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ABSTRACT

Landslideis one ofthe major type bnatural disaster that caudess oflife andproperty

in Nepal. The landslideisk assessment using GIS and remote sensing tools identifying
hazard vulnerability and rislare very useful for disastask reduction andhanagement.

The study was carried out in the @leeaiver corridousingtwo landslide hazard models
which were compared for the evaluation of the performance of the hazard model in the
small area like a river corridom this study, theStatistical Index Modeand Logistic
Regression Modelvere applied, within a geographical inforiioa system (GIS), to
derive landslide hazard map of tG&epe river corridofElevenfactors were considered

as possible triggering factofer the hazard assessmeint.order to validate both the
models, Receiver Operating Characteristic (ROC) was uséchvghows that logistic
regression has 82% prediction accuracy whereas Statistical Index modéB%as
prediction accuracyl helogistic regression modskensto have extensive applicability

in river corridor of Nepathanstatistical index method usirelevencausative factors.

For the vulnerability assessment, the analysfswfteenindicators were done to obtain

the vulnerability score following theocal Disaster and Climate Resilience Planning
(LDCRP) guideline.10 wards were found to be low vulaéte whereas 8 wards were
observed to be medium vulnerable. No wards were found to be highly vulnerable to
landslide till date Similarly, most of the area lies in medium risk zéme 16.59 kr

followed by high, very high and low risk area in the Cheperrcorridor.

Keywords: Corridor, logistic regression, risk, river, statistical index, vulnerability
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CHAPTER 1: INTRODUCTION
1.1Background

Nepal 6s varied topogr ap hy-related ldisastersiandd s us c e
experiences a range of natural haimgrsome of which occur yearly e.g., floods and
landslideswhereas others occur less frequently (earthquakes) (UNDP, 2009). Disasters
triggered by natural hazardsause heavy loss of lives, properties and also the
unparalléed threat to sustainable development. Nepaks 28’ in termsof total natural

hazard related deaths globally for the year 12887 with more than 7000 deaths
(Baruwal, 2014)Nepal ranks 1" in the world in terms of vulmrability to earthquakes

and D" in terms of watemduced hazasisuch as flood and landslidgsNDP, 2009)
andthe country falls in the top 3dist of the most multhazad prone countries in the
world (Dangal, 2011) The effects of climate change and extremes have further
aggravéed the disaster vulnerability in Nepal. In this way, Nepal is one of the most
disaste-prone countries in the worl@espite of some good practices and disaster risk
reduction (DRR) initiatives, the frequency and intensity of disastersbaerved tde

in increasing trendvioHA and DpNetNepal (2015 stated that thearious studies and
reports over the last 33 years have shown that each year, floods, landslides, fires,
avalanches and epidemics kill hundreds of people and destroy prapettillions of

rupees and thexeeme weather events associated with heavy rainfalls are the principal

causeof cascading natural disasters in Nepal

Landslides are recognized as the third type of natural disaster in terms of worldwide
importance. Most of the damagesdaa considerable proportion of the human losses
associated with earthquakes and meteorologievaints are caused by landslides
(Guzzetti et al.1999).Due to the unique combination of active tectonic setting, high
rates of weathering andbundant rainfél human interference in the form of rapid
urbanization and infrastructure developméns considered to e major natural hazard

in Nepal Landslides in Nepal are the country.
disaster, but their managementsidl seen as low priority (IRIN, 2013). Landslide
susceptibility, vulnerability and risk maps are vital for disaster management and for
planning development activities in the mountainous country like Nepal. The new tools
like remote sensing and GIS wilelp to improve the quality of landslide maps, with

positive effects on all derivative products and analyses, including erosion studies and



landscape modeling, susceptibility and hazard assessmentsyisknavaluation
(Guzzettj 2012).

Landslide hazard z@mtion techniques can be subdivided into direct and indirect methods
Thedirect mappingf the geomorphologieis based on the experience ambwledge

of terrain conditionsletermining the dege of susceptibility directly whereasthecase

of indirectmapping, it basically ses either statistical models or deterministic models to
predict landslide prone areas, based on information obtained from the interrelations
between landslide conditioning factors and the landslkiigtribution (Khanh, 2009)

GIS is appropriatefor indirect susceptibility mapping, in which all possible landslide
contributing terrain factors are combined with landslide inventory map, using data
integration techniques (Churgt al., 1995).Modeling is important method for the
studyirng of manyaspects ophysical geography which allovise use of mathematical
expressions to represent the behavior of particular geographical systems. Available
information and basic knowledge of landslides have been applied in the process of model
creation and defining of placesith the highest landslide risk antlil the created models

are very powerful tools for describing and assess not only landslides but natural

phenomenas well(Vozenilek, 2000).

Risk assessment is the final goal ofitméandslidenvestigations whiclays at the fuzzy
boundary between science, technology, economy and politics, including planning and
policy making.The assessment tindslide risk is a complex and uncertain operation
which requires the combination of different tedaures, methods and tools, and the
interplay of various expertissuch asgeology and geomorphology, enginegrand
environmental sciences,meteorology, climatology, mathematics, information
technology, economics, social sciences and hisflimpugh theres the indisputable
importance of landslide risk evaluation for decision making, comparatiezly less
efforts have been made to establish and systematically test methdasdilide risk
assessment and as weltasletermine their advantages and tations Guzzetti,2012)

The study in Chure area also recommended that the area identified as the most
susceptible for landslides should be given first priority for the prevention and mitigation
measure through structural and nonstructural intervent@©bD&§, 2014).



1.2 Rationale

MoFE (2010) stated thahe overall vulnerability of Lamjunglistrictis very high with

the indexrangingfrom 0.100to 0.787. The district is considered highly vulnerable to
landslide, rainfall, temperature and glacial lakebaust flood (GLOF). Landslide
occurrence was noted highest in the year 2001 when it occurred 17 times and comprised
16% of total human death, 6% of houses destruction and 4 % were affected. During 2001
to 2011, landslide is calculated as the most vulneredusecausing the loss of life and
property(DCEP, 2014)Similarly, Gorkhais also the another district which pgsone to
landslides antheearthquake a25" April, 2015and its aftershocks triggered many new
landslides, often in locations not prewsdy affectedShrestha et al., 2016)he varieties

of hazards have been increased and especially landslide is calculated as the most
vulnerable causen case of NepalThe major prposeof this study is to assess the
landslide hazard and risk along th&epe river corridottouching the boundary of
Lamjung and Gorkha districSince this area is unexplored in term of landslide risk
assessments, this study will provide the information about the landslide hazard,
vulnerability and risk area along the rivergdor. Landslide causing the loss of life and
property is not new in the history of Nepal. The study of landslide in the river corridor
should not be underestimated as it can cause a huge destruction. The major motive of
doing this study is to observeetmumber and condition of landslide and assessing the
causative factors. This study will contribute towards the methodological approach of
landslide risk assessment in similar ricerridoras well. Additionally, this study will
identify the landslide ris which can be helpful in mitigating the impact of landslide

towards life, property and developmevithin Chepe Rrer corridor.

1.3 Research Questions
i.  Whatare the characteristics (type amgimber) of landslide in the Chepe River
corridor?
i. Whatarethe sgnificant triggering facta of landslide in theiver corridor?
ii.  Which is the relevant model for the hazard assessment of landsliderinethe
corridor?
iv. ~ What is the risk associated with the landslides in this river corridor?



1.4 Objectives

General Obective
To assess the landslide hazandinerabilityand risk along the ChepeauRr corridor.

Specific Objectives
I. To prepare the inventoyf landslideswith their spatial distribution i€hepe
River corridor.
il. To assess the significant factors respolesfor the landslide along the
corridor.
iii. To validate and compare Landslide Hazard Index models.

Iv. To analyzéhazard, vulnerability and risk of the river corridor.

1.5 Limitations
i.  The factorslike soil type,soil depth, vegetation densistream power indeetc.
t hat tri gger considerednahis stigdydue tbéhe tame eonsfrain
ii.  Crack version of Arc GIS 10.2 is used.



CHAPTER 2: LITERATURE REVIEW

Nepal is exposed to a variety of natural hazards and human induced dis4sterghan

80 percent of the total population of Nepal is at risk of natural hazards such as floods,
landslides, windstorms, hailstorms, fires, earthquakes and Glacial Lake Outburst Floods
(GLOFs) MoHA & DpNet-Nepal 2017). A massive landslide took plage Jure,
Sindhupalchowk district during 2014 which killed 33 people, 123 people have been
missing and 478 families were affected from that unfortunate event. In the year 2014,
about 113 people died in the whole country due to landsiMeblA & DpNet-Nepd,
2015).The Hill region, including the Siwaliks (or the Churia Range) experiences regular
landslides, debris flow along creeks and steep slopes, flooding in the lower stages of
river terraces and erosion w¥er banks during the monsoon (ISDR, 20083cording

to the study by Bhattarai et al. (2002), a total of about 12,000 small anestaige
landslides occur in Nepal every year, most of which often remain unnoticed and
unreported mainly because of an inadequate information system, little econouit, imp

or litttle harm to humans and national infrastructure. Several scientific studies have
reported the basics of landslide mechanisms and processes in the Nepal Himalaya (Dhital
et al., 1991; Yagi & Nakamura, 1995; Dahal & Hasegawa, 2008; Dahal et @8; 20
Poudyal et a).2010; Ghimire et al., 2011).

