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Abstract

developmental initiatives within the district.

Deluge of June 2013 is the worst disaster faced by the nation in recent times. Changing rainfall pattern in the previous
some years has made heavy localized precipitation all the more common in Uttarakhand and the same is a cause of
concern for the state government, meteorologists and other researchers. These incidences cause enormous loss of
human lives, property, infrastructures and natural resources. Moreover rainfall in the study area is highly variable even
over short distances. Dissected topography and tectonically active nature of the area further promote mass movement
and slope instability. Increased indiscriminate anthropogenic intervention along the river banks, on glacial sediments,
thick colluviums zones and river borne materials on moderate to steep slope, has often resulted in devastation in the
area. The study highlights causes of slope instability together with the geomorphic changes and suggestions for future
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Introduction

With the change in the climatic conditions world-wide, the hills in
the recent times have been witness to abnormally heavy precipitation
and associated disaster. The extreme weather events are catastrophic
as they bring with them a lot of water. When this water runs down the
hills is washes away whatever come in its way. Building and houses
are razed down, people and animals become a casualty be getting
entrapped in the debris.

Unlike other disaster landslides cause permanent loss of land
that adversely affects the life support strategy of the affected people.
Moreover availability of productive land in the hills is limited and
landslides cause loss of this scarce natural resource.

In the year 1998 the state witnessed major landslides at Malpa and
Okhimath that took toll of more than 350 human lives [1-3].

In the year 2010 Uttarakhand experienced unusually high rainfall
between 16 and 20 September that resulted in a number of landslide,
cloudburst and flash flood events throughout the state. Around 9,162
villages and many towns with population of 29.23 lakh were affected by
these incidences that took toll of 214 human lives. More than 26,011
residential houses were damaged while around 1,771 farm animals
were lost [4-6].

Then in the year 2012 particularly heavy rainfall was received
between 4 and 6 August, 2012 in Uttarkashi and 13 and 16 September
in Rudraprayag. Around 236 villages and some towns including
Uttarkashi with population of 13,137 were affected by these incidences
that killed 106 persons. More than 1,930 residential houses were
damaged while around 567 farm animals were lost [7-10].

Similarly, in year 2013 the monsoon was early to arrive and
interaction of the same with Westerlies resulted in heavy precipitation
in the region. This caused massive devastation in the state on 16 and 17
June, 2013. More than 4000 persons went missing in these incidences
that caused massive loss of infrastructure and property. More than
19,309 residential houses were damaged while around 11,091 farm
animals were lost [11-16].

The study area experiences enough rainfall due to southwest

monsoon during June to September. Heavy rains and associated deluge
on 16/17 June 2013 in the catchments of the Mandakini river and its
tributaries, caused immense loss of life, property and infrastructures in
the area. Numerous studies are undertaken after disaster in the region
[17-20].

Mandakini valley houses a number of pilgrim and tourist
destinations that include Kedarnath, Trijuginarayan, Okhimath,
Kalimath, Madhyamaheshwar, Makkumath, Tunganath and Chopata.
The area is therefore visited by large number of people every year,
particularly during the pilgrimage season that coincides with the
monsoon period, rainy season in the Indian subcontinent. The economy
of the region revolves round tourism and pilgrimage and disruption of
the tourist or pilgrim traffic due to landslides has major adverse impact
on the economy. Landslides are therefore a major cause of concern not
only for the government but also for the masses.

Disruption of road connectivity causes immense hardships to
the pilgrims and local public. In these situations the state has often to
resort to extraordinary measures for evacuating stranded people and
for ensuring availability of essential commodities and services. This
puts heavy burden upon public exchequer and hampers the pace of
development. In order to investigate the Rudraprayag district, the
present paper provides causes of slope instability together with the
geomorphic changes after detailed field work undertaken in the area
after the disaster.

Methodology

In the present study critical locations were identified for priority
assessment. With the help of Survey of India Toposheets and Handset
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GPS, locations of studied points were confirmed and the same were
marked on the respective Survey of India toposheets (1:50,000). These
include change in landscape, landslide and cloudburst distribution
map and overburden material map. Lithology and structural data were
collected and assessment was made to categorize the landslide. Apart
from landslides information regarding localized rainfall/cloudburst
events was gathered from the local people and the same were correlated
and analyzed. Attempts were also made to assess the causative factors
of the damage as to suggest control measures for the stability of affected
structures.

The study area

Present study covers Mandakini valley that falls in Lesser and
Higher Himalaya and is bound by 30°10°36” N to 30°48’50” N latitudes
and 78°48°46” E to 79°21°45” E longitudes and falls in Survey of India
toposheet no 53N/2, N/3, N/6 and 53 J/15. Apart from Alaknanda,
Mandakini is the major river draining this area and has confluence
with the former at Rudraprayag (Figure 1).

Alaknanda has confluence with Bhagirathi at Devprayag and
thereafter the river is known as Ganga. The area covers Rudraprayag
district of Uttarakhand and being strategically important is well
connected by road network of which Rishikesh - Badrinath (National
Highway 58) and Rudraprayag - Kedarnath (National Highway 109)
are an integral part.

Rudraprayag, Agastmuni and Okhimath are major townships of
the area and Rishikesh is the nearest rail head while located in close
proximity of Dehradun, the capital of Uttarakhand state, Jolly Grant

Chhantikhal

MadhyanTihgshivar
.

is the nearest airport. Located close to the origin of Mandakini river,
Kedarnath (3,581 m) is a Nagar Panchayat with population of 611. It
is the seat of Lord Shiva and is highly revered by Hindus. It is a major
pilgrim destination and is visited by people in large numbers.

