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- Beams on elastic foundations (unreinforced and reinforced)

- Beams on viscoelastic foundations (unreinforced and reinforced)
Lumped parameter modelling (4-parameter Burger model) in reinforced foundation beds
Inverse analysis and optimization to assess parameters of Burger model

e Post-Doctoral Research (PDF)
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= Structural health monitoring of full-scale instrumented contiguous pile retaining wall
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= Finite element modelling to assess ambient vibration response of full-scale retaining wall

e Joined IIT Guwahati in 2011 (Assistant Prof.) and promoted in 2019 (Associate Prof.)
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Rainfall-Induced Landslide Susceptibility of Arunachal Pradesh
and Sikkim: Synergizing Remote Sensing and Machine Learning
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- Commemorating Some Rainfall-Induced Landslides in India
: : 500 people died, 200 houses destroyed;
Kohima Landslide (Nagaland) 17 August 1993 ST 6 5 i R S
Leh landslide (Kashmir) 6 August 2010 iﬁg Eg;g%ﬂ%ﬁg‘:; 2500 people affected
Malin landslide (Maharashtra) 30 July 2014 151 people died, more than 100 were missing

Kuwari landslide (Uttarakhand)

10 March 2018

More than 400 people died, 106 houses
perished

Pettimudi landslide (Kerala) 6 August 2020 80 people died, and many casualties occurred

Tupul landslide (Manipur) 30 June 2022 30 Indian Army personnel and 31 civilians
were among the deceased

Wayanad Landslide (Kerala) 30 July 2024 fnﬁis‘;";‘f;““es’ 397 injuries and 118 people

Dharali Landslide (Uttarakhand) 5 August 2025 70 people dead (may be understatement),

severe damage to properties
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Commemorating Some Rainfall-Induced Landslides in India
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Important Terminologies in Landslide Assessment Studies

Spatial probability

Which . Predisposing factors , _---~7""~- \//‘
] & (Susceptibility -
Where ! Landslide inventory IRREEEE e HO_W much
IS the
When } / Frequency of ™, Hazard
‘._occurrence _-’

Risk
Risk=H xE xV

-~ -
———————

=== e e e e e - ==

Temporal probability

1 Exposure of elements
What are the | at risk
Consequences
Vulnerability

Source: The IAEG Commission on Landslides and other Mass-Movements
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L_andslide Susceptibility Mapping (LSM)

e Landslide susceptibility

< Likelihood of a landslide occurrence across a given }
geographic area

 Landslide susceptibility mapping (LSM) LR
< Aid in forecasting of landslide occurrence

For

Landslide susceptibility
map by AHP model

o Aim of landslide susceptibility mapping

< Understanding the potential risks associated with
landslides in a particular region

< Support decision-making in land use planning, 0=
engineering design and emergency management Pham et al. (2017)

< Decrease the landslide disaster potential

* Landslide (7% Moderate

® Cities s
-~ Drainage network(::?) High

®8% ver high
2
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L_andslide Susceptibility Assessment Methods

Qualitative Methods

Involve visual interpretation and
expert judgment of the features of
the terrain to identify areas that are
susceptible to landslides

Used for preliminary assessment (Das et
al., 2011; Theiry et al., 2014)

= Expert Opinion
= Field Mapping
= Photo-interpretation

Quantitative Methods

Involve use of statistical and
mathematical models to map
the relationships between
landslide occurrence and
various terrain attributes

(Pardeshi et al., 2013; Marrapu &
Jakka, 2014)

Deterministic Approach
Geological Approach
Statistical Approach
Machine Learning Approach
Hybrid Approach



w International Lecture rogram, Efiime University T
S Landslide Susceptibility Assessment Approaches

Deterministic Approach

Traditional, analytical approach that
relies on mathematical equations to
determine the stability of slopes (Singh
et al., 2016; Das et al., 2020; Sarkar et
al., 2020)

= Infinite slope stability method
= Limit equilibrium method
= Finite element method (FEM)

Limitations

=  Simplified assumptions
= Scalability

=  Flexibility

= Limited data availability

Geological Approach

» Involves assumption that landslides occur in areas

with specific geological characteristics

« Approach involves identifying those geological
factors that control the occurrence of landslides,
such as the type and structure of rocks, geological
history, and soil properties (Magliulo et al., 2008;
Gorum et al., 2008; Pavel et al., 2010)

= Geomorphological Mapping
= Soil Analysis
= Geophysical Survey

Limitations

= Limited spatial coverage

» Limited data availability

» Lack of consideration of other
factors e.g. weather, land use

Statistical Approach

» Assume that the relationships between

the landslide occurrence and the terrain
attributes can be represented by
mathematical functions (Arabameri et
al., 2019; Tahnh et al., 2019; Wubalem
& Meten, 2020; Hemasinghe et al.,
2018; Batar et al., 2021; Getachew &
Meten, 2021)

= Logistic regression (LR)
=  Weight of evidence

= Multiple Regression

= Frequency ratio method

Lack of Causality Limitations

require large datasets

Assumption of linearity

Limited ability to incorporate expert
knowledge
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L_andslide Susceptibility Assessment Methods

Machine Learning Approach

Data-driven methods: Various ML algorithms involve the
development of a network of artificial neurons that can learn
from the data to predict susceptibility (Pourghasemi et al.,
2013; Huang et al., 2018; Nefeslioglu et al., 2009; Park et al.,
2018; Selamat et al., 2022; Saha et al., 2022)

= Support Vector Machines (SVM)
= Decision Trees
= Artificial Neural Networks (ANNSs)

Limitations

= Dependence on quality and quantity of input data
= Less Interpretability if used as black boxes
= Limited data availability

Hybrid Approach

Uses multiple susceptibility assessment methods to take
advantage of their strengths and overcome their weaknesses

Developed by combining statistical methods with ML methods
or geomorphic approach or expert opinions (Shit et al., 2016;
Leonardi et al., 2016; Jazouli et al., 2019)

= Weighted overlay analysis
= Fuzzy logic
= Analytic hierarchy process (AHP)

Limitations

Lack of Causality

Require large datasets

Assumption of linearity

Limited ability to incorporate expert knowledge
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Choice of Landslide Susceptibility Assessment Methods

e Which technique or approach to adopt?
< Investigation purpose
< Extent of the area to be covered
< Scale of map to be produced
< Type of data to be used
< Type of landslides
< Availability of resources
« Capability and skill set of evaluator
< Accessibility of the study area

