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Abstract Growing population and expansion of settle-
ments over hilly areas have largely increased the impact of
landslide. This paper deals with the use of Geoinformat-
ics technology and Fuzzy Gamma Operator model to map
the landslide susceptibility zones in part of Kohima Town,
Nagaland. For this study, eight landslide inducing param-
eters such as slope gradient, slope aspect, curvature, eleva-
tion, land use and land cover, drainage density, lineament
density, and topographical wetness index were considered
and prepared with the help of toposheet, high resolution
satellite imagery such as World View II, LISS IV, DEM
data and field data. Landslide inventory was the first step
for the geospatial database generation which involves the
mapping of past landslide details. Landslide susceptibility
maps were generated by calculating relationship between
the landslide inducing factors with past landslide locations
using frequency ratio and fuzzy gamma operator model.
The ratios were normalized between the range of 0 and 1 to
obtain fuzzy membership values. The landslide susceptibil-
ity zonation (LSZ) map were prepared by integrating all the
causative factors with fuzzy membership values and classi-
fied into five different susceptibility classes based on Jenks
natural breaks classification viz. very high (37.51%), high
(32.21%), moderate (20.97%), low (7.97%), and very low
(1.34%). The LSZ map were compared with the landslide
inventory map and validated with best prediction accuracy
using area under curve (AUC) with the accuracy level and
R-Index.
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Introduction

Landslides are one of the most common events in moun-
tainous region because of their physiographic, topographic
and other triggering factors like earthquake, rainfall, water
level changes, and rapid stream erosion, etc (Dai et al.
2002). Increase in human population and rapid urbaniza-
tion has also led to expansion of construction activities
especially in hilly terrains and has also resulted in frequent
landslide occurrences in these regions (Thong et al. 2006;
Aier 2005). Landslides pose a serious geological hazard
especially in rugged mountainous terrain like the Himala-
yas, Western Ghats, Eastern Ghats and also Arakan-Yoma
ranges. Presence of steep slopes, weak rocks and periodic
occurrence of prolonged and intense rainfall, soil type and
its thickness, human activities etc. causes major landslide
events in many parts of the region (GSI 2001; Husain
2008). Over the years, many people lost their life and large
amount of properties have also been lost due to landslide in
the region (Alexander 1993).

Preparation of the landslide hazard susceptibility map-
ping is an essential task for geoscientists, planners and
local administrators in globally to minimize the impact
from landslide events and also source for decision making
and developmental activities in an area (Devoli et al. 2007).
Landslide hazard zonation mapping is also an important
tool which gives the details about the possible landslide
occurrence of a certain type and magnitude in a particular
location within a set time (Varnes 1984; Corominas and
Moya 2008). The landslide susceptibility zonation mapping
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preparation techniques includes various approaches and
methods such as qualitative, quantitative, distribution
free, deterministic (Kanungo et al. 2009). The qualitative
approach is subjective where knowledge and experience of
experts play significant role to generate landslide mapping
(Aleotti and Chowdhury 1999). Whereas in quantitative
approach, the relative importance of causative factors were
quantified in objective way i.e. on the basis of relationship
between past landslide distribution and causative factors
(Carrara 1988; Guzzetti et al. 1999). The quantitative anal-
ysis encompasses both bivariate methods like frequency
ratio (Ayalew et al. 2005; Lee and Pradhan 2006; Yilmaz
and Keskin 2009; Ehret et al. 2010; Intarawichian and
Dasananda 2011; Kannan et al. 2013; Sujatha et al. 2013),
logistic regression (Lee et al. 2002; Akgiin and Bulut 2007;
Nandi and Shakoor 2008; Tunusluoglu et al. 2008; Suja-
tha et al. 2011; Xu et al. 2013; Regmi et al. 2014) infor-
mation value method (Jade and Sarkar 1993; Van Westen
1997; Saha et al. 2005), relative effect models (Naveen Raj
et al. 2011; Anbazhagan and Ramesh 2014) and multivari-
ate method like discriminant analysis, regressive multi-
ple analysis (Duman et al. 2006; Das et al. 2012; Regmi
et al. 2014; Shirzadi et al. 2012). In the present study, the
fuzzy logic approach was applied for the part of Kohima
Town, Nagaland. Hence, the steps involved are: (1) pre-
pare a landslide inventory map and maps of causative fac-
tors, (2) fuzzy logic to assess the impact of each factor of
landslide (3) apply fuzzy operators for combining all fuzzy
causative factor to obtain a landslide susceptibility zonation
map, and (4) validate the accuracy of the obtained landslide
susceptibility zonation map. Geographical information sys-
tem (GIS) and Remote Sensing act as an important set of
tools for collecting, storing, retrieving, transforming and
displaying spatial data from the real world for a particular
area for landslide susceptibility mapping (Balamurugan
et al. 2016). Over the past 3 decades, these tools have been
helpful in the assessment of natural as well as man-made
disasters.

