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Introductory Remarks and Recap
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Slope Instabilities and Landslides

Movement of mass of rock, debris or earth down a slope

rockslide |
landslide
caused by
poor road

A debris
construction |

flow in
stream
channel

landslide ' -

)r,:r -t
A ' e -
eroding
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submarinel
landslide

Cruden (1991)




Material

Movement

type

Classification of Landslides: Types of Failure

FALLS

TOPPLES

SLIDES

Rotational

Translational
(Planar)

SPREADS

FLOWS

COMPLEX

BGS © NERC

©.g. composite, non-circular
part rotational/part translational
slide grading to earthflow at toe

Translational landslide

D postional ax:

Earthflow

Lateral spread

Block slide

Varnes, 1978; Cruden and Varnes, 1996
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Classification of Landslides: VVelocity of Failure

Velocity Description
Class
A A
7 Extremely
Rapid
6 Very Rapid
5 Rapid
4 Moderate
3 Slow
2 Very Slow
Extremely
SLOW
v A J

Veloeity
(min/sec)

5% 10°

5% 10°

sx10°

5x 107

LA

5x 10

5x 107

Typical Probable Destructive Significance
Velocity
Catastrophe of major violence; buldings destroved by
impact of displaced material; many deaths: escape unlikely
5 m/sec
Some lives lost; velocity too great to permut all persons
to escape
3 m/min
Escape evacuation possible; structures; possessions,
and equipment destroved
1.8 m'hr

13 m/month

1.6 m/ivear

15 mm/vear

Some temporary and insensitive structures can be
temporarily maintained

Remedial construction can be undertaken during
movement; insensitive structures can be mamntamed with
frequent maimntenance work 1f total movement 1s not
large during a particular acceleration phase

Some permanent structures undamaged by movement

Imperceptible without instruments; construction

POSSIBLE WITH PRECAUTIONS

Cruden and Varnes, 1996
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Stable Slope

e Causes of landslide

< Factors that make the slope
vulnerable to failure

< Factors that predisposes the
slope to become unstable

Marginally
Stable Slope

e Landslide trigger

< The single event that finally
Initiates the landslide.

Slope
Failure
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Natural
Causes

Causes of Landslide
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Geological
Causes

LY

L

>

» Weathering

Chemical
Physical
Biological

Structure

Stratification
Orientation

v
Morphological

F 7 7 v
o i | |

7 F
i i

7
[

Causes

Topography
Surface Cover
Slope inclination
Erosion

= Toe erosion

=  Gully erosion
Subterranean

=  Solution

= Piping
Deposition

=  Onslope face

= Oncrest
Tectonic activities

= Uplift

\
Hydrological

i i i 7 7
[/ [/ [/ [ &

Causes

Rainfall
Runoff
Infiltration
Percolation
Seepage

Unsci

and S

» Unplanned construction of

roads

Encroachment/
entific cutting of hill slopes
Deforestation

Unplanned drainage

Anthropogenic
Causes

ewerage system
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Landslide Triggers |, @ Sudder

Intense

ity (mm/day)

400

- i . Rainfall
e Rainfall
< Sudden intense rainfall FVAA WS S
- Mostly lead to erosion induced shallow landslides RainfallStorm Event of October 2004
« Predominantly renders surface runoff than percolation | e, Prolonged
. - H“SSZ heavy
» Prolonged heavy rainfall cainfall
- Mostly lead to deep-seated landslides i
« Allow deeper percolation of water within the slope i »
) SeismiCity 0 50 100 150 200 250 300 350 400 450

Time (Hours; )
Rainfall in May - Aug, 2007

% Stress induced due to seismic shaking total Stress
< Generation of pore water pressure I’ l“ I I l

e Toe-excavation (in many instances)
< Inhabitation

< Transport route development Jlﬂ'o i 1

effective stress, o'=o- 1
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Varunavat Parvat
Landslide

Uttarkashi,
Uttarakhand

24 September 2003
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Typical Examples of Slope Instability

Malegaon Mudslide

Malegaon, Pune,
Maharashtra

30 July 2014
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Typical Examples of Slope Instability

Banderdewa
Mudslide

Arunachal Pradesh
2013
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Typical Examples of Slope Instability

Some Landslides
In Assam

2013
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Typical Examples of Slope Instability

Some Landslides
In Guwahati

2012
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: Typical Examples of Slope Instability

Landslide near Narayana Hospital, 2020

Landslide just now at Gauripur, North Guwahati

@O REDMINOTES - -
©O Al QUAD CAMERA "2

Gauripur
Landslide,

Oppositeto lIT
Guwahati

2020
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/ Typical Examples of Slope Instability

Landslide
beneath Raj
Bhawan
Guwabhati
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/ Debris Flows, Nepal, 2021

TN - N o
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Assam Flood and New Haflong Debris Flows 2022
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Chamoli Glacier Outburst, Chamoli, 2021
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Typical Examples of Slope Instability

Rockfall at
Guwahati-
Shillong Road
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Rockfall at Sangla Valley, Himachal Pradesh, 2021
- "
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Cliff Topple, Brazil, 2021




/47/fi15222§i | E, FDP, JEC, 2024 2

Typical Examples of Slope Instability

Landslide in
Sonapur

2011
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Earthquake Induced Landslide

e Palu, Indonesia, 2018

< Sulawesi earthquake
= M7.5
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Earthquake Induced Landslide

e Palu, Indonesia, 2018
> CRE RNEE R ;_a;f-'f"'.’ Lt

—r——
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Typical Examples of Slope Instability

P
byl

Seismic Slope
instability in
Saiphum,
Mizoram

2013
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Typical Examples of Slope Instability

Slope instability
due to faulty
excavation
technique in
North Guwahati
due to Steep
Excavation

2015
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Glacier Wall Breakoff, Kinnaur, HP, 2021
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/
Avalanche at Kedarnath, 2021

e ——
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andslide Analysis Approaches
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Aims of Slope Stability/Landslide Analysis

e Target objectives of slope stability analysis

< Understand the development and formation of natural slopes and the
processes responsible for different natural features

< Assessment of the possibility of landslides involving natural and
existing engineered slopes

< Assessment of the stability of slopes under both short-term and long-
term scenarios subjected to various causal factors

< Analyze the Ilandslides and understand their failure mechanisms
subjected to triggering factors (precipitation, seismicity and toe cutting)

< Enable the redesign of failed slopes and planning and design of
preventive and remedial measures wherever necessary



11-06-2024 E, FDP, JEC, 2024

L_andslide Analysis Approaches

Landslide Analysis Approaches
1

Crozier and Glade, (2005)

w r

Local scale Regional scale
*Single Landslide *Greater Spatial Extent
+Stability Analysis *Susceptibility Analysis
| Carrara et al., (1996) '_'l | Soeters and Van Western, (1996) h—'
¥ Qualitative ¥ Quantitative >Qualitative #Statistical
* Descriptive Prediction  + Stability Analysis >Inventory-based > Deterministic
* Geological Appraisal »Heuristic »Probabilistic
Ll .. | Quantitative I l_, | Geotechnical I
# Rainfall-induced # Probabilistic Slope #Gl5-based methods  » TRIGRS
5|DFIE S'tElbl-lit'y’ Sta hi“'t'y’ * Montgomery and Schilird =t al., {2015])

Dietrich,[1954) [SHALSTAB)
* Wu and Sidle, [1957)
|dSLAM,IDSSM)
* Pack et al., (1938) [SINMAF)

Saadatkhzh et al., (2014)
Fark et al., (2013]

Kirm et al., (2010)

Baum et al., (2010)

MWukhlisin znd Taha, {2011}
Moor and Hadi, (2011)
Zhan et. al. {2007)

Huazt et. al. (2008)

Cha (2007)

Griffiths et al., (2007)
Christizn et al. (1994]
Fenton and Yanmarcke

i d * Yan Beek, [2002) :
Tofani et. al. (2006) [1930) (PROBSTAE) 2:{5::; ?1; ta lEII ﬂ(iﬁgé]
H_ah ardjo et. al. (2004) * Vanmarcke, (1383) + Haneberg, (2004) (PISA) e (2008)
Kim et. al. (2004) * Vanmarcke, [(1977a&b) + Yie et al. (2004) (3D-LEM-GIS) . ”
Tsaparas et. al. (2002) * Alonso, (1978) - Montrasio and Valenting, avage et al., (2004)

Baum et al., (2002)

Gasmao et al. (2000] (2008 [SLIF)
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andslide Analysis Approaches

ocal Scale Analyses
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Methods of Local-Scale Slope Stability Analyses

Methods for Slope Stability Analysis | pLAXIS

GeoStudio
d Limit Equilibrium Methods ELAC
) . GTS Midas
] Stress — Deformation Analysis
Talren

» Continuum Modelling
* Finite Element Method Geod
=  Finite Difference Method | Rocscience

Oasys

J Method of Wedges
Mostly applied to

Rock Slope
J Discontinuum Methods Stability

» Discrete Element Method
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//|:actor of Safety / Factor of Uncertainty
e Based on the concept of static equilibrium

< Define the ‘Factor of Safety’ of a slope %
- FoS = Strength / Stress developed R\

FORCES

o State of stability
> FoS > 1 > Stable FOS =
> FoS <1 - Failed

> FoS ~ 1 - Incipient failure
P Radlus,/LLﬂ

Summation of resisting force
Summation of mobilized force

Circular
Slip plane

o Higher FOS covers for the higher uncertainty
in the strength parameters considered

%,

—_—

Sy

s it R ] s, ds
S Resisting moment J u
FOS = — (Total Stress ) c MOMENTS FOS = _ =
Cm = — Overturning moment Wx
A c +0tand 1 C

= Total Stress
LIMIT EQUILIBRIUM FOS ( )

T

tan @
Fos = G to'tang’ ( Effective Stress ) tan (Pm — F
T ¢
Resisting force Fg: puN Stren gth
Disturbing force Fp: F> F, :
Reduction

7S » Z - Factor

FBDof slicei
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Infinite Slopes

e Infinite Slope - Extend over long distances and great heights

4 -:'
P 4

A at -
= e &

S s . - ol s b
Landslide at Ramche, Langtang Nat. Park Buffer Zone, Nepal “ © 2012 Gary Braasch * WorldViewOfGlobalWarming.org

Ramche Landslide, Nepal, 2012

An example of progressive failure of slope




11-06-2024 E, FDP, JEC, 2024 7

P Infinite Slope and Analysis
e Infinite Slopes - Extend over long distances and great heights
< Translational Shallow Slip Analysis for Infinite slopes

AN
M
o'
L

T (i o s -
Landslide at Ramche, Langtang Nat. Park Buffer Zone, Nepal
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P Infinite Slope and Analysis

e Infinite Slopes - Extend over long distances and great heights
< Translational Shallow Slip Analysis for Infinite slopes

Dry Cohesionless Slopes Homogeneous Saturated c-¢ Slopes
with Phreatic Surface at Slope Face

Slope Surface

FLOW NET

- Pore Water Force
L= R U = y hcos*f(bsecp)

Failure Surface

Failure Surface

,T/’” F = ¢’ + h(Ysa — Vi) €08 *(B) tan ¢/
B Vsat h sin ﬁ cOS ﬁ

Ntang tandg

N\ p ~ Wsing  tanp Homogeneous Saturated Sandy Slopes
" tang’
\ F=y xl (‘b ]”!=(}'sal'"}'w)-
Force Polygon Vsu tanp




Glacio-Lacustrine Deposits

e Varved clays in glaciatic environment

< Deposition of alternating layers of silt and
clay due to annual glaciatic movement in
the snow-clad mountains s

*  Debris carried by melt
® e water of Glacier
L ]

Floating fine particles

Settled coarse particles
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Finite Slopes and Analyses

e Finite slope — Local scale slopes bounded by surfaces in finite
measurable dimensions

Closed Capped Landfill with i aasRs
Associated Treatment Systems

LFG collection
Landfill solar power system must be headers and piping
- LFG

integrated into routine landfill operations, )
monitoring and maintenance. treatment
Settlerg - facility &%

Engineered landfill ¢;
(FML or evapotra Landfill gas (LFG)
extraction wells.

