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Abstract: A comprehensive use of analytical hierarchy process (AHP) method in landslide susceptibility mapping
(LSM) has been presented for rim region of Tehri reservoir. Using remote sensing data, various landslide causative
factors responsible for inducing instability in the area were derived. Ancillary data such as geological map, soil map, and
topographic map were also considered along with remote sensing data. Exhaustive field checks were performed to
define the credibility of the random landslide conditioning factors considered in this study. Apart from universally
acceptable inherent causative factors used in the susceptibility mapping, others such as impact of reservoir impoundment
on terrain, topographic wetness index and stream power index were found to be important causative factors in rim region
of the Tehri reservoir. The AHP method was used to acquire weights of factors and their classes respectively. Weights
achieved from AHP method matched with the existing field conditions. Acceptable consistency ratio (CR) value was
achieved for each AHP matrix. Weights of each factor were integrated with weighted sum technique and a landslide
susceptibility index map was generated. Jenk’s natural break classifier was used to classify LSI map into very low, low,
moderate, high and very high landslide susceptible classes. Validation of the susceptibility map was performed using
cumulative percentage/success rate curve technique. Area under curve value of the success rate curve was converted to

percentage validation accuracy and a reasonable 78.7% validation accuracy was achieved.
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INTRODUCTION

There has been a noticeable increase in the number of
natural disasters occurring worldwide causing huge loss of
human life and property. Impact of natural disasters is
amplified in the regions where topography is rugged and
human settlements are remotely established. Anthropogenic
activities, such as development of infrastructure, townships
in environmentally sensitive zones have also amplified the
impact of disasters as reflected from a number of events
occurred in last few years. Some of the recent examples in
this context can be given as Fukushima disaster in Japan
(2012), Kedarnath disaster (2013) in Uttarakhand, India,.
In the wake up of current events, proper planning and
mitigation strategies are prerequisite for any government
machinery responsible for development activities in a region.
Present global scenario necessitates the identification of
terrains vulnerable to natural disasters of an area.
Susceptibility study for natural disasters of a region makes
it easier to execute a planned infrastructure development.
Present study area is situated in rugged lesser Himalayan
terrain. Construction of Tehri dam and consequent
development of a huge reservoir (67 km long) has

substantially changed the nature of the terrain. After the
impoundment of water in the reservoir, increased incidences
of landslides have been reported from the rim region. Steep
topography of the area, unfavourable lithology and structural
discontinuities as well as nature of soil are the major reasons
for the instability in the region. (Gupta and Anbalagan 1997,
Kumar and Anbalagan 2013). Combination of reservoir side
slope adjustment process and the inherent landslide causative
factors are making Tehri reservoir rim area highly vulnerable
to landslides. In general, landslides are caused by
combination of geo-environmental factors which were
discussed by Varnes (1984) and Hutchinson (1995). Most
important inherent factors are bedrock geology (lithology,
structure, degree of weathering), geomorphology (slope
gradient, aspect, and relative relief), soil (depth, structure,
permeability, and porosity), land-use/land-cover (LULC),
and hydrologic conditions. Landslides are triggered by many
extrinsic causative factors such as rainfall, earthquake,
blasting and drilling, cloudburst, flash-floods etc. Gupta and
Anbalagan (1997) used a set of inherent landslide causative
factors namely: lithology, structural discontinuity,
hydrogeology, slope morphometry, and LULC along with
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external factors: seismicity and earthquake for landslide
hazard zonation (LHZ) study in the Tehri reservoir rim
region. According to Varnes (1984), zonation applies in
general terms to division of the land surface into areas and
ranking these areas according to the degree of actual or
potential hazard from landslides or other mass movement
on slopes. Landslide hazard is considered in natural hazard
category which is defined as the probability of occurrence
within a specified period of time and within a given area of
potentially damaging phenomenon (Varnes 1984). Another
definition of landslide vulnerability was given as the spatial
probability of occurrence of landslide based on a set of geo-
environmental factors (Brabb 1984). Several authors
emphasised that susceptibility holds for ‘where’ landslide
will occur whereas hazard stands for “when’ landslide will
occur (Guzzetti et al. 1999; van Westen et al. 2006). In the
present study, definition of landslide susceptibility was
followed to carry out the identification of landslide prone
zones (Fell et al. 2008).

