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Preface

Since time immemorial, landslides have been part and parcel of the mountain
ecosystems. However, it was not considered a threat as long as it did not impact on
the human population or cause socio-economic loss. Over the past decades, with the
ever growing population and demand for more land to accommodate the population
and its ambition for development, exploitation of resources and land knew no limit,
even to the extent of migrating to higher treacherous terrains. The repercussions
caused by such developmental activities have eventually led to more disasters
including landslides, particularly in developing countries such as India. As such, the
Himalayan terrain is one of the most vulnerable regions, which is highly prone to
landslides. The complexity of its geomorphic setting and varying litho-tectonic
regime makes it all the more vulnerable to landslide phenomena. However, a great
extent of the disaster can be prevented if the geological and mechanical conditions are
understood and mitigated.

In as much as developmental activities are concerned, thorough investigation of the
area with regard to its stability is the pre-requisite for decision makers. The analysis
and solution of landslide problems as well as prevention or mitigation of landslides
requires an understanding of geology, hydrology, seismology, geotechnical
exploration and engineering, computerized analytical methods and practical and
constructible engineering solutions. The engineering approach to landslide studies has
focused attention on analysis of individual slope failure and their remedial/mitigation

measures.

The Yamuna Valley in the Garhwal Himalaya is subject to anthropogenic activities
for developmental schemes in the form of road widening, damming for upcoming
hydroelectric power projects, etc. It is of strategic importance as it links to the Char
Dham Yatra (Hindu Pilgrimage) route which, during the Yatra season (May-July) is
flocked by pilgrims and heavy vehicular movement. However, negligence may cause
the area to become vulnerable to landsliding and other mass movements. Hence, there

is a need for identification of potential landslide zones.

The purpose of this study was to prepare a landslide susceptibility map of the Yamuna
Valley in the Garhwal Himalaya and determine the contribution of various causative

Vi



factors responsible for the landslides in the area. An attempt was made to understand
the interrelationship between landslides and the litho-tectonic regime, which further
helped in evaluating the stability of the individual slopes in the region. The thesis
comprises six chapters that have been structured as follows:

Chapter 1 introduces the subject and provides a comprehensive idea of the causes of
landslides and the various approaches for landslide studies. This chapter gives an
insight about the motivation and the nature of the study. It also gives an account about
the study area, its physiography and climatic condition. The climatic condition of the
valley has been discussed as per literature available. Chapter 2 gives an account of
the regional geological setup of the Himalaya, followed by a detailed account of the
Garhwal Himalaya and the Yamuna Valley. A discussion of the geology of the area
has been made based on the regional geological maps available from previous
literature and verification from various field traverses. Chapter 3 elaborates the
quantitative approach of Landslide Susceptibility Zonation mapping using the
Frequency Ratio method. It was determined by establishing the relationship between
landslides and the causative factors. It gives a detailed account of the methods and
data used. The accuracy of a susceptibility map was evaluated using success rate
curves. Chapter 4 gives an insight on the spatial interrelationship of the landslides
with the litho-tectonic regime and precipitation of the region. Geomorphic proxies
such as longitudinal profile of the river (L-profile), topographic swath profile, valley
floor width to height ratio (V¢), stream length gradient index (SL) and channel
steepness index (Ks) were used to understand the tectonic regime. Tropical Rainfall
Measurement Mission (TRMM) and normalized difference vegetation index (NDVI)
were used to discern the precipitation condition of the region. A Schmidt Hammer
Rebound (SHR) and geological strength index (GSI) were used as lithological
strength proxies. Chapter 5 deals with slope stability analysis of both debris slides
and rock falls using analytical techniques such as Finite Element Method, Kinematic
Analysis and Rock Mass classification (Rock Mass Rating and Slope Mass Rating).
This is followed by a case study for slope stability evaluation of a selected slope
(Wariya landslide) and also to suggest mitigation measures. Chapter 6 is the
synthesis of the results drawn from the previous chapters along with conclusions and

a general recommendation for the landslides of the study area.
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Chapter-1
INTRODUCTION

Landslide as defined by Cruden (1991) is “the movement of a mass of rock, debris or
carth down a slope”. It is a natural geological process that is generally controlled by a
variety of factors including geological condition, groundwater condition, topography,
intense rainfall, earthquake, land use (Varnes, 1984; Cruden, 1991; Dai et al., 2002).
Depending on the type of material (debris, rock) and mechanisms involved, landslides
may be classified as flow, slide, topple or fall (Varnes, 1978). However, if a landslide
exhibits a combination of more than two types of movements, it is a complex slide
(Varnes, 1978; Cruden and Varnes, 1996).

Landslides are responsible for hillslope development and are an important part of
mass movement (Harmon et al., 2001; Glade and Crozier, 2005; Petley, 2010). These
are some of the most important, long term evolutions of landscapes, providing major
means for sediment release from slopes to permit transportation through the fluvial
system (Van Westen, 1993). Generally, such processes are common in areas of weak
lithology and steep slopes. These are common in the mountainous terrain and to a
great extent, pose threat to lives and the economy. These become hazardous when

they interfere with human activities.

The Himalaya is orogenically active and is constantly undergoing deformation, with
rupturing in the thrust belt zones due to which earthquakes and mass movements
occur frequently. Both these phenomena are responsible for continued modification of
the landscape. Because of relatively high relief, immature terrain and highly
multifaceted tectonic setting, this region assumes greater significance for the mass
wasting processes, including landslides. The terrain in the Himalayan is traversed by a
number of neotectonically active thrusts and faults, hence the slopes along or in the
vicinity of these discontinuities are highly unstable and prone to landslides (Sarkar et
al.,, 1995; Gupta and Sah, 2008a). This is possibly due to the weak lithology
comprising shattered rock masses and unfavourable geomorphological setup in the
form of steep slopes and high relief in the vicinity of these discontinuities (Koukis et
al., 2009). Due to the diverse geological conditions in the Himalaya, it offers a good
laboratory to study the various geological processes and landform developments. It

has thus, been of keen interest to many workers for decades. Nonetheless, a concise
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idea of the geological setup of an area would lend insight on the sensitivity of the

slope failure, which would help in identifying remedial and/or mitigation measures.

Over the past decades, several techniques and approaches have been used to assess
and monitor landslides. The conventional approach of studying a particular landslide
site is through extensive fieldwork and subsequently monitoring the particular slope
over a period of time. This conventional approach is still being used and is widely
accepted, particularly for studying a particular landslide. However, in order to study
landslides which, cover a large area, this approach is very tedious, time consuming
and very costly. With the advancement of remote sensing and geospatial technology,

these have become convenient to study and monitor landslides over large areas.

Landslide study comprises pre- and post-failure evaluation (Skempton and
Hutchinson, 1969). Pre-failure evaluation involves the preparation of small or
regional scale maps, ranging from 1: 50,000 to 1: 15,000 scales for feasibility studies,
in the form of Landslide Susceptibility Map (LSM), followed by field verifications.
These maps, generally used for regional planning, give a synoptic view of the areas
susceptible to landslides. Post-failure evaluation involves the preparation of large or
local scale maps ranging from 1:15,000 to 1: 5,000, or even larger, depending on the
scope of the study, for detailed studies of the landslides. Such maps that give detailed
geological and geotechnical information of slopes are used for mitigation purpose.

Ideally, regional scale studies involve generation of landslide susceptibility, hazard,
risk and vulnerability maps (Guzzetti et al., 1999; Fell et al., 2008). However,
preparation of landslide hazard and risk maps becomes difficult due to insufficient
temporal data as well as analysis of triggering factors, such as earthquakes and
rainfall, in relation to landslides. In general, determining the time frame for a
landslide to occur is difficult, even under ideal conditions. This is probably due to
lack of historical records or insufficient length of historical record. In such cases,
landslide susceptibility mapping has been recommended (Van Westen et al., 2006;
Fell et al., 2008), which is limited to the spatial likelihood of occurrence of landslides.

The regional study of landslides in an active river valley includes the distribution of
landslides with the relative influence of factors such as lithology, tectonics, structure,
and anthropogenic activity in the area. For preparation of a landslide inventory,

numerous remotely sensed data products, including satellite imagery on the Google
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Earth (GE) platform are used. GE images are extensively used due to their high
resolution, free access, and wide coverage (Fisher et al., 2012; Bl6the et al., 2015;
Cascini et al., 2015; Kumar et al., 2018a).To assess the interrelationship of landslide
distribution with the litho-tectonic regime, various geomorphic proxies have been
used by several researchers (Bull and McFadden, 1977; Seeber and Gornitz, 1983;
Gregory and Schumm, 1987; Rhea, 1993; Silva et al., 2003; Burbank and Anderson,
2011; Grohmann, 2011; Telbisz et al., 2013; Kumar et al., 2018b). To evaluate the
influence of precipitation, rainfall data are used as a means to quantify it and
understand its spatial distribution pattern. Earlier studies for precipitation were
usually carried out on the basis of climate prediction models and sparsely distributed
surface rain gauges (Xie and Arkin, 1997; Chen et al., 2002; Yatagai et al., 2010)
covering only a small portion of an area, which over the course of time proved to be
quite erroneous. However, with the advent of time, satellite-based precipitation data,
documentation sensors such as the Tropical Rainfall Measuring Mission (TRMM) has
made it possible to study the rainfall pattern on a regional scale. The TRMM is
dedicated to observing and evaluating tropical rainfall and its effects on global climate
(Simpson et al., 1996; Kummerow et al., 1998; Wolff et al., 2005).

Site-specific landslide studies on local scale involve detailed investigation of
individual slopes. These include slope stability analyses of individual slopes,
generally carried out to determine the possible causes of slope failure (Kanungo et al.,
2013; Gupta et al., 2016a; Jamir et al., 2017; Kumar et al., 2018a). Rock slope
stability analysis is an age old practice in geotechnical engineering, especially for
developmental projects in hilly terrain. There are several methods available for
stability analysis of rock slopes. These are mainly kinematic analysis (Hoek and Bray,
1981; Goodman, 1989; Pettifer and Fookes, 1994), limit equilibrium (Fredlund and
Krahn, 1977; Duncan, 1996; Cheng et al., 2007) and various numerical modelling
techniques (Griffith and Lane, 1999; Bhasin and Kaynia, 2004; Eberhardt et al., 2004;
Singh et al., 2010; Gupta et al., 2016a). Among the various numerical methods, the
Finite Element Method (FEM) has widely been accepted due to its capability to
simulate complex geometry (Jing, 2003; Kanungo et al., 2013; Gupta et al., 2016a;
Jamir et al., 2017).

There exist various rock mass classifications to assess the condition of rock masses.

This is the preliminary step to assess the condition of slopes that give a precise
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quantitative idea about the strength of the rock mass (Bieniawski, 1979, 1989). These
are the Rock Mass Rating (RMR) of Bieniawski (1976), Q-classification system of
Barton et al. (1974), and Geological Strength Index (GSI) of Hoek (1994). The
concept was originally introduced for underground excavations, but it was later
modified as the Slope Mass Rating (SMR) for the stability analyses of slopes
(Romana, 1985, 1993). These are primarily based on field data, orientation of

discontinuities and their relation with the slope.

1.1. Statement of the problem and motivation

Landslides incidences are common in the Indian landmass. They are among the major
hazards in the country and account for loss of lives and adversely impacting the
economy by damaging roads, settlements, agricultural land and other natural
resources. According to the Geological Survey of India (GSI) report (www.gsi.gov.in,
retrieved on December 2016), ~200 human lives are loss annually, along with crores
of rupees in monetary loss. A large contribution to the increase in frequency and
magnitude of landslides is due to anthropogenic activities, mainly in the form of road
cutting, deforestation and hydroelectric and tunnel projects (Siddique et al., 2015;
Singh et al., 2015; Sarkar et al., 2016). Over the years, landslide incidences have
increased exponentially and have become a major concern. In the Indian landmass,
these are mainly concentrated in the Himalayan mountain ranges, Western Ghats, the
Nilgiri Hills (Parkash, 2011) and the Indo-Myanmar Range (Aier et al., 2012). It has
been observed that ~15% of the land cover in the country is vulnerable to landslides,
out of which 80% is spread over the Himalayan mountain range (www.gsi.gov.in,
retrieved on December 2016). Many researchers have worked in different parts of the
Himalayan terrain and have documented these events: 1994 Urni rockfall in the Satluj
Valley (Gupta, 1998), 1998 Malpa rockfall in the Kali Valley (Paul et al., 2000), 2003
Pareechu rockfall in the Spiti Valley (Gupta and Sah, 2008b), seismicity-induced
landslide in Kashmir (Ray et al., 2009), 2013 Kedarnath disaster (Dobhal et al., 2013;
Prakash, 2018), 2011 Sikkim earthquake-triggered landslides (Gupta et al., 2015) and
Urni landslide (Kumar et al., 2018b). A detailed compilation of the historical records
of landslides in India has been given by Parkash (2011) and the National Institute of
Disaster Management (Parkash and Kathait, 2014).



There are records of numerous fatal landslides in the NW Himalaya and a number of
events have been reported since the 1970’s (Parkash and Kathait, 2014). With the ever
increasing developmental activities and changing climate pattern in the region, the
frequency and magnitude of landslides have increased (Gupta and Joshi, 1990;
Mehrotra et al., 1994; Sharma and Kandpal, 1996; Parkash, 2011). However, several
parts of the Himalaya still remain unattended and unheard of. The Yamuna River
valley is one such neglected area, despite its strategic importance. It links with the
Char Dham Yatra route (Hindu Pilgrimage) route, which houses numerous heritage
sites. During the Yatra season (May-July) the area flocks with pilgrims, involving
heavy vehicular movement. Occurrences of landslides are very common in this
region, yet detailed landslide studies are lacking. Moreover, the LSM of the Yamuna
Valley carried out by the Geological Survey of India (Sanwal et al., 2005) has not
been updated since 2005 and records exist for few selected landslides (Anantharaman,
1980; Pachuari et al., 1998; Gupta and Sah, 2008b; Parkash and Kathait, 2014; Gupta
et al., 2017). In view of this, a comprehensive study was taken up to determine the
causes of landslides in the Yamuna Valley.

1.2. Study area

The location of the study area is between latitudes 30°38'54”- 30°59'59”"N and
longitudes 78°01'01"”- 78°26'46"E in the Yamuna River Valley of the Garhwal
Himalaya. It is part of the Survey of India (Sol) topographic maps nos. 53F/14, 531/8,
53J/1, 53J/2 and 53J/5. It is situated between the pilgrimage township of Yamunotri in
the northeast and Damta in the southwest. It encompasses a length of ~75 km along
the Yamuna River (Fig. 1.1), which is the major drainage of the area. It is a perennial
river that originates from the Saptrishi Kund (lake) which is situated at an altitude of
4200 m. This, in turn, is fed by the Bander Punch glacier (6315 m) (Agarwal and
Kumar, 1973). The river flows towards the SW between Yamunotri (~3150 m asl)
and Naugaon (1135 m). Thereafter it flows towards the SSW till Damta and then
abruptly changes direction towards the south. Several tributaries, such as the Unta
Gad, Hanuman Ganga, Wazri Gad, Pali Gad, Badiyar Gad, Kuthnaur Gad, Kamal
River, Asnol Gad, Barni Gad and Sauri Gad drain into the Yamuna River from both
sides. The National Highways (NH-123 and NH-94) run alongside the river till Janki
Chatti. The NH-123 connects Vikasnagar-Barkot and terminates at the NH-94

junction near the Barkot Bend.
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Fig. 1.1: Location map of the study area
1.2.1. Physiography and climate

Physiographically, the study area is characterized by deeply incised river valleys that

are sporadically wide at places, and a number of terraces all along the valley. The

upper reaches of the area, which form a part of the Higher Himalaya, represents a

very rugged topography with very high relief. Altitudes range from 1200 m to 4100

m. The valleys are generally V-shaped, with profound narrow gorges and relatively

steep slopes (>60°) due to rapid down-cutting by the river. The lower reaches of the

valley is infested by sporadic distribution of deep narrow gorges (Fig. 1.2a). In

general, the valley gradually widens downstream of the Yamuna River, which is

dominated by terraces (Fig. 1.2b). These terraces all along the valley are used for

settlements and agriculture all along the valley.
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Fig.1.2: Spatial variation of valley width along the river. Inset: a) narrow gorge;
b) widening of the valley

The climate in the area varies with altitude from the Lesser Himalaya (735 m) to the
Higher Himalaya (>3150 m). In the lower reaches, the area experiences sub-tropical
conditions, while at the upper reaches it is entwined with warm, cold and temperate
conditions. During the winters, the temperature falls as low as -6°C while in the
summers, it rises to a maximum of 20°C (www.environmentclearance.nic.in, retrieved
on 20" December 2016). Monsoonal season generally sets in between June to
September. Annually the total precipitation in the area is about 2000 mm, with most
of it falling during the monsoon, between July and September. Winter season in the

upper reaches of the valley is experienced by heavy snowfall.
Aim and Objectives

The Yamuna River Valley is undergoing extensive developmental activities. It is
therefore, essential to understand the landslide scenario in the area. In view of this, the

following objectives were chosen for the present study:

1. Preparation of a landslide susceptibility map of the area.

2. To determine the spatial distribution of landslides and their interrelationship

with tectonics and precipitation.

3. Model the unstable slopes to evaluate their behaviour under different sets of
environmental conditions.



Chapter 2
GEOLOGICAL SETTING

2.1. Introduction

The Himalaya forms an important part of the Alpine-Himalayan chain and is one of
the youngest mountain belts. It was formed due to the Indian and Eurasian continental
plates collision during the early Cenozoic, ~55 Ma. The collision resulted in large-
scale crustal shortening, with thrusting towards the south, against the northward push
of the Indian Plate (Lefort, 1975; Garzanti et al., 1987; Hodges, 2000). The regional
strike length of the Himalaya is about 2400 km, extending from the Nanga-Parbat in
the west to the Namcha Barwa in the east. The width of this belt, from north to south,
varies from 250 to 300 km. The Himalaya is bounded by the Indo-Gangetic plains in
the south, the Tibetan Plateau in the north and the Karakoram-Hindukush mountain
ranges in the northwest.

Prolific works have been carried out by several researchers from all over the world on
the Himalaya, which is active since the geologic past (Medlicott, 1864; Griesbach,
1880, 1891; Oldham, 1883; Middlemiss, 1887; Hayden, 1904; Pilgrim, 1906; Pilgrim
and West, 1928; Wadia, 1931; Auden, 1935; Heim and Gansser, 1939; Wadia, 1953;
Gansser, 1964; LeFort, 1975). The northwestern part of the Himalaya, consisting
mainly of the Garhwal and Kumaun Himalaya, has also been studied on different
scales for more than a century (Middlemiss, 1885; Holland, 1908; Auden, 1935; Heim
and Gansser, 1939; Misra and Sharma, 1967; Jain, 1971; Rupke, 1974; Valdiya, 1980;
Thakur, 1992; Srivastava and Mitra, 1994; Valdiya, 1995; Srikantia and Bhargava,
1998; Marquer et al., 2000; Islam and Gururajan, 2003; Jayangondaperumal et al.,
2018).

2.2. Litho-tectonic divisions of the Himalaya

The Himalaya is litho-tectonically divided into the following five units. These, from
south to north are the Sub Himalaya, Lesser Himalaya, Higher Himalaya, Tethyan
Himalaya and Trans Himalaya (Gansser, 1964; LeFort, 1975; Thakur, 1992; Yin,
2006). The southern front of these litho-tectonic units are marked by the Himalayan
Frontal Thrust (HFT), Main Boundary Thrust (MBT), Main Central Thrust (MCT),
South Tibetan Detachment (STD) and Indus-Tsangpo Suture Zone (ITSZ) (Fig. 2.1).
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Fig 2.1: Generalized litho-stratigraphic divisions of the Himalaya (after Searle et al.,
2003; Yin, 2006)
These are the major tectonic discontinuities that divide the Himalaya into different

litho-tectonic zones. These litho-tectonic zones are briefly described below.

2.2.1. Sub Himalaya

The Sub Himalaya is the southernmost part of the Himalaya. It is separated from the
Indo-Gangetic plains in the south by the HFT and from the Lesser Himalaya in the
north by the MBT. It consists of Neogene-Quaternary (20-2 Ma) molasse sediments
(Yin, 2006). It varies in width from 8-10 km and is exposed in the low elevated
Siwalik hills and the intermontane valleys called the duns (e.g., Dehra Dun) (Saxena,
1971).

2.2.2. Lesser Himalaya

The Lesser Himalaya is separated from the Sub Himalaya by the MBT and from the
Higher Himalaya by the MCT. It is mainly composed of Cambrian clastic sediments
with minor occurrences of displaced crystallines and is 50-80 km wide (Valdiya,
1980). This zone has the largest exposed width of ~80 km in the Kumaun and
Garhwal region (Thakur, 1992). The Lesser Himalaya has been sub-divided into the
Inner Lesser Himalaya and Outer Lesser Himalaya (Jain, 1971; Valdiya, 1980). The
Inner Lesser Himalaya lies to the south of the Higher Himalaya. It comprises mainly



Paleoproterozoic rocks; the Outer Lesser Himalaya overlying the Sub-Himalaya is

composed of Mesoproterozoic to Tertiary rocks (Kumar, 2005).

2.2.3. Higher Himalaya

The Higher Himalaya is demarcated by the STD in the north that separates the Higher
Himalaya from the Tethyan Himalaya (Fig. 2.1). It consists of a 15-20 km thick slab
of crystalline rocks dipping northward and thrusting southwardly along the MCT over
the Lesser Himalayan rocks. It is characterized by a tectonically active topography
comprising very thick piles of high-grade Precambrian metamorphic and granitic
gneisses. These are the oldest rocks of the Himalaya, which are also known as the
Higher Himalayan Crystallines (HHC). These crystallines are associated with a
number of igneous intrusive of varying ages (Valdiya, 1980, 1998). The rocks of the
Higher Himalaya (HH) show an inverted disposition of metamorphic isograds, which
gives the HH the distinction of the world’s largest terrain of inverted metamorphism

(Arita, 1983; Harrison et al., 1999; Kohn, 2014).

2.2.4. Tethyan Himalaya

The Tethyan Himalaya, also referred to as the Tibetan Himalaya, is named after the
ancient intercontinental Tethyan Sea. It is confined between the Trans Himalaya and
the Higher Himalaya and separated by the ITSZ and STD (also known as the Trans
Himadri Fault) respectively (Fig. 2.1). It is mainly made up of 10-12 km thick
fossiliferous sedimentary rocks of Late Proterozoic to early Eocene age (Valdiya,
1980). These sediments are characteristic of the marine environment representing the
Tethys sea regime, which shows a drastic contrast to that of the sedimentary facies in
the Lesser Himalaya (Thakur, 1992). The Tethyan Himalaya extends all along the
southern margin of the Tibetan Plateau in the east to the Zanskar Mountains in the
west. In the western Himalaya, the Tethyan zone is well exposed in the Kumaun, Spiti

and Zanskar mountains.

2.2.5. Trans Himalaya

The Trans Himalaya is the northern margin of the Tethyan Himalaya. It is an
assemblage of remnants of Mesozoic ocean, plutonic-volcanic arc, fore-arc and post
orogenic molasse sedimentaries (Thakur and Mishra, 1984; Sorkhabi et al., 1999). It
is formed due to partial melting of a subducting Tethyan slab beneath the Eurasian
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Plate. It is mainly present in the Kohistan area, Indus and Shyok sutures of Ladakh
and the Karakoram Zones of the western Himalaya. The Indus and Shyok sutures run
parallel to each other in northern Kashmir, pointing to complex evolutionary
processes that operated in the western Himalaya.

2.3. Geological setting of the Garhwal Himalaya

The Garhwal Himalaya is part of the Northwest Himalaya and Uttarakhand Himalaya
(Uttarakhand state of India). The Uttarakhand Himalaya is administratively divided
transversally into the Garhwal Himalaya and the Kumaun Himalaya. The Garhwal
Himalaya extends from the Alaknanda Valley in the east to the Tons Valley in the
west, whereas the Kumaun Himalaya extends from the Alaknanda Valley in the west
to the Kali Valley in the east (Kumar, 2005). It occupies parts of the Sub Himalaya,
Lesser Himalaya, Higher Himalaya and the Tethyan Himalaya (Fig. 2.2). The
southernmost part of the Garhwal Himalaya is the Sub Himalaya, comprising the
Sirmur and Siwalik groups (Medlicott, 1864). The Sirmur Group is divisible into the
Subathu Formation, Dagshai Formation and Kasauli Formation of Paleocene age
(Najman and Garzanti, 2000). The Subathu Formation is dominantly made up of
shale, the Dagshai Formation of red mudstone, siltstone and grey sandstone and the
Kasauli Formation is dominantly made up of sandstone. Pilgrim (1910) classified the
Siwalik Group into three sub-groups: the Lower Siwalik, Middle Siwalik and the
Upper Siwalik. The Lower Siwalik rocks are dominantly made up of sandstone with
alternations of clay and claystone. The Middle Siwalik consists of micaceous

sandstone while the Upper Siwalik is made up mainly of conglomerates.