Multi-scale Approach For Landslide Susceptibility Analysis

Scale of the study area

o
&S
\
% Detailed Scale (< 10 km?) g &L
7 <1:5,000 S & R
:5, L L
. &S
2, AR
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% \
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Basic Inputs to Landslide Susceptibility Assessment Methods

Aster Global
elevation

01 ha Global elevation Data
USGS Earth explorer

Geolo
gy R - ———- Land use Land cover
Bhukosh GSI
u Landslide Data Bhuvan NRSC
NASA Global Mission

Rainfall data Soil Type Data
India Water Resources «-ca--- TR —— FAO /UNESCO Soil
Information System (WRIS) Map of the World

State boundary
Shape file

DIVA GIS, Indian Remote
Sensing and GIS
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Study Area — Arunachal Pradesh

e Arunachal Pradesh (Land of the rising sun)

< Foothills of eastern Himalayas

= Area— 83,743 sg. km. (approx.)
< Elevation range

= Highest mountains — 7000 m above msl

= Urban areas in plain lands — less than 100 m above msl|
< Slope gradient

= 0°(plains) to 84.5° (vertical cliffs) — wide variability
< Average annual rainfall

= 3000 — 4000 mm

=  Max. rainfall — July; Min. rainfall — December

< Topographic and Climatic condition
= Region very conducive to landslides
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Synerqgising Remote Sensing and ML to Landslide Susceptibility Assessment

‘ Remote Sensing Data ‘ Methodology and
| Work flow
‘ Digital Elevation Landslide conditioning factors
Model (DEM) Modeling

Lithology

Topography
Map

Metrological
Data

Landslide
Inventory data
{ 212 Points)

Elevation

Slope

Aspect

Plan Curvature

Profile Curvature
Topographic Position Index
Stream Power Index
Topographic Wetness Index
Land use Landcover
Geology

Soil type

Rainfall

Frequency Ratio
based processing

L

Landslide inventory
(Landslide + Non-
Landslide) Data
Points

k

&

Training
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Non Landslide
points

h §

&

Machine Learning
based Models
{ RF,5VM, XGE)

| Preliminary LSM

map

|

Validation
set ( 30%)

Landslide
Susceptibility Mapping

¥

Accuracy
Assessment
{ROC,FR,
| KC,AC)
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l_andslide Conditioning Factors

Digital Elevation Models (DEM)

>

>

Critical component of LSM because they provide information
about the topography of the terrain, which is an important
factor in determining the likelihood of landslides (Costanzo et
al., 2012)

Provide three-dimensional visualizations of terrain features

Importance of DEM Resolution

High-Resolution DEMs

Captures more detailed information about the terrain,
including small-scale features such as ridges, valleys, and
channels.

Low-Resolution DEMs

May not capture small-scale features that could be
important in identifying potential landslide locations. This
can lead to a less accurate assessment of landslide
susceptibility

Is high-resolution DEM is always the coveted one?

While high resolution DEM data can provide more detailed
topographic information for landslide assessment, it is not
always the best choice for every situation (Chen et al., 2020)

High Data volume: Result in large data volumes

High Cost: High resolution DEM data can be more
expensive to acquire than lower resolution data, which can
be a barrier for some researchers or organizations

Overfitting: High resolution DEM data can sometimes
capture noise or unwanted local variations in topography

Resolution v/s Accuracy trade off: Increasing the
resolution of DEM data may not necessarily result in more
accurate landslide assessment results

Other factors, such as the Quality of the data acquisition
and processing, the availability of ground truth data, and
the modeling techniques used, also plays a significant role
in determining the accuracy of landslide assessment
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DEM and Rainfall-Induced Landslide

Engineering Geology 268 (2020) 105523

:NGTNEERING
GEQLOGY
Engineering Geology i

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/enggeo

Influence of digital elevation models on the simulation of rainfall-induced

M |

2 2 2 2 2 Check for
landslides in the hillslopes of Guwahati, India s
Chiranjib Prasad Sarma®, Arindam Dey™", A. Murali Krishna®
* Department of Civil Engineering, Indian Institute of Technology Guwahati, Assam, India
" Department of Civil Engineering, Indian Institute of Technology Tirupati, Andhra Pradesh 517506, India
ARTICLEINFO ABSTRACT
Keywonds: Topographic input parameters such as slope, curvature, and drainage area are derived from a Digital Elevation
Digital elevation models Model (DEM) representing the spatial elevation, and are widely used as important sources of geospatial in-
Rainfall-induced landslides formation. Based on the chosen DEM and its derived paramters, physically based GIS models, such as TRIGRS,
T"‘R‘_RS _ o can compute the transient degradation of the hillslope stability due to rainfall infiltration to identify the land-
Receiver Operating Characteristics . - . Yy . a s s . I . .
LR, slide occurrences in the considered region. Hence, it is inadvertent that the accuracy of the DEM will sig-

lass

Rainfall events nificantly affect the outcome of the TRIGRS simulations. Obtaining a high-resolution DEM (using LiDAR, dGPS or
other such ground based advanced surveying methods) for a large area is an expensive affair and unavailable in

Sarma, C. P., Dey, A. and Murali Krishna, A. (2020) “Influence of digital elevation models on the simulation of rainfall-induced landslides in the hillslopes of
Guwabhati, India” Engineering Geology (Elsevier), Vol. 268, Article No. 105523, pp. 1-13. (DOI: https://doi.org/10.1016/j.engge0.2020.105523)



https://fac.iitg.ac.in/arindam.dey/Publications Corner/2020/Sarma et al., Engineering Geology, 2020 (Preprint Copy).pdf
https://www.sciencedirect.com/science/article/pii/S0013795219309603
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l_andslide Conditioning Factors

Applicability of 30 m DEM for Landslide assessment o il g

Arunachal Pradesh: Elevation Map

DEMs with resolutions of 30 m have been widely used
for landslide assessment due to their availability and
reasonably high accuracy

Several researchers have shown that the 30 m DEM was
able to accurately identify the landslide-prone are

* Ranjan et al., 2018: Uttarakhand

« Paletal., 2019: North Sikkim

« Singhetal., 2017: Himachal Pradesh

« Dasetal., 2019: Darjeeling Himalaya

« Changetal., 2019: Taiwan.
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S I O pe 92"0.'0 E 9400..0"5 96"0I'0"E
> Slope is considered as the first derivative of the elevation; this
is calculated to quantify variation in elevation over a distance