Geomorphological set up

The arearepresents rugged and immature topography characterized
by moderate to steep slopes that are intervened by narrow valleys. The
topography of the region appears to be controlled by the structural and
lithological factors. The major ridges present in the area include Bisuri
Dhar (4,008 m), Khiri Dhar (3,768 m), Ragsi Dhar (2,818 m) while
Sumeru Parvat (6,350 m), Bhart Khunta (6,578 m), Kedarnath (6,940
m), Mahalaya (5,970 m) and Hanuman Top (5,320 m) are some of the
well known peaks.

Mandakini is the major stream of the study area and its N-S oriented
basin is shaped between Higher and Lesser Himalayas. Mandakini
joins Alaknanda river at Rudraprayag. This valley has witnessed as
many as four glaciations in the previous 15,000 years and evidences of
galciations in the valley are observed till Rambara [21].

Landforms present in the Mandakini valley upto Rambara are
observed to have distinct glacial characteristics. On the upstream side
valley is narrow and deep while to the downstream side it becomes wide
and sinuous. It forms a gorge between Rambara to Munkatiya while
downstream of Kundchatti the valley is wide. Based on the field work
done in the area overburden map of the area is constructed (Figure 2).
The glacial sediments are observed mostly up to Rambara and include
moraines and glacial cones/fans that indicate a major phase of glacial

I — — il omEters
o 3 & 9 12

Figure 1: Location map.
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Figure 2: Overburden map of the study area.

activity in the area. Thick pile of alluvium terraces are observed to be
well developed all along the Mandakini valley, especially around Bhiri,
Chandrapuri, Tilaknagar, Agastmuni, Vijaynagar and Tilwara.

Flash flood of June 2013, in the Mandakini valley has considerably
modified the original topography and geo-environment of the area.
Major geomorphic changes have been introduced in Kedarnath
(Figure 3). Hitherto abandoned course of Mandakini, to the east of the
temple has become active and the level of the channel to the west of
the temple has been elevated due to aggradation. Relief between the
temple township, that has now become waterlocked, and the river
has thus been greatly reduced. Large portion of the temple township,
particularly to the north has been overrun by debris and boulders.
The lake to the north of the temple has vanished and instability has
been induced in the entire hill slope to the north of the temple. Scarp
has been formed at many places along the course of the river. General
landscape of the area has thus changed.

Downstream side to Kedarnath, Rambara town was washed off
together with pedestrian trek. Besides, Gaurikund, Sonprayag, Sitapur,
Barasu, Khat, Semi, Gaundar, Jal Talla, Kalimath, Kunj, Taljaman,

Banswara, Syalsaur, Chandrapuri, Sauri, Pathalidhar, Ganganagar,
Jawaharnagar, Vijaynagar, Agastmuni, Silli (Chaka), Sumari, Tilaknagr,
Tilwara are adversely affected.

It is well known that river bank retreat occurs both by continuous
fluvial erosion as well as abrupt bank failure [22,23]. River bank-toe
erosion causes to increase the bank height and the slope of the bank
to the extent that eventually riverbank mass failure occurs [24]. High
discharge of all the tributaries of Mandakini river is observed to have
resulted in excessive erosion and collapse of the banks. A number
of landslides are observed to have initiated. The failure mass of the
slides washed off by the floodwater has resulted in increased rate of
sedimentation in the streams.

One of the reasons for such a high sediment contribution is because
the catchments of these rivers contain extensive old landslide deposits
that were generated during 1999 cloudburst [25,26]. These sediments
have been dumped at various places along the river course and the river
has also changed its course in many areas. This has made many areas
highly vulnerable. The observations make it clear that most devastation
has taken place on the river borne material terraces, particularly
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Figure 3: View of Kedarnath after the disaster of 16-17 June 2013.

around Sonprayag, Chandrapuri, Tilaknagar, Ganganagar, Vijaynagar
and Tilwara towns along the course of Mandakini river (Figure 4).
These observations related to change and deposition are summarized
in Table 1.

Geological setting

In the study area Central Crystalline rocks are thrust over rocks of
Lesser Himalaya along Main Central thrust (MCT) which is a northerly
dipping major tectonic discontinuity exposed across the Mandakini
river at Kund near Okhimath (Figure 5). The rocks of Lesser Himalaya
are observed to comprise of low grade metasediments that are intruded
by acidic and basic igneous rocks. The lithological units have been
refolded, faulted during various phases of the tectonic activity [27].
These consist of thick succession of low grade metasediments made
up of quartzite along with penecontemporaneous metabasics and
carbonate rocks. The main rocks observed in the area include phyllite,
quartzite, limestone, slate, granite and metabasics [28,29].

Granites exposed in the area are observed to be tourmaline and
at places chlorite rich and these intrude quartzites of Rudrapryag
Formation to the west of Tilwara. These are largely observed to be very
course grained, none-foliated and generally porphyrytic. Lithological
successions of the investigated area are given in Table 2.

The Higher Himalayan Central Crystalline rocks are observed to
comprise of low, medium and high grade rocks. In the study area high
grade rocks are observed to be thrust over low to medium grade rocks
along Vaikrita Thrust (VT). It is observed to the north of Gaurikund.
The main rock types observed in the area include gneiss, schist,
quartzite, crystalline limestone, marble and granite [30]. The areas
in the proximity of tectonic boundaries are observed to be covered
with large fans and cons of landslide debris. Apart from landslides,
subsidence zones are also observed around tectonic discontinuities.