Further northward, the Cambrian sequence of the Lesser Himalaya is exposed. It is
sandwiched between the MBT in the south and the MCT in the north. Auden (1936)
first referred to the sediments of this region as the “Barahat Series” but later called it
the “Garhwal Series” (Auden, 1949) after the name of the region where it is
extensively exposed. Later, Kumar (1970) grouped these sediments under the
“Garhwal Group”. Kumar (2005) sub-divided the Garhwal Group into four
formations; the Uttarkashi Formation, Rautgara Formation, Tejam Formation and
Berinag Formation. These formations are further sub-divided into members based on
different lithologies. The generalized litho-stratigraphic succession of the Garhwal

Group depicting formations, members and lithology is presented in Table 2.1. The
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two stratigraphic zones of the Inner Lesser Himalaya and Outer Lesser Himalaya are
separated from each other by the North Almora Thrust (NAT). The NNW-SSE
trending NAT has been variably referred to as the Nalupani Fault (Dhoundial and Ali,
1967), Dharkot Dislocation (Saklani and Pande, 1970), Dharasu Thrust (Jain, 1971),
Dharkot Thrust (Saklani, 1971), Shrinagar Thrust (Mehta, 1971) and Shrinagar Shear
(Bhargava, 1972). The Inner Lesser Himalaya comprises the Berinag Formation, the
Damtha Group (Chakrata and Rautgara formations) and the Tejam Group (Deoban
and Mandhali formations). The Outer Lesser Himalaya consists of the Dudatoli Group
(Chandpur, Nagthat and Blaini formations), Infra-Krol, Krol and Tal formations of the
Krol Supergroup (Valdiya, 1980; Thakur, 1992).
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Fig. 2.2: Geological map of the Garhwal Himalaya (After Valdiya 1980; Kumar,
2005)
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Table 2.1: Generalized litho-stratigraphy of the Garhwal Group (Kumar, 2005)

Formation =~ Member Lithology
Hudoli Thick bedded massive gquartzite and phyllite
Berinag Nawagaon White, massive, fine grained to gritty, current-bedded
quartzite with lenticular intra-formational
conglomerate, phyllite partings and mafic
metavolcanics
Patet Slate Black carbonaceous slate/phyllite and bluish grey
limestone, with bands of magnesite and talc-schist
Balga Massive dolomite with limestone and talc-chlorite-
sericite schist
Teiam Naulara Phyllite Black carbonaceous phyllite and green slate, chlorite
g phyllite, quartzite and feldspathic grit
Tejam Dolomite Massive dolomite with dolomitic limestone and talc-
sericite-schist
Simgad Purple quartz-peidmonite siltstone and phyllite,
banded greenish quartzite and calcareous phyllite and
dolomite
Bhekuna Mafic amygdaloidal lavas (spilitic) altered to
metavolcanics hornblende-actinolite-chlorite phyllite with veins of
epidote and tourmaline
Nagnath Quartzite Interbedded fine grained quartzite and phyllite, with
marble and calc silicate in the upper part
Mafic spilitic lava and keratophyre, amygdaloidal
Karanprayag occasionally porphyritic, chlorite phyllite, actinolite-
Rautgara metavolcanics biotite- albite phyllite with veins of epidote;
Interappean purple phyllite
Haryali Quartzite Massive, gritty, coarse to fine grained, with
occasional pebble beds; current and graded bedded,
ripple marked with thin partings of chocolate
phyllite, lenticular dolomite/limestone
Mafic amygdaloidal lava flows, altered to drab green
Dhari metavolcanics chlorite phyllite, with phyllite and bands of quartzite
Khattukhal Greyish black to greyish blue limestone with thinly
Limestone bedded grey slate
Uttarkashi Dhaneri Slate Banded, grey green and purple slates, interbedded

Netala Quartzite

with quartzite

White to buff, fine grained, current bedded quartzite
and interbedded slate with minor lenses of limestone
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The Lesser Himalayan rocks are overlain by the Higher Himalayan Crystallines,
which is differentiated by the MCT towards north. The Vaikrita Group, Jutogh Group
(Munsiari Formation) and Chail Group are the three litho-stratigraphic units
recognized in the Higher Himalaya Crystallines (Thakur, 1992). The Vaikrita Group
consists of high grade metamorphic rocks of the upper amphibolite facies-mica schist,
amphibolite, quartzite and gneiss. The Jutogh Group comprises medium to high grade
metamorphic rocks (quartzite, kyanite-bearing schist, granite gneiss, marble and
augen gneiss), whereas the Chail Group consists of metamorphic rocks of the green-
schist facies metamorphic rocks (phyllite, phyllitic quartzite, chlorite-sericite schist
and occasional limestone). These three groups are separated from each other by the
Vaikrita Thrust, Jutogh/Munsiari Thrust and the Chail Thrust respectively. There are
several propositions regarding the MCT; however, there is general agreement that the
MCT is a duplex structure and not a single thrust plane. The MCT is a ~10-12 km
thick, NNE dipping high strain ductile shear zone, which is referred to as the “MCT
Zone” (Bouchez and Pecher, 1981; Metcalfe, 1993; Searle et al., 1993; Singh and
Thakur, 2001; Bhattacharya and Weber, 2004, Srivastava and Tripathy, 2007). Thakur
(1992) and Yin (2006) have given a detailed account of the various definitions of the
MCT.

The Tethyan Himalaya, overlying the Higher Himalayan rocks along the STD, lies in
the northernmost part of the Garhwal Himalaya. It dominantly consists of thick un-
metamorphosed to feebly metamorphosed rocks (phyllite and ortho-quartzite).

2.4. Geological setup of the Yamuna Valley and the study area

The Yamuna River valley comprises rocks of the Lesser Himalaya and the Higher
Himalaya, which are separated by the NW-SE trending MCT, locally known as the
Munsiari Thrust (MT), passing near Wazri village (Fig. 2.3). The rocks of the Lesser
Himalaya are overlain by the Central Crystallines of the Higher Himalaya (Pachuari,
1972). The physical geology and rock types have been briefly described by
Middlemiss (1887), Rao et al. (1981) and Pati and Rao (1983). A broad outline of the
tectonic setup and the stratigraphy of the area have been given by Dhoundial and Ali
(1967), Jain (1971) and Saklani (1971). Geological mapping of the area from
Naugaon to Wazri was carried out by Srivastava (1974) who classified the rocks of

the region into five distinct stratigraphic units: the Central Crystallines, Naugaon
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Formation, Simla Slate, Deoban Formation and the Garhwal Group. Pachuari (1972)
and Valdiya (1975) suggested that the Barkot sheet of the Yamuna Valley is an
extension of the Chail Nappe of the Shimla Hills. Rupke (1974) opines that the Barkot
sheet is actually the Deoban. Raina (1978) also proposed that the rocks between
Barkot and Barni Gad along the Yamuna River valley are members of the Deoban

Formation. Biyani (1995) described the geology of the Yamuna Valley.
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Fig. 2.3: Geological setting after Pachuari (1972), Valdiya (1980) and Saklani et al.
(1991). Red rectangle (inset) denotes position of study area in the NW
Himalaya. F-F: fault; MCT-Main Central Thrust; NAT-North Almora
Thrust; HH- Higher Himalaya; LH-Lesser Himalaya

The litho-tectonic units of the Yamuna Valley can be grouped into four zones: the
Krol Nappe, Autochthonous Zone, Allochthonous Zone and the Central Crystallines
(Table 2.2). The Krol Nappe comprises the Mandhali, Chandpur and Nagthat
formations. It is delineated from the Autochthonous Zone by the Tons Thrust. The
Autochthonous Zone is represented by the Morar-Chakrata Formation, Barni Gad
Formation (Lower Deoban), Bhankoli-Barkot Formation (Middle Deoban) and Sauli
Formation (Upper Deoban). The Allochthonous Zone includes Nawagaon, Hudoli
(Berinag Quartzites) and Rama Serai formations. The Nawagaon Formation is a
klippe, which is probably detached from the Hudoli Formation (Pachuari, 1972). The

metamorphic and crystalline rocks (Central Crystallines) form the uppermost tectonic

15



unit. The Autochthonous Zone forms a syncline, which is flanked on both sides by
anticlines. The Allochthonous zone has been thrusted upon the Autochthonous Zone,
while the Central Crystallines have been thrusted upon the Allochthonous Zone. The
Krol Nappe is not exposed in the study area, so it has not been discussed.

Table 2.2: Regional litho-tectonic setting of the Yamuna Valley (modified after
Pachuari, 1972 and Valdiya, 1980)

Tectonic Zone Formation

Central Crystalline Zone Central Crystallines
Main Central Thrust

Berinag Formation
Allochthonous Zone Rama Serai Formation
Hudoli Formation
Nawagaon Formation
Thrust

Autochthonous Zone Deoban Formation
Sauli Formation (Upper Decban)
Bhankoli-Barkot Formation (Middle Deoban)
Barnigad Formation (Lower Deoban)
Morar-Chakrata Formation

Rautgara Formation
Chakrata Formation

Tons Thrust

Krol Nappe Nagthat Formation
Chandpur Formation

Mandhali Formation

2.4.1. Autochthonous Zone

Morar-Chakrata Formation

The Morar-Chakrata Beds, as described by Auden (1934), has been designated the
Damtha Group by Rupke (1974) after Damta village in the Yamuna Valley. Valdiya
(1980) later enlarged the stratigraphic extent by including both the Chakrata and
Rautgara formations. The Morar-Chakrata Formation consists essentially of purple to
green slate, greywacke and siltstone. Based on sedimentary characteristics, the Morar-
Chakrata Formation has been divided into two units, the Damtha Unit and the Kunnan
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Unit (Pachuari, 1972), which are equivalent to the Chakrata Formation and Rautgara

Formation respectively of Valdiya (1980).

1)

2)

Chakrata Formation: It is represented by bedded limestone, deep brown and
purple slate and greywacke (Pachuari, 1972). These rocks are exposed around
Sauri Gad and further extend up to the Naugaon-Gangani region. The
Chakrata Formation window is also exposed in the Banas-Janki Chatti region.
This unit refers to the Chhaosa-type of Simla Slate of Auden (1934).

Rautgara Formation: It is represented by moderately thick-bedded shale,
siltstone and subordinate greywacke. The Kuthnaur and Gangani windows
(\Valdiya, 1980) expose the rocks of the Rautgara Formation. This unit also
corresponds to the Sauri Gad Formation of Rupke (1974).

Deoban Formation

The Deoban Formation, viz., Barni Gad Formation (Lower Deoban), Bhankoli-Barkot

Formation (Middle Deoban) and Sauli Formation (Upper Deoban), consists of thick

sequences of dolomitic limestone, phyllite and slate. It is exposed around Barni Gad

and extends up to Gangani, towards the north.

1)

2)

3)

Barni Gad Formation: The Barni Gad Formation is equivalent to the Lower
Deoban (Rupke, 1974). Bedded limestone and slate are well exposed between
Barni Gad and Kuwan, and a section stretching for about 2-3 m is also
exposed in the Gangani region. It is however, not mappable in the study area.
Bhankoli-Barkot Formation: It is equivalent to the Middle Deoban (Rupke,
1974). 1t conformably overlies the Barni Gad Formation (Pachuari, 1972) and
consists of black carbonaceous slate and quartzite. It is well exposed between
Naugaon and Barkot. It is also exposed in Bhankoli; small segments are
exposed near Kuwan, Kisna and Badiyar Gad.

Sauli Formation: Rupke (1974) defined it as equivalent to the Lower Deoban.
It consists of thick sequences of dolomitic limestone, slate and quartzite. The
Sauli Formation conformably overlies the Bhankoli-Barkot Formation and is

well exposed around Naugaon.
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2.4.2. Allochthonous Zone

The Deoban Group is overlain by a huge succession of massive, coarse-grained
sericitic quartzarenite, which has been named the Berinag Formation (Valdiya, 1965).
Heim and Gansser (1939) named it the Quartzite Series. It is divisible into the
Nawagaon, Hudoli and Rama Serai formations (Kumar, 2005). The Nawagaon
Formation, resting upon the Deoban Formation, is composed of green phyllite and
quartzite. It is well developed downstream of Naugaon and in the Wazri-Kharadi and
Banas-Hanuman Chatti regions. The Hudoli Formation is distinctly arenaceous and
represented by quartzite, serite quartzite, quartz schist, phyllite and basic amphibolite.
Most of the northern and northeastern parts are covered by this formation (Pachuari,
1972). The Quartzite Series is variously known as Bawar Quartzite (Oldham, 1883),
Gamri Quartzite (Jain, 1971), Pratapnagar Quartzite (Saklani, 1971) and Berinag
Quartzite (Valdiya, 1962). The Rama Serai Formation is a thick succession of biotite
schist, quartz schist and gneiss. This formation is however, seen in Purola, Chandeli
and Kalsi Dhar, which is further west of the study area.

2.4.3. Central Crystallines

The Central Crystallines of the HH is thrusted over the Berinag Formation along the
MCT. It is composed of huge crystalline augen gneiss, mica schist, marble and
quartzite (Gansser, 1964). These metamorphosed rocks are well exposed from Wazri
to Yamunotri. In the Syanachatti region, augen gneisses and porphyroblastic gneiss
are well exposed, while schist and calc-silicate rocks are exposed further upstream
from Jankichatti (Pachuari, 1972); marble, schist and quartzite are observed at

Yamunotri.

The rocks of the Yamuna Valley are exposed in a large syncline flanked by anticlines
on either side (Pachuari, 1972; Valdiya, 1980; Saklani et al., 1991). The tectonic units
are accounted in Table. 2.2. In the Allochthonous Zone, the Morar-Chakrata
Formation is unconformably overlain by the Lower Deoban (Barni Gad Formation).
Dhoundial and Ali (1967) referred to the unconformability of various formations in
this zone, except for some local dislocations. Minor faults such as the Barni Gad Fault
are noted in the zone (Pachuari, 1972). The Autochthonous Zone consists of the
Berinag Formation (Nawagaon, Hudoli and Rama Serai formations). The Nawagaon
Formation is thrusted over the Sauli Formation of the Deoban Group. The Nawagaon
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thrust mass is an asymmetrical syncline, with the axial planes striking E-W, NW-SE
and NNE-SSW (Pachuari, 1972). The Hudoli Formation is also a syncline with its
axis trending N-S. Further north, the Hudoli Formation is thrusted upon by the Central
Crystallines along the MCT. In the southernmost part of the study area is the Krol
Nappe (Mandhali, Chandpur and Nagthat formations), which forms the northern limb
of the Mussoorie Syncline (Auden, 1934) and demarcated by the southerly dipping
Tons Thrust.

The area comprises of two major thrusts, the NNW-SSE trending NAT and the NW-
SE trending MCT, near Gangani and Wazri villages respectively. The NAT separates
the two sedimentary suites of the shallow water Autochthonous Zone (Garhwal
Group) and deeper water sequence of the Krol Nappe. The general trend of the fault
plane is 70°-80° towards WSW (Agarwal and Kumar, 1973) whereas, the MCT is a
steep (40°-60°) northerly dipping thrust, which trends parallel to the NAT. Considered
to be a duplex structure, Saklani et al. (1991) characterized the planes at Yamunotri,
Jankichatti-Phulchatti and Wazri. However, the present study takes into consideration
the MCT (Munsiari Thrust) based on the observations of Agarwal and Kumar (1973)
and Pachuari (1972). A detailed structural study of the area has been carried out by
Agarwal and Kumar (1973) and Biyani (1995).

19



Chapter 3
Landslide Susceptibility Zonation Mapping

3.1. Introduction

Landslides are naturally recurring phenomena particularly in hilly terrain that cause
loss to lives and major substantial economic loss. It is often considered insignificant
until a catastrophic event takes human lives. However, with ever growing human
activity and the demand for more land, the losses due to landslides have grown
rapidly. According to Brabb (1993), at least 90% of landslide losses are avoidable if
the problem is recognized before planning any developmental activities. Hence, it is

necessary to identify zones or areas which are susceptible to landslides.

As a pre-requisite to any landslide study, an overall regional perspective of the
landslide prone areas is required. This regional understanding requires a detailed
insight into various influencing factors responsible for landslides. Basically, the
fundamental assumption of any landslide zonation map is build on the concept that
“the past is the key to the future” (Varnes, 1984; Hutchinson, 1995). The Landslide
Susceptibility Map (LSM) depicts an area of relative landslide susceptibility. A LSM
is prepared using either of the following two approaches:

1. Qualitative heuristic approach: This is a direct mapping method, whereby the
causative factors such as geology, slope, aspect, curvature, drainage and land use/
land cover of the landslides are given ratings based on expert knowledge and
experience (Brabb et al., 1972; Wright et al., 1974; Van Westen et al., 2008).

2. Quantitative statistical approach: This statistical approach takes into account the
statistical relationship between slope instability and its causative factors (Carrara,
1983; Brand, 1988; Gupta and Joshi, 1990; Aleotti and Chowdhury, 1999; Saha
et al., 2005; Anbalagan et al., 2015; Chen et al., 2016).

Owing to subjectivity and uncertainty associated with the qualitative approach,
quantitative methods have been observed to provide more realistic results (Kanungo
et al., 2009). The quantitative methods are generally statistical, including bivariate,
multivariate (Carrara, 1983; Sarkar et al., 1995; Aleotti and Chowdhury, 1999),
probabilistic (Lee et al., 2002) and distribution-free approaches, that is, fuzzy-based
and artificial neural network (Kanungo et al., 2006). Although multivariate, fuzzy-
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based and artificial neural network methods provide more realistic results (Arora et
al., 2004; Ercanoglu and Gokceoglu, 2004) they involve voluminous data and are time
consuming. The probabilistic approach includes a certain degree of subjectivity in
weight assignment procedures for the existing causative factors that exist (Kanungo et
al., 2009).

Over the past decade several techniques for LSM have been adopted by researchers
around the world (Brabb et al., 1972; Radbruch-Hall and Crowther, 1973; Nilsen et
al., 1979; Ives and Messerli, 1981; Choubey and Litoria, 1990; Gupta and Joshi, 1990;
Anbalagan, 1992; Pachuari and Pant, 1992; Mehrotra et al. 1994; Van Westen, 1994,
Sarkar et al. 1995; Pachuari et al., 1998, Aleotti and Chowdhury, 1999; Sarkar and
Kanungo, 2004; Saha et al., 2005). However, so far, no general agreement exists
about the ideal method for preparing landslide susceptibility maps (Guzzetti et al.,
2000). The applicability of the techniques varies from place to place, depending on
terrain conditions, geological factors and most importantly, the availability of data.
Detailed accounts of different methods and guidelines for preparation of LSM have
been reviewed and summarized by Guzzetti et al. (2000), Fell et al. (2008) and
Kanungo et al. (2009).

The present study aims to prepare a LSM (1:25,000) of the study area using the
frequency ratio approach. This would help in delineating potential landslide zones,
which will be useful for a variety of general planning purposes and also form the basis

for further detailed studies, if required.

3.2. Methodology

The preparation of a LSM involves the generation of a digital database, application of
statistical methods, validation and evaluation of the results. These are briefly

described herein under:

3.2.1 Data Generation

3.2.1.1 Landslide inventory

A landslide inventory essentially depicts the spatial distribution, type and dimension
of a landslide, which is a prerequisite for defining any landslide type in a region
(Wieczorek, 1984; Soeters and Van Westen, 1996). Although there is no standardized
method for the preparation of a landslide inventory, historical data can be used to
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individual landslide events, satellite imagery, field surveys and aerial photographs
(Ayalew and Yamagishi, 2005; Kanungo et al., 2006; Kayastha et al., 2013; Xu et al.,
2014). In the present study, a high-resolution Linear Imaging Self Scanner (LISS-4)
imagery (5.8 m resolution), ortho-image of Cartosat-1 (2.5 m), Google Earth (GE)
imagery, Survey of India (Sol) topographic maps (53J/1, J/2, J/5 and 1/8) and detailed
field surveys using a Global Positioning System (GPS) were used to prepare a
landslide inventory. The minutiae of the satellite images used are presented in table
3.1. The satellite-based landslide inventory was rectified with extensive fieldwork in
the Yamuna Valley during 2014-2017. The locations of the landslides were measured
in the field using a handheld GPS with an accuracy of ~5 m. The classifications of the
landslides were based on Varnes (1978) and Hungr et al. (2014). The landslide
datasets were then rasterized and resampled into grid size of 10x10 m resolution.

Table 3.1: Details of satellite imagery and topographic maps used in the study

Satellite data / Source Date acquired Spatial resolution (m)

Google Earth Imagery 17" December 2016 1.0-2.5*

26" November 2011
8" December 2011

Cartosat-1 (ISRO) ) 25
27" April 2014

6™ June 2014

2" December 2011
11" November 2013

LISS 4 (ISRO) 5.8
26" November 2013

26" November 2014

53J/1 1987
T hi (Sol) 231/2 1986 Scale: 1:50,000
opograpnic ma 0 Ccale. L:0U,
podrap P 53J/5 1967

531/8 1966

ISRO - Indian Space Research Organization; Sol-Survey of India;
* Fisher et al. (2012) have related this level of resolution to Worldview-1, 2, and Quick bird
imagery (Digital Globe, Inc.)

22


https://www.google.co.in/search?q=ISRO&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDOITzNUAjONq8qzq7TUMsqt9JPzc3JSk0sy8_P0iwsSk1OTixLTSqxyE_NK0xKTS0qLUosAhJYA-kAAAAA&sa=X&ved=0ahUKEwjph6DD-IvbAhVGcCsKHYf3CwcQmxMI6wEoATAX

3.2.1.2 Spatial database preparation/thematic maps

Landslides and related mass movements are, to a great extent controlled by numerous
factors. In the present study, the spatial database representing the contributing factors
for landslides like elevation, slope angle, slope aspect, lithology, land use/land cover,
proximity to lineaments, proximity to drainage and proximity to roads have been
used. These causative factors were prepared in a GIS platform in the form of thematic
maps. The thematic maps used for analysis are given in table 3.2. All these parameters
were digitized and rasterized using ArcGIS 10.5 software. The topographic data used
in the analysis (elevation, slope angle, slope aspect) were derived from the Cartosat-1
digital elevation model (DEM) with a spatial resolution of 10 m. Details of the
generation of DEM is explained in section 3.2.1.3. Other ancillary data (lithology,
land use/land cover, distance to lineament, distance to drainage and distance to road)

were generated using high resolution LISS 4 and GE imagery.

3.2.1.3 Digital elevation model

A DEM is a three dimensional raster file representing terrain surface with height at
regularly spaced horizontal intervals. It can be generated by various techniques such
as ground surveys using DGPS, GPS, Total Station, etc., topographic maps and aerial
photogrammetry, and optical satellite sensor data from World View-1, Quick bird,
IKONOQOS, ASTER, Cartosat-1. In this study a DEM was generated using high
resolution Cartosat-1 stereo image. The DEM is used for evaluating terrain parameters
such as elevation, slope, contours and drainage patterns. These are the input
parameters used for landslide susceptibility mapping and numerical modeling of

slopes.

A Leica Photogrammetry Suite (LPS) version, ERDAS-11 software package was used
to generate DEM using the following steps:

e For the generation of DEM from stereo images (bands A and F) geometric
model, and tie points were used. The tie points and GCPs were used as seed
vertices.

e A block project file with UTM-44 N projection and WGS 1984 datum was
created that defines the geometric model as a Rational Polynomial Coefficient
(RPC) model.
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e The GCPs and tie points were generated using the classical point measurement

too. The GCPs were acquired using a high performance Garmin hand-held

GPS with ~5 m vertical accuracy and ~50 cm horizontal accuracy .

e A total of ~1005 tie points were generated, both automatically and manually,

for even distribution. Tie points are those points whose ground coordinates are

unknown and can be identified in the overlap area of stereo images.

e After the addition of GCPs and tie points, the triangulation was run to improve

the accuracy. This was followed by extraction of DEM with cell size of 10 m.

Table 3.2: Details of thematic maps used in the present study

SI. No Parameters

Definition

Source

Remarks

1. Elevation

Height of the area
above mean sea
level

DEM (IRS-P5,

Cartosat-1 stereo data)

Increased height may
correlate with increased
likelihood of failure

Ratio of altitude

Increased slope may

2. ;Ilo?: change to the gaEr?gng 1S _s|t3e5reo data) correlate with increased
g horizontal distance likelihood of failure
Divided into nine classes-
3, i’s'og’gt Slope azimuth g;?gsgsf;fgeo datz) F12t N, NE E, SE.S,
P SW, W and NW
Gross physical Some lithologies such as
4 Litholo characteristicsofa  Geological map phyllite and slate are more
' Y rock or rock (GSI) prone to failure than the
formation others
x:mgglgh Itlrr::ar Digitized lineament ~ Proximity to faults
Proximity layer (IRS-P5 identified by buffering
5 surface caused by .
: to drainage, faults Cartosat-1 and from lineament or fault
lineament . . ' IRS-P6 LISS-1V map
lithological image)
condition, etc. g
Digitized drainage Proximity to streams was
Proximity  Streams and river layer (IRS-P5 identified by buffering
® todrainage channels Cartosat-1and IRS-P6 1 206 ma
g LISS-IV images and g P
Sol topographic map
Digitized drainage
Proximity  Slopes cut for layer (IRS-PS Anthropogenically
7. . Cartosat-1and IRS-P6 . . -
to road transportation induced slope instability

LISS-IV images and
Sol topographic map
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Land use is the
human utilization of Land use / land cover Classified into 6 classes-

Land use land and land cover map (IRS-P5 snow cover, water body,
8. and land refers to the Cartosat-1 and IRS-P6 settlement, dense forest,
cover physical material on  LISS-IV images and  sparse vegetation and
the surface of the Sol topographic map) barren land
earth

3.3. Landslide Susceptibility Zonation Mapping

3.3.1 Frequency ratio method

The frequency ratio (FR) method or bivariate method is one of the most popularly
used statistical methods, basically due to its user friendly approach and its simplicity
in the implementation of data (Lee and Pradhan, 2007; Yilmaz, 2009; Li et al., 2017).
The FR method is based on the spatial distribution between landslides and their
causative factors (Lee, 2005). It is the ratio of the percentage of the area of landslide
occurrences to the total percentage of the factor influencing it in the study area (Lee
and Talib, 2005; Pradhan and Lee, 2010; Solaimani et al., 2013; Regmi et al., 2014).
The FR is expressed as:

FR=PLO/PIF (3.1)
where PLO is the relative area where landslide occurred, in percent, for the given
category of influencing factor, and PIF is the relative area of the influencing factor for
the given category of influencing factor. A FR value less than 1 (below 0.85) indicates
low correlation, a value of 1 indicates an average value anda value greater than 1
indicates higher correlation (Erener et al., 2007; Oh et al., 2010).