A number of different methods are available to identify
landslide susceptible zones. Several authors attempted to
classify LHZ technique (Guzzetti et al. 1999; Aleotti and
Chowdhury 1999; Guzzetti et al.2005; Kanungo et al. 2009).
In general, landslide susceptibility methods can be grouped
into the following three broad categories: qualitative, semi-
quantitative and quantitative methods. Qualitative methods
involve geomorphologic mapping approach, heuristic
approach and other subjective judgement approach
(Zimmerman et al. 1986; Anbalagan 1992; Nagarajan et al.
1998; Gupta et al.1999; Saha et al. 2002). Semi-quantitative
methods consider weighing and rating based on logical tools
such as AHP, fuzzy logic, combined landslide frequency
ratio & fuzzy logic and weighted linear combination (WLC)
(Ercanoglu and Gokceoglu 2004; Kanungo et al. 2006;
Champatiray et al. 2007; Yalcin 2008; Pradhan and Lee
2009; Mondal et al. 2012; Kayastha et al. 2013). Quantitative
landslide susceptibility methods produce numerical
estimates (probabilities) of the occurrence of landslide
phenomena in any hazard zone (Guzzetti et al. 1999).
Quantitative methods are landslide inventory driven methods
which predict landslide probability based on the assumption
that landslide conditioning factors and landslides are
uniformally distributed in an area. Quantitative methods are
further divided into bivariate and multivariate classes.
Bivariate landslide susceptibility method is based on link
between historical landslide data and landslide density in
factors (Dai and Lee 2002; Lee and Pradhan 2007; Mathew
etal. 2007; Dahal et al. 2008; Pradhan and Lee 2010; Ghosh
et al. 2011; Kumar and Anbalagan, 2013). It considers
landslide as dependent variable whereas factors as

independent variables and are considered individually for
susceptibility assessment. Multivariate methods are also data
driven but in this case, combined influence of factors on
dependent variables are mathematically synthesized and
influence of individual factors can also be acquired in
numerical form (Lee 2005; Yesilnacar and Topal 2005; Lee
and Pradhan 2007; Mathew et al. 2007; Pradhan and Lee
2010; Das et al. 2010; Das et al. 2012; Kundu et al. 2013).
Another type of quantitative method is the deterministic
method which is a site specific method. Deterministic
method is based on geometric properties of slope, structural
discontinuity, moisture content etc. This gives result in the
form of factor of safety of particular slope (Sharma et al.
1995; Singh et al. 2008; Chakraborty and Anbalagan 2008).
A quantum of literature is available on LSM for the
Uttarakhand Himalaya. Almost each methodology of
susceptibility mapping was applied in this region (Saha et
al. 2002; Arora et al. 2004; Kanungo et al. 2006;
Champatiray et al. 2007; Mathew et al. 2007; Anbalagan et
al. 2008; Das et al. 2010; Kundu et al. 2013). Review of the
literature revealed that in general, each method is suitable
for susceptibility mapping in this region. Some authors found
multivariate statistical method more suitable (Das et al. 2012;
Kundu et al. 2013) where as others found bivariate statistical
method suitable (Saha et al. 2005). Heuristic methods such
as LHEF (landslide hazard evaluation factor) based LHZ
(which is also a Bureau of Indian Standards code) and GIS
based weighted overlay approach were extensively applied
in the Uttarakhand Himalayan region (Anbalagan 1992;
Pachauri and Pant 1992; Gupta et al. 1999; Sarkar et al.
2004). But there still exist confusion about the use of a model
which would be the best fit for the rugged Himalayan terrain.
Varnes (1984) and Guzzetti et al. (1999) emphasised the
use of heuristic models for the regional scale hazard zonation
mapping. As the highly rugged lesser Himalayan terrain
inherit steep spatial variation in lithology, structure, slope
morphometry and drainage pattern, it is very sketchy to
implement the exhaustive numerical susceptibility model
in the field. Use of AHP model in the present region is also
not found. This paper presents the use of the AHP method
for weighing factors and their classes to generate a landslide
susceptibility map of the rim region of Tehri reservoir.

STUDY AREA AND DATA PREPARATION

The area falls under longitude/latitude of 78.5° E and
30.5° N respectively (Fig. 1). Its administrative limits are
covered within the domain of Tehri Garhwal district of
Uttarakhand state. The area is covered in Survey of India
topographic sheet no 53J/7 NW at a scale of 1:25000.
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Fig.1. Location map of the study area along with landslide incidences.

Physiographically, the area is highly undulating lesser
Himalayan terrain, represented by high ridges/spurs, deep
valleys and abrupt/sharp slopes. In general, ridges have thick/
dense to open forest on northern side while southern face is
mostly covered by agricultural land. The area is a complex
network of numerous streams, which are making dendritic
to sub-dendritic pattern. Two major streams Bhagirathi and
Bhilangana confluence at a place where a 260.5 m high Tehri
dam became operational in the first decade of the century
and is one of the highest rock-filled dams of the world. The
construction of the dam has resulted in the formation of a
huge reservoir (67 km long) in Bhagirathi and Bhilangana
valley. Maximum reservoir level (MRL) is 830 m and dead
storage level (DSL) is 740 m. The reservoir water fluctuates
between MRL and DSL during dry and monsoon season.
During the peak monsoon season, when the reservoir is at
maximum level, it saturates the valley slopes. When the water
level goes down, it considerably saturates the side slopes
which often become unstable and may create slope instability
problems in a number of places. The instability problem
vary from place to place because of the following problems
- (a) type of slope material, (b) Geometry of rock slope,
(c) vegetation cover, and (d) human interference within the
reservoir rim boundary. The drawdown condition of the
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reservoir has a distinctly adverse impact on the stability of
the reservoir rim area, which is manifested in the form of
landslides (Fig. 1). These are also called reservoir induced
slope failures which are found to be varying in a range of
Smx5m to 50mx*50m dimension. During field observations,
it was found that these landslides gradually spread on the
upper reaches of side slopes where a number of villages are
situated.