Arunachal Pradesh: Slope Map

> Steep slopes are more prone to landslides than gentle slopes:
Influence of gravitational drag

» Long and narrow slopes are more susceptible to landslides than
short and wide slopes

28°0'0"N
'l

» Steep slopes also tend to have a thinner soil cover, which
reduces the stability of the slope. In contrast, gentle slopes have
a thicker soil cover, which provides better support and stability

to the slope
il < Slope (Degree) 16° - 25°
Nill slope ) 2 1em =27 km VALUE } 25° - 35°
p. Pu Slope calculation 5| ——————— . <5 W 35° - 45° X
s @ | o 50 100 200 Kilometers s - 10 B 45° - 84.5°
Negative slope 100 - 16°
92°0'0"E 94°0'0"E 96°0'0"E

Positive slope

28°0'0"N

26°0'0"N

Slope map of Arunachal Pradesh
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l_andslide Conditioning Factors

Aspect

Refers to the orientation or direction that a slope is facing,
measured in degrees clockwise starting from the north

Affects the amount of solar radiation and moisture that a
slope receives, which in turn affects

. distribution of vegetation
- Amount of soil moisture
: Rate of soil erosion

Influences the distribution of geological features such as
fractures, faults, and joints

Influences the amount of snow accumulation on a slope,
which can affect the slope's stability and susceptibility

Slopes that face north in the northern hemisphere tend to have
greater snow accumulation than those that face south, and
heavy snow loads can increase the weight and water content
of the soil (Maren et al., 2005)

92°0'0"E

94°0'0"E 96°0'0"E

28°0'0"N

26°0'0"N

Arunachal Pradesh: Aspect Map
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Southeast (112.5-157.5) [l North (337.5-360)
92°0'0"E 94°0'0"E 96°0'0"E

Aspect map of Arunachal Pradesh
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L_andslide Conditioning Factors

Curvature: Concavity of Convexity of a slope

Plan curvature

» Refers to the curvature of a slope in a horizontal plane, and
it is measured along a contour line.

» A convex slope has a positive plan curvature, while a
concave slope has a negative plan curvature (Nasiri
Aghdam et al., 2016)

» Slopes with negative plan curvature tend to collect
water, which can decrease the shear strength of the soil
or rock, making the slope more susceptible to landslides

Profile curvature

» Measured perpendicular to a contour line
» Measures the acceleration/deceleration of the flow

Curvature of a slope

The presence of negative curvature (i.e. concave slope in either plan or
profile can increase the risk of landslides

The convex shape promotes the rapid flow of water across the slope, reducing the
accumulation of water on the surface thus reducing the risk of failure.
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Topographic Position Index (TPI)

Mostly the researchers have carried out landform classification

using survey methods and manual delineation

Integrating remote sensing data and GIS technique can automate
identifying the landform using topographic position Index data as

one of emote sensing data

« Since the only input required is a DEM, TPI can be

readily generated almost anywhere.

Arunachal Pradesh Elevation map

Arunachal Pradesh DEM

I c:-s00
I s00-1500
[ 1500-3000

0 375 75 150 Kilometers
—t—t—t—t—t—t—t

I <s00-6728

TPI compares the elevation of each cell in a DEM to the mean
elevation of a specified neighbourhood around that cell

The mean elevation is subtracted from the elevation value at the centre

» Area near the peak of the hill (+ve value).

» Areas at the foot of the hill, (-ve value).

» TPI values near zero or close to zero are either flat areas or areas
of constant slope

Arunachal Pradesh Topographic Position Index Map

TPI map of Arunachal Pradesh

TPI

<08 1cem=27 km

-80 - .25
R CID 37.5 7.5 15‘0 Kilometers
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l_andslide Conditioning Factors

Stream Power Index (SP1)

Identifies areas of occurrence of channel erosion, which can
lead to changes in the landscape and potentially contribute to
landslides (Vijith and Wan, 2019)

Monitors changes in river morphology over time, which can
indicate changes in the temporal potential for landslides

If the SPI is high, erosive power of a stream is high, rendering
the slopes adjacent to the stream more prone to landslides
(Arabameri et al. 2018)

A decrease in SPI may indicate that sediment is accumulating
in a river channel, which can increase the potential for
landslides due to reduction of the stability of the surrounding
slopes

SPI < -4 indicates the area highly likely to deposition, while
SPI > 3 shows the area likely to be affected by erosion

SPI of the Arunachal Pradesh study area varies from -13 to 16.4
indicating the differential erosive power of the streams in the
region

91°0'0"E

92°0'0"E

93°0'0"E 94°0°0"E 95°0'0"E 96°0°0"E 97°0'0"E 98°0'0"E
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Arunachal Pradesh Stream power Index Map

The flat areas that are more susceptible to sediment

deposition are represented by the lowest value
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Landslide Conditioning Factors
Topographic Wetness Index (TWI) - 200" s4-00°E %-00°E
» Measure of the relative water satu ration of the landscape ° Rec ik TonsmaricPoibnitdonife:
based on local upslope contributing area and slope angle A
» Primarily used to describe soil moisture conditions ;
» An indicator that measures the potential of water accumulation ,é’\ :
in a specific region - e i o
> A high index value indicates a high potential of water 8 - g
accumulated due to a low slope and vice versa (Rozycka 2 -
et al., 2017) '
» TWI is commonly used in soil and vegetation studies, wetland = TWI
delineation <5.5
1cm =27 km j5_5.7_7
> Important for landslide susceptibility mapping as higher ] o %0 40 200KcHisks B 7.7 11.5
moisture accumulation tends to reduce the strength or 8 115
resistance of the soil from gravitational drag pon = == ===

T
28°0'0"N

T
26°0'0"N

TWI map of Arunachal Pradesh
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l_andslide Conditioning Factors

Soil TypO I ogy Z00E 00 900"

Soil Map

Crucial element in assessing the probability and intensity of
landslides

Geological factors such as the rock type, orientation, and
structure can all influence the susceptibility of a slope to
landslides

28°0'0"N
'l

Different soil types have varying physical and mechanical
properties, such as porosity, permeability, shear strength, and
cohesion, this affects the stability of slopes (Das, 2011;
Mezughi et al., 2011)

