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ABSTRACT

Jammu Region (JR) in Jammu and Kashmir is located in the northwestern part of the
Himalayas, frequently triggered due to both near-field as well as far-field earthquakes. This
area strongly affected during the 2005 Muzaffarabad earthquake (Mw = 7.6) in Kashmir Valley
(KV), with devastation of infrastructure projects such as roads, bridges, dams and retaining
walls. Recent moderate earthquakes in this region include the 2013 Kishtwar earthquake (Mw

=5.7) and the 2019 Mirpur earthquake (Mw = 5.6).

The first part of the present study involves the defining seismic environment and logic tree
based hazard analysis using both deterministic and probabilistic approaches for JR. It also
includes the development of an updated earthquake catalogue and seismotectonic of map study
area. Total 242 site locations selected, and geophysical testing carried out to measure the
resonance frequency and shear wave velocity for understanding the regional site
characterisation. The data obtained is further used for seismic response analysis and
liquefaction hazard assessment. Seismic microzonation map divided the JR into four zones
based on Seismic Hazard Indexing (SHI). For each zone, the seismic performance and
vulnerability of circular tunnel at various overburden depths are studied. Detailed tunnel data
collected from the Udhampur Srinagar Baramulla Rail Link (USBRL) project and its employed
to check the risk and post-seismic serviceability of transportation networks. Further, deep
learning approach is used to develop the Seismic Tunnel Damage Prediction (STDP) Model.
The STD multi-graph and seismic design guidelines for damage prediction and required

mitigation steps also proposed.

Within a 350 km radius of the Jammu, all potential seismic sources were identified, and an
updated earthquake catalogue was prepared, spanning the years 1520 AD to 2020 AD. In

DSHA, a hybrid scenario is developed using two independent earthquake scenarios. Three

Vii



declustering algorithms with four GMPEs for active shallow crustal and Himalayan region
clubbed to form a hybrid model for PSHA. Peak ground acceleration and peak spectral
acceleration at 0.2 sec and 1.0 sec were estimated for 2% and 10% probability of exceedance
in 50 and 100 years. For rock site conditions, the seismic hazard curves and uniform hazard
response spectrum are presented for ten main cities of the Jammu region. This area shows the
PGA variation between 0.08 g to 0.66 g with maximum hazard in the southwestern part
comprising of districts of Poonch, Rajouri, Jammu, and parts of Reasi. The hazard maps along
with the Hazard Cruves (HC) and Uniform Hazard Response Spectrum (UHRS) employed
effectively in the structural design and evaluation of new and existing structures which are part
of ongoing infrastructure projects in the JR. They may also be used to determine the ground
motion at the given location and to develop improved strategies for disaster risk reduction for
engineers and planners which may eventually lead to fewer infrastructure damages.

The second part of the present work covers the extensive geophysical testing for site
characterization, seismic response analysis and liquefaction hazard assessment. Microtremor
Horizontal to Vertical Spectral Ratio (MHVSR) and Multichannel Simulation with One
Receiver (MSOR) results indicate that the southern part of the JR has very low values of
resonance frequency (fo) and shear wave velocity (V;) due to thick sedimentary and alluvial
deposits. JR is classified into five zones (Z1, Z2, Z3, Z4, and Z5) based on the measured
resonance frequency in the range of 0.1 to 10 Hz. Zone Z1 is reserved for sites with low
resonance frequencies. More than 40% of the study area has resonance frequencies ranging
from 4.0 to 7.0 Hz. Th average shear wave velocity at 30 m depth (V5,) for the JR varies from
182 to 934 m/s. Based on statistical parametric tests, this study also developed a subgrouping
zonation strategy. A correlation between V5, and resonance frequency is also developed.
Joint Fit Inversion Modelling (JFIM) is performed which gives shear wave velocity at deeper

profiles needed for underground construction projects. These sites have extremely high
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amplification and are prone to significant structural damage in the event of seismic activity.
Complete overlapping of resonance frequency (fo) of foundation soil with fundamental
frequency (fr) of Reinforced Concrete (RC) buildings was discovered for the maximum sites in
southwestern towns of Jammu, Kathua, and Samba, indicating a significant danger of Double
Resonance Effect (DRE).