Apart from the MCT, VT and Banswara Thrust, other tectonic
contacts observed in the area include Madhyamaheshwar fault,
Mandakini fault, Rawan Ganga fault, Laster fault, Kyunja fault and
Alaknanda fault are the major faults aligned along the main channel
course of these valleys. These faults act as a major factor in the mass
movement processes in the Mandakini valley [31].

Slope instability

Human activities particularly that related to construction of
buildings, transportation routes, dams and reservoirs, canals and

Figure 4: Deluge of June, 2013 events caused devastation in these towns; (a)
Sonprayag, (b) Chandrapuri (c) Tilaknagar, (d) Ganganagar, (e) Vijaynagar,
(f) Tilwara. All these towns situated over river borne materials (RBM) terraces
along the banks of Mandakini river.

communication systems disturb large volume of earth material.
These are recognized as having major role in initiating slope failure
and increasing the magnitude of damages [32]. Habitation and
infrastructure development initiatives in close proximity of streams
and rivers, as also over Quaternary deposits, and unplanned debris
disposal of excavated rock and debris are observed to aggravate the fury
of both, landslide and flash floods in the region.

While undertaking fieldwork assessment of major losses inflicted
to key infrastructure was also done. Rudraprayag Bypass Bridge,
Sonprayag Girder Bridge, Ganganagar (Phalai) Girder Bridge and Silli
Pedestal Bridge have been completely washed off due to the flooding of
Mandakini river.

Besides road network the disaster has resulted in massive damage
to Son, Phata - Byung, Singoli

- Bhatwari and Kali Ganga Stage - I hydroelectric projects
that are run of river schemes on Songanga, Mandakini and Kali Ganga
rivers. Excavated muck of Singroli-Bhatwari HEP was observed to be
dumped at various places along the river bank of Mandakini. During
flash flood, the same aggravated erosional power of the stream water
and caused massive loss of infrastructure and property. The area was
investigated after the deluge and traverses were taken around affected
sites to examine the slope instability. Details of the same are described
in the sections below.

Cloudburst incidences

The high intensity rainfall of more than 100 mm/hour in a few
square kilometer area is generally defined as cloudburst [33]. Mostly
cloudburst activities occur between Main Centre Thrust and Main
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Figure 5: Map showing geology of the study area.
S. No River/Stream Location Deposited sediments Shift in channel Bank on which change in
thickness (in meters) course (in meters) river course is observed
1 Mandakini Sonprayag 5-6 2-5 Left bank
2 Sitapur 3-4 5-7 Right bank
3 Banswara 2-3 8-10 Right bank
4 Syalsaur 1-2 5-8 Right bank
5 Chandrapuri 3-4 10-15 Right bank
6 Gabni 1-2 2-3 Left bank
7 Ganganagar 2-3 3-5 Right bank
8 Vijaynagar 4-5 10-15 Left bank
9 Rampur 1-2 3-5 Right bank
10 Tilwara/Sumari 2-3 3-5 Right bank
1 Madhyamaheshwar Gaundar 3-4 3-5 Left bank
12 Paundar (near iron bridge) 5-6 2-4 Right bank

Table 1: Details of the places where river courses has changed and sedimentation has occurred.
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Higher Himalya Group

Vaikrita

Jutogh

Lesser Himalaya (Pre-Cambrian to Sillurian)

Garhwal

Dudhatoli (Pre-Cambrian)

Formation
Gaurikund

Maithana quartzite Pauri phyllite

Member/Rock type
Garnetiferous gneiss, schist, quartzite and migmatite
Vaikrita Thrust (VT)

Kalimath Porphyritic gneiss and mica schist
Okimath Gneiss, garnetiferous schist and calc zone
Main Centre Thrust (MCT)
Patroli Granite
Patroli quartzite
Gwanagarh Dobri dolomite, Dobri phyllite, Bhishna (Lameri B),
Massive dolomite (Lameri A) quartzite, Dhanpur dolomite
Lameri Massive dolomite (Lameri C), Phyllite/slate
Rudraprayag Orthoquartzite-volcanic association with metabasics,
phyllite and slate member
North Almora Thrust (NAT)

Khirsu quartzite Pauri phyllite, Bhainswara quartzite

Table 2: Lithotectonic succession of the investigated area.

boundary Thrust [34]. Bheti-Paundar (August, 1998), Phata (July,
2001) and Okhimath (September, 2012) in Rudraprayag districts are
the evidence for cloudburst events.

Besides, in the year 2005, close to national highway (NH 58),
Rudraprayag to Kedarnath national highway (NH 109), Agastmuni and
Vijaynagar villages in Mandakini valley were affected by cloudburst.
Several people had been reported to be buried under the debris and
many were wounded due to the sudden torrential rainfall [31,35]. It is
observed that the debris flow was the main cause of devastation in all
the previous cloudburst incidences in Mandakini valley.

Apart from field observations information regarding past
incidences of heavy and localized rainfall events were gathered from
the local people. Semla, Pathali, Paldwari (Kakra Gad), Kirora Malla
(Chak Gad), Kusum Gad, Phata, Panjan, Chhantikhal and Bajira were
reportedly devastated by such rainfall events in the past.