Trash and waste

LFG monitoring
probe

v Groundwater monitoring probe
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Finite Slope and Analyses

o Slope Stability Analysis
< Rotational slips — No rigid base stratum
< Compound slips — Presence of rigid base stratum

Compound slip <
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Finite Slope and Analyses
o Slope Stability Analysis

< Various types of failure surfaces
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Finite Slope Stability Analyses

e Conventional Finite Slope Stability Analysis
Limit Equilibrium Methods:

Land surface Center of rotation

2\ Radius
2\

» Friction Circle Method
» Method of Slices
= Fellenius (1936)
= Bishop (1955)
= Morgenstern and Price (1965)
= Spencer (1967)

Center of gravity \

\ Driving force

_j ".% \

Method of slices for slope stability analysis showing assumed slip
surface and interslice forces (GeoSlope International, 2007)
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Finite Slope Stability Analyses

e Culmann’s Method with Planar Failure Surface (c-¢ soils)

Co 90 -6
¢, + 90
W
P
0 - ¢n
Force Polygon

g [T
H

sin B cos @,
c tan @
tan@,, = Iz

Cp = —
F¢ @

FOI'FC: F(p: F=1 Hmi|=

4_c[ sin 3 cos ¢ ] Fc=F,=F
y L1 —cos(B—¢)
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Finite Slope Stability Analyses

e Swedish Circle Method (c solils)

R
W
l /
L f
H'a_ -~ -
C ™ ﬂ"',’/T;c..L=¢uRE

Lengthofarc=R. 0
Maximum resistance=c,.R. 0
Resistive moment = ¢,,. R%. 60
Driving moment=W.x
cy.R?%.0
W.x

FOS =
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Finite Slope Stability Analyses

e Friction Circle Method (Graphical approach: ¢ — ¢ solils)

Homogeneous Saturated c-¢ Slopes
with Phreatic Surface at Slope Face

Direction of P

Friction
Circle a

u
FORCE POLYGON

-
—
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Finite Slope Stability Analyses

—

e Method of Slices (c — ¢ soils)

< Discretize the active/moving soil mass into many vertical slices
= Treat individual slice as failing unit which has interaction with adjacent slide

Surface 10 | |, soil unit 1
Load V
GWL ’ / '
6 Y soil unit 2 I
3 7’
N 7 soilunit3
Failure = oA
Surface . .
Equations Condition
n= 13 SLICES
n Moment equilibrium for each slice
2n Force equilibrium in two directions
(for each slice)
R Mohr—Coulomb relationship between shear
strength and normal effective stress
4n Total number of equations
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Finite Slope Stability Analyses

Ug

Q 3

g’

Thrust Llne

Ug

)
V /B

= vertical seismic coefficient b
= horiz. seismic coefficient h

h.

width of slice
average height of slice
height to centroid of slice

W /:’ zR W e
- k"\&—} / h
Sttt L ot h
s I 4 sl l
z? / 4 Z1 I
Assumed Shear | =Sa 7< .
Surface -, . = \ F i B Ll g Indeterminate:
< idpoint| |
of Slice (2n-2)-n = n-2
= factor of safety Z., = left interslice force Unknowns Variable
= available strength Z = right interslice force
= C+N' tand 0, left interslice force angle ! Factor of safety
= mobilized strength 0r = right interslice force angle Z E;’Z::?;nfz?e at balsif of ea;? slice, N'
: : ; normal force,
= pore water force h, height to force Z, n Shear force at base of each slice, §
= surface water force hg = height to force Zy n—1 Interslice force, Z o
= weight of slice a = inclination of slice base n—I1 Inclination of interslice force, @
= effective normal force B = inclination of slice top n--1 Location of interslice force (line of thrust)
- external surcharge ) inclination of surcharge on—2 Total number of unknowns

Indeterminate: (6n-2)-4n = 2n-2
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Finite Slope Stability Analyses

e Various types of ‘Methods of Slices’ developed over time
e A Group of Limit Equilibrium Approaches

< Mainly differs on the variation of assumptions related to interslice forces
< Differs on the basis of satisfying varying equilibrium conditions

Force Equilibrium
Moment
Method vertical horizontal Equilibrium
Ordinary method of slices (OMS) No No Yes
Bishop’s simplified Yes No Yes
Janbu’s simplified Yes Yes No
Lowe and Karafiath’s Yes Yes No
Corps of Engineers Yes Yes No
Spencer’s Yes Yes Yes
Bishop’s rigorous Yes Yes Yes
Janbu’s generalized Yes Yes No
Sarma’s Yes Yes Yes
Morgenstern—Price Yes Yes Yes




11-06-2024 [ E, FDP, JEC, 2024 0

Finite Slope Stability Analyses

e Ordinary Method of Slices
< Circular slip surface

< Neglects all interslice forces [3(n-1) number unknowns neglected]
< Over-determined [n-2-3(n-1) = -(2n-1)]
< Only moment equilibrium is satisfied

S8 Q.8 )
P Y (C+ N'tang) ’p \A\ il o \] /P
Z?:l Ay — Z?:I Ay + Z:‘;I A3 >/ y N—
Thrust Line A
A = (W({ —ky)+ Ugcos B+ Qcosd)sina _/"'/

W o

: . h KW _ B s = W |
Ay = (Ugsin B+ Q'sind) cosa—E R

" —0, 7 1 /i“ i
Ay = khW(cosa——ﬁ) ZL y h
R Assumed Shear /E =Sa

Surface . A

N+ U, \

Y
L——>b | Midpoint

of Slice

= Ik
s
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Finite Slope Stability Analyses

e Bishop’s Simplified Approach
< Circular slip surface

< All interslice shear forces are zero - only normal interslice forces are
considered

< Over-determined [n-2-(n-1) = -1]
< Horizontal force equilibrium is NOT satisfied
< Overall moment equilibrium is satisfied

Qs Q 3 ;
U - /
o > i (C+ N'tan ) ; \A\ - B \] -
Z?:l As — Z:'Izl Ag + Z?:l A7 >/ y N—
Thrust Line '
As = (Wl —k,)+Ugcos B+ Qcosd)sing w ././'Z.'R w Ze
h kW B dfée‘R khvv<___ e h
Ag = (Ugsin 8+ O sin ) (Cosa— E) e 1 . 4 hr
N R = /ja . FC z/
‘ ZL ka : L L ‘V
A7 — kh W (COSO! — E) Assumed Sheag_,%nsg’— i S 7.‘/\\
R Surface . N+ U \ F l«—2 .| Midpoint

of Slice
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Finite Slope Stability Analyses

e Janbu’s Simplified Approach
< Slip surface need NOT be circular

< All interslice shear forces are zero - only normal interslice forces are
considered

< Over-determined [n-2-(n-1) = -1]
< Horizontal force equilibrium is not satisfied
< Moment equilibrium is NOT satisfied

Q 8 Q 3 .
Ug \ /B Ug \F] /B
n y Thrust Line y Y
F Y i [C + N'tan ¢] cos o B
= n n 3 W g W
| . ! R Z
Zz:l 4+ Zz:l N’sina KW ‘—1 4,; thL_} ‘/R h
— 0 . . _ . e » T h
A4 Ugsina + th Uﬁ sin p dsing -8, T 1 / ¢ % Fc(z/ J R
270 kW . L L I
Assumed Shegg_%mzi 3 7"/\\
Surface .-~ N’ + Ua \ F | b ‘ Midpoint
of Slice
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/ Finite Slope Stability Analyses
e Generalized Limit Equilibrium (GLE) Approach

. .. . Q 3 Q 8 ;
< For individual slices Ug \“\ /B Ug \] /6
- Satisfies Force Equilibrium >/ | >/ o
Thrust Line
o o oo o 4
- Satisfies Moment Equilibrium . P W
A S W | /
< For global system o d M } j h
. B B, / =
- May or May NOT satisfy both force and ZLLR k/é ¢ hLFc z{' fu s o
moment equilibrium simultaneousl Assumed Shear, S el
- q - y Surface ..~ N’ \ F I__b_,vlfdglomt
< It is a congregation of iterative analysis : —
1
- Janbu’s generalized approach z - Z
c f(x) = constant : 5
. Spencer’s methOd % (Spencer's Method) ‘é f(x) = Half-Sine
. 2 r
- MorgenSteI’n-Prlce methOd 0toe x coordinate crest toe x coordinate crest
u etC. .. 1 1
Z f(x) = Clipped-Sine LOE f(x) = User Specified
lzoe x coordinate crggt Otoe x coordinate cr:est
Examples of functions used to describe the variation of interslice force angles
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Finite Slope Stability Analyses

o Stability Charts by various researchers

< To make our life little bit simpler

0‘19_|i||§r||| T T T T T Ty 1Ty T f FroT]

B= 5:30 FOR B> 54°, see next;ﬁgure

1

7.0
CASE A

SH T
o L 7

Use full lines of chart ]
Shert dashed lines give n-values :

STABILITY NUMBER - c4/yH

g / /’ 0 [caseB :
o . QH : 7 I
r DHY ]

Use long dashed lines of chart |
0'09 Lt 1 1 LEL 1 1 i i :

0 1 2 3
DEPTH FACTOR- D

Taylor’s chart for ¢ = 0 conditions and for slope angles less than 54°.

STABILITY NUMBER - c4/yH

0.30

0.25 |-
0.20 [
0.15 i
0.10 :

0.05

0.00 [

L ZONE B~ g
i l ___l'_l__
[ CASE “‘"‘/ OH
| CASE 2 — “_CASE 3

Case 1: Critical surface passes - :,_?
L through toe (full lines in chart) <
| Case 2: Critical surface passes 8

| below toe (long dashed lines) , B
Case 3. Critical surface intersects il
slope for a strong stratum at toe, ia
ie. D=0 (shortdashed lines)

bk 4,20.07 =

[ For¢,=Dand <D< g
" see previous figure . p

SLOPE ANGLE B (degrees)

Taylor’s chart for soils with friction angle
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Finite Slope Stability Analyses

o Stability Charts by various researchers

. . . . T H T T L L l l’-i! ll
7 L _ c Y -
< To make our life little bit simpler FACTOR OF SAFETY F = N,—f, iy
10 |- y = Total unit weight of soil ] l” h
0.12 o | Sl
‘ b UTHY
o10| fu=0 : 19y _[ﬂ_HI TR
| o - dHI -l!!‘l“’/!' 1
0.08 |- 7 w gl Firm Base Sk !
c’ ‘ ‘ " 28] ) Y&, 1
— 006 [ W = r Toe Circles e,”/é-v}\,.’c? g
FyH 04| . . I D 7 |- === Deep Circles 27 Ay rjl'é
VA B0 Z | —.— Slope Circles S0
002 - - //.;... S0 E 6 Pt
0.0 L ; /// p ” / é 30 : .'E':/- d———OD;
' = 553
0.42 —— : . Q S i
0.10 r,= 025 : d) | s clT) 4 ] // ]
1 ' et - 10"~ / B i .
c 0.06p - -« & - / A /:/ 3 " L L L 1 L 1 1 )
o : /// S
FYH ool . a2 9 80 70 60 50 40 30 20 10 0O
N L
ool / £ Z=e | 10 4 T R B
012 e[ precmer || H4 C
R — 1 = T Z e
010 r,=05 ¢"10//¢5 3 r AN geos w
NNy o Sew | &
0.08 R I’ 2 %= _ s
B R 4462/4 < B 2
08| < ] g
FyH A 40 we : @
0.04 |- - [/(A// 77, i a E | Fo E
i o //[/ 1/7 / b (S0 AR AN W0 NUNNE WO N S S E
0.02 ¢ W2/ 77 7 E | | toEckroiEsanp I
00 A7 ~ 5, / | BASECRGLES | | =
"0 4 8 12 16 20 24 28 32 T 2 [ j .
90 70 50 a0 10 80 ' ‘ 0
SLOPE ANGLE (degrees) SLOPE ANGLE - @ (degrees) SLOPE ANéT_E-a B(T:Iegree;l;
Stability chart for different pore pressure ratios. (Spencer, 1967) Stability charts for ¢ = 0 soils. (Janbu, 1954)
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Interpretations from a Finite Slope Stability Analysis
» Slope stability by various available limit equilibrium methods

—RL=89.5m
Methods m

Culman’s method of plane surface failure 6.4
Failure under undrained conditions 0.65
Friction circle method 2.846
Method of Taylor’s stability no 2.268
Ordinary method of slices 2.014
Bishop’s simplified method of slices

FOUNDATION

Bishop and Morgenstern method

Morgenstern method for rapid drawdown

Spencer’s method

Morgenstern and price 2.721

Bishop’s simplified 2.726
method

Spencer’s method \2.72¥/

embankment soil
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l_andslide Analysis on a Local Scale

e Slope Stability Limit Equilibrium Analysis

3D Limit Equilibrium Analysis

Huang and Tsai (2000), extends Bishop’s simplified procedure, all
inter-column forces are ignored, Moment equilibrium is
considered about two mutually perpendicular horizontal axes and
the Factor of Safety minimized considering sliding direction.

Assumed

Discretized soil columns for
3-D stability analysis
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Infinite / Finite Slopes

Geometry or Mechanism???
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Resists erosion from river.

ground

&« EXxisting river bank
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~ Infinite Slope Geometry with Infinite Failure Mechanism

500

490

480

2 470

460

450

440

Filing soil'clay/ Boulder

Borehole 4

Borehole 6
N values for filling soil are mentioned as 7, 12 and 13.

N values for the soils, as mentioned in our prelimnary report, forthe borehole BHSB5S
(which is nearst to the affected sit)are mentioned as 12, 15 and 23 for the depth upto
5.8m and refusal at 7m. C is mentioned as 0.53 kg/cm2 and o as 13 from UU test

Filling soil/clay/ Boulder

Shale

Weathered rock

Sand stone

Lime stone

Borehole 9

0 20 40 60
Distance (m)

80

100

120

Elevation (m)

0 10 20 30 40 50 60 70 &0 90 100 110 120 130 140 150 160 170 180 190 200 210

Distance (1)
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Inflnlte Slope Geometry with Finite Faillure Mechanism

____Talukdar et al., IGTJ, 2018 | . . Infinite mechanism in upper surface

Building Load/ R1 ~ Finite mechanism in“tipper surface
1 soil Layer—=3

17 m|.

O v W W 5 5 O v N N N 3 L N W 3 W L v N N WL W L L N W 3 R

Soil Layer Il

Bedrock 5m

L TA A TA RO TA A TA TA FA TA FA TA A TA TA FA TA TA TA TA TA TA TA TA TA TA TAFA TA TATA TA TA J.‘

' 240 m I

- Compound finitemechanism in
entire slope
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//,,——”———___—______— —
Finite Slope Geometry with Finite Failure Mechanism

/ soil unit 1

,/ soil unit 2‘

. soilunit3
i

n =13 SLICES

embankment soil
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Finite Slope Geometry with Infinite Failure Mechanism

1 Vegetative Cover

6 :
3 Soft barrler tayer inage ‘ Leade (cfecson

4 4 Drainage layer promh oo ‘

5 40 mil RDPE_membuno \
6 Cushion layer - ¥ "

)
v

[ Soil layer

12 Cushion layer

13 60 mil HDPE membrane
14 Manufactured clay bentonite
15 Engineered low-permeability sofl

16 Secondary collection geonet
“ 17 Perforated pipe 18 60 mil HDPE membrane

19 Engineersd day
20 Underdrain geonet

LINER SYSTEM FINAL COVER SYSTEM

Main elements of base- and top-liner Landfill Bais Cit LANDFILL CAP
TOP-Section BASE-Section VentPipe—>  L——> Gas Recovery System

24" SCIL DRAINAGE AND
PROTECTION LAYER 1. Cover soil compacted
wastes
““— GEOSYNTHETIC ] S
DRAINAGE 40 MIL FLEXIBLE 2°G
COMPOSITE MEMBRANE LINER 6. Gravel
3. Clay liner § S drain
e R e e 4. Sand-layer 2.
L~ 12 smo_cAsvsnnN’q YER” *— (gas-drain) E 7. Clay-liner
e 5. Covered 8. Natural
and | base-rock
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Translational Stability of MSW Landfill

Wﬂ(}, 2024

% |

Translational stability
analysis of sloped
MLCS

Extension of existing
method for its use in
MLCS

/E

angle

Effect of Effect of Effect of
compacting Horizontal Seismic
vehicle submergence forces
Factors
reducing
stability
Effect of Influence of
Veneer
Reinforcement

l _ = onstruction
interface friction [ | of Toe berm
ffect of Slope/ /Effect of Slope angle

length

Observing multiple

»( failures planes, search
or improved stability,
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pility of MSW Landfill

et

x+(h/tanB)<(y/sinp) Active

Passive

~
<
e
Prcd
Py )
e .2
/// 4 -
s Lo
el .
el Py
Nyl .