This study provides a platform for designers working on future construction, development, and
expansion projects to develop any prospective earthquake mitigation strategies. Nine different
bedrock motions from the Himalayan region were considered and a one-dimensional seismic
response analysis for the equivalent linear case has been done. For short periods, amplification
is higher at sites with rock outcrops in the north and northwest, and lower at alluvium sites in
the south. For long periods, the amplification is greater at Simbal and Jatah-like alluvium sites
near the banks of the Rivers Tawi, Ravi, and Chenab. In Shareef Bagh, Banihal, and Baflaiz,

the PGAgyrface 1S More than 0.45 g.

An attempt has been made to develop the zonation map for liquefaction hazard in the JR based
on liquefaction potential index (LPI) and probability of liquefaction (P, ). To achieve this, factor
of safety against liquefaction was estimated using Standard Penetration Test (SPT) data
collected from geotechnical consultancies and shear wave velocity measured during field
testing, and an integrated liquefaction hazard map generated. The geotechnical parameters
obtained from consultancies and V; data obtained from geophysical field testing were integrated

for the study region and a correlation for all types of soils developed using regression analysis.

The liquefaction features such as sand blows and ground rupture were found in Jatah (Samba
district) and Simbal (Jammu district). According to the integrated hazard map, places near the
bank of Tawi River and Ravi River in Jammu have young alluvium, making them particularly
prone to liquefaction. Liquefaction does not occur in the eastern and western sections because

of high shear wave velocities and rock at shallow depth, and it also does not occur in the central



area due to thick sand deposits. LPI values ranged from 0 to 27.45 having very low to very high
liquefaction risk. P, is greater than 0.75 for sites located on the southwestern side due to
uniformly graded soil having extremely low SPT (N) and V; values. This study will aid site
planners in the construction of structures that consider liquefaction mitigation and well-defined
liquefaction risk measures.

In the third and last part, the seismic vulnerability of circular tunnels using the fragility function
under various seismic environments discussed. For all-hazard zones, an empirical relationship
between tunnel damage state and PGA generated which further used to develop the zone
specific fragility functions at various overburden depths. To achieve this, the seismic
performance of tunnels with diversified typology and seismic scenario is quantified to
understand the damage state for each hazard zones, as recommended by microzonation
outcomes. For a given earthquake intensity, the fragility curves presented in this work illustrate
the conditional probability of a circular tunnel reaching or exceeding a specified damage state.
The probability of extensive damage is very high for tunnels at shallow depth in soft soil (Zone
A), even at low seismic intensity. For tunnels with less than 30 m overburden depth, noteworthy
deformation can be seen in both full and no slippage conditions. Due to flexible integrity, the
amplification factor of input ground motion is larger in the deep tunnel than in the shallow
tunnel. The distortion in the tunnel lining is declined by 50% in deeper tunnels when compared
to shallow tunnels. This study can help designers to understand the seismic behaviour of
circular tunnels at any depth having similar tectonic settings and structural typologies, while
also considering additional damage models and other factors that influence seismic

performance.

Semi-Quantitative Seismic Risk Assessment (SQ-SRA) approach has been used to evaluate the
seismic risk and post-seismic serviceability of Udhampur Srinagar Baramulla Rail Link

(USBRL) project. Out of the three alignment phases, the first one is accessible, the center one



is accessible but requires repair, and the last one is inaccessible, according to the risk matrices.
The majority of the tunnel sections in the last phase are situated near zones prone to landslides
and large tectonic sources, and they also include extensively weathered rock mass, resulting in
deformation, squeezing and cavity formation during the excavation process. The progressive
effect of these issues increases the probability that these tunnels may get extensive damage,
which would render the track segment inoperable under post-seismic conditions. The risk
matrices and maps provided will serve as a valuable tool for increasing public awareness and
directing track operations in the future event of major near-field or far-field earthquake events

in Jammu and Kashmir.

Further, a mathematical formulation-based Seismic Tunnel Damage Prediction (STDP) model
is proposed using the deep learning (DL) approach. The pertinency of the DL model is validated
using tunnel damage data from historical earthquakes such as the 1999 Chi-Chi earthquake, the
2004 Mid-Niigata earthquake, and the 2008 Wenchuan earthquake. Peak ground acceleration
(PGA), source to site distance (SSD), overburden depth (OD), lining thickness (t), tunnel
diameter (®), and geological strength index (GSI) were employed as inputs to train
Feedforward Neural Network (FNN) for damage state prediction. The performance evaluation

results provided a clear indication for further use in a variety of risk assessment domains.
The final form of the Seismic Tunnel Damage Prediction (STDP) Model is given as:

