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Abstract: Landslides cause extensive loss of life and property in the Nepal Himalaya. Since the late T80+, dif
mathematical models have been developed and applied for landslide susceptibility mapping and hazard assessment in
Nepal.The main goal of this paper is to apply fuzzy logic to landslide susceptibility mapping in the Ghurmi-Dhad Khola

area, Eastern Nepal. Seven causative factors are considered: slope angle, slope aspect, distance from drainage, land use,
geology distance from faults and folds, soil and rock type. Likelihood ratios are obtained for each class of causative
factors by comparison with past landslide occurrendes ratios are normalized between zero and one to obtain fuzzy
membership values. Furthéifferent fuzzy operators are applied to generate landslide susceptibility maps. Comparison

with the landslide inventory map reveals that the fuzzy gamma operatoryaitidee of 0.60 yields the best prediction
accuracyConsequentjythis operator is used to produce the final landslide susceptibility zonation map.

Keywords: Landslide, GIS, SusceptibilitfFuzzy operatoiNepal.

INTRODUCTION hazard zone (Nadim et al., 2006), the present study intends

Nepal being a country with rugged and fragile mountaino investigate the state of landslide occurrences and
topography is prone to a number of natural disasters likéelineate the landslide susceptible zones in the Ghurmi-
landslides, floods, earthquakes, droughts, avalanches abtiad Khola area in Eastern Nepéhrious methodologies
glacial lake outburst floods. Landslides in Nepal ofterhave been applied for landslide susceptibility and hazard
occur during or after heavy monsoon rainfall resulting irevaluation in the Himalaya, including heuristic approaches
the loss of life and damage to the natural and builbased on expert opinion or experience (Deoja et al., 1991;
environmentThis is further aggravated by anthropogenicThapa and Dhital, 2000; Kayastha et al., 2010; Bijukchhen
factors such as deforestation, haphazard migration aredal., 2012), statistical techniques (Dhakal et al., 1999; Dahal
settlement, unsound agricultural practices and unplannest al., 2008; Pantha et al., 2010; Poudyal et al., 2010;
developmental works (Upreti and Dhital, 1996; Kayasth&ayastha et al., 2010; Ghimire, 201Bijukchhen et al.,
et al., 2010). 2012; Kayastha et al., 2012) and deterministic techniques

Various researchers have carried out systematic stu@yoshi et al., 200@charya et al., 2006; Sharma and Shakya,
of landslides including inventory mapping, susceptibility2008; Ray and De Smedt, 2009; Kayastha and De Smedt,
mapping, hazard mapping and risk assessmentfarelit  2009; Singh et al., 2012).
parts of the world in the last two to three decades (e.g. Another technique to derive landslide susceptibility maps
Aleotti and Chowdhury1999; Guzzetti et al., 1999; Dubey is provided by the fuzzy set theory (Zadeh, 1965) as
et al., 2005; Lee et al., 2012). HowevarNepal, very few discussed byn et al. (1991) and Bonham-Carter (1994).
have attempted to carry out systematic studies on landslid8®me researchers have applied the fuzzy logic approach
(Dhital, 2005a)As Nepal lies in a moderate to high landslidefor assessing landslide susceptibilihazard and risk

0016-7622/2013-82-3-249/$ 1.00 © GEOL. SOC. INDIA



250 PRABIN KAYASTHA AND OTHERS

mapping in the Indian Himalaya region, such as Kanunge“mate

et al. (2006; 2008; 2009) in the Darjeeling Himalaya region

and Champati ray et al. (2007) in the Garhwal Himalaya The climate of any area is governed by altitude and
region. In this studythe fuzzy logic approach will be applied physiographic characteristicEhe study area experiences a
for the Ghurmi-Dhad Khola area in Eastern Nep&le  sub-tropical to temperate climafes the altitude of the area
objectives of this study are: (i) prepare a landslide inventoryaries from 300 m to 1859 m, variability in climate is not
map and maps of causative factors, (ii) employ fuzzy logiacncommonThe temperature ranges from 5° to 35°C, with
to assess the impact of each factor on landsliding, (iii) applyot summers and mild winters in the river basins and warm
fuzzy operators for combining all fuzzy causative factolsummers and cold winters in the higher altitudese
information to derive a landslide susceptibility map of theaverage annual precipitation of the area is 1080AMout
study area, (iv) determine the most successful fuzzy logi80% of all precipitation occurs in the monsoon from June
operator to obtain the optimum landslide susceptibility magp the end of SeptembdRain intensities vary throughout
and (v) assess and validate the accuracy of the obtaingek area, with a maximum intensity of rainfall occurring on
landslide susceptibility map. the south-facing slopes.

