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Slope failure along highways is a crucial problem in hilly regions. Landslide hazard maps are very efficient
and effective tools for planning and management of landslide disasters. Aim of this study is to prepare a
landslide hazard map along national highway 5 (197.600–283.200 Km) using analytic hierarchy process
(AHP) model. The different causative factors of landslides considered in this study are slope, aspect, cur-
vature, relative relief, fault density, drainage density, geology, topographic wetness index (TWI), distance
from road and lithology. The causative factors are divided into sub-factors and weightage are assigned
according to analytic hierarchy process (AHP). The causative factor layers are overlaid using weighted lin-
ear combination (WLC) technique and a landslide hazard map is prepared. A landslide inventory of 215
landslides is used for validation of the landslide hazard map. The map shows a prediction rate of 0.825 on
area under curve (AUC) technique. The study can be used by the construction planners and decision
makers.

� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Road network plays an important role in socio-economic devel-
opment of a nation. The roads in hilly regions are generally sub-
jected to heavy landslides and slope failure events. Landslides are
the most destructive phenomenon that occur in hilly regions fre-
quently. The failure of slopes along highways results into heavy
traffic jamming and causes inconvenience to the passengers. Land-
slides are responsible for economic losses and sometimes cause the
loss of lives too.

The construction of roads in the hilly region accelerates the fail-
ure of slopes due to cutting works [47,1]. The anthropogenic activ-
ities during highway construction disturbs the natural slopes and
make them more vulnerable to the failures. So, the landslide haz-
ard assessment along highways is essential for proper planning
and management of road infrastructure [47].

Landslide hazard maps are important tools in planning and mit-
igation of landslide disaster. A landslide hazard map shows the
possibility of occurrence of landslide in a particular region. Land-
slide hazard assessment studies require good understanding of
the causative factors of landslides [5,47]. The researchers have con-
sidered slope, aspect, curvature, lithology, geology and drainage
characteristics of the region as causative factors of landslides
[8,7]. The triggering factors like earthquake, rainfall, erosion etc.
accelerates the frequency and speed of the landslide disaster
[4,51]. Geographic information system (GIS) helps in managing
the spatial and temporal data effectively. The main advantage of
GIS is that it gives utility of changing the input so that output
can be varied. Landslide hazard zonation and landslide susceptibil-
ity mapping in GIS environment are performed by the various
researchers [15,9,12,47].
1.1. Literature review

There are three approaches used in landslide hazard mapping in
GIS environment i.e. qualitative approach, quantitative approach
and semi-quantitative approach [48]. Qualitative approach gives
a descriptive solution to landslide susceptibility mapping while
quantitative approaches consider the mathematical estimates
tudy of
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[31,42]. The expert based methods for landslide hazard assessment
falls in qualitative approach category [3]. The opinion of expert is
considered to assign the relative weightage to the different causa-
tive factors of landslides. The factors which are responsible for
occurrence of landslides are selected and their impact on landslide
occurrence is evaluated based on the expertise of expert. The result
in the expert based method depends upon the subjective judgment
of the expert which may not be right always.

The quantitative approach involves in establishing a mathemat-
ical relationship between occurrence of landslide and causative
factors [2]. The impact of causative factors and sub-factors is sim-
ulated using mathematical models like frequency ratio [36,33,41],
logistic regression [36,33,34], bivariate [45,20,37] and multivariate
statistical models [36,43,2,47]. While the accuracy of the quantita-
tive methods is higher as compared to the qualitative techniques
but it depends upon the availability of an accurate landslide inven-
tory. The semi-quantitative or semi-qualitative approaches are the
hybrid of both the approaches. The methods like analytic hierarchy
process (AHP), analytic network process (ANP), fuzzy-AHP etc. are
the semi-qualitative or semi-quantitative approaches [17,6].

Analytic hierarchy process (AHP) helps in breaking a complex
problem in the different simple criteria and the criteria are given
weightage according to their relative importance [49,50,38,40]. A
complex problem is the one which depends upon multiple causa-
tive factors. In our study, landslide is the complex natural problem
which depends upon the multiple causative factors like slope,
aspect, curvature, drainage characteristics, geological and litholog-
ical characteristics of the study area.

