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Abstract:

Landslide susceptibility mapping (LSM) plays a crucial role in both development planning and
disaster management. Using Geographic Information Systems (GIS) and remote sensing
techniques, LSM integrates various causative factors to predict areas prone to slope
instability. This research is done to process LSM maps using both the Hierarchical and
Quantitative approach i.e. Analytical Hierarchical Process (AHP) Method and the Frequency
Ratio (FR) Method. The study area consists of 1, 2, 3, 8, and 12 wards of Panauti Municipality.
Ten causative factors including slope, slope aspect, curvature, land use/land cover (LULC),
lithology, distance from river and drainage, distance from fault lines, topographic wetness
index (TWI), and precipitation were integrated into the LSM framework. High-resolution
satellite imagery coupled with field verification identified 138 landslides, partitioned into
training (70%) and validation (30%) datasets. This comprehensive approach, combining GIS,
remote sensing, and statistical techniques, not only facilitates accurate LSM but also offers
insights into potential landslide scenarios and the efficacy of mitigation measures. Our findings
underscore the importance of integrating diverse datasets and methodologies for robust
Landslide Susceptibility Mapping.

The resulting LSM map was categorized into five susceptibility indices: Very High, High,
Moderate, Low, and Very Low. This classification enabled the identification of areas highly
susceptible to landslides, crucial for implementing effective mitigation strategies. Moreover,
kinematic analyses of major landslides facilitated the calculation of failure probabilities,
enhancing our understanding of slope instability dynamics. By comparing the performance of
these methods using metrics such as the density of landslide pixels and ROC/AUC curve
analysis, the study evaluates the effectiveness of each approach. The findings indicate that
the Frequency Ratio method outperforms the Analytical Hierarchy Process method, achieving
higher accuracy in predicting landslide susceptibility. The success rate of FR is 85.2 %
whereas AHP is 75.4%.
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CHAPTER 1: Introduction
1.1 Background:

The Indian and Eurasian plates collided to create the Himalayas, one of the planet's youngest
mountain ranges. One-third of the Himalayan arc is made up of Nepal, which is located in the
center region of the Himalayan range. The complicated geology a range of climate conditions
and floral richness within a constrained range of elevations distinguish Nepal as a special
location on Earth. But because of its unique physiography and biogeography which are the
result of hydrologic, tectonic, seismic, and geomorphologic processes it is now more

susceptible to natural disasters (Hasegawa et al., 2009).

The intricate interactions between natural and artificial causes, the midland areas have been
particularly vulnerable to landslides. Due to a unique combination of factors including high
rates of weathering and abundant rainfall, together with an active tectonic setting, growing
urbanization, and infrastructure development, landslides constitute a major natural hazard in
Nepal. Furthermore, the problem of landslides has gotten worse in Nepal and worldwide as a
result of both an increase in the frequency of extreme events and climate change. Natural
disasters include landslides, which are catastrophic events that result in significant losses of
life, property, and other infrastructure and are beyond human control. However, the effects of
landslides also overlap with those of conflict or war. A variety of trigger mechanisms and
susceptibility factors, including rainfall, earthquakes, vegetation degradation, steep slopes,
harsh terrain, changing climatic and microclimatic conditions, and fragile and complex
geology, combine to cause landslides (Gerrard et al., 2002). In Nepal, the susceptibility to
landslides varies by area. Rainfall and this fluctuation are frequently closely correlated. Almost
every year during the monsoon, landslides caused by rainfall occur, and the amount of rainfall

varies across Nepal (Kansakar et al., 2004).

In general, geological, hydrological, and atmospheric phenomena such as landslides, floods,
earthquakes, and volcanoes are the causes of socioeconomic disturbance. The movement of
a mass of rock, debris, or earth down a slope is referred to as a landslide (Cruden, 1991).
Landslides can be caused by several external stimuli, including strong rains, shaking from an
earthquake, changes in water level, storm waves, or rapid stream erosion that causes a rapid
increase in shear stress or decrease in the shear strength of materials that form slopes. The

main causes of surface soil's increased sensitivity to instability include overuse of natural
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resources, deforestation, and expanding urbanization, and unregulated land use, which also
increases the vulnerability of the exposed population. Existing landslides can be categorized
as active, dormant (perhaps revived), or inactive (typically relict or fossil) based on their level
of activity or movement. It might happen one at a time or in clusters of up to thousands. For
instance, several landslides happen practically at the same time, when an earthquake shakes
the slopes, or over several hours or days when heavy rains or snowmelt cause failures
(Guzzetti et al., 2005).

By identifying slopes with a high failure risk, landslide susceptibility mapping facilitates the
making of the necessary protective and preventive actions (Guillard and Zezere, 2012). It is
accurate to define landslide susceptibility zonation as the dividing the earth's surface into
zones that are almost uniform in size and classifying them based on the level of landslide risk
that is present or predicted. The premise behind all currently available techniques for mapping
landslide susceptibility is that similar conditions to those that caused and continue to cause
landslides in the past and present, in terms of geology, geomorphology, hydrogeology, and
climate, increase the likelihood of landslides occurring in the future. Both field surveys and the
analysis of remote sensing images can be used to classify, identify, categorize, and map the
geomorphological features of landslides. These features are controlled by observable internal
factors (i.e. inherent characteristics of the ground), known as causative factors, which can

also be mapped from field surveys and remote sensing image interpretations.

1.2 Location and Accessibility:

Panauti is a relatively small municipality in Kavrepalanchowk district of Bagmati zone of
central development region. The municipality lies 32 kilometers east from Kathmandu and
immediately south of Banepa Municipality (Panauti Municipality, 2024). The main source of
income here is agriculture. The study area is comprised of 5 wards within the Panauti
municipality, spatial extent between 27°32’ to 27°38’ north latitude and 85°24’ to 85°30’ east
longitude. Potato, paddy, orange, milk are the main agricultural products. Besides these
people have taken small scale industries, business, and animal husbandry as the source of
income (Panauti Municipality, 2024). Panauti is bordered by Sharada Batase, Shankhupati
Chaur VDC and Dhulikhel Municipality on the east; Kushadevi, Mahendrajyoti VDC on the
west; and Banepa Municipality on the north; and Kalati Danda, Chalal Ganesthan and Balthali
VDC on the south (Panauti Municipality, 2024).
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The Study Area of Panauti Municipality
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Figure 1: Location Map of the Study Area.
General details about Panauti Municipality is given in Table 1.
Table 1: Background Details of Panauti Municipality
Descriptions Details
District Kavrepalanchwok
Number of wards 12
Population (2011) 56329
Area 118.09 sq. km.
Average Rainfall 1200 mm
Min-Max temperature 0-32 degree Celsius

Major geological structure such as faults, folds, and thrusts that characterize the Himalayan

mountain range provide evidence of its creation. In Kushadevi (Nagi Dada), the majority of

the rocks are sedimentary and metamorphic nature. The local tectonic activity has caused
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these rocks to fracture and fold. The region's tectonic activity has resulted in folding and
faulting. Sedimentary rocks, such as sandstones, siltstones, and shales, were deposited
during the Jurassic and Cretaceous periods. Metamorphic rocks, such as gneisses, granites,
and schists, are products of the intense heat and pressure that go into the development of
mountains. Due to the steep terrain and deterioration of the rocks, the region is also vulnerable
to landslides and rock falls. A landslide that happened in the neighboring Sindhupalchowk
area in 2014 resulted in significant damage and fatalities. In conclusion, the tectonic activity
linked to the Himalayan mountain range has shaped the geology of Kushadevi. Complex
geological structures and a combination of sedimentary and metamorphic rocks are features
of the region. The steep terrain and weathering of the rocks make the area prone to landslides
and rock falls, which can have significant impacts on the local communities (Bhandari et al.,
2015).

1.3 Climate and Vegetation

Climatic conditions are mainly influenced by the geographical aspects such as elevation and
topography. The fluctuations in both the temperature and precipitation are due to a wide
variation in elevation. Commonly the monsoon starts from June and end in the last week of
the September that contribute more than 70-80 percentage of the total annual rainfall of the
area.

In general, it is known for its diverse vegetation due to its varying topography, ranging from
lowland Terai to the high Himalayas. Common vegetation types in Nepal include subtropical
forests, temperate forests, and alpine vegetation. The average annual rainfall of the given

area is 1200 mm (Panauti Municipality, 2024).

1.4 Topography and Drainage

The stream, called Roshi Khola, is fed by springs and has several tributaries, including
Muldole, Sishakhani, Baira Mahadev, Gudgude, and Khar Khola. It flows from west to
southeast and eventually joins the Lilawati Khola at Bhaleshwor Dobhan and Punyamata
Khola at Pathani Triveni Ghat, which is a tributary of the Sunkoshi River in south central Nepal.
Roshi Khola (Panauti), situated 5 km southeast of the catchment region and at an elevation
of 1480 meters above mean sea level (27°34’50” N and 85°30’50” E), is the closest

hydrological station in the research area.
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Figure 2: Drainage Map of the Study Area.

1.5 Problem Statement of the Study Area

Nepal, a landlocked nation in south Asia, is rapidly becoming an uncontrolled metropolitan
area. Large and expanding infrastructure deficiencies as well as ineffective planning pose a
threat to Nepal's urbanization's sustainability (World Bank 2013). The hilly region is prone to
the formation of landslides with even small changes in geometry or burdening of unstable
slopes, so the main cause of the landslide may have been caused by its geological structure
and terrain morphology. Hilly region of Nepal is vulnerable to hazard because of steep terrain
and rugged topography, making it highly susceptible to landslides. Rapid urbanization,
deforestation, and erratic rainfall patterns further exacerbate the vulnerability of the region to
landslides (Petley et al., 2007). In the rugged landscape of Kavre district, the rapid pace of
urbanization intertwines with the intrinsic vulnerability to landslides, creating a precarious
scenario for sustainable development. As urban areas expand and infrastructure deficiencies
loom large, the specter of landslides casts a shadow over the region's future (Bhandari et al.,
2015). Without robust planning measures and proactive strategies, the risk posed by
landslides remains largely unaddressed, leaving communities vulnerable to potential

disasters. The absence of comprehensive susceptibility mapping exacerbates this
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vulnerability, hindering efforts to identify high-risk areas and implement targeted interventions.
In this context, conducting a geospatial analysis to assess landslide susceptibility emerges as
an imperative (Bera et al.,, 2019). By leveraging advanced technologies and analytical
techniques, this research aims to unravel the complex interplay of geological, topographical,
and anthropogenic factors shaping the landscape's susceptibility to landslides. The resulting
insights hold the potential to inform evidence-based decision-making, empower stakeholders,
and pave the way for sustainable urban planning in the Panauti area. The study area within
the Panauti municipality is classified as a tourist area with parks, gardens, paragliding, and
further infrastructure development underway. The registered landslide areas in the area are
ward number 4, 8, 3, and 12 of the Panauti Municipality. In this situation, landslide
susceptibility mapping is crucial because it identifies the area that is susceptible to landslides
by ranging from low to high chances of a landslide occurring in the given area. The landslide
susceptibility would serve as the foundation for the Panauti Municipality's future planning.

1.6 Research Questions

Landslide research aims to produce LSM using Hierarchical and Quantitative Method. This
includes identifying the triggering mechanisms for landslides. The research findings will be
combined with GIS modeling to provide a landslide susceptibility map for the area of interest.

The study of this area aims to cover all the question listed below:

RQ1: What are the key factors influencing landslide susceptibility in Nagi Danda, Kushadevi
in Panauti Municipality, and how can they be integrated to produce an accurate landslide
susceptibility map?

RQ2: What portion of areas are covered by different level of susceptibility classes?

RQ3: What are the possible type of failure that makes the area landslide susceptible?

1.7 Objectives

1.7.1 Main Objectives

Ol: To produce a landslide susceptibility map of the Nagi Danda, in Panauti
Municipality using Geospatial Analysis, Quantitative and Hierarchical method. (RQ1
and RQ2)

17



1.7.2 Specific Objectives

SO1: To assess the existing bio physical conditions in relation to the landslide susceptibility
mapping and categorization in different susceptible classes. (RQ2)

0O3:  To conduct Kinematic analysis in major landslides of the study area. (RQ3)

1.8 Limitations

There was no previous landslide inventory map in the study area which indicate no previous
study about landslides were done in the area, resulting in difficulty in understanding
Landslides causative factors. As a result, identifying landslide-prone areas has proven
difficult. Fieldwork was conducted in wet season, hence the lithological exposure was covered

in foliage, which disrupted the data collection procedure.
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CHAPTER 2: Literature Review
2.1 Review in Landslide and Landslide Susceptibility mapping

Landslides, being one of the principal natural hazards, account annually for huge property
loss in terms of both direct and indirect expenses. Landslides are defined as the movement
of a mass of rock, debris or earth down a slope (Cruden & D.M., 1991). Landslides can move
in one of several ways, including flowing, sliding, toppling, or falling. In general, landslides are
caused by a combination of geo-environmental factors i.e. many landslides include two or
more different movement types (Varnes & D.J., 1978). Landslides have frequently caused
property and infrastructure damage and occasionally resulted in human losses. According to
literature, between 1990 and 2005, landslides accounted for 5% of all natural hazards around
the world. These numbers are likely to increase in the future as a result of seismic activities,
climate change-induced rainfall levels, and human activity on fragile slopes (Kanungo et al.,
2009). Landslides have caused large numbers of casualties and huge economic losses in
mountainous areas of the world. The most disastrous landslides have claimed as many as
100,000 lives (Li et al., 1992).