Landslide susceptibility maps (LSMs) are the likelihood of a landslide occurring in an
area on the basis of local terrain conditions which is vital for disaster management and
for planning development actties in the mountainous country likéepal (Brabb,

1993). Hazard assessment is thecpss of studying nature/manmad@zards
determining its essential features (ADPC, 2016). Various factors are responsible for the
occurrence of the landslide. Slope is theasure of an angle between a location in the
ground surface and the horizon (Ohlmacher, 2006) which is the important factors that
control the amount of material available for landslides, size and mesidiadslides
(Chen et al., 200)5Aspect is defind as the direction of the slope and in some cases of
landslide cases, researchers have agreed that the slope aspect is one of the main reasons
for the occurrences of landslides (Tian et al., 2010). Plan curvature controls the
convergence or divergence ahbdslide material and water in the direction of landslide
motion (Carson & Kirk, 1972)Profile curvature is the curvature in the downslope

direction along a line formed by the intersection of an imaginary vertical plane with the
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ground surface (Ohlamache&007). Profile curvature affects the driving and resisting
stresses within a landslide in the direction of motion (Meten et al., 28ltif)de is also

a signiycant |l andslide conditioning facto
and geomorphological processes (Gritzner et al., 2001; Dai & Lee, 2002; Ayalew et al.,
2005; Pourghasemi, 2008Yhe vegetation covers or langse chaacteristics are

important for the stability of slopes, and considered vegetation cover to assess the
conditioning factors of landslides (Ocakoglu et al., 2002). A road constructed results an
increase in stress on the back of the slope, because of chatagmsgraphy and decrease

of load on toe, some tension cracks may develop (Pourghasemi et al., 2012).

There are dozens of numerical models that were devised for the zoning of the relative
risk of the slope instability with weight, rate, computational |ayid different scale
agents and modified in a variety of conditions based on land evidences Bakar
Kanungg 1995).According toVan Westeret al. (1994) he bivaride methodsare a
modified form of the qualitative map combined with the exception thaghisiare
assigned based upon statistical relationships between past landslidesiansl factor

maps and along with thikese statistics can bsed to develop decision ruldsdividual

factor maps (independent variables) or combinations of factor rfeags unique
condition units) are overlaid with a landslide map (dependent variable) to develop cross
tabulations for each factor and subcl&imilarly, the multivariate methods have been
used for slope instability zonation where thechniques used arenmultiple linear
regression analysis (Carrafi®83), discriminate atysis (Carraral983; Guzzettet al.,

2005), and logistic regressiamalysis Dai et al., 2001; Szen &Doyuran, 2004; Leet

al., 2004).Multivariate analysisis based on the presenmr absence of stability
phenomena within the units (Van Westen, 1993)gistic regression and discriminant
analysis are the most frequently used models (Brenning, 2005) and have been developed
using the geographic information system (GIS) for landsligeeptibility mapping (Lee

et al., 2010). The multivariate logistic regression approach (Yesilnacar &, @i;

Lee & Pradhan, 2007; Nandi & Shakoor, 2009; Yilmaz, 2010; Oh & Lee, 2010;
Felicisimo et al., 2013, Akgyr2012) and bivariate (Bednarik at 2010; Pradha&

Lee 2010; Pourghasemi et al. 2013) were used by various researchers worldwide for the
landslide susceptibility mapping.

In the study of dndslide hazard assessment between Besi Sahar and Tal area in

Marsyangdi River Basin, West Nepdlwas found that the high hazard zone was lying
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along the Marsyangdi River and its tributaries where logigtgression was applied
(Acharya & Pathak, 2017). Statistical Index Model (SIM) is a bivariate statistical
analysis introduced by Van Westen (I9frlandslide susceptibility analysiA weight

value for a parameter class (e.g., a certain lithological unit or a certain slope class) is
defined as the natural logarithm of the landslide density in the class divided by the
landslide density in the &re map. SIM are generally considered the most appropriate
method for landslide susceptibility mapping at regional scales because they are objective,
reproducible and easily updataltée(& Beighley, 2008)The LSI model is a datdriven
bivariate statistal approach in which each parameter is analyzed individually and the
calculation and application are easy and fast (Suzen & Doyuran, 2004). For the validation
of models, many recent studies (Nandi & Shakoor, 2010; Akgun, 2012; Pourghasemi et
al., 2012; are et al., 2012; Pourghasemi et 2013; Conforti et al., 2014; Youssef et

al., 2016; Wang et al., 2017) have utilized ROC curve to demonstrate and compare the

reliability of their created LSMs.

Vulnerability refers to the conditions, as determined byspal, social, economic and
environmental factors or processes, which make a community susceptible to the impact
of hazards (UNISDR, 2004¥.or the United Nations, the term "vulnerability” refers to

the conditions which make a community susceptible @ ithpact of hazards, the
conditions being determined by physical, social, economic and environmental factors or
processes (UNISDR, 2009). Vulnerability is a fundamental component in the evaluation
of landslide risk (Leone et al., 1996) and in the presemitext, it can be defined as the
level of potential damage, or degree of loss, of a given element (expressed on a scale of
0 to 1) subjected to a landslide of a given intensity (Fell, 1994; Leone et al., 1996; Wong
et al., 1997). Vulnerability assessmeYiA] serve various purposes such as to identify

the impacts and prioritizing adaptation options in the initial planning phase. Birkmann
(2007) also studied about the risk and vulnerability indicators at different scales:
applicability, usefulness and polieyplications which was basically focused on four
attempts to measure risk and vulnerability by applying indicatorsth&llapproaches
presented in hipaper were based on a common theory that disaster risk is a product of
three major elements i.e. exposuo hazards, the frequency or severity of hazard and
vulnerability. Therefore, in actual landslide risk assessment, the most common method
is to set the landslide vulnerability of different elements at risk to a constant 1, that is, to

believe that thelements at risk will be completely damaged and lost, or to assign the



vulnerability on the basis of expert knowledge and experience (Van Westen et al., 2009).
There areseveral scholars that had studied the vulnerability of building, road, and land
use tolandslide by the methods of vulnerability curve, vulnerability matrix, and
vulnerability indicators (Silva & Pereira, 2014; Quan Luna et al., 2011; Galli & Guzzetti,
2007). Societal vulnerabilitis related to factors such as demographics, preparedness
levels, memory of past events, and institutional and-institutional capacity for
handling natural hazards which can be quantified by means of questionnaire, poverty
level, literacy rate and decentralization (UNISDR, 2009). The physical dimension of
vulneraility links extreme physical or natural phenomenon with a vulnerable human
group ( West gat e lti&im@éaitecefihdcout hdwadifféent. kinds of
natural environment cope with and recover from different hazardsJDBS & UNDP,

2014).

Vulnembility Assessmentescribes who and what is exposed to threat (hazard
identification), and the differential susceptibility and impacts of the exposure. In other
word, it doesnodot only identify the risk
driving forces that shape vulnerability in a particular place (Birkmann, 2806prding

to Glade (2003), although vulnerability estimation is an important part within in
landslide assessment, a literature review demonstrates a lack of vulnerability studies i
landslide risk research with regard to both social and natural science approaches.
Landslide vulnerability assessment is still considered a difficult process because of its
dependency on several factors like landslide type and the way its impact megtgene
different degree of impacts. Douglas (2007) explained why vulnerability should not be
modelled while Van Western et al. (2006) explained why it is too difficult to médlel.
present, there is no uniform methodology to quantitatively assess the bilityeod
various elements at risk to different types and magnitudes of landslides (Glade &
Crozier, 2005).

The elements at risk are the population, property, economic activities, including public
services, or any other d B & giverdarea (UNIBDR|, e s
2004). Risk analysis uses available information to estimate the risk to individuals,
population, property or the environment from hazards which generally contains the

f

foll owing steps | i ke hazar céntarydbkeremantg atat i on

risk and exposure, vulnerability assessment and risk estimation. Since all of these steps

have an important spatial component, risk analysis often requires the management of a
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set of spatial data and the use of geographic informayistems. Risk evaluation is the
stage at which values and judgments enter the decision process, explicitly or implicitly,
including considerations of the importance of the estimated risks and the associated
social, environmental, and economic consequernicesyder to identify a range of
alternatives for managing the risks (Corominas et al., 20iple risk can be defined

as the risk to more than one specific element from a single specific hazardous factor
affecting landslide, or the risk to one spe&ciélement from more than one specific
hazardous factors affecting the landslide. Multiple partial risk, multiple specific risk, and
multiple specific value risk can also be estimated by applying standard probability
concepts (Vandine et al., 200hedevastating earthquake of 3\pril, 2015 A.D. and
aftershocks have increased the exposure of the humans and resources towards the
vulnerable situation. Therefore, only guided activities are allowed to be operated and the
responsibility of probabilities afiewly created hazards among natural disasters should
be taken into account in such hazard prone or vabterareas of natural disasters
(MoLRM, 2015). The major objective of Land Use Policy (2015) is to ensure the
hygienic, beautiful, welfacilitated andsafe human settlement, sustainable and planned
urbanization of the country as well as maintain a balance between physical

infrastructure development and environment (MoLRM, 2015).