AHP has been used for landslide hazard mapping by many
researchers [18,14,27,21,16]. AHP helps in finding a consistent
solution for the problems [49,50]. Table 1 shows the findings of
the literature review and Table 2 shows the source of input data
used in this study.

In this study, landslide hazard assessment is performed using
analytic hierarchy process (AHP) due to the following reasons:

a. The historical landslide data/landslide inventory is available
in point form for the study area.

b. Due to the pandemic, the movement is restricted throughout
the study area. So, it is not possible to arrange frequent field
visits for preparation of landslide inventory.

c. Analytic hierarchy process (AHP) helps in checking the con-
sistency of weightage given by experts. So, this technique
helps in avoiding the inconsistent solutions.
Table 1
Summary of the previous literature.

Method Summary

Qualitative techniques The weightage to the causative factors and s
given by experts based on their judgment [2
evaluator selects the causative factors and th
importance [48]. These techniques are the sim
implement as no historical landslide data is r

Quantitative techniques The quantitative techniques establish a math
relationship between occurrence of landslide
causative factors [2]. Frequency ratio, info va
evidence and logistic regression are the exam
tative methods [42]. These methods depend
distribution of landslides and their relationsh
tive factors [48,29].

Semi-quantitative techniques The semi-quantitative techniques are a hybri
and quantitative techniques. The human perc
considered in these studies and validated ma
[30]. Analytic hierarchy process, fuzzy logic e
examples of this technique.
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d. The output can be improved by varying the input weightage
in analytic hierarchy process (AHP) which helps in improv-
ing the accuracy of the output.

The study area selected for this study is National Highway 5
(NH-5) from Kalka, Haryana to Shimla, Himachal Pradesh (H.P.),
India. NH-5 is an important highway corridor from the point of
view of transfer of goods and passengers. The highway faces fre-
quent landslide events which are triggered in rainy season. The
route is damaged due to heavy landslides at different locations.
2. Study area

National Highway 5 is 660.2 KM long and passes through plain
and hilly terrains. The highway is very important from strategic
and social point of view. It connects the remote areas of the hilly
regions. It establishes the connection between India and Tibet
which makes it important for international trade too. The stretch
selected for the study lies from 197 Km to 283 Km along National
Highway 5. The selected stretch of highway connects Haryana pro-
vince to the capital of Himachal Pradesh (H.P.) province and facil-
itates the transportation of goods and crops from the plain area to
the hilly terrain of high elevation. The highway has been function-
ing since the British period. The up-gradation to four lanes of Kalka
to Shimla stretch is under progress. The highway stretch consists of
few tunnels which reduces the distance through hilly terrain.

A buffer of 1 KM at both sides of the road is taken. The study
area lies between 30�50017.8800N, 76�5608.5200E to 31�06017.2800N,
77�10024.2400E. The altitude of the study area varies from 591 m
to 2459 m above mean sea level. The temperature of the study area
varies from 6.2 �C to 36.7 �C (District survey document, Shimla).
Annual rainfall of the Solan district is 1413 mm and average annual
rainfall of Shimla district is 1575 mm. Fig. 1 shows the details of
the study area.
2.1. Geological setting

The study area lies in the districts of Solan and Shimla in Hima-
chal Pradesh (H.P.). Solan. Dolomitic granite stones covers the
region with its rugged topography. The Tethys Tectogen are found
in Shimla region which are characterized by the diversity in the
stratigraphy. The study area is covered with Miocene, Eocene and
Neoproterozoic aged deposits. The region has sandstones, shale,
Findings from the literature review

ub-factors are
9,48,44]. The
eir relative
plest to

equired.

