 6: Suceptibility map of the small �eleded U"ea of Ranb­
Phldlm area. Slope faDure after the September 18 2011 Slkkbnl 
Nepal border earthquake are also shown. on the map. 
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Fig. 7: Distribution of existing slope failures in small 
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of September 111, 2011 are found in Unstable and Quui 
Stable .zoneL 

54 



FINAL HAZARD MAP 

The predictive power (83.4% accuracy, see Fig. 5) of the 
F-value calculated for the study area clearly suggests that the 
method proposed by Uchida et al. (2004) is reasonably accurate 
for the Nepal Himalaya also, although few intrinsic parameters 
are used in the analysis and the method is absolutely dependent 
on DEM. The success rate of slope failure susceptibility and 
hazard analyses of both rainfall-induced and earthquake­
induced slope failures generally ranges from 75% to 85%. 
In such statistical analyses many intrinsic parameters are 
necessary (for example, geology, slope aspect, soil depth, soil 
type, land use, distance to road, distance to shore, distance 
to drainage, etc.), and data procurement can be extremely 
challenging. However, the method proposed by Uchida et 
al. (2004) requires only slope and curvature available from 
precisely-generated DEM data, and there is no need to 
consider any other intrinsic parameters. The maximum ground 
acceleration from earthquake shaking, which is site-specific, 
can be input as an approximation. Given the available data 
from previous earthquakes in a particular area, the recorded 
or probable future maximum ground acceleration can be used 
for hazard analysis in the area. In this work, a susceptibility 
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Fig. 8: Finai-DEM based earthquake-induced slope failure 

susceptibility map of the Ranke-Pbidim-Gopetar area. 

Given the prediction rate of the snsceptibility map of smaH 

selected area {see Fig. 5 and Fig. 6), the accuracy of this final 
susceptibility map is also more than 80%. 

Earthquake-induced slope failure susceptibility in eastern Nepal 

map with more than 83% accuracy was obtained using only 
three parameters. This result is very encouraging, suggesting 
that the method proposed by Uchida et al. (2004) is useful for 
evaluating the probability of earthquake-induced slope failure 
in any area. The resultant earthquake-induced slope failure 
hazard map of the entire study area, given in Fig. 8, can be 
utilized for earthquake-induced slope failure susceptibility 
evaluation, planning, and preparation in the study area. The 
geology and geomorphological setting of the small selected 
area and the entire region are similar, and the final hazard 
map can be considered the most accurate earthquake-induced 
landslide hazard map of the study area. 

CONCLUSIONS 

This study evaluates features of the earthquake-induced 
slope failures in the Nepal Himalaya, which were occurred 
after September 18, 2011 Sikkim/Nepal Boarder Earthquake. 
Primarily, the study concludes that the Nepal Himalaya 
has great risk of earthquake-induced slope failures and the 
mountainous roads passing through the highly elevated 
Himalayan ridges are always subjected to damages in the 
events of great earthquakes. For the earthquake-induced slope 
failure hazard zonation, a methodology proposed by Uchida 
et al. (2004) in Japan is applied in the mountainous terrain of 
eastern Nepal also. The zonation map shows more than 80% 
accuracy and it is found that the methodology proposed by 
Uchida et al. (2004) is quite useful for the Nepal Himalaya 
also. 
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