Topography and Drainage
STUDY AREA ) . .
The study area consists of an uneven hilly terrain

The study area lies between latitudes 27°08'45" texhibiting rugged topography with diversified landforms.
27°15'00" N and longitudes 86°22'30" to 86°30'00" E (Fig.1)'he altitude varies from 320 m at Jortighat to maximum
in the Sagarmatha zone, Eastern Nepal. It covergya lar1859 m at Baletham (Fig.1JThe drainage pattern of the
part of the Okhaldhunga district and small parts of thstudy area is essentially dendritic (Fig.Z2he most
Sindhuli as well as the Udaypur and Khotang districts, bytrominent rivers are the Sunkoshi river and the Dudhkoshi
the study mainly focuses on the Ghurmi-Dhad Khola aredver. Both are snow-fed, perennial rivers; the former flows
of the Okhaldhunga district. into the study area from the northwest and the latter from
the northeast. Other rivers in the study area are the Malung
Khola, Dhad Khola, Bahadur Khola, Bhadare Khola, Ramdu

. /N\ Khola, Odu Khola, Dothe Khold@hare Khola and Dhuseni

! \\r CHINA Khola, all tributaries of the main two rivers. Besides, there
are numerous small streams feeding these tributaries.

28° \\f

GEOLOGY OF THE STUDY AREA

' General descriptions of the regional geology have been

given by Isida and Ohta (1973) and Goscombe et al. (2006).
The geological map of the study area has been prepared by
/\ Gyawali and Bijukchhen (2@). The study area can be
Ema:'m ti broadly separated into two units, i.e. the Lesser Himalayan
a0 sequence and the Higher Himalayan crystallines, which are
e separated by the Main Centiidtrust (MCT).The Lesser
Himalayan sequence consists of metasedimentary to low
1600 grade metamorphic rocks and can be divided into four
geological formations, i.e. Para Khola Formation, Halesi
dolomite, Madhavpur slates and Harkapur Formaiite.
Higher Himalayan crystallines consist of high-grade
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Fig.1. Location of the study area: Ghurmi-Dhad Khola area,Para Khola Formation

Eastern Nepal with Digital Elevation Model (DEM). The Para Khola Formation is named after the Para Khola
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Fig.2. Drainage map of the study area with observed landslides.

where it is well exposed:he unit extends north from the and is characterised by a mixed lithology of greenish-grey
Dhad Khola and Dhuseni Khola and consists of red-purplealcareous phyllites, slates, siliceous dolomites, and light-
quartzite, sandstone and red-purple and green mottled shgley to pink quartzite and amphibolites. It is generally more
with amphibolitesThe thickness of the formation is more intensely deformed at the upper or southern part than in the
than 1000 mThe formation rests upon the youngerlower part due to the movement related to the MTie
Madhavpur slates above a thrust passing along the Dhadcks of this formation can also be seenTaksel,
Khola (Dhad Kholal hrust). Manebhanjyang, Bhorle, Kaduwa, Jayaramtar and Hilepani.
Separated from older rocks of the Madhavpur slates by a
transitional contact, the Harkapur Formation is separated
The Madhavpur slates are named after Madhavpuy the MCT from the Higher Himalayan rocks and by
village where they are well expos@this unit predominately another thrust from the Halesi dolomite.
consists of dark grey to black graphitic slates, though light
to dark grey carbonate bands are also not riine. Hales Dolomite
characteristic feature of the formation, the dark colour of This irregular band has been traced from Halesi in the
the slates, can be seen in the fresh outcrops along the rivdnotang district (Dhital, 2005b) to Kaduwa in the study
or in the road section, but is ratheffidifilt to observe inthe area. Hence it is named as the Halesi dolomite. Since this
weathered exposures as the apparent colour is much.lightenit was carried all the way from the east by the movement
This formation is separated from the older Para Kholaf the MCT itis separated by the MGfEelf from the Higher
Formation by the Dhad Khol&hrust in the north, and Himalayan Crystalline rocks and by another thrust from the
gradually grades into the younger Harkapur Formation ifdarkapur Formation.
the south, except for a sharp thrust contact (north of Kaduwa
village) in the southeast part of the study afédss unitis ~ Higher Himalayan Crystallines
well exposed around KoltaBaletham, Madhavpur
RagapurOkharbot and Richuwa.