4.2
(SSD x 0D9002) 4 (@)

GSI + D42 +1.15

In(DI) =

When compared to models based on historical data, the proposed STDP model produces
consistent results, demonstrating the robustness of the methodology used in this work. All

models perform well during validation based on fitness metrics. The "STD multiple graphs” is
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also proposed which provide information on damage indexing, damage pattern, and crack
predictive specifications. This can be used as a ready toolbox to check the vulnerability in post-
seismic scenarios. The seismic design guidelines for tunnelling projects are also proposed,
which discuss the damage pattern and suggest mitigation measures. The proposed STDP
model, STD multiple graphs, and seismic design guidance are applicable to any earthquake-

prone tunnelling project anywhere in the world.
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o 3R HIHR H 9 &7 (R) feATera & IoR-ufdedt ym & Ry 8, ot 3reR Fipe-a
3R -8 1P U I & HRUI TR BT § | FRAR G1ET (KV) H 2005 & TIHBRISTE HHT
(Mw = 7.6) & TRHF I8 &F TSl gal, aiel ok Refim <Rt it gfare g
RIS & faT=T & 1y Tear 9 wuifad g3l 39 &3 ¥ g & T2 Yobul § 2013
fHRaars Y&u (Mw = 5.7) 3R 2019 HRYR Y& (Mw = 5.6) M g

JAHI 3TT o Ugal U H JR & o Fadrates SiR Sured gl efP Il &1 SudNT Hrds
YehUTg ITaTaRv 3R b gef 3Meia shiad fazawor o aRifiia s wnfira 31 g
T T YU Gt 3TR AFTRE 3ieqeH & & Reaci=e &1 faer ot o 81 pa
242 FIe | &1 994 fooam 741, 3R &= Wige &l 9uiF &1 JHgH & e S
MR TR FHaRAT TR AT P ATOH & fod Y aieror foear mar| U side)
ST YUty vfcifeha fageiyur 3R Sdfiehrul @k & e & fore fbar wiren g | et
AISHISHRA AFRE 3 SR & YUl WeRT SIIHHTT (SHI) & YR W IR &3 o
favTiord foram | Ude &= & g, yehdTa ue= oIk faftd siiaras TevTs W ufkus g3
&1 NI BT ST Thar ora 81 IYAQR SR SREEAT X4 i (USBRL) aRasHT
T4 foU T favqd g3 St 3R uRas Acadh & SR SR H&HU & S1G ST T &l
&I i B & for FaifoTd fosan man g1 59 samar, Yohdha g &fd gafqd e (STDP)
Alsd IeRE & & o 188 I & DI BT IuANT foar & g1 afd &
Yigsgarft 3R STawaes TH- Sl & [T STDP Heel-UTh 3R YebuTg feomg femmf~dar
Wt o fg e §)

ST & 350 forelt & grR &, Tuft SHIfad yehuig il &1 ugar @1 18 o, 3R U S
YU Gl dOR &1 718 off, S 1520 w6 F 2020 3 % Heft g3 ot DSHA H, 3 Wda
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b URERA! BT IUANT b Uah gIsfors UReRd fasmid fovan Siran 8 | ufeha 3ud dhed
IR femTerdt &7 & T IR GMPE o W1 i fSaeRe T TaiReH &1 PSHA & forg ta
TIRfos Aisd - & forT oo fhar Tl 0.2 ¥ @R 1.0 ¥ Hl R Uik TS @RUI
3R dieh quichtiar @RI 50 SR 100 a6 & 2% 3R 10% AT B} YHa & fog
SFFATIC fobam T 7| S &5 & & JBH eI & foTT T A1 (b A1ge i fRfd, 1 a8
YH U WeRT gedl 3R Th T FavT Ufdfehdr WaeH UK a1 Sl g1 I8 85 U8,
oY, o forat ofR ot & oo fewdl ar gRor-ufdet um & efiedy Tk & A1y
0.08 UTH ¥ 0.66 T & aid GIoiT AT B S=ITd g | TR b o=l o ATY-1Y golle Hod
(HC) 3R JHHIH TSNS RUTY THUFH (UHRS) A T3 3R HISal IRa1sh &
AT FESTE 3R Tedice & gHTdT &1 ¥ faiford fasan SR & 9 61 gfanet efat
URATSHIST BT fewd §1 SapT IuANT AT T M R ST 1 a1 Reyfid a7 ok
SONFRT SR ASIHRI & AT sftuer Sifew # ot & oy siger uriferdl &l fas R
TR & o ot fopam ST b1 @ S Sida: &8 §f-ard! Gid & Jha &1 HRUT a9 Fabdl
gl