Study area

The study area is part of Kohima Town which is the
capital of Nagaland and situated in the North-eastern
part of India (Fig. 1). The study area is part of Kohima
Town which is the capital of Nagaland and situated in
the North-eastern part of India (Fig. 1). The urban
area of this town covers approximately 13.06 km? and
includes parts of the National Highways (NH) 39 and
NH-61 respectively. Kohima Township is divided into
19 wards however, the study area consists of 10 Wards
namely New Market Officer’s Hill, PWD, Upper Chan-
dmari, Lower Chandmari, Dzuvuru A.G New Minister’s
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Hill Agri Forest Paramedical (Merhuliesta), P.R Hill and
it covers 7.10 km?. Kohima is well connected with other
part of the state by a road networks and the railway sta-
tion and airport are located at Dimapur which is located
at 74 km. The study area is a undulated and rugged ter-
rain and elevation varies from 1250 to 1750 m above
mean sea level. The area of study lies in the humid tropi-
cal climatic zone and winter falls in December and Janu-
ary months are the coldest part of the year when temper-
atures fall to 5°C or less. The summer temperature rises
up to 25 °C from April and May months.

Rainfall

The study area receives the rainfall during the monsoon
from month of July to August with occasional rainfall from
September to October months in every year. Cloudbursts
are common phenomena in some part of the state including
Kohima. Storms are rare event during certain seasons. In
the present study area there is only one rain gauge station
situated at Kohima town. The average rainfall of the district
is about 2000 mm. The maximum rainfall per day of the
study area is measures as 689.4 mm. The average annual
rainfall too varies within wide limits. 30 years (from 1985
to 2015) of rainfall data were obtained from Soil and Water
Conservation Department, Kohima during the field visit.
The maximum rainfall receives in the study area in 1993
as 2616 mm and minimum rainfall receives as 690 mm in
2006 (Fig. 2).

Geological set-up and soil

Kohima Town made up of a young geologic terrain with
pervious soils and unstable rocks. Tectonism has caused
large scale folding and faulting that has resulted in severe
fracturing and crumpling of the rocks. Folding is respon-
sible for the tight anticlines and synclines at places in the
rocks of the area which have been further altered by the
geomorphic processes. The erosional processes that dis-
sect geologic structures help loosen rock masses on slopes
of present topography. Fracture zones and systems of joints
and faults display different orientations along slopes and
ridges (Walling 2009; Supongtemjen 2006). The soil of
the study area belongs to two major groups namely grey
clay and red clay soil however; it is not possible to trace
the continuity of geology and soil for large distances due
to vegetation, and human settlements. This area is made
up rocks of the Disang Group dominantly covered by shale
at some places, where shale has been changed into slate
because of metaphorphism. The Disang are made up of
abundant splintery shales with alternations of thin flaggy
sandstones. The shales are highly crumpled at places and
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Fig. 1 Location, digital elevation model (DEM) and past landslides of part of Kohima Town
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at others they are partially to completely weathered. Land-
slides frequently occur in the areas made up of the shales
(DGM 2009; MWR 2013).

