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Abstract

Very high rainfall, long monsoon, high seismicity, young geology and rugged moun-
tains made the Himalayan region contributing to over 70% of global fatal landslides,
and majority of devastating landslides in India. Landslides in this region cause havoc
during monsoon incurring substantial human and financial losses and disrupting the
livelihood of local people. The problem is likely to increase over the years because of
over exploitation of natural resources, deforestation, increased developmental activi-

ties due to increase in population, hill tourism and climate change.

The main objective of the present study is to understand the root causes and
mechanism of landslides in the Himalayan region and develop a simple and quick
methodology for the assessment of stability, thereby assisting the planners and de-

signers to take appropriate corrective and preventive actions.

The study has been performed in various phases, e.g., a) site selection, b) geo-
logical and geotechnical studies, ¢) field instrumentation, d) hydrological studies, e)
seismic study, f) slope stability analyses and g) formulation of stability analyses model
and design charts. Two landslide sites, Tindharia (26°51'14.55” N, 88°20/13.12" E)
and Paglajhora (26°52'16.55” N, 88°18'16.86” E'), in the Darjeeling Himalayas, East-

ern India were selected which were triggered by earthquake and rainfall.

Topographic survey carried out with Total Station and DGPS to develop plan
and profile of the study areas followed by Geological and Geotechnical investiga-
tion. Available reports and data with regards to Geological and Geotechnical studies

carried out by various agencies like SOI, GSI, PWD and JICA were also collected.

A comprehensive hydrological study of the area along with field monitoring has
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been carried out with the objective to establish the design rainfall intensity and
its” effect on slope stability. Hourly rainfall data of SRRG for over 20 years period
comprising of over 200000 records were collected from IMD and Intensity-Duration-
Frequency (IDF) analyses carried out using Gumbel’s extreme value distribution.
Considering long monsoon and frequent high intensity storms in the study area, the
effect of raindrop impact force and excess pore pressure generation due to the impact
has also been studied. Tipping bucket rain gauge and vibrating wire piezometer were
installed to continuously monitor rainfall and pore water pressure. An equipment
to measure raindrop impact force has been designed and fabricated to continuously
record the impact force. Variation in ground water level was monitored by measuring

water level in standpipes using digital water level indicator.

The seismic study has been performed to determine design ground acceleration,
to develop seismic hazard curves and to study pore pressure response under seis-
mic loading. Seismotectonic map of the study area has been prepared for the study
area identifying all the seismogenic sources. Past earthquake data collected from
various sources and a catalogue prepared following standard steps comprising of ho-
mogenization, de-clustering and completeness checking. The data was then analysed
statistically to obtain G-R recurrence relationship for the region as well as for each

identified source.

A total of two hundred and ninety one (291) strong motion data from 52 earth-
quakes and 113 monitoring stations covering almost entire Himalayan region, except
the Nepal Himalaya, have been collected to develop attenuation relationship. The
data compared with the available attenuation relationships for the Himalayan region
to check their applicability in the present study, however, none found to be suitable

and hence a new equation developed for the region. The new attenuation relationship
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thus developed and as given below has been used for deterministic and probabilistic

seismic hazard analyses.
log,o(PGA) = —2.041 + 0.344M — 0.858log,,(R + €*°*M) + gloge

Since no suitable model for earthquake induced pore water pressure is available
for sloping ground, a method for estimating pore water pressure for sloping ground
is proposed in this study based on published cyclic triaxial and simple shear test re-
sults on isotropically and anisotropically consolidated samples. The method requires
the conversion of non-uniform random earthquake loading to equivalent numbers of
uniform stress cycles (V). Based on the analyses of all the 291 earthquake time
history records an equation relating earthquake magnitude (M,,) to (N,) has been

developed as N, = 0.52 % 049Mw,

The earthquake time histories have also been analysed to develop response spec-
tra for various site classes and compared the same with the spectra in IS 1893 (Part
[):2016 and BS EN 1998-1:2004. At high frequencies the spectral amplifications are
found to be higher than the IS 1893 (Part I):2016 spectra, however, at lower fre-
quencies it is found to be much covered. Finally, slope stability analyses have been
performed for both the sites, by limit equilibrium and numerical methods of analyses,
adopting the derived design parameters for various scenarios of rainfall and earth-
quake. Based on the understanding of the failure mechanism the limit equilibrium

equation
Co+ (1 =71 (1—7rS—1rl)tang

FOS =
tan f + K.sec 8 + R)sin 3

is developed for earthquake and rainfall induced shallow landslides in the Eastern
Himalayas. Suitable design charts have also been developed for various earthquake

magnitudes, PGA, slope angles (5) and angle of internal friction (¢).