The Varnes classification is a widely used system for categorizing landslides based on their
type and the materials involved. It was first proposed by Varnes in 1978 and has since been
adopted by many researchers and organizations. The classification takes into account the
type of movement, the nature of the materials involved, and other relevant factors.
The main categories in the Varnes landslide classification include:

e Falls: Discrete masses of soil and rock falling through the air.

e Slides: Movement of material along a well-defined surface.

e Flows: Movement involving material that behaves as a viscous fluid.

e Complex Movements: Combinations of different types of landslides or those that

don't fit precisely into the other categories.

Each of these main categories is further divided into subcategories based on specific
characteristics of the landslide. The classification provides a systematic way to describe and
categorize landslides, aiding in the understanding and management of landslide risks. Keep
in mind that there might be updates or revisions to classification systems over time, so it's
always good to check for the latest information from reputable sources (Cruden et al., 1996).

The basic principle behind landslides is slope instability. Slope stability expresses a balanced
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relationship between shear stress and shear strength (Duncan, 1996). Gravity-induced shear
stress exists in every slope and increases with slope height, slope inclination, and the unit
weight of the components that constitute the slope. Thermal expansion and contraction of
surface zones, freezing-thawing activities, and other variables all contribute to increased
shear stresses. Under typical conditions, slope surfaces are balanced between shear stress
and shear resistance. A landslide can be caused by an imbalance of resisting and pushing
forces (Duncan, 1996). Driving forces are those forces which move earth materials
downslope. These include components of weight of material including fill material, vegetation,
or buildings. Resisting forces are those forces which oppose the movement. These include
strength of material. Factor of safety (FS): The factor of safety of a slope is the ratio of resisting
forces to driving forces, i.e. FS = resisting forces / driving forces. The slope is stable if the
driving forces are less than or equal to the resisting forces (i.e., when FS = 1). However, when
the driving forces exceeds the resisting (i.e., when FS < 1), the slope is unstable and a
landslide may occur. Those parameters that increase shear stress and reduce shear strength
of the slope could be categorized into external and internal factors including topographic
parameters such as slope, ground water, soil moisture, lithology; geological structures such
as faults, joints, bedding planes. Most common external factors influencing landslides are the
vibrations due to earthquakes, blasting due to explosives and volcanic eruptions etc. Broadly,
causes of landslides can be discussed under the following terms: geological factors,

morphological factors and factors associated with human activity.

While semi-quantitative approaches rely on weighted techniques, qualitative strategies base
their rating process entirely on indigenous knowledge (Abdo, 2022). On the other hand,
guantitative approaches employ statistical methods to determine the connection between
landslide beginning factors and landslide incidents (Rahman et al., 2022). Spatially landslide
probability can be predicted using several quantitative methodologies, such as fuzzy logic
(FL), logistic regression (LR), AHP, fuzzy neural network (FNN), the weight of evidence
(WoE), information value (1V), fuzzy ratio, and fuzzy logic (Mohammady et al., 2012 ; Shahabi
& Hashim, 2015). After earthquakes, landslides are the most frequent natural hazard in Turkey
(Gokceoglu, 2002), with the Eastern Black Sea region being particularly vulnerable. The
topography of this area is mountainous, and it frequently experiences high levels of
precipitation. The combination makes the area vulnerable to widespread, catastrophic

landslides. Natural disasters in Turkey over the past 50 years have resulted in housing losses
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estimated. About US $80 million is lost economically each year as a result of landslides, with

the Eastern Black Sea region bearing the brunt of these losses (Yalcin, 2007).

Similarly, in the context of Nepal’s unique tectonic setting, high weathering rates and abundant
rainfall, landslides are a major natural hazard. Human interference in the form of rapid
urbanization and construction of infrastructure makes the situation even worse. In addition,
landslide problems have worsened in Nepal and around the world as a result of climate
changes and an increase in the frequency of extreme event (Siwakoti & D.R., 2000).
According to the statistics, there is a significant degree of annual variability in the frequency
of landslides, although general trends point to an increase. Landslides are a significant
development impediment in Nepal, resulting in significant financial losses and a notable
annual death toll. Everyone agrees that landslides are having more and more effects over
time in nations like Nepal (Petley et al., 2007). Planning for land use requires an understanding
of the slope instability's geographical distribution (Yalcin et al., 2011). Due to a complicated
mix of factors including earthquakes, climate change, and an explosion in unofficial road
building that destabilizes slopes during the rainy season, the number of landslide deaths in
Nepal has been rising sharply. This tendency is expected to increase with further growth,
particularly since China's Belt and Road Initiative aims to build three significant trunk highways
across the Nepalese Himalaya, which nearby communities would try to connect to with shoddy
roads (McAdoo et al., 2018).

2.2 Review related Geology of Central Lesser Himalaya Nepal

The Nepal Himalaya is the longest section of the Himalayas. It occupies the central position
and extends all over the Nepal. The entire length of the Nepal Himalaya is over 800 km
extending from the Mahakali River in the west to the Tista River in the east.

The Nepal Himalaya can be divided into five tectonic zones from south to north as proposed
by Gansser, 1964 and Hagen, 1969 i.e.
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Tethys Himalaya Zone

Terai Zone (Indo Gangetic Plain)

Figure 3: Division of Nepal Himalaya into 5 tectonic zone by Gansser, 1964 and Hagen, 1969

According to Stocklin and Bhattarai (1977), the Kavre area's rocks can be classified into two
types: crystalline high-grade metasedimentary rocks and Kathmandu Nappe (Complex).
Similarly, while studying geology of Kavre area the Bhimphedi Group, divided by the Chak-
Rosi Thrust, and the Benighted Slate of the Upper Nuwakot Group comprise the lithological
units dispersed throughout the research region. The lithological units constitute the eastern
closure of the NW-SE and dip southward. A portion of the Mahabharat synclinorium's northern
limb. Psammitic schist, metasandstone, metasiltstone, and micaceous quartzite make up the
majority of the geology in the area. One type of rock found in the Markhu, Kalitar, and
Chisapani formations is micaceous quartzite. Markhu quartzite has a minor calcareous
content. One type of rock found in the Kulekhani and Markhu Formations is pazmitic schist.
The Tistung Formation's two main rock types are metasandstone and metasiltstone. The
primary joint sets in the rock masses are three to four, including the joint parallel to foliation.
The discontinuity characteristics show that the rocks have a virtually smooth to rough surface
with soft filling aperture, indicating that they are blocky in nature. The rock bulk is rigid,
indurated, and almost entirely new. Toppling failures, plane failures, and stable and unstable
wedges all affect the slopes (Paudel & Tamrakar, 2013).

The primary causes of large-scale landslides on central Nepal's highways are the significant
hydrothermal alteration in the Lesser Himalaya during the Main Central Thrust (MCT) and,
consequently, clay mineralization in sliding zones of large-scale landslides. Additionally, this
study indicates that slope failure in the Lesser Himalaya of Nepal during the monsoon is
primarily caused by large-scale landslides (Hasegawa et al., 2009).

The local tectonic activity has caused these rocks to fracture and fold. The region's tectonic

activity has resulted in folding and faulting. Sedimentary rocks, such as sandstones,
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siltstones, and shales, were deposited during the Jurassic and Cretaceous periods.
Metamorphic rocks, such as gneisses, granites, and schists, are products of the intense heat
and pressure that go into the development of mountains (Stdcklin & Bhattarai, 1977) The area
is prone to landslides and rock falls because of the steep terrain and deteriorating rocks. In
2014, there was a landslide in the nearby Sindhupalchowk area that caused substantial
damage and killed several people (Geest & Schindler, 2016). In conclusion, Kushadevi's
geology has been formed by tectonic activity associated with the Himalayan Mountain.

2.3 Review on LSM using various methods

A section of the Himalayan region near Darjeeling was chosen for the model's execution. The
area is divided into various zones of four relative susceptibility classes: high, moderate, low,
and very low, on the resulting landslide susceptibility map. The validation of the susceptibility
map involved a correlation between the frequencies of landslides in various classifications
(Sarkar & Kanungo, 2004). In Dena city, Iran, susceptibility maps are created using the AHP
in eight layers accordingly, landslide inventory, rain, lithology-weathering, earthquake, slope,
land cover, distance to stream, and distance to road. This method divides each layer into
smaller components, weights these components according to their significance, then
assembles the last set of prepared layers and creates the final map which gives a satisfactory
result. Since historical landslide databases provide the foundation for all landslide risk
assessment components, their availability and quality cannot be overstated. In contrary the
Namche area of the South Sikkim district, which is a part of the Eastern Himalayas. The multi-
criteria analysis technique was used to map the zonation of landslides hazards. A GIS platform
(ArcGIS 10.1) was utilized to combine multiple thematic layers, including slope, rainfall
distribution map, lineament density, drainage density, slope aspect, geomorphology, land
use/land cover, and soil map, in order to demarcate the landslide hazard zone (Bera et al.,
2019). GIS and remote communications are examples of modern technology that ought to be
used more often in landslide risk assessment and management (Moradi et al., 2012). Risk
assessment is necessary to make wise decisions and funding for landslide management. The
historic landslide database cannot be over emphasized as it contains all the basic components
for landslide risk assessment which leads to its management (Dai et al., 2002). In order to
manage disasters and plan land use, it is crucial to identify and map locations where
landslides are likely to occur. This goal can be effectively accomplished by using landslide

susceptibility prediction, or LSP (Borrelli et al., 2018).
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Geographic Information System (GIS) technology has been widely employed in recent years
for mapping and assessing the susceptibility to landslides. It is often integrated with data
obtained through novel approaches, such as satellite remote sensing and light detection and
ranging (LiDAR) photographs. GIS-based models make it possible to manage large amounts
of data in terms of file size and geographic scale. They also enable the dynamic and ongoing
zonation of landslide susceptibility, which is a necessary step in efficient land planning and
risk reduction (Yalcin et al., 2011). The GIS-based approach that has been suggested to map
the susceptibility to landslides in the Portofino promontory, a Mediterranean region that is
occasionally impacted by severe rain events that result in frequently shallow landslides, is one
of the research that this study will look at. Drawing on more than 110 years of landslides nine
landslide conditioning factors, including both natural and anthropogenic aspects, have been
evaluated for their role using a semi-quantitative AHP method based on inventory and expert
judgments (Roccati et al., 2021). The AHP method is one of the heuristic methodologies that
has been used extensively in the literature for landslide susceptibility assessments. AHP is a
multi-criteria approach that is widely utilized in natural hazard management because of its
ability to link physically diverse data (Yalcin, 2008). According to comparatively higher or lower
probability or categories of probabilities, susceptibility mapping identifies areas within the
research area that are more or less vulnerable to landslide (Tehrany et al., 2015). Through
the identification of landslide-prone zones (high to low), the LSM will assist stakeholders in
putting suitable mitigation measures in place throughout the rural municipality affected by
landslides (Dhungana et al., 2023). The class FR or class weights, which show the relative
relevance of distinct classes for each factor, were derived using the FR model. The landslide
susceptibility index value (LSIV) on a GIS platform was calculated using the weighted linear
combination (WLC) approach, which takes into account both factor weights and class weights.
There are five zones within the Shiv-khola watershed that are susceptible to landslides
(Mondal & Maiti, 2013).

The Dakar coastline region was subjected to a multi-method approach for mapping landslide
hazards and evaluating the stability of natural slopes. This method is based on the successful
fusion of GIS, mechanical (deterministic and numerical) stability analysis, and geotechnical
field and laboratory work. This method produced useful findings about slope failure modeling,
landslide kinematics, instability factors, and coastal erosion. This resulted in an extensive
evaluation, a significant decrease in the subjectivity of the slope stability and hazard
assessment, and the creation of an objective map showing the threat of landslides along

Dakar's southwest shore (Fall et al., 2006). Slope stability analysis is used for study of slopes,
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whether man-made or natural, and the state of equilibrium. The resistance of an inclined
surface to collapsing or sliding is known as its slope. Property and lives loss may result from
a slope failing. Therefore, it is crucial to verify that the suggested slopes are stable. With the
advancement of contemporary soil testing and stability analysis techniques, a cost-effective
and secure slope design has been made possible (Salunkhe et al., 2017). The kinematics of
past landslides in an area, geologists and engineers can create hazard maps that delineate
zones prone to landslide activity. These maps serve as valuable tools for land-use planning,
infrastructure design, and emergency preparedness (Rusydy et al., 2019). Furthermore, the
incompleteness of the input variables in LSP modeling results from the ignoring of the variety
of conditioning factors in slope units. The internal variations of conditioning factors within a
slope unit, which are represented by the descriptive statistics features of mean, standard
deviation, and range, are used in this study to construct LSP modeling from the slope units
extracted by the MSS method (Chang et al., 2023). As a result, the rockslide at Theng has
been thoroughly examined at 24 different sites utilizing topographic, lithological, and structural
data gathered from the ground. The goal is to assess the causes underlying rock sliding in
order to provide the best mitigation strategy. This study's large-scale geological mapping and
site-specific kinematic analyses in various spatial domains confirmed that, despite the
competent lithology (quartz, gneiss, and quartzite) within this 180-meter stretch, there is a
high likelihood of both plane and wedge failures due to gentler and unfavorably oriented planar
discontinuities with respect to the available resources (Ghosh et al., 2014). The study in the
East Sikkim Himalaya evaluates landslide susceptibility maps (LSM) using frequency ratio,
logistic regression, random forest, and integrated analytical hierarchy process with frequency
ratio (AHP-FR). Models trained with 166 landslides and 12 causative factors were tested
against 71 landslides, revealing very high susceptibility classes covering 11.97% for AHP-FR,
11.99% for logistic regression, and 7.13% for frequency ratio, with random forest and AHP-
FR showing superior performance based on success rate curve, prediction rate curve, and

seed calculation area index metrics (Gupta et al., 2022).
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CHAPTER 3: Materials and Methodology

For the purpose of geological mapping and landslide investigation, the study work was
conducted mainly into three stages viz.

e Desk study

e Field study

e Data analysis interpretation and presentation

3.1 Data Used

Spatial datasets play a pivotal role in advancing the accuracy and efficacy of landslide
susceptibility mapping through the integration of the AHP method and the FR method. In the
AHP method, spatial data sets are instrumental in delineating criteria such as slope, land
cover, and lithology, which are crucial factors influencing landslide occurrences. These
datasets enable the quantification of pairwise comparisons and the assignment of weights to
each criterion, providing a geospatial foundation for decision-makers (Saaty et al., 2001).
Similarly, in the FR method, spatial datasets are fundamental for identifying conditioning
factors associated with landslide occurrences. Features like slope, land cover types, and
lithological characteristics are spatially represented, forming the basis for calculating the
frequency of landslides within specific classes. The spatial mapping of landslide frequency
outcomes assists in visualizing areas at higher risk. Integrating spatial data into the FR method
enhances the precision of susceptibility mapping by considering the spatial distribution of
conditioning factors, providing a more accurate assessment of landslide susceptibility across
diverse landscapes. The synergy between spatial datasets and both AHP and FR methods
fosters a comprehensive understanding of landslide susceptibility, thereby supporting
informed decision-making and proactive measures for landslide risk mitigation and
management (Mondal & Maiti, 2013). ASTER DEM was used for the extraction of topographic
attributes namely slope, aspect, drainage, curvature, topographic wetness index (TWI).
Sentinel 2 level 2 high resolution image of 2024 February was used for LULC map preparation.
Similarly, for average precipitation map (2010-2022) CSV data file was used. Similarly, for
fault and lithology Vector data sets from DMG was used.