CHAPTER 3: MATERIALS AND METHODS

3.1 Study Area

The study eea is the ChepRiver, which lies in the border between tGerkha and
Lamjungdistricts Theriver originates from the Dudhpb#ri at an elevation of about
5300 m. The name of Chepe river i's historic
formation of tle nation state, which offer a rich context for the study of institutional
responses to landslides. In the"1&ntury and before, it was a political boundary
between the two princely statBainaskot in the west and Ligligkot in the edste size

of theriver thus acts more as a symbolic divider of the boundary and at the same time, a
connector among communities on either side. It has the total catchment area of 308 km
atthe confluence of Marshyangdiver. The total area of théver corridor taken fothe

study is 47.301 krA considering the buffer otkm along the river. There are five
precipitation stations around Chepe river catchment with only one station inside the
catchment. The terrain is very rugged, precipitation distribution pattern seeegdnyb

much influenced by the spotty convective activities, so the pattern from one station to
the other nearby station is also different and comffekhrel, 2008 The Chepe river
corridor touches five municipalities i.e. twiwom Lamjung district (Ranas and
Dudhpokhan and thredrom Gorkha district (Palungtar, Siranchowk argirkot).
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Figurel: Location of sudy area showing Chepe River corridor

3.2 Data Collection
3.2.1 Field work

- (Source: Data from Department of Survey

The fieldwork (15"-27" Jan, 2018)vas carried out for the mapping of landslide and
infrastructures with the help &lobal Positioning SystenGPS. Along with landslides
location theifew features and characteristics were also studied. After field visit, the GPS
locations that were recaedin the field were entered in the google earth image for the
landslide verificion and inventory map preparatiohhe Keyhole Markup Language
(kml) file was then imported to Arc GIS 10.2 for the preparation of inventory and factor
maps For the vulnerability assessment the field work was carried out3¥oas" June,
2018.

3.2.2Software used for data analysis
1 ArcGIS 10.2

1 R studio
1 JMP(pronownced as jumjpsoftware(Trial version)
1 Google Earth Engine (GEE)
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Tablel: Different landslide triggering factors andt sdusces

S.N Factors Source

1 Slope Extraced from the DEM(SRTM 1 Arc-Second Globalpf
cell size 30 mx 30 m

2 Distance to Road Open street map further cleaned by the World Bank Gi
andstored in the raster format of cell size3@m x 30 m

3 Geology Extracted from geological survey departrhand stored ir
ArcGIS in raster format of cell siZ0 m x 30 m

4 Land use Manual digitization using base map in Arc GIS ¢
validating using Google Earth Engi(@EE)

5 Rainfall Extracted da from DHM from the year 1982016 from8
meteorological @tiors which wereneighboring station tc

study area
6 Elevation SRTM1 Arc-Second Global of cell siZ80 m x 30 m
7 Plan curvature Extracted from the DEM and stored in the raster forma

cell size 0of30 mx 30 m

8 Relief Extracted from the DEM andaed in the raster format ¢
cell size of30 mx 30 m

9 Profile curvature Extracted from the DEM and stored in the raster forma
cell size 0of30 mx 30 m

10 Drainage density Extracted from DEM; stream feature and stored in the r¢
format of cell sze30 mx 30 m

11  Aspect Extracted from the DEM and stored in the raster forma

cell size of30 m x 30 m

3.3 Landslide modelling

Total landslides were divided into training data (70%) and validation data (B
random selection in Arc GI$n which training data were used for running the model
and rest 30% were used for the modanparisorand validation purpos@ou et al.,
2015;Kalantar et al., 2018ayez et al., 2018)

3.3.1 Remote sensing and GIS based landslide inventdoy Bivariate Analysis
Landslidewereidentified by visual inspection and expert sudgges Google earth and

GIS wereused for the preparation of landslide inventory ma@hepe river corridor.
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Figure2: Flow Chart of Landslide Hazard Map Preparation by Statistical Index Mo

It is based on assumptiothat causative factors of landslide can be quantified by
calculating areas of each class. The model calculation and map preparation is done by
using Arc GIS 10.2 and hazard class is differentiated into 4 classes by ustundjd?

1 Statistical-Index Model (Van Westen, 1997)
Wij = In (fij/f) = In ((A*ij/Aij) x (AJA*%)) = In ((Aij*/A*) x (A/AI))
Where,
Wij = weight given to class | of parameter j
Fij = landslide density within class | of parameter |
F = Landslide density within entire map
Aij* = area of lardslide in class | of parameter J

Aij = area of a class | of parameter |
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A* = totalarea of landslide in entire map

A = total area of entire map

| Landslide Hazard Index (LHI)
LHI= B 7
Where,

Wij = weight of class i of parameter |

n = number oparameter

1 Drainage Density
The drainage distance map was prepared by using the stream feature and line

density tool in Arc GIS. The drainage density i.e.

Drainage Density =

3.3.2Multivariate Analysis Model
Logistic regression mode[Cox, 1958)
Considering p independent variablesg,»s, ... , %, affecting landslide occurrences,
we define the vector X = (xx2, ..., %). In this study, the independent variables
will be with values of 1 (presence) or O (absence).
The conditional probability that a landslide occurs is represented by
P (y = 1/X).
The logit of the multiple logistic regression model (Hosi&dremeshow, 2000)
is:
Logit (y) =lp+bixi+bpxo+ € € #xp b
where I is the constant of the equation, andlb, ... ,lp are the coefficients
of variables x, x, ... , %.

The probability P(y = 1/X) can be expressed in the logistic regression model:

P(y = 1/X) = 1
1+ e'l' (b0+ b1x1+ b2x2+ éé Exp)b

Where &0is the constant 2.718.

Higher the value of coefficient, higher will be the weightage.
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For haard mapping, both the modeasused and lastly, the model tlggtve the accurate

resultwasconsidered for the risk assessment.

3.3.3Landslide Hazard Index Classification(Lee & Pradhan, 2007)

Forthe differentiation otlifferent hazardous class, hazard index classification was done
using R studioBoth the landslide and ndandslide points are taken for the landslide
hazard inde classification.Thehazard index having 25% of landslide was classified as
low hazard, 25%0% as medium hazard, 560%56% as high hazard, and 75P80% as
very high hazard. By this method both tipercentage cumulative dindslide
distribution and hazarthdex were used for the classification purpose of hazard index
class.Both landslide and nelandslide points are considered for the preparation of %
cumulative of landslideersushazard index graph from which the differentiation of low,

medium, high andery high hazardous area was done.

3.3.4 ROC index(Pontius & Schneider, 200}

It is very important to check thredficiencyor the validatiorof the landslide hazard model

and similarlyROC (reladive operating characteristia)dex has been used in thisudy

for the validationROC curve is a diagram which the pixel ratio that correctly predicts

the occurrence or nonoccurrence of landslides (True Positive) is plotted against the
supplement amount that is the pixel ratio that is wrongly predictedhdberd model
computes the change in likelihood in each pixel in a continuous range of zero and one.
By determining a threshold (e.g. 0.5) the model's output can be converted to a discrete
scale of zero and one e.g. the pixels, in which that the changjedidetis more than

their threshold, itakes the valudl and pixels in which the change likeldbis less than

their threshold, itakesthe value 0. After thishe output is presented as a map. By
comparing this with the landslide inventory, the pixaliac can be plotted in ROC
diagram. The ROC index equals to thesaunder the curve (PontiusSthneider, 2001).

In ROC curve, the sensitivity of modefthe percentage of existing land

slide pixelscorrectlypredictedoy themodel)is plotted against thel-specificity (the
percentage of predictedandslide pixels over the total study area).
Thequality of the probabilistic model to reliably predicof the occurrence or nen
occurence of landslides predicted by the area under the curve of ROCA good yt

model has AUC values thaange from 0.5 to 1, while values below 0.5 represent a
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randomy t(Youssef et al., 20)6The ROC of Statistical IndeModel and Logistic
Regression Mdel using 30% (18) of landsliderere obtained to check the accyrand

reliability of the model.

3.4 Vulnerability Assessment
For the vulnerability assessment, four major factors i.e. physical, social, environmental
and economic were considered (UNISDR, 2009). Exposure and susceptibility along with
the adaptive capagitvere included in this vulnerability assessmBattawere collected
on the basis of 18ey Informant hterview (Kll) (1 in each ward)5 FGDs(1 in each
municipality), 36 schedulesurveys (2 in each ward)nd thedatapublished in their
reports.Local Disaster and Climate Resilience Plannigideline (LDCRP)oy GoN
(2017 was followed for the vulnerability assessment. Timdicators taken for the
vulnerabilityanalysis angcore which incorporatesvironmental, social, physical and
economic factors presbed by LDCRP guidelinare as follows:

1 Death

1 Impacted households

1 Damaged houses

1 Economic loss

1 Impacted agricultural and forest area

1 Social mpact

1 Possible impact of landslide

1 Trends of landslide occurrence

1 Change is seasonal calendar

1 Change in temperate

1 Access to source

9 Population analysis

1 Education, awareness, skills

1 Organizational help

3.5 Risk Assessment
By overlaying hazard and vulnerability map, the risk masprepared where the area

with very high, high, mediumand lowrisk was separated. Rkismapis the product of
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hazard and vulnerability (UNISDR, 2004) and the risk map was prepared incorporating
both the hazard as well as vulnerability of the study area.

Risk = Hazard x Vulnerability

3.6 Standardized map
The hazargdvulnerability aml risk map formed was then standardiZeain O to 1.For
standardizationminimum-maximum standardization method (Briguglio et al., 2009)

was used.