SIfeiferT feumera & YFaad W qut 3R YU &7 YHTd : IR

9gd 3% aui, < Id, Hed YaUiad, Seuaiie Y™ 3R Sae-9es Uddd YiT
fedTera &3 &1 70% I 3% Af® THdar YRITH, 3R URd & f[AARIeGR! Y3aa &
SAHTRT R H ST TG UeT FHRaTd 81 39 & B A & GRI YXaeH I §3 aarg!
3, IR AR SR fiia JaM gid & SR R il &1 sfrsiifdesT s1fdid gl 81 3=
I auf | UIpfad YAl & qlgd, a1 B PHels, SHue gig & HRU [AhNIHS
Tfafafrat & i, uerdl udfen iR Siaarg uftad- & HRUT Y THWT & dg1 &1 GHET 8 |

AT 3T BT e I oAt &7 A yRae % Ho SR 3R fpanfafy & guge
g 3R RRRAT & 3Mhed & AU T WA 3R @Rd SR &1 fde™ FH= 5, o
IFTHRI TR fEOER B ITGd GURTHD 3R FaRS SRATS B & o1 TgrRIdr &1 off
b |

g 31ea Tafiel =Roll # fasa 71 8, SaTexul & fog, U) RIM &1 99, st YT 3R Y-
i) e, ) &7 FreAfanT, <) SEgaimed e, $) YHUig e, Th)
3 Y R fazamon SR Sff) fRRar fazawor Afea iR f&eis are &1 Ao gifsiferT
fema, gdf YRd & ydu SR auf ¥ Ifthg & yxaeq ®i@, feuiar (26°51114.557N,

88°20'13.12”E) 3R TITATIIRT ((26°52'16.55”"N, 88°18'16.86”E)ehT 0 v T |

e & & uigfaE iR gfan fisRia 1 & fiw cled wWRH SR Sefidisrd & Iy
RITTP T FIEUT 3R ITPb IURIA YD 3R Y- db-iteb! wiie Bt Tl B | Yawep 3T
Y db1ep! Sfemget & oo H Iuasy Raié 3R Ser vaaiang, shugsens, fiesyge ok
STy ot fafte ot g v e mar |

& Bt TR & WY &9 &1 U TUH gISgIalioidhd e far mar § e i 3e=a
TN Bt el a1 SR A YN FRRAT IR SHHT THTE BT RTUT FRAT 51 20 T 317 quif
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BT 3 P AT SrT3IR3ARSN 1 Ul geT ST R 200000 T 31 Rapis &, S TR T
T fpu e 3R <faar-s@afy- srgfy fazay o ae & oA Yoo faaRur o1 ST s fara

T g | 31egg & W T A SR TR I digdl & WMl &1 ¢&d §T, UHTT & BRI
ufa gHTd o 3R SHfANed T gaTd Sl o1 UHTa &1 e off fobar man /| feftin sbe
W TS 3R TS {eT IR UTSSiHIeR, TRTIAR SRR 3R U & ga1d & ARt & fore =uifug

fopaT T Ul 9uT & YHTG 9 Bl AU P FIU T IUBRT BT FS13 Hb 71T 771 § Sil
TR THTE 90 1 Reble B3| Yold Wk H fFdT &1 A9 &1 FRE f$fred arex daa
3fEPHer BT ITUNT HIb WSUIST | UHT T TR HIY B B TS |

YUl W1 9 fasRid H33 & o SR YU & d8d Rgad U o1 gard ufafssar &1
g YUy AfST & B & fog feoeg ade «rul &1 FeilRd s & fog Yot
G b 7T § 1 e & T sreu & o1 RAic eI e duR fobar a8
fores vt yehdta Wil &1 Uga B3 T 71 Usd you & sids! i [t il § T
forar T iR FRfifed AF® Hed BT I o Te Gt IR S ol FeEReydT, Si-
FERENT SR ol St =nfia g1 R SeT &7 SR GrRIgRT WaY &1 SUdNT o &9 &
HIY-1Y U U 71 Hid bl HiRSIh 1 =Y ¥ fa=eiwur fobar 7 |

efiur ey o g e & forg, 52 Yopwdl 3R 113 FATRE WRF, Aurd fRHTay & siser
TTHT R fRHTerd &7 A $of 1 T SFadTd (291) Holed T Sl &1 U fhar T § | ada
ST H YAIFdl Bt Wi HA & g, fgarerdt & o o Iucisy &fivr Feiel &t g
A ST J H T gTaifes, FIS 1 Suged Tt uran T 3R 39 39 & & forg ues
iR fasiid gl Y &five ey 39 TR fasiid SR o fo - foar mar g,
faTE® 3R WU & Yh Ul Fax &1 fa=eloo HRd1 5|

logio(PGA) = —2.041 + 0.344M — 0.858logo(R + *7*M) + sloge
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i 3 Yffr & forg, Yar IR X1 5Tdt gaTd & fog 1 Sugad Ared Sudsy gl g, 3
YA ¥ N % Ta19 IART & e H1 & e te fafy, Tl ok sifgieifie
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fAeeloT & SR UR Teb FHIBROT (M.,) BT (Nog ) F Halfeld b o e, Neg = 0.52 0. ¢ 24
& w0 fawRa 1T gl

gfafshar WeeT faeRid w3 & fore fafte Trge ol o 4y & I7d & 3fagr &1 fagawo
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g, gTeiifep, FH SMqferl IR 8 g SH ur T

3fd #, g wrgel & forg orqm Y fRRar fazawor, Tar Iqe sk fazawor & TReares
Tt B, auf 3R Yoo & faftrer ulkewal 3 forg sgad fewmga Rifier &t 3rg=rd gu feare
T T R

Cop+ (L =7r7) (1 =g —1ry) tang

FOS = : - —
tan 3 + K.sec § + R sin 3

fawmerar fepanfafy &t grgr o= smenfa, gdf fiermers &= & Yy iR ot Sifa Sud y&aad
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faft ot ot digar & forg, doiie, g ST 3R Siiaie gy &1 Hivr Iuged fesg
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