Madhavpur Slates

The Higher Himalaya Crystallines lie discordantly over
the Lesser Himalayan sequence, and consist of psammitic
schist, pelitic schist, banded gneiss, augen gneiss, granitic
gneiss, interfingering granite intrusions and a few bands of
The formation is well exposed around Harkapur villagewvhite quartzite.The Higher Himalayan Cystallines are

Harkapur Formation

JOUR.GEOL.SOC.INDIAYOL.82, SEPT2013



252 PRABIN KAYASTHA AND OTHERS

Table 1. Stratigraphy of the Ghurmi-Dhad Khola area, Eastern Nepal, modified from Gyawali and Bijukchh&n (201

Rock Units Formation Main Lithology Thickness
Higher Higher Himalayan Psammatic schist, pelitic schist, banded gneiss, augen gneiss,>1,800 m
Himalayan Crystallines granitic gneiss, interfingering granite intrusions and quartzite

Unit

Harkapur Formation  Greenish-grey calcareous phyllite, slates, siliceous dolomite, >1,200 m
light-grey to pink quartzite and amphibolites
Lesser
Himalayan
Sequence

Madhavpur Slates Dark grey to black graphitic slate, with light to dark grey >1,300 m
carbonate bands

Halesi Dolomite Grey dolomite >200 m

Para Khola Formation Red-purple quartzite, sandstone, red-purple and green mottled>1,000 m
shale with amphibolites

distributed around Mandhare, Jortighat, Hilepani, Ghurmirending and north-dipping Dhad Kholdrust separates
and Sokhudhital villages. the older Para Khola Formation and younger Madhavpur
slates in the northern part of the study aféw®e thrust can
be delineated based on the contrasting lithology in its
The Main CentralThrust (MCT) and the Dhad Khola hanging wall and footwall sid&lhe folds observed are
Thrust (DKT) are the dominant structures of the study arealeformed, but there is no shear or crushed zone.
The MCT juxtaposes the crystalline rocks of the Higher A thrust in the southeast of the study separates the
Himalaya over the metasedimentary rocks of the Lesséadhavpur slates and the Harkapur Formatiieo the
Himalaya (Acharya, 2008). Since the study area is in thelalesi dolomite is separated from the Harkapur Formation
southern part of the Okhaldhunga windalve MCT by a south-dipping thrust more or less parallel to the MCT
separates the south lying Higher Himalayan crystallines Some anticlines and one syncline are observed in the
from the north lying Lesser Himalayan sequeiite E-W  areaAn E-Wtrending syncline in the Harkapur Formation

Geological Sructures

27°15' 00"

Legend A
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N
* Village
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—— Syncline
A4 Thrust
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Geological Units
- Harkapur Formation

- Madhavpur Slates

- Halesi Dolomite

Para Khola Formation

Higher Himalayan Crystallines

2 3 Km

86°22' 30" 86° 30! 00"
Fig.3. Geological map of the study area (modified from Gyawali and Bijukchhet).201
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is observed in the east passing through Bhorle village, but Three main approaches were undertaken for the

its extension towards the west is not observed. In the norfireparation of the map: study of topographierpretation

part of the area, a NE-SW trending anticline is observed iof Google Earth images and fieldworkhe landslides

the Madhavpur Slates near Simlebesi village, and anothararked on the topographic map of the Department of Survey

anticline north of Baletham village, which joins the DKT 1995 were updated by the study of the Google Earth images

Another anticline is observed just south of the syncline imf 2002 and verified and further updated by a series of field

the Madhavpur slates near Richuwa villafleis anticline  reconnaissance in 2DIThe demarcation of the landslides

has a NW-SE trend and is overlain by the thrust separatimy the topographic map was carried out in the field using a

the Madhavpur slates and Harkapur Formation. GPS.The three approaches were coupled to prepare a
Several mesoscopic and small-scale structures like foldegliable landslide inventory map in the form of a polygon

foliations, beddings, quartz veins and drag folds are commanap (Fig.2).