Standardized map
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CHAPTER 4: RESULTS
4.1 Landslide Inventory Map

A total of 73 landslides were observed durinddfieisit and inspection of the Google
Earth The landslideswith the arearanging from 3.87 to 30600.79 rh are
heterogeneusly distibuted over the areaSome landslidesare located near the
confluencewith Marshyangdi Rrer, some on the middle section of river and sclose
to the riversource The 70% (55) of total landslidesvereused as training data for the

analysis purpose and raming 30%(18) of landslide wereused as validation data for

validation purposéFigure 3)
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Figure3: Landslide inventory map showing the distribution of landslidehe Chepe River corridor
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4.2 Factor mapsfor Bivariate Statistical Index Model

The landslide triggerintactors used in this study include slope, elevation, geolagg,

use, aspect, plan and profile curvatures, distance to road, line density and relief as
intrinsic factors of the landslides and rainfall was taken as extrinsic factors that trigger

landslide.

4.2.1Slope

Slope were divided into seven different classasyes from <10°, 2Q0°, 2630°, 30

40°, 4050°, 5060°, 6070° respectively. Most of the landslide in the study area falls
into the classes 480°. Whereas the slope class oft8¥7, 4650°, 5660° and 6670°
have the positive weightage val(ieable 2)

Table2: Weightage values @fachslopeclassin Chepe River corridor

Value Slope Area of Slope Arga of Weigh.tage
(Degree) (m?) Landslide (n?) (Wij)
1 <10 11766600 6300 -1.736
2 10-20 14140800 27000 -0.4645
3 20-30 11758500 27900 -0.2472
4 30-40 6904800 30600 0.3775
5 40-50 2431800 36000 1.5836
6 50-60 367200 13500 2.4933
7 60-70 27000 2700 3.4939
Total 47396700 144000 5.5006
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Figure4: Distribution of landslidein the different slopes d@hepe River corridor

4.2.2 Aspect

Aspect class was classified into nidéferent classes: &t, North, Northeast, East,
Southeast, South, Stwtest, West and Northwesthe most of the study are&sk in
Southeast and west aspewsthereas most of the landslglées in southeast aspect
covering relatively largearea(Table 3) Positive weightagevalues were found in

northeast, southeast and squthereas negativeeightage value were found in north,

east, southwest, west and northwest
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Table3: Weightage values of ea@lspecin Chepe River corridor

Area of Weightage
Value Aspect Area of Aspect(m?) _ ~
Landslide (m?) (Wij)
1 Flat 42300 0 0
2 North 5288400 1800 -2.189
3 Northeast 3159000 10800 0.118
4 East 5742900 15300 -0.1314
5 Southeast 7514100 56700 0.9097
6 South 6327900 35100 0.602
7 Southwest 5180400 11700 -0.2965
8 West 7363800 9000 -0.9106
9 Northwest 6777900 3600 -1.744
Total -3.6418
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Figure5: Distribution of landslidein the different aspects of Chepe River corridor

4.2 .3Distance to road

By using the Euclidean distance, the distance efrtad to landslide was calculated
More landslidewereobserved in th areas nearer to the road i.e. less than 50Cabie
4). The total weightage of the road was calculated to be 5.1733 which states that the road

is a very strong triggering factor tife landslide in the Chepe River corridor
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Table4: Weightage values afistance from roath Chepe River corridor

Area of Road Area of

Value Road Distance Distance Landslide Weigh.tage
(m) -t ™) (Wii)

0 <500 24497100 36000 -0.7372

1 5001000 5670000 0 0

2 10061500 2346300 28800 1.3854

3 150062000 1687500 28800 1.7149

4 20002500 841500 15300 1.7782

5 25003000 522000 4500 1.032

6 30003500 522900 0 0

7 35004000 522000 0 0

8 40004500 310500 0 0
Total 5.1733
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Figure6: Distribution of landslidealong the distance from roauthe Chepe River corridc

4.2 .4Relief

The relief is the variation in heigbfland surfacer thelocal difference in height within

a unit areaBasically, the dferent reliefs have different climatic conditiorighe study

area has the maximum area of landslide in the relief of less than(Bakte 5) With

the increasef the variation in the height of the land surface the area of landslide is
decreasing. Lesser the variation greater is the probability of landslide.surhe
weightage of the relief is a positive value which states that the relief is one of the

triggering facto of the landslide in the study area.
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Table5: Weightage values of eacélief class in Chepe River corridor

) _ Area of ,
Relief Area of Relief _ Weightage
Value , Landslide .
(m) (m?) (Wij)
(m?)
1 <30 1302300 35100 2.1544
2 30-60 1706400 18900 1.2651
3 60-90 2795400 17100 0.6714
4 90-120 3913200 23400 0.6487
5 120-150 5305500 14400 -0.1412
6 150-180 9058500 14400 -0.6761
7 180210 10118700 9900 -1.1615
8 210240 8546400 5400 -1.5987
9 240270 1595700 0 0
Total 44342100 138600 1.1621
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Figure7: Distribution of landslidewith the reliefin the Chepe River corridor

4.2 .5Profile curvature

A hill shade of profile curvature is classified into three categories i.e. convex, concave
and planar. Negative (<6.8179) indicates that the surface is upwardly convex and
positive (£7.6562) profie indicates that the surface is upwardly concave. The planar
surface has the valuange from6.8179 tal (Table 6) In this study area, hill slope with
planar profile has a greater area covered by landslide followedrmave and convex

The weightages positive in concave and convex surface whereas negative in planar
surface.
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Table6: Weightage values of eaclategory of profile curvatura Chepe River corridor

, Area of
Profile Area of ,
Curvature Profile Weightage
Value Curvature Landslide .
Curvature (Wij)
(Value) (m?)
(m?)
1 <-6.8179 6417000 40500 0.7311
2 -6.81791 34599600 60300 -0.5558
3 1-7.6562 6380100 43200 0.8014
Total 47396700 144000 0.9767
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Figure8: Distribution of landslidewith the profile curvaturén Chepe River corridor

4.2 6Plan aurvature

The plan curvature of study area is classified into three categories i.e. concave, planar
and convex. The concave has its range fro®.&179, phnar has its range frof6.8179

to 1 and convex ranges from 18dB179. Planar surface comprises imaxm area of
landslide followed byoncave and conveXhe positive weightage value is observed in
concave and convex whereas the negative wageobserved in planar surface (Table

7).
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Table7: Weightage values of eachtegory ofplancurvature in Chepe River corridor

Plan Plan Area of _
Area of  Weightage
Value Curvature  Curvature Plan ) -
Landslide (Wij)
(Value) Curvature

1 -6.8179 Concave 3598100 33300 1.0865
2 -6.81791 Planar 39724200 82800 -0.3768
3 1-6.8179 Convex 3973500 27900 0.8377
Total 47395800 144000 1.5474
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Figure9: Distribution of landslidewith the plan curvatur@a the Chepe River corrido
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4.2.7Geology

Geology of the area is also considered as one of the causative factors for the landslide
hazard analysis. The geologf/the study area consists of Himal group, Ghanapokhara
formation,Corallian Cr), Ranimatta formationUlleri formationand Basic rocks. Met

of the study area comprises Ranimatta formation drah&ookhara formation. Whereas
most of the area where the tmtide has occurred comprisesntdil group of gelogy.

There is ndandslide in Gianapokhara an@orallian(Cr) class of geologyTable 8)

Table8: Weightage values of eatype of geological formatiom Chepe River corridor

Area of _
Area of Geology _ Weightage
Value Geology X Landslide N
(m?) . (Wij)
(m?)
1 Himal group 7452900 77400 1.2208
Ghanapokhara
2 . 9406800 0 0
formation
3 Corallian(Cr) 1578600 0 0
Ranimatta
4 . 27189900 39600 -0.7436
formation
5 Ulleri formation 1512900 27900 1.795
6 Basic rocks 154800 0 0
Total 47295900 144900 2.2722
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Figurel10: Distribution of landslide with the geological fornteon in Chepe River corridor

4.2.8Elevation

Elevation is one of the important intrinsic factors which contribute the landslides, its size
and volume. The elevation of area ranges up to 2400 m. The maximum area comprises
the elevation of 40800 m whereas the areé landslide is maximum in 860200 m

elevation. No landslide was observed below the elevation of 40bfe 9)
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Table9: Weightage values of eaétevation clas;n Chepe River corridor

. . Area of .
value Elevation Area of Ezlevatlon Landslide Welgh_tage
(m) (m?) ) (Wij)
1 <400 19800 0 0
2 400-800 23101200 25200 -1.0243
3 8001200 14104800 42300 -0.013
4 12001600 4860000 21600 0.3804
5 16002000 3466800 38700 1.3013
6 20002400 1844100 16200 1.0617
Total 47396700 144000 1.7061
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Figurell: Distribution of landslidewith the different elevatiom Chepe River corridor
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4.2.9Drainage density

The drainage density of overall study area is 0.00305 n7he maximum area covered
by the landslide is within the line density<f.502875 rhand the sunweightage of line
density isnegative i.e-1.840117.