— " Geocomposite drainage

Composite geomembraneg

—— Geosynthetic clay liner
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Translational Stability of MSW Landfill

ey Rl

MAALAAAINNAANNS

RN R

2222] Vegetation layer
Sand drainage layer
| i
V///////// g SRR BIIEIIIIRIIKA] Geotextile layer
[s3esesosetatetetorstatetetors M statetoseiotetetoteiototetoss,
2} 500000004 ikl [l Geomembrane layer
E=S Compacted clay barrier
PIY YY) (MM Geosynthetic clay liner
BB Compacted native soil
[ Fine sand layer
Barrier soil layer

Gravel layer

R Prepared subgrade

Yamsani et al., 130G,
ASCE, 2019

RCRA Cover RCRA Cover GCL Cover

(Subtitle D) (Subtitle C)
FIIIEIIIIIIIIRY 22

4%
q BRSRRERRHRK
62020005650 % 20 % %
] RRRRRRRRRRRRLRS
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Barrier Soll Cover Barrier
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k3 = (Natans + CHJsinz,Bmmim
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2 7 30F
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; 6 25+
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i - 10}

—_— 0 1 1 L 0'5 1 1
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Decision on Infinite / Finite Slope Type

Mechanism dominates Geometry

Backfill and
native plants
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levee

clusters
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! ground

&« EXxisting river bank

New buried rock —>
Resists erosion from river.
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Seismicity Induced Landslide Analyses
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Pseudostatic Slope Stability Analysis

) . ) — ) Pseudo-static method
Issues in seismic slope stability analysis (Wldely used)

» Varies with acceleration coefficient cgmputat.onauy

« Factor of safety against failure
Less tlme—
consumlng

inexpensive

1]

1542) a a
@ N
-3
3
m
% % gﬁi I

Horizontal Accelerogram

-8
W.Mluuh]u s, ..
b Va iation of FOS wuth Kh
.200 8 T T T
. FOS against overturnin g
— " 7k —— FOS against sliding | JEE—
- 18 —— FOS against bearing capacity
B
2
&
2 A st -
= o=
5 —
& 4t ———
w ——
3} M__H 4
—_— ]
2 — _—

016 018 02 02 024 026 028 03 032 034 036
Horizontal seismic coefficient (Kh)



11-06-2024 E, FDP, JEC, 2024 9

Pseudo-static Slope Stability Analysis

—

Issues in seismic slope stability analysis
* Location of the critical slip surface
 Static and pseudo-static failure surfaces are not the same

|<_ B _>’ Horizontal Accelerogram

Active
wedge —

Internal
shear zone

Passive wedge

l)) l 7511 l\

= 30
= ‘4 32 28 24 2 16 12 08 04 \
9 ‘5() Shear stram scale (%) \ -
— - 8 '
S o \'—' /
> Limit cqluhbrmm > /'
@10 failure surface “\// -

o~ S, -

\ ’/,‘ ’/
\ '/

(2]
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Hill-Slope Stability: Hydraulic and Seismic Effects

o Effect of hydraulic and pseudo-static conditions
on the stability of hill slope

1 Hill Slope
Chakraborty and Dey, NESGC, 2016
@ 13 20 25 30 35 40 H

c
0 0.232 0314 0.403 0.498 0.603 0.723 5
10 0.343 0.436 0.533 0.639 0.755 0.885 ﬂ‘
20 0.416 0.515 0.618 0.728 0.548 0.9581 ﬁ h
30 0.48% 0.585 0.691 0.805 0.91% 1.063 i 4 / ) 4
40 0.554 0.653 0.76 0.576 1.002 1.143
30 0.623 0.723 0.520 0.944 1072 1.216 BEdrOCk
60 0.693 0.792 0.598 1.013 1.141 1.286
T0 0.763 0.8361 0.967 1082 1200 1354
g0 0.833 0.931 1.036 1.151 1278 1.422

Static Static with Pseudo-Static

Pseudo-Static Dry

Dry water table with water table
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Hill-Slope Stability: Toe Cutting
e Toe-cutting (A typical slope i=30°, ¢=20°) | il St vk

2.4 -
2.2 A Dry Ch akrab O rty an d Dey’ a Bedrock Foundation hb—t-
2 Sadhana, 2021
1.8 | L
2 L6 —c=10
14 A :::g 16 1 Dry
12 \ = 15 - Pseudo-static | Chakraborty and Dey,
11 14 Geotechnical
" e Applications, 2018
Ilorizontal extent of toe cutting(ht) 212
L1 \
—c=30 .
5 —es0 | ) Partially saturated
J —c=70 1 .
» Pseudo-static
" 0 5 10 15 2 % N
Horizontal cxtentof toc cutting(by) a 1.2 1 :‘:z

—e=70

Chakraborty and Dey, | .. \

ASEJ, 2022 o e

0 1 1 1 1 1 1 1 Horizontal extent of toe cutting(be)




11-06-2024

/y

—

E, FDP, JEC, 2024

Pseudo-dynamic Slope Stability Analysis

e Pseudo-dynamic analysis incorporates amplification
< FoS governed by nature and magnitude of pre-defined amplification

N i
Oy
O <
W
H l v
e S
=
h
<V

_.ection of Propagation

Direction of Propagation

uh = Ohg

7z/H

0.0
k =0.5k , =30",5=0/2,H/A=0.3, H/n=0.16
0.2 k=00
e }. —o—k =0.1
—A—k =02
\\ h
e \' N \A\\\‘ —v—k=03
LRGSR —o—k=04
] \. \\ * < h
W e a v e e —4—k =05
0.6 1 MO A Dy e N
e \A\ W N
\ \. . \' \. \\
n \o \A \ \0 \
0.8 - \\ \o\ \A\ \v\ o
© A v + 4
TR i
\l \. ‘A Y * J
1_0 T T T Hr—*—y—'—v—’l—r#vﬁ—
0.0 0.1 0.2 0.3 0.4 0.5 0.6
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/ Topographic Amplification in Slopes

o Slope face acts as reflective boundary

< Wave directivity Py

< Wave generation Par \A U

Rayleigh waves

Rayleigh
wave

AN
v O\,

—» SV reflected 1 )

49 4; % 49 incoming incoming incoming incoming

SV wave SV wave SV wave SV wave

P reflected

Rayleigh waves

SV incoming waves

Transmitted waves
AP SVaqap

Rayleigh wave effect

) ’
¥ \ \ S P /I J

\ \ S - , [

\ \ , g
\ S , ’
¢ N 4
\ N ’
\ ~ 4 4
\ ~ o7 ’
\ h g 2
N ’
P N ’
.
N
~ ’
N .
< -
N -
T \\s a‘/
3

Joint 1
SV SV

Incident P or S wave
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’ Seismic Slope Stability Analysis
e Equivalent linear and Nonlinear dynamic time-history analysis

Shear stress Backbone curve
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’ Seismic Slope Stability Analysis

e Equivalent linear and Nonlinear dynamic analysis

1]

0.2 1

1% iteration - 1 Hil Slope

2™ jteration 01 1 M
STV
£ 2-0.05- U] NW( W( 1

padh

015 | Bedrock

-0.2 -

Time (sec)

—Equivalent linear dynami
G-reduction quivale ear dy ¢

S s - Nonlinear dynamic Chakraborty and
N 145 | Dey, EPAM, 2016

08T N 1.4
Bl i Ty
\\ EI-ZS-WAU \/\/ W \A/\/ Chakraborty and

1.35

© 04 N, 1.2 4 c
\ 115 - Dey, Local Site
ot T L Effects and
00 L T 1 . ‘ . . | Ground Failures,
. . 4 8 10

0 2 6
Cyelic Shear Strain (%) Time(sec) 202 1
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Newmark’s Displacement Method

e |dentify the displacement of slopes during seismic event
< Rigid block failure analysis over a pre-assumed failure surface

o
o

W
<

(a)

Acceleration (g)
o

o
o

O,
o

-

el
-

(b)

o

Velocity (cm/sec)

o,
o

—
o

& (©)

—
o

Displacement (cm)
o
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L_andslide Analysis

e Continuum Analysis

Stress-Deformation Analysis

Continuum Modelling

» Finite Element Method
» Finite Difference Method

= Strength Reduction Method (Griffiths and Lane, 1999)

= Slip Surface Stress Analysis (Wright, 1973)




E, FDP, JEC, 2024

11-06-2024

0.1B Dsplacement

0.1B Dsplacement

10N

Interact

Tolg

Foundat

Buildings on Slopes

1.32

OS =

F

O0S=1.16

-
o




X/

/

Rainfall Induced Slope Stability
Analyses in a Local Scale
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Rainfall Induced Slope Stability

e Involves two steps
< Transient Seepage Analysis — (SEEP/W) Finite Element Method

< Slope stability analysis — (SLOPE/W) Morgenstern—Price Method —
Limit Equilibrium Method

% SEEP/W and SLOPE/W — modules of GeoStudio Software Suite
(GeoSlope 2007)




Rainfall Induced Slope Stability

e Slope Geometry and Initial in-situ condition

< Maximum suction to a limit of 80 kPa (in order to resemble the natural

water content of the soil)

Elevation

Ground Water Level

P S N ) T

Y
Pore Pressure Profile along Y-Y’

10 ¢
sl (Initial Phreatic Condition T e

1\ N I Y I

0 5

Residual Saturation

Co-efficient of permeability at saturation

Distance

{RS) (PYS)

31° 38.5°

10 kPa 0 kPa
16.7° pAST
31% 33%

1.86x10°m/s 1.21x10° m/s

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Volumetric Water Content (8)

Hydraulic Conductivity (k) (m/hr)

0.4

0.3

0.2

0.1

SWCC
—+-Red Silty Clay (RS)

——Pale Yellow Silty Sand (PYS)

0.1

0.01

0.001

0.0001

| E-05

| E-06

50 100 150 200
Matric Suction (w) (kPa)

Suction (y) (kPa)
10 100

250 300

——Red Silty Clay (RS)

——Pale Yellow Silty Sand (PYS)
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Rainfall Induced Slope Stability

e Slope Geometry and Initial in-situ condition

< Maximum suction to a limit of 80 kPa (in order to resemble the natural
water content of the soil)

Elevation

55

50

45

40

35

30

= Applied Infiltration

-80 7 S T S g SR

of infiltration
50 mm/day
100 mm/day
150 mm/day
200 mm/day
250 mm/day

c O O O O

Yy

g 5 Rainfall * Five different rates

—— -80

— 2 IR 40 )
T ] i s e e I R B

0O S5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 9

Distance

95
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Rainfall Induced Slope Stability

e Factor of Safety degradation with time

145 1.2
=&k L" SR -
14 —] a —y -4 . 1_16 * ﬁ\l\.%:_—%._‘ﬁ_::%w-.x___%___x__.x Pale Yel IOW SI Ity
1.12 xS and (PYS)
1.35 L N
13 1.08 . ‘i \’KEK
'.I ‘.\ I'. % ‘)K-
%125 z 104 g A X"‘x o
=R —4—Infiltration of 250 mm/day Ej { by " Y e *)K%
& C‘fj oy w o . ¥
e . 5 e,
o 12 —#—Infiltration of 200 mm/day o o | A X
S 5 096 ~4-Infiltration of 250 mm/day
:;7' 115 —&—[nfiltration of 130 mm/day 'é 00 @ Tnfiltration 0f 200 mm/day
0 —#—Infiltration of 100 mm/day o -4 Infiltration of 150 mm/day
- —#—Infiltration of 50 mm/day R e d S i Ity 0.88 : Egiiii z:; g:lmnnd:v
105 | 4 r e e mer o~ g~ aeal T /ady
0.84
+g§i:§§:§ Eillogicii% C I ay ( R S) ~—#--Fo8 of Dry Slope (PYS) (Ignoring Soil Suction)
1 08 #8608 € ¢ 8¢+ ¢ 0 E T T ¢ 8
0.95 0.76
0 1 2 3 4 5 0 1 2 3 4 >
Time (Days) Time (Days)
(a) (b)
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Rainfall Induced Slope Stability

e Pore pressure profile for the two types of soll

Matric Suction (w) (kPa)

Matric Suction (v) (kPa)

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80
0 w—x " ’ 0
b
I 1
: 2
3 3
4 4
3 5
E 6 1 E 6
B g A g
9 \ 9
10 4 Initial Condition 10 ~+—Initial Condition
11 ——End of 1 day ' 11 —8—End of 1 day
12 ——Fnd of 2 days . | 12 —&—End of 2 days -
13 ——FEnd of 3 days Red Sllty 3 13 ——End of 3 days Pale Ye“OW Sllty
" —#—End of 4 days Clay (RS) fl y —#—End of 4 days Sand (PYS)
——End of 5 days I ——End of 5 days
15 13
() (b)




Elevation

Rainfall Induced Slope Stability

e Factor of Safety

Pale Yellow Silty
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Rainfall Induced Slope Stability

e Pore pressure profile for the two types of soll
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Rainfall Induced Slope Stability

e Factor of Safety degradation with time and the pore pressures
developed at the moment of the failure

Factor of Safety

1.16

1.12

1.08

1.04

1

0.96

092
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-3 Infiltration of 100 mm/day

~-%-- Infiltration of 50 mm/day

-~ FoS of Dry Slope (PYS) (Ignoring Soil Suction)
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—— Infiltration of 100 mm/day for 2 days 18 hours
——Infiltration of 150 mm/day for 2 days
—=—Infiltration of 200 mm/day for 1 day and 12 hours
——Infiltration of 250 mm/day for 1 day and 6 hours
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/ Rainfall Induced Slope Stability

e Factor of Safety degradation with time and the pore pressures
developed at the moment of the failure

1.5
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= 1.4
= 600
1.3
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Rock Slope Stability Analyses
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Discontinuity In Rock: Complex Structure

Intactrock | dding plane

Closely spaced joints

Anisotropic response of joint

(o, —0y)

Ty

Hoek (1983)
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Rock Slope Failure: An Intricate Mechanism

_
N X

RNiVa Intersection .
Joint daylights daylights )
| . 3 : N

Sliding

Closely spaced joints

Circular 77Z ==  Weathered rock

Circular failure Toppling failure

Circular
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Rock Slope Stability Analysis

_ Numerical
Conventional method method

> Setreonet plot > Planar sliding » Finite element » Discrete element
> Friction cone » Wedge analysis > Finite difference » Discontinuum deformation
> Slip surface method » Hybrid modeling
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Kinematic Approach

e Possibility of translational failures to the formation of
daylighting wedges or planes

angle direction

Zenith

Reference
sphere

ConcHINOn

Equal
area net

Wyllie and Mah, 2004

Non-persistent joints

Inadequate :

Inclinometer

Persistent joints
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o Assumptions in this method: Limit Equilibrium Method

< FOS same along the predefined surface;

< Rigid body above the slip surface;

< Joint persistence and spacing are neglected

< Intricate internal deformation and fracturing neglected in 2-D rigid block

(b) Factor of safety:1.56 R|g|d

ass\

Sliding ), Planar sliding

Wedge
analysis

Release plane

Diagram of Heavily Jointed Granite Mountai
gram avily Joi r ountain Breakaway Scar

N
N

N \i§ 9
VAN
N

Rigid
mass

_ Slip surface
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Continuum or Equivalent Continuum Approach

e Finite-difference and finite element methods
< Equivalent continuum method used
< Estimation of equivalent rock mass parameter
< Homogeneous system
< Shear strength reduction technique used to get FOS
< Appropriate for the analysis of rock slopes that are comprised of
massive intact rock, weak rocks, or heavily fractured rock masses

Equivalent continuum method

FDM

Latha and Garaga,
2010 !