The landslide susceptibility value represents the relative susceptibility to landslide
occurrence. The lower the value, the lower is the susceptibility to landsliding and the
greater the value, the higher is the susceptibility to landsliding (Pradhan and Lee,
2010). In order to obtain the landslide susceptibility index (LSI), the frequency ratios
of the factors were summed with equation 3.1 (Lee and Talib, 2005). This LSI was
used to map the landslide susceptibility as

LSI=Y (FR); (i=1,2,3...n) (3.2)

where ‘n’ is the total number of input factors.
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3.3.2 Validation and evaluation

After preparation of the LS map of the area, its evaluation for accuracy is important. It
can be evaluated in several ways, such as partitioning the population of landslides
(Lee and Min, 2001; Fabbri et al., 2003; Lee and Pradhan, 2006; Lee, 2007; Pradhan
et al., 2010), statistical verification (Chung and Fabbri, 1999, 2003) and field

verification.

For verification of the LS map, the population of landslides is partitioned by dividing
the landslide inventory into two random parts, one for use as training data and the
other part for validation (Fabbri et al., 2003). The thumb rule of this concept is that a
LS map would be good if the majority of the actual landslides are to be found in the
pixels belonging to the high susceptibility classes and that these classes occupy very
small area (Can et al., 2005; Duman et al., 2006). For the statistical and knowledge-
driven method, the best way is to use the success rate curve (Chung and Fabbri, 1999;
Lee et al., 2002). The statistical based success rate method is used to determine how
well the resulting susceptibility map has classified the areas of existing landslides as
susceptible areas. The cumulative percentage of the observed landslide area is plotted
against the cumulative percentage of the susceptibility map area in order to obtain the
success rate. The LSI was sorted in descending order (i.e., very high susceptibility to
very low susceptibility classes) and divided into 100 equal areas classes. The same
was done for the percentage of landslide area. The cumulative percentage of the
susceptibility index (x-axis) corresponding to the cumulative percentage of landslide

area (y-axis) was then plotted.

For an ideal accuracy analyses, AUC is calculated with a hypothetical validation
curve coinciding with a diagonal ranging from 0.5 to 1 (Remondo et al., 2003; Lee,
2007). If the AUC is close to one, the test result is considered accurate while for that
close to 0.5, it is fair (Das et al., 2010). All the analyses are finally validated in the

field to evaluate and ascertain the LS map generated.
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3.4. Results

The aim of this work is to prepare a LS map of the area, for which a landslide
inventory map and various thematic maps such as elevation, slope angle, slope aspect,
lithology, land use/land cover, proximity to lineament, proximity to drainage, and
proximity to road were generated. All these maps were rasterized and resampled to
10x10 m resolution. This was followed by computing the percentage of the
distribution of landslides in each thematic class, which gives an idea of the
relationship between the different themes and landslides. In order to characterize the
spatial distribution of landslides, a FR analysis was carried out using equation 3.1
(section 3.3.1), the value of which was superimposed on the thematic layers. Finally,
the LSI was calculated using equation 3.2 (section 3.3.1). The validation of the map
was done by partitioning landslide population distribution and success rate curve, and

followed by field verification.

3.4.1 Landslide inventory

A landslide inventory of 154 landslides was prepared, covering an area of 4.11 km?
(41080 pixels) in a total area of 1440.22 km? (14402168 pixels). The minimum, mean
and maximum landslide areas are 1.8x10 km?, 2.66x102 km? and 3.47x102 km?
respectively. Of the total landslides, 52 are debris slides and 102 are rockfalls. From
the total landslides, 124 (80%) were randomly selected for preparing a landslide
susceptibility model and the remaining 30 (20%) were used to validate the model.
Figure 3.1 illustrates the distribution of landslides in the study area. Most of these
slides were mapped using satellite imagery, topographic maps and Google Earth
images and those along road-cuts and accessible areas were verified in the field.

3.4.2 Spatial database/thematic maps

The landslide causative factors spatial database was prepared and the relationship

between landslide occurrences in each causative factor was analyzed.

3.4.2.1 Relationship between elevation and landslides

Elevation is an important component in the classification of local relief and
significantly contributes to the hydrological regime and slope instability (Yilmaz,
2009). With increase in the height of a terrain, the possibility of landsliding also
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increases. For the present study, an elevation model with 30 m contour intervals was
extracted. On the basis of elevation range, the entire area was classified into ten
classes each with elevation difference of 500 m (Fig. 3.2.-1). A major portion (19%)
of the study area lies at elevations of 1500-2000 m (279.9 km?), 18% (264.1 km?) at
elevations of 1000-1500 m and 14% (197.2 km?) at elevations of 2500-3000 m. The
remaining areas occupy less than 10% at different elevations and quite a negligible

area at elevations of <500 m (0.01 km?).

Spatial distribution of landslides in the different elevation classes is presented in
Table 3.3. The highest (34%) number of landslides occurs in the 1500-2000 m
elevation range, followed by 30% in 1000-1500 m, 13% in 3000-3500 m, 7% each at
elevations of 2500-3000 m, 3500-4000 m and 500-1000 m, 2% at 4000-4500 m
elevations and no landslides in elevations below 500 m and above 4500 m.

Bhankoli A

NAT

Elevation (m)
— High 163335

L Low 1345
® Landslides for training (124) -

¥% Landslides for validation (30)

T
30°40'0"N

A Location

78°0'0"E 78°20'0"E
1 1

Fig. 3.1: Inventory of landslides indicating their spatial distribution in the study area

3.4.2.2 Relationship between slope angle and landslide

Slope angle is one of the major factors responsible for slope instability. In this study,

slopes have been classified into nine categories: 0°-5°, 5°-10°, 10°-15°, 15°-20°, 20°-
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25°, 25°-30°, 30°-45°, 45°-60°, >60° (Fig. 3.2.-2). A major portion (24%) of the study
area lies in the category of 25°-30°, followed by 19% in slopes with angles of 5°-10°,
18% in 20°-25°, 17% in 15°-20°, 14% in 10°-15°, 7% in 30°-45°, 0.9% in 45°-60°
and a very negligible area is occupied by slopes at angles <60° (0.2%) and >5° (0%).

The spatial distribution of landslides in the different slope classes is presented in
Table 3.3. It is observed that the maximum distribution of landslides occurs in slopes
lying between 25°-30° (37%), followed by 21% in slopes angles between 20°-25°,
13% in slopes of 30°-45°, 12% in 15°-20°, 11% in 5°-10°, 6% in 10°-15°, 1% in slope
angles of 55°-60° and no landslides above 60°.

3.4.2.3 Relationship between slope aspect and landslides

Aspect is the slope direction which controls solar insolation and is indirectly related to
the geochemical processes, which plays a decisive role in slope instability (Pandey et
al., 2018). In the study, the slope aspect has been classified into nine directional
classes as flat (-1°), north (337.5°-360°, 0°-22.5°), northeast (22.5°-67.5°), east
(67.5°-112.5°), southeast (112.5°-157.5°), south (157.5°-202.5°), southwest (202.5°-
247.5°), west (247.5°-292.5°), and northwest (292.5°-337.5°) (Fig. 3.2.-3). The
southwest-facing slopes are dominant, covering an area of 196 km? (14%), followed
by north-facing slopes, which cover about 13% of the area (191.6 km?), 13% each by
west- and northwest-facing slopes, 12% each by northeast-, south- and east- facing

slopes, 11% in the southeast and very negligible in the flat areas (0.0018 km?).

The distribution of the landslides in the different slope directions is presented in Table
3.3. It is observed that the southwest-, west-, south- and northwest-facing slopes have
comparatively higher percentage of landslides in the study area (22%, 18%, 16% and

14% respectively) as compared to the others.

3.4.2.4 Relationship between lithology and landslides

Lithology of a region, to a great degree, controls the geomorphological features of a
landscape (Dai et al., 2001; Lan et al., 2004). The erosion-resistant rocks contribute
more to the stability of a slope as compared to the weak rocks (Kanungo, 2006).
Hence, lithology is an important component for LS mapping. A lithological map was
prepared by field mapping on 1:50,000 using a Sol topographic map. The study area

is composed mostly of slate, quartzite, platy limestone and limestone of the Lesser
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Himalaya and gneiss and quartzite of the Higher Himalaya (Fig. 3.2.-4). A major
portion (25%) of the study area is composed of platy limestone (353.24 km?) followed
by 23% each of quartzite and slate occupying an area of 330.3 km? and 325.3 km?
respectively; 21% is composed of gneiss (303.85 km?) and 9% by limestone (127.55
km?).

The spatial distribution of landslides in the different lithological sections is given in
Table 3.3. The maximum number (29%) of landslide incidences have occurred in
areas composed of platy limestone, followed by 24% in slate, 22% in quartzite, 19%

in gneiss and 7% in limestone.

3.4.2.5 Relationship between land use/land cover and landslides

Land use/land cover is another component that induces slope instability. It is
generally observed that barren and modified slopes are more prone to landslides than
vegetated slopes (Kanungo, 2006). In the study area, based on field surveys and use of
satellite imagery, six categories were identified (Fig. 3.2.-5). A maximum area of 46%
is covered by sparse vegetation (662.23 km?), 45% by barren land (642.86 km?), 8%
by forest (117.90 km?) and very negligible area by snowcover, water bodies and
settlements (1.18 km?, 0.16 km? and 0.15 km? respectively).

The distribution of landslides in the different land use/land cover is presented in Table
3.3. Results show that 53% of the total landslides are distributed in sparse vegetation,
followed by 38% in barren land, 9% in forest covered areas and very negligible or no

landslides are seen in areas of snowcover, settlements and water bodies.

3.4.2.6 Relationship between proximity to lineament and landslides

Lineaments are linear features of the terrain, which may be due to faults or
stratigraphic boundaries (Xu et al., 2012). These plays an imperative role in assessing
slope instability as the material around the lineaments are weak due to high degree of
shearing and fracturing. In the study area, the major trends of the lineaments are along
NE-SW and NW-SE. Lineament buffers of 50 m, 100 m, 150 m, 200 m, 250 m, 300
m, 400 m, 500 m, 1000 m and 1500 m were created (Fig. 3.2.-6).

The distribution of landslides in these buffered categories is presented in Table 3.3.

The maximum percentage (29%) of landslides lie within a vicinity of 50 m from
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lineaments, followed by 25% within 100 m, 14% within 150 m, 7% within 200 m, 5%
within 250 m, 4% within 300 m, 6% within 400 m, 4% within 500 m, 4% within 1000
m and very negligible within 1500 m. Basically, landslide distribution decreased with

increase in distance.

3.4.2.7 Relationship between proximity to drainage and landslides

Landslides are often part of the erosional activity of streams or by saturation at the
toes of slopes (Gokeceoglu and Aksoy, 1996; Nandi and Shakoor, 2010). Nine classes
of drainage buffer from the drainage lines were prepared (Fig. 3.2.-7). Spatial
distribution of the landslides in the buffer zones is presented in Table 3.3. The
majority of the landslides are distributed in the vicinity of 50 m and 100 m (29% and
24% respectively). This is followed by 150 m (16%), 200 m (10%) and so on in

decreasing order, with the increase in proximity to streams.

3.4.2.8 Relationship between proximity to road and landslides

One of the components controlling slope instability is human interference in the form
of road cuts and other activities. This severely impacts slopes and hence, is considered
an essential factor for mapping. In this study, 32 categories of buffers from the road
were created (Fig. 3.2.-8). Though the surface may not be affected by landslides with
increase in distance from the road, the buffers were made to cover the entire study

area for further stability analysis.

The spatial distribution of landslides with road buffers is given in Table 3.3. Results
show that landslide area percentage decreases with increase in proximity from the
road. The maximum landslide area is observed in the proximity of 50 m from the road
(15%), followed by 100 m (9%), 150 m (7%), 200 m (6%) and so on. The landslide

population gradually decreases with increase in the distance from the road.
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Table 3.3: Computed ratios for classes of various data layers based on landslide

occurrences
No. of Area of No. of pixel  Landslide
Category pixels in class Yoof occupied by  area per soof ) FR
eachclass  (km?) class landslide unit class landslide

1. Elevation
500 105 0.01 0 0 0 0.00 0.00
500-1000 1201886 120.19  8.35 2988 0.30 7.27 0.87
1000-1500 2640495 264.05 18.33 12140 121 29.55 1.61
1500-2000 2798781  279.88 19.43 13823 1.38 33.65 1.73
2500-3000 1971917  197.19 13.69 3042 0.30 7.41 0.54
3000-3500 1261457  126.15 8.76 5412 0.54 13.17 1.50
3500-4000 1265123  126.51 8.78 2967 0.30 7.22 0.82
4000-4500 1390400 139.04 9.65 708 0.07 1.72 0.18
4500-5000 1009681 100.97 7.01 O 0 0 0
>5000 862323 86.23 599 0 0 0 0

2. Slope angle
<5° 3 0.00 0 0 0 0 0
5°-10° 2756380  275.64 19.14 4314 0.43 10.50 0.55
10°-15° 2002121  200.21 13.90 2642 0.26 6.43 0.46
15°-20° 2427631  242.76 16.86 4912 0.49 11.96 0.71
20°-25° 2616981  261.70 18.17 8441 0.84 20.55 1.13
25°-30° 3437380 343.74 23.87 16152 1.62 39.32 1.65
30°-45° 1032596  103.26 7.17 4280 0.43 10.42 1.45
55°-60° 126806 12.68 0.88 329 0.03 0.80 0.91
>60° 2270 0.23 0.02 10 0 0.03 1.54

3. Aspect classes
Flat 18 0 0 0 0 0 0
North 948669 94.87 6.58 1383 0.14 3.37 0.51
Northeast 1786181 178.62 12.40 2278 0.23 5.55 0.45
East 1711350 171.14 11.88 3246 0.33 7.90 0.66
Southeast 1625443  162.54 11.29 4526 0.46 11.02 0.98
South 1732220 173.22 12.03 6535 0.65 15.91 1.32
Southwest 1960248  196.02 13.61 8835 0.88 2151 1.58
West 1849269  184.93 12.84 6569 0.66 15.99 1.25
Northwest 1821187 182.12 12.65 5854 0.59 14.25 1.13
North 967583 96.76 6.72 1854 0.19 451 0.67

4. Lithology
Slate,
Limestone 3253308 325.33 2259 9717 0.97 23.65 1.05
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Quartzite 3302486  330.25 22.93 9037 0.90 22.00 0.96
Gneiss,
Ouartzite 3038472  303.85 21.10 7712 0.77 18.77 0.89
Limestone,
Slate 3532381 353.24 24.53 11863 1.19 28.88 1.18
Quartzite,
Limestone 1275521  127.55 8.86 2751 0.28 6.70 0.76
5. Land use / land cover
Sparse
Vegetation 6622285  662.23 45.98 22852 2.29 53.29 1.16
Forest 6428558 642.86 44.63 16129 1.61 37.61 0.84
Water body 1641 0.16 001 O 0 0.00 0
Barrenland 1179025 117.90 8.19 3850 0.39 8.98 1.10
Settlement 1549 0.15 001 3 0 0.01 0.65
Snowcover 169810 16.98 1.18 46 0 0.11 0.09
6. Proximity to lineament
50 2093204  209.32 14,53 12045 1.20 29.32 2.02
100 2050957  205.10 14.24 10158 1.02 24.73 1.74
150 1852210 185.22 12.86 5859 0.59 14.26 1.11
200 1595823  159.58 11.08 3241 0.32 7.89 0.71
250 1339004  133.90 930 2222 0.22 5.41 0.58
300 1097236  109.72 7.62 1711 0.17 4.17 0.55
400 1570554  157.06 10.91 2459 0.25 5.99 0.55
500 967710 96.77 6.72 1488 0.15 3.62 0.54
1000 1096187  109.62 7.61 1897 0.19 4.62 0.61
1500 739283 73.93 513 0 0 0.00 0
7. Proximity to road
50 1019957  102.00 7.08 6001 0.60 14.61 2.06
100 799706 79.97 555 3794 0.38 9.24 1.66
150 672035 67.20 4.67 2827 0.28 6.88 1.48
200 581241 58.12 4.04 2276 0.23 5.54 13
250 504438 50.44 350 2102 0.21 5.12 1.46
300 443874 44.39 3.08 1746 0.17 4.25 1.38
400 751141 75.11 522 2285 0.23 5.56 1.07
500 629917 62.99 437 1575 0.16 3.83 0.88
600 548202 54.82 3.81 1059 0.11 2.58 0.68
700 475680 47.57 330 718 0.07 1.75 0.53
800 421398 42.14 293 769 0.08 1.87 0.64
900 376670 37.67 2.62 669 0.07 1.63 0.62
1000 342432 34.24 2.38 603 0.06 1.47 0.62
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1500 1330018 133.00 9.24 2939 0.29 7.15 0.78
2000 973470 97.35 6.76 3028 0.30 7.37 1.09
2500 909088 90.91 6.31 2389 0.24 5.82 0.92
3000 713711 71.37 496 2158 0.22 5.25 1.06
3500 614069 61.41 426 1658 0.17 4.04 0.95
4000 450063  45.01 313 0 0.00 0 0

4500 358937 35.89 249 0 0.00 0 0

5000 192301 19.23 134 0 0.00 0 0

5500 147255 14.73 1.02 256 0.03 0.62 0.61
6000 198765 19.88 1.38 761 0.08 1.85 1.34
7000 292555 29.26 203 670 0.07 1.63 0.80
7500 218988  21.90 152 0 0.00 0 0

8000 115749 11.57 0.80 193 0.02 0.47 0.59
8500 103908 10.39 0.72 180 0.02 0.44 0.61
9000 77934 7.79 054 424 0.04 1.03 191
9500 56026 5.60 039 O 0.00 0 0

10000 43571 4.36 030 O 0.00 0 0

10500 30169 3.02 0209 0 0.00 0 0

8. Proximity to drainage

50 2010596 201.06 14.02 9965 1.00 24.26 1.73
100 1840796 184.08  12.83 9994 1.00 24.33 1.90
150 1692884  169.29 11.80 6743 0.67 16.41 1.39
200 1559556 155.96  10.87 3924 0.39 9.55 0.88
250 1428406  142.84 9.96 2452 0.25 5.97 0.60
300 1289255  128.93 8.99 1685 0.17 4.10 0.46
400 2113410 211.34 1473 2223 0.22 541 0.37
500 1381047  138.10 9.63 2305 0.23 5.61 0.58
1000 1029155  102.92 7.17 1789 0.18 4.36 0.61
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3.5 Landslide susceptibility zonation map

3.5.1. Application of frequency ratio

The FR method for evaluating landslide susceptibility of an area is based on the
relative importance of the factors in contributing to landslides. In this study, the
frequency ratios of each controlling factor was calculated and then added to calculate
the LSI. The results of the distribution of landslides in each class of the different
causative factors and their relationship with each factor using the FR method are

given in table 3.3.

The highest FR of 1.7 is observed in the elevation range 1500-2000 m; it gradually
deceases with increase in altitude. Slope angle of 25°-30° exhibit the maximum FR of
1.6. It decreases with decrease in slope angle. These also decrease with increase in
slope angle, exceptionally at slope angle >60° with FR of 1.44. The FR for slope
aspect shows maximum affinity towards southwest with a value of 1.58 followed by
south with an FR of 1.32. Flat areas do not contribute to slope instability. The slopes
facing north, northeast, east and southeast have FR <1. The highest FR value of 1.17
in the lithologic variables is found in the Lesser Himalayan rocks, i.e., limestone and
slate of the Chakrata Formation, followed by slate and limestone of the Deoban

Formation (1.05). Other rock types have FR values of <1.

The FR values for the different classes of land use/land cover show that the region
with sparse vegetation has the maximum value of 1.16, followed by barren land
(1.10); in the rest of the classes FR is <1. The proximity from lineaments shows that
at distances 0-50 m, the FR is the highest (2.02), which decreases with increase in the
proximity to the lineament. FR values for the drainage buffer also show similar results
as lineaments, with a maximum at a distance of 50-100 m (1.9); it gradually decreases
with the increase in the proximity to the drainage. In the case of proximity from the
road, FR values are highest at distances of 0-50 m (2.06). The FR for this category is

quite random with respect to distance to the road.

After calculation of the frequency ratios of each cell for all the influencing factors, the
LSI was calculated using the formula given in equation 3.2. The value of LSI varies
from 0.524 to 5.73, which is further classified into five categories based on defined
intervals namely, very high susceptibility (VHS), high susceptibility (HS), moderate
susceptibility (MS), low susceptibility (LS) and very low susceptibility (VLS). Figure
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3.3 illustrates the classified LS map of the study area. The major portion (55%) of the
study area lies in the VLS zone and 15% of the area lies in the LS zone, while 10%
each of the area lies in the VHS, HS and MS zones (Table 3.4).

Susceptibility class
I Very high
B High

Moderate

Ri Low
iver
/1/ 0 Very low

A _A A Thrust A ocation

78°20'0"E
!
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Fig. 3.3: Landslide susceptibility map of the study area; the map was validated in the
field (Photos 1-6)

Table 3.4: Different classes of landslide susceptibility zones

Class No. of pixelsin each class  Area (%) Area (km?)
VHS 1430843 10 143.08
HS 1438934 10 143.89
MS 1431397 10 143.14
LS 2146153 15 214.62
VLS 7891136 55 789.11

3.6. Validation and evaluation

For validation of the LS map, landslide population partition and success rate curve
methods were used, followed by field verification. For the first part, the total landslide
population was randomly divided into two parts of 124 and 30 landslides. The 124
landslides were used to generate the LS map and the other 30 landslides were used for
validation of the output map. Results show that the majority of the landslides used for
validation occurred in the high and very high susceptibility zones. Only two
landslides occurred in the moderately susceptible zones.
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of the total landslide area. The

next 20% of the HS zones account for about 58% of the total landslide area. 40% of
the MS zones account for about 78% of the total landslide area; 60% of the LS zones
which have comparatively low values, account for about 90% of the landslide area.
The remaining 75% of the susceptible landslide areas are classified as VLS zones,
which account for about 95% of the total landslide area. The ROC plot analysis, with

an AUC of 0.74, accounted to about 74% accuracy of the generated map.

The landslides at a few locations, particularly in the VHS and HS zones, were
physically verified in the field. The field-verified photos of six landslides are
presented in figure 3.3. The first landslide is located in Kharsali village that falls in
the VHS zone. The second landslide lying in Wariya village is classed in the HS zone.
The third landslide lies near Wazri village, which lies between the VHS and HS
zones. The fourth landslide lies downstream of Kuthnaur village, falling in the VHS
zone. The fifth landslide is about 1 km downstream from Tunalka village, and is
categorised as a HS zone. The sixth landslide, about 500 m downstream of Naingaon

village, lies in the VHS zone.