The different data used in this investigation are listed in Table 2.
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Table 2: Datasets used, its Description, Source and Type.

Landslide
inventory

Point/ Polygon Vector
(Point and Google Earth
Polygon) And Field verification
Kinematic )
analysis Foint Field Work Vector
(Jointset data)
Slope,
Aspect,
Curvature, _ ) ALOSPALSAR|Alaska
S Will be derived from DEM satellite Eacility Raster
Network, TWI
Index

Geological map of Nepal

prepared by ICIMOD by
Geology using geological Map of 1 : | Data from mines and geology | Vector
(Lithology) 100000 scale published by | Department

Department of Mines and

Geology in 1994.

Dem data from Alospalsar for
Distance from [ Euclidean distance | stream distance, Nepal road
stream function will be used for | network - Humanitarian Data
network road | calculating the distance | Exchange (humdata.org) for | Raster/Vector
network and | from the Stream Network, | road distance and geological
fault and Fault distance map from department of mines
and geoloqy, lazimpath
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https://asf.alaska.edu/datasets/daac/alos-palsar/
https://asf.alaska.edu/datasets/daac/alos-palsar/
https://data.humdata.org/dataset/nepal-road-network
https://data.humdata.org/dataset/nepal-road-network
https://data.humdata.org/dataset/nepal-road-network
https://data.humdata.org/dataset/nepal-road-network
https://data.humdata.org/dataset/nepal-road-network
https://data.humdata.org/dataset/nepal-road-network
https://data.humdata.org/dataset/nepal-road-network

Monthly average rainfall
Precipitation data from Metrology | Meteorological department Raster
Department

Esri | Sentinel-2 Land Cover
LULC Land used land cover _ Raster
Explorer (arcgis.com)

3.1.1 Grid Size and Coordinate System Projection Used:

In this research, all datasets required for the study area were kept to a resolution of 12.5
meters. The DEM and its derivatives, distance raster datasets, geology, precipitation, and
landslide inventory polygon files were resampled to 12.5 m resolution using ArcGIS Pro's

resampling tool.
3.1.3 Image Processing

Before compositing and mosaicking, Sentinel-2 Level-2A bands were reduced to the area of
interest, resampled to 12.5 m pixels using ArcGIS pro, and saved in ENVI format. Resampled
images were composited into a single image using ArcGIS Pro software. Next, the composited
band picture from the preceding procedure was utilized to mosaic two image layers into a
single continuous image. Two DEM Image layers were overlaid to provide continuous DEM

images for the study region.

3.1.4 Data Processing

e Clipping and Masking is the process of pulling data from a specified area of interest.
The clip function aligns the scope of one geographical layer with another. All datasets
in this study were cut to cover a larger study area.

e Rasterization is the process of turning vector data (points, lines, and polygons) into
raster form (pixels). The polyline and polygon conversion tool is essential for

converting these data types to raster. In the present The Landslide factors and
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https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=147.744%2C-37.19%2C11&mode=step&timeExtent=2017%2C2022&year=2022
https://livingatlas.arcgis.com/landcoverexplorer/#mapCenter=147.744%2C-37.19%2C11&mode=step&timeExtent=2017%2C2022&year=2022

Landslides files were rasterized using the polygon to raster tool, with a cell size of
12.5m.

e The raster object is created through resampling, which adjusts the spatial resolution
of the input raster by developing rules for aggregating or interpolating data over new
pixel sizes. This study resampled DEM datasets using closest neighbor resampling,
with output cell size set to Sentinel 2 Level 2A (12.5 m). The fastest interpolation
technique is nearest neighbor, which preserves cell beginning values and is suitable
for discontinuous data such as land use classification (ESRI, 2021).

The Spatial Analyst toolbox and is used for reclassifying raster data. This tool allows

users to modify the values of a raster dataset based on specified ranges or criteria.
For the Landslide susceptibility mapping total 10 factor are used after reading multiple paper,
field work i.e. Slope, Slope Aspect, Curvature, Stream, Road, Rainfall, Lithology, TWI, LULC

and Distance from fault.

3.2 Software used:
There are various range of software to be used for landslide susceptibility mapping and they

are as follows:

Table 3: The software used with its purpose.

S. No. | Software Used Purposes
1 ArcGIS Pro 10.4 For data analysis
2 Google Earth Pro To create landslide inventory map
3 Google Maps To trace the location of landslide
4 Geojson.io To trace the GPS and code it to shape file
5 DIPS For Kinematic analysis from the field data

3.3 Desk study

Various published and unpublished reports regarding the geology of the study area were
studied as mentioned in Chapter two. The material used for the desk study is topographic
map of 1:25000 scales. Google earth images had also been used during the study. Land use
map and the digital elevation model (DEM) were derived from the digital data provided by
Survey Department. Precipitation data were obtained from Department of Hydrology and

Metrology.
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3.4 Field study

Desk study was followed by a series of detailed fieldwork in the study area. About 2 weeks
were spent in the different time periods for the data collection. The fieldwork was performed
with the aim of preparing the geological map and the landslide inventory map of the study
area. Brunton compass, topographic maps, geological hammer, magnifying glass, measuring
tape, hydrochloric acid and graph papers were used for the field study.

The Geological structure like fold and fault were also marked on the map.

The landslides observed during the field study were marked on the map to prepare up to date
landslide inventory map. To study the geology from the Geology of Nepal Himalaya by
Prakash Das Ulak and study the geomorphology of that area presence of fault, fold, lithology

and its contribution in landslide.

3.5 Landslide Inventory mapping:

For this purpose, Google Earth Pro is to be used to digitize the landslide on going area and
to confirm the landslide area fieldwork will be performed. The data will be classified into
training data for creating LSM and testing data for validation of LSM. The Tabulate Area tool
in ArcGIS Pro was used to calculate the number of landslides area and their corresponding
pixels across various parameters. The landslide point and polygon datasets were converted
to raster format using the conversion tool.

Landslide susceptibility mapping involves predicting the likelihood of landslides occurring in a
given area based on various factors. To create accurate and reliable models, it's crucial to

have well-prepared training and testing datasets as given in Table 4.

Table 4: Division of landslide point datasets.

Datasets Division of datasets Purpose

Training Set 70% of total dataset Used to train the landslide susceptibility
model

Testing Set 30% of total dataset Used to assess the model's performance and
generalization

3.6 Slope Stability Analysis Using DIPS:

For the kinematic analysis of slope failure data were collected from joints of exposure of

landslide in the field and the failure analysis is done using DIPS software. Gather geological
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and geotechnical data related to the slope. This includes information on joint orientations,
spacing, persistence, roughness, and any other relevant geological features.

The joint orientation data (dip and dip direction) into DIPS. This data is typically collected in
the field using a compass. To calculate the failure; joint datasets (joints having similar
orientations) area collected. The field data are given as input data to dips and it analyze the

data giving the failure percentage.

3.7 Data analysis:

Landslide susceptibility mapping and analysis need consideration of multiple factors. Total 10
factors are used for the preparation of LSM of the study area through studying various
literature and interviewing locals and conducting rigorous research to investigate landslide
sites. During the 15 days of fieldwork in August 2023, landslide areas were GPS-identified.
The LSM was prepared by considering ten landslide triggering factors: lithology, slope angle,
drainage, slope aspect, slope curvature, lithology, fault, drainage, land use and land cover
(LULC), Topographic Wetness Index, and precipitation.

3.7.1 Slope:

Slope stability calculations rely heavily on the slope angle, as it directly affects shear
pressures. Sliding is more likely on steeper slopes. In most research on landslide sensibility
zoning, slope % is one of the most relevant variables (Abedini et al., 2017). Theoretically,
raising the slope increases shear stress, which increases the possibility for slope instability.
The slope map of the research region is produced into five classes i.e. 0-15,15-30,30-45,45-
6-, 60<. The slope map was derived from ALOS PALSAR DEM of 12.5 m resolution by using

ArcGIS Pro software.

3.7.2 Slope Aspect

Slope Aspect element plays a vital part in utilizing the quantity of rainfall, solar energy, and
type of wind blowing in any location, as well as reflecting the influence of soil thickness,
vegetation, wetness, and so on. Because the research region is in the middle attitude, the
susceptibility of landslides varies along the entire slope direction. The aspect map of the study
area is created in nine classes. The aspect is defined as the angle formed by the steepest

slope on the ground surface (Dahal, 2014). The slope direction is measured in degrees from
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0° to 360° clockwise, with 0°, 90°, 180°, and 270° signifying slopes to the north, east, south,
and west, respectively. According to (Dai et al. 2001), factors such as sunlight exposure,
rainfall, drying breezes, and discontinuities can cause Aspect affect the stability of terrain
surfaces by regulating soil moisture and vegetation growth based on the quantity of sunshine
received (Dahal, 2014). This work used ArcGIS Pro to extract slope aspects from ALOS
PALSAR DEM and categorize them.

3.7.3 Lithology:

Geology and geomorphology are important factors in landslide activity and susceptibility
because different geological and geomorphological units have varying strengths and
susceptibilities to landslides (Panchauri & Pant, 1992). The lithological stratigraphy was
categorized into 6 formations after studying Nepal Geology Book and data from Department
of mines and Geology. Extract by Mask tool was used to generate the lithology of study area
and then digitized to specific category.

3.7.4 Distance from Road

Another aspect that influences landslide incidents is the distance to the road. Landslides have
a strong correlation with it. Opening new routes and expanding existing roads can disrupt the
natural morphology and undermine slope stability. During road building, continuous vehicle
movement and variations in slope stability might lead to instability (Yalcin et al., 2011). Slope
cutting cracks absorb a lot of water, leading to soil oversaturation and sloppy land slide. The
study created a distance raster map using ArcGIS Pro's Euclidean distance analysis tool.

Road distance rasters were grouped into three classes.

3.7.5 Distance from Fault

Thrust and fault are weak planes through which the tectonic movements occur. Due to the
tectonic movements, the surrounding areas are highly fractured, faulted and weathered
(Dahal, 2014). On such heavily crushed and weathered terrain, extreme rainfall can easily
induce landslides Thrust and fault are weak planes through which the tectonic movements
occur. Due to the tectonic movements, the surrounding areas are highly fractured, faulted and

weathered. On such heavily crushed and weathered terrain, extreme rainfall can easily induce
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landslide (Dahal, 2014).The fault zone was digitized reading various books and data sets from

DMG. The resulting distance was determined map was divided into 3 classes.

3.7.6 Distance from Drainage

Another geomorphology-related causal element was the landslide's placement away from the
stream, the location of the landslide from the stream was a geomorphology-related element.
Field observations showed that slope groundwater migration and toe undercutting led to
increased failure rates along the stream. A distance to drainage map was created to analyze
landslide activity and determine susceptibility (Dahal, 2014). Field observations revealed that
slope failure occurred more frequently along the stream due to groundwater flow towards the
stream and toe undercutting. As a result, a distance to drainage map was created for landslide
activity analysis and susceptibility assessment. To create the stream proximity map for
susceptibility assessment, the drainage segment map was rasterized and the distance to the
drainage was determined in meters. The resulting map was divided into 3 classes.

3.7.7 Land Used Land Cover

The Sentinel-2 Level-2A will be subset to the area of interest and resampled to the pixel of
10m, then stored in ENVI file format. Then, using ArcGIS Pro software, resampled imageries
will be used for the Compositing band to generate a single image. The two image layers will
then be mosaicked to create a single continuous image using the composited band image
created using the preceding procedure. Supervised classification method will be used where
Maximum likelihood will be used as classifier algorithm for Classification of Image (Esaid et
al., 2018). The overall class accuracy will be evaluated using the Kappa statistics, which
provides a statistically accurate assessment of the quality of classification (Esaid et al., 2018).
In the study area LULC was classified into 5 classes.

3.7.7.1 Accuracy Assessment of Land Use Land Cover

| utilized 300 randomly selected sites and a stratified random sample method to assess
product correctness. ArcGIS Pro software was used to test the accuracy of categorized
images resulting from supervised classification, including determining the confusion matrix.
High-quality satellite photos were interpreted visually to provide ground truth information. The

assessment tools developed an error matrix that identifies users, producers, overall accuracy,
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and Kappa accuracy level. Kappa statistics were used to test categorization accuracy (Esaid
et al., 2018).