Total thirteen causative factors were chosen for the
susceptibility analysis of the region. Acquisition of landslide
causative factors was carried out using a variety of data
sources. Table 1 refers to various data used in the present
study. ASTER multispectral data of VNIR (Visible Near
Infra Red) range (15 m spatial resolution) and WorldView -
2 (panchromatic band) data of 0.5 m spatial resolution was
used for the extraction of important factors. Raw remote
sensing (ASTER) multispectral data was processed in ENVI
4.5 software. Different bands were extracted and geo-
referenced according to UTM WGS 1984 Zone 44N. VNIR
bands were selected for further study. WorldView -2 data
was acquired in corrected form and used exclusively for
landslide inventory mapping and LULC mapping.

WorldView — 2 images covered only 40% of the study
area hence they were not used extensively. ASTER GDEM
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(30 m spatial resolution, version -2, 2011 release) and
Cartosat-1 DEM were subjected to DEM enhancement
techniques such as DEM fill and sink removal for further
analysis. Ancillary data such as landslide inventory,
geological map, soil map and topographic maps were
acquired from different sources. Processing of the ancillary
data involved rasterization according to the unit grid size of
25mx25m selected for the present study. Co-registration of
the remote sensing and ancillary data was carried out to
prepare a base map of the study area. According to the base
map thirteen terrain factor maps were prepared in the raster
grid form which are discussed in this section.

Rocks of the study area belong to the following
Formations — Rautgara, Mandhali, Deoban, Chandpur,
Nagthat, Berinag, and Blaini. Table 2 shows the stratigraphic
succession of the geological groups and formations of
Tehri area. Central part of the area is represented by
Chandpur Formation. Rocks of Chandpur Formation are low
grade metamorphosed lustrous phyllites and highly
weathered quartzites. These rocks are highly vulnerable to
sliding because of the presence of well developed foliation
plains and joints. Nagthat Formation is found in the western
part of the study area. Rocks of Nagthat Formation are
characterized by white, purple and green coloured quartzites
with subordinate intercalation of grey and olive green slates
with siltstones. Varying degree of weathering was observed
in quartzites belonging to Nagthat Formation. Shearing was
found to be common discontinuity in those rocks. In eastern
part of the study area, North Almora Thrust (NAT) separates
Jaunsar Group of rocks from Damtha Group (Rautgara
Formation). Rocks of Rautgara Formation comprises of
purple, pink and white coloured, well jointed, medium
grained quartzites, minor slates and metavolcanics. Deoban
Formation is found in eastern and north-eastern part of the
study area. It is sandwiched between Rautgara Formation
and Berinag Formation in the southern part of the study area.
Deoban Formation consists of fine grained dolomitic
limestone with minor phyllitic intercalations. These rocks
are mainly found at the higher ridges. Rocks of Berinag
Formations are exposed in the eastern part of the area. It is
separated by Berinag thrust at its base. These rocks are

mostly quartzites. Bliani Formations are found in the western
part of the study area. This Formation comprises of
quartzites, slates and carbonate rocks. Two major synclines
and NAT are present in the area.

A geological map was prepared following the work of
Valdiya (1980) and field observations (Fig. 2a). A regional
soil map was prepared on the basis of the published report
of Watershed Management Directorate, Dehradun.
Following three categories: alluvial sandy loam, sandy loam
and forest/black soil are represented in the area (Fig. 2b).
Remote sensing data was used to acquire landslide inventory,
LULC and photo-lineament by applying digital image
processing techniques such as NDVI, supervised
classification, band rationing etc. Onscreen visualization
based on colour, tone, texture, pattern, shape and shadow
was also performed for identification of LULC boundary
and photo-lineament (Gupta et al. 1999). Five categories of
LULC namely: dense forest, open/scrub forest, agricultural
land, settlement/barren land and water body were derived
from combination of topographic map and satellite imageries
(Fig. 2c). ASTER GDEM was used for the extraction of
topographic attributes namely slope, aspect, relative relief,
profile curvature, topographic wetness index (TWI) and
stream power index (SPI). Aspect is also an important factor
considered in LSM (Nagrajan et al. 1998; Saha et al. 2002;
Kanungo et al. 2009a). Aspect is the direction a slope faces
with respect to north. Aspect determines the effect of solar
heating, soil moisture, and dryness of air (Dai et al. 2001,
Suzen and Doyuran 2004; Yalcin 2008). Aspect map of the
area was prepared on the basis of DEM manifesting nine
classes namely, flat (-1), north (0°—22.5° and 337.5°-360°),
northeast (22.5°-67.5°), east (67.5°-112.5°), southeast
(112.5°-157.5°), south (157.5°-202.5°), southwest (202.5°-
247.5°), west (247.5°-292.5°) and northwest (292.5°-337.5°)
(Fig. 2d). Literature review suggested that slope angle
substantially impact the landslides (Kanungo et al. 2006;
Gupta et al. 2008; Dahal et al. 2009; Kayastha et al. 2013).
Slope map was prepared covering five classes: very low/
flat (0° -10°), low (10°-20°), moderate (20° -32°), high (32°-
45°) and very high (>45°) (Fig. 2¢). Relative relief is the
difference between maximum and minimum elevation