Tablel0: Weightage values afrainage densitin Chepe River corridor

Line density Area of line density Area of landslide _ -
Value Weightage (Wij)
(m/m?) (m?) (m?)
1 <0.502879 14864400 77400 0.530398
2 0.5028790.978691 11997900 36900 0.00386
3 0.9786911.430713 10513800 15300 -0.74446
4 1.4307132.073061 7430400 2700 -2.13195
5 2.0730613.036581 2489400 12600 0.502035
Total -1.840117
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4.2.10Land use

The land use of the study area is divida six different classes i.egaculture, river,

WUFOT 28'330° 287407 28°430° 28607 2830 26°60° 28°6'30° 2870 28°730° 28°80° 28°B30° 26°90° 28°930° 2871007 28°030° 28°10° 28°1130° 28°120° 28°1230° 267130 2671330° 2871407 28°1430° 28°160° 28"1530° 28°160°

shrub and bushes, settlement, forest and barren land. The result shows that the area is

mostly covered by forest followed by the agricultural alea nds | i de
exactly in the settlement area besmvfwere found very nearer to the settlement &lest
of the landslide werefound to be in the forested areas followed by barren (dabdle

11).

wasnot



Table11: Weightage values of each categoryasfd usean Chepe River corridor

Value Land use Area of land Q:,g;ge Welgrjtage
use(m?) m?) (Wij)

0 Agriculture 13617900 13500 -1.0503
1 River 3001500 6300 -0.3002
2 Shrubs and Bushes 4812300 16200 0.1722
3 Settlement 433800 0 0

4 Forest 14566500 49500 0.1816
5 Barren Land 407700 18900 2.7947

Total 1.798
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Figure13: Distribution of landslide with the land usim the Chepe River corridor
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4.2.11Rainfall

The rainfall data taken from eight statiqg@dsinex 6)ranges from 2000 mm to 2900 mm.
Rainfall of study area fall ito nineclas®s with the minimum rainfaR000 mm andhe
maximum rainfallabout 2900 mm. The landslide is basically found to be occurring in
the area having the rainfall of 28@300 mm. With the increasing intensity of rainfall,

the area covered by the landslide is also maxir{ileble 12)

Table1l2: Weightage values ahinfallin Chepe River corridor

Area of rainfall ~ Area of landslide Weightage
Value Rainfall (mm)

(m?) (m?) (Wij)

0 <2100 213300 0 0
1 21002200 2445300 10800 0.4446
2 22002300 5112000 0 0
3 23002400 5904000 0 0
4 24002500 2271600 0 0
5 25002600 3672900 5400 -0.6554
6 26002700 5031000 30600 0.7646
7 27002800 9031500 20700 -0.2114
8 28002900 3188700 36900 1.4078

Total 1.7502
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Figurel4: Distribution of landslide with the rainfalin the Chepe River corridor

On the basis of the bivaremodel i.e. Statisticdhdex Model the major triggering

factor was observed to be slope and distameedd followed by geology, land yse
elevation, plan curvature, relief, profile curvature, drainage distance and aspect (Table
13).

Tablel13: Weighta@ Values for the triggering factors of landslide

S.N Landslide triggering factors Weightage
1. Slope 5.5006
2. Distance to Road 5.1733
3. Geology 2.2722
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4, Land use 1.798

5. Rainfall 1.7502
6. Elevation 1.7061
7. Plan curvature 1.5474
8. Relief 1.1621
9. Profile curvature 0.9767
10 Drainage density -1.8401
11. Aspect -3.6418

4.3 Landslide Hazard Index (LHI) for Statistical Index Model

Theresult from thdandslide hazard indexassification showethe maximum value of

1 and the minimum vale of0.1for hazard index valu@y this method both the landslide
distribution and hazard index are used for the classification purpose of hazard index
class. The result obtained showed that about 25% of the landslide hasndkkde
hazard index beloWw.1, about 50% of landslide is in tihenge of 0.20 0.19 about 75%

of landslide is at the range of 0.19 to Gr&1100% oflandslide are in the range of 0.2 to

1 (Table 14).

Table14: Landslide Hazard Index Classification

S.N Landslide Hazard Index Hazard class

1. <0.1 Low hazard

2. 0.1-0.19 Medium hazard
3. 0.190.2 High hazard

4 0.21 Very high hazard
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Figurel6: Landslide hazard map prepared by Statistical Index Mo

4.3 Multivariate Logistic Regression Model

The multivariate logistic regression was done by using R studio, a&d JMP i.e.

R studio and JMP for data calculation and formation of equation and Arc GIS for the
preparation of mul tivari at)e choaezfayrcd emda p. f°

independent variable in the logistic regression equation are igiviaable 15

Tablel5: Coefficient value of factors ibhogistic RegressioriModel

S.N Factors b
1 Slope 0.0967
2 Distance to Road -0.0028
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3 Geology

Ghanapokhara formation -13.5925
Cr -10.4906
Ranimatta formation 116915
Ulleri formation 12.3917
4 Land use
Agriculture -3.2927
River 1.079
Shrubland 2. 3956
Forest .0.1821
5 Rainfall 0.0092
6 Elevation - 0.0190
7 Plan curvature 1.1295
8 Relief - 0.0335
9 Profile curvature 0.0631
10 Drainage density 2.2773
11 Aspect 0.0069

Using both landslide and ndandslide points, the following equation was obtained from

JMP software.

Z = Float £20.4030- 0.0190 x Elevation + 2.2773 x Drainage.0028 x Road + 0.0631

x Profile Curvature + 1.1295 x Plan Curvatui@0335 x Relief + 0.0092 Rainfall +
0.0069 x Aspect + 0.0967-3x28kadpeConConLanl
2, 1.079, Con (ALanduseo =-9.3821, @) +3Com 6 , Co
("Geology" == 2,-13.5925, Con ("Geology" == 410.4906, Con ("Geology" == 5,

11.6915, Con ("Geology" == 8, 12.391%)))
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Effect Summary

Source LogWorth PValue
Land use and land cover 4,128 ____] 0.00007
Relief 2.808 Il P 0.00155
Elevation 2.736 1 0.00184
Distance to road 2338 IO : 111 [ 0.00460
Plancurvature 1.930 I | 0.01174
Drainage density 1.501 0] 0.03155
Aspect 1.341 ) 0.04559
Rainfall 1173 I b1 i [ 0.06711
Slope 1.130 0] : 1 i1 007260
Geology 0.699 ] 0.20015
Profilecurvature 0.038 : 1 i 0.91641

Figurel7: Probability valudor each triggering facts oflandslide.

Table16: Whole Model Test

Model -LogLikelihood DF ChiSquare Prob>ChiSq
Difference 38.025046 15 76.05009 <.0001*
Full 30.591474

Reduced 68.616520

RSquare (U) 0.5%42
AlCc 99.8171
BIC 134.705
Observations (or Sum Wgts) 99

Map prepared was converted into the log expression:

P(y = 1/X) = _

4.4 Landslide Hazard Index for Logistic Regression Model

Theresult oflandslidehazard indexlassification showethe maximum value of 0309
and the minimum value of 0.62he result obtained showed that ab@6% of the
landslide has the LHéss thar®.62, about 50% of landslides in the range of 0.60Q.64,
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about 75% of landslies had at the range of 0.64 to 0.645 a&@®% oflandslides had
the range of 0.645 to 0.7309.

Tablel7: Landslide Hazard Index Classification

S.N Landslide Hazard Index Hazard class
1. <0.62 Low hazard
2 0.620.64 Medium hazard
3. 0.640.645 High hazard
4 0.6450.7309 Very high hazard
o
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Figure18: Percentage cumulative of landslide with the hazard inde

43



84°29'0°E B84"300"E 84°31'0E 84°32'0°E 84°33'0"E B4"340'E 84°35'0"E 84°36'0°E B4°37'0'E B4°38'0"E 84°390°E
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1

28°15'30"N

T
28°14'30"N

T T T
28°12'30'N 28°13'30'N

T T T T T
28°10'30"N 28°11'30"N

28°9'30"N

Legend

T T
28°8'30"N

= River Chepe

Landslide
Il Training data

Validation data |
Landslide Hazard [

Index (LHI)

T T
28°7'30"'N

28°6'30"N

28°5'30"N

Low
1 Medium
I High
M Very High

28°4'30"N

T
28°3'30"'N

Figurel9: Landslide hazard map prepared by Logistic Regression N

4.5Receiver Operating Characteristic (ROC)

The landslide hazard assessment was carried out using two different medels
Statistical Index Model(bi-variate model) and Logistic Regressi¢gmulti-variate
model). Furthermore, the analysis results were validated using the receiver operating
characteristic (ROC) analysis to evaluate the correlation between the landslide hazard
maps and landslide invaary points as well as to compare the effectiveness of model in
landslide hazard mapping of Chepev& corridor. 30% of total 73 landslides (18
landslide) had been employed for validation purp@$e. results obtained shows that a
value of area under curvi®UC) for Statistical Index model was 0.6296 and the
prediction accuracy was about 63%. Similarly, AUC for logistic regression model was

0.8209 and the prediction accuracy was 82%. This results obtained from ROC indicate
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that the logistic model looks tee more accurate in terms of the performance of landslide
hazard mapping and has better prediction accuracy than the Statistical Index Model in

the study area.
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Figure20: ROC for Stastical Index Model
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Figure21: ROC for Logistic Regression Model