3.7.8 Precipitation

Rainfall is an important extrinsic variable for susceptibility analysis. Statistical landslide
susceptibility study often uses regionally distributed average annual rainfall (Dahal, 2014). For
the preparation of Precipitation Map Average monthly precipitation data from 2010 to 2022 of
nearest six locations was used from Department of Metrology in CSV. File format. Then using
Arc GIS pro and using Interpolation Tool Precipitation Map was created and divided into five
classes.

3.7.9 Curvature

Slope curvature refers to the slope's curved shape. It greatly impacts the direction and aspect
that influences landslide incidents is the distance to the road. Landslides have a strong
correlation with it. Opening new routes and expanding existing roads can disrupt the natural
morphology and undermine slope stability. During road building, continuous vehicle
movement and variations in slope stability might lead to instability (Yalcin et al., 2011). Slope

cutting cracks absorb a lot of water, leading to soil oversaturation and sloppy land slide.

3.7.10 Topographic Wetness Index (TWI)

TWI values from DEM are commonly employed as a proxy for soil moisture, as they impact
both soil moisture and species (Kopecky et al., 2021). TWI takes into account both the
catchment area and slope grade. According to Kumar and Anbalagan (2016), this
phenomenon is linked to the accumulation of flow in specific terrains. TWI categorizes
biological processes such as vegetation patterns, forest site quality, and yearly net primary
output (Sorenson et al., 2006). Flat, convergent terrains have a greater moisture index than
steep, divergent terrains. Soil moisture affects slope stability, particularly for landslides.

To calculate

The formula used:

TWI= In(CA/tan slp) where CA represents catchment area and slp is the slope gradient.

The TWI map for this study was built using ArcGIS Pro's raster calculator feature, starting with
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a DEM and applying the aforementioned connection. The research area's TWI was divided

into four classes.

3.8 Landslide Susceptibility Mapping

The study created a Landslide Susceptibility Index map for the research area using AHP

and FR methods for comparison.

3.8.1 Analytical Hierarchical method:

The Analytic Hierarchical Process (AHP) is a systematic and structured decision-making
method that has found application in landslide susceptibility mapping. AHP involves the
decomposition of a complex decision problem into a hierarchy of criteria and alternatives,
allowing for a comprehensive and organized assessment. In landslide susceptibility mapping,
various factors such as slope, land cover, soil type, and precipitation contribute to the overall
vulnerability of an area to landslides (Mondal & Maiti, 2013). AHP helps in assigning weights
to these factors based on their relative importance, as perceived by experts or stakeholders.
By pairwise comparisons, decision-makers can establish the priority of each criterion in
influencing landslide susceptibility. Subsequently, these weights are used to calculate a
composite susceptibility index for each location, providing a quantitative measure of its
predisposition to landslides.

AHP not only facilitates the integration of diverse and subjective data but also allows for the
incorporation of expert knowledge into the decision-making process. The method aids in
producing more accurate and robust landslide susceptibility maps by systematically
considering multiple factors and their interactions, enhancing the effectiveness of risk
assessment and management strategies in landslide-prone areas. Weight for each factor to
be assigned AHP depending on its influence on the landslide occurrence. The landslide
susceptibility map was derived using weighted overlay method and categorized into five
susceptible classes namely, very low (VL), low (L), moderate (M), high (H) (Kumar &
Anbalagan, 2016).

This method is solved by developing pairwise comparison matrix (Table 3) by assigning the
rank to each factor against other factors. Assigning rank using Table 4 based on degree of
preference of factors influencing landslide. It depends on the weightage given by expertise in
this research the possible weightage is given by studying multiple literatures, field work and

consultation with expertise.
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Table 5: Matrix of pairwise comparison (Saaty, 2000)

C Al A2 AN
Al all al2 aln
A2 a2l 22 az2n
Am aml am?2 amn

Table 6: The basic scale of preference between two variables for pairwise comparison matrix in AHP method
(Saaty et al., 2001).

Importance Degree of Preference Explanation
Rank

1 Equal importance Both criteria contribute equally to the objective.

3 Moderately importance of one [Judgment and experience tend to prefer one

over another criterion over another.

5 Strongly importance Judgment and experience effectively favor one
criteria over the other.

7 Very strongly importance Experience and judgement take precedence
over other factors, as evidenced by practice.

9 Extremely importance The evidence supporting one criteria over
another is the maximum degree of probability
of an affirmation.

2, 4, 6, and 8|intermediate values between |Used to represent compromising between the
two adjacent judgements preferences in weights 1,3, 5, 7and 9
Reciprocals [Opposites Used for inverse comparison

In this model, the consistency index, also known as the ratio of consistency (CR), represents

the likelihood that the matrix judgments were created at random. For LSM employing AHP, a

consistency ratio of less than 10% is considered legitimate.

CR=CI/RI

Here RI stands for random index
Whereas Cl is calculated by given formula:
Cl=(Mmax-n)/(n—1) {Equation 2}

{Equation 1}
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Where, Amax is the principal or largest equivalence value of the matrix and could be

calculated easily from the matrix and n is the matrix number (Saaty et al., 2001).

3.8.2 Landslide Susceptibility Index from AHP Method:

The weighting/rating values for all contributing factors and factors' classes were calculated in
AHP Excel sheet. From the literature review, the general equation for creating LSI map is
shown below (Saha et al., 2002; Pokharel & Thapa, 2019; Kumar & Anbalagan, 2016)
LSI=ni=1RixWi  {Equation 3} Where,

LSI= Landslide Susceptibility Index

Ri= Rating class of each layer.

Wi= Weights of each landslide causative factors. In this research, equation3 formula was
applied in for generating LS| map by using weighted overlay function available in ArcGIS Pro.
Later on the susceptible classes was divided into 5 different classes i.e. Very High, High,

Moderate, Low, Very Low (Hasekiogullari & Ercanoglu, 2012).

3.8.3 Frequency Ratio Model:

The Frequency Ratio (FR) method is a statistical technigue commonly employed in landslide
susceptibility mapping. This method relies on analyzing the spatial distribution of landslides in
relation to different conditioning factors to assess the likelihood of future landslide
occurrences. The key premise behind the Frequency Ratio method is that certain
environmental variables or factors contribute more significantly to landslide susceptibility.

To apply the Frequency Ratio method, various conditioning factors such as slope, land cover,
lithology, and rainfall are considered. The process involves calculating the ratio of the
frequency of landslides within a specific class of each factor to the overall frequency of
landslides in the study area. The resulting ratios provide a measure of the relative importance
of each factor in influencing landslide occurrence. For instance, if areas with a certain slope
range experience landslide more frequently compared to the overall average, the Frequency
Ratio for that slope class would be greater than 1, indicating a higher susceptibility.
Conversely, a Frequency Ratio less than 1 implies a lower susceptibility (Ehret et al. 2010).
By combining the individual Frequency Ratios for each factor, a composite landslide
susceptibility map is generated. This map categorizes different areas based on their
susceptibility to landslides, providing valuable information for land-use planning, risk

assessment, and disaster management. The Frequency Ratio method is particularly useful in
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areas where historical landslide data is available and can be used to identify and prioritize
areas at higher risk of landslides.

Frequency Ratio (FR) is one of the bi-variate statistical approaches of landslide susceptibility
assessment which is based on observed relationships between landslide distribution and each
causative factor related to landslides. This technique can be used to determine the spatial
correlation between the site of landslides and the explanatory elements for them (Yalcin et al.,
2011). Based on their association with the occurrence of landslides, the FR for each subclass
of individual causative factor is determined. The frequency of sub-class of each causative
factor can be calculated by using the following formula (Ehret et al. 2010).

Frequency Ratio= (Mi/M) / (Ni/N) {Equation 4}

Where,

Mi= Number of pixels with landslides for each subclass conditioning factor, M= Total number
of landslides pixels in the study area,

Ni= Number of pixels in the subclass area of each factor and N=Total number of pixels in the
study area (Ehret et al. 2010).

3.8.4 Landslide Susceptibility Index from Frequency Method

The Landslide Susceptibility Index was computed by adding up the raster datasets generated
from the application of frequency ratio based on equation (4).

LSI= Fr1+Fr2+Fr3+....+Frn {Equation 5}

Where, LSI= Landslide Susceptibility Index, Fr= Rating of each factor's class.

After that using Raster Calculator tool in ArcGIS Pro was used to generate the landslide
susceptibility Index. LSI map into 5 various landslide susceptibility categories, including very

low, low, moderate, high, and very high (El Jazouli et al., 2019).

3.8.5 Validation:

The Roc (Receiver Operating Characteristic) curve is a valuable tool in the field of landslide
susceptibility mapping, providing a quantitative assessment of the model's performance in
predicting landslide occurrence. This curve helps in identifying the balance between correctly
predicting landslide occurrences and minimizing false alarms. Researchers can use the Roc
curve to determine the reliability of the susceptibility model, refine parameter settings, and
enhance the overall accuracy of predictions. Therefore, the Roc curve serves as a crucial tool

in guiding the development and validation of landslide susceptibility mapping models,
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contributing to more effective and reliable hazard assessment and mitigation strategies (Hoo
et al., 2017).

For evaluating model accuracy, a variety of statistical techniques are available, including error
rate, ROC (Receiver Operating Characteristics) plot, success rate curve, and prediction rate
curve. In the present study, the accuracy of the landslide susceptibility map will be validated
by using success rate curve technique (Kumar & Anbalagan, 2016). The ROC curve is a
popular validation technique, however it only measures the overall reliability of geographical
prediction maps and does not account for spatial pattern uncertainty. To decrease conflicts
and build a reliable map, all LSMs were merged with overlaying statistical methods to
determine the best zone pattern from overlapped patterns (Vakhshoori & Zare, 2018). The
Table 7 gives categorization of ROC curve on the basis of value obtained.

Table 7: The categorization of ROC Curve Value.

AU-ROC Curve Value Category
0.9-1.0 Excellent
0.8-0.9 Very Good
0.8-0.7 Good
0.7-0.6 Satisfactory
0.6-0.5 Poor
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3.9 Methodological Frame Work of the Study area
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CHAPTER 4: Results
4.1 Litho stratigraphy of the study area:

The study area is covered by the rock succession of low-grade metamorphic equivalent of the
Precambrian Devonian, Phulchauki Sub Group of the Lesser Himalaya. All the five formation
i.e. Pulchauki Formation, Chitlang Formation, Chandragiri Formation, Sopyang Formation and
Tistung Formation is found in study area. The primary lithology of the area is fine clastic
sequence of metasandstone, siltstone, phyllite, shale in tistung formation, the overlying
sopyang formation is transitional phase between the fine grained classic Tistung and the thick
young Chandragiri limestone. The Chandragiri limestone is the distinct formation of Pulchauki
group due to thick lime stone sequence similarly Chitlang formation consists of dark purplish
soft weathered slates. Godawari or Pulchauki formation is the youngest formation in
Kathmandu Nappe itself which consists of medium to coarse grained massive crystalline
limestone and dolomite to grayish blue purplish color (Stocklin and Bhattarai, 1977) . The

major geological structure seen in this area s fold, fold and faults.
4.1.1 Faults:

A fault is a fracture or zone of fractures in the Earth's crust along which movement has
occurred. These movements can be horizontal, vertical, or oblique, and they are typically a
result of tectonic forces acting on the Earth's lithosphere. Faults play a crucial role in the
deformation of the Earth's crust and are responsible for earthquakes. The previous studies

indicate multiple fault in this reason however, it was not clearly seen in the field work.
4.1.2 S fold:

"S-type fold" typically refers to a type of folding structure in geology. Folding is a common
geological process where rock layers deform due to tectonic forces, leading to the creation of
folds. S-type folds are characterized by their sinusoidal or serpentine shape, resembling the
letter "S" as shown in photograph 1. S-type folds are often associated with compressional
tectonic forces. These forces cause the Earth's crust to deform, resulting in the folding of rock
layers. The exact geometry of the fold depends on factors such as the type of rocks involved,

the intensity of tectonic forces, and the temperature and pressure conditions.
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Photograph 1: S-type fold observed in field work near Roshi Khola area

4.1.3 Fold:

In geology, a fold refers to a bending or deformation of rock layers that results from tectonic
forces acting on the Earth's crust. Folding is a common geological process that occurs over
long periods due to compressional or extensional stress. The resulting structures, known as
folds, provide important insights into the tectonic history and geological evolution of a region.
Multiple folds were observed during the field work as shown in Photograph 2.

B

Photograph 2: Fold observed during fieldwork up to the Nagidada hill.
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4.2 Landslide Investigation

Throughout the field investigation, a variety of mass movements were noted and mapped out
throughout the area. In the research region, there are several types of mass movement,
including complicated, debris, and earth slides. Less time and effort was put into the in-depth
categorization and analysis of landslides because the primary focus of the study was on their
detection and demarcation. Therefore, the current study does not incorporate all relevant
information on the types, histories, and potential causes of landslides. Here, a brief attempt is
made to describe a handful of the area's most significant mass movements. All together 138
landslides were observed in the field.

4.2.1 Debris flow

A debris flow is a type of mass wasting or mass movement that involves the downhill
movement of a mixture of soil, rock, and other debris. It is a fast-moving, gravity-driven flow
that can occur in mountainous or hilly terrain, especially in areas with steep slopes. Debris
flows are often triggered by heavy rainfall or any other factors that saturate the ground and
mobilize loose materials. Multiple debris flow was observed during the field visit among them
debris fall just below the altitude of Nagi hill at spatial extent 27°34'41.66"N and 85°27'32.59"E
is observed which is shown in Photograph 3. This also show a failure of gabion wall hence

other bioengineering mitigating measures could be a mitigating measure.

e G 'Ps‘

Photograph 3: Debris flow at Nagi dada showing failure of mitigation measure
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Similarly, another location near to Nagi uphill another landslide was observed due to road
cutting is observed in below photograph 4. The instability was caused by the toe cutting during

the road construction.