Table 1. Stratigraphic succession and rock type represented in study area (Valdiya, 1980)

Group Inner Lesser ~ Outer Lesser Age Rock type

Himalaya Himalaya

Formations
Mussoorie Blaini Neoproterozoic Quartzite, limestone, slates, phyllites and conglomerate
Jaunsar Berinag Nagthat Mesoproterozoic Weathered quartzite intercalated with slate

Chandpur Mesoproterozoic Low grade lustrous phyllites

Tejam Deoban Mandhali Mesoproterozoic Dolomitic limestone with phyllitic intercalations
Damtha Rautgara Mesoproterozoic (>1300my)  Quartzite, slate, metavolcanic rocks
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Fig.2. Factors used to identify the landslide susceptible areas in the present study, (a) Geology, (b) soil, (¢) LULC, (d) aspect, (e) slope,
(f) relative relief.

point within a facet or area and it is widely used in  (>150 m) were considered for landslide susceptibility study
susceptibility model (Gupta et al. 1999; Saha et al. 2005;  (Fig. 2f). Together with other factors, curvatures control the
Kanungo et al. 2009a). In the present study, relative relief ~ flow of water in and out of slopes and are, therefore
was found to be varying between 0 to 367 m. important in the study of landslides (Ayalew et al. 2004;

Following five classes of relative relief: very low relief =~ Dahal et al. 2009). Profile curvature was considered for this
(0-30 m), low relief (30 m—60 m), moderate relief (60 m—  study. Accordingly, a profile curvature map was prepared
100 m), high relief (100 m—150 m) and very high relief = showing concave and convex profile.
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Table 2. Data used in present study

Data Sensor Resolution/  Data Derivative
Type Scale
Image ASTER 15m LULC
WorldView - 2 Photo-lineament
0.5m Landslide inventory
DEM Cartosat 1 2.5m Slope
DEMASTER GDEM 30m Aspect
Relative relief Profile
curvature TWISPI
Drainage
Ancillary  Geology map 1:250000 Vector geology map
1:250000 Vector soil map
1:25000 Vector topographic map
1:25000 Vector Landslide Inventory

Two secondary topographic factors, TWI and SPI, which
were hardly employed in landslide susceptibility study in
Uttarakhand Himalayan region, were used as an input in
this model. TWI considers catchment area and slope
gradient. It can be calculated using formula:

TWI=1In (1)

tan slp

in which CA stands for catchment area and slp for slope
gradient. TWI is associated with flow accumulation at the
given terrain. It is effectively used to understand the soil
moisture condition and other related phenomenon (Wilson
and Gallant 2000; Wilson 2011). TWI was computed in Arc
GIS 10.1 software. Resulting value of TWI and SPI were
represented on natural log scale. Range of TWI was found
between 5-19. TWI map was classified into four classes
(Fig. 3a). Another important parameter SPI was calculated
using formula given below

SPI = In (CA x tan slp) )

SPI represents the erosive power of the streams in a
terrain (Wilson and Gallant, 2000). SPI was found to range
between 1.5 to 15. Five classes of SPI were achieved using
natural break classifier (Fig. 3b).

The rugged terrain of Himalaya is prone to drainage
induced landslides (Gupta et al. 1999, Saha et al. 2002; Saha
et al. 2005). Drainage buffer map was prepared containing
0-50 m, 50-100 m, 100-150 m, 150-200 m and > 200 m
distances (Fig. 3¢). Distance to lineament is a fair measure
of the prediction of landslide occurrence and considered as
indispensible input in susceptibility model by a number of
authors (Gupta ef al. 1999; Saha et al. 2005; Dahal et al.
2008; Pradhan et al. 2010). Photo lineament layer was
prepared using edge detection method on DEM and
calibrated by onscreen visualization process. Complying
with field observations, a photo-lineament buffer map was

prepared covering 0—-50 m, 50-100 m, 100-150 m, 150—
200 m and >200m distances (Fig. 3d). Field observations
provided insight about frequency of landslides along the
reservoir rim region, accordingly, reservoir multi-buffer map
(100 m, 200 m, 300 m, 400 m, 500 m) was prepared (Fig.
3f). Following the previous logic a road buffer map was
prepared showing 0-50 m, 50-100 m, 100-150 m, 150—
200 m and >200m distances (Fig. 3¢). External factors such
as rainfall, earthquake and temperature variation were not
used in this model because of their temporal nature (Gupta
et al. 2008). Most of the landslides are triggered in the
monsoon period (<5% triggered during other seasons) and
the precipitation is uniformly distributed throughout the
region; hence the temporal factor rainfall, was not considered
in the present landslide susceptibility study.