A BT P IR YT H FIST &0 I, YU gfaforar faeor $iR Sdteor @i &
3MeeH & o § T Srifthioree Tdieror wfie 81 Aok afas ¥ $eafR
quihHg 3T (MHVSR) 3R Tk Rffar (MSOR) URUMH & 1Y Aeeod Rgaee
Iohd fraar @ fr e & el 4 d Wit aasd 3R Sdle S| & HRUT TG
MR (0) 3R HaRAT T AT (1) & 98 HH Jed ol TR BT 0.1 7 10 Hz H A &
AT STE MR & YR WR U™ &3 (21, 72, 73, Z4, 3R z5) | a¥fiepd faan a1 5|
S 21 BH 3ATG gfal arelt gel & e SR 81 1 85 & 40% T 3iferp
BTG TR 4.0 F 7.0 Hz 06 g1 30 Hex TeRTS W 3T HaRAl a7 AT (V,s0) JR
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& forg 182 T 934 e / wiRkgea IRAfifesw wiemlt & SMYR W, 39 &0 3 T
STHE SRR ORI o Aol B Ok oRIE omaR % d T gedey i
faefa v, fear gl

SeifEe Thae Huas THINSRIT JFIM) frarsiar® st yftra fFafor uikdierreh &
fATT Sfages Ted UithIge IR HoR-l T A &dl g1 3 Wisel | e I Uad o
3R YUt fafafd ) fRufy & recaguf GramTere afa BTaRTE | S, g 3R JiaT
& GRT-afEe <Rl # Sifidan Rial & o vefiid doic (RC) SHRG! &1 Hiferd SMgf
(f) & 1y ia e} B G SaRT (fo) B IUT SNARATIT BT B &1 T3 oY, S SIA
3FTE YT (DRE) & U AUl Wk &1 T g

g5 g Hiaw o i, faer SiR faaR ufkaier el )R &m &3 ardl fSSeRI &
forg fareht off Hanfaa ydu A YUl @ fawRid v & e Te w9 UeH &1 3|
fRrTert &5 | =11 STeRT-S{eRT SR Todl TR faaR faam T o7 3R Trdhe Raw Amd &
forg U smamdt Ydrdta ufaftsan fazerwor fvar man 31 Bt srafd & forg, vad IR SR
STR-UHH H P MTITHI aTeht Wigel R 31 giam 8, 3R <famn # Sidig arsel R &H
gid1 81 9 IHY dep, ddl, It 3R o Afeal & faR Rigd 3R Sers o Siale wdl
R e o B 1 =R a1, SETe TR SThenss #, 0.45 TH ¥ 3B PGA,, race B
ST YHTId FAHIDH (LPI) 3R BT Bt THTGAT (PL) & STUR TR SR H SATHR0T
TR & AU FH=E AFS [AHRa H- ST U9 f6a1 T 5 | 39 U d’ & o1,
%AIHRUT & TSP TRE&T & HRB BT STHM Y-db-1h! TR 3R & T b SRH
HIYT 4T SHRAT O 97 ¥ Tehdl fbT T HIeh YA URIIUT (SPT) ST T JUTNT b
TR T 2, 3R U Tl GaIehUl W1 AT S T 7T T | TRTHRS & UTed Y-
dH-Idb! AMGS! 3R YHIIHIT & TR0 J U Sel &I Ufeh faRayor &7 Uit
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Db Gl gpR D1 fE] o forT Ggddy Id H & foiw sremae & o foiw Tl fasan
T |

STeTg (ie forem SR Risa (g frem & X0 & aR 3R SHH g Skt gdieu favivang
OIS T2 | ThIgd Tak & Fa & SFER, T H Fdt 7} 3R et el & e & U & RIF
H a1 Sdle 8, oY 3% oy U § Sdar0r &1 Wl Bl g1 YA TR R I
HARAT T AT 3R T & SR AT 3R ufdreht auif & gfiep=or 16t € 8, 3R 7g A
T o1 & HROT He &1 7 off 76T a1 81 LPI Je9 0 ¥ 27.45 I §gd HH J §gd 3D
SAIHRU SIRGH aTdl BId &1 98¢ Y THUIet (N) 3R v, Jeui aTcl JAH ©U 9§ aifiegd
el & HRUT féor-ufyedt Rw [y Tgel & o p, 0.75 § 4fF 51 I8 I Wige
ASHIBRT 1 W13 & A0 # HGr BT ol Falh=01 WA 3R 3! ke A
AR SalevoT SIfeH Il IR faR a4 §