N N
NN N

4

Jointed model to Rock mass
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Discontinuum Modeling

¢ For blocky rock slopes, structural failure occurs due to anisotropy created by the joints,
¢ Discontinuum deformation analysis (DDA) and Discrete element method (DEM) are useful to predict the
behavior of jointed rock slopes

+» Consideration of stress-strain interactions, with the incorporation of explicit joints.

DDA formulated by Shi and Goodman (1985, 1989) Distinct element method developed by Cundall (1971)
Q working principle of DDA similar to FEM +¢ Treat a discontinuous rock mass as an assembly of quasi-
O Isolated blocks are bounded by discontinuities to represent rigid, and later deformable, blocks
the jointed slope ¢ Interacting through deformable joints of definable stiffness
O Advantage of being able to model large deformations and <« Proficient of simulating large displacements due to slip, or
rigid body movements opening

Hatzor et al. (2004)
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B Explicit Joint Element Model (Goodman et al., 1968)

e Zero thickness
e Rectangular element

< Four nodes and eight degrees of freedom
e Normal displacement and tangential displacement 41 X

 Interface stresses related to relative displacements
governed by constitutive relation

e Uncoupled tangential and normal stiffness. The
shear and normal deformations are independent of

each other d =u-u,
o [f the joint normal stress is tensile in any element 1 A2
both stiffness is set equal to zero for the element.  4.=%-v § ' L
. : . 4 3
< This simulates opening of the joint.

e |f the joint shear stress exceeds the shear strength
then relative displacement occurs
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/ Static Stability Analysis of Jointed Rock
e A Sikkim Himalayan case study: North Sikkim Highway

IMPORTANCE OF STUDY AREA

North Sikkim Highway is one of the major transportation Sikkim earthquake (18th September 2011), 500 landslides
corridors were observed along this highway (Mahajan et al., 2012)

VVVVVVV

0 2 m
destination | (@) Epicentre of Bangladesh
O Study area eafthql{flfg
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Shear Strength Reduction Technigue to Assess SRF

C 4 tang
C, =— = fan
" SRF 2 (SRF SRE

Critical SRF 1.14 is less than minimum FOS of 1.5 (Hoek and Bray, 1981)

SRF: 1 Critical SRF:1.14

(Initial condition) |

i i i Ve A o ¥, i
o uy (=] il ol W = w O h a [ 7)) = ® [y ]
C L= ~ — ™~ ™~ [y} m O =] = m = ) w
C L= (=] (= Q [= [ [ (= L | (=} C [= (] o
= [= [=] C (=} L= - o =] Q L= (= L= o (=]




w E, FDP, JEC, 2024 0

Dynamic Stability Assessment of Jointed Rock Slope

e A Garhwal Himalayan case study: National Highway-58

IMPORTANCE OF STUDY AREA

National Highway-58 in Uttarakhand, India is one of the Earthquake history of Uttarakhand showing location of seismic
major roads in western Himalayas epicenters

(@

Gaunkund

ootk o mol
Ghansali
New Tehri Anestnon = X Nonda Devi @
“QW 9 Study area
KNSPrayag

s M @ Pilgrimage center
L2 ° m—@..y, Pl Dunga
o Epicenter of earthquake

R.SW
. < (A)

108

° Map data ©2017 Google / National Highway 58 Epicentre of Earthquake ‘\_‘4_& i




11-06-2024

Pseudo-Static Slope Stability Analysis
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Jointed rock slope is vulnerable to failure when
subjected to Maximum Credible Earthquake

(MCE) for the region.
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Time History Analysis

Dynamic loading: Uttarkashi earthquake (16™ October 1991)

@,

Rayleigh damping
5% damping has been used
®) 5
0.304 o
5 i 2 —o— 5% Rayleigh Damping
< . 05 a=4.71, B=3.9%10""
€M - —
8 g os N 8
g o .; d O 020 o
g, 3 . 2 Approximate constant
o £°*1 & damping
. s | §
o5 w0 s 2 % B 3 T R N R R S o0d B
Time (sec) Frequency (Hz) Q :=:_
.. . . . 0.05
Boundary conditions: Modeling and application
e 0.00 T T T T T T T T T
AKN‘WTM’“W PRI 0 5 10 15 20 25 30

Frequency (Iz)

Transmitting 7%
—-

| Absorbing %%
| Input boundary

WNIALYY S N

0 Compliant base convert velocity to shear stress

7, (t) =V, pv, (1)
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Time History Analysis Results: Which joint is failing?

Factor of safety (FOS)
T T
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Time History Analysis Results:
Which part of joint is failing?

Total
Displacement

Shear Strailn

R R
a. 0000 j A
o.ooor | A
o.oooz | I8
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0.06S 0.0012
0.0013
0.078 Q.0014
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Amplification of Seismic Wave Within the Jointed Slope

e Seismic wave amplification within the rock slope Is an
Important factor for instability of rock slope

< Harp and Jibson, 2002; Sepulveda et al., 2005; Sepulveda and Serey,
2009; Gischig et al., 2015

15.0 4

Acceleratio (m/s”)

15.0 - 45 R Wﬁth join_t )
(@ Input at base () Fourier spectra 12.5 Without joint
1254 output at crest <0+ Input at base 10 0_'
10.04 a8 output at crest N/‘; : |
7.54 Eg 50 E 7.5—_
= S 5.0-4
50 E 254 s 1
254 8 0] 5 2
0.0 wieaelabudidyior ‘ ” Nm I E § 0.0
T é"“ "] L :
25 1.04 l -2.5
5.0+ gl ” -5.0
% ' ‘ ‘ N lf MM\U : i ' : ‘ 75 : : :
0 S 10 15 0 0 15 2 25 30 35 40 0 5 10 15
Time (sec) Frequency (Hz) Time (sec)
Amplification of seismic wave Amplification of seismic wave in intact rock and jointed rock
O Amplification within the rock slope mainly depends on O Presence of joint results in higher amplification of the
three factors, geometry of the slope, material contrasts seismic wave
and the internal fracture of the material U FEM explicit joint model accurately captured the

O Joints can open up due to tensile stress, trapping of energy amplification of the seismic wave



Probabilistic Approaches
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Why probabilistic study??? Uncertainties......

e Einstein and Baecher In 1982 stated the following words of

wisdom:

< “In thinking about sources of uncertainty in engineering geology, one is
left with the fact that uncertainty is inevitable. One attempts to reduce it
as much as possible, but it must ultimately be faced. It is a well
recognized part of life for the engineer. The question is not whether to

deal with uncertainty, but how?”
ASOILPROS LY A =
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Why probabilistic study??? Uncertainties......

e Einstein and Baecher In 1982 stated the following words of
wisdom:

< Collective experience (both from practice and research) suggests that it
may be time for a shift to an uncertainty-based perspective which may
be, on the whole more convenient in terms of safety, performance and

economy
Geotechnical Uncertainties

Inherent spatial
variability of soil
properties

Lack of data
availability

Geological
anomalies

Simplifying Human errors in

approximations
adopted in geotechnical
modelling

design and
construction
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Deterministic Analysis of Landslides

e Deterministic framework of analysis
< Natural tendency to define soil property by a single value

< Defines a specific safety factor l Deterministic stability of slopes
L ) Soil properties
< Obtaining the analytical safety | soterep

factor based on soil parameters Loads and
is NOT GUARANTEED | Drainage congiors g | MOl | Sty factor
idealization) 1 l

[ J Geometry, etc.

e No parameters affecting landslides are deterministic
< All are uncertain in their determination

< All are uncertain in their effect and functioning
- Heterogeneity and Uncertainty are the inherent properties of soil parameters
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Probabilistic Analysis

e Probabilistic Approach
< Distributed Soil Property




Spatial Variability of Himalayan Soil Profiles
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Spatial Variability in Himalayan Bedding Planes and Faulting

A)
.. Spaced fracture network and calcite-filled tension gashes.
5 m Middle Miocene-Pleistocene.
D South-verging kink and open folds and crenulation cleavage.

4 Age: Early Miocene.

D South-verging kink and open folds and crenulation cleavage.
3 Age: 22-18 Ma.

NORTH: Upright/inclined mnhvnglng mqunop«: folds, axial-planar
spaced/continuous cleavage. Age: -19 Ma.

Dz SOUTH: verging ‘axial-ple
cleavage. Age: pre-22-19 Ma.

ary bedding, preservation of sedimentary structures and fossils.
0 mcmnln.!umlc.

- Upper Siwalik

[ 217 Middle Siwalik
1] Lower Siwalik

ZZA i
Lesser Himalayan rocks

MBT: Main Boundary Thrust
SDT: Sarpduli-Dhikala Thrust

HFF: Himalayan Frontal Thrust

Kothyari et al. (2010)
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Variability of Rainfall across Himalayas

e Substantial spatial and temporal variation

28°N, 94° E

31°N,97°E

36.1°N, 105°E

Elevation[m.]

Elevation([m.]

Bhatt and Nakamura (2005)

3. Widdle HIWALAYTA RAIRIall —
Topography -...

2000k - .

onat, ’

S

= :1- -..'i_- " i T i :”i -

L

b. High HIMALAYE Ralnfall —
Topography

35
€. Middle HIMALAYA Rainfall —
w High HIMALAYA Rainfall —e—
o 25
iﬂ‘i 20
15
B

-
L

o

Anders et al. (2006)
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Spatial Variability of Soil Properties

e Salient variable parameters
< Shear strength parameters
< Permeability characteristics
< Geological and geomorphological variability
< Rainfall distribution
< Seismicity and seismic amplifications

" Mangan, Sikkim
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- Geophysical Sesmic
Investigation »»\y{//_m,wm_,

e Seismic Refraction Method
(SRS)

< Operates on the velocity of
wave propagation of the soil

medium S e D
o B e l 1
< Generates an array of reflected g B | SlopeofAB= 7
and refracted waves : e | Slope of BC= ¢
+ Based on first arrival of waves =B i ! Sopeor cp= L
. . U | 1 3
In the receivers E : :
) d, Distance d,
% ReSUItS A D, D, D, D, D D, D,
- \Velocity of wave propagation in A /’ / Less denge Ia /&?’7 1] Velocity v,
the medium / Velocity V;
- Thickness of the stratification Deee '“”"” [
Ly s VelocityV
Rocky strata ?
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Geophysical Investigation

e Seismic Refraction Survey (SRS)

< Based on refraction of generated waves through various soil layers
= Restrictive limitation

« Each of the successive soil layer should have higher velocity than the shallower layer

« Improper for arbitrarily formed subsoil stratigraphy

Shot Geophone Receiver Shot D

D

Velocity V1

Velocity V1

- -

C "gn-._ _/

C Velocity V2 E
T(HD)= (T(CD) + T(ED) - T(CE))/2

Velocity V2
Tg= T(AD) + T(GD) - T(AG) Distance (HD) = V1« T(HD)

http://www.cflhd.gov
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/ SRS at Failed RajBhawan Site, Assam

9 f f +
5 !
B
76
LOCATION-1 OLD ADC BUILDING
%
61
P
= 5
5 u
o
Y
z
2 x4
3
26
21
1%
i I SEISMIC SECTION: 5-1 (SRT-1&2)
20 - n + + + B
[
s 1 L | B [N
0
n 1
e
©
& 3
i |
S5 &
g
0
15
(1)
21 PROPOSED DEPTH OF FOUNDATION/ 24 M DEPTH AT SLOPE
81
7
75 3395
[ 3052
i 2708
s 2
m
63 2364 —
w©
i o 2020 <
— 57 2
o “ 1676 57
< J
R 1332 2
= 48 988
b4 55 -~ 0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57T 60 63 66 6
2 O 300 Distance (m)
39 Scale =1 / 500
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 37 60 63 66 69 (m's)
Distance )
Scale =1 /7 B00




—

11-06-2024

Geophysical
Investigation

e Electrical Resistivity Tomography (ERT)

< Depends on the current flow generated due to
the differences in the electrical resistance of

different soils (dielectric constant)

< Depends on salt concentration and water

content of soils

< Variation in apparent resistivity of soils

E, FDP, JEC, 2024
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ERT at Failed RajBhawan Site, Assam
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Geophysical Investigation

e Multichannel Analysis of Surface Waves
(MASW) — Active and Passive Surveys

< Shear wave velocity profiling of soil substrata

< Operates on the dispersive capacity of soils

Multi-Channel Seismograph

- o
Receiver Array
L

Body wave

E, FDP, JEC, 2024
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MASW Su rvey at a Falled Rajbhavan Site
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Probabilistic Analysis of Landslides

e Probabilistic framework of analysis

< Defines a margin of safety and a
probability of failure instead of a specific
safety factor

< Soil parameters are defined as random
variables with a probability distribution
of occurrence (single or joint probability)

Probabilistic stability of slopes

. Soil properties
, Loads and drainage Model A‘

conditions—, (idealization ‘ Safety margin

including
uncertainty) ‘
~ Probability of failure (P,),
Goomety, eic. Reliability index (B), ...