4.6 Vulnerability Assessment

For the vulnerability assessmentotal of fivemunicipalties andeighteerwards were
takenthat falls within the boundary of river corrid¢fable 18. Local Disaster and
Climate ResilienPlanning guideling2017)by Government of Nepalas followed for

the analysis ovulnerability of the Chepe River corrido

Table18: List of wards and municipality in the study area

S.N District Municipality ~ Wards Area covered ()
1 Gorkha Ajirkot 2,3 4.1698

2 Gorkha Siranchok 1,2,3 5.3201

3 Gorkha Palungtar 3,5 3.3780

4 Lamjung Rainas 1,23,4,5,6,7 9.7069

5 Lamjung Dudhpokhari 1,2,4,5 13.9777

Thoughlandslides were found in the sewsards, all the eighteamards were taken into
analysisfor vulnerability assessmebecauseeopleown property like hase and land
on the other wal apart from that they were residi(itable 18. Landslides were found

to occur more in the forest area with none in the settlenféatde 19)
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Tablel9: Landslide occurring areas fm

S.N Municipality Wards Agriculture River Shrub and Forest Barren

(m?) (m?  bushes (m?  land(m?)
(m?)
1 Ajirkot 2 0 0 0 900 O
2 Palungtar 5 900 0 0 1800 O
3  Rainas 1 2700 1800 4500 4500 1800
4 Dudhpokhari 1 0 0 9900 14400 17100
5 Dudhpokhari 4 5400 900 O 25200 0O
6 Dudhpokhari 5 3600 0 1800 0 0
7  Rainas 7 900 3600 O 3600 O

The result obtained from the Kll and FGD was converted irgovthnerability scores
(Annex 5 for each indicators and tivellnerability map of th&€hepe River corridor was
prepared (Figre 2. Out ofeighteenwards consided for the vulerability assessment,
tenwards were observed tmve low vulnerabilityto landslidewhile eightwards were
observed tdhave medium vulnerabilitgTable 2(. Rainas Municipality (Ward) and
Dudhpokhari Municipality (Wardl) have the maxinm vulnerability score in
comparison to the other wards. Single death was found in the Dudhpokhari4{vdael
to Mughe landslideBased on the field survegeople livng in the Chepe River corridor
reported thatmany houses have possibility of gettingometed due to the landslide in
the near futureas there is no proper management of spring source of water that creates
gullies and haphazard road constructiblouses of Raina%, 4, 6, Dudhpokha,
Palungtat3 and Siranchow® were found to be highly facted due to the landslide
(Annex 5)

Table20: Vulnerability score of each wardslling within the study area

S.N Municipality Ward Vulnerability score
1 Ajirkot 2 22
2 Ajirkot 3 23
3 Siranchowk 1 23
4 Siranchowk 2 25
5 Siranchowk 3 27
6 Palungtar 3 27
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7 Palungtar 5 22
8 Rainas 1 25
9 Rainas 2 23
10 Rainas 3 29
11 Rainas 4 23
12 Rainas 5 22
13 Rainas 6 26
14 Rainas 7 33
15 Dudhpokhari 1 23
16 Dudhpokhari 2 23
17 Dudhpokhari 4 29
18 Dudhpokhari 5 23

Table21: Differential vulnerability classes on the tmsf vulnerability scores (GgR017)

S.N Vulnerability score Vulnerability class
1 <23 Low
2 24-38 Medium
3 >38 High
60
_ 0 44.4
S
n 40
I
2
s 30
g
c 20
=)
Z
10
0
Medium

Vulnerability Class

Figure22 Vulnerablewardsin the Chepe River corridor
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Figure23: Wardwise landslide vulnerability in the Chepéver corridor

4.6 Risk Assessent

As the logistic regression model was found to be more reliable in terms of landslide
hazard asessment, the model was multiplied with the vulnerability model to get
landslide risk mapThe risk level was classified into 4 level i.e. low, medium, lsigd

very high.16.59(34.54%)km? area lies in the medium risk followed by 12(23.46%)

km? in high risk, 7.7517.54 %)km?in very high risk and 72 (17.46 %)km? in low

risk respectivelyFigure 23.
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CHAPTER 5: DISCUSSION

5.1 Inventory and historical analysis of landslides

In the present study, ®tal of 73 landslides were observed. Mo$ the landslides
observed weréebris fow and very few were rock flow andere found to be active.
According to the people living on the corridor the major reason for the landslide are the
road construction, irrigation canal construction, spring source andlraikfseries of
landslides in Dhamilikuwa VDC had occurred in the slopes along the Chepe River. There
are about 710 landslide at the same place whitiad displaced Bharati family frothat

area and the landslide is also calohrati veer(personal commmication with local
people) According to Ojha et al. (2015Patapati (first started in 1984), Simpani (first
started in 2001Which is still active covering the area about 200m x 150hepe Sangu

(first started in 2011), and Bagar/Tamang tole (firattet in 2012yare some of the
landslidesAn irrigation canal popularly known &ainastar Sinchai Nahamas initiated

by the Government of Nepal (GoN) in 1984 with the technical and financial support from
the Irrigation Line of Credit (ILC), World Bank\(B) and the International Labor
Organization (ILO), which wasompleted in 199€0Ojha et al., 2016 The people of
Borangkhola believe that the landslide is caused diesteanal too along with the other
spring sources and rainfalnothermost populatandslide in the Gepe Rver corridor

is Chunpaharo landslide in Bangechaur. The landslide occurred about 10 year ago and is
still active slowingtaking away thdand of the people livingnearby Around 5houses

are highly vulnerable to that landslide whihas covered a broad area in the river
corridor. Mughe landslide is the another huge landslidieh is basically the rock flow
thatmaycause loss of life and propeifyt occurs frequatly. During 2015 (September)
amassiveMughe landslid&illedoned i sabl e per son wlbriogthata s n ot
landslide Most of the landslide were found laveoccurred due to road construction

whereas others are found to be older one occurddbiyears beforehich is still active.

5.2 Landslide triggering fadors

Many factors are responsible for the landslide occurreincthis studya total of 11
factors were considered for the analysis of landslide hazard and hiskslope class
from 10° to 50°showed an increasing trend of landslide whefeas 50° to 0°, it is
decreasing(Table 2) Generally, as slope increases, the probability of landslide
occurrence also increases (Meten et2015).Chen et al. (2001) statbat there is no

appropriaterelationship between the steepness of a slope and the pitybalbil
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occurrence of landslidekandslides are prone to occur on slopes having a particular

range of steepnessBhe finding of this study agrees to Chen et al. (2001).

Aspect (slope orientation) affects the exposure toligim, wind and precipitation
thereby indirectly affecting other factors such as soil moisture, vegetation cover and soil
thicknesghat contribute to landslidé€lerici et al., 2006). In the present studgpect
towards the southeast and sogtfound mostly taontributes twardslandslidegTable

3). Thismay be because most of rivdlews from eastwest and most of landslides
appear on theouthslopes towardtheriver (Caiyan, 2006)The south facing slopes are
generally steep and asdipping slopes and many south facing facete on the
windward side of the summer monsoon rain which agrees with Ghimire (2011).

The land use has also the significant role in the stability of soil slope. Landslide was
found tooccurmore in the forested area than the barren landlable 11) which is
similar to the findings in Chure arédU-CDES 2016) Based on the field survehe
maximum area covered by landslideshiaforest is may be due factorslike haphazard

road constructio, broader girth of older trees, spring source creatitigegetc. There

are numerous factors responsible foraheurrence ofandslide. Statistical Index Model
has also stated that slof#-50°), distance to roafless than 500 mpeology(Himal
group, Ranimatta and Ulleri formatiorgnd rainfall (28062900 mm) are mostly
responsible for theccurrence of landslid@ the study arewhich might be the reason

for the observation of maximum landslide in the forest afdast of the area of the
corridor falls in the forest which might be th@otherreason ofmaximum landslide
observed in forestTrees and forests camake a positive contribution in various
situatiors however italso increase landslide risk by imposing load on unstable slopes
and via windrelated effects; they are unlikely to preventonimizedeep landslides or

slides on very steep slopes. However, they(E&O, 201§.

The surface relief is the variation in height of land surface and the different reliefs have
different climatic conditions. According to Bhattarai and Pradhan (2011) the
congruction activities like roads are preferentially built along the same relietisnd
therefore landslide hazards in an area are observed more or less on the same relief. The

study area has the maximum area of landslide in the relief of less tha(Ta@ien5).

Most of the area o€hepe Rivefalls within the elevation of 46800 m where the area

of occurrence of landslide is maximum in the elevation of B2@0 m. According to

52



Ghimire (2011), there is no exact relation between oceoeref landslide anelevation

and therefore levation alone cannoéexplain about the occurrence of landslides
Elevationalong with other linked parameters like aspect, slope is interlinked for causing
landslidesn any place

The roads built on the slopesusa the loss dbe support. Tie change of the topography

and loss of support lead to increasstrain behind the slope and development of cracks.

It leads to the instabilities occurring in the slope because of the negative effects such as
wat e rrationr{Devkota etl., 2013) and with that thead segment may act as a
barrier, a net source, a net sink or a cor
in the area, it usually serves as a seuwof landslides (Pradhan & L&2§10). In the study

area, maximumandslides werdgound to be near to the road i.e. < 500 m. With the
increasing distance of the road the landslide is also less which shows that the landslide
is triggered due to the haphazard road construdtairie 4) The similar result was
reported byDevkota et al(2013) in the MuglingNarayanghat road sgon which stated

that road constructionis one of the reason behind the landslidecurrence
Implementation of improved standards for road construction needs to be undertaken

immediately to reduckandslide risk.