Photograph 4: Landslide due to road cutting in the study area.

4.2.2 Rock fall

Rock falls are events where rocks or rock fragments detach from a steep slope or cliff and fall
to the ground below. They are often triggered by various factors, including weathering, freeze-
thaw cycles, seismic activity, and human activities. Rock falls can pose serious hazards to
people, structures, and transportation routes in mountainous or rocky terrain.

Near to the Roshi Khola on the way to the Nagi hill major chances of rock fall was seen due

to the unplanned mining work as shown in Photograph 5.

= . C

Photograph 5: Rock fall chances in the mining sites near Roshi Khola.
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4.2.3 Kinematics analysis

For kinematics analysis, three major area of landslide is taken from each landslide 50 to 60
data is collected using Brunton Compass and the DIPS Software is used which provide us
with the chances of failure in the given area so as to provide suggestion and mitigation
measures. In the field study the major landslide area of concern is taken as shown in the
Figure 5. The results of Kinematic analysis of the study area using DIPS software are given

in Figure 5.

Kinematics Analysis of the Study Area

N

’ Location 3

Legend
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@ Location 3
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Coordinate Projection: UTM Zone 45N
Datum: WGS 1984
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— Prepared on 11 February:2024ecs=ehics

Figure 5: The map representing the point location of the data collection for kinematic analysis

Kinematic analysis aims to identify critical failure surfaces within the landslide mass. These
surfaces represent the pathways along which sliding or failure is most likely to occur and are
important for predicting potential landslide hazards. Hence the kinematic analysis is formed
in the field investigation. The result of kinematic analysis performed in the three locations to
study possible failures in the study area.

The detail of the kinematic analysis is given in Table 8.
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Table 8: Details of possible failure in Landslide prone area.

Location | Slope Slope Dip | Friction | Failure Type Failure in %
Dip Direction Angle

1 86° 342 30° Wedge Failure 12%
Planar Failure 6%
Planar 12%
Failure(All) 18%
Flexural Toppling | 14%
Direct Toppling

2 86° 342 30° Wedge Failure 19.4%
Planar Failure 2%
Planar 26%
Failure(All) 8%
Flexural Toppling | 8%
Direct Toppling

3 87° 30 30° Wedge Failure 23.7%
Planar Failure 5.7%
Planar 44.2%
Failure(All) 25%
Flexural Toppling | 7.6%
Direct Toppling

4.3 Landside inventory Map

The first, and perhaps most crucial, stage in doing a susceptibility analysis for landslides is
creating an inventory map of potential landslides. Understanding the circumstances and
potential risk areas for future landslides is necessary for forecasting and assessing
mechanisms governing previous landslides. This can be done by looking at the area's
historical landslide activity. The hydrologic, topographic, and geologic conditions linked to
previous landslides help identify whether naturally occurring or man-made conditions are most
likely to result in landslides in the future. Three processes were taken to construct the area's
landslide inventory map: fieldwork, interpretation of Google Earth images, and topological
map analysis. The landslides marked on the topographic map of the Department of Survey,

1995 were updated by study of the Google Earth image of 2012 and then were verified and
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further updated during fieldwork in 2015. The demarcation of the landslides on the topographic
map was carried out in the field. These three approaches were coupled to prepare a reliable
landslide distribution map in form of a point in the landslide inventory map.

From the landslide inventory map, the location of landslide is traced that maximum landslide
is near to the built up areas the reason may be road construction, mining etc. From the
landslide location data sets, the training and testing data are separated for the validation
process the landslide inventory map representing Training and Testing data is shown in Figure
6

85°24'E 85°27'E 85°30'E
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Figure 6: Map indicating testiong and training dataset of the study area.

Similarly, the polygon datasets of landslide in Figure 7 gives the total area of the study area
covered by landslide. From the field investigation and Landslide inventory map from Google
Earth. The inventory, the area of the landslide was found to be ranged from 9.2 to 44446.34
m?2. More landslide was found in built up areas and near road area however, various triggering

factors have equal importance in inducing landslides.
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Figure 7: Map after digitizing landslide area in Polygon

4.4 Factors Affecting Landslide

4.4.1. Slope

Slope has a significant impact on surface and subsurface hydrology, as well as terrain stability.
Landslide susceptibility estimates rely heavily on this characteristic. Moreover, literature
review suggests steep slopes are very prone to landslide so, in this research the Slope map
was prepared covering five classes: very low/flat (0°-15°), low (15°-30°), moderate (30°- 45°),
high (45°- 60°) and very high (>60°) as shown in Figure 8.
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Figure 8: The Map representing slope of the study area.

The detail percentage and slide area in each slope classes are given in Table 9. Maximum

landslides are seen in slope 30 degree to 40 degrees which is about 41.96 percentage

minimum landslides area seen in slope greater than 60 degrees which is 0.33 percentage.

Table 9: Landslides in each classes of Slope

S.N. Classes Landslide Area(m2) | Landslide Pixel Landslide%
1 0-15 37106.53 237 11.25

2 15-30 90965.81 581 27.58

3 30-45 137466.4 878 41.69

4 45-60 63096.76 473 19.13

5 60< 1095.974 7 0.33
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4.4.2 Slope Aspect:

A slope's aspect refers to its orientation relative to the north. Literature review suggests slope

aspect affects solar heating, soil moisture, and air dryness.

The slope aspect affects the stability of a terrain by regulating soil moisture and vegetation

growth through sunshine exposure. For susceptibility analysis, aspect maps are divided into

nine classes: N, NE, E, SE, S, SW, W, NW, and Flat. Landslides in different slope aspect is

given in Table 8 the slope aspect of study area is shown in Figure 9.
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Figure 9: Slope Aspect Map of the study area.

In total landslides maximum of 30.63% of landslides are present in slope facing south whereas

minimum 2.18% of landslide were found on slope facing west as given in Table 10.
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Table 10: Landslide distribution with respect to each aspect classes

S.No. | Classes Landslide Area (m2) | Landslide Pixel | Landslidein %
1 | Flat 12838.55 82 3.89
2 North 2442455 156 7.41
3 | North East | 19884.09 127 6.03
4 | East 38202.51 244 11.59
S | South East | 95819.4 612 29.06
6 South 100986.1 645 30.63
7 | South West | 21136.63 135 6.41
8 | West 7202.112 46 2.18
9 | North West | 9237.492 59 2.80

4.4.3 Lithology

Rocks of Kathmandu complex, Phulchauki Group were found in the study area. Mainly

metasantstone, phyllite, slate were the dominant rocks present in the exposed area.

The lithology of study area consists of all the 6 formation i.e. Pulchauki Formation, Chitlang

Formation, Tistung Formation, Chandragiri Formation and Sopyang Formation of Phulchauki

group. The detail map showing the formation present in the study area is shown in the Figure

10.
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Figure 10: The map representing Lithology of Study area.

Maximum landslides were seen in Chandragiri formation covering area of 50312.5m2.

Note: No landslides were seen on Phulchauki Formation as shown in Table 11. Also, Godavari

landslide is the youngest formation of entire Kathmandu Nappe.

Table 11. Landslide distribution with respect to each Formation.

S. No. | Classes Landslide Pixel | Area (m?) Landslide in %
1 Tistung Formation 484 75625 22.88
2 Quaternary Deposit 2 3125 0.094
3 Sopyang Formation 322 50312.5 15.22
4 Chandragiri Formation 1230 192187.5 58.15
5 Chitlang Formation 77 12031.25 3.64
6. Phulchauki Formation - - -
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4.4.4 Road:

The road network can significantly influence the occurrence of landslides. Building roads on
unstable terrain increases the risk of landslides. Figure 11 shows the distribution of landslide
events at various distances from the road network. Also in the map it is divided into three
classes 0-1300m, 1300-2600m and 2600-4000m.
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Figure 11: The map representing Euclidean Distance of Road with the study area Boundary.

Additional in Table 12 maximum landslide is seen near to the road distance i.e. 98 percentage
of landslide is very close 0-1300m distance to the road network.

Table 12: Landslide distribution in each classes of Euclidean Road distance

S. No. | Classes Landslide Pixel | Landslide Area (m?) | Landslide in %
1 0-1300 2084 325625 98.72099
2 1300-2600 24 3750 1.136902
3 2600-4000 7 1093.75 0.331596
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4.4.5 Fault:

Fault distance is crucial in landslide occurrences as it directly influences the potential for slope
instability. The proximity of a fault to a slope can amplify the risk of landslides due to the
geological and tectonic forces associated with fault activity. Closer fault distances often result
in increased stress and strain on the slope, heightening the likelihood of slope failure and
triggering landslides. As shown in the Figure 12 Euclidean distance of existing fault is
classified into three classes’ i.e. 0-1300, 1300-2600 and greater than 2600 in meters and the
presence of landslide in each classes is given in Table 13.
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Figure 12: The Map representing Euclidean Distance of Fault within the Boundary of Study area.

The presence of landslide in each classes is given in Table 13.Here maximum landslide of
82.93% is seen in between the 0-1300m distance classes of total landslide area of
274062.5m?

Table 13: Landslide distribution in each classes of Euclidean Fault distance

S. No. | Classes Landslide Pixel Landslide Area (m?) | Landslide in %
1 0-1300 1754 274062.5 82.93144
2 1300-2300 | 201 31406.25 9.503546
3 2300< 160 25000 7.565012
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4.4.6 Drainage:

Landslides were frequently observed along the research area's stream. The location of the
landslide from the stream was deemed a geomorphology-related causal element. Field
observations show that slope failure occurs more frequently along streams due to
groundwater migration and toe undercutting. A distance to drainage map was created for

landslide activity analysis and susceptibility evaluation as shown in Figurel3.
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Figure 13: The Map representing Euclidean Distance of Drainage within the Boundary of Study area

In the below Table 14 maximum landslides are seen on a distance near to drainage maximum

landslide pixel of 1636 is found. Least landslides are found in distance farther then drainage.

Table 14: Landslide distribution in each classes of Euclidean Drainage Distance

S. No. Classes Landslide Pixel | Landslide Area (m?) Landslide in %
1 0-1000 1636 255625 77.35225
2 1000-1500 478 74687.5 22.60047
3 1500-2500 1 156.25 0.047281
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4.4.7 Land Use Land Cover

Land cover always controls the landslide process. Well-forested slopes are less prone to
landslides. Land cover always controls the landslide process. Slopes in forest areas are
always lower. prone to landslide occurrence whereas unmanaged built up areas and
cultivation also drainage like water stream could induce landslide. In the Figure 14 LULC map
of the study area it is divided into five classes i.e. Water, developed, Barren, Forest, Planted/
cultivated Figure 14.
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Figure 14: The map representing the Land Use Land Cover Map of the study area.

Additionally, as given in Table 15 maximum landslide percentage is seen in barren land
followed by planted and cultivated areas. However, the least landslides 0.94% is seen in
water areas.

Table 15: Landslide distribution in each classes of Land Use Land Cover

S. No. | Classes Landslide Pixel | Landslide Area (m?) | Landslid %
1 Water 20 31250 0.945626
2 Developed 213 242812.5 10.07092
3 Barren 1208 45000 57.11584
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4 Forest 145 5625 6.855792
Planted / Cultivated 529 5781.25 25.01182

Accuracy Assessment of LULC Map:

This method often involves comparing the classified map to reference data, which can be
obtained by field surveys or high-resolution imaging. Accuracy evaluation criteria, such as
overall accuracy, producer accuracy, user accuracy, and the Kappa coefficient, are frequently
employed to quantify the dependability of the LULC categorization. These criteria aid in
determining the agreement between the mapped classes and the genuine land cover,
providing useful information for increasing the accuracy of land cover mapping methodologies.
The Kappa coefficient of LULC map is 0.865 which means 85% accurate and P_Accuracy

93% as given in Table 16.

Table 16: Accuracy Assessment of Land Use Land Cover Map

I.LD |ClassValue |C 1 |[C2 |C3 |C4 C 5 | Total U_Accuracy | Kappa
1 Water 1 0 0 0 0 1 1 0

2 Developed 0 7 0 2 1 10 0.7 0

3 | Barren 0 0 2 0 1 3 0.67 0

4 | Forest 0 0 0 62 1 63 0.98 0

Planted/

5 | Cultivated 0 0 0 2 21 23 0.91 0

6 Total 1 7 2 66 24 100 0 0

7 P_Accuracy |1 1 1 0.93 087 |0 0.93 0

8 | Kappa 0 0 0 0 0 0 0 0.86

4.4.8 Rainfall:

Rainfall is extrinsic parameter it had been used with susceptibility map for producing landslide
in the study area. For the average annual rain fall data preparation 13 years’ data in the format
of CSV file was used of 6 rainfall station as shown in Figure 15 and it was categorized into 5
classes i.e.1028-1038, 1038-1048, 1048-1058, 1058-1068, 1068-1080 in mm.
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Figure 15: Average Annual precipitation map of the study area (2010-2012)

In the below illustrated Table 17 Maximum landslide is seen in classes 1038-1048

minimum landslide of 1.07% is seen in classes 1078-1080.