Loamy soil (sandy-silty-clay) tend to be more susceptible to Sandy Clay-Loam
landslides because they have reasonably low permeability to L] -

hold water, thereby increasing the unit weight of the systemand |- 1.cm = 27 km o S E
reducing shear strength of the soil, while relatively lesser 4 o 25 50 100Kiometers B corioan &
cohesion to provide resistance to soil drag B

1 1 )
S2°00°E 94°0'0"E 96" 0'0"E

Soil map of Arunachal Pradesh
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Land use and Land cover

How land use and land cover can impact landslides?
> \egetation cover

» Binds the soil together and reduce the chances of soil
erosion

> Land use activities

» Land use activities such as mining, quarrying, and
construction can alter the natural landscape, making it
more vulnerable to landslides

» Urbanization

> Altering the natural drainage patterns of an area,
increasing the amount of impervious surfaces, and
changing the slope angle of the land
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District-wise LULC of Arunachal Pradesh

Landuse/ Landcover Lohit

Snow (%)3.181 Water (%) 0.000 Agriculture (%) 1.862

\ | / Barren (%) 0.883

Grassland (%) 17.284 /
"

Forest (%) 13.012_/ '

Agriculture m Barren m BuildUP m Forest m Grassland m Show = Water

BuildUP (%)
56.557

Landuse/ Landcover Kurung Kumey

Water (%) 0. 647 Agriculture (%) 1.090

Snow (%) 11.846 Barren (%) 3.799

Grassland (%) 3. 009/«

Agriculture m Barren m BuildUP m Forest m Grassland m Show = Water

BuildUP (%)
0.218

Forest (%) 79.399

Landuse/ Landcover Upper Siang

Barren (%)

Agriculture (%) 1.854
Water (%) 0.743 / 1.997
BuildUP (%)

Snow (%) 16.113
‘ 0.199

Grassland (%) 7.696

Forest (%)
— 71.397

Agriculture m Barren = BuildUP m Forest ® Grassland m Snow = Water

Landuse/ Landcover Siang

Agriculture (%)
11.661

Barren (%) 3.146
\ BuildUP (%)
1.059

- T

Water (%) 6. 293
Grassland (%) 3. 891

Forest (%) 73.951

Agriculture m Barren m BuildUP ® Forest ® Grassland m Snow = Water

Landuse/ Landcover Lower Dibang Valley

Agriculture (%) 7.164

Water (%) 5. 119 Barren (%) 2.899
BuildUP (%)

A

Agriculture m Barren = BuildUP = Forest m Grassland m Snow = Water

Snow (%) 6.944

Grassland (%) 6. 322

Landuse/ Landcover West Siang

Water (%) 0.585  Agriculture (%) 3.467

/

Snow (%) 6.408

Barren (%) 1.576

Grassland (%) 3.93

BuildUP (%)
0.555

Forest (%) 83.479

Agriculture m Barren = BuildUP = Forest = Grassland m Show = Water
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Rainfall as Major Causative and Triggering Factor for Landslide

Snowfall_snowmel

Mining, 17

t, 23 - Flooding,
Troical Cyclone, 14
Construction, 44 ‘
\ Downpour, 726
continous rain, 285 '
Landslide Triggering factors
\ 140
137
120
C
2
) . g &0
rain. 426 Total landslide points: 1694 w -
’ =
= 60
. - H —E
® Downpour E rain ® continous rain w40
unknown = Construction m Snowfall_snowmelt 20 10 9
= Mining = Troical Cyclone = Flooding 0 - [
Heavy Rainfall rainfall Construction Others
Triggering factors recorded for landslide in India

Triggering factors recorded for landslide in Arunachal Pradesh
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Ral nfal I : 92°0:0"E 94"0"0"5 96"01'0"5
Rainfall is a primary element that influences the susceptibility and Arihactial Fradesit Raintallisap July Month Ctiimiiative)) o
occurrence of landslides. A
It provides moisture that can reduce the shear strength of soil or .
rock masses, leading to the initiation and propagation of landslides.
Rainfall tends to accumulate in certain areas, leading to localized .

saturation and increased susceptibility to landslides (Tseng et al.,
2017)
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Features of rainfall influencing landslide occurrence

July Rainfall
1cm =27 km Value

> Rainfall Duration
wor High : 1433.79

» Rainfall Intensity
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» Rainfall Spatial Distribution
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Rainfall map of Arunachal Pradesh
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Collation of all Landslide Conditioning Factors
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Synerqgising Remote Sensing and ML to Landslide Susceptibility Assessment

‘ Remote Sensing Data ‘ Methodology and
| Work flow

Digital Elevation Landslide conditioning factors
- Model (DEM)

Modeling
Elevation

Slope

Aspect S .
Plan Curvature Landslide imventory

. i Profile Curvature {(Landslide + Non- ﬁ
Lithology Landslide) Data

Topographic Position Index

Stream Power Index Points ! il *
Topography Topographic Wetness Index T Training Validation
Map Land use Landcover | set ( 70%) set ( 30%)
Geology
Soil type I
Metrological Rainfall Non L?“dﬂ]de Machine Learning
Data points | | | based Models
t { RF,5VM, XGB) y
Landslide — l Accuracy
Inventory data | Preliminary LSM | Assessment
( 212 Points) based processing map Landslide | (ROC,FR,
Susceptibility Mapping KC.AC)
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Preparation of non-Landslide Points for Preliminary LSM

Frequency-Ratio Method (FR)

FR is a ratio of the probability of presence and absence of
landslide occurrences for each landslide conditioning factor

class

Higher FR value indicates stronger observed spatial
relationship between the landslide occurrence and landslide
conditioning factor

The FR values is converted into Normalized Frequency Ratio
values (NFR) in the range from 0.01 to 0.99 to facilitate the
final analysis and interpretation

Subsequently, NFR values are used to reclassify all landslide
conditioning factors for landslide susceptibility analysis

Lastly, LSI is calculated based on the NFR values that have
been determined in training process