METHODOLOGY

Procedure of LSM in the present region was initiated by
collecting landslide information. A landslide inventory map
was prepared using historical information available, field
observation/GCP collection and satellite data. With the help
of local population and remote sensing data a point vector
map of landslide inventory was created in GIS domain.
Dimensions of landslides were varying between 25 m? to
2500 m*. Most of the landslides were found to be shallow
in nature. A total of 195 landslide occasions were covered
in the form of point vector (Fig. 1).

One important aspect was the use of factors in GIS
based model. But in a GIS-based study, it is also necessary
to be sure that any selected factor is operational (has a
certain degree of affinity with landslides), complete (is fairly
represented all over the study area), no uniform (varies
spatially), measurable (can be expressed by nominal, ordinal,
interval, ratio scales), and non-redundant (its effect should
not account for double consequences in the final result)
(Yalcin 2008). More or less each factor was found to be fit
according to the above mentioned criteria.

The present study is based on the use of AHP method
for synthesising weights of the factors/classes. Application
of AHP method is widely used in site selection, suitability
analysis and LSM (Ayalew et al. 2005; Yalcin 2008;
Feizizadeh and Blaschke 2012). AHP is a multi criterion
decision making technique introduced by Saaty (1980) which
allows subjective as well as objective factors to be
considered in the decision-making process (Yalcin 2008;
Feizizadeh and Blaschke 2012). It is based on three
principles: decomposition, comparative judgment and
synthesis of priorities (Malczewski, 1999; Yalcin 2008;
Kayastha etal. 2013). AHP breaks complex decision making
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buffer, (e) road buffer, (f) reservoir buffer

problem into a hierarchy of factors and alternatives. Factors
and alternatives are assigned weights on a nine point ordinal
scale (Table 3) by virtue of pair-wise comparison between
them. Factors or their classes are arranged in the form of
matrix which contains equal number of rows and columns,
where scores are recorded on one side of the diagonal, while
values of 1 are placed in the diagonal of the matrix (Satty
1977; Gorsevski et al. 2006). Pair-wise comparison and
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judgment of score is influence by professional knowledge.
Source of knowledge of landslide causative factors can be
subjective or it may be perceived from objective approach.
Yalcin (2008) emphasized that subjective as well as objective
factors to be considered in decision making process. In this
study relative value of each pair of the factors/classes was
determined on the basis of professional knowledge from
the field work and presence of landslide in those classes.



278 ROHAN KUMAR AND R. ANBALAGAN

When the factor on the vertical axis is more important than
the factor on the horizontal axis, this value varies between
1 and 9 and conversely, the value varies between the
reciprocals 1/2 and 1/9 (Saaty 1980; Yalcin 2008). Matrix
calculation gives factor/class weights in terms of eigenvector.
Calculation of maximum eigenvalue is also a part of the
AHP model. Subjective decision rule can violate the
transitivity rule and thus cause an inconsistency (Feizizadeh
and Blaschke 2012). One of the important aspects of the
AHP principle is the calculation of consistency index (CI)
and consistency ratio (CR). Saaty (1980) formulated
consistency index as:
A —N

Cl= m 3

where A, is the maximum eigenvalue and N is the number
of elements present in the row/column of the matrix. CR
can be calculated by ratio CI/RI, where RI stands for random
index (Satty 1980). Random index (Table 4) was compiled
by Satty (1980) on the basis of a number of random samples.
CR value of 0.1 is the maximum threshold of consistency of
the matrix. CR value >0.1 is thought to be inconsistent
where as value 0 indicates perfectly consistent comparison
result. Table 5 refers to AHP based matrix for the factors/
classes showing scores awarded on ordinal scale,
eigenvector, CR and maximum eigenvalue.

AHP method has its advantages in weighting/rating of
factors and their classes along with some deficiencies.
Relative scoring of the factors largely bank on the knowledge
of a person or professional. Relative preference given to a
factor by a person or professional is often not recognised
by others, which is a major drawback of any subjective
decision making system. Nonetheless, pair-wise comparison
provides a simple and acceptable decision rule. In landslide
studies, some factors have certain degree of dependency in
influencing landslides whereas AHP considers factors in

Table 3. Ordinal scale represents preference of judgement (Saaty 1977)

Preference/ Degree of Remarks

ordinalscale  preference

1 Equally Factors inherit equal contribution

3 Moderately One factor moderately favoured over other

5 Strongly Judgement strongly favour one over other

7 Very strongly ~ One factor very strongly favoured over other

9 Extremely One factor favoured over other in highest degree
2,4,6,8 Intermediate Compensation between weights 1,3,5,7 and 9
Reciprocals Opposite Refers inverse comparison

Table 4. Random consistency index (RI) (Saaty, 1980)
N 12 34 5 6 7 8 9 10 11 12 13 14 15

RI 0 0 058 09 1.12 1.24 1.32 1.41 1.451.49 1.51 1.53 1.56 1.57 1.59

hierarchy as an independent entity. For example a relatively
moderate slope can fail owing to increase in the moisture
content of the slope forming material (TWI and SPI
parameters) but in AHP system, moderate slope will be given
lesser preference compared to high slope category. Overall
AHP multi criteria decision making provides a very flexible
and simple decision making which can be conveniently
accommodated in the GIS domain.