T

A

Description of a random variable

Probability distribution function:
F5(&) = probability P(X = &)

‘;Load G - O

021 P(X<¥§)
0 N
05 1 1
04 | Probability density function:
N (&) = dF (&) / dE
= 02 |
0.1 |
° ¢t
4 Joint
Probability
Density

__ Resistance

Safe Domain G>0

ailure Domain

 Limit State




11-06-2024 RSGE, FDP, JEC, 2024 /Iﬁ

/

/

Some Important Statistical Parameters of Probability

» To incorporate uncertainty in soil properties

 Literature suggests to consider soil properties as continuous random

variables
» For example, undrained shear strength of soil (S) in kPa

Mean or expected value: ~ ,, _ | of (5)ds

Variance: o3 =E[(s—u;)"]= [ (s— )’ fs(s)ds
Standard deviation: ¢ =./c*

Coefficient of variation (COV): COV = %

» Multiple random variables:

» For example, drained shear strength of soil
» Cohesion, ¢ and angle of internal friction, ¢
» If C and @ both are random variable

Joint probability density function, P(a<C <b,c<®<d)= j‘jfc:@(c,gﬁ)dgﬁdc

Covariance: Cov[C,®] = E[(C — ) (P — te)] = E[CP] — pclig
Cov|[C,P]

Cross-correlation coefficient: pco=
O'CO'¢

1

2no,

g e

J.(5)=

Pla<S<h)= j‘fs (s)ds

Probability

a b
Undrained Shear Strength

A5 <9)=FO)= | £(5)ds

Cumulative Probability

Undrained Shear Strength

SANCR)




Probabilistic Analysis
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Statistical Distributions

* Devore - Probability and Statistics for Engineers and Scientists (Cengage
Learning, USA)

e Bury — Statistical Distributions in Engineering (Cambridge University Press,
London)

* Discrete Probability Distributions
* Binomial
* Poisson
* Hypergeometric
* Negative binomial

e Continuous Probability Distributions
* Normal / Gaussian
* Truncated Normal / Gaussian
* Exponential
* Gamma
* Weibull
* Lognormal
* Beta
* Extreme value distributions
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Probabilistic Approaches for Slope Stability Analysis
Random Variable Approach

1. Approximate method
« FORM, MVFOSM, SORM

 Reliability index () is estimated by solving an optimisation problem
« Failure probability is evaluated using P; = &(-5)
» Besides the simplicity of FORM, it gives accurate results for slopes with small failure probability
« FORM is incapable of considering inherent spatial variability in soil properties (Griffiths et al., 2007)

 Either over-estimation or under-estimation of the probability of slope failure under different conditions

QMonte Carlo Simulation based met@

» The total number of failures occurring in all the trial values of random variable is counted, and the failure probability is
estimated as

o _1'1,1-



e Slope Geometry and soil parameters

Method adopted

Limit Analysis (Chen,

Ordinary Method of Slices

Bishop’s Simplified
Janbu’s Simplified

Spencer’s Method
Morgernstern-Price Method

Strength Reduction Method in
FLAC?P

20

Probabilistic Slope Stability Analysis

Factor of Safety
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Probabilistic Slope Stability Analysis

e Soil parameters as Random Variables " | Friction, ¢
< Cohesion and Angle of internal friction or Mean
.. . Coefficient of 15 % 10 %
= Normal Distribution Variation b o
. Standard
= Negatively cross-correlated 1857 Pa  2°

i} CI’ 0SS-corre I atl on co e,ﬂ:l C | ent _ O . 7 (WO ”-_f Probability Distribution of Friction (Degrees) component
1985; Cherubini, 2000)

20 i
S ' Point-Wise
' G Cross-correlation
16 : - -
. of Friction and
R 10 12 14 16 1

=

Mean

8 20 22 24 26 28 30
Probability Distribution of Cohesion (Pa) component

Cohesion

12

Cohesion (kPa) component
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Friction (Degrees) component

-~ %
Mean = 12380 Pa )
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/ Effect of variation of Coefficient of variation (CoV)

Probability of failure (%)
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45
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and Coefficient of cross-correlation

Slope/W module of Geostudio v2018
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N 2000 number Of MCS cnematic ot slope geometry considered Tor present stuay
Unit weight (y) = 20 KN/m?3
U Undrained condition
» Deterministic (Morgenstern-Price LEM) FoS =1.3 4
35
L 3
r Probability Density Function g 25
0T é 2
EI.S
g of 1
é 05
g 0
oo o7 0 0.1 0.2 03 0.4 05 0.6
Coefficient of variation (COV) of ¢
S[llﬂ lﬂlﬂﬂ ISlOI} 20;)0

No. of MCS 0.40463 0.58943 0.77423 0.95903 1.14383 1.32863 151343 1.69823 1.88303 2.06783

Factor of Safety
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/ Effect of variation of Coefficient of variation (CoV)
and Coefficient of cross-correlation

U Drained condition
» Deterministic (Morgenstern-Price LEM) FoS = 2.1

_ o . Cross-correlation coefficient = +0.5
Cross-correlation coefficient=0 15 y
15+ 10
N |
2 ] | '
OJ 16 a) p=0
0 1\\,
0.1 o g 4
e, e 03 ¥
By, )
COV(phi) k. COV(©) covphy  °
20
Cross-correlation coefficient =-0.5 J* 18 [
20 16 6 | o) el
14 14
12 N COV_c=0.05
12 %10 N CoV_c=0.1 ¥
b = - COV_c=0.2
Z 8 COV_c=0.3
5 z . —COV_c=0.4
= P —COV_c=0.5
6 (=1
4 2 - o o -
0<R I]l].lJS 0.15 0.25 0.35 0.45 d] p=+l
COV(phi) 0 Cov(© COV_phi
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Effect of variation of slope inclination

Reliability Index

35

25

1.5

0.5

25

35

45 55 65
Slope inclination (in degree)

75

85

Reliability Index

— e e e e
S = N W R

&/ & 3 e v

Correlation coefficient=-0.5
Correlation coefficient=0

Correlatiopn coefficient=0.5

25

35 45 55 65 75 85
Slope inclination(in degree)

Undrained condition

Drained condition
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Toe-excavated hill slopes

Present study deals with only vertical toe excavation
Slope/W module of Geostudio v2018
Deterministic study (LE based Morgenstern-Price method)
» cand ¢ values are varied from 0-70 kPa and 15°-40° respectively
Probabilistic Study (LE based Morgenstern-Price and MCS)
* Mean c = 40 kPa and mean ¢ = 27.5°, Log-normal pdf, CoV (0.2 - 0.4)
Slope height (H) =20 m, 30 mand 40 m
Different slope inclinations (such as, i = 30°, 40°, 50°, 60°)
The range of parameters considered for this exercise typically represents the
commonly encountered hillslope materials in the NE region of India
A typical monograph (comprising a set of tables)
Slopes considered safe from deterministic analysis can also be subjected to failure
« Eg.,forH=20m,i=40°anda CoV=0.4andb,=5m
* Deterministic FoS = 1.505
« High Pf of 8.74%

Line of Vertical cut
through the toe
Hill Slope
A
i i (
B
Hardrock Foundation
L |._"""—.|
Reliability Index, Probability of failure, Performance
i P, =d(-f3) level
1 0.16 Hazardous
1.5 0.07 Unsatisfactory
2 0.023 Poor
25 0.006 Below average
3 0.001 Above average
4 0.00003 Good
5 0.0000003 High

Note: @(.) is standard normal cumulative distribution function.

U.S. Army Corps of Engineers (1997)



Probability of

Probability of
Failure (Pr, %)

11-06-2024 E, FDP, JEC, 2024

Toe-excavated hill slopes

e For a typical slope section (having 40 m height and 40°
Inclination)

40

'S
=

20

Effect of slope inclination

s
£ w
=2 o 40
S5 2
s= 5
~ =

T

/\
. 60
Otz
lal(‘
A
Yeq 30 \ope "¢

Probability of

o, 3 04
A 0 o1 02 O

")l) Dimcnsionless cor’

100

80

20



Probabilistic Assessment of Toe-
excavated Hill Slope Supported By
Sheet Pile Wall And SPAR System
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Probabilistic Analysis of Toe-Excavated System

Sigma/W coupled with Slope/W
Mean ¢ = 40 kPa, Mean ¢ = 27.5°
Unit weight (y) = 18 kN/m?2 (deterministic)
The FEM based stability analyses of the virgin slope
» Deterministic FoS of 1.472
* Probability of failure (9.45%) for CoV =0.4
Due to excavation (bt = 10 m) deterministic FoS reduced from
1.472 to 1.101 and Pt increases from 9.45% to 45.5%

H= Line of
40 m Vertical Cut Depths of
Sequential
Hill Slope Excavations
A
34m
T Zm
3m
40°
____________________ (o L3
- B
Hardrock Foundation
b,=10m
L=67.Tm

Schematic diagram of slope excavation

50H
40 |- FoS =1.472
Pf=9.45%
B30
g
=
=
2
m20 | 0 0
Virgin Slope
10
0 ] ] ] ] ] ] ]
0 10 20 30 40 50 60 70
Distance (m)
504
Deterministic FoS = 1.101
Reliability Index: 0.21
40— Probability of failure (%): 45.5
Standard deviation: 0.243
Minimum FoS: 0.4272
Maximum FoS: 1.877
G) Number of MCS trials: 2000
=30 -
g
b
5
[75]
20
Unsupported Excavated Slope
10
0 ] ] ] 1 1 1 1
0 10 20 30 40 50 60 70

Distance (m)
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/ /Fmbilistic Analysis of Toe Excavated Slope with
Sheet Pile Retention Systems

Mean F of 5 1.1087
Reliability Index 0.42566
o o P (Failure) (%) 36.750000
» Sigma/W coupled with Slope/W Standard Dev. 0.25544
* Mean c = 40 kPa, Mean ¢ = 27.5°, CoV = 0.4 Max P of & Lo
e Unit Welght (y) =18 kN/m3 (deterministic) 4’;: Sheet Pile (SP) wall
LS. m retention system T
« Deterministic FoS = 1.163 and Pt = 36.8% Sequential
- Hill Slope Excavations
* In comparison to the unsupported slope A
- - - oo o 3.4m
« Marginal increase in the deterministic FoS and a C [SEAL. D 2m
meagre decrease in the Ps SPIV_40o(... 3™
Hardrock Foundation
L=67.7m 5=10m
0. % Lateral movement of around 178 mm -
10
—SP-11
SP-111
SP-IV —SP-II
SP-111
SP-1V

—SPI
SP-I1
SP-111
SP-IV

/

0 50 100 150 22500 22000 -1500 -1000 -500 0 500 -200 0 200 400 600 800 1000
Lateral deflection of SP wall (mm) Bending Moment (kN-m) Shear Force (kN)

Vertical distance from bottom of SP wall (m)
Vertical distance from bottom of SP wall (m)

= — ~ = b wm = ~1 o* =
L n " L L n 1 " L

Vertical distance from bottom of SP wall (m)

9
8
7
6
5 4
4
3
2
1
0

= ) [ =] = = n (=) ~1 =] =
L L L 1 1 1 1 L L
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milistic Analysis of Toe-excavated Slope with

Sheet Pile Anchor Retention Systems

Retention Material 3Tl Crpss- Moment of
Component Model modulus | sectional inertia (m*)
P (kPa) |area (m?)

