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AbstractThis study was aimed to utilize the decision-making capability of Analytical
Hierarchy Process (AHP) and empirical rating capability of Bureau of Indian Standard
code (BIS – 14496) methods to perform landslide susceptibility zonation (LSZ) mapping of
slopes bounding Koteshwar reservoir. The key issue in selection of mapping unit in any
LSZ mapping was simplified by adopting slope facet as the mapping unit. Slope facets were
demarcated by using very high resolution ALOS PALSAR 12.5m digital elevation model.
Total 54 facets were traced on the reservoir bounding slopes. For each slope facet, the
influence of geo-environmental factors, namely, lithology, structural favourability, land
use land cover, hydrogeological condition, slope angle and relative relief (as per BIS code)
on the landslide propensity was evaluated using ratings proposed in the BIS code and the
AHP method. LSZ map was created based on the procedure given in the BIS code.
Landslide susceptibility index (LSI) values for each slope facet was calculated by simple
arithmetic overlay operation which resembles total estimated hazard (TEHD) calculation
given in BIS code. Further, LSI values were normalized to a range TEHD values. The LSI
values were classified into five relative susceptible zones. Validation of both LSZ maps was
carried out by establishing a relationship of observed landslides in the field with the facets
identified under various susceptible zones.
Keywords: LSZ, Slope facet, AHP, Koteshwar reservoir rim

1. Introduction
India is one of the worst affected countries due to landslides. Every year during monsoon, a
number of fatal casualties are reported due to the landslides. Recently in Indian Himalayas, a
number of development activities involving many key infrastructure projects such as roads
and railway lines, storage dams, transportation tunnels, hydroelectric power plants, and
townships have been initiated. Along with various advantages of such development projects,
there exists a flip side in terms of landslides. A number of reports have revealed an increase
in incidences of landslides due to such infrastructure development projects in the Himalayas
[1]. To aggravate the problem, there are reports which suggest an increase in rainfall in
Indian Himalayan region [2]. In view of such a scenario, preparedness is the prerequisite to
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take appropriate remedial measures in these developmental projects. This requires accurate
information on the landslide susceptibility of the region.
Koteshwar reservoir rim area is located in a highly undulating Lesser Himalayan landscape of
the State of Uttarakhand, India. Erection of Koteshwar dam and subsequent formation of a
reservoir (̴ 20 km) has obstructed the valley slopes on which settlements and agricultural
fields are situated. After the reservoir filling, there has been an increase in landslide
incidence. Slope stability problems of this region are governed by steep topography,
unfavourable slope forming material (debris, moist soil, foliated rock -Phyllite) and
geological discontinuities [3-4].
Typically, landslides are caused due to a combination of geo-environmental factors
[5-6]. Intrinsic factors such as 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 are the
universally accepted factors responsible for landslides [6]. External factors such as
precipitation, seismic activity, drilling-blasting, cloudburst and sudden outpouring are also
accounted for a landslide.
Landslide susceptibility can be defined as the spatial probability of landslide event
that are governed by set of geo-environmental factors [7]. LSZ, LSM (Landslide
susceptibility mapping) and LHZ (landslide hazard zonation) mapping are the terms that are
interchangeably used in landslide susceptibility studies [1]. Since last three decades, many
methods are proposed for estimating landslide susceptibility. Broadly, LSZ techniques can be
grouped in four categories namely, qualitative (heuristic), quantitative (statistical or
probabilistic), deterministic (analytical or physical based model) and process-based (includes
computer added methods – Data mining, machine learning, decision tree etc.). In addition to
that, some methods namely, artificial neural network (ANN), support vector machines (SVM)
etc., use rigorous computation for LSZ mapping [8-9]. Qualitative methods are based on
expert knowledge about the landslide conditioning factors and assigning ratings to those
factors subjectively [5, 10-12]. Semi-quantitative techniques utilize the potential of logical
tools namely, weighted linear combination (WLC), fuzzy logic, Analytical Hierarchy Process
(AHP) etc., to retrieve weighing/rating of factors/classes [1]. A quantitative approach for the
LSZ mapping gives mathematical approximations (possibilities) of the existence of the
landslide [13-14]. This method is founded on the supposition that landslide is uniformly
distributed in the concerned area and hence landslide density in factor attributes is computed
to produce numerical estimates. Quantitative methods (also called data-driven methods) are
often grouped into bivariate and multivariate categories. Bivariate statistical process joins
individual factor to the landslide inventory and subsequently estimate weight values of factor
class based on landslide densities [15-16]. In bivariate methods, landslide is considered as
dependent variable and factors as independent variables. Multivariate methods calculate the
combined association between a dependent variable and a series of independent variables
[17-18]. A more site-specific method is called a deterministic method which uses slope
geometry, discontinuity-joint/foliation/fault/fracture, moisture content-pore pressure and
other geotechnical properties to acquire a degree of susceptibility in terms of factor of safety
[19-20].
Many authors have attempted LSZ/LSM/LHZ mapping in Uttarakhand Himalaya
using variety of techniques. All authors have achieved reasonable (>80%) accuracy in
identifying landslide susceptible zones. Literature reveals that different authors have used
different geo-environmental factors in LSZ studies. These studies are different from landslide
hazard assessment, mainly due to exclusion of the temporal probability of triggering factors
(rainfall, seismicity, cloudburst, temperature variations etc.). Pixel or raster grid remains the
most preferred choice of mapping unit for carrying out LSZ mapping in these studies except
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the slope facet. Planners face few challenges in implementing LSZ maps, which are based on
pixels as the unit. Major issues associated with pixel-based LSZ are the pixel size and the
scattered distribution of certain type of susceptible pixels. Large pixel size can exaggerate the
extent of high susceptible class and overlap into lower susceptible classes and conversely
opposite can happen. Therefore, the planners face a hard time in pointing to the specific
location of the high or low susceptible pixel due to scattered distribution of the pixels of that
class. Therefore, in this study, the mapping unit has been selected as slope facet.
The traditional slope facet-based method as given in BIS code (BIS 1998 – 14496 part
2), has been used. The ratings to geo-environmental factors affecting each slope facet have
been assigned using landslide hazard evaluation factor (LHEF) method given in BIS code.
Moreover, the most widely used AHP model in GIS community was also used to assign
ratings. Based on the ratings from two methods, LSZ maps have been generated.
2. Area of Study
The area is part of Koteshwar reservoir rim, centrally located at 78.49 oE longitude
and 30.30 oN latitude (Figure 1) in Tehri Garhwal, Uttarakhand, India. This area is
geographically bounded by the ridges of valley slope in which 20 km long koteshwar
reservoir is situated. This reservoir is squeeze in between Tehri dam (upstream) and
Koteshwar dam (downstream) built on Bhagirathi River.
The landscape is part of highly rugged Lesser Himalayan terrain and occupied by
steep valley, ridge, spars and dissected drainages. In general, ridges are covered by
dense to open forest, agricultural land and settlements. A complex network of several
streams making sub-parallel drainage pattern exist in the area.The valley is fairly
narrow with the V-shape profile. Though the valley is nearly straight in the initial
stretch, it takes several S-shaped loops in the later stretches. The valley slopes are
typically different on both the banks of the river. While the right bank