Table 17: Landslide in 5 different classes of Precipitation.

and

S. No. | Classes Landslide Pixel Landslide Area (m?) | Landslide in %
1 1028-1038 200 31250 9.456265
2 1038-1048 1554 242812.5 73.47518
3 1048-1058 288 45000 13.61702
4 1058-1068 36 5625 1.702128
5 1078-1080 37 5781.25 1.749409

4.4.9 Topographic Wetness Index (TWI)

TWI from DEM is a widely used method for assessing soil moisture, with altering TWI values

influencing both moisture and species (Kopecky et al., 2021). The distribution of landslides

across various TWI classes is clearly apparent in the Figure 16 and it is classified in 4
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categories i.e. 0-7, 7-12, 12-17, 17-23. Maximum landslide is seen in range 0-7 where the
landslide area is 292500m2.
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Figure 16: Map representing Topographic Wetness Index of study area

In Table 18 Maximum landslide is seen in range 0-7 where the landslide area is 292500m2

and minimum landslide of area 156.25 m2 is seen in range 17-23.

Table 18: Landslide in different classes of Topographic Wetness Index

S. No. | Classes Landslide Pixel | Landslide Area (m?) Landslide in %
1 0-7 1872 292500 88.51064
2 7.0-12 217 33906.25 14.57354
3 12-17.0 25 3906.25 3.99361
4 17-23 1 156.25 0.047281

4.4.10 Slope curvature:

Curvatures, along with other parameters, influence water flow in and out of slopes, making
them crucial for studying landslides this study focused on profile curvature. A profile curvature
map was created, depicting both concave and convex profiles as shown in the Figure 17.

Similarly, the table shows the landslide coverage in each classes.
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Figure 17: Map showing the curvature of the study area.

Maximum Landslide is seen in the concave curvature i.e. about 77 percentages as in Table

19.
Table 19: Landslide Present in each classes of slope curvature
S. No. | Classes Landslide Pixel Landslide Area (m?) | Landslide in %
1 Concave 1489 232656.3 77
2 Convex 626 97812.5 229
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4.4 Landslide Susceptibility Mapping

In this study, Landslide Susceptibility Index Map was created by using FR and AHP methods.
4.5.1 Analytical Hierarchy Process Method

Table 20: The pair-wise comparison matrix, class weights (rating) and consistency ratio

Matrix weightage
Slope 1 9.58%
Aspect 2 13.19%
Lithology 3 15.40%
LULC 4 9.92%
Distance to Fault 5 9.67%
Distance to Drainage 6 7.39%
Biestt\zgrcf o Road |, 10.56%
Precipitation 8 11.44%
TWI 9 9.21%
Curvature 10 3.65%
CR=6.2%
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The bar graph Figure 18 represents the percentage weightage given to factors.
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Comparison matrix of all the 10 factors with each classes

Table 21: The pair-wise comparison matrix, class weights (rating) and consistency ratio

Slope 0 ® < 3 Y
Matrix ) ] R Q0 ©
Weightage
0-15 1 8.85%
15-30 2 36.60%
30-45 3 21.25%
45-60 4 16.65%
60< 5 16.65%
CR=7%
17 17 @
(8}
-l | 8§ g | 8| €|z
Aspect = S < ks < 3 e
Matrix z 5 3 | 2| 3
=z 0 %) .
Weightage
1 2 3 4 5 6 7
Flat 7.57%
North 9.96%
North 0
East 9.16%
East 10.44%
South o
East 15.06%
South 15.04%
South o
West 14.56%
West 7.64%

CR=6.8%
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CR=5%
o
T RN
Matrix © 2 &5
Weightage
1 2 3 4
0-7 28.60%
7.0-12 34.64%
1% 19.11%
17-23 17.65%
CR=2%
g x
Curvature © ¢
Matrix o 5
O (@)
Weightage
1 2
Concave | 1 2 69.10%
1/4 070
Convex | 2 | 4/9 30.90%
CR=1.1%

In the above Table 20 maximum weightage is given to lithology which is about 15% because
the weathering properties of rocks and soils impact their stability. Certain lithological
formations may undergo chemical or physical weathering more rapidly, leading to increased
susceptibility to landslides. In the case of the study area Chandragiri Formation is highly
susceptible to landslide with a maximum weightage of about 26.53% as shown in Table 21.
In the study area, minimum weightage is given to curvature i.e. 3.65%. When observing each
class of curvature concave has maximum weightage as shown in Table 20. The slope is also
a very important causative factor the slope ranges 30-45 has given a maximum weightage of
36 percent and in Table 21. In Table 20, 9.58 percentage weightage is given to slope in

comparison matrix with respect to the other 9 causative factors. When researching about the
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aspect southern part of the slope is always prone to landslides hence maximum weightage is
given to the southern part of the aspect and the aspect is given 13.19%. In comparison to
landslides in forest areas, barren areas are more prone to landslides. For the lithology of
overall study area total weightage of 9.92%. Overall for the Road, Fault, and Drainage nearer
the distance the greater is weightage given because the chance of occurring landslide is more
near to road cuts, rivers and faults. Their respective weightage given are 10, 7, and 9 when
converting it into an integer. The extrusive factor of landslide among 10 causative factors is
rainfall. The weightage given to precipitation according to Table 20 is 11.4%. For the TWI
index, the weightage of 9.21 % is given.

4.5.2 Landslide Susceptibility Map from AHP Method:
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Figure 19: Landslide Susceptible map From AHP Method

LSM was accomplished using the AHP approach as shown in Figure 19. AHP was used to
weight factors and classes. Raster maps of each factor were weighted on a cell-by-cell basis.

The integration of weighted raster map produced an LSM map containing numerical
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susceptibility data, with higher LSI values indicating high susceptibility and lower values

indicating low susceptibility. LSI values vary from 6.58 to 37.

Now the distribution of landslide susceptibility zones and landslide occurrence is given in

Table 22

Table 22: The distribution of landslide susceptibility zones and landslide occurrence
g?;scseeflb'“ty Class Pixel | Percentage Iﬁ?xnedIS“de Landslide% | Landslide

Area

Very Low 7532 1.53 9 0.42 937
Low 137632 27.89 144 6.8 2261.65
Moderate 258261 52.34 530 25.05| 82812.5
High 87568 17.75 1253 59.243 | 195781.3
Very High 2408 0.49 179 8.463 | 27968.75
Sum 493401 2115

In the Table 22 maximum class percentage of 52.34 is in moderate zone, 0.49 which

least percentage is observed in very high zone.
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4.5.3 Frequecy Ratio Method:

Table 23 : Frequency ratio of 10 causative factors

Class %Class Landslide %Landslid RF(non% Max-Min | (Max-Min)Min

Parameters Classes Pixel Pixels Pixels e Pixel) FR RF ) RF(Int) | Min RF Max RF RF RF PR
Slope 0-15 66924 13.54 237 11.25 0.003 0.16 16.31 16

15-30 185710 37.59 581 27.58 0.003 0.14 14.41 14

30-45 189009 38.26 878 41.69 0.004 0.214 21.40 21

45-60 49074 9.93 403 19.13 0.008 0.378 37.83 37

60< 3213 0.65 7 0.33 0.002 0.100 10.03 10
Sum 493930 100 2106 100 0.021 0.10 0.37 0.27 0.14 1.94
Aspect Flat 80292 16.25 82 3.89 0.0010 0.022 2.23 2

North 58094 11.75 156 7.42 0.0026 0.058 5.86 5

North East 58429 11.82 127 6.03 0.0021 0.047 4.750 4

East 62783 12.70 244 11.58 0.0038 0.084 8.494 8

South East 49291 9.97 612 29.05 0.0124 0.271 27.13 27

South 36695 7.42 645 30.62 0.0175 0.384 38.42 38

South West 33404 6.76 135 6.41 0.004 0.088 8.833 8

West 39337 7.96 46 2.18 0.001 0.025 2.556 2

North West 75743 15.33 59 2.80 0.0007 0.017 1.70 1
Sum 494068 100 2106 100 0.045 0.017 0.384 0.367 0.143 2.56
Lithology Tistung Formation 211138 43.20 484 22.88 0.002 0.116 11.67 11

Quaternary Deposit 3198 0.65 2 0.09 0.0006 0.03 3.18 3

Sopyang Formation 37561 7.68 322 15.22 0.0085 0.436 43.65 43

Chandragiri Formation 183348 37.51 1230 58.15 0.0067 0.341 34.15 34

Chitlang Formation 53457 10.93 77 3.64 0.0014 0.073 7.33 7
Sum 488702 100 2115 100 0.0196 0.031 0.436 0.404 0.143 2.82
Distance From
Road 0-1300 435124 87.43 2084 98.72 0.0047 0.832 83.239 83

1300-2600 47170 9.47 24 1.13 0.0005 0.088 8.842 8

2600-4000 15367 3.08 7 0.33 0.0004 0.079 7.9168 7
Sum 497661 100 2115 100.1895 0.0057 0.0791 0.832 0.75 0.143 5.25
Distance From
Fault 0-1300 326691 72.57 1754 82.93 0.005 0.453 45.300 45

1300-2300 139216 30.92 201 9.50 0.001 0.121 12.181 12

2300< 20407 4.53 160 7.56 0.005 0.425 42.51 42
Sum 486314 108.03 2115 100 0.0118 0.121 0.453 0.331 0.143 2.31
Distance From
Drainage 0-1000 371704 74.81 1636 77.35 0.0044 0.512 51.208 51

1000-1500 121037 24.36 478 22.60 0.003 0.459 45.947 45

1500-2500 4086 0.82 1 0.047 0.0002 0.028 2.847 2
Sum 496827 100 2115 100 0.0085 0.028 0.512 0.483 0.143 3.37
Precipitation 1028-1038 90278 18.14 200 9.456 0.002 0.151 15.101 15

1038-1048 251557 50.54 1554 73.47 0.006 0.421 42.109 42

1048-1058 105030 21.10 288 13.61 0.002 0.1869 18.691 18

1058-1068 36241 7.28 36 1.702 0.0009 0.067 6.771 6
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1078-1080 14555 2.92 37 1.749 0.0025 0.1732 17.32 17
Sum 497661 100 2115 100 0.01467 0.067 0.421 0.353 0.143 2.46
LULC Water 19359 2.48 20 0.94 0.001 0.0064 0.64 0

Developed 95337 12.26 213 10.07 0.002 0.0138 1.38 1

Barren 7821 1.01 1208 57.11 0.1544 0.9592 95.92 96

Forest 477828 61.45 145 6.85 0.0003 0.0018 0.188 1

Planted / Cultivated 177173 22.78 529 25.01 0.0029 0.0185 1.85 2
Sum 777518 100 2115 100 0.1610 0.001 0.959 0.957 0.143 6.67
TWI 0-7 412450 83.48 1872 88.51 0.0045 0.3244 32.44 32

7.0-12 75017 15.18 217 14.57 0.0028 0.2067 20.67 20

12-17.0 6206 1.25 25 3.99 0.0040 0.2879 28.79 28

17-23 395 0.079 1 0.047 0.0025 0.1809 18.09 18
Sum 494068 2115 0.013 0.180 0.324 0.143 0.143 1.00
Curvature Concave 204502 41.52 1489 70.40 0.007 0.770 77 77

Convex 288026 58.47 626 29.59 0.002 0.229 22.9 23
Sum 492528 2115 0.0094 0.229 0.770 0.540 0.143 3.77
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In the Table 23 FR method use statistical models to quantify the relationship between
landslide occurrences and the selected variables hence each raster cells of landslide is
calculated with raster cells of each factor, So for frequency method the working environment
of each cells should be same In the each classes of slope the slope in the range from 30 to
45 has maximum landslide pixels hence the frequency ratio is calculated from each landslide
pixels after the frequency ratio is calculated then from the frequency ratio RF is calculated
from RF the prediction rate is calculated. In the above table the prediction rate for Slope is
1.94. Similarly, Aspect is also another causative factor whose southern face has maximum
landslide pixels; more than 60 percent of landslides are observed in this region. The prediction
rate for aspect is 2.56. Moving forward to lithology, Chandragiri formation has maximum no of
landslides and Phulchauki formation has no landslide encountered. In Chandragiri
formation about 58 percent of landslides are found. The prediction rate for lithology is 2.82.
Distance from the road is another factor here nearer the distance from road high is the
percentage of landslide. Maximum landslide pixels of landslide are in a 0-1300-meter distance
from the road; the prediction rate calculated for the road is 5.25. Distance from fault and
drainage also shows similar pattern as of road i.e nearer the distance from fault higher is the
landslide pixel percentages. In the case of distance from drainage, the maximum landslide
pixel count of 1636 is found at a distance of 1000m from the drainage. In case of Distance
from fault maximum landslide noted is in between 1300m. The prediction Rate for Drainage
and Fault is 3.37 and 2.31. For Land use and land cover maximum landslide is in the Barren
area as shown in Table 23 with the landslide pixel of 95%. The prediction rate for LULC is
6.67. Precipitation is another extrusive causative factor for landslide, maximum landslide is
calculated to be in the class range of 1038mm - 1048 mm precipitation range. For the
precipitation the prediction rate is 2.46. Also the two remaining factors TWI and curvature
have prediction rates of 1 and 3.7. In TWI higher the classes fewer landslide pixel was noted.

In Curvature concave class has a maximum landslide of 70%.
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4.5.4 Landslide Susceptibility Map from Frequency Ratio Method:
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Figure 20: Landslide Susceptible Map from Frequency Ratio Method

LSM was accomplished using the Frequency Ratio approach as shown

in Figure 20.

Frequency Ratio was used to weight factors and classes. Raster maps of each factor were

weighted on a cell-by-cell basis. The integration of the weighted raster map produced an LSM

map containing numerical susceptibility data, with higher LSI values indicating high

susceptibility and lower values indicating low susceptibility. LSI values vary from 356- 1864.

Now the distribution of landslide susceptibility zones and landslide occurrence is given in

Table 24

Table 24: The distribution of landslide susceptibility zones and landslide occurrence.