3.7. Discussion

Landslide susceptibility is the spatial likelihood of landslide occurrence under a given
set of geo-environmental conditions (Guzzetti et al., 2005). It is based on the
hypothesis that the same conditioning factors that caused landslides in the past will
also cause landslides in the future (Carrara et al., 1991; Hutchinson, 1995; Aleotti and
Chowdhury, 1999; Chung and Frabbri, 1999; Guzzetti et al., 1999; Chen et al., 2016).
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For the present study, the LSM was prepared using the bivariate method (frequency
ratio) on a 1:25,000 scale. The LS zones were generated based on the relationship
between the landslides and each class of causative factor such as elevation, slope
angle, slope aspect, lithology, land use/land cover, proximity to lineament, proximity
to drainage and proximity to road. Though it is not easy to pinpoint exactly which
causative factor is responsible for landsliding, it lends insight of the relative influence
of the factor on the landslide. Figure 3.5 is a graphical representation of the spatial
distribution of landslides in each class of the causative factors and its corresponding

frequency ratios.
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Fig. 3.5: Spatial distribution of landslides with causative factors and frequency ratio
analysis
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Results show that high correlation is observed in elevations between 1000-2000 m,
with FR values ranging between 1.5-1.7. Such elevations in the study area generally
comprise cliffs and rocky terrain, particularly in the Higher Himalaya. Rock fall is the
dominant mass wasting process in these regions. A major portion of the landslide area
(37%) is confined to the slopes ranging between 25-30°, with a high FR of 1.65.
These are generally areas of slopes overburdened with slope-wash and river-borne
material, which make them susceptible to instability when triggered by an external
agent. Such slopes have relatively high moisture retention capacity, thereby increasing
the pore pressure and making it liable to instability (Sujatha et al., 2012; Rautela and
Thakur, 1999). The outcome of such slopes in relation to landslides distribution has
also been reported in other parts of the Himalaya (Sarkar and Gupta, 2005; Kanungo
et al., 2006; Sarkar et al., 2008) as well as in other countries (Dai and Lee, 2002;
Santacana et al., 2003; Fernandez et al., 2004; Magliulo et al., 2009). It has also been
observed that in slopes with angles >60°, the FR value increased to 1.54, though its
areal distribution is very less (0.027%). In such slopes, rockfalls are dominant while
gentle to moderate slopes show debris slides, which has also been observed by Gupta
et al. (2017) in the Yamuna Valley, and others in other parts of the Himalaya
(Kanungo and Sarkar, 2003; Ghosh et al., 2009; Sarkar et al., 2013). A major portion
of such slopes is seen in the Higher Himalaya, which acts as an orographic front that

experiences maximum precipitation.

Lithology of an area plays a key role in the stability of slopes. Variations in lithology
define the strength and permeability of the rock and soil in a region, and have been
considered as one of the most decisive parameters by several researchers (Gorum et
al., 2011; Yalcin et al., 2011; Akgun, 2012; Peruccacci et al., 2012). However, in the
present study, the lithological units of the Higher Himalaya and the Lesser Himalaya
contribute almost equally to slope instability. In the Higher Himalaya, the rocks
comprising gneiss and quartzite have a FR value of 0.89. This may possibly be due to
high degree of shearing and mechanical weathering, which is the cause of the
rockfalls. The rocks of the Lesser Himalaya, comprising of slate, limestone and
quartzite, contribute equally, with FR values ranging from 0.75 to 1.17. It indicates
the influence of other factors in conjunction with lithology. Lineaments constitute an
important factor in such terrain. Lineaments include joints, fractures, faults and other

structural discontinuities, which drastically reduce the strength of rocks and in turn,
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increase the probability of failure (Dai et al. 2002; Kayastha et al., 2013; Sarkar et al.,
2013). In the present study, the maximum areal distribution of landslides is in the
proximity of 0-50 m from lineaments, with the highest FR value of 2.01. The FR
values gradually decrease with the increase in distance from lineaments. This implies
that areas close to lineaments are highly prone to slope failure. This is evident from
the fact that the density of landslides near the MCT, NAT and other local faults is
greater compared to areas further from the thrusts and faults. This testifies to the high
degree of shearing and weathering in the region infested by faults and thrusts, and

thereby causing landslides.

The proximity to drainage is another controlling factor, which is related to the degree
of saturation of slopes and the erosive action of rivers (Yalcin, 2008; Pourghasemi et
al., 2012). Most landslides are noted between 0-100 m of stream channels; these have
high FR values ranging between 1.89 and 1.73. The influence of drainage on slopes
decreases with increase in distance. This may possibly be due to toe cutting of the
slopes by the streams, which destabilises the slope, resulting in landslides.
Anthropogenic activity in the form of road cutting disrupts the natural topography,
which increases the instability of slopes (Bernardi De Leon, 2009). In the study area,
a high FR value (2.06) is noted at distances of 0-50 m, which gradually decreases with
increase in proximity. The modification of slope in the form of road cuts makes the
slope highly vulnerable to slope failure, as it fractures rock slopes due to blasting and
exposes the surface to weathering and erosion. Over the years, the Yamuna Valley has
burst with developmental activities in the form of construction of roads and buildings,
mainly for the tourism sector, as this corridor leads to Yamunotri, which is one of the
pilgrimage centres of the Char Dham Yatra. Much of the impact of slope cuts is seen
at close proximity; FR values decrease with increasing distance. However, at certain
distances, 2000-3000 m, 5500-6000 m and 8500-9000 m there is an increase in FR
values from 1.06 to 1.9, which may be due to reasons other than the impact of roads.
Much of the impact of anthropogenic interference is seen in the Lesser Himalaya and

fewer in the Higher Himalaya; however, this may change in the years to come.

Another contributing factor is land use and land cover, which is one of the key factors
responsible for landslide occurrences (Koukis and Ziourkas, 1991; Anbalagan, 1992).
Sparse vegetation occupies the maximum areal distribution (53%) with a high FR

value of 1.159, followed by barren land (FR 1.09), though its areal distribution is only
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8.9% of the total study area. Lack of vegetation on the hillslopes has been observed as
one of the most common phenomena responsible for hillslope erosion (Kumar et al.,
2019).

A major portion of the study area (55%) lies in the VLS zone, followed by the LS
zone (15%). Most of these areas lie in the forest and sparse vegetation area, indicating
that vegetation cover has a greater role to play in landslide occurrences. The
remaining classes (VHS, HS and MS) appear to occupy equal areas of 10% each. The
study shows that the HS and VHS zones are mostly confined to areas close to
drainage and faults/thrusts, barren land, steep slopes facing south and west and higher

elevations.

In order to ascertain the precision of the LSM, the validation sample of landslides was
overlain on the susceptibility map; 21 landslides lie in the VHS zone and 4 in the HS
zone. The results indicate a high reliability of the LSM. The success-rate curve (Fig.
3.4) further illustrates how close the LSM fits with reality. This curve gives an area
ratio of 0.74, which indicates that the LSM generated is fairly good, with an accuracy
of 74%. This result was further attested in the field, where five selected landslides
occurring in the VHS zone were physically verified (Fig.3.3). The first landslide near
Kharsali village lies in the VHS zone. The landslide appears to have an adverse
impact on the village, which shows signs of subsidence; houses and other structures,
including the age-old Shani Temple are tilted and cracked. Detailed stability analysis
of this landslide was carried out by Jamir et al. (2017). The second landslide, located
just below Wariya village, lies in the HS zone. This has endangered the whole village,
which is evident from the subsidence and cracks developed in most of the dwellings.
This landslide, discussed in Chapter 5, has been reactivated, which is evident from the
damaged retaining walls (Fig. 3.6a). The third and fourth landslide zones are made up
of highly sheared rock masses, which point to tectonic activity in the area. The third
landslide, lying near Wazri village, was triggered in November 2017. This area was
mapped from satellite imagery and field visits prior to sliding, when the area was
affected by gully erosion (Fig. 3.6b). Results show that the area falls in the VHS zone,
which proves the reliability of the map. Figure 3.7 shows a magnified view of the
landslide area prior to the disaster, and post disaster. Further downstream, the fifth
landslide near Tunalka village was caused due to river erosion, i.e., toe cutting of the

slope. The sixth landslide represents the combined influence of both tectonic activity
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and anthropogenic interference. The highly sheared and pulverised rock slopes here
have been extensively modified for development. The tectonic influence on these hill

slopes is further verified and discussed in Chapter 4.

Y

Fig. 3.6: (a) Damaged retaining wall below Wariya village; (b) Erosional deposits on
the NH-94. Photograph of November 2014, prior to the disaster (November,

2017)

Post- disaster,
Nov., 2017 X

Fig.3.7: Magnified view of Wazri landslide (Inset-images prior to field mapping and
post-field mapping)
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3.7.1. Limitations

Inasmuch as the quantitative FR method for LSM generation is considered agreeable,
there are always limitations in every method. The FR method, though reliable, is
based on the hypothesis that landslides that occurred in the past under certain
conditions due to certain factors will also happen in the future under the same set of
conditions (Carrara et al., 1991; Hutchinson, 1995; Aleotti and Chowdhury, 1999;
Chung and Fabbri, 1999; Guzzetti et al., 1999). However, this may not be so in some
cases. Though the geological factors (slope, aspect and lithology) may not change in
short time spans, stream action, landslides and anthropogenic activities are variables
that may change the whole system in short durations. The causative factors too are
independent of each other and hence, only a relative idea of the main causative factor

for landslide occurrence can be obtained.
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Chapter-4

SPATIAL INTERRELATIONSHIP OF LANDSLIDES AND
LITHO-TECTONIC AND PRECIPITATION REGIMES

4.1. Introduction

In the geodynamically active Himalayan mountain belt, landslides are an inevitable
component of the orogeny (Koukis et al., 2009). Landslides being an outcome of the
intertwining of various geological processes, it is important to understand the
contribution of factors such as tectonics and precipitation in the region. Hence,
concise data on the litho-tectonic and precipitation unpredictability would lend insight
on the relative influence of these factors on hillslopes and their relationship with
landslides (Hovius et al., 1997; Reichenbach et al., 2004; Borgatti and Soldati, 2010;
Crozier, 2010; Kumar et al., 2018b Wang et al., 2018).

Such inter-relationship studies, however, are exceptional in the Himalaya, particularly
in the NW Himalaya, despite the active nature of this portion of the Himalaya (Khattri
et al., 1989; Scherler et al., 2014; Mahesh et al., 2015) and high frequency of
disastrous landslides (Martha et al., 2015; Gupta et al., 2016b; Gupta et al., 2017).
Spatio-temporal altering landslide distribution patterns play a key role in such studies.
Temporal data on landslide distribution, however, is not easy to obtain due to
limitations such as delineation of individual failure events on reactivated landslide,
loss of landslide scarp caused by successive mass movement, vegetation on detached
debris and dating constraints (Lang et al., 1999). But spatial distribution can be
achieved suitably using high resolution satellite imagery and subsequent ground

truthing and hence, the present study pertains to such spatial distribution analysis.

For landslide distribution mapping on a regional scale, Google Earth (GE) images
have been used and the uncertainty of GE mapping has been resolved by comparing
known ground distances with GE measurements (Mohammed et al., 2013; Kumar et
al., 2018b). To detremine the interrelationship of landslide distribution with the main
causative factors, that is, litho-tectonic and precipitation regime, the following proxies
have been used to quantify these factors, longitudinal profile of the river (L-profile),
topographic swath profile, stream length gradient index (SL), valley floor width to
height ratio (Vf), and channel steepness index (Ks) to discern the tectonic regime (Bull
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and McFadden, 1977; Seeber and Gornitz, 1983; Gregory and Schumm, 1987; Rhea,
1993; Silva et al., 2003; Burbank and Anderson, 2011; Grohmann et al., 2011; Telbisz
et al., 2013; Kumar et al., 2018b) and snowfall/rainfall, surface temperature (Mach
and Mastrandrea, 2014; Bin et al., 2017) and normalized difference vegetation index
(NDVI) for precipitation (Yang et al., 1998; Bin et al., 2017). As a lithological proxy,
Schmidt Hammer Rebound (SHR) (Schmidt, 1951) has been used in many studies
that represent rock strength (Lifton et al., 2009; Gupta, 2009; Goudie, 2016).
Similarly, the geological strength index (GSI) (Hoek, 1994; Hoek et al., 2002; Cai et

al., 2004; Cai et al., 2007) has also been used as a rock mass strength index.

This study aims to correlate the various multi-proxy components with that of
landslides in the Yamuna Valley. The L-profile of the river channel, Ks, Vs,
topographic swath profiles and SL are used to understand tectonic unpredictability
whereas, Tropical Rainfall Measurement Mission (TRMM) based daily rainfall data
of the last 17 years (2000-2016) and the NDVI are used to characterize precipitation
variability. SHR and GSI have been used to determine the relative strength of various
lithologies. This study will help find out the relative influence of tectonics, structure,

precipitation and lithology on landslide distribution and dimensional pattern.

4.2. Methodology
4.2.1. Landslide inventory

In the present study, a landslide inventory along the Yamuna River valley was
prepared using high resolution LISS-4 imagery (5.8 m resolution), ortho-image of
Cartosat-1 (2.5 m) ), GE imagery and Sol topographic maps. Landslide locations were
marked in the field using a handheld GPS. These landslides were classified following
Varnes (1978) and Hungr et al. (2014). A detailed account of the preparation of
landslide inventory has been discussed in Section 3.2.1.1 of Chapter 3. The
uncertainty (error) in landslide dimensions (total disturbed area) caused by
measurement in the GE image was determined by comparing known distances in the
study area with those measured in the GE image. The known distances were obtained
from the Sol topographic maps. The dimensions of the landslide were determined
using area (total disturbed area), shape (length and width) and volume. The

approximate thicknesses (with +error) of the landslides were ascertained in the field
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following Larsen and Torres Sanchez (1998), Guzzetti et al. (2009) and Kumar et al.
(2018b).

4.2.2. River long profile and topographic swath profile

The L-profile of a stream is the geometric representation of its gradient that is
generally concave upward; any deviation from a concave-up shape indicates a state of
disequilibrium, possibly due to tectonic, climatic or lithologic perturbations and
landslide damming (Hack, 1973; Seeber and Gornitz, 1983; Molin and Fubelli, 2005;
Korup, 2006; Whitakker et al., 2007; Gupta and Sah, 2008a). The profile for the study
was extracted from Cartosat DEM to identify over-steepened channel reaches
(knickpoints) and to determine their relationship with the other factors. However, the
river L-profile covers only minimum elevation conditions along the stream and may
not preserve the major topographic changes that may owe their origin to tectonic
influences (Grohmann et al., 2011; Telbisz et al., 2013; Kumar et al., 2018a); hence

topographic swath profile was also incorporated.

Topographic swath profile refers to generalized elevation profiles along the swath
baseline that, unlike a single cross-sectional line, represents multiple parallel cross-
sectional lines. A curvilinear (following the river trend) swath polygon was used to
reconstruct a topographic profile along the Yamuna Valley using Cartosat DEM,
considering a swath width of 4 km and horizontal sampling interval of 10 m along the
base line (river). The polygonal swath profile with the river as the baseline is
represented in Fig. 4.1. The mean and maximum swath profiles were calculated along

the trunk stream to analyze the topography (Fig. 4.1, inset).
4.2.3. Stream Length Gradient index

The SL index is a quantitative measure of gradient change along a river and is
calculated by normalizing the river channel against the longest regional drainage
(Hack, 1973; Keller and Pinter, 1996). It exhibits the adjustment of a river as it
attempts to reach a dynamic equilibrium. The SL index may also be used to detect
recent tectonic activity by identifying anomalously high index values on a specific
rock type (Merritts and Vincent, 1989; Keller and Pinter, 1996; Brookfield, 1998).
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The SL index remains approximately constant along a graded stream and any
variations appear to be attributable to tectonic or structural and lithological controls

(Lifton and Chase, 1992). It is calculated using the following equation:

SL=(AH/AL) *L
where AH and AL are the differences of elevation of the reach and length of the reach,
respectively. L is the total channel length from the midpoint of the reach of interest

upstream to the highest point on the channel.

The SL index was extracted from Cartosat-DEM along the longitudinal profile of the

river, at an interval of 500 m downstream from Yamunotri to Damta.
4.2.4. Steepness index

The ks and Vs indices were used to evaluate the tectonic regime in the area. The ks
belongs to the ‘stream erosion power law’ and has been widely used as a proxy to
study active tectonics in different river valleys (Flint, 1974; Howard and Kerby, 1983;
Wobus et al., 2006). Generally, higher ks represent high uplift regions and low ks
imply low uplift zones (Synder et al., 2000). It is computed using the following

equation:

S=ksA®
where S is the local channel slope, A is the upstream drainage area, and ks and 6 are
the channel steepness and concavity indices respectively. The 6 was measured by
power regression of slope versus upstream drainage area log-log plots. The S and A
values were determined at 500 m horizontal interval between Yamunotri and Damta
along the Yamuna River using Cartosat DEM. The slope and upstream drainage area
log-log plot resulted in a concavity index (0) of 0.6. However, for comparison sake, a
normalized channel steepness index (ksp) was also calculated using a reference
concavity index (Oref) Of 0.45, an estimated value as proposed by Whipple and Tucker
(1999) and Snyder et al. (2003). The 6 of most streams can vary over a wide range.
However, in steady state landscapes, the value may vary between 0.35 and 0.65
(Snyder et al., 2000; Kirby and Whipple, 2001; Roe et al., 2002; Wobus et al., 2006).
Thus, the empirical calculation of the normalized steepness index is given as:

Ksn=SA%ret
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Fig. 4.1: Spatial variation of valley width along the river (Inset: Mean and maximum
topographic swath profile along the stream)

4.2.5. Valley floor width to valley height ratio

The Vsratio (Bull and McFadden, 1977) is used to understand the relation of valley
morphology and landslides, and to identify portions that experience more tectonic
activity than others. This index differentiates between the broad-floored, U-shaped
open valleys that signify relatively low tectonic activity and the V-shaped, deep
narrow valleys in response to active uplift due to relatively high tectonic activity (Bull
and McFadden, 1977; Keller and Pinter, 1996). The low values of V¢ (<1) reflect deep
valleys with streams that are actively incising, which is commonly associated with
uplift (Keller and Pinter, 1996), whereas the high values (Vs >1) reflect lateral erosion
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(Wells et al., 1988; Silva et al., 2003; Malik and Mohanty, 2007). The V+ is calculated

using the following equation:

Vs =2Viw/ [(Eld‘Esc) + (Erd‘Esc)]
where Vi is the width of the valley floor, Eiq and Erq are the elevations of the left and
right valley divides respectively and Esc is the elevation of the valley floor. These

parameters were extracted from Cartosat DEM at 500 m horizontal interval.

4.2.6. Rainfall and Normalized Difference Vegetation Index

Rainfall data is an indirect means of assessing and quantifying the changing climate
and its precipitation regime in a region. The TRMM mainly observes rain structure,
rate and distribution in tropical and subtropical regions; the data is expected to play an
important role in understanding mechanisms of global climate change and monitoring
environmental variation. Spatial variability of the precipitation regime was achieved
using TRMM-based daily rainfall data for a time period of sixteen years (2000 to
2016) and NDVI swath profile. Daily rainfall data was used to find out the spatial

variation of annual average rainfall and monsoon rainfall (June-September).

The NDVI is a numerical approach that uses the visible and near-infrared bands of the
electromagnetic spectrum and is adopted to assess whether the area contains
vegetation (greenness) or not (Tucker, 1979; Tucker et al., 1986). The NDVI (Rouse
Jretal., 1974; Deering, 1978; Jackson and Huete, 1991) was used as an indirect proxy
and was determined using the following equation:

NDVI=(NIR-R)/(NIR+R)
where NIR is near infrared and R is red. NIR and R represent bands 5 and 4
respectively of Landsat 8 imagery. To construct the NDVI swath profile, a curvilinear
swath of 4 km width with a horizontal sampling resolution of 15 m was used along the
valley. A curvilinear polygon was used to eliminate the influence of curvatures on the
NDVI along the river (Kumar et al., 2018b). Cloud-free imagery of September was
used for maximum vegetation that eliminated seasonal changes, solar angle and bare
soil/rock effects on the NDVI (Jackson and Huete, 1991). Given that the NDVI swath
also involved river bed and bare hillslopes, only the maximum NDVI profile was
used. The spatio-temporal variation in vegetation density and type, generally
controlled by climate, has been observed to affect the NDVI (Myneni et al., 1995,
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Wessels et al., 2012; Bin et al., 2017). The value of NDVI has also been observed to
vary based on the surface -<0.2 bare soil, 0.2-0.5 mixture of bare soil, vegetation and

rock surface and >0.5 dense vegetation (Shao, 2009; Rahman et al., 2014).

4.2.7. Rock mass Strength
4.2.7.1. Schmidt Hammer Rebound value

The Schmidt hammer was originally devised to test the surface rebound hardness of
concrete (Schmidt, 1951). In the present study, N-type Schmidt hammer (impact
energy of 2.207 Nm) is used on fresh rock exposures to evaluate indirect rock
strength. Other studies where SHR values have been used to measure rock strength
include that of Lifton et al. (2009) and Goudie (2016). A total of 50 measurements
were made at each site, following the methodology of Day and Goudie (1977).
Sampling intervals of the measurement was based on conditions such as change in
lithology and/or ~500 m interval if same lithology persists. SHR values were not
taken in areas of highly sheared rock masses. The tests were performed following the
International Society of Rock Mechanics (ISRM) method (Aydin and Basu, 2005);
hence, the hammer position was kept in 90£5° relative to the rock surface. The 10
lowest and highest values were not included in the analysis considering the influence
of uncertainty (Gupta, 2009).

4.2.7.2. Geological Strength Index

The GSI was introduced by Hoek (1994) to provide a practical means to estimate the
strength and deformation modulus of jointed rock masses for use with the Hoek-
Brown failure criterion (Hoek and Brown, 1980, 1997; Hoek, 1988, Hoek et al.,
2002). It basically it characterizes rock masses depending on the condition of joint
surfaces and blocky nature of rock masses to estimate the deformability and strength
indirectly. GSI values range from 0 to 100. The GSI system consolidates various
versions of the Hoek-Brown criterion into a single simplified and generalized
criterion that covers all of the rock types normally encountered in underground
engineering. The early version of the GSI system was presented as a table (Hoek et
al., 1995) and a revised version was presented as a chart (Hoek and Brown, 1997). It
was subsequently modified by Hoek (1998), Hoek et al. (2002), Cai et al. (2004),
Marinos et al. (2005) and Cai et al. (2007). It classifies rock masses ranging from
unweathered, massive to highly weathered, crushed rock masses. In this study, GSI is
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quantified using the method proposed by Cai et al. (2004) and Cai et al. (2007). The
modified chart proposed by Cai et al., 2007 is given in Fig.4.2. GSI was measured at

the same sampling sites where SHR values were measured.
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Fig.4.2: Quantification of GSI chart (Cai et al., 2007)
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4.3. Results
4.3.1. Landslide inventory

An inventory of 70 landslides was mapped in the study area, occupying a surface area
of ~1.5x10°% m? and volume of 4.7x10° m3. Out of the total landslides, 29 are debris
slides and 41 are rockfalls. It has been noted that 22 landslides are distributed along a
stretch of 16 km in the Higher Himalaya, while 48 landslides are present along a
length of 59 km in the Lesser Himalaya. The concentration of landslides in terms of
landslide density (Lq) in the Higher Himalaya is 1.3 and that in the Lesser Himalaya is
0.8. Here, the landslide density (Lq) refers to the ratio of the number of landslides in a
region to the total extent (length) of the region. Dimensionally, the Higher Himalaya
landslides (12 debris slides and 10 rockfalls) contribute ~59% and ~75% to the total
area and volume respectively, whereas the Lesser Himalaya (20 debris slides and 28
rockfalls) occupy 41% and 25% of the total area and volume, respectively.
APPENDIX 1 gives the details of the landside inventory. A difference of 1.11% was
noted between the known distances (from topographic map) and those measured in
the GE.

4.3.2. River long profile and topographic swath profile

The L-profile of the Yamuna River in general, shows a typical concave-up profile;
with minor convexities in the form of knickpoints (Fig. 4.3). It is observed that the
channel gradient in the Higher Himalaya, upstream of Wazri, is comparatively steeper
than in the Lesser Himalaya, downstream of Wazri. Further downstream, the river
profile is gentler. The channel gradient is high, of the order of 175 m/km between
Yamunotri and Janki Chatti, which gradually decreases to 75 m/km between Janki
Chatti and Wazri, and 29 m/km between Wazri and Gangani. Further downstream it
attains a low gradient value of the order of 5.7 m/km. A total of eight knickpoints (K-
1, K-2, K-3, K-4, K-5, K-6, K-7 and K-8) have been observed along the longitudinal
river profile. Of these, four knickpoints (K-1, K-2, K-3 and K-4) are located within a
stretch of 16 km in the Higher Himalaya, between Yamunotri and Wazri, while the
other four (K-5, K-6, K-7 and K-8) lie within a stretch of 59 km in the Lesser
Himalaya, between Wazri and Damta.

A pronounced increase (2000-4000 m) in the topography is observed from Wazri
upstream in the Higher Himalaya (Fig. 4.3), whereas downstream of Wazri, the area
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exhibits moderate relief (2000-1300 m). However, the Naugaon-Damta region in the

Lesser Himalaya also shows an abrupt increase in relief (1300-1900 m).
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Fig.4.3: Tectonic regime of the Yamuna Valley. Spatial variability of stream length
gradient index (SL), topographic swath profile, valley floor width to valley
floor height (Vs), steepness index (Ks) and area and volume of individual
landslides along the river longitudinal (L) profile. The gradient change
along the river profile is measured in m/km. F-F denotes fault, MCT and
NAT refer to Main Central Thrust and North Almora Thrust respectively.

4.3.3. Stream Length gradient index

SL values along the valley vary from 9 to 1425 m, with an average of 597 m (Fig.
4.3). The areas around the MCT-NAT exhibit comparatively high SL values (1032,
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1425, 1116, 1098, 1407, 1130, 1070, 1037 and 1127 m). The highest SL values of
1425 m are observed near Wazri and 1407 m near Kuthnaur. It is observed that areas
with remarkably high SL values lie near the intersections of tributaries and/or
lithologic contacts. An SL value as low as 90 m is observed in the Barni Gad region.

SL values gradually increase from Damta downstream.