In September, 2012 heavy rainfall induced landslides and debris
flows reportedly devastated Giriyagaon, Salami, Mangoli, Chunni,
Premnagar, Brahmankholi and Jua Kimana villages around Okhimath.

In the year 2013 Panjan and Bajira are observed to be devastated
by cloudburst events while Taljaman, Senagarhsari, Sounda, Dhaunda,
Udu, Barangali, Kimana and Khaduli are adversely affected. As many
as 22 locations of cloudburst events are thus identified during the field
work in Rudraprayag district (Figure 6). Most of these (41 percent) are
located in Okhimath tehsil.

Geomorphic features like funnel shaped valleys with high relief
difference and dense forest cover especially oak trees with average
height of 1600 to 2200 meters provide suitable conditions for its
occurrence. It has been observed that cloud burst generally occurs
along the more isolated slope generally facing towards west and south
direction and in general occurs during the late hours of the day [36].

Accordingly, distribution of various geomorphic and physiographic
factors like altitude, affected face, relief, landuse, stream order and
valley shape were correlated and analyzed where cloudburst events were
identified. Valley in most cases (73 percent) is observed to be funnel
shaped and NW-SE (50 percent) to NE-SW (80 percent) oriented.

Area to the upslope of most places (64 percent) is observed to
be forested. Altitude in most cases (77 percent) is observed to range
between 1400 and 2200 meters. Most of these areas fall in the higher
reaches in the catchment first and second order streams. Heavy
downpour is observed to cause fast erosion of the agricultural lands
and ensuing debris flow is largely responsible for the devastation.

Landslide incidences

Landslide is nothing but downslope movement of rock mass and
debris with varying proportion of water [37-39]. Landslides take a
heavy toll of human lives and cause irreparable harm to cultivable land
besides causing damage to infrastructure and property.

In June, 2013 precipitation in the area was significantly higher
than average and large number of landslides are observed to have been
triggered at various places; mostly along both the banks of Mandakini
river. Observed landslides are classified on the basis of movement and
rigidity of material comprising the slide mass; bed rock, debris and
earth.

Many workers have carried out the studies of landslides in different
part of Garhwal and Kumaun regions of Uttarakhand using various
methods and techniques [40-45]. A landslide inventory is an important
database extent and amount of landslide occurrences [46]. It is also
the simplest form of landslide map and therefore the same has been
utilized for this study.

Based on field work, the macro scale landslide inventory database
of the area (1:50000 scale) has been prepared. In total, 290 landslides
have been geotechnically assessed (Figure 6). Of these, 188 numbers
are debris slide, 83 numbers debris cum rock slide and 19 numbers
rock slide/fall.

Analysis to data pertaining to the landslide observed in the field
shows that the majority (65 percent) falls in the category of debris slide
(Figure 7). This makes it amply clear that the overburden or debris
material was saturated by prolonged heavy rainfall and the same was
the responsible for the initiation of landslides.

Field observations suggest that the landslides in the study area
are largely concentrated in close proximity of the road and stream
networks. Change in slope geometry for road construction and toe
erosion by stream are the reasons thereof. The relationship of these
two parameters on the distribution of landslides is therefore accorded
special attention.

Out of total landslide incidences recorded in entire district, 219
numbers are caused by change in slope geometry for infrastructural
developments and toe erosion by stream. Another 71 numbers are
however also caused by other factors that include heavy rainfall,
lithological and structural condition of the bed rocks, surface and sub-
surface water and deforestation. Majority of landslide incidences in this
area largely (76 percent) are observed to be triggered either by change
in slope geometry or toe erosion (Figure 7).
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Figure 7: Landslide types (left) and their triggering factors (right) percent observed in the area.

Landslide incidences have severally damaged the transport
infrastructures in the area. These includes Rudraprayag — Gaurikund

(NH 109) road, Bhainsari — Kalimath road, Kund - Okimath

- Chaupta road, Okhimath - Ransi road, Jakholi - Vijaynagar

road, and Nagrasu - Kaliyasaur (NH 58) road.

June 2013 floods have resulted in development of a number of
major landslides, particularly in the Mandakini valley. These include
Gaurikund, Sonprayag, Barasu, Khat, Semi, Kund Chatti, Jagi-Bedula,
Kunjethi, Jal-Talla, Nagjagai and Tilaknagar. Translational and circular
failures are commonly observed in the area.
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Slide around Jagi - Bedula and Nagjagai are observed to have
potential of blocking the stream course and thereby threatening safety
of human habitations and infrastructure in downstream area. Lake
formation is observed in the field around Jagi-Bedula slide zone. It is
however in an initial stage but further downslope movement of debris
and rock mass has the potential of posing a serious threat.

Discussion and Conclusion

Heavy rains and associated deluge on 16/17 June 2013 in the
catchments of the Mandakini river and its tributaries, caused immense
loss of life, property and infrastructures in Rudraprayag district.
Field work carried out in the area suggests that landslides have been
largely (in 76 percent cases) caused either by slope modification for
infrastructure development or toe erosion by streams, mostly during
spells of high discharge. Besides zones of old landslide material, glacial
sediments, colluvium and alluvium deposits are identified as being most
vulnerable to slope failure. Together with these the slopes occupied by
highly weathered, fractured and jointed rocks are also observed to be
vulnerable. Structural disposition of rocks is also observed to facilitate
mass movement.