_ NP/N
ONEE N

Percentage of pixels in each landslide conditioning
factor class

. Percentage of landslide occurrence pixels in each

landslide conditioning factor class pixel

Number of pixels in each landslide conditioning
factor class

Number of all pixels in total the study area.
Number of all landslide occurrence pixels in total
the study area
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A Typical Example of FR Approach for ‘Slope’ LCF
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SN. Factors Class No. of Landslide | Area (No. | Area FR Normalization
Landslide o of Pixel) (%0}
<5° (Gentle -
Slope) 20 043 6715510 7.37 128 0.50
o_10°
(Moderate
Slope) 27 12.73 4558428 50 2.54 1.00
10° - 16°
(Strong Slope) 28 132 8355556 02 1.44 0.57
. Slope 16° - 25° (Very
(Degree) Strong Slope) 43 2028 20580225 | 226 0.90 035
25°-35°
(Exireme
slope) 49 2311 27568745 | 303 0.76 030
357 - 45°
(Steep Slope) 34 16.03 17607238 | 193 083 033
=45° (Very
Steep Slope) 11 518 5751399 63 082 032
Summation 212 21137101 100

~ 36
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Synerqgising Remote Sensing and ML to Landslide Susceptibility Assessment

‘ Remote Sensing Data ‘ Methodology and
| Work flow

Digital Elevation Landslide conditioning factors
- Model (DEM)

Modeling
Elevation
Slope

Aspect S .
Plan Curvature Landslide imventory

. i Profile Curvature {(Landslide + Non- ﬁ
Lithology Landslide) Data

Topographic Position Index
Stream Power Index Points

L J x

Topography Topographic Wetness Index T Training Validation
Map Land use Landcover | set ( 70%) set ( 30%)
Geology
Soil type |
Metrological Rainfall Non Landslide Machine Learning
Data | | based Models
( RF,5VM, XGE) v
Landslide —————— l Accuracy
Inventory data iminary L | Assessment
( 212 Points) Landslide . (ROC,FR,
Susceptibility Mapping KC.AC)




+ Non-landslide Samples

LSM derived from Frequency Ratio method

1.cm =25 km B very tow
L
0 a0 80 160 Kilometers . o
A - SN S S R .| Moderate
I i
B very High

Landslide susceptibility map of the study area obtained from the frequency ratio method for July month
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Preliminary Landslide Susceptibility Mapping of Arunachal Pradesh

N

4 Non-landslide Samples

LSM derived from Frequency Ratio method

1cm =25 km - Very low
0 40 80 160 Kilometers B Low
—r—rrt—r—rr || Moderate
e
B very High

Landslide susceptibility map of the study area obtained from the frequency ratio method for December month
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Synerqgising Remote Sensing and ML to Landslide Susceptibility Assessment

‘ Remote Sensing Data ‘ Methodology and
| Work flow

Digital Elevation Landslide conditioning factors
- Model (DEM)

Elevation

Slope
Aspect

Landslide inventory
Plan Curvature ] -
Lithology Profile Curvature “‘a“dﬂ'_de + Non-
' Topographic Position Index Landslide) Data
Stream Power Index Points l

k

Topography Topographic Wetness Index Training Validation
M ;
ap Land use Landcover set ( 70%) sel ( 30%)
Geology

Soil type I
Metrological Rainfall Machine Learning

Data based Models
{ RF,SVM, XGRB)

¥

Landslide ——————— l Accuracy

Inventory data iminary L Assessment

( 212 Points) Landslide A (ROC,FR,
Susceptibility Mapping KC.AC)
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Al /ML are Data-Driven TOOLS for Mapping and Prediction
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Feature Importance

Importance of Features

0.25 4
Feature Importance Based on Random Forest

" 0.20 4 i
S Test Accuracy AUC (%) RMSE MAE Kappa Coefficient
g
g o1 Random Forest 0.930 98.0 0.265  0.07 0.859
g
g 0.10

0.05 +
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Slope

Rainfall
TPI
Snow
TWI
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Crops

Trees
SANDY LOAM

Sedimentary
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Recelver-Operator Characteristics (ROC) Curve

1.0
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i
g 0.6
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7 = = Random guess ( July )
-
P —_ AUC=(0.740)
G U *] s i i
0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Prediction rate curves for the susceptibility maps produced using frequency ratio method considering July month rainfall
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Recelver-Operator Characteristics (ROC) Curve

True Positive Rate

True Positive Rate

1.0 4
0.8
0.6
0.4
0.2
— SVC (AUC = 0.96)
RandomForestClassifier (AUC = 0.98)
0.0 - —— XGBClassifier (AUC = 0.96)
I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate
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0.8 1
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0.4 1

0.2 1

0.0

— SVC (AUC = 0.93)
RandomForestClassifier (AUC = 0.97)
— XGBClassifier (AUC = 0.96)

I I
0.0 0.2 0.4 0.6 0.8 1.0

False Positive Rate

ROC curve Analysis with AUC score of the ML
models for July month using validation dataset

ROC curve Analysis with AUC score of the ML

models for December month using validation dataset
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District-wise LSM of Arunachal Pradesh: RF Model

Tawang Landslide Susceptibility Map A

Upper Subansiri Landslide Susceptibility Map

Susceptibility (July)

Changlang Landslide Susceptibility Map N

Kurung Kumey Landslide Susceptibility Map A
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Tawang Landslide Susceptibility Map A Upper Subansiri Landslide S ptibility Map Changlang Landslide Susceptibility Map A Kurung Kumey Landslide Susceptibility Map l

Susceptibility (December)

.o
[ Moderate 2 Susceptibility (December)
BN Susceptibility (December)
Susceptibility (December) [ High . Low I Low
1cm=4km o [ Very High 1em=8ki 1cm=6km 7] Moderate 1cm=6km [T Moderate
[ Moderate ems8km B High [ 1High
o 5 10 20 Kilometers [ High 0 125 25 50 Kilometers 0o 10 20 40 Kilometers [ Very High o 1 = 40 Kilometers I very High
e o ) B Very High

Tawang

Upper Subansiri

Changlang

Kurung Kumey




02-05-2026 International Lecture Program, Ehime University

Difference between Preliminary and Final LSM Maps (July Month)

Kurung Kumey Landslide Susceptibility Map B

Upper Subansiri Landslide Susceptibility Map
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Rainfall-Induced Landslide Susceptible Regions of Arunachal Pradesh
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/Maior Inferences from LSM of Arunachal Pradesh
e Development of Landslide Susceptibility Mapping of Arunachal Pradesh

< Integration of frequency ratio approach and machine learning method

- Effective way to develop LSMs of an area, thereby providing a comprehensive and advanced approach to
geohazard analysis.