The accuracy of the susceptibility and hazard map depends
upon the subjective judgment of the expert [26,48].
The hazard maps can vary from expert to expert [48].
Generally, accuracy of the expert based methods is lesser as
compared to quantitative techniques [30].

ematical
s and the
lue, weight of
ples of quanti-
on the spatial
ip with causa-

These methods can be applied to the large areas [48]. These
techniques give more accurate results as compared to the
qualitative techniques [29]. The weightage can be derived
statistically from the distribution of landslides.
A well distributed landslide inventory is required for calcu-
lation of weightage of causative factors [42,48]. The prepara-
tion of landslide inventory requires large efforts. The methods
are not suitable for inaccessible regions.

d of qualitative
eption is
thematically
tc. are the

The human perception is included in these methods. The
consistency of the causative factors can be checked and
validated using mathematical relationship [48]. While there is
no need of landslide inventory but the use of landslide
inventory can improve the consistency and accuracy of the
results [30].



Fig. 1. Study area.

Table 2
Data Used in the Study.

Extracted Data Scale Source

Landslide Points Literature, Field Survey,
GSI Practical Sheet, Google Earth

Aspect Digital Elevation Model (DEM)
Curvature Digital Elevation Model (DEM)
Relative Relief Digital Elevation Model (DEM)
Fault Density 1:50,000 Ground Water Prospects Map
Geology 1:500,000 Geology Map of Himachal Pradesh
Lithology 1:50,000 Ground Water Prospects Map
Drainage Density 1:50,000 Survey of India Toposheet
Road 1:250,000 U.S. Army Corps of Engineers
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limestone, dolomite, quartzite, phyllite and siltstone. The major
deposits of limestone are present in Shimla region. The lithology
of the study area belongs to Jutogh group, Rampur group, Shali
group and Shimla group [22].

2.2. Landslide inventory

Landslide inventory shows the distribution of the landslide data
[13,19]. The landslide inventory in this study is prepared using his-
torical data, google earth and field survey. The landslide informa-
tion is obtained from the literature, Survey of India sheets and
inventories prepared by National Remote Sensing Centre (NRSC).
The landslide inventory consists of the information about location
of landslide, triggering factor, activity of landslide, type, classifica-
tion and geology of the failed mass. Landslides are also detected
from the google earth from LISS imagery. Landslides are presented
3

in the form of points. A total number of 214 landslides are consid-
ered in the study. Fig. 2 shows the images of few landslides
occurred in the area. Fig. 2 shows the images of few landslides
occurred in the study area.
3. Materials and methods

The data required for this study is obtained from the satellite
imagery, Survey of India (SOI) toposheets, field surveys and GSI
practical sheets. The digital elevation model (DEM) is obtained
from Advanced Spaceborn Thermal Emission and Reflection
Radiometer (ASTER). The digital elevation model has a grid size
of 30*30 m. The data related to slope, aspect, curvature and relief
is extracted from ASTER DEM. The geology and lithology data is
digitized from SOI toposheets. A detailed flow chart is shown in
the Fig. 3.

3.1. Causative factors of landslides

Occurrence of the landslides depends upon the various factors.
The factors considered in this study are divided into three cate-
gories i.e. DEM based factors, drainage and lineament characteris-
tics and geological characteristics of the region. Fig. 4 shows the
details of causative factors.

3.1.1. Slope gradient
Slope gradient is one of the most important factors which affect

the occurrence of the landslides. It directly impacts the stability of
slopes as it influences the shear force [23]. Steeper the slope more
will be the probability of occurrence of the landslides [11]. The
slope gradient in the region varies from gentle to very steep. In



Fig. 2. Landslide occurred in the study area [Landslide 1: Long: 77�906.89300E, Lat: 31�2055.5700N, Landslide 2: Long:77�6044.04500E, Lat:30�58045.34200N, Landslide 3: Long:
77�4042.71100E, Lat: 30�53023.05800N, Landslide 4: Long: 76�56058.68500E, Lat: 30�5101.58600N].
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57% cases the slope is more than 60�. The instability in the mass is
induced due to the steep angle of the slope. Slope gradient also
controls the flow of water [35]. The slope has been divided into five
categories.

3.1.2. Slope aspect
Aspect represents the direction of the slope. Aspect affects the

exposure of sun, erosion characteristics and flow of water [47].
Aspect map is divided into 10 categories.