Landslide
LSI LSI Pixel LSl % Landslide Pixel | Landslide% Area(m?2)
Very Low 34256 6.94 8 0.37 1250
Low 132040 26.76 166 7.84 25937.5
Moderate 188324 38.17 277 13.09 43281.25
High 133788 27.12 452 21.37 70625
Very High 4993 1.01 1212 57.30 189375
Sum 493401 2115
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In the Table 24 maximum class percentage of 38.17 is in moderate zone, 1.01 which

least percentage is observed in very high zone.

4.5.5 Comparison Based on Landslide Density

Landslide density is the ratio of area of an existing landslide to the area of each landslide
susceptibility class. In the present study, it is calculated on the basis of the number of pixels.
In an ideal landslide susceptibility map, the high susceptibility zone should have the highest
landslide density and there should be a decreasing trend of the density values successively
from medium to low susceptibility zones. The landslide densities of the susceptibility classes

of both the LSM maps are calculated and tabulated in the Table 25.

Table 25: The landslide densities of the susceptibility classes of both the LSM maps

Frequency Ratio Method Analytical Hierarchical Process Method
LSI ﬁ:: :?:;s"de Density Class Pixel |Landslide Pixel |Density
Very Low 34256 8 0.0002 7532 9 0.0012
Low 132040 166 0.0013 137632 144 0.001
Moderate [188324 277 0.0015 258261 530 0.0021
High 133788 452 0.0034 87568 1253 0.0143
Very High  [4993 1212 0.2427 2408 179 0.0743
Sum 493401 2115 493401 2115

In the above Table 25 for FR, Very Low LSI class, there are 34,256 pixels, and the density of
landslide pixels is 0.0002. This means that out of the total pixels classified in the Very Low
LSI class, only a very small proportion (0.02%) are identified as landslide pixels. For AHP,
the Very Low LSI class, there are 7532 pixels, and the density of landslide pixels is 0.0012.
This means that out of the total pixels classified in the Very Low LSI class, a small proportion

(0.12%) are identified as landslide pixels.

4 5.5 Validation of FR and AHP method

There are various methods to check the validity of the LSM map, in this study AUC/ROC curve
is used, and ROC curve methods rely on incorrectly classified data. Landslide zones (false
positives) and incorrectly identified non-landslide areas (false negatives), with a prediction

rate. The curve method depends on training and testing landslides i.e. existing landslides,
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was used to validate the accuracy of the landslide susceptibility map. In Figure 21 AUC value
0.7547 is achieved for the present model which can be converted in terms of a percent
success rate accuracy of 75.47%. So it can be said that the AHP model gave an accuracy of
75.47%. Additionally, in Figure 22 AUC value achieved is 0.852. Hence it could be said that

the FR model has a high accuracy of 85.2% in comparison to the AHP approach.
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Figure 21: AUC Curve for validation of Map from AHP method
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CHAPTER 5: Discussions

The study aimed to identify elements that cause landslides, create a susceptibility map using
a geographic information system, and monitor changes using remote sensing techniques.
With the help of LSM map planner determines acceptable or unacceptable risk levels for
development plans. Decisions can be made to avoid, prevent, or mitigate landslide hazards
in the development program. Choosing the landslide causative parameters is the first and
most important step when developing a landslide susceptibility map. In Sindhupalchwok for
LSM 12 causative factors contributing to landslides were considered, including slope, aspect,
elevation, geology, land use, proximity to roads and drainage, plan curvature, profile
curvature, NDVI (Normalized Difference Vegetation Index), soil type and rainfall (Pradhan &
Dahal, 2023). However in this study area 10 causative factors were used for producing LSM.
In this study area, it has been discovered that slope is the most important characteristic
influencing landslide susceptibility, and the high and very high susceptibility classes on the
weight of evidence modeled susceptibility map correspond to steeply sloped terrain (30°-45°).
In South Africa also this is no surprise, as slopes greater than 18° are considered to be
susceptible to landslides, and therefore not suitable for construction (Boelhouwers J et al.,
1998. South facing slopes have long been known to be more susceptible to landslides
(Boelhouwers J et al., 1998). This was further confirmed in this study when the South facing
slopes recorded the highest number of landslides.

Landslides are influenced by the area's geology, as different rock types have varying
hydrological qualities and strength levels. Geological structures can weaken rocks. It has been
noted by (Dahal et al., 2014) lithology is also a major causative factor for inducing landslides.
In the result of the study area Chandragiri formation has the maximum landslide area, the
prominent rock found in that area is limestone. Limestone has a high hydraulic transmissivity;
higher transmissivity allows water to penetrate deeper into the ground, leading to decreased
cohesive strength of clay minerals and higher pore fluid pressure (Warrick AW et al., 1977).

(Dahal et al., 2014) also suggest Landslides are more prone to occur in locations with faults
and lithological connections due to their inherent vulnerability. In the study area the fault
distance from 0-1300 consists of maximum landslide pixel. The road network exhibits high
and extremely high susceptibility classes in the LSM (Kumar & Anbalagan, 2016). In this study
the maximum landslides were analyzed to be near road i.e.0-1300m. In the LSM map in Tehri

region Uttarakhand by (Kumar & Anbalagan, 2016) the results also showed that highly
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vulnerable classes occupied regions near the drainage network. Low susceptibility classes
are seen in locations with flat terrain, high forest cover, and sparse forest cover. Settlement
areas have been classified as somewhat to moderate to highly susceptible. The LSM map
from this research also provides similar results: few landslides are seen in forest regions and
moderate chances of susceptibility are seen in built up areas. Barren slopes are more
susceptible to landslides based on field observations and in LULC map also we could see a
maximum number of landslides occurring in barren areas. Slope curvature as a factor Dahal,
2014 suggests curvatures, along with other parameters, influence water flow in and out of
slopes, making them crucial for studying landslides. In this study also maximum landslides
above 60% percent were analyzed to be in concave curvature. The Topographic Wetness
Index is a parameter used in terrain analysis to estimate the relative wetness or moisture
content of the land surface. It is calculated based on topographic characteristics such as slope
and flow accumulation in this study area lower the value of TWI higher the landslide was
observed. Maximum landslides were observed in class 0-7 and the Landslide percentage

decreases higher the value of TWI.

Properly understanding and selecting the landslide causative elements leads to more
accurate landslide susceptibility modeling. The accuracy of the landslide susceptibility map
relies on weighing the causative characteristics based on their impact on slope instability.
Therefore, selecting an appropriate weighting system was crucial in this work. This study
utilized both the weight of evidence and the map combination approach. There are 34,256
pixels in the FR Very Low LSI class, and the density of landslide pixels is 0.0002. This
indicates that just a very tiny percentage (0.02%) of all pixels classified in the Very Low LSI
class are identified as landslide pixels. There are 7532 pixels in the Very Low LSI class AHP,
and the density of landslide pixels is 0.0012. This indicates that a tiny percentage (0.12%) of
all the pixels classified in the Very Low LSI class are landslide pixels. The analysis revealed
a Prediction Rate (PR) of 9.35 for ’Land use’, the highest among all factors considered
(Pradhan & Dahal, 2023). In this study area also it is revealed similar maximum prediction
rate of 6.67 for LULC from FR method. The difference is seen in the final map too because
both are different techniques; one includes weightage whereas another is dependent on the
raster cell size of landslides and its factors However, the Frequency Ratio method
outperformed the AHP method in this analysis. The ROC/AUC curve suggests that the
accuracy of AHP is about 75% in contrast to the FR which is about 85%. Total 138 landslides

were observed in the study area and plotted into polygons among them 70 percent were
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distinguished as training datasets whereas 30 percent as testing data sets. Testing data sets

were used in plotting AUC curves.

5.1 Pros and Cons of FR and AHP method

The AHP decision-making method considers several criteria and perspectives, resulting in a
thorough evaluation (Saaty, 2001). This technique offers an organized approach to decision-
making, ensuring consistent and dependable evaluations. AHP weights criteria based on their
relative value, prioritizing key aspects in decision-making. AHP additionally provides for the
incorporation of expert opinion, providing valuable insights and perspectives to the evaluation
process which totally depends upon the weightage given by a person is the huge drawback
of AHP Method.

The FR approach is simple and straightforward to use, requiring easily available data. This
method can determine the most relevant factors for landslide occurrence by examining their
frequency distribution and link to landslide incidents. It is suitable for vast areas since it
employs statistical analysis of previous landslide events to identify areas prone to landslides.
However, this technique is skewed toward places with previous landslides and may be
inaccurate in areas without such incidents. The FR method's accuracy is limited because it is
based on previous landslide incidents and the availability of accurate data. The FR method is
a statistical approach that does not include the physical factors that lead to landslide
occurrence. The FR method assumes that the influence of conditioning factors on landslide
occurrence is consistent across the entire study area, which may not be accurate in reality
(Ehret et al., 2010).

5.2 Recommendation

The susceptibility of the area to landslides is critical for development planning. Landslides can
disrupt human activity and have a negative impact on the economy. In this sense,
understanding the area's susceptibility to landslides is critical. Landslide susceptibility maps
can only show regions that are likely to have landslides, not when the landslides will occur.

Before creating a landslide susceptibility map, it's necessary to conduct a detailed inventory
and classification of the slides. Researchers can create susceptibility maps for rock falls,
debris flows, and deep landslides. This is important because other variables, such as road

cuts, have a greater impact on rock falls.
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The planner can use these estimations to make decisions about the site's suitability, the type

of development, and the relevant mitigation measures. Final LSM map have 5 classes with

the range of susceptibility from very low to very high. This map would be very helpful for

planning of construction of parks and paragliding in Nagi dada Mitigating failures involves

implementing measures to enhance slope stability and reduce the risk of detachment and

movement along wedge-shaped planes. Here are some common mitigation measures for

addressing all the failures (Popescu & Sasahara, 2009):

1.

Slope Geometry Modification: Adjusting the slope geometry can be an effective
mitigation strategy. This may include reducing the slope angle or altering the overall
slope configuration to minimize the potential for wedge formation.

Surface Water Management: Proper drainage is crucial for slope stability. Managing
surface water through the installation of drainage systems, such as surface ditches,
subsurface drains, or retaining walls, helps prevent water infiltration and the
development of pore water pressure within the slope that can contribute to wedge
failures.

Vegetative Cover: Establishing and maintaining vegetation on slopes can improve
stability by reducing surface erosion, enhancing soil cohesion, and absorbing water.
The roots of plants provide additional reinforcement to the soil, contributing to slope
stability.

Rock Bolting and Reinforcement: In areas prone to wedge failures, reinforcing the
slope with rock bolts or soil nails can help stabilize the material and prevent
detachment along potential failure planes. Reinforcement materials are often inserted
into the slope to increase cohesion and shear strength.

Slope Monitoring and Early Warning Systems: Implementing monitoring systems,
such as inclinometers, piezometers, or geotechnical sensors, can help detect early
signs of slope movement. Early warning systems allow for timely alerts, enabling
precautionary measures and evacuation if necessary.

Retaining Structures: Constructing retaining walls or other engineered structures can
provide additional support to slopes susceptible to wedge failures. These structures
can help redistribute the lateral forces acting on the slope and resist potential sliding.
Geotechnical Investigations: Thorough geotechnical investigations are essential for
understanding the subsurface conditions, identifying potential failure planes, and
designing appropriate mitigation measures. This may involve soil testing, geophysical

surveys, and other site-specific assessments.
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8. Public Awareness and Land Use Planning: Informing the public about potential
landslide hazards and implementing proper land use planning can help avoid
development in high-risk areas. Zoning regulations and building codes can be

designed to limit construction on unstable slopes.
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CHAPTER 6: Conclusions

LSM was accomplished using the AHP and FR approach. AHP was used to weight factors
and their classifications. The weight values have been given to each factor's raster maps on
a cell-by-cell basis in FR method and for AHP method multiple literature review, field work and
consultation with expertise weightage was given to each factor. Integration of weightage to
each factor produced an LSI map with numerical susceptibility information, where larger
values indicate high susceptibility and lower values indicate low susceptibility. The LSI from
AHP method values vary from 6.58 to 37 Similarly, LS| value ranges from 356- 1864. The
continuous LSI map from both the methods was divided into five groups using the natural
break classifier. There are five levels of susceptibility: very low, low, moderate, high, and
extremely high. From the result of both the map maximum region of the study area has
moderate chances of landslide i.e. about 58 percentage of the study area is susceptible of
Landslide from AHP in contradict to FR method about 48 percentages is of total area has
moderate chances similarly in FR method 27 percentage of area is susceptible to landslide
whereas AHP method provides 22 percentage of predication. However, the map presented
by AHP and FR both is recommendable because the success rate of AHP is about 75% and
FR is 85%.