Most devastation has taken place on the river borne material
terraces, particularly around Sonprayag, Chandrapuri, Tilaknagar,
Ganganagar, Vijaynagar and Tilwara towns along the course of
Mandakini river. It is therefore that some portions of these towns
required to be relocated.

River bed level has grown up at various locations. Sonprayag (05-
06 meters), Sitapur (03-04 meters), Gaundar (03-05 meters), near
Paundar (05-06 meters), Chandrapuri (02-03 meters), Vijayanagar (03-
05 meters) etc., are the locations where thick pile of debris deposited
by the river. There is thus a pressing need to remove the transported
debris and channelize the water. Besides, Mandakini river is observed
to have shifted towards the left bank by approximately 10 to 15 meters
due to bank erosion of the river borne material (RBM), at Banswara,
Chandrapuri and Vijaynagar township. It is recommended that the
areas where the banks have collapsed, be provided with suitable bank
stabilization measures.

Itis highly recommended that all the constructions in the townships
located along the Mandakini river should maintain respectable
distance from recent high flood level (HFL). Appropriately designed
awareness drive is highly recommended for persuading people to
maintain a respectable distance from streams and rivers when deciding
to settle down. As a rule of thumb, message has to be sent across that
the structures should be sited 50 to 100 meters from river bank. These
however depend on the specific site conditions.

Roads in the area are observed to be aligned in close proximity of
the river; either over the river borne material terraces (RBM) or over
colluviums. In case the banks are not adequately protected there exists
high probability of such roads being disrupted during high floods.
The new alignment should maintain respectable distance from the
streams. Where alignment in the proximity of the streams becomes
a compulsion adequately designed bank protection works should
necessarily be provided.

Cloudburst is controlled by the distinguished geomorphic and
physiographic parameters of the high altitude mountainous terrain. In
these parameters, high relief area, funnel shape valley, cirque, hanging
valley and streams etc plays an important role. These geomorphic and
physiographic parameters can thus be considered as being responsible
for promoting heavy and localized rainfall and these can in turn be

utilized for identifying areas that are likely to be affected by such events.
This is sure to pave way for the preparation of cloudburst vulnerability
maps for the area.

Landslide inventory map can be helpful in clear demarcation
of relatively safe and unsafe zones. It is highly recommended that
any constructional activities in the close proximity of landslides
should necessarily be backed by appropriate geological-geotechnical
assessments.

Slides around Jagi - Bedula and Nagjagai are observed to have
potential of blocking the river course and thereby threatening safety
of human habitations and infrastructure in downstream areas.
Special attention is therefore required to be paid for monitoring these
and other major slide zones along the river banks. Geological and
geotechnical investigation of such zones should be carried out on a
scale of 1:5,000/2,000.

In order to build safe and economical infrastructural facilities
on or near slopes, it is important to recognize and equally stress the
importance of using current scientific and technological developments
in the design of structures and control measures.

Landslide is a complex phenomenon and its management requires a
multidisciplinary approach and regular consultation amongst different
stakeholders. Effective interaction therefore needs to be promoted
between geoscientists, civil engineers, physical planners and decision
makers.

Despite common occurrence of landslides trained manpower
for preparing sound landslide mitigation plans is lacking. Specially
designed integrated training programme to produce trained personnel
that are competent to plan and execute landslide mitigation related
works.

Acknowledgement

Authors would like to thank the Executive Director, Disaster Mitigation
and Management Centre, Department of Disaster Management, Uttarakhand
Secretariat, Dehradun, India for their suggestion, cooperation and valuable
support. Colleagues at Disaster Mitigation and Management Centre and State
Emergency Operations Centre are thanked for cooperation and support. Authors
also acknowledge the local administration for valuable assistance during the
course of field investigation.

References

1. Rautel P, Thakur V (1999) Landslide hazard zonation in Kaliganga and
Madhyamaheshwar valleys of Garhwal Himalaya: A GIS based approach.
Himalayan Geology 20: 31-44.

2. Paul SK, Bartarya SK, Rautela P, Mahajan AK (2000) Composite mass
movement of 1998 monsoons at Malpa in Kali valley of Kumaun Himalaya
(India). Geomorphology 35: 169-180.

3. Rautela P, Paul SK (2001) August 1998 landslide tragedies of central Himalaya
(India): learning from the Experiences. Int J Environ Stud 58: 343-355.

4. Government of Uttarakhand, Memorandum for Central Assistance (2010)
Report of the Government of Uttarakhand Submitted to Ministry of Home
Affairs. Government of India for Central Assistance.

5. Sati SP, Sundriyal YP, Rana N, Dangwal S (2011) Recent landslides in
Uttarakhand: nature’s fury or human folly. Curr Sci 100: 1617-1620.

6. Sharma S (2012) Catastrophic hydrological event of 18 and 19 September
2010 in Uttarakhand, Indian Central Himalaya - an analysis of rainfall and slope
failure. Current Science 102: 327-332.

7. Government of Uttarakhand, Memorandum for Central Assistance (2012)
Report of the Government of Uttarakhand Submitted to Ministry of Home
Affairs. Government of India for Central Assistance.

8. DMMC (2012) Investigations in the areas around Okhimath in Rudraprayag
district on the aftermath of landslide incidences of September, 2012.