3.1.3. Curvature
Curvature is defined as slope of slope. It is the second derivative

of the surface. The positive value of curvature indicates the convex-
ity of the surface while the negative value shows the concavity of
the surface. 0 value of curvature indicates the flat surface. In land-
slide hazard zonation, curvature indirectly represents the effect of
water [28].

3.1.4. Relative relief
Relative relief of the study area shows the variation of the ele-

vation. It affects the natural conditions which affect the occurrence
of the landslides [47]. The relative relief varies from 0 m to 254 m.

3.1.5. Geology
The study area has diverse geological characteristics. The region

is covered with lower Shivalik formations, Subathu formation,
Jaunsar group, Jutogh group, Dharmashala group and Balani forma-
tions. Mix of Muree group, Dharmashala group, Dagshai and
Kasauli formations are more prone towards landslide incidents
while Jaunsar group is relatively less affected by landslides in this
study area.

3.1.6. Lithology
Lithology identifies the type of rock in the study area. The ero-

sion and stability of the rocks depend upon the lithology of the
4

area. The rocks are of mixed type in the study area. The study area
consists of shale, sandstone, siltstone, phyllite and dolomite in
mixed form.
3.1.7. Fault density
Natural faults occur in the study area. The effect of faults is con-

sidered in the form of fault density. The faults increase the land-
slide activities [32].
3.1.8. Drainage density
Drainage characteristics of the region affect the landslide possi-

bility. Drainage density is obtained by digitizing the streams.
3.1.9. Distance from the road
Distance from the road is also an important parameter for

occurrence of landslides. During the construction of roads, the cut-
ting activities disturb the natural slopes [46]. The slope near the
toe become weak along the highways.
3.1.10. Topographic wetness index (TWI)
Topographic wetness index (TWI) represents the moisture in

the soil. The TWI represents the tendency of water accumulation
[24]. TWI is calculated using the following formula:

Topographic Wetness Index TWIð Þ ¼ ln
SCA
tanu

� �
ð1Þ

Here, SCA is specific catchment area and u is the slope angle.
SCA is defined as flow accumulation area per unit contour width.
Assuming the properties of soil or rock mass uniform, SCA shows
the tendency to receive the water while slope angle shows the ten-
dency of draining of the water [24].



Fig. 3. Flow of the work.
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3.2. Analytic hierarchy process (AHP)

Analytic hierarchy process (AHP) is a decision making tool
which helps in breaking the complex problem in simple criteria.
AHP is based upon three principles i.e. decomposition of problem,
comparative judgment and synthesis of relative importance or
rankings [49,50,39]. In AHP, the problem is broken in hierarchical
criteria. These criteria are compared to each other. This process
of relative comparison is called pair-wise comparison. Eigen vector
method is used to calculate the rankings and after that consistency
of the solution is also checked by using consistency ratio [49,50].
Table 3 shows the scale of pairwise comparison given by Saaty.

The consistency of the weights for relative importance assigned
during the pairwise comparison can be checked using the equation
given below.

ConsistencyRatio CRð Þ ¼ CI
RI

ð2Þ

Here, CI is consistency index while RI is randomness index.
CI is calculated as follows:

consistency index CIð Þ ¼ kmax� n
n� 1

ð3Þ
5

Here, kmax = Major Eigen value and n = order of matrix
Randomness index values are given by Saaty which depends on

the value of n. RI is the result of extensive experimentation on the
large sample of dataset. Table 4 shows the randomness index (RI)
for different values of n. If CR values are less than 10%, the pairwise
comparison is considered as consistent. If the CR value is more
than 10%, the solution is considered inconsistent and weights are
reassigned in pairwise comparison matrix. The weightage of causa-
tive factors and sub-factors are shown in Table 5.
4. Results and discussion