Next step was calculation of landslide susceptibility
index (LSI). It was computed using weighted arithmetic sum
method which can be formulated as given below:

N
LSI = X Weigth of factor (W) x weight of factor classes (W)

=1

“4)

where W, denotes weight of ith class of factor J. LSI map

was classified into very low, low, moderate, high and very

high susceptibility classes employing natural break (ESRI
2012) classification method.

RESULTS

LSM was performed using AHP method. AHP was used
to weight factors and their classes (Table 5). Raster maps of
each factor were assigned weight values on cell by cell basis.
Integration of weighted raster maps was performed using
eq. 4. Integration resulted in a LSI map which contained
numerical susceptibility information in which higher LSI
values indicate high susceptibility and lower value indicate
low susceptibility (Fig.4). LSI values are found in a range
of 8.58 to 53.89 (Fig. 4). Natural break classifier was used
to calculate class break values of the continuous LSI map,
which is depicted in Fig. 5 and accordingly LSI map is
classified into the following five categories: Very low
susceptibility, low susceptibility, moderate susceptibility,
high susceptibility and very high susceptibility (Fig. 6). 23%
of the entire area is found in very low susceptibility class,
34% in low susceptibility class, 25% in moderate
susceptibility class, 15% in high susceptibility class and 3%
in very high susceptibility (Fig. 7). Results have indicated
that areas immediate to the reservoir banks mostly fall in
high susceptibility classes. Result have also reflected that
high susceptible classes occupied areas around the drainage
network. Low susceptibility classes are observed in areas
having flatter terrain, dense forest cover and sparse forest
cover. Settlement areas have been observed in moderate to
high susceptibility classes.

VALIDATION

Validation was performed to obtain the accuracy of
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Table 5. Refers AHP scores of factors/classes, eigenvector, CR and Maximum eigenvalue

Factors and Classes 1 2 3 4 5 6 7 8 9 10 11 12 13 Normalized
Eigen (Weight)
Factors comparison
Geology (1) 1 0.0342
Soil (2) 1/3 1 0.076
LULC (3) s 1 1 0.126
Lineament (4) 3 4 4 1 0.131
Drainage (5) 4 4 4 3 1 0.021
Slope (6) 4 4 5 3 1 1 0.077
Aspect (7) Ya 1/3 1/3 1/3 Va 1/5 1 0.065
Relative relief (8) 3 4 4 2 1/3 1/3 3 1 0.023
TWI(9) Yy 1 2 1/3 Ya Va 2 1/3 1 0.21
SPI(10) 1/3 23 23 YVa 1/5 1/5 2 Va 1/3 1 0.0175
Reservoir Buffer (11) 4 4 5 4 3 3 5 4 5 5 1 0.127
Curvature (12) Ya 1/3 YVa 1/5 1/5 1/6 Vs 1/3 Va Vs 1/5 1 0.0342
Road Buffer (13) 4 4 4 3 1 1 5 3 4 5 1/3 5 1 0.076

CR =0.067, Maximum eigenvalue — 14.2

Factor classes comparison

Geology

Blaini Formation (1) 1 0.066
Nagthat Formation (2) 4 1 0.26
Chandpur Formation (3) 5 2 1 0.345
Berinag Formation (4) 1 Va 1/5 1 0.068
Deoban Formation (6) 1 YVa 1/5 1 1 0.063
Mandhali Formation (7) 1/3 1/5 1/5 1/3 123 1 0.038
Rautgara Formation (8) 4 1/3 1/3 3 3 4 1 0.160
CR =0.0472, Maximum eigenvalue = 8.331

Soil Cover

Alluvial/sandy Loam (1) 1 0.636
Forest Soil/Black Clay (2) 1/5 1 0.104
Sandy Loam (3) 1/3 3 1 0.258
CR =0.0192, Maximum eigenvalue = 3.03

Relative relief

Very low (1) 1 0.045
Low (2) 2 1 0.062
Moderate (3) 3 3 1 0.119
High (4) 5 5 3 1 0.242
Very high (5) 8 7 5 4 1 0.529
CR =0.068, Maximum eigenvalue = 5.27

Slope category

0°-10° (1) 1 0.039
10°-20° (2) 2 1 0.057
20°-32° (3) 4 3 1 0.122
32°-45° (4) 6 5 3 1 0.241
>45° (5) 8 7 5 4 1 0.539
CR =0.0619, Maximum eigenvalue = 5.24

Lineament Buffer

0-50m (1) 1 0.418539
50— 100m (2) Y 1 0.262518

100m — 150m (3) 1/3 vy 1 0.159923
150m —200m (4) Va 1/3 vy 1 0.0972536
>200m (5) 1/5 Ya 1/3 Vs 1 0.0617666
Consistency Ratio = 0.017, Maximum Eigenvalue = 5.068

Drainage Buffer

0-50m (1) 1 0.479
50— 100m (2) 1/3 1 0.267
100m — 150m (3) Va 1/3 1 0.128
150m —200m (4) 1/5 Ya vy 1 0.083
>200m (5) 1/7 1/6 YVa 1/3 1 0.041
CR =0.051, Maximum eigenvalue = 5.207

Land use/ Land cover

Dense forest (1) 1 0.069
Sparse forest (2) 3 1 0.149
Agricultural land (3) 4 2 1 0.243
Settlement /Fallow Land (4) 5 4 3 1 0.537

CR =0.039, Maximum eigenvalue =4.11
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Table 5. Contd...