4.3.4. Steepness index

The values of Ks, with an estimated 0 of 0.6, range from 230 to 4015 m'? (Fig. 4.3).
Normalized steepness index was also calculated using reference concavity value Ore
0.45. Values along the main trunk river range from 24 to 272 m®°, with an average of
92 m®®, The patterns of Ks, obtained from both the concavity values follow a similar
trend (Fig. 4.4); hence, Orer 0.45 has been used for further analysis. Ksn values as high
as 272 and 217 are observed around K-1 and K-4 respectively in the Higher
Himalaya, which gradually decrease downstream from Wazri to Damta in the Lesser

Himalaya. Two distinct 300 A

=== s at concavity index of 0.45

regions are observed

_ 200 -
from the spatial pattern

7
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gradual lowering of the peaks (150-50 m®9).

4.3.5. Valley floor width to valley height ratio

Vs values between Yamunotri and Wazri in the Higher Himalaya is consistently low
(V<1), ranging between 0.09 and 0.23 (Fig. 4.3). Further downstream from Wazri in
the Lesser Himalaya, V¢ values gradually increase from 0.23 to 2.12. Vs values as high
as 1.68, 1.72, 1.86, 1.51, 1.80, 1.98, 2.12, 2.01, 1.81, 1.39, 1.33, 1.84, 1.96, 1.88, 1.82
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and 1.84 consistently persist for a stretch of about 30 km between Gangani and
Naugaon.

4.3.6. Rainfall and Normalized Difference Vegetation Index

The average annual rainfall is highest in the Higher Himalaya with 1798+98 mm and
lowest in the orographic front near the NAT (Gangani) with 1477+88 mm (Fig. 4.5).
At Damta (Lesser Himalaya), the average annual rainfall again increases to 1516+87
mm. Following a similar pattern, the SW monsoon attains its highest in the Higher
Himalaya with 130062 mm, lowest near the NAT with 1123+75 mm and moderate
at Damta with 1190+80 mm. The NDVI remains more or less same with values

ranging between -0.1 to 0.42, implying vegetated hill slopes.
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4.3.7. Rock mass strength

Results of SHR and GSI are presented in Fig. 4.6a. GSI values vary from 30 to 55,
with an average of 45 in the Higher Himalaya and 38 in the Lesser Himalaya. The
SHR, though not in strong correlation with GSI (Fig. 4.6b), follows a similar trend
with values ranging between 14 and 62. An average value of 49 is noted in the Higher
Himalaya and 41 in the Lesser Himalaya.
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Fig. 4.6: Proxy for rock mass strength. GSI and SHR - Geological strength index and
Schmidt hammer rebound. (a) Spatial variability of GSI and SHR. Red
dashed line indicates average value; (b) correlation of SHR and GSI
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4.4. Discussion

The study area comprises two main litho-tectonic divisions of the Himalaya, the
Higher Himalaya and Lesser Himalaya. The interrelationship of landslides and other

factors is discussed separately for these divisions.
4.4.1. Higher Himalaya

This region comprises 22 landslides (12 debris slides and 10 rockfalls) that constitute
~59% and ~75% of the total landslide area and volume respectively. With a maximum
river channel gradient (~175 m/km), the Higher Himalaya in the study area also
accommodates 3 knickpoints (K1, K2 and K3) where K1 and K2 correspond to
lithological variation and K3 is due to a local fault (Fig. 4.3). Such high altitudinal
changes (channel gradient) are also observed in topography that gains sudden rise in
the north of the MCT. These observations indicate the influence of tectonics in this
region. This notion of tectonic influence is further supplemented by the higher ks and
lower V¢ in the region (Fig. 4.3). The rockfall-prone narrow, deep gorges in this
region (Gupta et al., 2017) represent superficial imprints of tectonic uplift. Due to the
high topography, which acts as an orographic barrier, the Higher Himalaya receives
relatively higher rainfall than the Lesser Himalaya, which is situated to its south (Fig.
4.5). It is observed that ks and SL are highest and Vs lowest at the MCT, signifying
tectonic influence in this area. Despite vegetated hillslopes (NDVI1=~0.35, Fig. 4.5)
and strong rock mass (GSlavg=45 and SHRawg=49), large hillslope erosion, as evident
from the high landslide volume (Fig. 4.5), further supports tectonic influence on mass
wasting. Other studies too have pointed to tectonic implications in the Higher
Himalaya (Seeber and Gornitz, 1983; Hodge et al., 2004; Harvey et al., 2015; Kumar
et al., 2018a). Thus, based on the above observations it can be reasonably inferred that
this tectonically active region is being vigorously uplifted, as a consequence of which
landslides are an integral part of the system.

4.4.2. Lesser Himalaya

The Lesser Himalaya in the study area comprises 48 landslides (20 debris slides and
28 rockfalls) that make up 41% and 25% of the total landslide area and volume
respectively. Based on distinct topographic variations (Fig. 4.3), this region can be
subdivided into three parts, viz., (i) between Wazri and Gangani, (ii) Gangani to

Naugaon, and (iii) Naugaon to Damta.
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The first region that is in the immediate front of the orographic barrier comprises 12
landslides (8 debris slides and 4 rockfalls). Similar to its Higher Himalaya
counterpart, this region also comprises voluminous landslides despite high vegetation
(NDVI=~0.35, Fig. 4.5) and erosion-resistant rock masses (GSI=~40 and SHR=~41).
The tectonic proxies’ ks, V¢ and SL also reflect a similar regime as in the Higher
Himalaya, which implies that the region is subject to tectonic influence. However, the
region also witnessed relatively higher precipitation than the rest of the Lesser
Himalaya (Fig. 4.5). Therefore, a process similar to that in the Higher Himalaya
involving high precipitation, high uplift and high erosion (in the form of voluminous
landslides) may also exist here. Further downstream, the valley attains a topographic
depression between Gangani and Naugaon (Fig. 4.3) that has been described as a
synclinal depression (Pachuari, 1972; Valdiya, 1980; Saklani et al., 1991). Lateral
erosion prevails in this region as the channel has significantly widened and the
majority of the landslides in this part of the region are debris slides. Ksand SL show
minimum values while V¢ attains a comparatively high value. In such regimes where
lateral erosion of river channels is the norm and hillslopes are affected by debris
slides, it is inferred that tectonic influence is less (Bull, 2009; Kumar et al., 2018a).
Further south, the topography suddenly rises and the valley becomes narrow and deep
with rockfalls as the dominant process of hillslope erosion (Fig. 4.3). Ks and SL also
reflect higher values in this region. However, precipitation does not seem to play a
significant role as NDVI and rainfall remains constant. Rock mass strength increases
with relatively higher GSI (~40) and SHR (~45) in comparison to GSI (~35) and SHR
(~20-40) of similar lithology between Gangani and Naugaon. Pachuari (1972),
Valdiya (1980) and Saklani et al. (1991) have observed the influence of local faults in

the sudden rise in the topography in this area.
4.4.3. Limitations

The following limitations are observed in inferring the inter-relationship of landslides;
approximation of landslide thickness, temporal distribution of landslides and limited
number of landslides. The approximation of landslide thickness is inevitable,
considering the steep and inaccessible hillslopes. Moreover, landslide thickness
values were used with the inclusion of uncertainty. The temporal distribution of

landslides was not included since the present study attempts to explore the spatial
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interrelationships only. Since the study was based on spatial interrelationships, only

the main trunk and landslides along it were considered.
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Chapter-5
SLOPE STABILITY EVALUATION

5.1 Introduction

Slope stability evaluation has been common practice in the Himalaya, Alps, Andes
and Rocky mountain chains to understand the response of slope under various
circumstances (Kalkani and Piteau, 1976; Eberhardt et al., 2004; Chang et al., 2010;
Kanungo et al., 2013; Hetherington, 2014; Gupta et al., 2016a; Jamir et al., 2017).
Such studies have been confined mostly to single landslide slopes owing to
constraints posed due to lack of vast geotechnical data and time required for these.
These limitations restrict regional slope stability evaluation; however if achieved, they
can be vital for mitigation of socio-economic losses caused by frequent slope failures.
Over the years, several techniques have been developed for assessing slopes. One
such technique is the geomechanical characterization of slopes, which mainly
incorporates field-based data of discontinuities, giving a precise quantitative idea
about the strength of the rock mass and finally the overall credibility of the slope
(Bieniawski 1979, 1989; Romana, 1985). Other methods, mostly GIS based, have
been adopted to eradicate the problem of vast terrain evaluation, proving to be less
time consuming and easily accessible through remotely sensed data (Lee et al., 1999;
Baum et al., 2002; Miliaresis et al., 2005; Li et al., 2008; Carlton et al., 2017). Such
methods however, are not effective in involving material inhomogeneity, spatial
variation in rock mass condition and field stress conditions. Owing to this limitation,
numerical modeling of individual landslide slopes proves to be more effective as it
includes the above conditions (Griffiths and Lane, 1999; Zheng et al., 2005).

In this study, geomechanical characterisation of the slopes for assessment of rockfall
hazards through various rock mass classifications, i.e., Rock Mass Rating (RMR),
Slope Mass Rating (SMR), Geological Strength Index (GSI) and correlation among
different classifications have been carried out to evaluate 92 rock mass exposures.
The Finite Element Method (FEM), a numerical modeling technique, was used to
evaluate 29 active debris slides in the study.
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5.2 Methodology

5.2.1. Kinematic analyses of discontinuities

As the preliminary step to any rock slope assessment, kinematic analysis, which is
purely geometric, helps to investigate the possible failure modes based on angular
relationship of rock mass discontinuities and slope face failure (Markland, 1972;
Goodman and Bray, 1976; Hocking, 1976; Cruden, 1978; Lucas, 1980; Hoek and
Bray, 1981; Matheson, 1989; Kliche, 1999). The angular relationship between
discontinuities and slope surfaces is used to determine the potential and likely modes
of failure. Basically, it is concerned with the direction of the movement, and indicates

which movement is allowable and which is constrained.

Kinematic slope stability analyses are traditionally carried out on stereonets, which is
a convenient means of representing geological data. For the analyses, the lower
hemisphere stereographical projection (equal angle) method described by Hoek and
Bray (1981) and Goodman (1989) was used. This gives an overall general idea about
the critical discontinuities that are responsible for the initiation of mass movements.
Gupta and Tandon (2015) and Gupta et al. (2017) applied this analysis in the Higher
Himalayan terrain to classify various rock exposures into different stability classes.
This analysis is commonly used to evaluate the principle modes of failure like planar,

wedge and toppling.

Planar failure occurs when the geological discontinuities strikes parallel to the slope
face and dips downward at an inclination gentler than the overlying slope face (Hoek
and Bray, 1981). For planar failure, the following geometrical conditions must be
satisfied (Fig.5.1a):

1. The plane on which sliding occurs must strike parallel or nearly parallel (within
+20°) to the slope face.

2.  The failure plane must ‘daylight’ in the slope face. This means that its dip (B;)
must be smaller than the dip of the slope face (fs).

3. The dip of the failure plane must be greater than the friction angle (¢) of the
discontinuity plane.

Wedge failure is the sliding along a line of intersection of geological discontinuities,

where the line of intersection plunges downwards at an inclination flatter than that of
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the overlying slope face (Hoek and Bray, 1981); thus, the following geometrical
conditions must be satisfied (Fig.5.1b):

1. The trend of the line of intersection (ai) must be oriented within 90° of the dip
direction of the slope face.

2. The plunge of the line of intersection (i) must be smaller than the dip of the slope
face (Bs).

3. The plunge of the line of intersection must be greater than the friction angle (¢) of

the discontinuity plane.

Strike of Discontinuity (o) N
Parallelism between W
Slope and discontinuity™
(o) — Slope face
Dip of discontinuity ... plane
. (B)
Slope strike (o) — P /
o/ Relationship between dip of
dlscontmmt% and slope Direction of sliding
Dip of slope (B,) iPs

\A/

Plunge of line of
Intersection with

Horizontal ()
~

Line obtained after
vertical projection of
intersection line on
horizontal plane

Line of intersection
=

Direction of sliding

Dip of discontinuity

B)
Dip of slope (B,)

After Hoek & Bray (1981)

Fig. 5.1: Geometric representation and stereo-plots of structural discontinuities for
(a) planar failure (b) wedge failure and (c) toppling failure. @ is the angle of
internal friction
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Toppling failure occurs when the centre of a block lies outside the outline of the base
of the block, resulting in the development of overturning moments (Hoek and Bray,
1981). Figure 5.1c illustrates the geometry and stereographic representation of
toppling failure. The geometric conditions similar to planar failure must be satisfied
along with which, the discontinuities must satisfy the following equation:

90°- @p (dip of plane) < ¢f (dip of slope face)- ¢p (friction angle along plane) (5.1)

The relative position of the planes representing joint sets, foliation planes, slope faces
and possible wedge intersections were computed for each location to identify slopes
prone to planar, wedge or toppling failure conditions. Slopes with three or more
planes satisfying conditions for either planar or wedge failure, have been classified as
“high hazard”, those with at least two planes satisfying conditions for failure, as
“moderate hazard” and those with at least one plane satisfying conditions for failure,

as “low hazard” and those with no plane for failure as “no hazard”.

However, kinematic analysis alone cannot be taken into consideration to understand
possible rock failure. This limitation arises from the fact that kinematic analysis does
not consider forces acting on slope-forming material. Therefore, the stability of slopes
in engineering practice is usually analyzed by conventional methods (limit
equilibrium analysis) and numerical modeling techniques, which provides a direct
measure of stability in terms of the factor of safety (Kentli and Topal, 2004).

5.2.2. Rock Mass Rating classification

The RMR system classifies discontinuous rock masses using six parameters-(i)
uniaxial compressive strength (UCS), (ii) rock quality designation (RQD), (iii)
spacing of discontinuities (Sq), (iv) condition of discontinuities (Cq) (v) groundwater
condition and (vi) orientation of discontinuities (Bieniawski, 1976). Since the sixth
parameter related to orientation of the discontinuities involved a number of
conditions, the RMR system was further modified by Romana (1985), which
particularly considered the orientation of joints. Hence, only five parameters are
calculated for the RMR system. These parameters are easily obtained from either
borehole data or surface mapping. Table 5.1 lists the discontinuity conditions and
their relative ratings that are used to determine the RMR value of the rock mass in the
study area. Rating numbers are applied to each parameter from the published chart of

Bieniawski (1979). Ratings are added to obtain a total of RMR value, the maximum
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being 100. The final RMR value is classified into five rock-mass classes (Table 5.1).

Higher rock mass rating indicates better rock-mass condition.

All the parameters are reasonably estimated with acceptable accuracy from a careful
description of joints such as roughness, persistence, degree of weathering, type of
infilling materials and signs of water seepages. Scanline surveys were conducted for
generation of discontinuity data for the determination of RMR values. This involves
stretching a measuring tape across the outcrop, then at the points where the tape
intersects a discontinuity; the distance along the tape is recorded, as well as the
conditions of the traversed discontinuities. The value of RQD is estimated from the
number of discontinuities per unit volume (Jv). Palmstrom (1982) proposed the

following equation to calculate RQD, using joint volume:

RQD=115-3.3Jy (5.2)
where Jy represents the total number of joints per cubic meter or volumetric joint
count. The volumetric joint count is a measure of the number of joints within a unit
volume of rock mass (Palmstrom, 1982; Sen and Eissa, 1992). It is defined as:

J

v=2,.() 3
where S; is the average joint spacing in meters for the i joint set and J is the total
number of joint sets.

The RMR for the rocks exposed is calculated using the following formula:

RMR=YRQD +UCS +Sq +Cq +Water condition +Joint orientation (5.4)

5.2.3. Slope Mass Rating classification

The SMR system used to evaluate the stability of rock slopes (Romana, 1985) is a
modification of the RMR and is obtained by adding the adjustment factors for the
joints/slope relationship and adding a factor related to the method of excavation using

the following equation:

SMR=RMRyasic-(F1+F2+F3+F4) (5.5)
where RMRuasic is rock mass rating according to Bienawski (1979, 1989). Table 5.1. li

sts the relative rating of the six parameters used to calculate the RMR.

F1, F2 and F3 are the adjustment factors related to joint orientation with respect to the

slope. F1 indicates the degree of parallelism between the strike of the joint (o)) and
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the strike of the slope face (as). It ranges from 0.15 (when the angle between the two
is >30° and the failure probability is very low) to 1.0 (when both are almost parallel
and the failure probability is very high) (Romana 1985). Empirically, it was
established that F1 = (1-sinA)?, where A denotes the angle between the slope face and

the strike of the joints.

F2 refers to the joint dip angle (Bj) in the planar failure mode and the plunge of the
line of intersection of two joints (Bi) in the wedge failure mode. Its value also varies
from 0.15 (when the dip of the critical joint or the plunge of the line of intersection of
two joints is <20°) to 1.0 (when the plunge is >45°). For the toppling mode of failure,
F2 remains equal to 1.0. Empirically, F2 is equal to tan Bj for planar failure and tan Bi

for wedge failure.

F3 refers to the relationship between the declination of the slope face (Bs) and the
joint (Bj). In planar failure, it is the probability of joints “day lighting” in the slope
face. Its value varies from 0 to -60. It is zero (failure probability very low) when the
dip of the joint (jj) or the plunge of the line of intersection of two or more joints (i)
is >10° lower than the dip of the slope (Bs) and is -60 (failure probability very high)
when the dip of the slope (Bs) is >10° greater than the dip of the joint (}j) or the
plunge of the line of intersection of two or more joints (pi). For the toppling failure,
unfavorable conditions depend upon the sum of the dip of the joints and the slope
(Bj+Bs) (Romana 1985). F4 is related to the method of excavation (Romana 1985).

The values of adjustment factors F1, F2, F3 and F4 for the different joint orientations
are given in Table 5.2. The SMR classes are finally obtained by using the values of
RMRuasic and adjustment factors in equation 5.5. SMR values ranges from 0-100;
stability classes are assigned accordingly (Table 5.3).

5.2.4. Geological Strength Index classification

A detailed account of the GSI classification has been discussed in Section 4.2.7.2 of
Chapter 4.
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Table 5.1: The relative weight of observational and laboratory-determined parameters used to calculate RMRypasic (Bieniawski, 1979)

Point load strength

>10 10-4 4-2 2-1
Strength of Intact (MEa)_
1 | rock Uniaxial _
compressive >250 250-100 100-50 50-25 25-5 5-1 <1
strength
Rating 15 12 7 4 2 1 0
) RQD (%) 100-90 90-75 75-50 50-25 <25
Rating 20 17 13 8 3
Average spacing of i i i
3 | discontinuity (m) >2 2-0.6 0.6-0.2 0.2-0.06 <0.06
Rating 20 15 10 8 5
Very rough, Rough walls, Slightly rough, Slickensides or gouge,  Soft gouge, >5 mm thick
Condition of discontinuous, no separation <0.1 separation <1 <5 mm thick or or separation >5 mm
4 | discontinuity separation, mm, slightly mm, highly separation 1-5 mm, continuous decomposed
unweathered weathered weathered continuous rock wall
Rating 30 25 20 10 0
Groundwater - .
s | condition Completely dry Damp Wet Dripping Flowing
Rating 15 10 7 4 0
%?Sss'slflcatlon of rock Very Good Good Fair Poor Very Poor
RMR value >80 61-80 41-60 21-40 <20
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Table 5.2: Values of adjustment factors for F1, F2, F3 and F4 (Romana, 1985)

Adjustment Case of slope failure Very Favorable Fair Unfavorable Very
factors favorable unfavorable
Planar (P) |0 - a|
Toppling (T)  |oj-0s-180]  >30° 30-20° 20-10°  10-5° <5°
Fi Wedge (W) o - o]
P/WIT F1 rating 0.15 0.40 0.70 0.85 1.00
Planar (P) 1B . ape aze pse .
Wedge (W) || <20 20-30 30-35 35-45 >45
F2 P/W F rating 0.15 0.40 0.70 0.85 1.00
T F rating 1.00 1.00 1.00 1.00 1.00
Planar (P) 1Bi - Bs| ~10° . . . .
10 10-0 0 0-(-10 <-10
Wedge (W) [B; - Bd 109
Fs T 1B+ B <110°  110-120°  >120°
P/WIT Fsrating 0 -6 -25 -50 -60
Natural slope Pre-splitting  Smooth blasting Normal blasting  Poor blasting
F4
15 10 8 0 -8
Table 5.3: Values of stability classes as per SMR values (Romana, 1985)
SMR value 0-20 21-40 41-60 61-80 81-100
ROCk.m".iSS Very bad Bad Normal Good Very good
description
Stability Completely Unstable Partially stable Stable Completely
unstable stable
Big planar, soil Planar or big Planar along some  Some
Failure : ! joints many block No failure
like or circular wedges .
wedges failure
Probability of 0.9 06 04 02 0

failure

5.2.5. Finite Element Method

The FEM is a numerical technique to determine the field variance. It was initially

developed for plane stress analysis in structural engineering to determine the

approximate stress/strain/displacement on an object in response to applied force
(Courant, 1943; Prager and Synge, 1947; Turner, 1956; Clough, 1980; Zienkiewicz et

72



al.,, 1977). It was later used for a wide range of applications including rock
mechanics/slope stability problems (Owen and Hinton, 1980; Pande et al., 1990;
Griffith and Lane, 1999; Griffiths and Marquez, 2007). FEM offers capability to not
only design complex geometry but also to present distribution of stress and
displacement pattern in the slope. In this technique, a complex region is divided into a
finite number of internally contiguous elements of regular shape, which are defined
by a fixed number of nodes (Fig. 5.2).
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Fig 5.2: General finite element model configuration of slope using 6-noded triangular
elements in uniform meshing

It is discretized into simple geometric shapes called finite elements. The various loads
acting on the element along with constraints result in a set of equations. For static

FEM analysis, the following equation is generally used:

KAU =P —F (5.6)
Where K is the stiffness (material property), AU is nodal displacement, P is applied
load and F is the internal forces. In this study, analysis was performed using RS2
Phase2 (version 9.0) software. FEM was used along with the Shear Strength
Reduction (SSR) technique to determine the Strength Reduction Factor (SRF).

The SRF represents the Factor of Safety (FoS) of the slope (Griffiths and Lane, 1999).
The aim of the SSR approach is to determine reduced shear strength parameters
notably (Zienkiewicz et al., 1977; Matsui and San 1992) notably C; and o that define
critical state of the slope, beyond which (further decrease in C and @) a slope fails.
The approach is presented in the following equation:

C=C/SRF, tan gr =tan @/SRF (5.7)
Here, C is cohesion and g is angle of friction. In this process, SRF is increased and
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decreased in an iterative manner until the slope fails (numerical non-convergence).
The non-convergence criteria relating the slope failure was used to determine the
critical SRF (Nian et al., 2012). The boundary condition with restraining movement
was applied to the base and back of the slope sections, whereas the front face of the

models was kept free for the movement (Fig. 5.2).

In order to quantify the deformation in the form of shear strain, total displacement and
critical SRF, slope stability analyses were performed by plane strain (i.e., strain along
Z direction=0) and FEM-SSR techniques. The SSR technique (Zienkiewicz et al.,
1977; Matsui and San, 1992) was used to determine the FoS of the slope. The
following flowchart (Fig. 5.3) shows the steps to a FEM analysis.

a \
(a) Slope geometry |[—| (b) Discretizing, | —» (c) Material
and joint network meshing property and criteria)

[ (e) Compute and interpret ]" [(d) Load application

.