J Geogr Nat Disast, an open access journal
ISSN: 2167-0587

Volume 8 « Issue 1+ 1000218


https://www.researchgate.net/publication/291781180_Landslide_hazard_zonation_in_Kaliganga_and_Madhyamaheshwar_valleys_of_Garhwal_Himalaya_A_GIS_based_approach
https://www.researchgate.net/publication/291781180_Landslide_hazard_zonation_in_Kaliganga_and_Madhyamaheshwar_valleys_of_Garhwal_Himalaya_A_GIS_based_approach
https://www.researchgate.net/publication/291781180_Landslide_hazard_zonation_in_Kaliganga_and_Madhyamaheshwar_valleys_of_Garhwal_Himalaya_A_GIS_based_approach
https://www.researchgate.net/publication/321096735_Disaster_Hit_Pithoragarh_District_of_Uttarakhand_Himalaya_Causes_and_Implications
https://www.researchgate.net/publication/321096735_Disaster_Hit_Pithoragarh_District_of_Uttarakhand_Himalaya_Causes_and_Implications
https://www.researchgate.net/publication/321096735_Disaster_Hit_Pithoragarh_District_of_Uttarakhand_Himalaya_Causes_and_Implications
http://www.tandfonline.com/doi/abs/10.1080/00207230108711336
http://www.tandfonline.com/doi/abs/10.1080/00207230108711336
https://www.researchgate.net/profile/Naresh_Rana/publication/257055064_Recent_landslides_in_Uttarakhand_Nature's_Furry_or_Human_Folly/links/00b4952443c4b6e521000000/Recent-landslides-in-Uttarakhand-Natures-Furry-or-Human-Folly.pdf
https://www.researchgate.net/profile/Naresh_Rana/publication/257055064_Recent_landslides_in_Uttarakhand_Nature's_Furry_or_Human_Folly/links/00b4952443c4b6e521000000/Recent-landslides-in-Uttarakhand-Natures-Furry-or-Human-Folly.pdf
http://www.jstor.org/stable/24083858?seq=1
http://www.jstor.org/stable/24083858?seq=1
http://www.jstor.org/stable/24083858?seq=1

Citation: Khanduri S, Sajwan KS, Rawat A, Dhyani C, Kapoor S (2018) Disaster in Rudraprayag District of Uttarakhand Himalaya: A Special Emphasis
on Geomorphic Changes and Slope Instability. J Geogr Nat Disast 8: 218. doi: 10.4172/2167-0587.1000218

Page 9 of 9

18.
19.

2

o

2

=

22.

23.

24,

2

(9]

26.

2

<

Unpublished report of Disaster Mitigation and Management Centre, Department
of Disaster Management, Government of Uttarakhand 37.

DMMC (2012) Investigations in the Asi Ganga valley on the aftermath of flash
flood/landslide incidences in August, 2012. Unpublished report of Disaster
Mitigation and Management Centre, Department of Disaster Management,
Government of Uttarakhand, p: 45.

.Rana N, Sundriyal YP, Juyal N (2012) Recent cloudburst-induced landslides

around Okhimath, Uttarakhand. Current Science.

. Rautela P (2013) Lessons learnt from the deluge of Kedarnath, Uttarakhand,

India. Asian J Environ Disaster Manage 5: 1-9.

. Srinivasan J (2013) Predicting and Managing Extreme Rainfall. Current

Science 105: 7-8.

. State Disaster Management Plan (2014) State Disaster Management Authority,

Uttarakhand, Dehradun 162.

. Sharma AK, Surya Parkash, Saha Roy TK (2014) Response to Uttarakhand

Disaster 2013. Int J Sci Eng Res 5: 1251-1256.

.Nanda JD, Pant B, Pal S (2015) Recovery and Reconstruction after Uttarakhand

Disaster 2013. Int J Sci Res Eng Technol.

. Government of Uttarakhand, Memorandum for Central Assistance (2013)

Report of the Government of Uttarakhand Submitted to Ministry of Home
Affairs. Government of India for Central Assistance.

.Rana N, Singh S, Sundriyal YP, Juyal N (2013) Recent and past floods in

Alaknanda valley: Causes and consequences. Current Science 105: 1209-
1212.

NIDM (2014) Uttarakhand disaster-2013: lessons learnt and way ahead.

Rawat MS, Uniyal DP, Dobhal R, Joshi V, Rawat BS, et al. (2015) Study
of landslide hazard zonation in Mandakini Valley, Rudraprayag district,
Uttarakhand using remote sensing and GIS. Current Science 109: 158-170.

. Praveen B (2017) Monitoring and Assessment of Landslide from Agastmuni to

Sonprayag. Int j rec res soc sci humanit 4: 92-118.

. Dobhal DP, Gupta AK, Mehta M, Khandelwal DD (2013) Kedarnath disaster:

facts and plausible causes. Current Science 105: 171-174.

Thorne CR (1982) In: Hey RD, Bathurst JC, Thorne CR (eds.) Processes and
mechanisms of river bank erosion. Gravel-Bed Rivers, John Wiley and Sons,
Chichester, England.

Lawler DM, Couperthwaite J, Bull LJ, Harris NM (1997) Bank erosion events
and processes in the Upper Seven Basin. Hydrol Earth system Science 1: 523-
534.

Carson MA, Kirkby MJ (1972) Hill slope form and process. Cambridge university
press, New York 178: 1083-1084.

. Kimothi MM, Garg JK, Joshi V, Semwal RL, Pahari R, et al. (1999) Slope

activation and its impact on the Madhyamaheshwar and the Kalignaga sub-
watersheds, Okhimath, using IRS-IC/ID data. Scientific report, SAC/RESA/
FLPG-FED/SR/04/99.