Analytic hierarchy process (AHP) is implemented for landslide
susceptibility mapping along highway corridors in GIS environ-
ment. A landslide inventory of 215 landslides is prepared from
Google earth, previous literature and GSI practical sheet. 70% of
the landslides from the inventory are randomly selected as training
data while the rest 30% are used for testing. The relative compar-
ison of the causative factors is done based on the landslide inven-
tory. The weightage of the factors and sub-factors is calculated
using AHP and the results are checked for consistency. The consis-
tency ratio is kept below 10%. The consistency ratio is obtained



Fig. 4. Causative factors of landslides a) Slope b) Aspect c) Curvature d) Relative relief e) Geology f) Lithology g) Fault density h) Drainage density i) Distance from the road k)
Topographic wetness index (TWI).
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Table 3
Scale of Analytic Hierarchy Process (AHP) [49].

Degree of
Preference
[49]

Definition Explanation

1 Equally
Important

Both criteria are equally important or both
the factors have same effect on occurrence of
landslides

3 Moderately
Important

One factor is more effective as compared to
the other factor

5 Highly
Important

One factor affects highly as compared to the
other factor

7 Very Highly
Important

A factor is highly dominated over other

9 Extremely
Important

A factor has highest possibility of affecting
the occurrence of landslide over other factor

2,4,6,8 Intermediate
Values

If a compromise between two factors is
required, intermediate values can be used
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using the highest Eigen value and randomness index is obtained
from the Table 4. Fig. 4 shows the causative factors of the
landslides.

The weightage of individual factors is given in Table 5. Distance
from the road had the highest impact on the occurrence of land-
slides and got the weightage 0.325 in AHP matrix while lithology
is the second dominating causative factor with weightage of
0.208. Geology had weightage of 0.114 while aspect is the least
important causative factor with AHP weightage of 0.019.

It is observed that the instability in slopes increases as the slope
gradient increases. There are no landslides for the slope angles
below 30�. Only 20% of the study area consists of slopes with slope
angle less than 60�. The slopes which are more than 60� covers
around 80% of the study area and 57% of the total landslides occur
in regions with slope more than 60�. 15% of the study area is cov-
ered with the slopes with slope angle from 45� to 60�, and 28% of
the total landslides occur in such regions. No landslide is observed
in the area with slopes 0–15�.

Slope aspect represents the direction of slope with respect to
magnetic north. It is observed that south-west, west and north-
west aspects have more impact on the occurrence of the landslides
due to more erosion. 22.85% of the total landslides occur in north-
west aspect while south west and west direction face 14.28% and
17.15% of the total landslide event respectively.

Concave curvature has more probability of occurrence of land-
slides due to impact of water. Flat curvature has no event of land-
slides. Concave surface faces 54.54% landslide while convex surface
faced 45.46% land-sliding events.
Table 4
Randomness Index (R.I.) Table [49].

Number of Criteria 1 2 3 4 5 6 7

R.I. 0.0 0.0 0.58 0.9 1.12 1.24 1.32

Table 5
Weightage of Major Causative Factors.

Factors Slope Aspect Curvature Relative
Relief

Geology

Slope 1
Aspect 0.2 1
Curvature 0.5 3 1
Relative Relief 0.5 2 0.5 1
Geology 3 5 2 4 1
Lithology 5 7 5 6 3
Drainage Density 3 5 4 3 0.5
Fault Density 2 6 2 4 0.5
Topographic Wetness Index

(TWI)
0.33 2 2 2 0.25

Distance from Road 5 7 6 7 4

7

Relative relief shows the impact of changes in the vegetation
with respect to the elevation. Lower relative relief values in the
study area faced more landslide events as compared to the higher
relative relief values. The regions with 0–76 m relative relief faced
42.42% of the total landslides while it covers only 30.62% of the
total area. The region with highest relative relief i.e. 172–254 m
faced only 27.27% landslides while it covers 36.30% of the total
area.

Six group of geological formations are encountered in the study
area. Undifferential muree group, Dharmashala group, Dagshai and
Kasauli formations have highest evidences of landslides in the
study area. This geological group covers 20.74% of the total area
but 35.53% of the total landslides occurred in this geological forma-
tion. Balani formations, un-differential and Infra Krol are also
highly susceptible to landslides as this type of formation covers
22.88% area but faced 29.21% of total landslides. Jaunsar group
has least susceptibility towards landslides as it faces only 6% of
total landslides in the study area.