in the areaThe rock units are highly folded and deformed  The study area, being a structurally complex terrain, is

in most part of the study aréiéhe phyllites of the Harkapur prone to slope instability due to its lithological and structural

Formation are most deformedhe slates of Madhavpur characteristicsThe inventory map shows landslides

Formation also contain deformed and disrupted quartz vei®vering 20,688 pixels, i.e. an area of 2.069 {@ach pixel

at some locations. being 10 m x 10 m in sizej total of 77 landslides were

identified and it was observed that most of the landslides

are located in the southern part of the study aréa.

landslides are observed in clusters, the most prominent one
For landslide susceptibility mapping, a number ofbeing in the Bhadare Khola (Fig.4a). Other landslide clusters

thematic data on causative factors were identifléetse  are observed around the Bhalu Khola (Fig.4b).

include geologydistance from folds and faults, distance

from drainage, rock and soil type, slope angle, slope aspeégological Factor

and land useTopographic maps and aerial photographs Geology is one of the prime and important causative

provided by the Department of Sury&overnment of Nepal factors causing slope instabilifyhe geology and geological

were considered as basic data sources for generating somap of the study area has already been described above.

of these layers. On the other hand, field surveys were carri€&ive lithological units were identified and mapped, i.e. the

out from January to March 20%or further data collection Para Khola Formation, Halesi dolomite, Madhavpur slates,

and geological map preparatiénlandslide inventory map Harkapur Formation and Higher Himalayan Crystallines

was also prepared in the field in conjunction with the analysig=ig.3).

of available topographic map produced by the Department

of Survey 1995 and Google Earth images of 20Dese ~ Distance from Faults and Folds

data sources were used to generate various thematic layersThe faults and folds were retrieved from the geological

using GIS software like WIS 3.5ArcGIS 9.3 and IDRISI. map (Fig.3)The distance from faults and fold to any point

A brief description of these thematic layers is given belowwvas calculated using the GIS Euclidean distance tool and

then sub-divided into three continuous classes: (i) < 50 m,

Landslide Inventory Map (ii) 50—100 m, and (iii) > 100 m. It is expected that landslides
To determine landslide hazard and predict futureccur near the faults and folds and decrease as the distance

landslide occurrences, an understanding of the conditiomscreases. But the situation in the study areferdifas the

and processes controlling landslides is required (Longnajority of the landslides have occurred more than 100 m

2008).The landslide distribution map helps in understandingway from the major folds and faults. In this particular case,

the factors and conditions controlling the landslides and igrobably faults and folds are not the main governing factor

used as a basis for landslide susceptibility zonatiorfor the occurrence of landslides.

Preparation of a landslide distribution or inventory map is

the most important and initial step for landslide susceptibilitistance from Drainage

analysisThe existing landslides are taken into consideration To assess thefett of drainage on landslide occurrence,

for predicting and evaluating susceptible areas, as fututhe distance from drainage axes was considered. It is evident

landslides are likely to occur in the same geologicalfrom previous studies that closeness to streams will have a

hydrological and geomorphic conditions as those in thenajor efect on landslide occurrence, as intensive gully

past. erosion is often the main cause of mass wasfling

DATA PREPARATION

JOUR.GEOL.SOC.INDIAYOL.82, SEPT2013



254 PRABIN KAYASTHA AND OTHERS

Table 2. Spatial relationships between each factor class and observed landslides, and resulting likelihood ratio and fuzzy membership values