1995 2000 2005 2010 2015

Year
Historical landslides data
Landslide events of Kohima Town are concentrated along

the hillside, drainages and steep slopes. Nearly all the land-
slides, both small and very large landslides, are triggered
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by heavy rainfall during monsoon season and also some
reported landslides have been caused at least partly by
human activities. The historical landslide database was
produced from records of various government agencies
and also prepared from field visit. In the present study,
historical landslides occurrences and its impact is given
in Table 1. During the field visit it has been observed that
human activities such as unscientific manner of construct-
ing of buildings in the hill slope also caused the landslide
(Fig. 3 a—c). Figure 3c shows the landslide event occurred
due to improper drainage embankment construction along
the slope. Moreover, during the field visit also noticed that
some the landslide events were not reported if it did not
affected a people or building structures.

Spatial database generation

In this study, characteristics of slope gradient, slope aspect,
slope curvature, lithology, land use and land cover, linea-
ment density, drainage density, topographic wetness index
(TWI) were considered as landslide influencing factors for
thematic map generation. Although most of the landslides
were triggered by external factor like rainfall, it is not as
thematic factor due to less spatial variation of rainfall
because of the smaller area. Also, the study area lies in the
high seismic zone V, the seismicity index is not considered
for thematic factor.The Survey of India (SOI) topo map,
Satellite imagery, and Digital elevation model (DEM) are

Table 1 Historical landslide occurrences and its impact

the data sources used for the derivation for all the param-
eters. The DEM was generated using the 25 m interval
contours digitized from SOI toposheet. The detailed infor-
mation of data source is given in Table 2. All the thematic
maps were classified and the entire vector format was con-
verted into 10 % 10 raster grid cell.

Landslide inventory

Landslide inventories are the simplest form of landslide
mapping (Guzzetti et al. 1999). It shows the location of
landslide occurrences in the form of landslide scars (Van
Westen and Terlien 1996; Parise 2001).The inventory map
of past landslide locations consists of the information about
the existing landslides in an area, which is helpful to vali-
date the landslide susceptibility map and also gives the
information of conditions and processes which influence
past landslide occurrences and their evidences is the most
significant aspect for the prediction of future landslides
(Yilmaz et al. 2012). An inventory record also contains the
information of landslide locations, types, time and date,
areal extension that has left discernible traces in an area.
The different techniques used to prepare inventory maps
depend on (1) the reason the map is being prepared, (2) the
extent of the study area, (3) the scales of base maps and
aerial photographs, and (4) the resources available to carry
out the work (Guzzetti et al. 1999).

In the present study, 46 landslide locations were iden-
tified from the field and based on this information the

Sl.no Years Incidences Impacts
1934 Keziekie slide Highway effected for many days
1942 Keziekie slide Highway affected and communication
1943 T. C. P. gate According to the local residents and respondents, the presence of seepage of water present in
that area may be the cause of the slide. The seepage is a source of water supply to the sur-
rounding area
4 1962 Midland colony No damage to property was reported since the areas had no buildings at that time. However,
there were some paddy fields washed away by landslides
5 1976 Keziekie slide Houses, Vegetation was destroyed
6 9th August 2001  Kohima town 200 houses damaged, 500 people died, about 5 km road damaged
7 2003 Lerie slide Affected communication and transportation disrupted for many days
8 2003 Paramedical slide =~ NH 39 and houses damaged
9 2003 Midland slide Footpaths connecting the two colonies are constantly destroyed. Small bridges connect the two
sides over the two small streams
10 2003 Chiepfiitsiepfe slide Road was totally damaged up to a length of 73 m

11 August 2003 Kohima town

Many houses were razed to ground and many more were made unfit fot habitation. The road

was badly affected and that for a year it had to be abandoned. Properties worth lakhs were

destroyed by this slide

12 17th October 2007 National high-
way 39 near
Kiruphema

About 150 m of National Highway 39 near Kiruphema went down almost 400 m. This resulted
in the complete blockade of the highway for 2 days

Source: Directorate of Geology Mining (2009); Data from field visit in 2014
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Fig. 3 Pre and post landslide location of the study area; location D block a pre landslide taken on 4th June 2014 and al post landslides taken on
26th August 2014, b and ¢ landslide locations in Agri/Forest and paramedical respectively