Figure 1. Landslide layer overlaid on location map of the area
generally has moderately steep slopes in the upper reaches, it increases to steep slopes
in the lower reaches. On the other hand, the left bank slopes are consistently steep to
very steep. While the rock outcrops constitute the left bank slopes except few locations,
the right bank slopes have overburden debris cover in many parts of the area. However,
rocks are seen commonly in lower reaches close to the riverbed on the right bank. The
slopes on the left and right banks extend for more than 100m from the river bed. Since
left bank occupies mainly steep slopes, most of the human activities are concentrated on
the right bank. However, due to the availability of large stretch of agricultural land on
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the right bank, many villages namely, Dobra, Kyari, Dhandeli, Palam, Phipalti, Gairogi,
Bandriya, etc., are located. In fact, the only approach road to the Koteshwar dam is also
located on the right bank. This is an all-weather metalled road, which nearly follows the
contours of the river up to the Koteshwar dam.
After becoming operational in the year 2010, the Koteshwar dam has led to creation of a
20 km long reservoir in the Bhagirathi river. The reservoir water fluctuates between
MRL (612m) and DSL (600m) during operation. Fluctuation of 8 to 12-meter water
level leads to the saturation of valley slopes that are in submergence zone, which often
become unstable at a number of places. Instability of these slopes depends on slope
material, slope angle, vegetation cover and anthropogenic activity. The instability is
mainly displayed many landslide incidences, sinkholes and subsidence that are also
attributed as reservoir-induced failures. The landslide dimensions have been found to be
varying in the range of 50 m 2 to 5000m2 .
3. Landslides in Koteshwar Reservoir area
Landslide instances have been recorded through field observations and interpretation of highresolution satellite imageries (Table 1). Worldview-2 PAN and VNIR, ASTER VNIR along
with Sentinel-2 VNIR bands of different years were visually interpreted based on a number of
interpretation elements and their combination to map landslides.
Field observations were majorly based on morphological characteristics such as the
dimension of landslide, slope material, type of movement, approximate depth and moisture
condition of landslides. Most of the landslides were found to be connected either with cut
slopes of road (Figure 2a, c, e) or areas adjacent to the reservoir (Figure 2b). Some landslides
were found on the upper reaches of the slopes (Figure 2d). Preventive measures, mainly
Gabion wall and concrete retaining wall, taken in many landslide locations were found to be
under considerable stress (Figure 2g-h).