The lithology of the region is mixed type. The lithological depos-
its are classified based on their age. Eocene-miocene deposits are
highly prone towards landslide events. These deposits faced
42.85% of the total landslides while they cover 22.77% of the total
area. Middle late Palaeocene and Meghalayan formation cover very
less area and faced only one landslide event. Palaeocene-eocene
deposits cover around 10% of the total area and faces around 15%
of the total landslides which shows their high proneness towards
landslides.

Fault density had a significant impact on the occurrence of land-
slides. The moderate fault density covers 39.12% of the area but
responsible for the occurrence of 50% of the total landslides. The
low fault density covers 27% of the total study area while 38.23%
of total landslides occurred in these regions.

Drainage density had a linear impact on occurrence of land-
slides. As the drainage density increases, the proneness towards
landslide occurrence increases. 6.83% of the total area is covered
with very high drainage density while such type of the region faced
15.83% of the total landslides. There was 24.07% of the total area
covered with high drainage density which faced 30.77% of the total
landslides. 11.30% of the total area is covered with very low drai-
nage density which faced only 3.84% of the total landslides.

The road considered in this study has been upgraded to four
lanes recently. So, landslide events have been increased due to dis-
turbance of natural slopes. Distance from the road is another
important causative factor of landslides. The region which has
low distance to road covers 30.55% of the total area but faced
8 9 10 11 12 13 14 15

1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.58

Lithology Drainage
Density

Fault
Density

TWI Road
Distance

Weightage

0.058
0.019
0.038
0.027
0.114

1 0.208
0.25 1 0.095
0.33 0.5 1 0.073
0.2 0.33 1 1 0.042

3 7 4 7 1 0.325



Table 6
Pairwise comparison matrix

Causative Factors/Sub-factors 1 2 3 4 5 6 7 8 9 AHP Weightage

Slope Gradient
0-<15 1 0.033
15-<30 3 1 0.063
30-<45 5 3 1 0.129
45-<60 7 5 3 1 0.262
More than 60 9 7 5 3 1 0.513
CR 0.053

Aspect
Flat 1 0.023
North 2 1 0.047
Northeast 7 4 1 0.204
East 4 2 0.33 1 0.082
South East 9 8 3 4 1 0.362
South 5 3 0.5 2 0.25 1 0.125
South West 4 2 0.25 1 0.2 0.5 1 0.078
West 3 0.5 0.25 0.5 0.14 0.33 0.5 1 0.046
North West 2 1 0.14 0.33 0.12 0.25 0.33 0.5 1 0.033
CR 0.025

Curvature
Flat 1 0.072
Concave 7 1 0.649
Convex 5 0.33 1 0.279
CR 0.068

Relative Relief
0-<76 1 0.637
76-<172 0.33 1 0.258
172–254 0.2 0.33 1 0.105
CR 0.04

Geology
Undifferential Krol, Infra Krol, Blani Fms 1 0.043
Jaunsar Group 2 1 0.064
Jutogh Group 4 3 1 0.132
Undiff Muree Group, Dharamshal Group, Dagshai and Kasauli Fms 8 7 5 1 0.474
Subathu Fms 6 5 3 0.33 1 0.256
Lower Shivalik Group 0.5 0.33 0.2 0.11 0.14 1 0.031
CR 0.043

Lithology
Eocence-Miocene 1 0.135
Meghalayan 0.12 1 0.01
Middle late Pleistiocene 0.11 0.50 1 0.08
Miocene 0.17 4 4 1 0.028
Neoproterozoic 0.25 6 6 4 1 0.076
Palaeocene-Eocene 2 8 9 6 4 1 0.144
Proterozoic (Undiff) 0.25 4 5 5 0.33 0.25 1 0.066
CR 0.085