Table 2 Detail of thematic data layers and data sources

Types of thematic data layers ~ Sub classification

Data types in GIS ~ Scale/ Resolution  Source

Landslide inventory -

Topographic maps Slope gradient
Slope aspect
Slope curvature
Topographic wetness index

Geological map Lithology
Lineament Lineament density
Drainage map Drainage density
Land cover Land use land cover

Polygon
Grid
Grid
Grid
Grid
Polygon
Grid
Grid
Polygon

10x10 m
10 x10 m
10 x10 m
10 x10 m
10 x10 m
10 X10 m

World view II (0.5 m) LISS4 (5.8 m)
DEM (Toposheet, SOI at 1:25,0000 scale)

Geological map, GOI (1:50,000)
LISS4 (5.8 m)

Toposheet, SOI(1:25,0000)
LISS4 (5.8 m)
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inventory data has been created with respective geographi-
cal locations in GIS data base. A characteristic of histori-
cal landslide inventories is that evidence of the existence of
landslide occurrences however, many of smaller scale land-
slides has been lost due to various degrees of modification
by subsequent landslides, erosional processes, anthropic
influences, and vegetation growth. On the other hand there
is an accumulating evidence that in many historical land-
slide inventories, the frequency, and the coverage area dis-
tribution of medium to large landslides decays due to land-
slide controlling structures in the landslide affected areas
(Sasaki et al. 1991; Dai and Lee, 2001; Guzzetti et al. 2002;
Dussauge et al. 2002; Dussauge et al. 2003.

Terrain parameters

The important characteristics of landslides in the study area
consist of a multiple sets such as lithology, slope stability
and also high intensity of rainfall. The parameters respon-
sible for landslides activity includes slope gradient, slope
aspects, slope curvature, land use and land cover, vegeta-
tion cover, elevation, drainage, lineament and TWI. The
important landslide induced terrain parameters of the study
were extracted from remotely sensed data, toposheet, digi-
tal elevation model and field data. Topographic parameters
such as slope gradient and slope aspect play a crucial role
in steep mountainous terrain for influencing mass move-
ment process (Guzzetti et al. 2012).

DEM

A Digital Elevation Model (DEM) represents spatial vari-
ation in altitude. DEM was prepared by digitizing the
detailed topographic map with the contour interval of 25 m.
DEM was used to generate different thematic maps such as
slope gradient, slope aspect, slope curvature and elevation
map. It is the first derivative of elevation with each pixel
denoting the angle of slope at a particular location. It is the
most important inherent factors of landslide.

Slope gradient

Slope is the angle between the surface of earth and a hori-
zontal datum. It is an important parameter in landslide
analysis. Slope map layer contains slope values, stated in
degrees of inclination from the horizontal. The flat slope
angle is safer in terms of failure initiation as compared to
steeper slope. In the study area the slope gradient is classi-
fied into five classes ranging from 0°-8°, 8°-14°, 14°-20°,
20°-27°, and 27°-49° (Fig. 4a).

@ Springer

Slope aspect

Slope aspect describes the direction of slope terrain.
Aspect shows a strong inheritance from bedrock structure
and influences the exposition to sun and thereby changes
in vegetation and evapo-transpiration (Fernandez Merodo
et al. 2004; Balamurugan and Ramasamy 2006). The slope
aspect is divided into eight directional classes such as flat,
north, north east, east, south, south east, south west, west,
and north west (Fig. 4b).

Slope curvature

Curvature is defined as the curvature of a line formed by
intersection of a random plane with the surface (Duman
et al. 2006; Ramani et al. 2011). In the present study, the
curvature map is divided into three classes where the nega-
tive values were classified as concave, the positive values
as convex, and zero values classified as flat as shown in
Fig. 4c.

Topographic wetness index (TWI)

Topographic wetness index is the steady state wetness
index (Beven and Kirkby 1979). It indicates the saturated
source zone due to surface run off under the influence of
topography condition. Mathematically it is denoted as fol-
lows (Eq. 1).

_ As
TWI = In <tan/3>’ (D

where As is the cumulative upslope area draining through
a certain point (per unit contour length) and f is the slope
gradient in degree.