Plan curvature is the curvature of the hillside in a horizontal plane or the curvature of the
contours on a topographic map. Hillsides can be subdivided into regions of concave
outward, convex outward, and straight contours called plammon® (Ohimacher,
2007). It was observed that slope in the case of curvature, the planar curvébere is
most susceptible to landslides, in both plan as well as profile curvature and the finding
of this study is similar to Ohlmacher (2007) in which thatistical analysis of plan
curvature and landslide datasets also indicate that hillsides with planar plan curvature
have the highest probability for landslides in regions dominated by earth flows and earth
slides in clayey soils (CH and CLhe curvaturevalues represent the morphology of

the topography (Lee et al., 2004; Erener & Duzgun, 20D@vkota et al. Z013
concluded that the concave curvature is most susceptible to the landslide whereas Lee
and Pradhan (2007) observed that convex curvature iie susceptiblgéo landslide

which indicatesthere are other facterlike rainfall, slope, geology, land use &itong

with curvature typeesponsible for the landslide.
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Geology plays an important role in the causes of landslide failure. Most of thedands

in the study ares found to contain Himal group ané@Rmatta formationHimal group
consists of rocks like marble, gneiss, magmatite whereas Ranimatta formation consists
of phyllite, quartzite,metasandstonand conglomerate (Ojha, 2009)hin bedsof

phyllite between quartzite beds is arfehe causeof landslide Phyllite has less friction

angle andhigher weathering rate whicgets weathered durg long environmental
exposure.Due to that the landslides are actitimal group consists gneiss wh
contains more amount of feldspar andeatheing rate of feldspar is higher which
undergoes chemical \athering with water. Due to whidland slidingis common in
gneisg(Gasim et al.2015)

Drainage densitis the important factor in deting the degee of dissection and haeen
observed that ithe low dissected hill the drainage density is low, while in the highly
dissected hillshe drainagedensity is highlt is important factor for slope instability as
higher the drainage densitywer is themfiltration andfaster is movement of the surface
flow (Pachauri et al., 1998n the area close to the drainagbehigh drainage density
can cause accelerated surface erosgmuling into intense supéicial mass wasting
(Barredo et al., 2000). Mangndslides in hilly areas occur due to the erosional activity
associated with drainag&€he resultof this present studghowedthatlandslideareais
maximum in the area having less draindgssity, whictshows more infiltratiocausing

the more landdlie to occur.

Rainfall plays an important role in landslide triggering effe®sinfall triggered
landslidesare e port ed every ye ahefindings af this studyeatsd ¢ o u |
shows rainfall as one of the significant triggering factbine area of landslidesi

increasing with the increase in tiensity of rainfall in theChepe River corridor
Althoughrainfall is one of the main landslidegygering factorsn Nepal and throughout

the Himalaya, the relationship between landslide occurrence and rainfall characteristics,
either in empirical equations, or in known physical interactions of slope mateyistidi

unclear. In the Himalaya, the empirical relationsbgtweenrainfall and landslide
occurrence, such as minimum or maximum amount of rainfall necessary for triggering

landslides, is yet to be established (Dahal & Hasegawa, 2008).
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5.3 Landslide nodelling and model comparison

Statistical Index ModelSIM) is a polygon (area) basamalysis and the result showed
that slope and road are the major triggering factor of landslide in the study area. Most of
the area of the corridor lies to the very higdeard area. Dudhpokhari municipality of
Lamjung district and Ajirkot municipality of Gorkha district lying in the river corridor

are observed to be very high hazardous in terms of landstidestic regression model,

one of theproposed favorablenodel b deal with the problem of combination of
heterogeneous data, has been widely used for mapping landslide susceptilility.
based on the point based analysis of landslidéhe present studypgistic regression
model shows that there is greater digance of landusand landcovein the occurrence

of the landslidewhereas geology and profile curveg has very less significance. There

is a general consensus that geological information is one of the most decisive parameters
regarding landslide mami$tation andhusincluded inlandslide hazard models (LHMS)
(Rossi et al., 2010; Pourghasemi et al., 2012). However, the study by Paudel (2016)
revealed that the necessity of using geological information in additional to topographical
parameters is not whys high. The whole model test gble 15) shows that the
loglikelihood has dropped to 30.59 (from 68.62) and the difference in model by including
the variable is significant witRrob>ChiSq<.0001)andchi square statistics (76.05009).

This means modelare compared anthypothesisis tested whichshowed mode
improvement has been achievé@nh the basis of landslide hazard map, Rainas and few
areas of Dudhpokhannunicipality andPalungtar and Siranchowk municipality of

Gorkhadistrictare observed to dagh hazard areas.

Landslide Hazard Models (LHMs¥ter the preparation should be validated before using
to ascertain their reliability. According to Vakhshoori and Zare (2018), the validity of
LSMs had simply been presented by simple statistics sucmdslitle percentage per
susceptible zones and model efyciency.
statistics (Provost & Fawcettl997; Provost et al., 1998), threshatddependent
methods, like receiver operating characteristic (ROC), have been recwad for
validation (Fielding & Bell, 1997; Begueria, 2008kgun, 2012; Corominas et al.,
2014). Thearea under curvéd(UC) value of SIM was 0.6296 and the prediction accuracy
was63%. Similarly, AUC for logistic regression model was 0.8209 with theigired
accuracy of 8% which shows that comparatively logistic regression is better in

performance than statistical index model for landslide hazard assesgarenis results
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from different studies has shown the logistic regression models to be mabderétian

the statistical Index modelsPourghasem et al. (2013) prepared the landslide
susceptibility mapping by binary logistic regression, analytical hierarchy process, and
statistical index modelalong with this they alsoompared the performancesmbdel

which also shows logistic regression model is better &ikts; Similar result havéeen
observedby Lim et al. (2011)where landslide hazard maps were produced using the
probabilistic methods likibrequencyratio, statistical index, certainty factand landslide
susceptibility anlysis, logistic regressior80.05% accuracy represented the best result
followed by frequency ratio (79.68%)andslde susceptibility analysis79.699,
statistical index79.38% and certainty factor70.3®6); logistic regression was found

to be more reliable than SIMs in the study of landslide susceptibility in Japan (Dou et
al., 2015).The result of logistic regression showed that geology has veryresstin

the landslide occurrence in this study area and the siregalt was obtained in the study

of Khanh (2009)Vakhshoori an&are (2018 alsostated that ROC curve could merely
estimate a general validity for the produced LSMs and therefore, it is by no means certain
that a map with a RO@UC a few percent lowemhan that of the other maps is less

reliable in predicting the future landslides.

5.4 Vulnerability and risk assessment

Vulnerability assessment is a challenging work to be done as different studies uses
different indicators for the analysis. In this stutdg LDCRP guideline provided byhe

GoN (2017)was used. A total of4 indictas were used for the analyshjirkot-2,3,
Siranchowkl,2, Palungtab, Rainas?, 4,5, and Dudhpokhati,2,5 were observed to be

low vulnerableto thelandslides whereas Sirdmwk-3, Palungtaf3, Rainasl,3,6,7 and
Dudhpokhari4 were found tchave medium vulnerability. dndslide has caused the
economic loss by means of damaged house and loss of agricultural land. Maize, wheat,
millet, paddy and buckwheat are some of the majoicaltural productiorin the study

area. These cropgere also considered during the vulnerability analysis of economical
aspect(Appendix 5).Most of the area was found to be less vulnerable to the landslide
because of less impact of landslide in thdement area and good economic stability of
people. None of the area is found to be highly vulnerable to the landslide till date but
according to the people there is a high possibility of increment of the impact from the
increment in the landslide numberdause of the external factors like road construction

in the study areaVlost of the area of landslide lies in the medium risk zone followed by
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high, very high and low risk zonéreas like Raina4,3,7, Siranchowdd, Palungta+3

and Dudhpokha## were oberved to be at high and very high risk in terms of landslide.
The early paradigms within social science emphasized the reaction and perceptions of
communities during and after emergencies and did not explicitly focus on issues of risk,
or mitigating the 8k of physical harm and social disruption before an event occurred
(Kreps,1973Cardona, 2003
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

A total of 73 landslides were found in tihepe River corridor which was dividetto
training data (70%) and validation data (30%he hazard, vulnerabilitand risk
assessment of ChepavBr corridor comprising 5 municipéies and 18 wards was
studied. Two models i.e. bivariate statistical index model and multivariate logistic
regression model were used for the landslide hazard assessAemuirding to the
statistical index model slopéjstance to road, geology, land umed rainfall are the
major triggering factors of landslides whereas the logistic regression model sstes th
land use relief, elevation, drainagdensity, slope and plan curvature are the major
triggering factors in the study area. The comparison and validation of the model was
done by using ROC which states the prediction accuracy of logistic regression model is
82% whereas the statistical index model is only 63%e logistic regression model is
found to be a better model for the landslide hazard assessment in the smaller area like
river corridor. Therefore,the prioritization should be given to thmoperland ue
management to control the landslide of #nea.The vulnerability assessment done in

the study aremdicateslOwardsfalling within the river corridoto below vulnerable to

the landslide whereas 8 wardere found to benedium vulnerable to the lasiite.

None of the wards were highly vulnerable to the landsBdédue to the haphazard road
construction, the likelihood of occurrence of landslide and increment of its negative
impact is maximum in upcoming day$/ost of the area34.54% lies in themedium

risk followed by high risK27.46%9, very high risk(17.54%) and low risk(17.46%).