R SR sifom wr H, faftrd Yt araraRur & dgd Aeddl AR &1 ITANT HRdb
oo &M o it derar W g9t Bt i1 i Wl ara aE & forg, 3 afa s
3R PGA & &d TH fIHTONT TaY Iad M ol 3 fafis SfiaRae Texs R &
fAfRTy ATl Braf Bl faHRid B & for IugRT fasar ST 4Tl 38 Uit 3 & fifg,
fafaey ergureel oiR 1@t aRexa & T G & YU TR & TS Tax ard &l
¥ forw arfa oY FRUTY &) goe@ & fore Ryt fovan Sran 2, S fos A reiaee ufomat
SR SRR B 1 fpeht fau 71T yebu ot Hear 3 1Y, 58 1 | U IS Ued U
TR G & T Y aifal ITou e Ugem a1 ST 31fRies B Bt TR GHTSHT B gifarn
g1 TR\ St (@ A) B IUe T8RS W G & e STge ifd &t SHTaAT 9gd S |,
gt d@ 6 &9 YUt digar )R Ht 30 Hiex I S SiiaRas Texrs ara Il & g,
I faReu guf ok &1 fhgaq o fRufar S & a1 S obel 81 weiieht Srgsar
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& HRUT, TTYC IS T BT YT SRS SUT GBI o1 § Tt IR H 81 5 | Iyt
T 1 g H T8 T H G 3R B faeuur § 50% &t fiR1ae o g1 98 Sreqa
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JYR R TRIEAT I o (USBRL) TRASHT & YohUTg SR 3R YU & §1G &1
YT &HdT BT Helich DI & oY TH STASMR-Y Difecied THEHD ARIMETHD
TUIURM (SQ-SRA) EV®IUN T JUTNT fobart 711 § | i TR 01 =Rull & ¥, Ugell Uh gau
g, Youd gAY § i IRId ST SaIdhdl 5, AR AT Th g g, AT & 38R
THUfeHSuY | Sifom wRur H g Wl Hf ¥ SRS yRaeH ok 98 eaeie We ° IR
&t & U YA ¢ oIk SH 99 UM W smuert Jw game off =fa g, e
IRUMRGEY I+ UfohdT & SR faeuu, e iR g &1 T4 gl gl 3T H8l &
TR UHTa & S o1 Bt YU §¢ Ot ¢ b 39 11 1 ATge &ffd 81 Tavdl &,
ot bt aRfRUferRl & ¢ e o [Afssa #x &t uar fobu g oifes Afgad @ik
AR o 30 3R HRAR F U Have-a3 a1 R-87 siderds gersi &t Uias 3!
gl B Ao SAeddl 96 3R ¢ AR &1 SR HA & e 16 gead™

e\

JUBRUT & =Y H DHTH B |

P AT, S AT (DL) TVHI0 BT SUANT HRch U 0TI DR UT-STeTRT Yhud
T &fd galqa= (STDP) Hisd URdTdd &1 DL Alsd & Urifiddr & YR yahat
S 1999 & - YU, 2004 & HEH-FATITET YU 3R 2008 & TGS YU T T &ffd
ST BT IUUNT B AT b a7 B Ui TSS @RUT (PGA), A ¥ T18e g3 (SSD),

3NRTST TERTS (OD), 3R HITT (1), & AT (@), 3R Y Wfad Fabid (GSI)
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DI & T Pt YA & oY BIehRaS IR cde (FNN) DI UiRIfEd H & fow
$19C & w4 # MRS fbar mar ol ye=i gedie aRomdl A fafts geRr & Sifkad
Hedich SIHA H 3 IUANT b fo Ueb WY Hebdl Ual foba|

YU QT &fd gaigHe (STDP) Hisd &1 3ifdH ¥U 39 UsR fear man &:

4.2
(SSD x 0D%992) 4 (ﬂ)

— t
In(DI) = I AR +1.15
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