Data layers No. of pixels Percentage No. of land- Percentage Likelihood Fuzzy
in domain  of domain  slide pixels of landslide ratio membership
value
Slope aspect
North (N) 169,732 12.01 1,803 8.72 0.73 0.51
North-East (NE) 147,814 10.46 724 3.50 0.33 0.23
East (E) 147,667 10.45 1,076 5.20 0.50 0.35
South-East (SE) 186,215 13.18 3,470 16.77 1.27 0.89
South (S) 245,179 17.35 3,961 19.15 1.10 0.77
South-Wést (SW) 188,198 13.32 3,627 17.53 1.32 0.93
West (W) 161,806 11.45 3,372 16.30 1.42 1.00
North-West (NW) 165,777 11.73 2,653 12.82 1.09 0.77
Flat 445 0.03 2 0.01 0.31 0.22
Slope angle
0°-1%8° 111,764 7.91 251 1.21 0.15 0.10
1525 249,295 17.65 1,449 7.00 0.40 0.27
25°-358 440,038 31.15 5,825 28.16 0.90 0.61
35458 375,325 26.57 8,076 39.04 1.47 1.00
> 458 236,41 16.73 5,087 24.59 1.47 1.00
Soil rock type
Rock 554,169 39.22 7,215 34.88 0.89 0.48
Alluvium soil 109,130 7.72 170 0.82 0.1 0.06
Colluvium soil 481,040 34.05 13,150 63.56 1.87 1.00
Residual soil-shallow 255,620 18.09 153 0.74 0.04 0.02
Residual soil-thick 12,874 0.91 0 0.00 0.00 0.00
Distance from drainage
< 25m 313,404 22.18 8,079 39.05 1.76 1.00
25-50 m 243,702 17.25 4,818 23.29 1.35 0.77
50-100 m 453,31 32.09 5,824 28.15 0.88 0.50
>100 m 402,416 28.48 1,967 9.51 0.33 0.19
Geology
Parakhola Formation 45,355 3.21 71 0.34 0.11 0.03
Halesi Dolomite 2,751 0.19 167 0.81 4.15 1.00
Madhavpur Slates 575,997 40.77 5,662 27.37 0.67 0.16
Harkapur Formation 447,888 31.70 9,711 46.94 1.48 0.36
Higher Himalayan Unit 340,842 24.12 5,077 24.54 1.02 0.25
Land cover
Cultivated and built-up area 642,001 45.44 3,926 18.98 0.42 0.19
Forest 644,477 45.62 14,550 70.33 1.54 0.68
Grass land 58,884 4.17 1,392 6.73 1.61 0.72
Bush 22,898 1.62 756 3.65 2.25 1.00
Sandy area 28,212 2.00 64 0.31 0.15 0.07
Water body 16,093 1.14 0 0.00 0.00 0.00
Barren land 268 0.02 0 0.00 0.00 0.00
Distance from faults and folds
<50 m 43,127 3.05 535 2.59 0.85 0.84
50-100 m 45,869 3.25 514 2.48 0.77 0.76
> 100 m 1,323,837 93.70 19,639 94.93 1.01 1.00
Total 1,412,833 100 20,688 100

distance from drainage was calculated by the GIS Euclided?Pck and Soil Types

distance tool and the resultant values were reclassified into Rock and soil characteristics also play an important role
four classes: (i) < 25 m, (ii) 25-50 m, (iii) 50—100 m, andn causing surface instabilitgrength of rock, strength and
(iv) > 100 m. It has been observed in the field that thelepth of soil, etc. often have a strong influence on mass
majority of the landslides occur in an area less than 50 movementsA rock-soil type map of the area was prepared
from drainage axes. based on fieldwork showing di&rent classes such as:
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of rock strength tests, rock types were notedéntiated
according to their strength.

Topographic Factors

A Digital Elevation Model (DEM) of the study area
(Fig.1) with 10 m x10 m cell size was prepared on the basis
of polyline elevation contours with intervals of 20 Tine
digital contours were obtained from the Department of
Survey Government of Nepal. From this DEM,
geomorphological thematic data layers of slope angle and
slope aspect were prepared. Slope angle is considered as a
triggering factor for mass wasting because of the action of
gravity. Generally steep slopes are more prone to sliding
than gentle slopes as the friction angle of the material
and the eartls’ gravity come into playThe slope angle
of the present study area was categorised into five
classes: (i) < 15°, (ii) 15-25°, (iii) 25—-35°, (iv) 35-45°, and
(v) > 45°.The direction in which the slope faces is the slope
" aspect. Generallynass movement hazard is more likely to
3 ) ot ¢ B AR ik, affect slopes that face towards the sunlight and downpours
Fig.4. Panoramic view of some landslidéa) the Bhadare Khola than slopes in shadow zon&he slope aspect was grouped

rockfall and(b) the landslide on the right bank of the Bhalu into nine classes: North (N), North-East (NE), East (E),
Khola (the arrow indicates the main scarp). South-East (SE), South (S), Souttest/(SW) West (W),
North-West (NW) and flat.