Sati SP, Kumar D, Rawat GS, Satendra (2002) Slope failure caused valley
damming in Madhyamaheshwar river, Garhwal Himalaya. In: Nainwal HC (ed.)
Geodynamics and Environmental Management. Proc. Volume of National
Seminar, pp: 250-256.

. Valdiya KS (1980) Geology of Kumaun Lesser Himalaya. Wadia Institutes of

Himalayan Geology, Dehradun.

28.

2

[(e]

30.

3

=

32.

33.

34.

35.

36.

3

J

38.

39.

40.

4

-

42.

43.

44,

45

46.

Kumar G, Agrawal NC (1975) Geology of Srinagar-Nandprayag area
(Alaknanda valley), Chamoli and Tehri Garhwal districts. Kumaun Himalaya,
Uttar Pradesh, Himalayan Geology 5: 29-59.

. Kumar G (2005) Geology of Uttar Pradesh and Uttaranchal. Geological Society

of India, Bangalore.

Bist KS, Sinha AK (1980) Some observation on the geological and structural
setup of Okhimath area in Garhwal Himalaya-A preliminary report. Himalayan
Geology 10: 467-475.

. Ashthana AKL, Sah MP (2007) Landslides and Cloudbursts in the Mandakini

basin of Garhwal Himalaya. Himalayan Geology 28: 59-67.

Anbalagan R, Singh B (1996) Landslide hazards and risk assessment
mapping of mountainous terrains - a case study from Kumaun Himalaya. India,
Engineering Geology 43: 237-246.

Das S, Ashrit R, Moneriff MW (2006) Simulation of a Himalayan cloudburst
event. J Earth Syst Sci 115: 299-313.

Pal D, Sharma BP, Lal AK (1998) Degradation of land resources in MBT
and MCT zones as a results of NNE-SSW trending linear aravalli basement
in Garhwal Himalaya. Pub. In: Saxena PB (ed.) Himalayan Environment and
Sustainable Development, pp. 279-300.

Sati SP, Sundriyal YP, Rana N, Dangwal S (2011) Recent Landslide in
Uttarakhand: Nature fury or human folly. Current Science 100: 1617-1620.

Ashthana AKL, Ashthana H (2014) Geomorphic control of cloud bursts and flash
floods in Himalaya with special reference to Kedarnath area of Uttarakhand,
India. Int J Adv Earth and Environ Sci 2: 16-24.

.Varnes DJ (1978) Slope movement types and processes, Special report

176, Landslides: Analysis and Control. TRB National Research Council,
Washington, DC.

Cruden DM (1991) A simple definition of a landslide. Bull Int Assoc Eng Geol
43: 27-29.

Schuster RL (1996) Landslides: investigation and mitigation. Chapter
2-socioeconomic significance of landslides, TRB National Research Council,
National Academy Press, Washington DC 247.

Gupta RP, Joshi BC (1990) Landslide hazard zonation using the GIS approach
- A case study from the Ramganga catchment, Himalayas. Eng Geology 28:
119-131.

.Anbalagan R (1992) Landslide hazard evaluation and zonation mapping in

mountainous region. Eng Geol 32: 269-277.

Anbalagan R, Sharma L, Tyagi S (1993) Landslide hazard zonation (LHZ)
mapping of a part of Doon valley, Garhwal Himalaya, India, In: Chowdhary RN,
Shiv Kumar M (ed.) Environment Management, Geo-water and Engineering
Aspects, Rotterdam, A.A. Balkema, 253-260.

Sah MP, Asthana AKL, Rawat BS (2003) Cloud burst of August 10, 2002 and
related landslides and debris flows around Budha Kedar (Thati Kathur) in
Balganga valley. District Tehri, Himalayan Geol 24: 87-101.

Sarkar S, Kanungo DP, Patra AK (2005) Landslides in the Alaknanda Valley of
Garhwal Himalaya. Q J Eng Geol Hydrogeol 39: 79-82.

.Gupta V, Ahmed | (2007) Geotechnical characteristics of Surabhi Resort

Landslide in Mussoorie, Garhwal Himalaya, India. Himalayan Geol 28: 21-32.

Guzzetti N, Mondini AC, Cardinali M, Fiorucci F, Santangelo M, et al. (2012)
Landslide inventory maps: New tools for an old problem. Earth Sci Rev 112:
42-66.