< Frequency Ratio (FR) method is efficient
= Selecting the best possible non-landslide points selection for constructing the preliminary LSM
< For this regions, RF technique is found to be the most efficient in developing final LSM

= With a test accuracy of 93%, the ROC-AUC was achieved to be 98%, while the RMSE, MAE and Kappa
coefficient were obtained to be 0.265, 0.07 and 0.859, respectively

« Exhibiting magnitudes that are indicative of a very reliable and superior prediction of the landslides in the region
< Major challenges in developing a reliable LSM for Arunachal Pradesh

= Scarcity of historical landslide data, limited data on local geological conditions, inadequate monitoring and the
absence of a robust early warning system
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L_andslide Susceptibility Mapping of Sikkim

e Construction of a major and strategic railway line
< Sevoke-Rangpo (Phase-1)
< Rangpo-Gangtok (Phase-2)
< Gangtok to Indo-China Border (Phase-3)

- Lot of anthropogenic activities
= Several rainfall-induced landslides

FRANK
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28 ege
1 Kilometes : Land::?:e Susceptibility
26 0153 i ' ; <VALUE>
IDF l P I' - LSM -Verylow
| :l Low
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Performance of ML Models: Spatial Heteroger Heterogeneltv In LSM

CoNet-RNN

BR300

EHERTIRIN

Test Accuracy Test RMSE Test Loss
ML Model

Mean SD Mean SD Mean SD Mean SD

CoNET-RNN 0.8385 0.0115 0.3500 0.010 0.4341 0.0250 0.92 0.01
CoNET-LSTM | 0.8093 0.0137 0.3713 0.012 0.4501 0.0355 0.89 0.01
CoNET-GRU 0.8011 0.0215 0.3796 0.020 0.4757 0.0547 0.89 0.03

CoNet-LSTM
S8°30'0"L

BR7AO"E

Performance metrics
not so dissimilar

Notable spatial variability in LSM
CoNet-GRU

88°30'0"L

AR300"E
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Model Interpretability: Shapley’s Additive Explanation (SHAP plots)
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e Model Interpretability: SHAP Dependence plots
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Model Interpretability: Feature Importance

hspact

B

Dustance te Fdth Crder Stream
Sope

Distance to Fourth Order Stream
WILC

Hllshade

Distance to Transportaticn Infra
Soil Type

Aalanwe Aaliaf

Distance Lo Fault

Distamcs B First Order Stream
NOAW!I

Dustance to Second Order Stream
Elewatian

Geology

TWI1

Distance to Stream

Distance o Thind Ordar SEream
Distance to Lineamant
Curvalure

Geoamaphology

Drainage Density

=M

Limeamemt Dby

oy |

a0 02 004 006 068
mean||SHAP valwe]) (average impact on model gutput mag)

3 =10}

Digtarnce te Ffth Crder Stream
dimpect

ROW|

Distance to Transportaticn nfra
W

Distance te Fourth Grder Stream
Sail Type

HMillshade

Curahun

Destance o Seond Qrder Slream
TRI

Dedirage Dhend iy

TiW1

Distance ko Lineament

Distance to Fault

Distance to Third Srdar Stream
Slepa

Gansbagy

Lim@amsnt D ity

Elevatian

Aelative el

Distance Lo Stream

Destance ba First Order Skream

k- |

Geom crphclogy -

L=1-i] L abe S06 aoa &1 LA B
mean| |SHAP valwe]l (average impact on model gutput mag)

Anpect

Hillihade

O

Distance to Fifth Order Stream
Shpe

Distance o Tanspartation Infra
LLILE

Distance to Fourth Qrder Stream
[ =]

Curvatuwre

Distance to Second Order Stream

Aelative Relial -
Sail Type

Distance bo Third Ordar SIFeam

Distance o Sream

Elevation -
Distance to Fault
Destanca to Lingarmsant -
Gaalogy -
Distance to First Jrder S5ream -
Drainage Density -

v i

THE

Geamarphology .

Lneamant Density .
s i

iJII.'li [=la} ! Ué\.‘ IJ\'I.I.' 00s I:I\I.l! aos '.l;.'l' aoa
msani|SHAP value|) laverage impact on madael cutput mag

CoNet-RNN

CoNet-LSTM

CoNet-GRU



02-05-2026

TRI
Distance to Transportation Iinfra
Slope
Distance to First Order Stream
Distance to Fifth Order Stream
Elevation
Drainage Density
Distance to Stream
NDVI
Hillshade
Relative Relief
Distance to Fault
SP1
Distance to Second Order Stream
Lineament Density
Distance to Fourth Order Stream
Distance to Third Order Stream
Geology
NDWI
Geomorphology
Soil Type
Aspect
TWI
LULC
Curvature

Distance to Lineament

Feature importance:
Data based

0.000 0.050 0.100 0.150

Information Gain

Aspect

Hillshade

Slope

Distance to Transportation Infra
Distance to Fifth Order Stream
NDWI

LULC

Distance to Fourth Order Stream
Distance to Fault

Soil Type

Relative Relief _
curvature [N

Distance to Third Order Stream
Distance to Lineament

Distance to Second Order Stream

Drainage Density
Elevation

Distance to Stream
Geology

TRI

Lineament Density
Geomorphology

Distance to First Order Stream

TwWI

i .
= Feature importance:

Model based

0.00 0.02

mean(|SHAP value|) (average impact on model output mag

0.04

0.06

0.08

010

International Lecture Program, Ehime University

CRITICAL FINDING

Complex inter-relation between
features might not be properly
interpretable if only data-based
approach is used such as the
Information Gain (I1G) method
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Essence of Enqgineering Analysis: Geotechnical Investigations

88.33° E 88.5°E 88.67° E

> Borehole data from 124 locations was collected N

27.33°N

> Properties collected from the geotechnical investigation report

27.33°N

- Soil description

- Overburden depth

27.17°N
T
27.17°N

- In-situ coefficient of permeability

- Ground water table depth

27°N
27°N

« Particle size distribution

egend
O Boreholes

- Natural water content

- Bulk and dry density

Shear strength parameters

26.83° N

225 45 9 135 18 ;
u Kilometers, L B very High

88.33°E

88.67° E



Location - N 2078023
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E 645014

Method of Boring / Drilling : Rotary

Boring / Drilling Equipment : G.0.16

Cazing Lowered : Hx:3.60m., Nx:22.14m

International Lecture Program, Ehime University

e e T

Geotechnical Investigations: Typical

Borelogs

Ground Elevation ©  +179.3m

Water Level : 23 00mbgl

Dia.of Boring /Drilling : Hx/Nx
Date From 230611 Te 280711

Core Recovery (%)

Description

Location : N 2078046 E 645002
Method of Boring / Drilling : Fotary
Boring / Drilling Equipment : G.0.2

Casing Lowered : Hx:2.36m, Wx:12.62m.