Factors and Classes 1 2 3 4 5 6 7 8 9 10 11 12 13 Normalized
Eigen (Weight)

Aspect

North (1) 1 0.0406

Northwest (2) 3 1 0.0625

West (3) 3 2 1 0.083

Southwest (4) 4 3 3 1 0.149

South (5) 5 4 4 3 1 0.295

Southeast (6) 4 3 3 3 1/3 1 0.204

East (7) 2 2 1 1/3 Ya 1/3 1 0.0791

Northeast (8) 2 1 2 1/3 Va Ya 2 1 0.0565

Flat (9) 1/3 1/3 1/3 Ya 1/5 1/5 1/3 1/3 1 0.0284

CR =0.0738, Maximum eigenvalue = 9.59

TWI

5-8(1) 1 0.068

8-12 (2) 3 1 0.134

12-16 (3) 4 3 1 0.268

16-19 (4) 5 4 3 1 0.52

5-8(1) 1 173 1/4 1/5 1 0.068

CR =0.060, Maximum eigenvalue =4.18

SPI

1.5-3 (1) 1 0.060

3-6 (2) 2 1 0.094

6-9 (3) 3 2 1 0.155

9-12 (4) 4 3 2 1 0.238

12-15(5) 5 4 3 2 1 0.451

CR=0.0317, Maximum eigenvalue = 5.12

Curvature

Concave 1 0.66

Convex 172 1 0.33

CR = 0.0, Maximum eigenvalue =2

Road Buffer

0-50 1 0.558

50-100 1/3 1 0.255

100 - 200 1/5 1/3 1 0.122

>200 1/6 Ya 1/3 1 0.062

CR =0.049, Maximum eigenvalue = 4.14

Reservoir buffer

0-100 (1) 1 0.448

100 — 200 (2) 1/3 1 0.220

200 - 300 (3) 1/4 1/2 1 0.142

300 — 400 (4) 1/5 1/3 Y 1 0.090

400 — 500 (5) 1/6 Va 1/3 2 1 2 0.058

>500 (6) 1/7 1/5 Va 1/3 23 1 0.03

CR =0.0325, Maximum eigenvalue = 6.16

landslide susceptibility map. Accuracy of landslide
susceptibility map is the capability of a map to delineate
landslide free and landslide susceptible areas. Comparison
of different models and model parameter variables can also
be performed from validation (Begueria, 2006). Accuracy
and objectivity depend on model accuracy, input data,
experience of professionals and size of the study area
(Soeters and van Westen, 1996). There are several statistical
methods available for analyzing model accuracy such as
error rate, ROC (Receiver Operating Characteristics) plot,
success rate curve and prediction rate curve. Error rate and
ROC curve method depend upon wrongly classified present
landslide areas (False positives) and wrongly classified non-
landslide areas (False negatives) whereas prediction rate
curve technique depend upon training and testing landslide

data. These methods exclusively depends upon the training
data. In the present study, cumulative percentage curve/
success rate curve technique, which considers existing
landslide, was used to validate the accuracy of the landslide
susceptibility map. Success rate curves were achieved by
plotting cumulative percent of LSI in descending order
against cumulative percent of landslide on X and Y axis
respectively. Fig. 8 is a cumulative percentage curve of the
presented model. It indicates that 58% of landslides fall
under 100 - 90% of high susceptible classes whereas 22%
of the landslides fall under 90-70% of high susceptible class,
and accordingly other values follow. Hence, percentage
cumulative curve clearly states the accuracy of the landslide
susceptibility map. Further, Area under curve (AUC) value
of accuracy curve was calculated by simple trapezium
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method. AUC value 0.787 is achieved for the present model
which can be converted in teams of percent success rate
accuracy of 78.7%. So it can be said that model gave an
accuracy of 78.7%. Nonetheless, landslide density of the
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Fig.7. Pie chart showing density of landslide susceptible classes

susceptible classes leads to the assessment of the overall
quality of the landslide susceptibility map (Sarkar and
Kanungo 2004; Kayastha et al. 2012). Table 6 depicts the
landslide density values in which it is noticeable that the
landslide density for the very high susceptible class is 2.147,
which is markedly larger than the other susceptible classes.
It can also be observed from the Table 6 that there is a
continuing decrease in the landslide density values from the
very high to low susceptible classes. On the basis of landslide
density results, it can be said that the computed susceptibility
classes largely comply with the field conditions (Fig. 9 and
Fig. 10). Fig. 9 (A-D) are the landslides observed along the
side slopes adjoining the reservoir which has been reflected
in the susceptibility map as high to very high susceptibility
classes (Fig. 6) where as Fig.9 (E-F) shows the landslides
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Fig.9. A,B,C and D refers to the landslide incidences along the side slopes adjoining the reservoir where as E and F