Hence, topographic Wetness index has positive cor-
relation with the infiltration of rainfall into slope form-
ing materials which increases pore pressure of the slope
(Yilmaz and Keskin 2009). In this study TWI was pre-
pared from DEM by topographic wetness tool in SAGA
GIS. The whole map was classified into five classes viz.
1.199367046-6.178712368,  6.178712369-9.073779106,
9.073779107-12.12327671,  12.12327672-14.69011593
and 14.69011594-18.99362946 following natural breaks
method (Fig. 4d).

Land use and Land cover
The land use land cover map was interpreted using high

resolution satellite images. The study area was classified
into four different land use and land cover pattern such
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as mixed built-up area, forest, cultivation and scrub and
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bushes. The study area is dominated by Mixed-built since

it is an urban area (Fig. 5a).
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characteristics. The highest elevation of the Township
is 1750 m and the lowest elevation is 1250 m. On the
basis of Jenks natural breaks classification (Jenks 1967),
the elevation range was classified into five classes viz.,
1250-1369, 1369-1439, 1439-1515, 1515-1603 and
1603-1750 as (Fig. 5b).
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Lineament density

Lineaments features area representing the faults, fractures,
shear zones, etc., are the most obvious structural inter-
pretations on the satellite imagery (Srileka 2014). Hence,
the probability of landslides occurrences increases with
increase in closeness of lineaments (Kannan et al. 2013;
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Pradhan et al. 2009). The lineament map shows the linea-
ments formed in the study area due to the geological con-
ditions (Balamurugan and Ramasamy 2006; Pattusamy
and Purusothaman 2014). The lineaments were inter-
preted from LISS IV image by adopting different digital
image processing techniques such as edge—enhancement,
and contrast stretching. The lineament density was calcu-
lated by the total length (m) of lineament per grid and the
value was converted and prepared by Euclidean distance
method it was classified into five classes i.e. 0-2.047184 m,
2.047184-5.686622 m, 5.686622-9.32606 m,
9.32606-14.89895 m, 14.89895-29.115505 m (Fig. 5¢c) by
natural breaks method.

Drainage density

Drainage density is the ratio of total length of a stream
to the area of the drainage basin; the higher the drainage
density, the lower the infiltration and the faster the move-
ment of surface flow (Pachauri et al. 1998; Nagarajan et al.
2000). Drainages describe the activity of erosion and mor-
phological changes in hilly region. The presence of drain-
ages close the landslide location influences more com-
paratively which is located further away (Barrendo et al.
2000; Srivastava et al. 2010). Drainage density, total stream
length per unit area represents the degree of fluvial dissec-
tion. The drainages were digitized from Toposheet map
of the year 2005 on 1:5000 scale and updated with recent
satellite images. The proximity to drainage was calculated
by line density method in ArcMap 10@ESRI and classified
into four classes viz. 0—1.842675 m, 1.842675-3.68535 m,
3.368535-5.528026 m, 5.528026-7.370701 m, by follow-
ing natural breaks method (Fig. 5d).

Methods—fuzzy gamma operator model

Zadeh (1965) was the first to introduce the fuzzy set the-
ory to analyse mathematically non-discrete natural pro-
cesses or phenomena. A fuzzy set is a class of objects with
a continuum of grades of membership, characterized by a
membership function which assigns to each object a grade
of membership ranging between zero and one (Zimmer-
mann 1996). In fuzzy set theory, membership values were
assigned in between 0 and 1 reflecting the degree of cer-
tainty of influencing factor in landslide susceptibility. The
membership values 1 and O contribute the maximum and
minimum or nil influence of landslide susceptibility of
a particular influencing factor respectively. In landslides
susceptibility mapping, all the classes of the nine the-
matic causative factors are considered as a member in the
set of landslide susceptibility area. The fuzzy membership