The field observations suggest that majority of landslides can be grouped into debris slide,
debris slump, rock slide and complex landslides. Majority of slopes in the right bank of
reservoir area are composed of debris and river-borne materials. These materials are
generally susceptible to landslides (Figure 2e, h). Most of the left bank slopes and some of
the right bank slopes have also been found to be composed of rocks in which joints present as
major discontinuity. Therefore, a number of rock slides along the discontinuity plane have
been observed (Figure 2 f). Complex landslides have been observed in slopes made up of
highly weathered phyllite overlaid by the debris or the soil cover (Figure 2a).
4. Causative Factors And Data Used
Six landslide causing factors namely, land use land cover (LULC), Lithology, slop e
angle, relative relief, structural favourability and hydrogeological condition proposed in
BIS Code, were chosen for the LSZ mapping of the area. GIS data layers corresponding
to these factors were created in Arc GIS 10.1 and ERDAS 10 software. Table 1 r efers to
the data sources that are used for this work. The projection system of all the GIS data
layers including those derived from remote sensing images was kept as UTM WGS
1984 Zone 44N. The data processing involved standardization of unit pixel size of
12.5m×12.5m, which were selected for the study. All the data layers were co -registered
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to an accuracy of half a pixel and further slope facet map and factor maps were
prepared.

4.1. Slope Facet
Slope facet has been selected as the mapping unit. It is defined as an area having
uniform slope angle and direction, and is bounded by river, stream, ridge or spur [5]. As
per the BIS code, the facets are typically defined on the basis of the evidence delimited
in the topographic maps. Thus, the accuracy of defining slope facet highly depends on
the scale of the topographic map. In this study, DEM derived from ALOS PALSAR at
12.5m spatial resolution has been used to extract facet information. From the DEM, a
shaded relief map has been derived, which shows facet boundaries such as ridges, Spur,
stream and river. These boundaries have been digitised to create the slope facet map of
the area (Figure 3). A total of 54 slope facets have been identified in the area.
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Figure 2. Landsides observed during field observations; a-b: reservoir induced
landslide, c: road subsidence reflected by bulging in Gabion wall, d: talus failure
observed in asteep slope, e: landslide initiated due to road cut, f: translational failure
due to joints, g-h: protection wall under stress due to rotational failure.
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Figure 3 Slope facet map, prepared using shaded relief map derived from DEM (12.5M
resolution)
Table 1: Datasets used in this study
Data
Sensor and year
Resolution/Scale
Data Derivative
Type
Remote
Sentinel-2: visible and
10m
Landslide inventory
Sensing
near-infrared (VNIR) and LULC
image
2016
ASTER:
VNIR15m
Landslide inventory
2007
WorldView – 2: PAN0.5m
landslide inventory
2010
WorldView – 2: VNIR1.84m
Photo-lineament and
2010
landslide inventory
DEM
ALOS PALSAR
12.5M
Slope
Relative Relief
Aspect - facet
mapping
Drainage –
hydrogeological
conditions
Ancillary Geology map
1:25000
Digitized Geology
Data
map
Toposheet -53 J/7 NW
1:25000
Digitized base map