Fault Density
Low 1 0.072
Moderate 5 1 0.279
High 7 3 1 0.649
CR 0.068

Drainage Density
Low 1 0.105
Moderate 3 1 0.258
High 5 3 1 0.637
CR 0.04

Distance from Road
Low 1 0.804
Moderate 0.12 1 0.122
High 0.11 0.5 1 0.074
CR 0.039

Topographic Wetness Index (TWI)
Less than 4 1 0.671
4-<8 0.2 1 0.178
8-<12 0.14 0.5 1 0.096
More than 12 0.11 0.25 0.5 1 0.055
CR 0.022
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40% of the total landslides while the region which has high dis-
tance to road covered 45.23% of the total area but faced only
33.12% of the total landslide events.

Lower values of topographic wetness index (TWI) had more
impact on occurrence of landslides while higher values had very
less effect on occurrence of landslides. 52.6% of the total area is
covered with TWI less than 4 while 38% of the total area is covered
8

with TWI between 4 and 8. The region covered TWI value less than
4 faces 61.76% of total landslides while area covered with TWI
(from 4 to 8) faced 35.29% of the total landslides. The area with
TWI values more than 12 covers 0.5% of the total area and faced
no landslide event. Table 6 shows the details of pairwise compar-
ison matrix of the sub-factors, consistency ratio and weightage of
sub-factors.



Fig. 5. Landslide Hazard Map.
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The landslide hazard index (LHI) is calculated using the follow-
ing equation:

Landslide Hazard Index LHIð Þ ¼ 0:058� Slopeþ 0:019

� Aspect þ 0:038

� Curvatureþ 0:027

� Relative Relief þ 0:114

� Geologyþ 0:208

� Lithologyþ 0:095

� Drainage Densityþ 0:073

� Fault Densityþ 0:042

� TWI þ 0:325

� Distance from Road ð4Þ
9

Based on LHI, landslide hazard map for the study area is shown
in Fig. 5. The landslide hazard index (LHI) varies from 0.00839 to
0.5211. The landslide hazard map is divided into four categories
using natural breaks i.e. low (0.00839–0.1317), moderate
(0.1317–0.1961), high (0.1961–0.3969) and very high (0.3969–
0.5211). It is found that 21.56% of the total area lies under very
high landslide hazard zone which faced 46.51% of the total land-
slides. 29.05% of the total region lies under high landslide hazard
zone which faced 32.56% of the total landslide events. 39.85% of
the total study area lies under moderate landslide hazard zone
while it faced only 18.60% of total landslide events. 9.52% of the
region lies under low landslide hazard zone and only 2.32% of
the landslides occurred in this region.

The output of the study is validated with receiver operation
characteristics (ROC) curve. The ROC curve is plotted between area
of landslide hazard class and area of landslides. The prediction rate
for training data is found to be 0.874 while the prediction rate for



Fig. 6. ROC curve for validation.
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testing data is found to be 0.825. Fig. 6 shows the prediction curve
for the output.

5. Conclusion

The highway stretch considered in this study is subjected to the
landslide disaster frequently. So, landslide hazard assessment is
required for planning and execution of construction activities
along the highway corridor. Analytic hierarchy process (AHP) has
been implemented for preparation of landslide hazard map. There
were 10 causative factors which are considered in this study. Dis-
tance from road, lithology and geology are the major contributing
factors in landslide occurrence according to the weightage
assigned using AHP. A landslide inventory containing details of
215 landslides was used to train and test the final output. The land-
slide inventory had also helped in deciding the pairwise compar-
ison of the different causative factors and sub-factors. 70% of the
landslides were used for training and 30% landslide data is used
for testing purpose. The landslide hazard map was divided into
four zones. It is found that around 79% of landslides lies in high
and very high landslide hazard zones. The prediction rate observed
for the landslide hazard map is found to be 0.825. The output of the
study depends on the causative factors considered and their
weightage. The prediction rate can be increased by varying the
causative factors and their weightage. The output of the study
can be used by the project planners, environmental engineers, con-
struction managers and risk engineers. The landslide hazard map
can be used for planning the construction and maintenance opera-
tions of the highway.
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