The first stage in planning for future land use is to assess the requirement for landslide
susceptibility information to avoid exceeding an acceptable level of risk. Landslide risk refers
to the degree of loss caused by a certain landslide. Landslide information aims to identify
regions vulnerable to landslides and recommend appropriate development measures.
Landslides can disrupt human activities and the economy. Understanding the area's landslide
risk is vital. Landslide susceptibility maps only show locations with a high likelihood of
landslides, not when they may occur. Planners can use these estimations to make decisions

about site suitability, kind of development, and mitigation measures.
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Annexes
Annexes- 1
Slope kinematics analysis

Location 1
Dip
Directio
S.N. Dip n

1 55 230
2 30 158
3 68 100
4 86 341
5 67 180
6 45 38
7 31 176
8 77 247
9 36 129
10 7 72
11 81 340
12 79 220
13 47 178
14 24 200
15 21 210
16 34 200
17 41 134
181 60 210
19 65 109
20 26 198
21 43 210
22 67 167
23 76 345
24 54 178
25 81 240
26 55 49
27 34 76
28 41 157
29 31 215
30 21 317
31 60 180
32 65 200
33 56 340
34 43 267




35 44 134
36 34 144
37 36 164
38 56 199
39 58 108
40 43 211
41 22 45
42 34 78
43 77 169
44 34 222
45 47 95
46 67 100
a7 42 198
48 60 200
49 39 180
50 44 120
Location 2
Dip
Directio
S.N. Dip n

1 76 320
2 70 60
3 65 74
4 86 38
5 69 100
6 20 120
7 35 300
8 27 260
9 46 76
10 66 279
11 56 188
12 55 350
13 33 120
14 76 147
15 56 70
16 54 98
17 37 100
181 68 128
19 42 133
20 67 254
21 39 89
22 56 90

.‘-.:’4/77/ -\3]2

- gall slope‘,'

Color

—

Mainam Density [ 6.64%

Contour Data | Fo Vectis

Contour Distribution | Feher
Counting Croe Suze | L%

Vinemat:. Analyss | Fesura 10900
‘Skpe 0 | 86
Shope Dip Direction | 342
Friction Angle | 30°
Lateral Lt | 20°




23 45 110
24 76 320
25 67 256
26 54 310
27 24 55
28 67 45
29 33 89
30 77 177
31 51 237
32 67 222
33 67 49
34 54 43
35 23 120
36 77 144
37 88 216
38 45 230
39 39 108
40 42 310
41 61 180
42 33 210
43 45 67
44 26 15
45 68 190
46 54 220
47 55 310
48 60 188
49 62 119
50 77 217
Dip
Directio
S.N. Dip n

1 80 330
2 73 55
3 69 62
4 87 30
5 41 230
6 24 90
7 31 180
8 67 275
9 58 66
10 49 57
11 78 195




12 67 220
13 56 170
14 67 220
15 77 147
16 38 247
17 55 330
181 78 98
19 76 100
20 67 192
21 54 201
22 34 67
23 44 78
24 43 89
25 33 138
26 45 270
27 54 180
28 45 197
29 87 200
30 88 300
31 68 267
32 43 301
33 43 308
34 39 321
35 56 88
36 58 66
37 43 15
38 12 160
39 45 247
40 56 210
41 33 89
42 31 210
43 48 331
44 67 195
45 66 348
46 56 34
47 87 198
48 45 200
49 44 215
50 68 345

54 176

43 96




Annexes-2

Rainfal Data
Sum of
Godavari(Sum) Column Labels
Row Labels January February = March April May July August September  October November December  Grand Total
2010 4.4 22 0.4 49 89.5 173.1 337.3 353.9 0 75.2 0 0 1104.8
2011 4.2 47.6 27.7 62.5 345.2 402.6 417.8 399.1 298.4 0 0 0 2005.1
2012 20.2 38.8 3.1 89 51.8 118.4 503.8 371.2 2.7 0 0 0 1199
2013 16.3 58.8 17.8 52.7 256 367.1 489.6 351.2 234.3 123.4 0 0 1967.2
2014 2.6 27 36.7 11.1 106.4 70.8 493.6 338.2 209.4 96.4 0 18.7 1410.9
2015 0.7 38.4 94.5 112.1 30.9 123.6 291.1 332.5 171.3 23.7 0 0 1218.8
2016 7.8 9.8 1.6 3.4 1194 174.7 525.4 377.6 225.6 29 0 0 1474.3
2017 21 0 70.7 65 104.7 149.1 354.3 421.3 143.4 5.4 0 0 1334.9
2018 5.8 1.9 7.5 33.8 70.1 238.7 412 554.1 77.4 0 0 0 1401.3
2019 27.5 84.3 42.6 81.1 109.2 76.1 631.9 291.9 294.4 7.7 0 26.2 1672.9
2020 89.6 25.4 26.4 190.8 126 352.5 525.6 215.1 217.6 0 0 0 1769
2021 0 9.2 4.9 93.1 187.9 245.6 537.5 378.11 206.9 41 0 50.2 1754.41
2022 8.2 55.8 1.5 74.8 235.3 343 305.9 274.5 150.9 136.7 0 0 1586.6
Grand Total 208.3 419 335.4 918.4 1832.4 2835.3 5825.8  4658.71 2232.3 538.5 0 95.1 19899.21
Average 16.02307692 32.2308 25.8 70.65 140.95 218.1 448.14  358.362 171.7154 41.423 0 7.315385 1530.7085
Sum of Column
Nangkhel(Sum) Labels
Februar Augus Septembe Octobe Novembe Decembe Grand
Row Labels January y March  April May June July t r r r r Total
2010 0 26.4 14.8 91.6 41.5 90.8 290.3 416.2 204.6 32.4 0 0 1208.6
2011 3.8 45.5 12.7 55.2 1895 245.8 3724 3605 268.1 9.9 36.1 0 1599.5
2012 10.2 28.9 12.4 67.3 23.7 135.3 352.3 291.2 249.8 8.3 0 0 1179.4
2013 11 40.1 17 49.4 168.9 176.3 3914 2916 1215 93.5 0 0 1360.7
2014 2.1 16.4 62.9 9.7 138.1 1104 337.7 3324 229.9 118.1 0 16.7 1374.4
2015 4.2 32.5 79.3 78.7 66.6 101.2 258.3 571 133.7 41 0 0 1366.5
2016 1.2 6.2 0 125 1227 279.8 4345 1421 119.1 82.3 0 0 1200.4
2017 17.7 0 0 72 1428 1454 295 300.3 139.6 18 0 0 1130.8
2018 9.5 3.5 44 120.1 88.5 1334 3711 4224 83.3 5 0 0 1280.8
2019 17.9 80.7 36.4 106.6 77.6 147.2 4595 258.8 219.5 6.8 0 20.2 1431.2
2020 57.6 22.5 21.6 75.6 1484 208.3 313.2 257.2 197 2.1 0 0 1303.5
100.7
2021 0.01 16.52 3.03 1 1911 15192 430.7 3543 251.9 32.9 0 38.5 1571.59
2022 6.41 44.9 14.8 37.2 267.8 400.3 287.1 229.3 174.9 94 0 0 1556.71
3189 876.6 1667. 2326.1 4593. 4227.
Grand Total 141.62 364.12 3 1 2 2 5 3 2392.9 544.3 36.1 75.4 17564.1

Vi



2453 67.43 128.2 17893 353.3 3251 1351.084

Average 10.89384615 28.0092 3 2 5 2 5 8 184.0692 41.869 2.776923 5.8 6
Sum of Column
Dhulikhel(Sum) Labels

Februar Augus Septembe Octobe Novembe Decembe Grand
Row Labels January y May June July t r r Total
2010 0 21.5 15 71 52 80 120 332 174.2 37.2 0 0 902.9
2011 3.5 47.3 16.3 64.2 207.9 267.4 287.3 276.2 257.4 4 26.5 0 1458
2012 9.9 27.2 1.2 98 36.1 110.9 423.2 0 210.1 0 0 0 916.6
2013 6.3 34.2 22.6 53.4 93.4 149.2 293.8 154.7 79.7 122.4 0 0 1009.7
2014 3 12.5 38.3 12.2 136.3 135.5 332 288.3 213.6 73.2 0 19.4 1264.3
2015 1.3 25.6 73 65.9 18.2 111.2 368.5 426.7 99.7 29.2 0 0 1219.3
2016 1.2 10.4 1.3 4.3 138.3 178.7 362.6 132 337.8 91.7 0 0 1258.3
2017 0 0 17.8 126.2 123.2 212.2 299.6 301.7 151.1 141 0 0 1245.9
2018 2.8 3.5 61.6 1014 166.3 174.2 360.9 400.8 71.9 71.9 0 0 1415.3
2019 17.2 73.7 13.3 87.6 77.6 1151 5544 472.4 274.3 39.7 0 20.5 1745.8
2020 54.55 21.71 30.1 98 139.1 165.11 339.83 260.3 289.51 6 0 0 1404.21
2021 0.01 3.24 6.52 42.11 17342 17154 496.41 320 135.72 77 0 54.52 1480.49
2022 0.04 43.02 9.21 83.44 193.8 265.8 293.8 286.1 259.2 138.5 0 0 1572.91

306.2 907.7 1555.6 2136.8 4532.3 3651.
Grand Total 99.8  323.87 3 5 2 5 4 2 2554.23 704.9 26.5 94.42 16893.71
23.55 69.82 119.66 164.37 348.64 280.8 1299.516
Avg 7.676923077 24.9131 6 7 3 3 2 6 196.4792 54.223 2.038462 7.263077 2
Sum of Column
KhopASI Labels
Februar Augus Septembe Novembe Decembe Grand
Row Labels January y March  April May June July t r October r r Total
2010 0 22 17 64 54 84 125.6 332.4 167.4 55.4 0 0 921.8
2011 0 47.8 9.4 69.6 188.2 293 225 2454 257.2 35.4 22.8 0 1393.8
2012 8.2 31.8 1.4 81.6 37.4 43.6 283.6 175 51.4 8.6 0 0 722.6
2013 9.4 34.4 8.2 63.2 109.6 180 263.2 202.2 112 142.4 0 0 1124.6
2014 1.4 17 26 15.6 124.8 98.6 2114 261.1 205.2 93.4 0 18.4 1072.9
2015 3.6 26.4 87.4 65 46.2 28.4 349.4 2835 324.3 37.2 16 0 1267.4
2016 2.2 4.2 9.2 4.2 136.2 238 278.6 115.8 199.2 45 0 0 1032.6
2017 36.8 0 43.8 78.8 93.2 95.7 229 209.8 123.2 41.2 0 0 951.5
2018 1.8 2.6 41.6 81.8 145.8 257.8 303.4 405.2 22.8 10.2 0 0 1273
2019 19.2 67.4 32.6 57.6 55.4 124 418.4 162 254 51 0.5 23.1 1265.2
2020 80.2 23.2 24.6 106.6 178.3 209.2 247.6  206.8 48.6 0 4.81 3.22 1133.13
168.9
2021 56.5 223.93 2 42433 267.63 100.72 56.92 0 54.2 1.8 47.61 2.01 1404.57
201.3 14450.4

2022 34.7 119.82 2 220.61 25553 186.22 110.11 0 0 1 0 0 15578.72

Vi



29141.82
2241.678

6714 13329 1692.2 1939.2 3102.2 2599. 14972.0
Grand Total 620.55 4 4 6 4 3 2 1819.5 91.72 46.73
51.64 10253 130.17 149.17 238.63 199.9 1151.69
Avg 19.53846154 47.7346 9 4 4 2 3 4 139.9615 3 7.055385 3.594615
Data of Makwanpur in respect to each months
165.
2010 3.5 0 0 67 5| 39.5 96.9 | 317.3 374.2 | 149.5 7 1
220.
2011 2.5 18.6 4 9.6 | 79.1 9 580.7 | 463.4 406.5 0 0 0
2012 19.5 42.4 0| 40.2| 72.8 0 744.2 409 349.4 11 2.5 0
141. | 226.| 331.
2013 10.5 419 | 52.6 6 8 5 338.8 | 378.6 210.6 | 46.1 0 0
109.
2014 12.9 16.5 1.4 4.5 6 85 311.3 | 487.9 214.1 177 1 6.9
212. 245,
2015 4.6 10.5| 60.4 9 56 4 429.2 | 460.1 308.1 | 41.5 0 0
259. | 289.
2016 17.8 9.5 0| 27.5 6 5 608.4 | 413.7 245.2 | 163.1 0 0
146. 205.
2017 0 10.5 2 34 | 59.5 3 601.3 | 883.5 308.4 | 139.3 0 0
4309.
2018 5.5 0 0| 31.5 123 7 250.6 | 282.8 212.4 14.5 0 0
104. 125.
2019 10.5 854 | 295 5 51 4| 1371.1| 459.4 755.6 | 40.3 0 23.2
177.| 210.| 400.
2020 84.6 61.7 0 4 2 3 955.8| 6134 584 16 0 0
442. | 413.
2021 0 0 4 8.5 7 7| 93491 | 705.3 367.1 | 309.1 11 12.5
316. | 623.
2022 9.5 476 | 27.3| 78.1 4 6 552.7 | 896.5 526 91.1 0 0
Data of Hariharpurgadhi in respect to each months
2010 0 55| 28.2 39.1| 406.3| 281.3| 521.8| 715.9 427.2 | 157.7 0 0
2011 0 342 18.7| 1241 | 191.7| 522.1 673 368 553.8 9 19.6 0
2012 16.7 11 2.1 98.5 100 | 426.7 | 614.9 | 568.9 363.9 19.1 0 0
2013 3.1 36.5 55| 131.2| 307.6 | 519.3| 587.9 287 351.6 | 106.5 0 0
2014 4.3 10.2 0 89| 2151 | 438.9| 617.9 734 376 64 0 6.7
2015 6.6 10.3| 52.5 61.4 | 123.7| 438.7| 5954 687 249.5 16.5 0 0
2016 28 43| 36.7 0| 204.3 383 | 601.3| 346.2 306.1 | 123.6 0 0
2017 5 0| 59.9 64.7| 210.5| 331.8| 424.7| 776.3 4456 | 276.6 0 0
2018 0 1.1 25| 1025| 167.8| 4344 | 623.4 | 7735 391.3 20.5 0 0
1180.
2019 4 64.3 7.7 127.7 80.1| 230.4 9| 265.7 471.5 68.6 0 26.2

Vi



1033.

2020 50.2 172 752 | 1304 | 1959 | 375.2 4 314 484.1 34.1 0
333.6 | 271.9| 758.1 215.6

2021 0 0.02 1.7 ] 38.13 3 3 5| 640.7 | 382.76 1 27.31
301.6 | 864.9| 314.7

2022 2.13| 38.02| 5.32| 60.63 4 5 5| 368.9 ] 348.71 128 0




Annexes-3
Photographs

Figure Crack observed
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Fold observed

Figure
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