value can be derived from different method like normali-
zation of frequency ratio (Lee 2007; Pradhan et al. 2009;
Ramesh and Anbazhagan 2015; Kumar and Anbalagan
2015; Balamurugan et al. 2016) and information value (Yin
and Yan 1988), the cosine amplitude method (Ercanoglu
and Gokceoglu 2004; Kanungo et al. 2006), or subjective
based (Bonham-Carter 1994; Tangestani 2004; Champati-
ray et al. 2007; Ray et al. 2007). Different operators can
be employed to combine the membership values when
two or more thematic maps with fuzzy membership func-
tions. Cascini et al. 1991, discussed five operators, namely
the fuzzy AND, fuzzy OR, fuzzy algebraic product, fuzzy
algebraic sum and fuzzy gamma operator. This study uses
the fuzzy algebraic sum, the fuzzy algebraic product, and
fuzzy gamma operator for combining the fuzzy member-
ship functions.

In the present study, fuzzy gamma operator was used to
prepare landslide susceptibility map and the fuzzy mem-
bership values were derived from frequency ratio val-
ues. However, the value of 0.0001 have assigned for zero
membership value case to avoid the complete omission of
a class in a causative factor for landslide hazard zonation
analysis (Srivastava et al. 2010). The frequency ratio values
were determined by relating the existing landslides with
each causative factors using Eq. 2.

FR = (Li/Lt)/(Fi/Fr), )
where Li number of landslide pixel in class ‘I’ of a factor,
Lt total number of landslide pixel within study region, Fi
number of pixel in each classes of thematic factor, Ft total
number of pixel in all classes of the thematic factor, FR fre-
quency ratio.

Then fuzzy membership value was calculated by nor-
malizing the value of frequency ratio following Eq. 3.

(XFR - MINFR )/ (MAXFR - MINFR) (3)

The fuzzy algebraic product and fuzzy algebraic sum were
calculated using Eqs. 4 and 5.

n .
Hcombination = Hi:l ML, (4)

Hcombination = I- Hj:l (1 - ﬂi)’ (5)

where ui is the fuzzy membership function for the ith
parameter, and i =1, 2-:n parameter are to be combined.

The fuzzy Gamma Operator was calculated by following
Eq. 6. Where, the value y should be ranged between O and
1.

Ueombination = (Fuzzy alg ebraic sum)”

X (Fuzzy alg ebraic product)' ™, (6)
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Kannan et al. (2013) used R-index for validation for hazard
zonation. It illustrates the performance of hazard classifica-
tion. Symbolically it can be denoted as—
x;/X;

R — l/ 1

2 (/X))
x; is the number of landslides in hazard class ‘i’ and X; is
the number of total pixel in the same class ‘i’.

x 100 @)

Results and discussion

The eight causative factors (slope gradient, slope aspect,
curvature, elevation, land use and land cover, drainage den-
sity, lineament density and topographical wetness index)
were combined to create a landslide susceptibility index
map using the frequency ratio and fuzzy operators. The
frequency ratio (FR) values were calculated using Eq. (2)
for each class present in all the nine causative parameter
maps based on the relationship with the landslide inven-
tory dataset. The fuzzy membership values were normal-
ized from frequency ratio values between 0 and 1 (Table 3).
The relationship results in weights, which can directly be
evidence for the influence of each class in a causative fac-
tor for the landslide susceptibility. The slope gradient rang-
ing from 25.88894116°-56.26529876° areas having the
highest value of 1.67, reveals the highest probabilities of
landslide occurrences in the study area. The west-facing
and southwest-facing slopes are more susceptible to fail-
ure. The convex and concave slope possesses 43.22 and
48.64% landslide pixels, respectively, whereas the flat slope
has 8.14% of landslide pixels. The analysis also points out
that landslide are more abundant in the elevations between
1363-1455 m with 36.52%. Among different land use land
cover class present in the study area, the Mixed-Built up
shows a high probability and has the number of landslide of
1117 pixels followed by forest having the value of 974 pix-
els. The relationship between past landslides and drain-
age density ranges between 0.64 and 1.16. The value of
frequency ratio for lineament density ranges from 0.33 to
1.73.