4.2. Lithology
The rocks visible in Koteshwar area belong mainly to Lesser Himalayan outcrop. The
Inner Lesser Himalayas is represented by the rocks of Rautgara Formation of Damta Group,
Deoban Formation of Tejam Group and Berinag Formation of Jaunsar Group. On the other
hand, the rocks exposed in the Outer Lesser Himalaya belong to Chandpur and Nagthat
Formations of Jaunsar Group and Blaini, Krol and Tal Formations of Mussoorie Group. The
Bhagirathi River running in a roughly south direction has cut through the rocks of Chandpur
Formation, which mainly occupies the entire reservoir area of Koteshwar dam. In the initial
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reach of the left bank for about a kilometer, phyllite rocks exposed on the steep to very steep
slopes can be seen. Close to the village Chopra, two dump-fills can be seen within a short
span of less than half a kilometer. The rock slopes are often found to be controlled by the
steeply dipping joints. At places, patches of river-borne material can be seen in higher
reaches. The major geological discontinuity namely foliation dips into the hill. The
joints are generally discontinuous and have short strike continuity. As such, these are
not very important from the general point of view of stability of slopes. Hence, the left
bank rock slopes are generally stable in nature. The right bank has moderate to steep
slopes, which are in many places controlled by the foliation of the rocks. The right bank
slopes are mostly occupied by landslide debris around the rim of the reservoir (El
612m). The rock exposures are seen in small patches mostly at the road level and close
to river bed level. Above the road level, the slopes mostly have debris on the slope.
The river erosion in the Geologic past had resulted in the removal of toe support of
the foliation-controlled slopes and caused many landslide incidences in the past, the
debris of which is seen commonly on the slope around the rim of the reservoir. The
thickness of the debris at places is more (>20m) at higher elevations above the road.
However, the thickness around the road and below it is generally of the order of around
5 -10m. River-borne materials (RBM) are seen in few places. The approach road to
Koteshwar dam passes through the right bank above the maximum level of the reservoir.
It mainly passes through the debris in the northern part of the area. Rock exposures are
encountered at many places in the southern part of the area close to the dam. Overall
lithology comprises of following categories: Debris cover, Phyllite with moderate
weathering, Phyllite with thick soil cover and Phyllite with thin debris cover. A facet
wise lithology map is prepared and depicted in figure 4a.
4.3. Structural Favourability
In general, rugged Lesser Himalayan terrain is structurally vulnerable due to tectonic
stresses. Faults, folds, shear zones, joints, foliations etc., are commonly observed in this
terrain. Number minor structures such as bedding planes, joints, foliations, small -scale
folds, and small-scale faults are observed in this area. Along with the field observation,
the Worldview-2 image has been used to extract the structural features of the area.
Since these structural discontinuities show a linear pattern, a photo -lineament map was
prepared by tracing the linear features such as ridges, spurs, faults, etc., from imagery
using visual interpretation methods. The density of photo-lineament lengths within a
facet was calculated and normalized in the range of rating (maximum 2) given in BIS
code. Using the criteria given in the code, structural favourability map was prepared
(Fig. 4b).
4.4. LULC
A LULC layer depicts the distribution of land practices of the area in terms of the
settlement, cropland, forest cover, barren land etc. The incidences of landslides
fluctuates as the LULC pattern in the area changes, which is the sign of hi ll slope
stability [5]. Digital image classification of the variety of data sources (table 1)
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Figure 4. GIS data layers corresponding to the causative factors considered in
the study, a) lithology, b) structural favourability, c) LULC, d) slope, e) relative
relief and f) hydrogeological condition
namely, ASTER VNIR and Worldview-2 resulted in seven dominant LULC classes in
Koteshwar area. These area (1) crop land, (2) agricultural fallow land; (3) scrub forest;
(4) evergreen forest; (5) forest plantation, (6) barren land, i.e., exposed rocks without
vegetation; and (7) settlement (Fig. 4c).
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4.5. Slope Angle
It has been widely perceived that area with higher slope gradient is more prone
to landslides, whereas area having low slope gradient is less prone [12]. Five slope
categories recorded in BIS code, namely very low (0°-15°), low (16°-25°), moderate
(26°-35°), high (36°-45°) and very high (>45°) were categorized from the ALOS
PALSAR DEM (Fig. 4d).
4.6. Relative Relief
It is defined as the difference between highest and lowest elevation point within an area
or facet [11]. Anbalagan 1992 has observed landslide occurrence is generally higher in
high relative relief areas. ALOS 12.5m DEM was used to create relative relief and it
resulted in aminimum value of 0 and maximum of 200. It was further divided into low,
high and very high relative categories by using following range: 0-100, 101-200 and
>200 (Fig. 4e).
4.7. Hydrogeological Conditions
The hydrogeological condition of an area is determined by the presence of streams,
ground-water and moisture condition of slope-forming materials and it plays a vital role
in initiating landslide. In this study, a quantitative assessment of hydrogeological
condition was carried out by calculating drainage density within each facet and
normalizing it on a scale of 1. It was further categorized into flowing, dripping, wet,
damp and dry classes using threshold values given in BIS code (Table-3)(Figure 4f).
5. LSZ Mapping
For creation of LSZ maps, two methods of ratings, namely LHEF as per BIS code and AHP
have been used and discussed in the following paragraphs:
5.1. LSZ mapping using LHEF ratings
LHEF scheme, initially proposed by Anbalagan [5] is an empirical rating system for
assigning the scores to the factors based on their inferred influence on landslides. It contains
maximum possible ratings, which can be awarded to factors (Table 2) and detailed ratings for
factor classes (Annexure 1)). Once ratings are awarded to factor classes, there is a provision
for calculation of total estimated hazard (TEHD) which is done by adding ratings given to
each factor class present in a facet (equation 1).
TEHD = LHEF Ratings of [(lithology + structure favorability + slope morphometry + relative
relief + LULC + hydrogeological conditions)]
(1)
THED is similar to landslide susceptibility index (LSI) and it gives a numerical estimate of
the degree of landslide susceptibility for each mapping unit, which in this case is a facet.
Provision of classifying THED values into relative susceptibility zones is given in the BIS
code (Table 3). Based on the threshold values presented in table 3, facets are classified in
very low, low, moderate, high and very high hazard zones.
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Table 2. Maximum LHEF Rating That
in LHZ Mapping (Source: BIS 1998)
Causative factor
Lithology
Structure
Slope Morphometry
Relative Relief
Land
use
and
landcover
Hydrogeological
condition