Sheet plle wall

Structural beam

2x108 0.002 0.0005
element

Structural bar sae | s )
element

First layer of anchors (length 8.1 m)

Inclination of 20° with the horizontal
Pre-stressed (800 kN)
At a depth of 2.4 m from the top

Second layer of anchors (length 8.1 m)

Inclination of 20° with the horizontal
At the mid-height of the second layer of excavation
Pre-stressed (600 kN)

Third layer of anchor (length 5.9 m)

Inclination of 20° with the horizontal
At the mid-height of the excavation
Pre-stressed (500 kN)

H=

40 m

Mean F of 5 1.346
Reliability Index 1.1029

P (Failure) (%) 12,500000
Standard Dev. 0.31374
Min F of 5 0.54352
Max F of S 2.3493

# of Trials 2,000

Sheet Pile (SP) wall

retention system Depths of
Sequential
Hill Slope Excavations
A
3.4
Upper Anchor (SPARJII)/ SPAR-TI m
SPAR-IV. 2m
Middle Anchor (SPAR-V)__mm" [
SPAR-VI (g0 3m
Lower Anchor (SPAR-VIT) " f-rreciercemeiaeee A 20 im
B
Hardrock Foundation
b,=10m
L=677Tm

Axial Force in Anchor Bar (kN)

-400 ~
-500 +
-600 1

=700

+
i -e-Upper anchor
-»-Middle anchor

-1100 -

-800

-900

-1000

-1200

.- —~

« Lower anchor

3 4 5 6 7

Stages of Excavation and Reinforcement



Elevation (m)

Vertical distance from bottom of wall (m)

50

40

30

20

10

=)

~ e e
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robabilistic Analysis of Toe-excavated Slope with

Sheet Pile Anchor Retention Systems

Nominal deflection of 14.3 mm

—SPAR-1
~SPAR-IT
SPAR-III
SPAR-TV
~—SPAR-V
—SPAR-VI
—SPAR-VII

10 15 20 25 30 35 40 45 50 55 60 65 70 75
Lateral deflection of the SP wall (mm)

Deterministic FoS =1.414

Mean F of 5 1.346
Reliability Index 1.1029

P (Failure) (%) 12,200000
Standard Dev. 0.31374
MinF of § 0.64352
Max F of 5 2.3493

# of Trials 2,000

1 | 1 1 | 1

30 40
Distance (m)

Vertical distance from bottom of SP wall (m)

10

Probability of failure (%)

1 10 -
91 E 4| —SPAR-I
8 - = —SPAR-III
8 SPAR-IV
£ 7] SPAR-V
6 1 E —SPAR-VI
~SPAR-II £ 7] —SPAR-VII
31  ~spar-m R
4] SPARIV £,
SPAR-V g
3 A : g
~SPAR-VI ERER
21 —=SPAR-VII s,
ki
1 A _E 1 4
— i - 0
0 v T T —r ¥ T T r T T T T J 0 !
-900 -800 -700 -600 -500 -400 -300 -200 -100 0 100 200 300 400 50 00 400 -200 o 200 400 600 800
Bending Moment (kN-m) Shear Force (kN)
24 -
25 1 2] —SPARI
20 | —SPAR-II
" - SPAR-III
S SPAR-IV
£161  —sparv
15 1 E 141 —SPAR-VI
S 12 - —SPAR-VII
£
10 4 g 10
2 3
2
& 6
5 4
2
0 . . . . , , 0 ; . . . . , . . )
1 2 3 4 5 6 7 01 02 03 04 05 06 07 08 09 1

Stages of Excavation and Reinforcement

Dimensionless correlation length (©)
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%ﬁbilisﬂc Analysis of Toe-excavated Slope with
Sheet Pile Anchor Retention Systems

Without spatial variation Deterministic FoS | Pr (%0)

Virgin 1.472 9.45
Unsupported excavation 1.101 45.5
Excavation with SP wall 1.163 36.8 50 -
Excavation with SPAR system 1.414 12.9 45 |
40 -
. : E 35
» SPAR retention measure substantially reduces the Pt of the cut ¢
2 30 A
slope § 25 | —Unreinforced cut slope
° Cut slope retained by SP wall
 P; is substantially influenced by the correlation length % 20 A —Cut slope retained by SPAR system
]
* For the cut slope retained by the SPAR system, depending on ©, E 157

10 -
P, varies from zero to 12.9% 5 /
 The results indicate that the cut slope retained by SPAR has 0 . . .

.. . ) 01 02 03 04 05 06 07 08 09 1
negligible probability of failure for a large range of ® Dimensionless correlation length ()

« Upto avalue of ® = 0.2, the chosen slope geometry

is absolutely stable without any chance of failure



Random Finite Element Analysis For Toe

Excavation Induced Slope Instability
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Z Random Field Theory:
Correlation Function and Correlation Length

Stationarity or statistical homogeneity:

» The mean, covariance and higher order moments are constant in space ) )
» The correlation between two points only depends on the relative distance between o= pdi=2[p(2)da
them does not depend on their orientation relative to each other B '

~ Atypical correlation function

1.2

» Upon the simplifying assumptions that the random field is stationary, we need oz
to know three parameters in order to characterized the field: 2
 Mean = T T T \ |
0 10 20 30 40 50
« CoV ’ : ’

» How rapidly the field varies in space :
¢ The last can be characterized using a correlation function

Xit)
g
Y

> The correlation function represents the variation of 4
spatial correlation as a function of spatial
separation length between two locations

. % The darker elements
N

. . . . t high
> Correlation function characterized by correlation oot
length or scale of fluctuation (\Vanmarcke, 1977) : BiiE
> The correlation length (8) represents the spatial Slope with Low Correlation Length Slope with High Correlation Length

range over which the soil property shows a
relatively strong spatial correlation Sample realizations of X(t) for two different SoF(Griffiths and Fenton, 2007)



Probabilistic Slope Stability Analysis

bl 2

e Spatial Correlation Structure: |, _ .| % NS

< Ellipsoidal Markovian correlation ’ ’

-15
@y =@y =5.0m over a field of dimension 15 m

Total no. of zones = 2250

A5 .45

15 .15
; : O =5m; O, = 3.0 field of di ion 15
©;=10m: Oy = 5.0m over a field of dimension 15 m F=200 0 L OVEE & NEC ORCIMENSION. 2.1

A5 .45
@y =15m; ©, = 5.0m over a field of dimension 15 m
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f Landslides
Ibution
f spatial variability of soil shear strength parameters (c,o)
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Probabilistic Slope Stability Analysis

e Probability of failure depends on correlation length

Probability of Failure P (%)

"

60 -
50 A —* ¢
. 0, (m) 0: (m) P: (%)
1 5 432
1 10 451
30
1 20 1463
2 10 45.7
201 > 20 48.5
3 13 A7.5
104 3 30 53.1
'] T T T T |
0 2 4 6 8 10 12

Correlation Length & (m)




—

11-06-2024 | E, FDP, JEC, 2024

/

Random Finite Element Method (RFEM)

A typical 2H:1V slope section, having a height (H) of 40 m and a crest
length (H/2) of 20 m

The vertical cut of horizontal width (b)) 10 m

A random field is overlaid upon a FE mesh, each mesh behaves as a
random variable

The set of random variables is characterised by joint pdf

Completely accounts for spatial correlation and local averaging

No presumptions regarding the location and shape of critical slip surface
2D spatial variation of the shear strength parameters in the slope domain
in Rslope2d is characterized by an exponentially decaying (Markovian)

correlation function

k
p(k) = exp(—%}

Number of MCS
* 4000 in Rslope2d

Vertical Toe

Hill Slope - Cutting

400

Fixed

Roller
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Random Finite Element Method (RFEM)

* LEM based probabilistic study
» Slope section is safe with a low value of Pt having a performance level ‘above average’, for ® up to 0.7
* RFEM analysis shows
» Slope section is safe, having a low value of Pt with a performance level ‘above average’, for ® up to 0.5
* Py of the cut slope for ® = 1 and CoV = 0.4, are 0.23%, 2.1% and 5.83% for p,, values of -0.5, 0 and 0.5 respectively

3 1 6 1
2.5 - 51
E 2 4 ~—1D spatial variation (LEM-based) 2 4
= 2D spatial variation (RFEM based) / =
& &
S15 - 33
z £
s E
o1 £ 21
e <
- -™
0.5 1 1
0 T T L] T L] 0 T T T 1
0 0.2 0.4 0.6 0.8 1 0.2 0.25 0.3 0.35 0.4

Dimensionless correlation length (©) CoV

Rslope2d



Probabilistic Assessment of Seismic
Response of Cut Slopes
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Randomness in Earthquake Coefficients

20 10 20

- - W - ‘ ! T |
» Horizontal pseudo-static force, Fh=a“g = kW f

« Vertical pseudo-static force, F, :%: kW o 1
All dimensions in meters

* The mean cohesion (c) = 45 kPa

* Log-normal pdf with a CoV value of 0.1
+ Unit weight of soil (y) = 20 kN/m?3 s

Pseudo-static

acceleration k,,=0.18, k,=0.09 k,,=0.16, k, = 0.08 k,=0.12, k,= 0.06
coefficients

B Constant Random Constant Random Constant Random
0.791 0.791 0.826 0.826 0.905 0.905
I 2475 -2.128 -1.983 -1.777 -1.013 -0.899

P, (%) 99.25

Pseudo-static
acceleration k,=0.10, k,=0.05
coefficients

D constant  Random
Deterministic FoS 0.947 0.947 1.263

-0.523 -0.449 1.916
72.35 69.65 1.25

98.15 97.2 96.4 86.1 83.55
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Non-linear Dynamic Approach

» For dynamic analysis, the Poisson’s ratio (v), damping ratio (¢) and maximum shear modulus (G,,,,), for the slope material, is
considered to be 0.334, 0.1 and 5 MPa respectively.

» The maximum P is approximately 1.17%

» A pseudo-static analysis of the same slope section (for k;, = 0.12, k, = 0.06) gave a high P; value of 86.1%

=
=
%)
-
(RN
)

-

e
e

Acceleration (g)
\
e

1N
S

Probability of failure (%
(=}
[}

0 2 4 6 8 10 0 2 4 6 8 10
Time (sec) Time (sec)

A typical earthquake time history recorded during the 1971 Variation of probability of failure with time during

San Fernando earthquake earthquake occurrence
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/Aﬁyms of Toe Excavation Induced Slope Instability
under Earthquake Condition

» Pseudo-static Approach

* The horizontal and vertical pseudo-static acceleration
coefficients is considered in this section as 0.12g and 0.06g,
respectively; corresponding to Zone-1V (IS 1893 Part 1: 2002) Htsiere -
and a Pr=68.2% is obtained

Line of Vertical cut
through the toe

H=40m

400(
* Non-Linear Dynamic Approach Haravock Fowndation
* A maximum probability of failure of 51.2% occurred
during the entire duration of earthquake motion | L —

Deterministic FoS = 0.956
ai

ex
Minimum Fo S 0.431
Maximum FoS =1.597
Mean FoS =0.912

El
®
Probability of failure (%)

Acceleration

0 2 4 6 8 10 T T T T J
‘ln Time (sec) 0 2 4 6 8 10
) Time (sec)

%0
Distance

Pseudo-static condition Earthquake time history Variation of Pt with time
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: /An/alﬁs of Toe Excavation Induced Slope Instability

Acceleration (g)

under Earthquake Condition

* SPAR System
» The cut slope structure reinforced with SPAR shows a P

value of as high as 15.1% n- Sheet Pile (SPywal
* Low Pt for a ® up to 0.2 under dynamic excitation, and : reni T Deptest
hence safe upon excavation under static as well as il slope > Ereayations
dynamic condition Crper Anhor (SPAR 11_—" |SPAR1 .
it ncer sray_—EARGL. 3 7m
1 Lower Anchor (SPAR-VII) /; A

Hardrock Foundation
L=677m b= 10m

—0=0.1 0=0.2 0 =05 ©=07 —0=09 0=1
0.15 - 16 1 16 -

FAL) N

—_
=

0.1 A

0.0:- mﬁ A.IMMMMA A LUIA
il i WW‘W

-0.1

¥}

—_
=

Probability of failure (%)
=
Probability of failure (%)

[—] ~ - a oo

0 2 4 6 8 10
Time (sec)

G e e o R Variation of probability of failure with time
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Rockfall Analysis using Rocfall, Rocscience

Theng slope along the North Sikkim Highway that connects Chungtang town to Tung

Frictionangle (°) Tangential restitution

Slope Designation  Height of the slope (m) Angle of the slope (°)

RS1 141 35-60 35
RS2 346 45-75 30
RS3 258 50-80 30
RS4 244 45-65 35

Friction angle

Slope roughness
Number of rocks thrown
Vertical velocity
Rotational velocity
Initial Rotation

0.65
30°
0
500

o O o



Stochastic Parameters

Stochastic Type of Standard
parameters | distribution deviation

Horizontal  Truncated

velocity normal
distribution
PDF of horizontal velocity
0.7 T T T T T T T T T
05
~ 0.4
X
Q.03
0.2

0 1 L 1 1 L 1 1 Il 1
0.09 0.092 0.094 0.096 0.098 0.1 0.102 0.104 0.106 0.108 0.11

Horizontal velocity (m/s)

0.01

CDF of horizontal velocity

O Il 1 1 1 1 1 1 1
0.09 0.092 0.094 0.096 0.098 0.1 0.102 0.104 0.106 0.108 0.11

Horizontal velocity (m/s)



Stochastic Parameters

Stochastic Type of Standard
parameters | distribution deviation
Coefficient  Truncated 0.05

of normal
restitution distribution

PDF of coefficient of restitution CDF of coefficient of restitution

L L I I I L L I I 0 L L L - L L L L
8_45 046 047 048 049 05 051 052 053 054 055 045 046 047 048 049 05 051 052 053 054 055

Coefficient of restitution Coefficient of restitution



Results from Stochastic Analysis
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Rock slope RS1
10 . . . .
Mean

’é\ —— 75 percentile

= 8 |——095 percentile

- —— Maximum

=

20 6)

)

=

(D) L

3 4

a

)

o 2r

M

0 A L L L 1 1
0 20 40 60 80 100 120
Location (m)

Slope Designation  Height of the slope (m) Angle of the slope (°)  Friction angle (°)
RS1 141 35-60 35
RS2 346 45-75 30
RS3 258 50-80 30
RS4 244 45-65 35

Rock slope RS1

Mean
— 75 percentile
—95 percentile
Maximum

50 -

Total kinetic energy (kJ)

0 20 40 60 80 100

Location (m)

120



Bounce height (m)
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Results from Stochastic Analysis

Rock slope RS2

Mean
— 75 percentile
—95 percentile
Maximum

P

50 100
Location (m)

150 200

250

Slope Designation  Height of the slope (m)

Angle of the slope (°)

Friction angle (°)

RS1
RS2
RS3
RS4

141
346
258
244

35-60
45-75
50-80
45-65

35
30
30
35

A
o
o

LN
o
o

Total kinetic energy (kJ)

o

Rock slope RS2

300 -

200 1

100 1

Mean

—75 percentile
——95 percentile | |
Maximum

50 100 150 200 250
Location (m)
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Results from Stochastic Analysis

Rock slope RS3

100 . ;
— Mean
E 8o L |75 percentile
~ —95 percentile
E Maximum
b 60
O
<=
Q) L
3 40
-
s
o 20
M

0 1 1
0 50 100 150

Location (m)

Slope Designation  Height of the slope (m) Angle of the slope (°)  Friction angle (°)

RS1 141 35-60 35
RS2 346 45-75 30
RS3 258 50-80 30
RS4 244 45-65 35

~—~ 1400

(kJ

Total kinetic energy

o

RS3

1000

800

600 -

400 1

200 1

o

~Road
Rock slope RS3
——Mean
—75 percentile
—95 percentile
—— Maximum
50 100 150

Location (m)