Landslide susceptibility mapping

The landslide susceptibility mapping was prepared on the
basis of Fuzzy Gamma Operator. All the eight thematic
map of causative factors and landslide inventory map were
converted into raster file with 10-m grid for integration in
GIS platform. The total number of landslides in the study
area is 46 and it occupied 2702 pixels. The study area cov-
ers total 71,040 numbers of pixels. Landslide susceptibil-
ity index (LSI) was derived by integration in GIS platform

@ Springer

following Eq. 6 for FGO. The higher value of LSI indi-
cates higher susceptibility of landslide; in opposite lower
value of LSI indicate lower susceptibility of landslide. In
the case of FGO model, the different landslide susceptibil-
ity map were prepared and tested on the basis of different
y value which was ranged from 0.2 to 0.975. It was seen
that y value of 0.975 brought better accuracy in validation
than other y value. So, 0.975 was considered as final input y
value for landslide susceptibility mapping.

The percentage of landslide frequency in susceptibil-
ity classes were derived by overlying of landslide inven-
tory map on landslide susceptibility map. In FGO model,
maximum and minimum value of LSI is 0.976679206
and 0.234069407. The range of LSI value is classified by
natural breaks method into five classes viz; 1.67% (very
low), 7.88% (low), 21.35% (moderate), 45.63% (high),
and 23.46% (very high) of total study area (Fig. 6). The
percentage of landslide frequency in susceptibility classes
were derived by overlying of landslide inventory map on
landslide susceptibility map. It is shown about from the
above classification that 69.10% of landslide is concen-
trated in high and very high susceptibility class of FGO
model (Fig. 7; Table 4).

Validation

Validation is the finally and most important step for assess-
ment of accuracy level of any model. The landslide suscep-
tibility model of the FGO was validated using area under
curve (AUC) method and R-Index using Eq. 7. AUC is
used to assess the prediction accuracy of any model quali-
tatively (Begueria 2006; Pradhan and Lee 2010). AUC
value is ranged from 0.5 to 1 in which 0.5 indicates an
ideal lowest inaccuracy rate and 1 indicates an ideal high-
est accuracy rate of any model (Nandi and Shakoor 2010).
In AUC method success rate curve shows accuracy rate of
model graphically. The AUC was derived on the basis of
relationship between cumulative percentage of landslide
occurrence and LSI value. In this regard, LSI was snum-
ber of landslides in hazard classhorted in descending order
and reclassified into 100 classes to evaluate cumulative fre-
quency of landslide occurrence in each class. In the present
study the AUC value of FGO is 0.64 (Fig. 8). It indicates
the accuracy level of landslide susceptibility zonation for
FGO method is 64.33% and R-index value increase from
21.03301(very low) to 248.9346 (very high) which is repre-
sented graphically in the Fig. 9.

Conclusion

With the advancement of Remote Sensing and GIS, a great
deal of help can be had in the planning and implementation
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Table 3 Frequency Ratio and Fuzzy Membership value of classes of influencing factors of slope gradient, slope aspect, curvature, elevation,
land use land cover, drainage density, lineament density and TWI

Influencing factor Class No. of % of No. of % of Frequency ratio Fuzzy
pixels in pixelsin  landslide in  landslide in membership
domain domain domain domain values