J Geogr Nat Disast, an open access journal
ISSN: 2167-0587

Volume 8 « Issue 1+ 1000218


https://www.researchgate.net/publication/286968119_Recent_cloudburst-induced_landslides_around_Okhimath_Uttarakhand
https://www.researchgate.net/publication/286968119_Recent_cloudburst-induced_landslides_around_Okhimath_Uttarakhand
https://www.researchgate.net/publication/259934156_Lessons_learnt_from_the_Deluge_of_Kedarnath_Uttarakhand_India
https://www.researchgate.net/publication/259934156_Lessons_learnt_from_the_Deluge_of_Kedarnath_Uttarakhand_India
https://www.researchgate.net/publication/293135589_Predicting_and_Managing_Extreme_Rainfall
https://www.researchgate.net/publication/293135589_Predicting_and_Managing_Extreme_Rainfall
https://ndma.gov.in/en/uttarakhand-sdma-office
https://ndma.gov.in/en/uttarakhand-sdma-office
https://www.ijser.org/researchpaper/Response-to-Uttarakhand-Disaster-2013.pdf
https://www.ijser.org/researchpaper/Response-to-Uttarakhand-Disaster-2013.pdf
https://www.researchgate.net/publication/258316433_Recent_and_past_floods_in_the_Alaknanda_valley_causes_and_consequences
https://www.researchgate.net/publication/258316433_Recent_and_past_floods_in_the_Alaknanda_valley_causes_and_consequences
https://www.researchgate.net/publication/258316433_Recent_and_past_floods_in_the_Alaknanda_valley_causes_and_consequences
file:///C:\Users\rajeswari-b\Documents\http\nidm.gov.in\PDF\TrgReports\2014\March\UKW-14.pdf
https://www.researchgate.net/publication/279952831_Study_of_landslide_hazard_zonation_in_Mandakini_Valley_Rudraprayag_district_Uttarakhand_using_remote_sensing_and_GIS
https://www.researchgate.net/publication/279952831_Study_of_landslide_hazard_zonation_in_Mandakini_Valley_Rudraprayag_district_Uttarakhand_using_remote_sensing_and_GIS
https://www.researchgate.net/publication/279952831_Study_of_landslide_hazard_zonation_in_Mandakini_Valley_Rudraprayag_district_Uttarakhand_using_remote_sensing_and_GIS
https://www.researchgate.net/publication/323388262_Monitoring_and_Assesment_of_Landslide_from_Agastmuni_To_Sonprayag
https://www.researchgate.net/publication/323388262_Monitoring_and_Assesment_of_Landslide_from_Agastmuni_To_Sonprayag
https://www.researchgate.net/publication/269696415_Kedarnath_disaster_Facts_and_plausible_causes
https://www.researchgate.net/publication/269696415_Kedarnath_disaster_Facts_and_plausible_causes
https://hal.archives-ouvertes.fr/hal-00304421/document
https://hal.archives-ouvertes.fr/hal-00304421/document
https://hal.archives-ouvertes.fr/hal-00304421/document
http://science.sciencemag.org/content/178/4065/1083.2
http://science.sciencemag.org/content/178/4065/1083.2
http://www.geosocindia.org/index.php/bgsi/article/view/55878
http://www.geosocindia.org/index.php/bgsi/article/view/55878
https://www.researchgate.net/publication/288724973_Landslides_and_cloudbursts_in_the_Mandakini_basin_of_Garhwal_Himalaya
https://www.researchgate.net/publication/288724973_Landslides_and_cloudbursts_in_the_Mandakini_basin_of_Garhwal_Himalaya
https://www.sciencedirect.com/science/article/pii/S0013795296000336
https://www.sciencedirect.com/science/article/pii/S0013795296000336
https://www.sciencedirect.com/science/article/pii/S0013795296000336
https://link.springer.com/article/10.1007/BF02702044
https://link.springer.com/article/10.1007/BF02702044
http://www.currentscience.ac.in/Volumes/100/11/1617.pdf
http://www.currentscience.ac.in/Volumes/100/11/1617.pdf
http://www.irosss.org/ojs/index.php/IJAEES/article/view/271
http://www.irosss.org/ojs/index.php/IJAEES/article/view/271
http://www.irosss.org/ojs/index.php/IJAEES/article/view/271
https://trid.trb.org/view/86168
https://trid.trb.org/view/86168
https://trid.trb.org/view/86168
https://link.springer.com/article/10.1007%2FBF02590167?LI=true
https://link.springer.com/article/10.1007%2FBF02590167?LI=true
https://trid.trb.org/view/462500
https://trid.trb.org/view/462500
https://trid.trb.org/view/462500
http://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1585698
http://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1585698
http://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1585698
https://www.sciencedirect.com/science/article/pii/0013795292900532
https://www.sciencedirect.com/science/article/pii/0013795292900532
https://www.researchgate.net/publication/285482334_Cloud_burst_of_August_10_2002_and_related_landslides_and_debris_flows_around_Budha_Kedar_Thati_Kathur_in_Balganga_valley_District_Tehri
https://www.researchgate.net/publication/285482334_Cloud_burst_of_August_10_2002_and_related_landslides_and_debris_flows_around_Budha_Kedar_Thati_Kathur_in_Balganga_valley_District_Tehri
https://www.researchgate.net/publication/285482334_Cloud_burst_of_August_10_2002_and_related_landslides_and_debris_flows_around_Budha_Kedar_Thati_Kathur_in_Balganga_valley_District_Tehri
https://pubs.geoscienceworld.org/qjegh/article-abstract/39/1/79/114646
https://pubs.geoscienceworld.org/qjegh/article-abstract/39/1/79/114646
http://www.tandfonline.com/doi/pdf/10.1080/19475705.2015.1102778
http://www.tandfonline.com/doi/pdf/10.1080/19475705.2015.1102778
https://www.sciencedirect.com/science/article/pii/S0012825212000128
https://www.sciencedirect.com/science/article/pii/S0012825212000128
https://www.sciencedirect.com/science/article/pii/S0012825212000128

	Title
	Corresponding authors
	Abstract 
	Keywords
	Introduction 
	Methodology 
	The study area 
	Geomorphological set up 
	Geological setting 
	Slope instability 
	Cloudburst incidences 
	Landslide incidences 

	Discussion and Conclusion 
	Acknowledgement 
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Table 1
	Table 2
	References