Fig 5.3: Flowchart in FEM used in the present study

(@) Slope geometry and joint network

LISS-IV and Cartosat DEM were used to extract slope geometry of the landslide.
Joints mapped in the field were incorporated in the slope model for slope stability
analysis. The joint properties were used in the Barton-Bandis (1990) criteria. The
peak and residual GSI values were determined using the method proposed by Cai et
al. (2007). The Joint Roughness Coefficient (JRC) values were determined using the
chart proposed by Barton and Choubey (1977). The Joint Compressive Strength (JCS)
value was determined using the empirical formula of Deere and Miller (1966) and
Gupta and Tandon (2015) from the SHR values of the rock mass. Considering the
influence of scale on JRC and JCS, scale-corrected JRCn and JCS;, were calculated
using the criteria of Barton and Bandis (1982). Joint stiffness (kn and ks) was
determined using the stiffness criteria of Barton (1973) and rock mass modulus
concept of Hoek et al. (2002). Details of the parameters used are presented in Table
5.4. Joints are considered as the interface in this continuum FEM modeling technique
that has been used widely in rock slope stability studies (Pain et al., 2014; Xu et al.,
2015).
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Profile No. Rock type Typical roughness profiles JRC range

1 Slate F { 0-2(0.4)
2 Aplite — - 2-4(2.8)
Gneiss 1
3 } i  4-6(5.8
(Muscovite) = (58)

4 Granite - — 6-8 (6.7)

5 Granite —_— 8-10(9.5)

¢  Homfels —  _———  10-12(108)
(Nodular)

7 Aplite ~—~——— 12-14 (12.8)
Hornfels ——— " — _

9 (Nodular) 16-18 (16.7)

10 Soapstone — 18-20 (18.7)

% 1 1 1 1 ? 1 1 1 1 lIcm Scale

Fig.5.4: Standard roughness profile (after Jang et al., 2014)

(b) Mesh and boundary condition

Since FEM works on the principle of discretization of fixed number of elements,
plane strain triangular elements with 6 nodes were used through graded mesh. The
contiguity of mesh was checked to ensure that the mesh consists of a single
continuous region. After several trials and errors, the quality of the elements was

defined through the following conditions:

(1) (Maximum side length)/(Minimum side length)>10.00
(2) Minimum interior angle<20°

(3) Maximum interior angle>120°

The boundary condition with restraining movement (X=Y=0) was applied to the base
and back of the model, whereas the front face of the model was kept free for

movement.
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(c) Material property and criteria

For the soil samples, grain size analysis was carried out using the standard dry sieving
method (Indian Standards [IS]: 2720, Part 4-1985). The grain size data was further
analysed using GRADISTAT (v.8) software and the soil type classified as per Indian
Standards (IS: 1498-1970). Cohesion (c) and angle of internal friction (@) of the soils
were determined by the direct shear test (IS: 2720-Part 13- 1986). The shear strengths
were determined from the undrained direct shear test with water content close to the
optimum limit as well as relative field conditions (IS: 2720, Part 13- 1986). The
samples were sheared under constant normal stress of 50, 100 and 150 kN/m?. The
Young's modulus of soil was determined directly by Uniaxial Compressive Strength
(UCS) tests, i.e., tests with constant (or zero) stress on the vertical surfaces. Three
different rates of movements, i.e., 1.25 mm/min, 1.50 mm/min and 2.5 mm/min were
used to determine the displacement (IS: 2720, Part 10-1991). The Unit Weight was
determined subsequently with the UCS test by measuring the weight and volume of
the moulded soil sample in the laboratory. Poisson’s ratio for the different soil types
was considered from the standard described by Bowles (1996). The soil properties
thus obtained were used as input parameters in the stability analysis of each slope
section. For rock samples, seismic velocities (P- and S-waves) were measured using
CATS Ultrasonic (1.95) of Geotechnical Consulting & Testing Systems (GCTS) to
determine the density, Young's modulus, and Poisson’s ratio of rock sample. UCS of

rock samples were determined as per IS: 9143-1979.

The properties of the soil and rock mass were used as input parameters in the
modelling. Mohr-Coulomb (M-C) failure criterion (Coulomb, 1776; Mohr, 1914) and
Generalized Hoek-Brown (GHB) criterion (Hoek et al., 1995) were used as the failure
criteria for soil and rock respectively. The joints in the rock mass were applied using
Barton-Bandis (B-B) slip criterion (Barton and Choubey, 1977; Barton and Bandis,

1990). The criteria are as follows:

M-C criterion T=C + o tan @ (5.8)
Here, t is shear stress along the shear plane at failure, C is the cohesion, ¢ is the
normal stress on the shear plane and g is the angle of friction. The M-C failure criteria
can also be written as
o1 =0ci+(K) o3 (5.9
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Here, o1 and o3 are the major and minor effective principal stresses at failure; ociis

compressive strength of material and k is the slope of the line relating o1 and os.

GHB criterion

01=03+0ci [Mb (03 61)+S]"a (5.10)

Here, o1 and o3 are the major and minor effective principal stresses at failure, ociis the

compressive strength of intact rock and my, s and a are material constants.

B-B criterion 1=ontan [@r+ JRC logio (JCS/on)] (5.11)

Here, 1 is joint shear strength,on is the normal stress across joints, @ is the reduced
friction angle, JRC is the joint roughness coefficient and JCS is the joint compressive
strength.

Both soil and rock mass were used as plastic type to account for plastic deformation.

Soil was considered as elastic-perfect plastic material (Griffiths and Lane, 1999).

Details of the criteria and related parameters used in the study are given in Table 5.4.

Table 5.4: Details of parameters used in FEM

Material Criteria Parameters Source

Unit  Weight :

Generalized Hoek & Brown (GHB) | (MN/md) I(_Ie;t?c;rﬂ%riggg;y&s (UCs)

Criteria ]

(Hoek et al., 1995) Young’s .
Modulus, Laborator_y analy§|s

01 = 03 + 0 ,[m,(a3/0,) + s]*a Ei{(MPa) (Ultrasonic velocity test)

Poisson’s

o1 and 63 -major and minor effective principal

Laboratory analysis

stresses at failure; o - compressive strength of | Ratio (Ultrasonic velocity test)
intact rock; my- reduced value of the material _
constant (m;) given by; Uniaxial
m,, = m,el(51-100)/(28-14D] Compressive Laboratory analysis (UCS)
Strength, o | (IS: 9143-1979)
s and a are constants for the rock mass given (MPa) - -
by the followi lationships: _ Field  observation and
y the Toflowing refationships, Geological emperical formulas from

s = el(651-100)/(9-3D]

Strength Index

Cai et al. 2004; Cai et al.
2007

a=24l [e[‘(ﬁ_ssl)] - e[‘(%]] Material
2 6 _ Constant(m;) Standard values

Here, D is a factor which depends upon the

degree of disturbance to which the rock mass | M

has been subjected by blast damage and stress S GSI was field depenedent,

relaxation (Hoek et al, 2002). GSI mias per (Hoek and Brown,
@ | (Geological Strength Index) is a rock mass | & 1997) and D is used
£ | characterization parameter (Hoek, 1994). between 0-1 W.r.t. rock mass
< D exposure and blasting
o
o
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) o Ei is lab dependent. L and
Barton-Bandis Criteria Normal GSI were field depenedent.
(Barton and Choubey, 1977; Barton and | Stiffness, D is used between O-lin
Bandis, 1990) kn(MPa/m) view of rock mass exposure
and blasting
7 = gntan [@r +JRC logio (JCS/an)]
It is assumed as kn/10.
Here, 7 is joint shear strength; oy is normal | Shear However, effect of
stress across joint; @; is reduced friction angle; | Stiffness, denominator is aslo
JRC is joint roughness coefficient; JCS is joint | ks(MPa/m) obtainedfrom  parametric
compressive strength. studies
The JRC and JCS were used as JRC, and | Reduced Standard ~ values  from
JCS,, following the scale corrections observed | friction Barton, 1973; Barton and
by Pratt (1974); Barton and Choubey, (1977) | angle,@; Choubey, 1977 and Jang et
and proposed by Barton and Bandis, (1982). al., 2014
Joint
Joint stiffness criteria roughness Field based data from
(Goodman et al. 1968; Barton, 1972) coefficient, profilometer and standard
JRC values
kn= (E*Em)/L*(Ei- Em)
Joint Empirigal equation of Degre
Here, ko is Normal stiffness;E; is Intact rock compressive and Miller (1966) relating
modulus, Schimdt hammer rebound
En is Rock mass modulus; L is Mean joint | STENItN. JCS | (SHR) values, o and unit
spacing. (MPa) weight of rock. SHR was
field dependent.
En=(Ei)*[0.02+{1-D/2}/{1+e©0+15*D-6S)10}] [ Scale
corrected,
Here, Em is based on Deere, (1968); | JRC, o .
Palmstrom and Singh, (2001); Hoek and Empirical  equation  of
Diederichs, (2006). Scale Barton and Bandis (1982)
= corrected,
S JCS, (MPa)
Material Criteria Parameters  |Source
Mohr-Coulomb Criteria Unit  Weight | Laboratory analysis (UCS)
(Coulomb, 1776; Mohr, 1914) (MN/m?3) (1S: 2720-Part 10-1991)
_ , Laboratory analysis (UCS);
T=C+otanp N IS:  2720-Part  10-1991,
Here, t is Shear stress at failure; C is EiE)MLIi:)S ' iﬁang_ard1974vzf\ll(13e§ dfrorg
Cohesion; on is normal strength; @ is angle of Tfuzt I’(§012)), fzud an
friction. Y
. , Standard  values  from
Poisson’s Ohsaki and Iwasaki, (1973);
Ratio Bowles,  (1996);  Das,
(2002)
Cohesion, C
(MPa) Laboratory analysis
— (Direct shear)
S Friction angle, | 5. 5720-Part 13- 1986)
N @
(d) Load

Field stress (load) was adjusted in view of the dominant forces, i.e., extensional or
compressional (Eberhardt et al., 2004). The k=cn/cv=0.5 was used in extensional

regime, whereas k=cn/cv=1.5 was used in compressional regime.

78



(e) Compute and interpret

The models were computed using RS2 software and later interpretations based on the

total displacement and FoS determined.

5.3 Results

Stability analysis of any slope requires a comprehensive knowledge about the nature
and geometry of the slope. In the present study the aim was to geomechanically

characterize the rock slopes and numerically model the debris slopes.

Kinematic analysis relative to the orientation of the slope and discontinuities was
carried out in order to determine the potential modes of failure. Table 5.5 gives the
details of the type of failure at each of the 92 locations and the hazard class thereof.
Based on the number of planes of failure, it has been observed that the Higher
Himalaya region comprises mostly low hazard class (13 locations), eight locations of
moderate hazard, eight locations of stable conditions and three sites of high hazard. In
the Lesser Himalaya, twenty-four locations lie in the low hazard class, fourteen
locations each in moderate and no hazard class and eight locations in the high hazard
class.

Table 5.5: Details of rock mass exposures in the study area and results of kinematic

analysis
Slope Joints (dip . .
Sl Location (dip amount/|  amount/dip diﬁgﬁuﬁf Type of | Hazard Rock stralfimr]:-hic
No dip direction direction Y| failure | class type grap
© ©) (m) unit
(J1)~88/295 N 0.3-0.4
30959'59 2N (J2) ~85/275 N 0.5-1 oderate
1 | 78°27'46.9"E | ~90/310 N | (J3) ~55/225N | 0.2-0.3 |PF/WF Hazard | Quartzite
Elv. 323815m (34) ~50/200N |  0.6-0.1
(F) 40/30 N 0.1-0.16
30°59'56.9"N (J1) 72/60 N 0.5-1
2 | 78%745°E | -88/130N | (312)50/245N | 0304 | PF | 2O% | Gneiss
Elv. 32437 Hazard
V- +/m (F) 54/15 N 0.1-0.2
(J1) ~90/280 N 0.1-2
30°59'55.7"N (J2) ~28/5 N 0.5-1
Moderate .
3 | 78927'43.3"E | ~88/110N PF/WF Gneiss
Elv. 323346m (J3) ~38/190 N 0.5-1 Hazard
(F) 50/200 N 0.1-0.2
(J1) ~36/330 N 0.5-1
30°59'511.7"N Low
4 | 78°27'43.0"E | ~88/75N | (32) ~45/150 N 0.5-1 PF/WF H Gneiss
azard
Elv. 3226+6m
(J3) ~85/60 N 0.5-1
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(F) 36/330 N 0.05-0.1
30959'50. 7N (J1)~55/190N |  0.5-1
5 | 78°27'43.3"E | ~90/90N | (F) 40/170 N 0.1-0.2 PF Low | Slate
Elv. 3208+6m Hazard
30°59'49.2"N (J1)~88/110N | 051 -
6 | 78°27'43.2"E | >90/110 N PF/WF H';‘Z’Z: y :élr:f:t
Elv. 109+10m (F) 54/0 N 0102
(J1)~82/105N | 0.3-0.4
30°59'49.3"N 12)~55/145N | 0.1-0.2 :
7 | 78027004 | ~somoN |02 PF/WF MHofgr"ge ;\élr:T:t
Elv. 3119+2m (13)~20/130N |  05-1
(F) 82/105 N 0.1-0.2
(J1) 67/65 N 0.1-0.15
30°59'49.6"N 12)30/160 N 0.1-0.2
8 | 7800774 | ~00175 N |02 TF H;‘Z’Z: 4 | oneiss
Elv. 306346 (F) 30/160 N 0.05-0.1
(R)75/300 N
30959'36.9"N (J1) 65/210 N 05-1 oserstal Mica
9 | 78°27'36.9"E | ~90/160 N | (F) 48/50 N 00501 |PF/WF .
Hazard schist
(J1)35/320N | 0.1-0.15
30°59'39.9"N (\]2) ~90/50 N 0.1-0.2 PEAWE Hiah
10 | 78°27'36.3"E | >90/120 N | (J3)~50/100N | 0.1-0.2 Haz%r | Gneiss
Elv. 3060+6m (F) 50/100 N 0.2-0.3
(R) >90/140 N
(J1) 40/10 N 0.15-0.2
30°59'39.3"N (J2) 44/310N | 0.2-0.3 No _
11| 78°27'36.9"E | >90/13 N NF | Layarg | Quartzite
Elv. 3033:8m (F) 44/310 N 0203
(R) 8/150 N
30950'35.7°N (J1) 40/220N | 0.4-05 o | e
12| 78°27'32.14"E | ~90/190 N | (F) 35/90 N 0102 |PFWF| %, he
Elv. 3024+8m azard | schis
- 30244 (R)70/65 N
20959'39.5"N (1) 25175N | 0.1-0.15 w
13| 78°27'36.9"E | ~90/100 N | (J2) 85/30 N 02-03 |PFWF | -0 . |Quartzite
Elv. 3022+5m azar
. 3022+ (F) 65/30 N 0.1-0.2
30959'28.2"'N (J1) 85/ 305 N 05-1 »
14 | 78°2725.5"E | ~60/200 N | (F)55/30 N 01-02 | WF Gneiss
V. 2928+ Hazard
Elv. 2928+8m (R) 78/140 N
(J1) 55/195 N 0.15-2
3095922.9"N (F) 45/45 N 0.1-0.2 No
15| 78°27'20"E | ~60/120 N NF | Lagarg | Gneiss
Elv. 2887+5m (R1) 74/120 N
(R2) 78/60 N
(J1)85/270N | 0.4-05
30059'21.7"N
12)39/225N | 0.2-0.3
16| 78°27'16.6"E | 60/160 N (2) PF/WF MH":ZZ?JE Gneiss
Elv. 287452m (F) 45/45 N 0.1-0.15

(R1) 90/140 N
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(R2) 90/130 N

(J1)26/35 N 0.5-1
30°59'18.8"N (J2) 50/120 N 0.5-1 Low ,
17 | 78°27'12.5"E | ~90/290 N PF | Liazard | Gneiss
Elv. 286446 (J3) 65/310N | 0.2-0.25
(F) 26/35 N 0.1-0.15
3090'18.9"N (J1)60/280 N | 0.1-0.15 “
18| 78°27'11.7"E | ~90/210N | (J2)35/345N | 0.1-0.15 | PF Limestone
Hazard
Elv. 2861+7m (F) 35/345 N
(J1)30/130N | 0.05-0.1
30°59'18.9"N 32) 40/0 N 0.1-0.15 -
19| 78027117 | ~00200N [ PF | o [imestone
Elv. 286047 (F) 40/0 N 0.2-0.25
(R) 65/320 N
(J1) 72/220N | 0.2-0.25
30°59'18.8"N (J2)25/310N | 0.1-0.15 Low _
20 | 78°2712.7"E | >90/125 N PEAWF | -7, | Quartzite
Elv. 2833+3m (F) 72/220N | 0.05-0.07
(R) 50/190 N
(J1)20/95 N 0.05-0.07
30°5911L.1°N (J2) 42/190N | 0.05-0.07 Low _
21| 78°2714.3"E | >90/175 N PFIWF | -, | Quartzite
Elv. 2829+5m (R1) 40/200 N
(R2) 85/25 N
30°59'2.8"N (J1) 65/90 N 0.1-0.15 No
22| 78°26'49.1"E | 90/180 N NF Hazard Limestone
Elv. 2718+5m (F)10/110N | 0.1-0.13
(J1) 77/230N | 0.05-0.07
30958'44.5"N
J2)65/10 N 0.1-0.14
23| 78926256 | >00/140N |02 PFIWF MHofzgf(}e Limestone
Elv. 2612+8m (F) 25/20N 0.1-0.2
(R) 76/130 N
(J1) 75/135N | 0.1-0.15
30°58'37.9"N
J2)85/235N | 0.15-0.2
24| 78%2619.1°E | 85/140N |2 PF/WF MHOadzzrf‘Je Gneiss
Elv. 2425+5m (F)350N 0.1-0.2
(R) 80/130 N
(J1) 57/55 N 0.2-0.5
30°57'30.7"N (J2) 60/280 N | 0.1-0.15 High
25 | 78°2524.9"E | 60/355 N PFAWF | - | Quartzite
Elv. 2385+3m (J3)55/160 N | 0.1-0.15
(F) 50/5 N 0.1-0.2
(J1)40/235N | 0.1-0.2
30°57"12.2°N (J2)50/355 N | 0.2-0.3 High _
26 | 78° 24'50.4"E | 80/350 N PEAWF | D%, | Gneiss
Elv. 221645m (33) 45/35 N 0.1-0.2
(F) 50/315 N 0.1-0.2
30°57'0.5"N (J1) 85/175 N 0.2-0.4 Low
27 | 78°24'47.9"E | 30/320 N WE |8 | Gneiss
Elv. 221345m (J2) 25/45 N 0.2-0.3 azar
28 | 30°55'57.2"N | 75/240N | (J1)80/155 N 0.1-02 |WF/TF |Moderate| Gneiss

IMIO-—I

><X<>r>—=T

81




78°23'59.7"E (J2)72/145 N 0.2-0.3 Hazard
H
Elv. 2060+5m (F) 50/75 N 0.1-0.15 |
30954'56.2"N (J1)75/25 N 0.05-0.1 G
29 | 78022'06.9"E | >90/290 N | (J2)10/55 N 01015 | WF H';cz’g 4 | Gneiss ';
Elv. 202445m (33)70/140 N 0.1-0.2 R
(J1)55/50 N 0.15-0.2 y
30°54'46.8"N (J2)25/90 N 0.1-0.15 NO _ |
30| 78°21'54.5"E | >90/290 N NF | Lpagarg | Gneiss "
Elv. 177443m (33)0/90 N 0.2-0.25 v
(4)75/110N | 0.15-0.3 L
30954'40.3"N (J1)85/180N | 0.05-0.1 A
31| 78°21'54.4"E | 85/280N | (J2)26/120N | 0.2-025 | NF NO~ 1 Gneiss Y
Elv. 177043 Hazard A
V. LA0xsm (J3)15/330N 0.1-0.2
30°54'23.1"N (J1) 55/115N 0.1-0.2 No
32| 78°20146.9"E | 60/185 N NF | Lagarg | Gneiss
Elv. 176043m (J2) 15/280 N | 0.05-0.1
(J1)45/70 N 0.25-0.3
30°54'19.2°N (J2)70/220 N 05-1 Low _
33| 78°19'43.5"E | ~75/55N WF Hazard Quartzite
Elv. 17656m (33) 80/40 N 0.1-0.15
(34)55/350 N 0.1-0.2
(J1) 70/120N | 0.05-0.1
30°51'44.6"N (J2) 84/50 N 0.1-0.15 No | L
34| 78°17'32.3"E 70/40 N NF Hazard Limestone E
Elv. 168043m (F) 25/225 N 0.1-0.2 :
(R) 84/120 N S
30952'46.7"N (J1) 65/50 N 0.05-0.1 E
35| 78°18'32.6"E | 85/100N | (J2)28/300N | 0.1-0.15 | NF No 4 |Limestone R
Iv. 1546+3m Hazar
Elv. 1546+ (F) 10/290 N 0.1-0.2 H
(J1) 70/210N | 0.05-0.1 |\|/|
30°5121.4°N (J2)85/305N | 0.15-0.3 No | . A
36 | 78°17'11.9"E 85/125 N TF Hazard Limestone L
Elv. 144423m (33) 15/20 N 0.2-0.25 L
(34) 65/50 N 0.1-0.2 v
3095207 9"N (J1) 40/60 N 0.1-0.15 A
37| 78°1754.3'E | 85/230N | (J2)45/210N | 0.15-02 | WF H;g;: 4 |Limestone
Elv. 1470+4m (13)45/315N | 0.15-0.2
(J1) 74/20 N 0.3-04
30°51'13.1"N (J2) 64/110N | 0.1-0.15 No _
38| 78°16'59.9"E | 80/310N (13) 2025 N 0102 TF Hazard Quartzite
Elv. 1395+6m 1-0.
(J4)60/195N | 0.15-0.2
(31) 30/65 N 0.15-0.2
30°49°06.7"N (J2)70/320N | 0.1-0.15 Low
019" "
39 E7ﬁ/ 1133%%}25 70/20N - Fagy75/10N | 01503 | WF | Hazarg | S1te
' - (J4) 80/240 N 0.4-0.5
30954'19.2"N (J1)40/45 N 0.1-0.3
40| 78919435°E | ~70/200N | (32)35/245N | 0304 | WF | oW 4| State
Elv. 1765+6m Hazar
- 1765+ (J3)38/310N | 0.08-0.1
41| 30°5419.2°N | 855N | (J1)30/35 N 0305 | WF | Low | Slate