11-06-2024 E, FDP, JEC, 2024

Results from Stochastic Analysis

Rock slope RS4
3 I I T T T
Mean
—75 percentile f
2.5/ —o95 percentile ﬂ
~ Maximum
E
=
e
o0 15+
O
<=
Q 1r 1
Q
5
S 05f 1 Rock slope RS4
M 200 . ‘
0 —_ ——Mean
3 — 75 percentile
~ ——095 percentile
05 ‘ ‘ ‘ ‘ w w 4 a 150 ——Maximum
0 20 40 60 80 100 120 140 160 —
Locati &
ocation (m) 5
o 100
Slope Designation  Height of the slope (m) Angle of the slope (°)  Friction angle (°) 45
RSL 141 35-60 35 g
Y
RS2 346 45-75 30 —~ 50
RS3 258 50-80 30 *5
RS4 244 45-65 35 =
0 1 1 1
0 50 100 150

Location (m)



Results from Stochastic Analysis

e Maximum values of parameters as a function of height of slope

Rock slope section Location of maximum Location of maximum
bounce height kinetic energy

RS1 0.37H 0.41H
RS2 0.3H 0.72H
RS3 0.3H -NA-

RS4 0.69H 0.55H
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Rockfall Mitigation Systems

o Essential for preventing any damage to life and property
e Designed in the software Rocfall

Two variable sensitivity analysis i1s performed for finding
optimum location of barrier
Variable used for sensitivity analysis

% Location of barrier
% Inclination of barrier

Optimal Barrier Configuration

Rock slope section | Optimum location Optimum Impact energy on
RS1 of barrier from left inclination of barrier (kJ)
-~ Barrier side of slope barrier
A Road section (m)

N RS1 64 30° 124
RS2 129.35 30° to 90° 73.91
RS3 50.38 50° 214.16

RS4 120.35 30° to 90° 43.78



Rainfall Induced Landslide Hazard
Zonation Mapping of Guwahati, Assam
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L_andslide Studies for Guwahati City

e Landslide Studies concerning Guwahati city:

- Saikia et. al., 1996, 2002
= Combined Landslide Hazard Evaluation Factor (LHEF)

o Rainfall intensity

« Earth Cutting

« Soil erosion - Weathering

« Geological formation

« Drainage density

« Land use - land cover - human interference

o Slope Angle - relative relief

o Soil Characteristics - Geotechnical properties

« Geotechnical factors - Slope stability analysis of homogenous slopes with GWT

= Landslide susceptibility map
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L_andslide Studies for Guwahati City

e Landslide Studies concerning Guwahati city

« Phukonet. al., 2013
= Analytical Hierarchical Process (AHP) (Saaty, 1980)

- Five probable causal factors that triggered the past landslides were
considered and used for pair-wise comparison

« Landslide susceptibility map

Slope map T e 7 Geologyrmhp - | Distance to lineament map' |~

e v e oo s

-

P e . o e B Landslide susceptibﬂity L
— Land use map Distance to drainage map map of Guwahati city
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/ L_andslide Studies for Guwahati City

e Landslide Studies concerning Guwahati city

- Dutta and Sarma, 2013

= Landslide Susceptibility Zoning

= Of the Kalapahar hillock within Guwahati city

- Different thematic maps, as causative factors were used for the
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/ L_andslide Studies for Guwahati City

e Landslide Studies concerning Guwahati city

« Bhusan et al. 2014

- Landslide Hazard Zonation (LHZ) map of Guwabhati city
= Analytical Hierarchical Process (AHP) (Saaty, 1980)

= Various thematic parameters

= Depending on their role in causing slope instability

- Based on the database prepared from satellite images acquired during
2009-2011

Weighted soil depth map |
Weighted slope aspectmap |

>Soil depth L Causative Factors

1 (fromimageinterpretation followed by their gr

5 g:ozz A's';w ' Weighted LULC map |
> - x
»Slope discontinuity relationship ! (detailed field mapping of joint patternis done WQ‘hled du'“a“ density map
. projection) Weighted slope amount map
»Lland Use/ land cover s (with emphasis on Anthropogenic factors )

1
I ¢ Triggering Factors

5
=
»>Rainfal
»Earthquake incidences 1 (from collateral data)

-
»Rock Quality Designation (RQD) 1
»Rock and Soil Strength | F A
i Geotechnical Investigations
I (Asthe hills are densely populated and slopes are highly altered and available
rock exposures are highly jointed and weathered, converted to soil as well, so
additionally few geotechnical investigations are carried out to have quantitative
evaluation of rock and soil statusin the study area)
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L_andslide Studies for Guwahati City

e Congregation of thematic maps to develop
< Landslide Susceptibility map
< Landslide Hazard Zonation map
= Semi — heuristic method

= Weight factors based on lithology

« Soil and Rock given almost similar weights
- Hydrogeology — surface indications

e Dry - Damp - Wet - Dripping - Flowing

e What are/were missing?
< A strong geotechnical perspective
< Landslide triggering rainfall patterns
< Influence of antecedent conditions
< Temporal recurrence and likelihood
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: Study Area - Guwahati City
e Geomorphology 8 major hill series:
< Three prominent geomorphological feature (1) Nabagraha and Sunsali hill series
_ ) _ _ (2) Japorigog hill
< Residual hills altitude ranging 100-300 meter (3) Sonaighuli and Jutikuchi hill series
above MSL (4) Narakashur hill
_ _ _ _ _ (5) Nilachal hill
< Low-lying alluvial plains varying altitudes of (6) Fatasil hill
49-56 meter (7) Jalukbari hill
. (8) Khanapara hill
** |\/|aI‘Shy Wet|andS (9) Agyathuri hills
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Characterization of Hillslope Solls
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Characterization of Hillslope Solils

o Sample collection
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Regional Scale: Landslide Susceptibility - Hazard

e Regional Scale Analysis

< Landslide Hazard Zonation and Landslide Susceptibility Studies
- SHALSTAB, TRIGGRS, SINMAP, Physically Based Models
= GIS platform for Digital Elevation Models (DEM)

J50000 362000 Jo4000 365000 353000 370000 372000 374000 375000 378000 330000 382000 JA000 355000

Slope Map:

Map of Catchment Area

Catchment Area

16000

14000
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Steady-State
Recharge Map
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Regional Scale: Landslide Susceptibility - Hazard

e Regional Scale Analysis

< Landslide Hazard Zonation and Landslide Susceptibility Studies
- SHALSTAB, TRIGGRS, SINMAP, Physically Based Models
= GIS platform for Digital Elevation Models (DEM)

-Unstable Slopes
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Regional Scale: Landslide Susceptibility - Hazard

Deterministic methods (physically-based model)

Topographic Model
Hydrological Model

Slope Stability Model

infinite slope stability

c'HE “WxE_ )xzxmsz axtan f*

S =

Exzxsin Axcos 9

Topographic analysis of an area
SHALSTAB (Montaomerv & Dietrich.1994)

Pore pressure
SINMAP (Pack et al.,1998)

investigation

Slope Stability
factor or
Stability Index

ground surface

land cover

- Transient hydrological conditions

- Fully Saturated conditions

- Slope-parallel watertable

- Homogeneous soil with spatial variability
- Impermeable or infinite basal boundary

Infiltration model

Initial
Pressure  + | Fainfal
Input X

Linearized solution of Richard’s equation

y(z.1)
TRIGRS
(Baum et al., 2002)

Infinite Slope model

Factor of Safety
FS(z.t)

- Steady-state hydrological conditions
- Fully Saturated conditions

- Slope-parallel groundwater flow

- Homogeneous soil

- Impermeable basal boundary

Hydrological model Infinite Slope model

—
water lable
-

—
laikuré plane

Mass balance
q'a

Factor of Safety

resisting forces

FS =

driving  forces

SHALSTAB
(Montgomery & Dietrich, 1994)

Critical Rainfall
qCI’

Map of
tchment Area
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Reouonal Scale Landsllde Susceptibility - Hazard
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Regional Scale: Landslide Susceptibility - Hazard

lll00<}b8<tn

1 10<FoS< 1.5
Bl 1 5<FoS<20
a2 o A 20<FoS <25

\ery stable initial condition

Suction within the
unsaturated soil renders very
high shear strength to the
hillslopes

The stability of the slopes
decreases to a marginally
stable condition due to
rainfall infiltration

] Rainfall Event

Fanfall Intensity (nun/day

ik 12 24 £l 48 L] 72 24
Time (Hours) (3 hr intervaly

Addresses the possibility to simulate
different rainfall scenarios and its effect on
the stability condition of the study region
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TRIGRS model for Guwahati city (Reqgional scale)

e Transient Rainfall Infiltration and Grid-Based Regional Slope-
Stability Model (TRIGRS) - (Baum et al., 2002; Savage et
al., 2004)

<+ FORTRAN code

< Transient pore pressure response to rainfall infiltration

< Temporal and spatial distribution of shallow rainfall-induced landslides
< Decrease in the factor of safety values

< Infiltration process is approximated as one-dimensional vertical flow

< Each cell of the grid is considered as a vertical soil column

< Simple runoff routing process

< Drain excess surface water to adjacent downslope cells

< Implementation of complex storm events
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/ i
Topographical Data — DEM

e ALOS World 3D 1-arc second resolution digital surface model
(DSM)

< Japan Aerospace Exploration Agency (JAXA) - Advanced Land
Observing Satellite (ALOS)

e CartoDEM 1/3-arc second resolution
< Indian Space Research Organisation - National Remote Sensing Centre

Digital Elevation Model _ / e




Topographical Data— DEM

CartoSat-DEM (1/3 Arc Sec)

Drainage Map

CartoSat-DEM (1/3 Arc Sec)
10.0
20.0 i
33.0
44.0

Slope Map
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TRIGRS model for Guwahati city (Regional scale)

e |nputdata (ALOS-3D DEM 1 Arc Sec)

< Thematic data
- Digital Elevation Model — Topography of study area

- Slope map 26° 14'39.76" N _ i 26°14'49.33" N
5 ¥ it - : : :
- Aspect map A 2
- Depth of Soil formation map g 7
g
- Ground water level map o]

< Rainfall — Applied surface infiltration

< Soil Parameters
= Cohesion (N/m?)
- Angle of Internal Friction (¢°)

|91°34’ 2220"E
91°52'18.82" E

o B AN Y T
< B AN

c R Y

Z ") ; £

WJESST 3 e 2 Vi Ak FlyRTI7e E £ it e ‘vt: /
26°04'35.45" N 26° 04" 45.

= Saturated Permeability (k)

- Soil Diffusivity (D,)

= Saturated Volumetric Water Content, 8,
= Residual Volumetric Water Content, 6,
= o — parameter (Gardner, 1958)



TRIGRS model for Guwahati city (Reqgional scale)
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/ TRIGRS model calibration
e TRIGRS — SEEP/W comparative analysis
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.. Laterit

Animal burrow e
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TRIGRS model calibration

e TRIGRS — SEEP/W comparative analysis

s+, Lateritic Soil

Saprolitic Soil~ " :
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TRIGRS model calibration

e TRIGRS — SEEP/W comparative analysis
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TRIGRS model calibration

e TRIGRS — SEEP/W comparative analysis
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TRIGRS model calibration

e TRIGRS — SEEP/W comparative analysis
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TRIGRS model for Guwahati city (Reqgional scale)

e Calibrated Soil Parameters

¢ o Ve
(kPa) ¢C) (kN/m3)

k.(m/s) D,(m/s) G,

S

8, a

10 27° 18.5 2.5x10® 2.5x10°> 045 0.05 0.8

0.45 4 2.5E-6  ~
- 1 =s SWCC (Gardner, 1958) é
= v °e. ¢« UHCC (Gardner, 1958) =,
2 035 1% - 2.5B-7 &
' Q
— =
2 0.25 | \\ - 2.5E8
= ©
L =
5 0.15 - “e;——f 25E9 E
~0.05 L 2.5E-10
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TRIGRS model for Guwahati city (Reqgional scale)

e Output
< Factor of Safety map of the study area
< Evaluation and Validation of the FoS map

e Landslide Inventory

< “Rapid Visual Screening Potential Landslide Areas of Guwahati”
(Goswami, 2013)

< July, 2012 — Assam State Disaster Management Authority (ASDMA)
< Location of landslide occurrences in the month of June, 2012

< Landslide prone areas in the form of GPS Latitude-Longitude
coordinates

< 347 locations — referred as RVS-points



TRIGRS model for Guwahati city (Reqgional scale)
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TRIGRS model for Guwahati city (Reqgional scale)
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TRIGRS model for Guwahati city (Regional scale)
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Rainfall event triggering landslide in Guwahati

e Detailed Rainfall record

< TRMM Daily (24—hour) rainfall data
= 1998 — 2015, July
= The yearly reports of landslide occurrence
- Relation of rainfall events and landslide
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- Rainfall event triggering
landslide in Guwahati

e TRIGRS simulation

% Rainfall events of
= October, 2004 (3-10-2004 to 8-10-2004)
= June, 2012 (20-6-2012 to 26-6-2012)

= September, 2014 (20-9-2014 to 25-9-2014)

E, FDP, JEC, 2024

> > > X X >
F &F & & SN
A v v v v v
L4 vl 6’ b’ %/
g Q J N N N
1.5 0
1 4 [R—
S 50 £
5 5
B 1.3 =
= p
& - 100 B
8 1.2 g8
] 4 days duration - =
= 1.1 | 371.4mmof - 150 <
cumulative rainfall
1
- 200
0.9
~-Max-Min FoS of RVS points —Daily Rainfall (mm/day) -<0-Avg FoS of RVS points

SISO
v v v v v v v
' F T F ¢
AN A A A SR SN N
v Vv Y Vv YV Vv v
15 — - 0
o—o—0
- - - 20
1.4 - <
§ 40 B
S 13 g,
S - 60 ~
S 2 - fg
2 6 days duration - - 80
2 o
S L1 | 284.8 mm of &
| cumulative rainfall - 100 ~
- 120
0.9
——Max-Min FoS of RVS points — Daily Rainfall (mm/day) -O-Avg FoS of RVS points

Q\b‘ S Q\b‘ S
v % » A% » %
& & & 9
A Yoo )
1.5 0
4 | *= F30 @
§ i3 r60 B
> - 90 §
5 1.2 S
IS 5 days duration - L 120 &
S o
Xo1.1 417.2 mm of b
cumulative rainfall - 150
1 i
- 180
0.9