Y
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— i LSS

shows the landslides incidences on the steep cut slopes along the road.

adjoining the road (least distance to road) network and are
also manifested in terms of high and very high susceptibility
classes in the LSM. Fig. 10A depicts a landslide observed

Table 6. Landslide density in different classes of landslide susceptibility map

Susceptibility ~ Area Landslide Landslide
classes (km?) frequency  frequency
(No.) density
Very low 5 0 0.000
Low 80 5 0.062
Moderate 206 13 0.063
High 198 46 0.232
Very High 61 131 2.147

along a stream and this kind of terrain is reflected as high
and very high susceptibility class in the susceptibility map.
Fig 10B and 10C shows landslides in phyllitic rocks and
steep slopes respectively and are also reflected in
susceptibility map as higher susceptibility classes.

CONCLUSIONS

The present paper provides insights into the capability
of multi-criteria decision making system AHP in predicting
landslide susceptible areas. AHP method was successfully
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Fig.10. A is an example of the drainage induced landslide, B refers to landslide

in phyllite rocks and C refers to landslides on the very steep slopes.

used to assign weights to factors and their classes. Judgement
in the pair-wise comparison matrix was motivated by the
present landslides in the area. Landslide susceptibility map
provided critical evaluation of the factor classes present in
the area. Among the slope classes, most of the high
susceptible area is observed in very high and high slope
angle classes. Generally, in a terrain having high slope angle,
the weight of the possible mobilized material under gravity
will be more as compared to a moderate slope angle. Shear
strength being same in both the cases, a steep slope with
more mobilizing force may fail early. High susceptible area
is observed in high and very high relative relief classes. High
relative reliefs are surface manifestation of cliffs and ridges,
which are often rendered unstable by the influence of
triggering factors such as rainfall and earthquakes. Southern
aspect of the study area, which is receiving excessive sun
radiation and high rainfall, are observed under higher
susceptibility classes. Incidentally, a number of agricultural
terraces are present on the southwest facing slopes leading
to more instability. Among the secondary topographic
parameters, higher susceptibility classes are observed in the
higher TWI and SPI ranges. Higher TWI ranges are
associated with the increasing water infiltration which often
leads to increase in the pore water pressure and further
reduces the soil strength, hence making the terrain prone to
slope failures. SPI indicates the erosive power of the streams
and lower ranges of SP1 is related to the low erosive power
of'the streams. High susceptibility classes are also observed
in the areas in closer proximity to drainages (drainage buffer)
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and it can be attributed to the stream bank erosion due to
the river flow such as gulling, toe cutting which further
leads to landslides.

Lithology of the area belongs to different formations
and is represented by characteristic rock type, which might
govern landslide incidence. High susceptibility classes
were observed in the rocks belonging to Chandpur and
Nagthat Formation where low susceptibility classes were
observed in rocks belonging to Blaini, Mandhali, and
Deoban Formations. Rocks belonging to Chandpur
Formation are mostly weathered phyllites which are
inherently failure prone. Rocks of Blaini, Mandhali, and
Deoban Formations constituted of slate, quartzite, siltstone
and carbonate rocks and are found in low susceptibility
classes. Alluvial soil has been observed at lower elevations
along the drainage network and are not well compacted and
it leads to slope failures which is manifested in the form of
high susceptible area in the landslide susceptibility map.
High susceptible area was observed all around the fringes
of the reservoir rim owing mainly to the process of reservoir
side slope settlement process. Road network and other
infrastructures were observed along the reservoir rim
boundary. Higher susceptibility classes were observed all
along the areas in closer proximity to road. Impact of
lineament and slope profile curvature do not show any
characteristic pattern as observed from the landslide
susceptibility map. Combined effects of unplanned
construction and reservoir side slope adjustment process
results in a number of landslides during monsoon season
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which is reflected in the susceptibility map. Forest areas
were observed in low susceptibility region of the map.
Validation was performed using cumulative percentage/
success rate curve technique and gave an acceptable success
rate accuracy of 78.7%. Landslide density frequency results
have also found to be matching with the existing field
conditions.

LSM studies of the Tehri reservoir rim region can lead
to the identification of vulnerable valley slopes of the
reservoir which can be further studied analytically. Impact
of the reservoir impoundment on the susceptible side slopes
can open a whole new dimension of research such as
hydrogeological changes in the side slopes, changes in the

discontinuity orientation, and sinking of side slopes etc. A
detailed analytical (deterministic) approach based on
geotechnical properties of the susceptible slopes would be
a better way to understand the process of reservoir induced
side slope failure and consequently mitigation measures can
be adopted by the planners.
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