82




78°19'43.5"E (J2)85/4 N 0.06-0.08 Hazard
Elv. 1765+6m (F)45215N | 0.1-0.2
30954'19 2"N (J1)85/130N | 0.08-0.1 .
42| 7801943 5"E | 60/315N | (J2) 90/40 N 0.1-0.2 PF | Lasarg |imestone
Elv. 1765+6m azar
- 1765+ (F) 65/290 N 0.1-0.15
43| 78°19435"E | 70/340N | (B2)75/250N | 0.1-015 | WF | 7 |Limestone
Elv. 1765+6m (13)13/168 N | 0.15-0.18
(J1) 35/215 N 0.5-1
30°47'48.9"N (J2)69/30 N 0.1-0.15 oderate
44| 78°1051.5"E | 85/20N | (J3)25/55 N 0.06-0.08 |WF/TF [0 "% |Limestone
Elv. 121143m (J4) 50/210 N 051
(R1) 90/190 N
(J1)50/350 N | 0.1-0.15
30°47'44.8"N (J2)30/175N | 0.1-0.15 Low
45| 78°106.4"E | 85/30 N WF | oy | Slate
Elv. 123142m (J3)40/245 N 0.2-0.5
(J4)30/75 N 0.15-2
30°47'48.2"N (J1)65/275N | 0.1-0.3 oderate
46| 78°1011°E | 855N | (12)35210N | 01015 | WF [MPF| Slate
Elv. 1220+6m (J33) 65/25 N 0.08-0.1
(J1)60/275N | 0.2-05
30°47'48.4°N (32) 45/95 N 051 High | .
47| 78°9'59.8"E 85/55 N WF/TF Hazard Limestone
Elv. 1218+7m (13)25/190N | 0.1-0.15
(J4) 60/20 N 0.1-0.15
30°47'41.7"N (J1) 57/240 N 0.5-1 No
48| 78°9'39.7°E | 85/310 N NF | |ayarg [-imestone
Elv. 129746m (J2) 40/65 N 0.1-0.15
(J1)30/355N | 0.1-0.15
30°47'41.6"N (J2)35/175N | 0.25-0.3 High _
49| 78°9'39.5"E 70/310 N WF Hazard Quartzite
Elv. 129749m (33) 50/75 N 0.5-1
(J4) 45275 N | 0.04-0.06
(J1) 35/55 N 0.15-0.2
30°46'54.3"N No
50| 78°77"E 70/300N | (J2)65/225N | 0.15-0.2 | NF Limestone
Hazard
Elv. 1139+7m
(J3)35/115N | 0.08-0.1
(J1)65/265N | 0.15-0.2
30°46'52.7"N Moderate
51 78°7'8"E 80/350 N (92)55/75 N 05-1 WF Hazard Limestone
Elv. 1169+6m (J3)30/160 N 0.1-0.2
(J4)35/345N | 0.5-0.6
(J1)22/70 N 0.2-0.3
30°46'50.5"N (J2)50/335N | 0.1-0.15 No
52| 78°6'57.1"E | 70/270 N NF | aorg | Slate
Elv. 116346m (F) 22/70 N 0.1-0.15
(J3)38/175 N 05-1
04625 97" J1)35/150 N | 0.1-0.15
53| 30°462527"N | g g,y | UL Y T
78°6'43.06"E (J2) 40/200 N 0.2-0.25 Hazard
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Elv. 1173+7m (F) 35/150 N 0.1-0.15
(R)85/155 N
(J1) 80/30 N 0.2-0.25
30°46'18.6"N (J2)65/285 N | 0.2-0.25 High | .
54| 78°6'39.3"E | 85/230 N PFAWF | -8, |Limestone
Elv. 117146 (33)50/305 N | 0.25-0.3
(J4)50/225N | 0.1-0.15
55| 78°6'12"E | 70/235N | (J2)85/20 N 01015 |PFWF [NTPPEE| Slate
Elv. 113629m (J3) 60/340N | 0.1-0.15
30°4549.2"N (J1)55/240N | 0.25-0.3 Lo
56| 78°126"E | 80/320N | (32)35/320N | 01-015 |PFWF | 20 | Slate
Elv. 1147+6m (33) 30/65 N 0.1-0.15
30°45'35.5"N (31) 55/20 N 0.8-1 oderat
57| 78°5'545"E | 80/300N | (J2) 90/10 N 0506 |PFWF [“ [ "*F| Slate
Elv. 1128+2m (J3)40/300N | 0.21-0.25
3004527 1°N (J1) 70/40 N 0.1-0.15 -
58| 78°543.4"E | 60/345N | (32)80/150N | 01-015 |PFWF | 20 | Slate
Elv. 1106+8m (J3)32/320N | 0.21-0.25
(J1)50/30 N 0.5-1
30°4525"N
32)45/180 N 0.2-0.4
59| 78°541.7°E | 60/310N |2 PF/WF MHOSZZ:"JE Slate
Elv. 110646 (33)40/290N | 0.3-0.35
(F)45/180N | 0.1-0.15
(J1)55/265N | 0.15-0.2
30°459"N (32)30/225N | 0.1-0.15 No _
60 | 78°5'35.7"E 70/335 N NF Hazard Quartzite
(R) 0/190 N
61| 78°5185"E | 60/320N | (J2)55/85 N 0203 | NF | >0 | Slte
Elv. 1078+8m azar
- 1078+ (13)15/315N | 05-0.6
(J1)70/300N | 0.1-0.15
30°458.4"N (J2) 80/170N | 0.07-0.08 High
62| 78°518.2"E | 85/330 N PEAWF | ;50 | Slate
Elv. 106945m (33)20/155N | 0.1-0.15
(J4)60/325N | 0.4-05
(1)32/190N | 0.07-0.08
(J2)70/35 N 0.3-0.4
30°45'2.6"N
33)50/300 N 0.2-0.4
63| 789504°E | 85320N | PF/WF MHO:gf;e Slate
Elv. 108046 (14)45/120 N 0.2-0.3
(R1)35/120 N
(R2)90/300 N
(J1)72/175 N 0.5-1
30°44'54.3"N
12)40/350N | 0.1-0.15
64| 78551°E | 801280N |02 PF/WF MHogzzrfJe Slate
Elv. 105246 (J3)40/280 N 0.5-1
(J4)30/105 N 0.4-0.5
65| 30°44'51.1"N | 85/285N | (J1)80/335N | 0.1-0.15 |PF/WF| High | Slate
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78°5'5"E (J2) 65/205 N 0.2-0.4 Hazard
Elv. 1063+8m (33)35/300N | 0.1-0.15
(J1)65/185N | 0.08-0.1
30°44'39.8"N
12)65/355 N | 0.06-0.08
66| 78°4'58.8"E | 85/270N (2) PE/WF MHofgr"ge Slate
Elv. 1090481 (J3)60/100 N 0.2-0.3
(J4)45/290 N 0.2-0.3
(J1) 35/140 N 0.8-1
30°44'37.8"N (32)55/335N | 0.09-0.1 High | .
67 78°4'59"E 85/260 N PF/WF Hazard Limestone
Elv. 1063+6m (33)40/260 N 0.4-0.6
(34)55/65 N 0.05-0.06
30°44'18.5"N (J1) 45/235 N 05-0.6 .
68| 78°4'53.9"E | 85/320N | (J2)55/50 N 0.04-0.06 |PFWF | M, |Limestone
Elv. 1027+6m (33)30/320 N 0.2:0.3
(J1) 40/80 N 0.1-0.2
30°4318.7"N J2)60/340 N | 0.05-0.07
69| 78°55.4"E | 60/255N 12) PF/WF MHofzearf‘;e Slate
Elv. 94646m (33)75/170 N 0.2-0.4
(34)35/260 N 0.4-05
(J1) 65/125 N 0.3-0.4
30°4315"N (J2)85/270N | 0.10-0.15 Low
70| 78°5'5.9"E | 60/340N PEIWF | 00 | Slate
Elv. 95247m (33)55/20 N 0.07-0.08
(J4)50/190 N | 0.09-0.1
(J1) 55/30 N 0.2-0.3
30°4318.1"N 12)80/70 N 0.3-0.4
71| 78°535"E | 60/335N 12) WF MHofzearf‘;e Limestone
Elv. 956.346m (33)45/0 N 0.15-0.2
(J4)80/285 N 0.4-05
(J1) 45/55 N 0.07-0.08
30°43'13"N
12)85/285 N | 0.04-0.06
72| 78954.4"E | 70/345N (2) TF MHoggfge Limestone
Elv. 95148m (J3)35/200N | 0.07-0.08
(J4)70/280 N 0.2-0.3
30942'3.9"N (J1)30/45 N 0.07-0.08 .
73| 78°4'49.6"E | 60/340N | (J2) 48/210N | 0.03-0.05 | WF 4| State
Elv. 937.3+8m Hazar
- 937.3% (33)60/285 N 0.4-05
(J1)85/85 N 0.1-0.15
30°4221.3"N (32)45/95 N 0.4-0.6 Low |
74| 78°4'29.9"E 60/350 N WF Hazard Limestone
Elv. 930 646m (33)55/50 N 05-1 azar
(34)60/225 N 0.4-0.5
(J1)45/320N | 0.08-0.1
30°4217.2"N (32)90/160 N 0.4-0.5 Low |
75| 78°4'22.8"E 60/260 N TF Hazard Limestone
Elv. 95045m (33)75/265 N 0.5-1
(J4)55/80 N 0.07-0.08
300425 7N (J1)60/160 N | 0.07-0.08 -
76| 78°427.1°E | 75/275N | (J2)65/205N | 003-0.05 | TF | . [Limestone
Elv. 97246m (33)40/150 N 0.1-0.3
77| 30°41'32.7°N | 75/290N | (1) 25/215N | 0.1-0.15 | TF Low | Slate
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78°4'18.3"E (J2)58/10 N 0.4-0.6 Hazard
Elv. 984+7m (J3)75/170N | 02-0.3
(J1)75/220N | 0.1-0.15
30°41'9.3"N (32)35/40 N 0.2-0.3 Low
78| 78°410.8"E | 60/290 N TF | Looarg | Slate
Elv. 972 648 (33)40/170N | 0.05-0.07
(F)40/120N | 0.05-0.07
(J1)50/130N | 0.1-0.2
30°40'56.2"N 32) 45/10 N 0.5-0.6
79| “78039°E | 8si50N |02 WF MHofgr"";e Slate
Elv. 97047m (33) 20/150 N | 0.15-0.2
(34)65/230N | 0.1-0.15
(J1)85/250 N | 0.1-0.15
30°40'37.9"N (J2)40/310N | 0.05-0.08 High
80| 78°4'14.8"E | 60/5N PEAWF | 90 | Slate
Elv. 10047 (33)50/25 N 0.5-0.6
(34)53/190 N 0.5-1
20%40'35. 7'N (31)50/105 N 0.1-0.2 »
81| 78%47.4"E | 65/280N | (J240210N | 01-015 | TF | 2%, | Slate
Elv. 1020£5m azar
- 1020+ (33) 75/95 N 0.1-0.15
3094024.4"N (J1)85/175N | 0.15-0.2 .
82| 78°465'E | 85/245N | (02)25/330N | 01502 | NF | 0 | Slate
Elv. 1033£8m azar
- 1033+ (33)90/240N | 0.25-0.3
30°3943.6"N (J1)65/325 N 0.2-0.4 .
83| 789336.2"E | 80/290N | (J2)20/105N | 0.15-02 | WF 4| State
Elv. 1034+7m Hazar
- 1034+ (33)80/245N | 0.15-0.2
(J1)75/335N | 0.15-0.2
30°3928.4"N (J2)75/240N | 0.1-0.15 Low
84| 78°249.7"E | 85/275N WE | o0y | Slate
Elv. 101947 (33) 25/125 N 051
(R) 90/225 N
(31)55/305 N 0.5-1
30°3921.8"N (32)80/185 N 0.5-1 Low
85| 78°2484"E | 70/10N TF | oty | Slate
Elv. 07348 (33)25/20 N 0.1-0.3
(R) 90/10 N
(J1)70/340N | 0.1-0.15
30°39%5.3"N (J2)80/260 N | 0.05-0.08 High
86| 78°234.8"E | 70/315N PEIWF | o000y | Slate
Elv. 10035m (33)65/125 N 0.5-0.6
(34)65/300 N 05-1
30°38'54.6"N (J1) 30/55 N 0.05-0.065 No
87| 78°221.7"E | 70/310N NF | Lagarg | State
Elv. 100543m (32)45/240 N 0.6-1
30°38'44.8"N (J1)245/90N | 0.04-0.06 .
88| 78°214.1"E | 60/315N | (J2)90/140 N 0405 | TF | W | St
Elv. 982+10m azar
- 982+ (33)30/320 N 0.3-0.4
30°38'35.8"N (J1)35/130N | 0.2-0.25 “
89 | 78°01'59.9"E | 60/315N | (J2)75/250N | 0.2-025 | NF 4| State
Elv. 985+10m Hazar
- 985+ (33)75/320N | 0.1-0.15
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(01)85/270N | 0.08-0.1
30°38'38.1"N
12)85/180 N 05-0.6
90| 78°1'39.6"E | 70/75N (2) PF/WF MHOSZZT‘;E Slate
Elv. 93648 (33)28/210N | 0.1-0.15
(J4)60/30 N 051
20°3846.6"N (J1) 25/340N | 0.1-0.15 .
91| 78°129.6"E | 80/50N | (J2)90/155N | 02-025 | NF 4| Stete
Elv.955.5+6m Hazar
955.5+ (33)90/75 N 0.1-0.15
20°3858"N (J1)45/320N | 0.05-0.1 .
92| 78°1245°E | 605N | (12)15220N | 02-025 | NF [ 0 | Slate
Elv. 967.6+7m azar
- 967.6+ (33)80/40 N 0.2-0.25

NF: No Failure; PF: Planar Failure; WF: Wedge Failure: TF: Toppling Failure

To further assess the stability of slopes, GSI values of the rock mass were also
obtained from field-based observation using the GSI chart of Marinos and Hoek
(2000). The quantified approach, which is the modified GSI (Cai et al., 2007) was
also used. GSI values assigned at various locations in the field, as well as the value
calculated empirically are presented in Table 5.6. In the present study, the rock mass
comprise highly weathered and fractured rocks. GSI values interpreted from the GSI
chart range from 20-25 to 65-70, while the empirically quantified GSI values range
from 21 to 57. The least and highest GSI value of 21 and 57 were both obtained from

quartzite (location 21) in the Higher Himalaya Crystallines.

Slope stability assessment for debris slopes was carried out using FEM. FEM analyses
of 29 slopes that were modelled show 11 slopes having FoS values between 1 and 2,
whereas 18 slopes have FoS <I (Fig. 5.5). Results of FEM analysis are given in Table
5.7. Slopes with FoS <1 are unstable (Matsui and San, 1992; Griffiths and Lane,
1999; Dawson et al., 1999; Jeremic, 2000; Zheng et al., 2005). Since the stability
evaluation of the slopes was based on static analysis, slopes with FoS values between
1 and 2 are considered potentially unstable as they may become unstable during
extreme rainfall or earthquake. Landslide dimensions (area and volume) and FoS were
correlated to determine the relation between landslide dimension and slope instability.
Though good correlation is not observed, landslide area and volume are noted to
decrease with increasing FoS in the Higher Himalayan and Lesser Himalayan
landslides (Fig. 5.6). However, area and volume in the Higher Himalayan landslides
achieved better correlation (R?=0.13 and R?=0.12, respectively) with FoS than that in
the Lesser Himalaya (R?=0.11 for both area and volume). In the present study, the
Higher Himalaya comprises 10 unstable and 3 potentially unstable landslide slopes,

whereas the Lesser Himalayan comprises 8 unstable and 8 moderately stable landslide
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slopes (Fig. 5.7). The total displacement in the Higher Himalayan landslide slopes

varies between 0.005+2.0 m and 4.35+0.95 m, whereas in the Lesser Himalayan

landslide slopes it varies from 0.01£5.5 m to 3.35+0.32 m. The landslide density,

which is the ratio of number of landslides per length of the litho-tectonic division

along the river, is highest in the Higher Himalaya (L¢=2.64). This includes the slopes

of unstable and potentially unstable debris slides as well as rockfalls in the Higher

Himalaya,
(Lg=1.18).
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Table 5.6: Geomechanical classification of the rock mass in the study area

Lar;\?j_“de Rock type RMRuasic | Class | Rock mass | SMR | Class | Stability Eiarllt:%%?i/cgfgg/ ;2 G?flievlgl)ue (GC%alil éf?ﬁ';?@%
1 Quartzite 57 Il Fair 49 Il Partially stable Moderate Hazard 40-50 44
2 Gneiss 60 11l Fair 51 11l Partially stable Low Hazard 60-65 50
3 Gneiss 42 1l Fair 33 v Unstable Moderate Hazard 20-25 34
4 Gneiss 55 1l Fair 53 1l Partially stable Low Hazard 45-50 45
5 Slate 55 Il Fair 46 Il Partially stable Low Hazard 20-25 44
6 Mica schist 63 I Good 54 Il Partially stable Low Hazard 45-50 48
7 Mica schist 50 1l Fair 41 1l Partially stable Moderate Hazard 45-50 40
8 Gneiss 42 1l Fair 38 v Unstable Low Hazard 30-35 35
9 Mica schist 50 Il Fair 46 Il Partially stable Moderate Hazard 30-35 39
10 Gneiss 40 IV | Poor 31 IV | Unstable High Hazard 50-55 33
11 Quartzite 68 I Good 60 Il Partially stable No Hazard 45-50 57
12 Mica schist 55 Il Fair 47 Il Partially stable Low Hazard 20-25 45
13 Quartzite 60 1l Fair 56 1l Partially stable No Hazard 40-50 52
14 Gneiss 55 1l Fair 47 1l Partially stable Low Hazard 35-40 42
15 Gneiss 47 1l Fair 38 v Unstable No Hazard 40-45 36
16 Gneiss 55 1l Fair 47 1l Partially stable Moderate Hazard 45-50 38
17 Gneiss 60 1l Fair 36 v Unstable Low Hazard 35-40 35
18 Limestone 60 Il Fair 54 Il Partially stable No Hazard 45-50 46
19 Limestone 40 IV | Poor 31 IV | Unstable Low Hazard 45-50 34
20 Quartzite 42 1l Fair 34 v Unstable Low Hazard 45-50 37
21 Quartzite 22 v Poor 14 \Y Very unstable Low Hazard 37-45 21
22 Limestone 59 Il Fair 50 Il Partially stable No Hazard 35-40 41
23 Limestone 50 1l Fair 41 1l Partially stable Moderate Hazard 30-35 38
24 Gneiss 60 11l Fair 56 11l Partially stable Moderate Hazard 40-45 47
25 Quartzite 60 1 Fair 54 1 Partially stable High Hazard 55-60 47
26 Gneiss 50 1l Fair 42 1l Partially stable High Hazard 30-35 41
27 Gneiss 60 11l Fair 56 11l Partially stable Low Hazard 30-35 49
28 Gneiss 55 11l Fair 46 11l Partially stable Moderate Hazard 50-55 44
29 Gneiss 50 1l Fair 42 1l Partially stable Low Hazard 55-60 42
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30 Gneiss 55 1] Fair 46 1] Partially stable No Hazard 40-45 41
31 Gneiss 55 Il Fair 54 Il Partially stable No Hazard 40-45 51
32 Gneiss 47 Il Fair 46 Il Partially stable No Hazard 35-30 45
33 Quartzite 55 1] Fair 47 1] Partially stable Low Hazard 35-40 46
34 Limestone 42 1l Fair 33 IV | Unstable No Hazard 35-40 36
35 Limestone 50 11l Fair 41 11l Partially stable No Hazard 35-40 42
36 Limestone 50 Il Fair 41 Il Partially stable No Hazard 40-45 42
37 Limestone 55 Il Fair 49 Il Partially stable Low Hazard 40-45 47
38 Quartzite 55 Il Fair 51 Il Partially stable No Hazard 40-45 51
39 Slate 45 Il Fair 41 Il Partially stable Low Hazard 35-40 47
40 Slate 55 Il Fair 49 Il Partially stable Low Hazard 40-45 49
41 Slate 47 1l Fair 38 v Unstable Low Hazard 30-35 37
42 Slate 45 1l Fair 28 v Unstable Low Hazard 40-45 27
43 Gneiss 60 1l Fair 52 1l Partially stable Low Hazard 30-40 38
44 Limestone 55 Il fair 46 Il Partially stable Moderate Hazard 25-30 44
45 Slate 55 Il fair 46 Il Partially stable Low Hazard 35-40 44
46 Slate 55 I | fair 46 11l Partially stable Moderate Hazard 45-50 42
47 Limestone 50 1l fair 41 1l Partially stable High Hazard 25-30 37
48 Slate 55 Il fair 47 Il Partially stable No Hazard 40-45 41
49 Quartzite 50 Il fair 46 Il Partially stable High Hazard 40-45 43
50 Limestone 55 1l fair 47 1l Partially stable No Hazard 25-30 43
51 Limestone 50 Il fair 44 Il Partially stable Moderate Hazard 35-40 41
52 Slate 50 1l fair 41 1l Partially stable No Hazard 20-25 39
53 Slate 55 1l fair 49 1l Partially stable Low Hazard 40-45 43
54 Limestone 55 Il fair 47 Il Partially stable High Hazard 30-35 41
55 Limestone 55 1l fair 46 1l Partially stable Moderate Hazard 30-40 44
56 Limestone 60 1l fair 54 1l Partially stable Low Hazard 25-30 50
57 Limestone 50 11l Fair 44 11l Partially stable Moderate Hazard 45-50 42
58 Limestone 55 11l Fair 49 11l Partially stable Low Hazard 30-40 48
59 Slate 60 1 Good 54 1l Partially stable Moderate Hazard 30-40 43
60 Quartzite 55 11l Fair 46 11l Partially stable No Hazard 45-50 41
61 Slate 60 11l Fair 51 11l Partially stable No Hazard 30-40 45
62 Slate 50 1l Fair 41 1l Partially stable High Hazard 35-40 38
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63 Slate 55 1] Fair 46 1] Partially stable Moderate Hazard 40-45 41
64 Slate 47 1l Fair 39 IV | Unstable Moderate Hazard 40-50 38
65 Slate 60 Il Fair 51 Il Partially stable High Hazard 30-40 46
66 Slate 55 1] Fair 47 1] Partially stable Moderate Hazard 25-30 37
67 Limestone 50 Il Fair 40 Il Partially stable High Hazard 30-40 41
68 Limestone 55 11l Fair 51 11l Partially stable Low Hazard 25-29 45
69 Slate 50 Il Fair 44 Il Partially stable Moderate Hazard 25-30 37
70 Slate 45 1l Fair 36 IV | Unstable Low Hazard 40-45 36
71 Limestone 58 Il Fair 49 Il Partially stable Moderate Hazard 40-50 44
72 Limestone 63 I Good 57 Il Partially stable Moderate Hazard 40-45 51
73 Slate 63 I Good 59 1l Partially stable Low Hazard 30-35 44
74 Limestone 43 1l Fair 34 v Unstable Low Hazard 40-45 34
75 Limestone 55 Il Fair 46 Il Partially stable Low Hazard 30-40 43
76 Limestone 40 IV | Poor 31 IV | Unstable Low Hazard 40-50 22
77 Slate 58 Il Fair 49 Il Partially stable Low Hazard 40-50 42
78 Slate 35 v Poor 26 v Unstable Low Hazard 30-40 27
79 Slate 43 1l Fair 36 IV | Unstable Moderate Hazard 30-40 39
80 Slate 40 v Poor 32 v Unstable High Hazard 35-40 32
81 Slate 60 Il Fair 52 Il Partially stable Low Hazard 40-50 46
82 Slate 50 1l Fair 41 1l Partially stable No Hazard 30-40 40
83 Slate 63 I Good 54 1l Partially stable Low Hazard 35-40 48
84 Slate 55 Il Fair 46 Il Partially stable Low Hazard 35-40 41
85 Slate 47 1l Fair 38 IV | Unstable Low Hazard 40-50 35
86 Slate 60 1l Fair 51 1l Partially stable High Hazard 35-40 39
87 Slate 60 Il Fair 51 Il Partially stable No Hazard 30-35 45
88 Slate 50 1l Fair 41 1l Partially stable Low Hazard 30-35 38
89 Slate 58 1l Fair 49 1l Partially stable No Hazard 30-35 42
90 Slate 50 11l Fair 50 11l Partially stable Moderate Hazard 30-35 47
91 Slate 50 11l Fair 41 11l Partially stable No Hazard 30-35 40
92 Slate 55 1l Fair 46 1l Partially stable No Hazard 35-40 41
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Table 5.7: Details of debris slide and result of FEM analysis

LS . Landslide a b (m2) ¢ (rd) Factor of | Displacement Stratigraphic
No Landslide location Type Area®(m Volume®(m Safety (m) Rock type Unit
. 78°26'21.84" L 1.78+0.71 0.03+0.04 .
1 Kharsali 30°58'29 64" Debris slide 8890+978 4001+803 Quartzite
2 Phulchatti-I 78(,25.51'24.. Debris slide 1276241404 15953+4360 0.7720.035 0.24+0.06 Gneiss
30°57'57.24
3 Phulchatti-I1 78025.49'08.. Debris slide 705157757 105773440423 1.075£0.03 0.4120.04 Gneiss
30°57'45.00 H
Downstream ofAsnaur | 78°25'11.86" - 1.08+0.05 0.005+2.0 . |
4 Gad 30°57'29.01" Debris slide 1300+143 1625+444 Gneiss G
. 78°24'50.24" . 0.49+0.36 0.0445.0 . H
5 Sauri Gad-I 30°57'12 23" Debris slide 70600+7766 88250424119 Limestone E
Py " R
6 Sauri Gad-11 78024.47'98" Debris slide 12700+1397 15875+4339 0.9210.18 0.0520.03 Limestone
30°57'00.52 Y
7 Hanuman Chatti-1 | 78°24'6.48" | o\ o lige | 183468+20181| 302722478860 | 102%015 | 0624029 | i I
300m upstream 30°56'0.60 M
8 Hanuman Chatti-11 78023.55'43.. Debrisslide 5695+626 18983+6738 1.25+0.05 0.27+0.06 Limestone A
30°55'50.04 L
. 78°23'38.76" L 1.09+0.08 0.08+0.05 . A
9 Wariya-| 30°55'41 52" Debris slide 36368+4000 145472+45696 Gneiss v
Py " A
. 78°23'48.84 L 1.64+0.26 0.53+0,04 .
10 Wariya-II 30°55'44 76" Debris slide 5284645813 18496+7743 Gneiss
11 SynaChatti T ehaoS | Debrisslide | 198061£21787| 1188366202436 | 070 | 014009 geigg
12 Wazri-l 78°20'46.70" | hopris slide | 215480+ 23703| 1652013+450472 | 0-91%003 | 4352095 | o o0
30°54'23.05
Wazri-11 500m 78°20'01.91" L 0.93+0.05 0.02+4.0 .
13 downstream 30°54'28.02" Debris slide 17440+1918 872043807 Quartzite
14 Wazri-II| S e a2 | Debrisslide | 18700+2057 748022350 | 198013 | 0032835 1 ite
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15 | Pali-1 (Opp. Kupra vill.) ;géi‘l‘g‘l‘i Debrisslide | 24504270 613+167 1.3520.05 | 0.3540.05 | & e
16 | Pali-1l (Opp. Kupra vill.) 78019.41'49.. Debris slide 2460+271 615+168 0.63£0.23 0.3320.23 Quartzite
30°54'08.27
17 Silai Bend ;goégig% Debris slide | 144108+15852| 936702+161869 1.42+0.04 0.22x0.03 Quartzite
18 | Upstream of Pujargaon ;goéggggi Debris slide 18959+2085 758412382 0.590.12 3.35+0.32 Quartzite
Downstream of 78°18'33.74" S 0.4+0 1.6+0 .
19 yamuna Chatti 30°52'47 37" Debris slide 1867312054 5913+1815 Limestone
20 Kuthnaur 18°134343" | honrisslide | 247472722 | 1237443382 | -43%0.08 | 0.09+0.05 Slate
30°47'07.09
21 Phooldhar 718°1815.38" | hoprisslide | 120851329 paasio1p | 093026 | 0.2680.22 ) ocione
30°52'26.91
78°10'13.21" L 2.02+0.09 0.01+5.5 .
22 Chhatanga 30°47'42.94" Debris slide 8533+939 3129+1408 Limestone
. 78°10'07.42" L 0.95+0.55 0.07+0.05 .
23 Kisna-I 30°47'44 64" Debris slide 25301278 1602+840 Limestone
. 78°10'00.17" - 1.28+0.78 0.06+0.01 .
24 Kisna-II 30°47'48.46" Debris slide 79291872 15861822 Limestone
78°09'51.92" - 1.9+0.1 0.05%0.03 .
25 Tunalka-1 30°47'49.39" Debris slide 1884+207 3771195 Limestone
78°09'52.18" L 1.3+0.8 0.29+0.04 .
26 Tunalka-I1 30°47'54 29" Debris slide 66161728 4194220 Limestone
78°09'14.71" S 1.05+0.65 0.01+1.5
27 Tunalka-111 30°47'36.14" Debris slide 19926+2192 8967+1800 Slate
. 78°05'33.71" - 0.45+0.05 0.3520.35
28 Chhuri 30°45'09 63" Debris slide 4848+533 2909+716 Slate
Barni Gad (300 m 78°04'57.16" - 0.95+0.06 0.06+0.05 .
29 Downstream) 30°42'57 89" Debris slide 16198+1782 12149+4643 Limestone
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a: Classification based on Varnes (1978) and Hungr et al. (2012);b: Error () caused by GE measurement (1.11 %); c: Error (x) is the product of area * error and

thickness +

error.
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Fig. 5.6: Correlation between FoS, landslide area and volume. (a-b) FoS vs landslide
area and FoS vs volume for 29 slopes. (c-d) FoS vs landslide area and FoS
vs volume in the Higher Himalaya. (e-f) FoS vs landslide area and FoS vs
volume in the Lesser Himalaya. The dashed line represents linear regression

Slope stability evaluation
1

[
29 Debris slides

92 Rockmass exposures
) |
Finite element method RMR/SMR/GSI
—L 1
18 Unstable 11 Potentially unstable 19 Unstable 73 Potentially unstable
10in  8in 3in  8in g8in 1lin 24in  49in
HH LH HH LH HH LH HH LH
| | b | | | | |

L=0.56 L,~0.13

L=0.25 L=0.13

L=0.50 L=0.18 L~=1.33 L,~0.74

Fig 5.7: Results of slope stability evaluation. HH-Higher Himalaya; LH-Lesser

Himalaya; L¢-Landslide density
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5.4 Discussion

In the present study, kinematic analyses of 92 rock slopes were carried out based on
the orientation of discontinuities with respect to slope angle and direction. Many
slopes (59) in the study area fall under the category of ‘low hazard’ and ‘no hazard’
from kinematic analysis of discontinuities, but are ‘unstable’ by the other rock mass
classifications (Table 5.5). Therefore, kinematic analysis of discontinuities gives a
very conservative estimate of rock mass, on classification in terms of hazard potential.
The geomechanical rock mass classification for all the 92 locations based on RMR,
SMR and GSI values, which give an account of the condition of the rock mass and its
stability, correspond relatively well with each other (Fig. 5.8). The highest and lowest
values of GSI (59 and 21 respectively) are noted in the quartzitic rock of the Higher
Himalayan Crystallines. Generally, quartzite is not weathered easily, and resistant to
erosion. However, in the present scenario the two diverse values have a different story
to tell. The low GSI value at location 21 could possibly be due to the highly fractured
rock mass with continuous water flowing on the wall of the rock mass at its vicinity
(Fig. 5.9a). Such a condition can lead to weathering, thereby making the rock mass
weak and prone to slope instability. Hence, the highest potential to slope instability of
‘poor’ rock mass quality is observed here, with a very unstable slope and
exceptionally low GSI value of 21. The GSI value empirically obtained (Cai et al.,
2007) is near the field range (Marinos and Hoek, 2000).