(1) rock, (i) alluvium soil, (iii) colluvium soil, (iv) shallow
residual soil (thickness less than 5 m), and (v) thick residu&i@nd use
soil (thickness more than 5 m) (Fig.5). Due to the absence Land use or land cover alsdedts the occurrence of
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Fig.5. Rock and soil distribution map of the study area.
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landslides.The land cover map of the study area wasnethods, but alternatively can also be expressed as a fuzzy

provided by the Department of Suryeyovernment of membership for the expected occurrence of landslides using

Nepal, and verified during fieldworkarious types of land  subjective judgment or/and objective analysis based on fuzzy

cover (Fig.6) are found in the study area such as cultivatédgic.

and built-up area, forest, grassland, bush, sandy area, water Zimmerman (1996) discussed a variety of combination

body and barren land. rules for fuzzy membership functios et al. (1991) and

Bonham-Carter (1994) discussed five operators that can be

used to combine fuzzy membership functions related to

landslide causative factors, namely the fuaiND, fuzzy
Zadeh (1965) introduced the fuzzy set theory to analysBR, fuzzy algebraic product, fuzzy algebraic sum and fuzzy

mathematically non-discrete natural processes ogamma operatoin the present studsl five fuzzy operators

phenomenah fuzzy set is a class of objects with a continuumare tested to determine the most successful method for

of grades of membership, characterized by a membershigndslide susceptibility mapping.

function which assigns to each object a grade of membership

ranging between zero and one (Zimmermann, 1996). If X i§Uzzy Operators

a space of objects with a generic element of X denot&d by ~ The fuzzyAND operator is equivalent to a Boole&ND

then X= {x}. The fuzzy seA in X is characterized by a (logical intersection), defined as:

membership functiomu,(x), which associates with each o

object in XZ real numAber in the interval [0,1], where the Heombinaion™ MM Gy ey Hos ), (1)

value ofu,(x) represents the “grade of membershipXof ~ whereu_ ... is the combined fuzzy membership function,

A. Hence, the fuzzy set theory uses the idea of a membershipis the membership value for magat a particular location,

function to expresses the degree of membership with respectis the value for map B, etc.

to some attribute of interest (Zadeh, 1965). The fuzzy OR is equivalent to the Boolean OR (logical
In landslide susceptibility mapping, spatial objects on ainion), defined as:

map are considered as members of a setgdstani, 2004; B

Lee, 2007). Usuallyto quantify the occurrence of landslides Heombinaion™ MaX (Ko Ko ++1): (2)

in a certain lithological unit, the number of observed The fuzzy algebraic product is defined as:

landslide occurrences in a certain type of lithological unit is 1

transformed in a probability of occurrence using statistical Heombination = Lli=1 M, (3)

METHODOLOGY
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wherey, is the fuzzy membership function of thHermap
andi=1,2,...,n maps are to be combined.
The fuzzy algebraic sum is complementary to the fuzzy

APPLICATION OF FUZZY LOGIC TO LANDSLIDE
SUSCEPTIBILITY MAPPING

algebraic product and defined as: The seven causative factors (slope aspect, slope angle,
soil rock type, distance from drainage, geoldggd cover
Heombination — 1 — l_[:-":l(l —p,i.j (4) and distance from faults and folds) were combined to