Ground Elevation :  +160.1m
Water Level : §.55mb.gl
Dia.of Boring / Drlling :  Hx/Mx

Date

cFrom 200701 Te 050811

23/06

24/06

+1723

Depth/ RUH DT : Mo of blows
(m) =
E fEr' E E|E
sl &S S|z
= : - = "-]- 2
0.00
osa| - | - |o|-|-]|-]-]-
100|145 |oas| o |5 |7 || |18
200 | 200 | 00e| B [101| - | - | - [5100
(9cm)
w0 |zoofos|c|-|-]-]-]|-
300|375 cl-|-/--]-
375|379 [ oo B |53 - | - | - [#100
(#cm)
sz lasoflon|c|-|-]-]-]-
as0|sasfoms| - |- -]-]-] -
5.25 c| - - - - -

L

Grey sand mixed with fragmented rock
pleces

—— e = o = =
Highly weathered browmsh - grey
coloured medium grammed  flazy
sandstone highly fractured, cores are
broken into preces

do-

Moderately weathersd zrey coloured,
medmm graired flagy sandstone, non -

Jjointed

Completely weathered product of rock

Highly weathered grey colowred
medmum  gramed flagy  sandstone
massive, frachred, cores are broken
into pleces (fissile very mtensaly)

56

Organisation: IRCOM
Project: Sevok - Rangpo New BG Rail line.

Location : T-6 Adit Portal A-1, 10m left

Ground Elevation : +284.1m

Drilling Agency : Constell Consultants Pyt Ltd. Started : 28.10.13

Co-ordinates - N 2887020.7. E 641681.7

Drill Hole No: AP-3

Type of core bamel : Double Tube

Angle with Horizontal : 80

Completed - 11.11.13

=
z

ErTT

Abbreviation Used : U-Undisnurred Sample C-Core Sample D-Distarbed Semple P-3tandard Penstration Test V-Wane Shear Test

Level at which Artezizn Condition experienced and its pressure, if any

Water Loss with depth, if any

. Colour of water during drilling :  Grey

_ Depth / RUTH| = 3 E HEL .
= - . ~ SPT Lithalogy 2 | o] |&] wae °ir|':a &
E = E g - | E 2 = | B3| 2| of B[ Lo T H  Special
- E = ¥ S 5 r o Lk & & |5 S Observation
R NI AHEE : Prrerizien :E I HEEENPCET S
= £ s E S| G| ] o~ . = El 3 =|8= -
é & 2 = 5 slalz| = e ,_5” 3 Description El@||elg 6 wl A E Z5 %‘ w0 |- J2 H interpretation
=" AP o8| 2(2l8 2 g HRREE R
A ] HEE R w a °lE
+284.1 | 000 | Darkgrey sifty sand wkh SPT
2007| +160.1 | 000 fragmented rock pleces o'.ro;'.rsm
. . N==100
aso | - R . Brownish wellow silty sand with {56 blows far
fragmented rock pieces som)
. . . . . Bed Rook
100 | 112|012 P [100] - Yellowish grey =ity sand wath s | oo — o Staris from
. 42831 75 | Competely weathe
(12em) fragmented rock pisces :?o,"; p— 188 1.08m cepth.
i
N
i e o w2821 | 100 | Figny weameres gregien
21/07 112|200 0ss| | - | - wi] |Boulder upte depth 1.80m., rest of the I | E s | NI L PR
I core lughly -weathered Lght grey meslum graned chiers: 130 c:r:;a:z::.:uu
coloured fme to medim pramed flagy I T B
| |sandstone, massive, highly fractured, I el 3"‘;‘;—‘:;:3:"_:‘:‘:"‘" 2.0
I fractured planes moderately rongh and )
Fe-stained, cores are broken mto pieces I
LR i +231% | 230 | Fighy weathersd gregizn i 4g.7g| iGNty fachured
. . o green coloured fre 1o B 7| cores ame broken
200 | 275 c|-|- 57 | 19 |Moderately weathered Lght grey medium graned chiorse ".': i pieces.
coloured fine to medmm grained fla weniz2 z
. - 1 i . - . &
-u.:ld_.tone. ema.eddec: with gravel 335 . 2 .
pebbles ete. massive, fractured at places . '}'_
;} z
400
N 1500}
22107 275 | 3.50 cfl-]- 13 ~de-
o
23007 350 | 425 c|-|- 36 ~do- ars
? N .82
425 | 500 (075 | C | - | - 17 -do-
s N 833
2507 cf|-|- 23 do-
575 | 650 cl| - - 30 do- +287.8 | 525 | Highly weathered drty grey i | =]
- - : coloured Sne grained -
quartzie
" 1. Abbreviation Used : U-Undisnarbed Sample C-Core Sampla D-Disturbed Semple P-53tandard Penetration Test V-Vane Shear Test 1
= |2.Level ar which Aresian Condition experienced and its pressure, if any e NI 555
2 3. Water Loss with depth, if any
4. Colour of water during drilling : Grey Loggedby A K. Banefee B. N. Basak Checked by 5. Bhattacharee
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From 124 borehole data

« Mean:85m

 Standard Deviation: 8.9 m
« Q1 (25™ percentile): 2.2 m

* Q2 (Median, 50t percentile):'3.5 m,

—————

« Q3 (75" percentile):'11 m!