6.2 Recommendations
Based on the findings of the present study followigommendationkave been put

forward

9 This study has identified the risk prone areaterms of landslide therefore the
information and awareness about the risk should be protedad people living
in such areas for their preparedness towards mitigation.

1 Proper Land Use planning (according to Land Use policy, 2015) and its
implementatiorshould be done in order to use the land sustainably.
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Proper baseline study on the hazard and risk zonation should be done prior to the
construction of roads, houses and the other infrastructures.

Governmen{(Federal, Provincial and Locahouldprevent he people living in
therisk proneareawhere the landslide is cutting the land mass slowly.

As the present study incorporates eleven factorshdr studies can bearried

outincorporating the othdriggering factordike vegetation index, soil typecet
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APPENDICES

Appendix 1: Letter from Palungtar municipality, Gorkha for the
completion offieldwork at the site

Website: www. Palungtarmun, govnp
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Appendix 2: Letter from Rainas municipality, Lamjung for the
completion d fieldwork at the site

‘Website: www.rainasmun.gov.np
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Appendix 3: Questionnairefor Key Informant Interview

1. Date of Survey:
2. Name of I nterviewee: ééééeéécéeééeéeéeeéé
3. Name of Village/settlements: éééeééeeéé
4. GPS Location: ééééééeéeéecécécéecécéece
5. Landslide evenin the past (you observed)
S.N Date Description of the event Loss/damages
/Year (timing, causes)
6. Landslides that caused your loss/damage
S.N | Loss/damages Description of the event (amount) Date/Year
1. Human Death
2. House
Damaged
3. Economic
Loss
4. | Agriculture
and forest arei
5. Social Impact
(human lost,
robbery, etc.)
7. Do you have any idea on the cause of landslide in this area?
JYes [JNo
If yes. What may be the causes of landslide?
i. eéeéeéeéecée
il. eéeéeéeéecée
iii. ceééeéeéeéeée.
8. Do you still feel that you are vulnerable to landslide? [ Yes 0
No
If yes, why do you think so?
cééeéeéeéecéecéeceéeceéeeéeéeéeéeéeé.
9. Have you ever experienced the changes in the event in this area since last 10

years?




[ Yes 1 No
If yes:
(1 Increasing ] Decreasing

10.What do you feel about the trend of landslide occurrence in this area?
a. Stable
b. Decreasing
c. Increasing
d. Rapidly Increasing

11.What do you think the impact of landslide would be in the future and why?
a. Stable
b. Medium
c. High
d. Noidea

12. Access to informtion:

I. TV

il. Radio

iii. Newspaper

iv. Friends

V. Ot hers specifyéééééeeeeeéecéeé

13.Do you get any information/hints prior to landslide event and if yes, from
where?
71 Yes, | know 1 Yes, somewhat
[JNo [J No response

14.Do you have any traditional/indigenous knowgedo mitigate the landslide?

eeeeeeeeeeeeeeeeeeeeeceeeeceeecee.

15.What is the percentage of population group which includes pregnant woman,
old people, population group less than 25 and greater than 60 years in this area?
a. 0-20
b. 20-40
c. 40-60
d. 60-80
16.Has your houshold taken any coping strategies or action to cope up with the
impact of landslide?
[ Yes 1 No
eééeecéeeceééecéeecééecéecééecéecéeée
e

17.Do you think the local knowledge, skills, capacity and technical approaches are
not used for the control of landslide in the area?

1Y



No idea

Strongly agree
Moderately agree
Disagree

aoop

18.1s there any waten®d management approach?
JYes [J No
If yes. What?

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

eeeeeeeceeeeeeeeeeeeeeeeeeeeeeeecee

19.1s there any evacuation center identified?
[JYes (1 No
If yes. Where is it?

,,,,,,,,,,,,,,,,,,,,,,,,,

eeeeeeeeeeeeeeeeeeeeeeeceece.,

20.Resources availability and access:
i Both available and accessbl
ii. Available but not accessible
iii. Limited resources

21.1s there any private or government agencies working in landslides?
JYes [JNo
If yes. Can you name the organization and the work done by them?

Organization Work done




Appendix 4: Li st of Key Informant Interview ed

z

© 00 N o o0~ W DN P W]

I e e e s e
w N o 0o~ W N B O

Name of Key Informant
Ramesh Neupane
Ram Chandra Adhikari
Swotantra Hamal
Jaiman Gurung

Nanda Bahadur Kumal
Rup Bahadur Taang
Madhav Prasad Parajuli
Man Singh Gurung
Govinda Dawadi

Dhan Prasad Gurung
Saroj Gurung

Bhim Lal Gurung

Toya Raj Gurung
Ramesh Adikari

Dipak Pandey

Suk Man Gurung
Gyanendra Gurung

Bir Bahadur Thapa

Ward Chairperson/Senior Officers

Rainasl
Rainas2
Rainas3
Rainas4
Rainas5
Rainas6
Rainas7
Dudhpokharil
Dudhpokhar2
Dudhpokari4
Dudhpokhar5
Ajirkot-1
Ajirkot-3
Palungta+3
Palungta
Siranchowkl
Siranchowk2

Siranchowk3

Vi



Appendix 5: Ward level vulnerability Scores of each indicators

S.N Municipality =~ Wards Indicators Vulnerability  Total
scores vulnerability
1 Ajirkot 2 Death 2 22

Impacted household: 1

Damaged houses 1

Economic loss 1
Impacted agricultura 1
and forest area

Social Impact 2

Trends of landslide 2

occurrence

N

Possible impaaobf

landslide

Change is seasonal 1

calendar

Change in 1

temperature

Access to source 2

N

Population analysis

Education, 2

awareness, skills
Organizational help 2
2 Ajirkot 3 Death 2
Impacted household: 1
23

Damage houses 1

Economic loss 1

Vi



3

Siranchok

1

Impacted agricultural 1

and forest area
Social Impact 1

Trends of landslide 2

occurrence

Possible impact of 3
landslide

Access to source 3

N

Population analysis

Change is seasonal 1

calendar

Change in 1
temperature
Education, 2

awareness, skills
Organizational help 2

Death 2

=

Impacted household:
Damaged houses 1
Economic loss 1

Impacted agricultural 1

and forest area
Social Impact 2

Trends of landslide 2

occurrence

Possible impact of 3

landslide

23

Vil



4

Siranchok

2

Change is seasonal

calendar

Change in

temperature
Access to source
Population analysis

Education,

awareness, skills
Organizational help
Death

Impacted household:
Damaged houses
Economic loss

Impacted agricultura

and forest area
Social Impact

Trends of landslide

occurrence

Possible impact of
landslide

Change is seasonal

calendar

Change in

temperature
Access to source
Population analysis

Education,

awareness, skills

N

25




5

6

Siranchok

Palungtar

3

3

Organizational help 2
Death 2
Impacted household: 1

Damaged houses 1

Economic loss 1
Impacted agricultura 3
and forest area

Social Impact 2

Trends of landslide 2

occurrence

Possible impact of 2
landslide

Change is seasonal 1

calendar

Change in 2

temperature

Access to source 3

w

Population analysis

Education, 2

awareness, skills

Organizational help 2
Death 2
Impacted household: 1
Damaged houses 2
Economic loss 3

Impacted agricultural 1

and forest area

27

27




7

Palungtar

5

Social Impact

Trends of landslide

occurrence

Possible impact of

landslide

Change is seasonal
calendar

Change in

temperature
Access to source
Population analysis

Education,

awareness, skills
Organizational help
Death

Impacted haseholds
Damaged houses
Economic loss

Impacted agricultura

and forest area
Social Impact

Trends of landslide

occurrence

Possible impact of

landslide

Change is seasonal

calendar

=

N

22

Xl



8

9

Rainas

Rainas

1

Change in

temperature
Access to source
Population analysis

Education,

awareness, skills
Organizational help
Death

Impacted household:
Damaged houses
Economic loss

Impacted agricultura

and forest area
Social Impact

Trends of landslide

occurrence

Possible impact of

landslide

Change is seasonal

calendar

Change in

temperature
Access to source
Population analysis

Education,

awareness, skills
Organiational help

Death

=

N

N

w

25

23

Xl



10

Rainas

Impacted household:
Damaged houses
Economic loss

Impacted agricultura
and forest area

Social Impact

Trends of landslide

occurrence

Possible impact of
landslide

Change is seasonal

calendar

Change in

temperature
Access to source
Population analysis

Education,

awareness, skills
Organizational help
Death

Impacted household:
Damaged houses
Economicloss

Impacted agricultura

and forest area
Social Impact

Trends of landslide

occurrence

1

1

=

=

N

29

X
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Rainas

Possible impact of

landslide

Change is seasonal

calendar

Change in

temperature
Access to source
Population anakis
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Appendix 6: Rainfall stationsin Chepe vicinity

S.N| Station | Name of station Latitude Longitude Average rainfall
number (mm)

1 808 Bandipur 27.93333333| 84.416667 1678.847

2 817 Damauli 27.966667 | 84.283333 1719.187

3 823 Gharedhunga 28.2 84.616667 2920.9

4 809 Gorkha 28 84.616667 1566.95

5 802 Khudibazar 28.283333 | 84.366667 3174.38

6 807 Kunchha 28.133333 | 84.35 2598.737

7 801 Jagat 28.366666 | 84.9 1310.367

8 815 Khairenitar 28.03333 84.1 2218.41
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