Can be Awarded to Landslide Causing Factors
Maximum rating
2.0
2.0
2.0
1.0
2.0
1.0
Total 10

Considering the extent of the area and nature of the slope forming material, a slight
modification in LHEF scheme has been done in this study. The modification was done in the
ratings of structural favorability factor. Annexure 1 suggests that rating of structural
favorability is based on a) the extent of parallelism between the directions of discontinuity or
the line of intersection of two discontinuities and the slope b) steepness of the dip of
discontinuity or plunge of the line of intersection of two discontinuities and c) the difference
in the dip of discontinuity or plunge of the line of intersection of two discontinuities to the
inclination of the slope. It further says that in case of soil the inferred depth shall be
considered for awarding the ratings. We have encountered two problems during field work;
1) size of facets and number of facets were high and 2) majority of the slope facets were
formed of debris or RBM. Approximately 40% of the facets have been found to be formed of
rocks and also covered with thick forest. Slopes bounding right bank was not even
approachable on account of steepness and lack of approach road. In such situation, we
decided to use the capability of remote sensing in identifying the structural discontinuity by
means of photo-lineament length density (details given in previous section 3.3). For each
facet, photo-lineaments have been traced and photo-lineament length density was calculated
by dividing the total length of photo-lineaments within a facet of the area of that facet.
In the next step, facet wise photo-lineament length density was normalized to the maximum
rating given in LHEF scheme and thus structural favourability was determined. For other
factors, a standard rating proposed in the code was awarded (Table 5). THED has been
calculated using equation 1. Map containing TEHD values for each facet was classified into
five relative susceptibility zones using the threshold values given in Table 3. Final landslide
susceptibility zonation map generated using BIS technique has been presented in Figure 5.
5.2 LSZ Mapping Based on AHP Derived Ratings
AHP, introduced by Saaty [21], is a multi-criteria decision-making system, which enables the
user to arrive at a scale of preference drawn from a set of alternatives [22-27]. AHP is widely
used in site selection, suitability analysis and LHZ mapping [22, 27]. In landslide
susceptibility assessment, AHP works as a logical tool for synthesizing weights/ratings of
geo-environmental factors/classes based on professional judgment. AHP is based on three
principles: decomposition, comparative judgment and synthesis of priorities [28]. In this
study, attributes of all six factors have been taken for judgment matrix separately. Steps
involved in AHP formulation are given below:
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Table 3. Landslide hazard zones based on TEHD threshold (BIS 1998)
Hazard zone
I

Range of corrected
value
TEHD < 3.5

II
III

3.5 ≤ TEHD < 5.0
5.0 ≤ TEHD ≤ 6.5

IV

6.5 < TEHD ≤ 8.0

V

TEHD > 8.0

TEHD Description of zone
Very Low Hazard (VLH)
zone
Low Hazard (LH) zone
Moderate Hazard (MH)
zone
High Hazard (HH) zone
Very High Hazard (VHH)
zone

Table 4. Ratings assigned to the factor classes observed in the area, based on LHEF scheme.
Hazard zone
Categories
Ratings
Phyllite with thick soil cover 0.8
Lithology
Phyllite
with
moderate 1.5
weathering
Phyllite with thin debris 2
cover
Debris cover
2
Very Favourable
Rating ≤ 0.7
Structural
Favorability
Favourable
0.7 < Rating ≤ 1.05
Fair
1.05 < Rating ≤ 1.4
Unfavourable
1.4 < Rating ≤ 1.75
Very Unfavourable
Rating > 1.75
Slope Angle
Not found
Very low slope (< 15
0.6
Low slope (16 – 25)
0.8
Moderate slope (26 - 35)
1.2
Steep slope (36 - 45)
1.7
Very steep slope (>45)
Relative Relief
Low relief <100
0.3
Medium relief 101 – 200
0.6
High relief >200
Not found
Land Use Land Agricultural crop land
0.65
Cover
Agricultural forest land
0.80
Scrub forest
1.50
Settlement
1.70
Barren land
1.2
Forest evergreen
0.6
Forest plantation
0.8
Hydrogeological Dry
0.0
Conditions
Dry to damp
0.1
Damp
0.2
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Wet
Dripping
Flowing