—~Max-Min FoS of RVS points - Daily Rainfall (mm/day) -0-Avg FoS of RVS points




11-06-2024 E, FDP, JEC, 2024

v 2 v TN, S
- - 9(0, v ,Bbl ,le gb' NQb‘ v ,Qb' ‘o'“‘o:\l
Effect of Antecedent Condition | . < "« & »7 " &
1.4 | = = m20
e TRIGRS simulation $a N— [V ¢
) 12 , [ 3
< Rainfall events of S 1| diamar &
cumulative rainfall 100 =
- June, 2012 (01-6-2012 to 26-6-2012) 0; - - 120
_Mux:Min FoS of RVS points — Daily Rainfall (mm/day) <0-Avg FoS of RVS points
Q\'\» Q\'\» Q\‘\» Q\% Q»Q» Q\% Q{b Q\’\» Q{\» Q{\» QQ Q\% Q»Q»
A A A A A A A A A A LA A A
NSRS SHRN SAREEN SAEEN SN CAN S SEEEN AN AN S
Y i 4 7/ (\l ql \l f\,}/ 6)/ (\/ ql \/ 'b’ c)’
NN\ AN SN RN N o
1.5 = S = =T 0
| B - - - | a i I 20 W
g\ 14 | - . g
S i =
i 1.3 1 40 %
S =
- 60
S 12 - - =3
g - 80 §
=1 : =
I - 100
1 =
. o Id— - 120
0.9 25 days duration - 818.4 mm of cumulative rainfall
—Max-Min FoS of RVS points  —-Daily Rainfall (mm/day)  --Avg FoS of RVS points




11-06-2024 E, FDP, JEC, 2024

: Intricate combination of the Antecedent and
Triggering Rainfall

e Rainfall events of

= June, 2012 (01-6-2012 to 26-6-2012)
= March-April 2010
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e Rainfall events of
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March-April 2010
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Intricate combination of the Antecedent and

Triggering Rainfall

e Rainfall events of
= June, 2012 (01-6-2012 to 26-6-2012)
= March-April 2010
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Effect of Rainfall Pattern

e Cumulative rainfall of
= 400 mm distributed over 5 days

Daily Rainfall (mm/day)
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over a duration of 5 days
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Effect of Rainfall Pattern vd BEE
e Cumulative rainfall of
- 400 mm distributed over 5 days N o
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Effect of Rainfall Pattern

e Cumulative rainfall of
= 400 mm distributed over 5 days

E, FDP, JEC, 2024

Volumetric Water Content, 6

2.5E-6

ke,
(]
A
\
\
1

= SWCC (Gardner, 1958)
“s,  + UHCC (Gardner, 1958)

I 2.5E-7

r 2.5E-8

r 2.5E-9

0 2.5 5 75 10
Head (m)

2.5E-10

Hydraulic Conductivity (m/s)

Daily Rainfall (mm/day)

150 1

125 4 o
100

=}

75 4
50 A
25 A
0 -

1 2 3 4

- Day -

r 400
r 350
r 300
F 250
r 200
r 150
- 100
r 50

mm)

Cumulative Rainfall (r

o
£
o =5 w

2.0E-6

1.5E-6

1.0E-6

5.0E-7

Rate of actual infiltration, q (m/s)

0

0

0 1 2 3
Hours

=
N

2.0E-6

- 1.5E-6

1.0E-6

5.0E-7

Rainfall Intensity (m/s)

< for RP-1
@~ for RP-2

8- for RP-3




11-06-2024

Effect of Rainfall Pattern

e Cumulative rainfall of
= 400 mm distributed over 5 days
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Rainfall Data

Tropical Rainfall Measuring Mission (TRMM) 3-hourly rainfall data
TRMM Daily (24—hour) rainfall data
% 1998 — 2018, July
< Goddard Earth Sciences Data and Information Services Center (GES DISC)
Monthly Rainfall Data of Kamrup District
< 1901 — 2002
< www.indiawaterportal.org/met_data
Indian Meteorological Department Guwahati, Daily (24—hour) Rainfall Data
< 1969 — 2012
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/ .
Rainfall Data

e Tropical Rainfall Measuring Mission (TRMM) 3-hourly
rainfall data
e TRMM Daily (24-hour) rainfall data

< 1998 — 2018, July
< Goddard Earth Sciences Data and Information Services Center (GES DISC)
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o Rainfall Intensity — Duration — Frequency
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/ |_andslide Hazard

e Combining the FoS maps for generating the landslide
recurrence map

Rainfall Intensity in Rainfall Return Period

mm/day

2 year 5 year 10 year 20 year 50 year

24 hour 142 215 243 278
."c"gc 36 hour 107 163 184 211
é 48 hour 87 133 151 174
tg 60 hour 74 114 129 149
- 72 hour 65 101 114 132




j@4 RARSGE, FDB JEC, 2024 208
| andslide Hazard
e Combining the FoS maps for generating the landslide
recurrence map
Rainfall intensity Return period in years
(mm/hr)
corresponding to - 3 4 S 10 20 50 100
P 2 6 18.1 194 204 233 26.1 297 32.5
E" 2 12 ] 11.9 12.6 14.5 16.2 18.6 203
as 24 6.8 73 7.8 90 | 101 | M6 | 127
E g 36 S 5.5 5.8 6.8 77 8.8 9.6
-% = 48 42 4.5 4.8 5.6 6.3 72 7.9
5 = 60 3.6 3.9 4.1 4.8 54 6.2 6.8
2t - 72 3.1 3.4 3.6 4.2 4.8 55 6.0
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Landslide Hazard Map of Guwahati City

e FoS maps are combined to form a landslide hazard map
< Location of probable landsliding
< Within specified Return Period
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Landslide Hazard Map of Guwahati City

e FoS maps are combined to form a landslide hazard map
< Location of probable landsliding
< Within specified Return Period
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Landslide Hazard Map of Guwahati City

e FoS maps are combined to form a landslide hazard map
< Location of probable landsliding
< Within specified Return Period
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Probabilistic Regional Analysis

e Probabilistic Approach
< Distributed Soil Property
- Statistics of the distribution

< Probability of Failure
£ \

o
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Probabilistic Regional Analysis

e Probability Distribution of the soil parameters

Cohesion, ¢’ (kPa)
Angle of Internal Friction, @' (°)
In-situ unit weight y, (kN/m?3)

Saturated Permeability, k, (m/s)

Maximum Minimum
infiltration rate infiltration rate
x105(m/s) x10%(m/s)

8.68 4.42
351 0.051
12.9 19

9.46 135
[ Shantipur hill | 17.9 19

20

31°

19.0

10>

Average m Maximum Minimum Average
infiltration rate infiltration rate infiltration rate infiltration rate
x10°5(m/s) x10%(m/s) x10%m/s) x10%m/s)
6.55 0.955 0.867 0.911
1.75 0160 0.955
2.23 7.36 6.70 4.02
167 2.12 183 1.97
0.444 0.828 0.614 0.721
1.92 0.566 0.462 0.514
4.84 4.59 4.48 4.53
253 175 11.1 1.43
7.82 113.0 9.00 10.1
5.78 0.661 0.58 0.623
9.91 [ Shantipur hill | 159 1.08 1.33
5
c'(kPa) ¢'(°) y,(kN/m?) k,(m/s) D,(m/s) 6, o
25°
10 27° 18.5 2.5x10° 2.5x10°° 0.45 0.05 0.8
16.5
10



Probabilistic Regional Analysis

» Probability Distribution of the soil parameters
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Probabilistic Regional Analysis

e Probability of Failure Maps — Direct Representation of the
assoclated Risk

Uncenditionally Stable ) years Return Period
0.05 < PoF <10 %

10 % < PoF < 20 %

I 20 2% < PoF < 30 %
I 30 % < PoF < 50 %
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Probabilistic Regional Analysis

e Probability of Failure Maps — Direct Representation of the
assoclated Risk

Uncenditionally Stable 10 years Return Period
0.05 < PoF <10 %

10 % < PoF < 20 %
[ 20 % < PoF < 30 % _ i

I 30 % < PoF < 50 %
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Probabilistic Regional Analysis

e Probability of Failure Maps — Direct Representation of the
assoclated Risk

Uncenditionally Stable 20 years Return Period
0.05 < PoF <10 %

10 % < PoF < 20 %
[ 20 % < PoF < 30 % _ i

I 30 % < PoF < 50 %
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Probabilistic Regional Analysis

e Probability of Failure Maps — Direct Representation of the
assoclated Risk

Uncenditionally Stable 50 years Return Period
0.05 < PoF <10 %

10 % < PoF < 20 %
I 20 2% < PoF < 30 % _ i

I 30 % < PoF < 50 %
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Rainfall Induced Landslide Susceptibility Map of Arunachal Pradesh

e Study area: Arunachal Pradesh

< Northeastern state of India, located in the foothills of the eastern Himalayas with
an area of 83,743 sg. km.

< Elevation ranges from mountains that are 7,000 meters above the (M.S.L.) to the
towns in the plains with an elevation of fewer than 100 meters.

< The slope gradient ranges from 0° in flat areas to 84.5° in nearly vertical cliffs,
indicating a wide variability across different regions of the state.

< The average rainfall received by the state is about 3000 mm with some areas up
to 4000 mm.

< The region is susceptible to landslides due to its topographic and extreme
climate conditions.

< July month experiences maximum rainfall, while December being the month of
least rainfall

< Five tributaries of the River, Brahmaputra that flows through the
region named Siang, Subansiri, Lohit, Kameng and Tirap.



Rainfall Induced Landslide Susceptibility Map of Arunachal Pradesh

Arunachal Pradesh
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Rainfall Induced Landslide Susceptibility Map of Arunachal Pradesh

e Methodology and work flow

| Remote Sensing Data

Digital Elevation Landslide conditioning factors
Model (DEM) .
Modeling

Elevation

Slope

Aspect ca s

Landslide inventory
Plan Curvature ] ‘
, Profile Curvature (Landslide + Non-

Lithology .

Topographic Position Index Landslide) Data

Stream Power Index Points 1 i +
':';rpugrnph}' Topographic “'-Ell]--ESS Index T Training Validation
Map {li:::;;e Landcover 1| set (70%) set (30%)

Soil type i
Metrological Rainfall Non L?“dﬂ]dc Machine Learning
Data points | | | based Models

l f ( RF,SVM, XGB) }
Landslide i l Accuracy
Inventory data . Erﬂ:enc}- E“:::“ | Preliminary LSM | Assessment
( 212 Points) Asec processing map Landslide | (ROC. FR,
Susceptibility Mapping KC.AC)
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Rainfall Induced Landslide Susceptibility Map of Arunachal Pradesh

e Methodology and work flow

| Remote Sensing Data

Digital Elevation Landslide conditioning factors
Model (DEM) .
Modeling

Elevation

Slope

Aspect ca s

Landslide inventory
Plan Curvature ] ‘
, Profile Curvature (Landslide + Non-

Lithology .

Topographic Position Index Landslide) Data

Stream Power Index Points 1 i +
':';rpugrnph}' Topographic “'-Ell]--ESS Index T Training Validation
Map {li:::;;e Landcover 1| set (70%) set (30%)

Soil type i
Metrological Rainfall Non L?“dﬂ]dc Machine Learning
Data points | | | based Models

l f ( RF,SVM, XGB) }
Landslide i l Accuracy
Inventory data . Erﬂ:enc}- E“:::“ | Preliminary LSM | Assessment
( 212 Points) Asec processing map Landslide | (ROC. FR,
Susceptibility Mapping KC.AC)




Rainfall Induced Landslide Susceptibility Map of Arunachal Pradesh

e Methodology and work flow

1cm=25km
0 40 80 160 Kilometers

+  Non-landslide Samples

LSM derived from Frequency Ratio method
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Rainfall Induced Landslide Susceptibility Map of Arunachal Pradesh

e Way forward
< Consideration of collated multi-hazard scenarios to develop a
comprehensive hazard zonation maps of the areas
= Flood
- Rainfall
= Seismicity
- Rockfall and Debris flows
= Anthropogenic activities
= Glaciatic effects and snow avalanches in the northern parts
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andslide Susceptibility Mapping (LSM) Using Deep

Learning (DL) Techniques

. StUdy area 'f_ i} 80°0/0"E 90°0/0"E ‘ o110 E 8801610
< Darjeeling — Gangtok |
< Elevation

Min — 82 m above MSL
Max — 3206 m above MSL
< Slope
Min —0°
Max — 81°
< Rainfall - > 3000 mm/year

30°0/0"N

20°0'0"N

1
Study Area

Sikkim and West Bengal
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andslide Susceptibility Mapping (LSM) Using Deep
| earning (DL) Techniques

e Methodology

Other Datasets

Landslide Inventory (DEM, Geology;

’:’ De nse N e U ra.l N etWO rkS (D N N) Ii;;é:l:?if;’og:;?sl] Geomorphology, LULC and

Soil Maps and Satellite Imagery

= Fully connected layers where each neuron is
connected to every neuron in the next layer.

Landslide
Conditioning

< Recurrent Neural Networks (RNN) fctors LCFs)

= Specialized neural networks for processing
sequential data, where the output from previous
time steps is fed back into the network,

allowing it to learn dependencies over time. Landslide Suscepibiy
% Long Short-Term Memory Networks
(LSTM)
- RNNs with gates to manage long-term
dependencies and prevent vanishing gradients. et Asesaent
« Gated Recurrent Units (GRU) T

- Simplified LSTMs with fewer parameters,
using gates to control information flow.
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Geological Features
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Hvdrological Features
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Feature class A

Feature class B

Feature class C
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Structure of Co-NET
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Feature Importance

e Method - Mutual Importance LCFs and their corresponding

< Data Dependent Importance Indices
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L_andslide Susceptibility Maps
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Food for Thought: Stress-Dependent Shear Stiffness
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Determine
Average
Stresses

Superimpose
Slip Surface

Calculate
stresses

Find Local
Safety Factor

Obtain Global
Safety Factor
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Stress-Based FOS

Calculate the average stresses at nodes.

QOverlay the slip surface on the results and divide the
enclosed soil mass into slices

Use the Mohr circle method to calculate shear and
normal stresses at each slice base.

Divide shear resistance by mobilized shear for each slice.

Integrate shear stresses and resistances across all slices.
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Geocell-Reinforced Slope
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Stress-Based FOS
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