produce a landslide susceptibility index map using the fuzzy
The fuzzy gamma operation is defined in terms of th@peratorAND, OR, algebraic product, algebraic sum and
fuzzy algebraic product and the fuzzy algebraic sum as: the gamma operatdfor the fuzzy gamma operatorfdient
values fory from 0.1 to 0.9 with steps of 0.1 were applied.
Eeombination = =g 7 [1— TI%y(1— p)]*™" (5)  The results are shown in Fig.7. Figure 7a depicts the
cumulative percentage of observed landslide occurrence
wherey is a parameter chosen in the range [0,1]; when versus the obtained combined fuzzy membership function
1 the operator is equivalent to the fuzzy algebraic produgt .. . . For the gamma operator only resultsyf@qual
and wheryis 0 it is equivalent to the fuzzy algebraic sum.to 0.1, 0.6 and 0.9 are shown in order not to overcrowd the
graph. One can clearly notice thdeets of the dfierent
fuzzy operatorsTheAND, OR and algebraic sum operators
Different methodologies have been proposed in thproduce very crisp results. Moreoy#re combined fuzzy
literature to assign fuzzy membership values, such amembership values for the algebraic sum operator are very
normalization between zero and one of rating values giveextreme, i.e. between 0.9 andAlso, the combined fuzzy
by expert and field knowledgediigestani, 2004; Champati membership values for the fuzzy OR operator are rather
ray et al., 2007), normalization of frequency ratio valuehigh. On the other hand, the algebraic product and
(Lee, 2007; Pradhan et al., 2009; Regmi et al., 2010), fuzgyamma operators produce much more evenly distributed
conditional statement (Ercanoglu and Gokceoglu, 2002), duzzy membership values, although the values are rather
the cosine amplitude method (Ercanoglu and Gokceoglskewed to the lower end for the algebraic sum and
2004; Kanungo et al., 2006; Gupta et al., 2008; Kanungo gamma operator witly equal to 0.1The results for the
al., 2009). In this studyuzzy membership values for each gamma operator withequal to 0.6 and 0.9 clearly produce
causative factor were obtained by normalization of théhe most evenly distributed combined fuzzy membership
likelihood ratios as shown ifable 2.The likelihood ratio  values.
is defined as: To compare quantitatively the results obtained with the
different fuzzy operators, success rate curves (Chung and
W, =1, 1T = (A5 1A*) (AA), (6) Fabbri, 1999; valiVesten et al., 2003) are shown in Fig.7b
for each fuzzy operatofo obtain a success rate curve, the
whereW, is the weight or likelihood ratio of a certain classcumulative percentage of observed landslide occurrence is
i of parametey, fij the landslide density within clags®f  plotted against the cumulative areal percentage of decreasing
parametey, f the landslide density within the entire mA(p, Heombination ValUES (Fig.7b)The area under the curve
the area of landslides in classf parametey, A, the area expresses the overall success rate, i.e. how well the combined
of classi of parametej, A* the total area of landslides in fuzzy membership values predict the observed landslides.
the entire map, an@i the total area of the entire map. If the The resulting values for the tfent fuzzy operators are
likelihood ratio is greater than 1, the relationship betweegiven inTable 3 expressed in percentages. For instance, for
landslides and the factors is high and, if the ratio is less thahe fuzzyAND operator the area under the curve 0.7144,
1, the relationship between landslide and the factors is.lowavhich implies that the overall success rate accuracy is
After normalization of the likelihood values, fuzzy 71.44%.Table 3 shows that the fuzzy sum operator has the
membership values were obtained as shown in the lalstwest success rate accuracy among the 1&rdift cases,

Assignment of Fuzzy Member ship Values

column ofTable 2 and given as followed by the fuzzy OR operatdience, these operators
are not very suited for landslide susceptibility mappiing
H; =W/ max (W), (7)  fuzzyAND operator produces fair intermediate results, i.e.

71.44%. But, the fuzzy product and gamma operators clearly
wherey, is the fuzzy membership value of classf produce the best, almost identical results for the success
parametey. rate accuracyi.e. between 79.29 to 80.%. The very best
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Table 3. Success rate accuracy for thdetiént fuzzy operators

Fuzzy operator Success rate(%)
AND 71.44
OR 64.01
Algebraic sum 50.92
Algebraic product 79.29
Gamma operation
y=0.1 79.73
y=0.2 79.84
y=0.3 79.98
y=04 80.08
y=05 80.05
y=0.6 80.11
y=0.7 80.08
y=0.8 80.04
y=0.9 80.02