0.5
0.8
1

Figure 5. Landslide susceptibility zonation map of Koteshwar reservoir area based on
LHEF ratings
Matrix formation: AHP breaks the complex decision-making problem into a hierarchy of
factors and alternatives, which are assigned weights on a nine-point ordinal scale (Table 5) by
virtue of pair-wise comparison between them [29]. The pair-wise comparison is executed by
constructing a matrix in which judged scores are placed on one side of the diagonal whereas
diagonal cells occupy value of 1 as given in table 7 [21]. Judgment about the factors is
influenced by professional’s experience. In this work, subjective judgement was made to
assign relative scores of factors in the matrix. If the factors placed on the column is important
than the row, scores vary between 1 to 9and conversely, Scores varies between the
reciprocals 1/2 and 1/9 [30].
Matrix calculation: This involves calculation of eigenvectors, maximum eigenvalue,
consistency index (CI) and consistency ratio (CR). Eigenvalue and eigenvector were
calculated following the standard matrix calculation procedure. Eigenvector was used as
ratings for the factors. Subjective decision rule can violate the transitivity rule and thus cause
an inconsistency in judgement [27]. CI and CR calculation were carried out to know the
consistency of the judgement matrix. Saaty [30] formulated consistency index as:
CI =

(2)

Here λmax stands for maximum eigenvalue and N is anumber of elements present in the
matrix. CR can be calculated by theratio: CI/RI, where RI is a random index (Saaty 1980).
Satty (1980) compiled the random index (Table 6) on the basis of a number of randomly
selected samples. If RI < 0.1, the matrix is considered to have achieved good consistency,
Table 5. Ordinal scale represents the preference of judgement (Saaty 1977)
Preference/ordinal Degree preference Remarks
scale
1
Equally
Factors inherit equal contribution
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3

Moderately

5

Strongly

7

Very strongly

9

Extremely

2,4,6,8

Intermediate

Reciprocals

Opposite

One factor moderately favoured over
other
Judgement strongly favour one over
other
One factor very strongly favoured over
other
One factor favored over other in the
highest degree
Compensation between weights 1,3,5,7
and 9
Refers inverse comparison

Table 6. Random consistency index (RI) (Saaty 1980)
N

1 2 3

4

5

6

7

8

9

10

11

12

13

14

15

RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.53 1.56 1.57 1.59

which further suggests weight distribution is reasonable. In case of RI>0.1, judgement matrix
is considered inconsistent and it has to be adjusted to achieve reasonable consistency. Table 7
refers to AHP based matrix for the factors/classes showing scores awarded, eigenvector, CR
and maximum eigenvalue.
5.3. LSZ Map preparation
Factor maps were reclassified using the ratings retrieved from AHP matrix.
Reclassified factor maps were subjected to arithmetic overlay in GIS domain using following
formula:
LHI =

(3)

Where WIj denotes weight of an ith class of factor J and n is the number of classes present. It
resulted in facet-wise LSI map containing susceptibility index for each facet (Figure). LSI
values were scaled in a range of 1 to 10 in order to meet the total estimated hazard (TEHD)
values given in the BIS code. Here, it is appropriate to say that THED was calculated by
arithmetically overlaying the subjectively rated factors for each facet. BIS code also proposes
the threshold values (Table 4) to classify THED values into relative hazard zones. Using
these values, LSI map was divided into, very low, low, moderate, high and very high
susceptible zones (Fig. 6).
6. Result and Discussion
LSZ maps were prepared using ratings proposed in BIS code and ratings retrieved using AHP
method. As prescribed in BIS code, slope facet was selected for mapping unit to carry out
LSZ mapping and the same was used for AHP based method. A total 54 facets were
identified based on DEM derived shaded relief map. Six factor maps were evaluated based on
the ratings derived from both the methods.
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6.1. LSZ mapping using BIS Code
Table 4 refers to the ratings assigned to factors. THED values for each facet were
calculated by using equation (1) and subsequently, LSZ (Fig. 5) map was prepared based on
threshold values given in Table 4. THED values of the facets were found in a range of 4.25 to
8. It shows that most of the facets are in the range of moderate to very high susceptible zone.
Table 8 refers to the number of facets falling in different susceptibility zones along with
anumber of landslides observed in those. Very low susceptible zones were not found using
this method. Table 7 clearly shows that majority of landslides are correlated with moderate
and high susceptible zone. It was found that facets classified under moderate and high slope
category were associated with the majority of landslides. Based on ratings assigned under the
lithological category, it was also observed that facets which were assigned rating value of
>1.3, were associated with more than 90% of the landslides. Ratings under lithology category
varied in the range of 08 to 2. Since a number of facets were occupied by more than one
lithology type, the fraction area of each type with respect to slope facet area was calculated
and multiplied by their respective ratings and added to get the LHEF rating of the facet. Same
was performed with other factors. Under LULC class, the majority of landslides were found
to be associated with facets having recorded> 1.3 LHEF rating. Scrub forest, Agricultural
crop land, agricultural fallow land and forest plantation categories were found to be
associated with > 70% of the mapped landslides. More than 85% of the observed landslides
were found in facets assigned LHEF rating of >1 under the structural favourability category.
The entire landslides were observed in facets classified in moderate and high relative relief
category. Only under hydro geological conditions category, rating values were not found
consistent with observed landslides. It may be due to the fact that surface expression, it was
classified under dry, wet, damp, dripping and flowing category. Overall, ratings assigned
using LHEF scheme and the TEHD values were found consistent with observed landslides.
This establishes the robustness of the BIS code method in identifying landslide susceptible
zones.
Table 7: Number of facets and landslides observed in different susceptible zone
Map Layers
RatingNumber
of Number of
LHEF/TEHD
facets
landslides
Lithology (ratings based <1.3
7
5
on the fraction of the ≥1.3
47
facet area)
148
<1.3
36
59
LULC
≥1.3
18
94
< 1.3
35
43
Structural favourability
≥ 1.3
19
110
<1.2
4
0
Slope morphometry
≥ 1.2
50
153
<0.6
3
0
Relative relief
≥0.6
51
153
Hydrogeological
<0.3
27
67
Conditions
≥0.3
27
86
Susceptibility Zone
Very Low
0
0
Low
12
7
Moderate
22
62
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High
Very High