80
— SMR

STABLE — RMR
"0 S PARTIALLY UNSTABLE

60
50 ' A4

40

Rating

0 10 20 30 40 50 60 70 80 90
Landslide Number

Fig 5.8: Results of rock mass classification using RMR, SMR and GSI
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In the LH, a number of sites comprise highly fractured rock mass. Most of these
slopes are located along road cuts, where blasting may have contributed to fracturing
of the rock mass; the fractured surfaces do not extend for too long (~60 m) in certain
locations (Fig. 5.9b). The influence of tectonically active faults in the region,
discussed in Chapter 4, cannot be ruled out. The results of GSI has helped in
estimating the Hoek and Brown criteria (mp, a, S) (Table 5.6), which was used for

numerical simulation of the rock mass strength parameter.

Higﬁly“:ﬁractured rockmass

Fig. 5.9: Field exposures: (a) Highly fractured quartzite at location 21; (b) Highly
fractured slate along NH-94

The numerical simulation of 29 debris slopes was carried out using FEM, of which,
18 were completely unstable and 11 were potentially unstable (Fig. 5.7). These are
based on the SRF of the landslide slopes, which is the FoS of the slope (Griffith and
Lane, 1999). Most of the unstable debris slides occur in the Higher Himalayan part of
the study area (Fig. 5.7). This is mainly due to the steep gradients and relatively high
shearing of the rocks. Gupta et al. (2016b), Jamir et al. (2017) and Kumar et al. (2019)
have also observed high instability in other sections of the NW Higher Himalayan
terrain. Similar to FEM-based stability evaluation, RMR, SMR and GSI also reveal
that the Higher Himalayan slopes in the region, such as at location 21, are also highly
unstable. Gupta et al. (2016b) have also observed dominance of rockfalls in the
Higher Himalayan region.

Stability evaluation reveals that most of the unstable areas of debris slides and
rockfalls lie in the Higher Himalaya. Jamir et al. (In Press) have observed relatively
higher tectonic activity in the Higher Himalaya based on evaluation of geomorphic
indices and hence, the unstable debris slides and rockfalls may owe their origin to
tectonic uplift in the Higher Himalaya. Jaboyedoff et al. (2011) opine that active
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tectonics influences slope stability and observed that the FoS is relatively low and
displacement higher in the debris slides in the vicinity of the MCT. They ascribe this
to tectonic uplift and counteracting gravity, which weakens slopes.

Further, there is a relatively higher volume of debris slides in the Higher Himalaya,
where the unstable majority bears a transport-limited condition. Such transport-
limited processes (Carson and Kirby, 1972; Arrowsmith et al., 1996) may result in
higher sediment discharge from slopes during extreme rainfall or earthquake. The
Higher Himalaya in the region constitutes an orographic barrier that receives
relatively higher rainfall than the Lesser Himalaya (Jamir et al., In Press).
Downstream of the NAT, the region accommodates debris slides with higher FoS and
low displacement. It implies that slopes are relatively more stable than that of the
Higher Himalaya, possibly due to tectonic and gravitational tranquility (Jaboyedoff et
al. 2011).

Rainfall has been observed to affect the stability of slopes by changing the pore-water
pressure, thereby promoting short-term failure during incessant rainfall and
weathering in the long run (Dykes, 2002; Rahardjo et al., 2005). The NW Higher
Himalaya hillslopes are subject to incessant rainfall of the SW monsoon, which
results in high hill-slope erosion (Wulf et al., 2012; Kumar et al., 2019). Such hill-
slope erosion may be responsible for the higher area and volume of debris slides in

the Higher Himalaya.

5.4.1 Scope of the study

Landslides are often ignored and not much action is taken if they are confined to
uninhabited areas. However, prior knowledge of susceptible zones and stability
conditions would largely avert damage, particularly of portions of highways.
Therefore, the ultimate purpose of geotechnical studies and modeling of some
unstable slopes was to determine their FOS and propose preventive or mitigation
measures to stabilize slopes. Therefore, the Wariya landslide was studied and
mitigation measures were proposed, based on the geological and geotechnical

conditions.

Slope stability evaluation helped to quantify instability along the weak slopes. The

Wariya landslide slope that has a FoS of 1.09 is one of the most critical landslides in
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the context of vulnerability. It poses a threat to the highway, residents of Wariya
village and their agricultural tracts (Fig. 5.10a). This is a reactivated debris slide
comprising a thick over-burden of slope-wash material of augen gneiss and mica
schist. This retrogressive slide is subject to failure during intense rainfall (Singh et al.,

2016). The possible causes of the slide are as follows:

e The rocks in the vicinity of the village are moderately fractured but highly
affected by mechanical and chemical weathering. The northwest facing Wariya
slope experiences heavy rainfall during the monsoon and snowfall during winter.
The constant freezing and thawing fractures the rocks, which are highly
susceptible to weathering during the monsoon and summer.

e Neotectonic activity in the rising Himalaya too has probably contributed to
extensive rock fracturing.

e The upper Wariya slope is continuously charged with water from subsurface
springs. Poor drainage in the area promotes the percolation of water into the slope
material, causing the slope overburden to get oversaturated and prone to failure.

e Subsurface water currents are known to wash away finer sediments through pores,
thereby reducing the cohesive nature of slope material. The cohesion of the slope
material is 8.8 KPa, with an internal friction angle of 42.3°.

e Active toe erosion by the river has also contributed to slope instability.

In view of the characteristics of the slide and vulnerability it poses, the following

remedial/mitigation measures are proposed (Fig. 5.10b).

1. Correcting drainage on the slope and its drainage area

a. A surface ditch near the crown of the slide is necessary to control surface
water. The surface ditch involves cutoff drains that cross the headwall of the
slide and lateral drains to lead runoff around the edge of the slide zone.
Surface ditches are useful in reducing the potential of surface slumping and
preventing infiltration of water into the soil.

b. Using lined channels to channelize spring waters. Lined channels have rigid
boundaries which prevents surface runoff from percolating into the slopes.

c. Drainage PVC (polyvinyl chloride) pipes can be used to channelize domestic

discharge. This will eradicate infiltration into the slopes.

98



d. Appropriately placed weep holes in the retaining walls will minimize pore-

water pressure due to trapped subsurface water behind the walls.
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Fig. 5.10: (a) Present landslide at Wariya village; (b) Illustration for

remedial/mitigation measures

2. Strengthening the slope, particularly at the crown of the landslide
a. Shotcrete and/or Gunite into fractured rock masses near the landslide crown

will reinforce potential rockfall areas. Shotcrete refers to spraying of concrete

99



by a dry or wet mix process, whereas gunite refers to dry mix process. While
using gunite, water is injected immediately before application. Shotcrete
contains aggregates of up to 2 cm in size, whereas gunite has smaller
aggregates.

b. Wire meshing to hold the material along the crown and scarps. The wires can
be nailed to the hillside at suitable places. This would prevent further over
steepening of the slopes, which will help in stabilizing the existing slope.

3. Bio-stabilization

a. Rehabilitating the slope around the village and agricultural land by using root
reinforcement to enhance soil resistance to erosion. In bio-stabilization,
vegetation cover such as vetiver grass or other hedges is grown on the slope
to enhance the shear strength of slope material. The type of vegetation can
vary from locality to locality owing to varying climate and soil conditions.

b. Contour plowing to channelize the monsoon water away from the slope.
Contour plowing involves planting across the slope along a specific contour
line, which creates a water-break to slow down flow of water and prevent the
formation of rills and gullies during incessant rainfall runoff.

4. Stabilizing the existing landslide debris

a. Retaining walls near the highway and along landslide slopes help protect
against casualties and hold slope masses. Retaining walls are structures that
are built to stop the progress of debris fall, rockfall or debris slide. Retaining
walls can be made of timber, steel beams and reinforced earth material and
rocks. The simplest type is the gabion wall that involves 10-20 cm rock
blocks in a wired mesh.

b. Check dams across the river at strategic locations to reduce the flow velocity
of the river. This would prevent further toe erosion of the slopes.

c. Rock-fill buttresses at the toe of slide zones restrict toe erosion by rivers.
Higher frictional forces among rock fills keep them intact and decrease the

shear force of the river on the slope toe.
5.4.2 Limitations

During the study, a few limitations associated with the methods, were observed for

which counter measures/explanations are given below.
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1. Debris thickness approximation: Though field-based landslide thickness

approximation may not replace methods based on borehole and electrical

resistivity (Perrone et al., 2014; Senthilkumar et al., 2017), field-based debris

thickness approximation was the only viable method; this was also practiced by

Larsen and Torres Sanchez (1998) and Guzzetti et al. (2009) considering steep and

inaccessible hillslopes.

2. Slope geometry and material property:

a.

Ideally, a 2D model may not represent the material and geometric variability,
as well as stress and displacement in a landslide slope (Liu et al., 2018).
However, in absence of subsurface data, mainly due to inaccessibility of the
slopes and financial constraints, 3 slope sections were taken at each landslide.
Further, material sampling was performed at more than 2 locations to
minimize the uncertainty due to material and geometric variability.

The rock exposures were not large enough to model in view of the resolution
of the DEM (10 m). Therefore, slope geometry and material inhomogeneity
were not taken into consideration.

The geomechanical classification system of rock mass does not consider any
force acting on the slopes. Hence, the rock masses were not modeled, and in

the present study the FoS was not quantified.

3. Remedy and mitigation: Mitigation measures are based on field investigations and

previous reports. Subsurface data could not be incorporated due to financial

constraints.
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Chapter 6
CONCLUSIONS

6.1. Conclusions

Landslides have become a major concern for the socio-economic health of the nation.
Therefore, it is important to understand the nature of the landslides and their causes
from a geological as well as geotechnical perspective. In the present study, in order to
assess the spatial probability of landslide occurrence, a landslide susceptibility map
was prepared using the bivariate Frequency Ratio method. The areal distribution of
the study area is about 1440.22 km?, out of which an area of 4.11 km?is occupied by
active landslides. A total of 154 landslides were mapped in the study area. About 55%
(789.11 km?) of the total area falls in the Very Low Susceptible zone, followed by
15% (214.62 km?) in the Low Susceptible zone and 10% each in the Very High
Susceptible zone (143.08 km?), High Susceptible zone (143.14 km?) and Moderate
Susceptible zone (143.89 km?). A major portion of the study area along the southerly
and westerly facing slopes, with slope angles ranging from 30°-45°, have a high
probability of landslide occurrence. Such slopes are generally observed at high
elevations of 1500-2000 m. Landslide incidences are also observed in some low-angle
slopes (20°-25°) at relatively lower elevations, which could possibly be due to river
erosion of the hillslopes. This is further supported by the presence of high frequency
of landslides in the close proximity of drainage. Proximity to lineaments and roads
was also noted to play a dominant role in contributing to instability of slopes. This is
evident from the highly pulverised rock masses in the regions near faults/thrusts and

highly fractured rocks along roads.

The landslide susceptibility map prepared was validated using three approaches. The
first approach included partitioning of the landslide database. Here, a high proportion
of the sample landslides (21 landslides) occur in the Very High Susceptibility zone
and 4 landslides lie in the High Susceptibility zone, which is an indication of the
reliability of the procedure. The second approach was the evaluation of the map using
the success rate curve, which accounted for 74% accuracy. The susceptibility map

generated was successfully validated in the field, which testifies to its accuracy.
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The LSM helped demarcate zones that are highly prone to landslides, which indicates
the dominant influencing factors in the region. Therefore, in order to ascertain the
major causes of landslide in the area, the spatial interrelationship of the causative
factors with landslide incidences were analysed in a GIS platform using geomorphic
indices as proxies and followed by physical verification in the field. Analytical results
indicate that the Higher Himalaya and a part of the Lesser Himalaya, between Wazri
(MCT) and Gangani (NAT), are affected by higher uplift and high rainfall. Therefore,
landslides constitute the dominant mass wasting process in the area. The occurrence
of voluminous landslides (~10® m®) in this region implies high hillslope erosion. In
the Lesser Himalaya, downstream of the Gangani, distinct patterns are observed
between Gangani and Naugaon and between Naugaon and Damta. A topographic
depression is observed in the former, where the weak rocks in the synclinal structure
are considered the primary factor for landslide initiation. A topographic rise
(anticlinal structure) is observed in the latter. The local Barni Gad Fault and relatively
higher tectonic activity are potential causes for landslides in this area. The upper part
of the Higher Himalaya and lower part of the Lesser Himalaya show signs of tectonic
uplift that coincide with an abundance of rockfall, whereas dominance of debris slides
coincide with regional thrust faults, i.e., MCT and NAT. At the MCT, a possible
feedback process involving high precipitation and tectonic uplift is considered to be
the main reason of debris slides, whereas at the NAT, rock shearing is the main factor

for debris slides.

The delineation of landslides and the identification of possible causative factors for
slope failure would not be complete if the slopes were not evaluated for stability.
Hence, 29 debris slides and 92 rock exposures were analysed in order to evaluate
slope stability. For the debris slides, FEM-based static analysis was performed to
determine the FoS of the slopes and for the rocks slopes, kinematic analysis and rock
mass classification were carried out. Out of the 29 debris slides, 18 slides are highly
unstable (FoS<1) and 11 are potentially unstable (1<FoS>2), with debris volumes of
3.36+0.9x10° m® and 1.14+0.2x10° m? respectively. Of the 92 rock exposures studied
in this study, 19 slopes represent highly unstable conditions with SMR values ranging
from 0-20, whereas 73 slopes are potentially unstable with SMR values ranging from
41-60. In the study area, the tectonically active Higher Himalaya portion comprises

the highest landslide density (L¢=2.64) as compared to that of the Lesser Himalaya
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(Lg=1.18). The relatively low FoS (0.91+0.03) and higher displacement (4.35+0.95 m)
in the debris slides in the MCT region may be the result of interaction between

tectonic uplift and counteracting gravity that weakened the slopes.

6.2. Prospects of the work

The ever increasing developmental activities in this part of the Himalayan terrain have
grown manifold and hence, identification of landslide prone areas is of utmost
importance for any future land use planning and developmental programs. The
findings of this study will help the planners and stakeholders to strategize further

activities in the area.

Since the study area is still in the initial stages of development, further slope changes
by human interference is evident, which will make the weak slopes of the terrain more
susceptible to mass wasting. Hence, monitoring the susceptible slopes of this study
can help avert major disasters.

The Char Dham Yatra corridor is of strategic importance. However, the rocks,
particularly in the Higher Himalaya, dangerously hang over parts of the road (Fig.
5.9). Gupta et al. (2017) have also discussed the vulnerability of the slopes in Higher
Himalaya. The rocks of such slopes are therefore, under intense stress, which is
compounded by the stresses due to ongoing tectonism. The rocks are further subjected
to mechanical and chemical weathering and may disintegrate in the long run. Hence,
detailed geotechnical investigations need to be taken up to develop prevention and/or

mitigation measures.

This study has future prospects, considering the regional instability regime and their
relation with landslide (debris slide) dimensions. These include the evaluation of
influence of changing climate on the hill slopes (Ballantyne, 2002; Korup et al.,
2010), evaluation of potential landslide damming sites (Kumar et al., 2018b) and

evaluation of regional sediment discharge (Hovius et al. 1997).
Remedial/mitigation measures

Landslides are inevitable, and recurring in nature. However, some extent of the

impact of the landslide can be reduced by initiating appropriate mitigation measures.

104



Based on the slope stability analysis and the present scenario of the study area, the

following precautionary measures may be taken up.

[k f_{r/ L . o BAZ G <

Fig. 6.1: Overhanging slope along part of the Char Dham Yatra route

Monitoring and forecasting

The areas categorized as landslide susceptible zones must be prioritized and
monitored by adopting various methods such as real-time GPS monitoring of the
landslides, setting up stations for precipitation monitoring, earthquakes and early
warning systems. In the present study area, rainfall is the major trigger for landslides.
However, only one station at Barkot monitors rainfall. Given the vast expanse of the
region and the highly mountainous terrain, where orographic control of rainfall is the
norm, a single monitoring station serves no justifiable purpose. Satellite-based
systems provide rainfall data on regional scales, which may not be helpful locally.
Hence, a number of rain gauges spread strategically over the region, are the dire need
of the hour. Taking the socio-economy into consideration, monitoring should include
areas that have suffered landslides in the past, slopes that are highly fractured and/or

weathered, slopes under excessive land use, such as dams, quarries, road cuts,
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agricultural land, etc. and areas of intense fluvial erosion, besides the active

landslides.
Environmental measures

Landslide occurrences are high in barren land and sparsely vegetated regions,
particularly along steep slopes. This calls for proper land use planning and effective
measures to promote afforestation. Vegetation stabilises the soil surface by the
intertwining of the roots, which thereby obstructs the seepage of surface runoff.
Depending on the type of slope condition and environment, the type of vegetation
adaptable to local conditions may be used. Such bio-slope stabilization is cost-
efficient and effective.

Engineering measures

In the areas identified as unstable and partially stable, removal of the overburden /
loose rock from potentially unstable slopes is important. Water logging in slopes is
one of the most common causes of slope failure. Therefore, it is necessary to have
proper drainage systems in place to channelize subsurface water and surface runoff.
Surface runoff must be prevented from entering tension cracks or open joints.
Subsurface water should not be allowed to saturate the slope material. This may be
prevented by properly installing subsurface drains to channelize water safely out,

thereby reducing undesirable pore pressure.

The slopes in the proximity of streams are most prone to toe cutting. This may be
prevented by constructing grip walls or rock-filled buttresses at the toe of susceptible
slopes. In the exposed rock masses, particularly at the crowns of slides where tension
cracks and fractures are common, shotcreting, involving spraying of impermeable
material such as mortar or asphalt into the fractures, is useful. Retaining walls have
been successfully used in areas with sufficient space at the toes of slopes. Such
restraining structures are particularly useful where slopes are rendered unstable due to
slope cuts for roads. They help increase the shearing resistance in the uphill slope
material and thus, prevent further sliding. Weep-holes through retaining walls are a
must. These consist of drainage pipes slightly tilted toward the road, through which
excess subsurface water from the uphill sides are drained out. This helps in reducing

pore pressure in the slope material, which suitably increases their shearing strength.

106



Lined drains should be constructed all along the roads, which will channelize water to
safe areas. Appropriately placed culverts along road sections is very important. All

surface waters should be trained into the culverts.
Social awareness

Social awareness is of utmost importance, as lives and property are at stake during
landslides. People should be made aware of the dangers posed by erecting structures
in vulnerable areas. Proper construction and maintenance of drainage is an important
area of awareness. Knowledge on proper land use practice for site specific slopes,

depending on the nature of the slopes, should be shared with the people.
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APPENDIX 1

Landslide details: HH, Higher Himalaya; LH, Lesser Himalaya. The classification of

landslide type is based on Varnes, (1978)

Ellc.) Landslide location Type 2 Area °(m? Volume ¢ (m? StratLiJgr:iatphic
! et Rockfall 320435 288+162

2 s, Rockfall 61067 549+309

3 oo Rockfall 850+94 765+431

4 B o, Rockfall 1050+116 10504544

5 e Rockfall 30033 2704152

6 o Rockfall 420+46 3784213

7 B Debris slide 8890978 4001803

8 e Debris slide 1276241404 15953+4360 ’
9 el Debris slide 7051547757 105773+40423 c;;
10| B Rockfall 7320+806 916142504 ;
| I8 Debris slide 1300+143 1625:+444

12 | J820STI | Debrisslide | 706007766 88250424119 A
13| DEies Debris slide 127001397 15875+4339 %
14| L8RS Rockfall 6895+758 31034623 A
15| [o2AE Rockfall 23504259 2350+1218 A
16 Ldab Debrisslide | 18346820181 | 302722+78860

17| I8EISS Debris slide 5695626 18983+6738

18| 1820 Rockfall 773485 15580

19| S Debris slide 363684000 145472+45606

20| 5288 Debris slide 52846+5813 18496+7743

21| B Debrisslide | 19806121787 | 1188366+292436

22| [3200870 Debris slide | 215480+ 23703 | 1652013450472

23| A Rockfall 60066 540+236
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78°20'01.91"

24| I8200L90 Debris slide 17440+1918 872043807
25 ;g;ﬁg;;‘g Debris slide 1870042057 7480+2350
26| oo Debris slide 24504270 613+167
27| [BeLS Debris slide 2460+271 615+168
28 ;gégig% Debrisslide |  144108+15852 | 936702+161869
20| 390 Rockfall 17414+1916 870763801
0| [3I8N0ee Debris slide 18950+2085 75842382
| e Debris slide 18673+2054 5913+1815
32| [Saoeele Rockfall 2657292 531275
33 ;g:ég;‘gg? Debris slide 12085+1329 644512216
34 ;g:;‘fig:?g: Rockfall 1562141718 3124+1619
35| ool Rockfall 8919+081 1041671
36| S8l Rockfall 526458 210466
37| e Rockfall 5989659 26054541
| [ Debris slide 2474742722 12374+3382
9| S0 Debris slide 8533+939 3120+1408
w| O Debris slide 25304278 1602840
| 180T Debris slide 79294872 15864822
a2 | 1809 Debris slide 18844207 3774195
43| BN Debris slide 66164728 419220
ag | [80ESR Rockfall 86004056 10144653
45| 180T Debris slide 19926+2192 8967+1800
46 ;g:g?;g?:g: Rockfall 11708+1288 66352190
ar | IBTSSTL Rockfall 68734756 5040+1967
48| IBOTSITL Rockfall 49644546 2482+1084
ag | IO Rockfall 29385+3232 14693+6415

mMmwvwwmmr

><X<>»r>»<—IT
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78°06'33.92"

s0 | LS e Rockfall 520457 260+114
51 ;ggggggg Rockfall 757+83 3794165
52| [So0slSt Rockfall 376+41 18882
53| [Sooenos Rockfall 17970+1977 898543923
54| L Rockfall 8801968 3520+1824
55| Loaeoor Rockfall 47734525 1909+989
56 | Lo os e Rockfall 13348+1468 8009+1971
57| L et Debris slide 48484533 29094716
58| [ooaoodl Rockfall 23004255 13924532
59 | o0 Rockfall 3247543572 20568+6313
60 ;g:ggg;ég Debris slide 16198+1782 12149+4643
61| e Rockfall 38214420 286641095
62| 304280 Rockfall 34667+3813 34667+17966
63| Lo oaoese Rockfall 73624810 4417+1688
64| e Rockfall 34884384 2093800
65 |  [ooeors Rockfall 16589+1825 1105945355
66 | Lo Rockfall 17054188 1023+391
67| [ooeield Rockfall 43094474 2585988
68 | ooty Rockfall 62514688 375141433
B0 | L Rockfall 10724118 643+246
0| [Borzl Rockfall 14080+1549 0387+4545

mMmwvwwmmr

><X<>r>»<—IT

a: Classification based on Varnes (1978) ; Hungr et al. (2014)
b: Error (x) caused by GE measurement (1.11 %)
c: Error (x) is the product of area * error and thickness * error. Thickness error

(Std. dev.) corresponds to averaging of field based approximated thickness
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