area has moderate values, 20% has high values and the
remaining 10% of the study area has the highest values. In
order to physically validate the landslide susceptibility map,
the landslide susceptibility zones displayed on the map can
be compared and verified with field information on past
landslides, especially for the high and very high susceptible
zones. In the present case, it is observed thatelar
landslides such as debris slides, rockslides, plane failure,
etc. are clearly marked in the areas of high and very high
susceptible zones. Quantitative comparison with the
observed landslide inventgrghows that the very high
susceptible zone contains 41.31% of the total observed
landslide occurrences, whereas, the high, moderate and low
susceptible zones cover 32.02%, 22.22% and 4.45%,
respectively (Fig.8Table 4).The overall quality of the
landslide susceptibility map can also be assessed by the
landslide density of each class (Sarkar and Kanungo, 2004).
The results are given in the last columialble 4. From the

operators:&) cumulative percentage of observed landslidetable, it can be observed that the landslide density for the
occurrences versus combined fuzzy membership functionvery high susceptible zone is 0.0605, which is distinctly
(b) success rate curves, i.e. cumulative percentage dfigher than for the other susceptible zones and almost five
observed landslide occurrences versus cumulative aregines |ager than the overall landslide density of 0.0146.
percentage of decreasing combined fuzzy membershipthermore, there is a gradual decrease in density values

values.

from very high to low susceptible zone and there is also

success rate accuracy of 804 is obtained with the fuzzy considerable separation in landslide density values between
gamma operator forequal to 0.6This fuzzy operator also the susceptible zones. Hence, it can be inferred that the
produces very evenly distributed combined fuzzy

membership values, which very likely explains its succes#able 4. Areal distribution of susceptible zones and observed landslides,
in predicting the observed landslide locations.

and resulting landslide density

Consequentlythe combined fuzzy membership map Susceptible Area Landslide [ andslide
obtained with the fuzzy gamma operator yor 0.6 was _ZOn€S km?) (%) (kmd (%)  density
selected to derive the landslide susceptibility map (Fig.8).Low 56.53  40.00 0.09 445 0.0016
This map is categorized into lpwmoderate, high and very Mi‘;derate ‘2‘2-‘2‘3 28-88 g-gg ;;g; 8-8;22
high landslide susceptible zones such that 40% of the stud)oery high 1413 10.00 085 4131 0.0605

area has low fuzzy membership values, 30% of the studyrotal 141.33  100.00 2.07 100.00  0.0146
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Fig.8. Landslide susceptibility map derived from the combined fuzzy membership function results obtained with the fuzzy gamma
operator fory = 0.60.

landslide susceptible zones reflect the existing slopthe best success rate accuratlye final landslide
instability conditions observed in the field. susceptibility zonation map is derived with this operator
The very high susceptible zone on this map covers 10% of
the study area and predicts 41.4% of the past landslides,
while the high susceptible zone covers 20% of the
The fuzzy logic approach is one of the easiest andtudy area and predicts 32.0% of the past landslithese
simplest methods to prepare a landslide susceptibility mapre encouraging results for a first attempt to understand
Different fuzzy operators anddifenty values for the fuzzy landslide phenomena in this area.
gamma operation can be used to prepare landslide During infrastructure development works, care should
susceptibility maps. On the basis of success rate curves, thetaken to avoid the very high and high landslide susceptible
fuzzy operator producing the best success rate accuracy cames. Roads, buildings, irrigation canal, etc. should be
be identified and used to generate the most reliable landslidenstructed in the moderate and low susceptible zones. In
susceptibility zonation map. In the present stugBven case of existing infrastructures that lie in the high susceptible
causative factors (slope aspect, slope angle, soil rock typne, slope stability works should be performed for the
distance from drainage, geolodsind cover and distance protection of these structures. For the Harkapur—
from faults and folds) were combined using fivfatént  Okhaldhunga road section passing through the high
fuzzy operatorsThe landslide susceptibility index maps susceptible zone in the Bhadare Khola and in north of
produced by the fuzzy product and fuzzy gamma operatdtilepani, slope stability measure should be carried out to
with differenty values reveal an almost similar success ratprotect the road from further deterioratidrne landslide
accuracyi.e. about 80%. On the other hand, the fuzzy ORusceptibility map can also be used in disaster management
and fuzzy sum operators generate much worse results as fenning such as the preparation of rescue routes, service
accuracy of the success rates is only about 50-60%, whitentres and shelters.
the fuzzyAND operator performance is intermediafe. Very likely, the landslide susceptibility analysis would
the fuzzy gamma operator withyaalue of 0.60 produces be even more accurate if rainfall had also been considered

CONCLUSION
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