Slope gradient 04 3608 5.08 71 2.63 0.52 0.0001

4.487416467- 12,396 17.45 498 18.42 1.06 0.47
12.08150587
12.08150588- 25,100 35.33 693 25.64 0.73 0.18
18.64003763
18.64003764— 22,272 31.35 955 35.33 1.13 0.53
25.88894115
25.88894116— 7664 10.79 486 17.98 1.67 1
56.26529876
Slope aspect Flat (-1) 900 1.27 3 0.11 0.09 0
North (337.5-22.5) 14,417 20.29 451 16.69 0.82 0.27
Northeast (22.5-67.5) 15,074 21.22 567 20.98 0.99 0.33
East (67.5-112.5) 17,303 24.36 583 21.57 0.89 0.29
Southeast (112.5-157.5) 8182 11.52 182 6.73 0.58 0.18
South (157.5-202.5) 2475 3.48 57 2.11 0.61 0.19
Southwest (202.5-247.5) 1637 2.30 177 6.55 2.84 1
West (247.5-292.5) 3436 4.84 364 13.47 2.78 0.98
Northwest (292.5-337.5) 7616 10.72 319 11.80 1.10 0.37
Curvature Concave (—) 30,703 43.22 1464 54.16 1.25 1
Flat (0) 5780 8.14 139 5.14 0.63 0
Convex (+) 34,557 48.64 1100 40.70 0.84 0.34
Elevation 1250-1363 10,259 14.44 843 31.19 2.16 1
1363.000001-1455 25,944 36.52 1145 42.36 1.16 0.47
1455.000001-1537 20,252 28.51 495 18.31 0.64 0.19
1537.000001-1617 10,544 14.84 115 425 0.29 0
1617.000001-1750 4041 5.69 105 3.88 0.68 0.21
Land use and land cover Forest 15,434 21.73 974 36.03 1.66 0.96
Cultivation 7641 10.76 456 16.87 1.57 0.88
Mixed-built up 45,549 64.12 1117 41.32 0.64 0
Scrub and bushes 2416 3.40 156 5.77 1.70 1
Density drainage 0-1.842675 5725 8.06 147 5.44 0.67 0.06
1.842675-3.68535 37,170 52.32 1423 52.65 1.01 0.71
3.368535-5.528026 22,724 31.99 1000 37.00 1.16 1
5.528026-7.370701 5421 7.63 133 4.92 0.64 0
Density lineament 0-2.047184 1678 2.36 24 0.89 0.38 0.04
2.047184-5.686622 11,528 16.23 144 5.33 0.33 0
5.686622-9.32606 23,986 33.76 445 16.46 0.49 0.11
9.32606-14.89895 21,634 30.45 1287 47.61 1.56 0.88
14.89895-29.115505 12,214 17.19 803 29.71 1.73 1
Topographical wetness 1.199367046— 37,836 53.26 1314 48.61 0.91 0
index (TWI) 6.178712368
6.178712369— 26,774 37.69 958 35.44 0.94 0.01
9.073779106
9.073779107- 5292 7.45 336 12.43 1.67 0.37
12.12327671
12.12327672- 753 1.06 52 1.92 1.81 0.44
14.69011593
14.69011594— 385 0.54 43 1.59 2.94 1
18.99362946
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Fig. 6 Landslide susceptibility zonation map using fuzzy gamma operator (FGO) model

of disaster risk reduction measures. Data collection,
manipulation and the analysis of the necessary environ-
mental data is an important step for landslide susceptibil-
ity analysis (Carrara 1988). Unlike other methodologies
to assess landslide susceptibility, the fuzzy logic approach
fuzzy gamma operator and y values for the fuzzy y opera-
tion was used to prepared landslide susceptibility maps
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in part of Kohima Town, Nagaland. By using the fuzzy
logic approach, landslide susceptibility analysis was done
by having few existing data about the factors causing the
landslides. The fuzzy operator producing the best success
rate accuracy which can be identified based on success rate
curves and R-index curves so as to generate the most accu-
rate landslide susceptibility zonation map. The landslide
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Fig. 8 AUC and success rate
curves illustrate cumulative
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susceptibility zonation for the study area was prepared on
the basis of Fuzzy Gamma Operator model. In the present
study, fuzzy operator value was integrated by combining
eight causative factors such as slope gradient, slope aspect,
curvature, elevation, land use and land cover, drainage den-
sity, lineament density and topographical wetness index
with the inventory. The landslide susceptibility index maps
produced by the fuzzy product and fuzzy y operator with y

T T T T T T T

30 40 50 60 70 80 90
Landslide Susceptibility Index Rank

100

values was validated using success rate accuracy, i.e., AUC
of 64.33% and R-Index which indicated the consistency of
landslide susceptibility classes. This study will be helpful
for carry out risk assessment, risk reduction and mitiga-
tion in the near future. Hence, this landslide susceptibility
map is valuable resource to delineate landslide prone areas,
and key source of valuable information to policy makers,
planners, geologists, and civil engineers which provides the
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necessary information to set up early warning systems or
to develop possible measures to safeguard human life and
property in the study area.
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