Density

0.25 1

0.20 4

0.15 4

0.10 4

0.05 4

0.00 5

International Lecture Program, Ehime Univer.
JLIOTAL CELTrroup

Geotechnical Investigations: Overburden Depth

= PDF curve

5 10 15 20 2
Overburden depth (m)

Histogram and PDF curve for the overburden depth

35
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Geotechnical Investigations: Overburden Depth
From 23 field permeability test data 14 -
e Mean: 5.94 105 m/s ]

10~

e Standard Deviation: 8.93 x 105 m/s

Data count
[wa]

* Q1 (25th percentile): 2.23 x 10° m/s 61
» Q2 (Median, 50th percentile):16.93 x 10-6 m/s| 4:
« Q3 (75th percentile): 1.1 x 104 m/s . | T 1T 1 ]

k (cm|s)

Histogram of the k-values for the soil layer
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Geotechnical Investigations: Density and Shear Strength
_ Bulk density Dry density Sat. density
> Density from 97 borehole data Parameters (g/cc) (g/cc) (g/cc)
 Saturated density was calculated """ """ T o oo m e :
r Avg 1.91 1.62 2.02 !
from water content data (S
* No major variation SD 0.05 0.06 0.04
CV 0.03 0.04 0.02
Parameter %ﬁ;iﬂ%‘ ¢ (°)
E__::_A\Zg::____::::0:0:6________:__:3__2:7:2_______: » Shear strength parameters from 57 soil testing data
s 0106 1 « Mostly cohesionless soil

* No major variation
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— Geotechnical Investigations: Unsaturated Strength Parameters

Statistical parameters of the van Genuchten parameters determined by Rosetta method

Parameters a n 0, 0,
S S N R N
SD 0.008 0.422 0.007 0.005
Median 0.019 1.556 0.047 0.337

CV 0.398 0.244 0.143 0.014
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Summary of Geotechnical Parameters for Numerical Modeling
Properties Soil (Mean values) Bedrock (Mean values)
a. Overburden depth (m) 3.5, 11, 22.3
b. Modulus of elasticity (kPa) - 5.0754 x 106
c. Bulk density (g/cc) 1.91 2.69
d. Dry density (g/cc) 1.62
e. ¢ (kN/m?) 6 1700
f. ¢ () 32.72 41
g. van Genuchten parameters
° o 0.02
e N 1.729
e 0. 0.05
e 0 0.34

h. k(cm/s) 6.93 x 104 2.88 x 10



nterna

— L_andslide Attribute Analysis from Available Landslide Records

Moderate,5  Very Slow, 4
|~

Flow, 28 Fall, 34 Topple 3

W

Movement type Movement rate Failure Mechanism

Deep
translational ,

Shallow planar
and wedge, 1

7
Shallow
Rotational, 19
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L_andslide Attribute Analysis from Available Landslide Records

Rock & debris,
70

Earth, 5

Slide, 347

|
Fall, 34

Subsidence, 13

Topple, 3
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I GangtokmAaTF
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Google Earth image of the study area deplctlng
the borehole locations and Zero landslide

(b) uo-, 3 (movement is restricted in

Validation Study: Zero Landslide

Semi-infinte boundary

6 node triangular FEM mesh

- Verticaldirection)
L R ¥ -—

----

1220
L

Vertical height (m)

1190
|
L

Roller boundary
(movement is
restricted in all
direction)

Bed rock

1160
|
%
K]
B
K
1
1%
1%
K
K
1%
K
,‘.‘/ o
E K
|5

I I I

0 30 60 90 120 150
Horizontal distance (m)

I

Slope profile adopted in the stability assessment by Das et al. (2024)
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Validation Study: Zero Landslide
Criticel SEF: l1.07 RN Critical SRF: 1.16

Maximum shear strain

(@) (b)

Maximum shear strain contour — dry condition (a) Das et al., 2024 (b) Current study
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- Validation Study: Zero Landslide

Critical SRF: 0.73 : ~ Crivical SRE: 0.8

Maximum shear strain

(@) (b)

Maximum shear strain contour — wet condition (a) Das et al., 2024 (b) Current study
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Modified LSM of Sikkim: Improvisations

International Lecture Program, Ehime University

Ln Subsurface Saturation

27.33° N

27.17° N

27°N

26.83° N

88.33° E 88.5°E 88.67° E
T L) |§

N
5 : 7 z
Relling: % e
L s o R,a.\/apgla R
V4
o
15
~
~
P4
s 1%
N

4 © Is_points
+CoNet-RNN
Very Low
| | Low
o Moderate
[ igh
] i : 2 18Kilometers L - Very High [j
88.33° E 88.5°E 88.67° E

35m3 |

*FS=1.337

| N
»

90 m

Development of Surrogate Models
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Modified LSM of Sikkim: Improvisations in Rainfall Reealizations

04 04 4
035 0.35 4
03 0.3 4
025 025
] =
E £
3 02 F 024
£ £
2 2
0.15 0.15 4
0.1 0.1 4
0.05 0.05 4
0+ T T T T 0 -
0 500 1000 1500 2000 01 23 4 5 6 7 8 910111213 141516 17 1819 20 21 22 23 24
Time (hr) Time (hr)
0.5 0.5
045 045
04 0.4
0.35 0.35
_ =03
g 03 E
Z02s 50
= g
3 55 2 02
0.15 0.15
0.1 0.1
0.0 0.05
0+ T T 0
500 1000 1500 2000 01234546 78 9I0I17 12 13 14 15 16 17 18 19 20 21 22 23 24
% Time (hr)
Time (hr)

RFR4 - Exponentially increasing

0.7 0.7
06 06
0.5 05
50.4 —
£ Em
503 503
0.2
0.2
0.1
0.1
0
0 500 1000 1500 2000 0 -
Time (hr) 01 23 4 5 6 7 8 9 10111213141516 17 18 19 20 21 22 23 24
Time (hr)
RFR3- Normally distributed
045 045 -
0.4 0.4 A
035 035
- 03 03
= -
£025 E 025
= =
02 &
»&% £ 02
0.15 £ 015
0.1 0.1
0.05 0.05 -
0+ T T T T o
0 500 1000 1500 2000 01234567809101112131415161718192021222324
Time (hr)

Time (hr)

RFR5 - Bi-modal



6

02-05-2026 International Lecture Program, Ehime University

_ i tional Lecture Progtam v

Future Pathways
e Visions to strengthen such exercises in future for various regions
< Focus on strengthening landslide inventory
< More trials with high-resolution dataset
< Updated land use and land cover information owing to progressive urbanization
< Updated landslide conditioning factor dataset
< Consideration of changing rainfall dynamics
< Efforts to be given to develop standardized approach
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Further Interaction and Information

CIVIL ENGINEERING

Home

Geotechnical Engineering Division

Tel.

E-mail

Webpage

e Google Scholar

Dr. Arindam Dey
Associate Professor

Office No. N-205

+91-361-258 2421
+91-8011002709

+91-361-258 2440

arindam.dey(@iitg.ac.in

arindamdeyiitgl 6@gmail.com

http://www.litg.ac.in
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Some Glimpses of the 11T Guwahati Campus
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