20
1

80
4

6.2. LSZ mapping based on AHP
AHP based ratings of factor classes are presented in table 8. Judgements about the individual
classes were made subjectively. AHP matrix formation was found consistent, since <0.1 CI
value was achieved for all the factors (Table 8). Eigen vectors were used as rating values of
factor classes. Resulting rating values were normalized in the range of LHEF scheme (Table
2). Factor maps were reclassified using the rating values. Integration of rated factors was
performed using equation 3, which is similar to TEHD calculation. Integration of factor maps
resulted in LSI map (similar to TEHD map), containing numerical susceptibility information
in which higher LSI values indicate high susceptibility and lower value indicate low
susceptibility. LSI values were found varying between 2 to 9.5, which was grouped into five
relative susceptible zone using threshold values given in table 4 (Fig.6). Table 9 shows the
relationship between facets identified under different LSZ classes and landslides. It clearly
shows that approximately 90% of landslides observed in the facets grouped into moderate,
high and very high LSZ. These results suggest that AHP model can be optimally used in the
slope facet based system of LSZ mapping.
Table: 8 Refers AHP scores of factors/classes, eigenvector, CR and Maximum
eigenvalue
(1 (2 (3 (4 (5 (6 (7 (8 Weight
Factors
)
)
)
)
)
)
)
)
s
Lithology (1)
1
1/ 1/ 1/ 2
1/
0.067
3
4
3
3
Structure (2)
1
3
4
4
3
0.372
slope (3)
1
4
5
2
0.251
relative relief (4)
1
4
1/
0.112
2
LULC (5)
1
1/
0.046
3
Hydro geological (6)
1
0.149
Maximum Eigen Value =6.47509, C.I.=0.0950186
Attributes: Geology
Debris Cover (1)
1
3
6
2
0.476
Phyllite
with
moderate
1
4
1/
0.175
weathering (2)
2
Phyllite with thick soil cover
1
1/
0.059
(3)
5
Phyllite with thin debris
1
0.288
cover (4)
Maximum Eigen Value =4.06578, C.I.=0.021925
Structural favourability
Very favourable (1)
1
0.048
Favourable (2)
1
0.073
Fair (3)
1
0.115
Unfavourable (4)
1
0.253
Highly unfavourable (5)
1
0.510
Land use land cover
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Agriculture, Fallow land (1)
Forest Plantation (2)

1

4

5

3

4

1

2

1/
2
1/
3
1

1/
2
1/
3
2

Forest Evergreen (3)

1

Agriculture, Crop land (4)
Scrub Forest (5)

1

Barren Land (6)
Settlement (7)
Maximum Eigen Value =7.33398, C.I.=0.0546634
Slope angle
Very low slope (1)
1
1/ 1/ 1/
Low slope (2)
1
1/
1/
2
4
6
Moderate slope (3)
13
1/
5
Steep slope (4)
14
Very steep slope (5)
Maximum Eigen Value =5.37486, C.I.=0.0937157
Relative relief
Low Relief (1)
1
1/ 1/
Moderate Relief (2)
1
1/
3
5
Steep relief (3)
14
Maximum Eigen Value =3.08577, C.I.=0.0428
Hydrogeological conditions
Dry
1
1/ 1/ 1/
2
3
5
Dry to damp
1
1/ 1/
3
4
Damp
1
1/
3
Wet
1
Dripping
Flowing
Maximum Eigen Value =6.35824, C.I.=0.071647

1/
3
1/
5
1/
5
1/
4
1/
4
1

2
1/
4
1/
4
1/
2
1/
2
4
1

1/
1/
7
1/
6
1/
6
14

0.220
0.051
0.037
0.095
0.076
0.374
0.143
0.040
0.058
0.112
0.254
0.532
0.107
0.225
0.673

1/
6
1/
5
1/
4
1/
3
1

1/
8
1/
7
1/
6
1/
5
1/
3
1

0.032
0.044
0.077
0.139
0.243
0.461

Table 9: Number of facets and landslides observed in LSZ classes
Susceptibility Zone
Number of facets
Number
of
landslides
Very Low
14
7
Low
11
10
Moderate
19
84
High
Very High

4
6

21
31
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Figure 6 LSZ map prepared using AHP derived ratings.
6.3 Accuracy Assessment And Comparison of Susceptibility Maps
LSZ classes identified using the two methods were validated using landslide inventory.
Accuracy assessment of the LSZ map is not proposed in the BIS code. There are a number of
methods available for the accuracy assessment of LSZ results such as success rate curve,
prediction rate curve, receiver operating characteristic (ROC) curve etc. Most of such
methods utilize testing landslides (whereas training landslides are used as input in the LSZ
model) and explain accuracy in terms of area under curve value. Such methods are suitable
for those LSZ results that use quantitative computation. We have used empirical and
decision-making methods and did not use landslide inventory for training or testing purposes.
So, we compared the slope facets with the LSZ classes and landslides to reflect the prediction
capability of both the model (Figure 7&8). For BIS based method, relative comparison (Fig.
7) showed very high and high susceptible zones occupy 38% of the total facets and almost
55% landslides. Very low and low susceptible zones occupy almost 5% of the facets with
21% landslides, where as 40% of the facets were identified under moderated susceptible zone
containing 40% of landslides. In case of AHP based method, 18% of the facets were
identified under high to very high susceptible class contributing 34% of the landslides. 36%
of the facets were identified under moderate susceptible zone containing 55% of the observed
landslides. Very low and low zones were observed in 46% of facets containing 11%
landslide. From this comparison, it can be said that this LSZ mapping methodshave achieved
reasonable accuracy in identifying landslide prone areas.
7. Conclusions
In this work, an attempt was made to utilize LHEF rating scheme (given in BIS Code) and
AHP derived scores to prepare landslide susceptible zones map of area bounding Koteshwar
reservoir. Slope facet was selected for mapping unit and delineated using high resolution
DEM. Landslide inventory of the area was prepared using very high resolution satellite
imageries and field visit. Remote sensing tool along with ancillary data was used to derive
geo-environmental factors that are proposed in LHEF rating scheme. Factors were assigned
ratings using LHEF and AHP methods and then integrated to generate LSI maps. LSI maps
were reclassified into relative hazard zones using the threshold values given in LHEF
scheme. This work highlights the importance of slope facet (as mapping unit) in LSZ
mapping. Very high resolution ALOS PALSAR DEM of 12.5m spatial resolution has
identified the slope faces precisely. High resolution DEM can be advantageous over the
toposheet in delineating slope facets. Further, such DEM gives more precise slope
morphometry information which is vital for the LSZ mapping. This study also highlights the
advantage of High resolution satellite imagery in identifying landslide factors of highly
3569

European Journal of Molecular & Clinical Medicine
ISSN 2515-8260
Volume 07, Issue 07, 2020

inaccessible Himalayan terrain. WorldView-2 VNIR image of 1.84m spatial resolution was
optimally used in identifying landslides, LULC classes and hydrogeological conditions.
LHEF based LHZ mapping has extensively been used in Indian Himalaya and found
to be reasonable in identifying landslide hazard zones, but LHEF based method has not been
compared with other methods.
In this work, AHP based ratings were incorporated in facet based system of BIS code
and LSZ map was generated. Comparison of the LSZ maps was carried out by computing
landslide densities in relative susceptibility classes. In case of LHEF based system, 77% of
the facets were observed under moderate to very high susceptible zone containing 93% of the
observed landslides whereas in AHP based system, 54% facets identified under moderate to
very high LSZ classes containing 89% of landslides. This establishes the robustness of both
methods in identifying susceptible zones.
Majority of the slope faces bounding the Koteshwar reservoir has been identified under
moderate to very high susceptible zones. Further, it has also been observed that road
construction play major role in landslide initiation. Highly susceptible slope faces are mainly
composed of debris or RBM materials. At few places high susceptible classes are observed in
weathered Phyllite rocks containing more than three joint patterns.

Figure 7. Bar chart showing the relationship of LSZ classes LHEF with facets and
landslides.

Figure 8. Bar chart showing the relationship of LSZ classes (identified using AHP
derived ratings) with facets and landslides.
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Annexure 1 BIS guideline for LHZ mapping (BIS – 14496, Part 2)
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