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ABSTRACT

The Kashmir Nappe Zone is an asymmetrical synclinorium flanked by the Panjal Thrust and
the Zanskar thrust, with the oldest stratigraphic basement floor composed of the Precambrian
Salkhala series and the Dogra slates (Wadia, 1931). The sedimentary sequence is formed by
the Panjal Volcanics (Panjal trap and Agglomeratic slates) and Triassic limestone. The
sediments covering the synclinal basement of Kashmir are mainly of two types, namely, Plio-
Pleistocene Karewas and the Holocene/Recent Alluvium (Wadia, 1931). The Alluvial
plains/lowlands along with the Karewa highlands/terraces form an interesting combination of
geological formations within the Kashmir valley. The surrounding hills, mountain ranges, the
presence of wetlands, reclaimed swamps, and rivers contribute to the variability of soils

within the region.

IS Code (IS 1893: 2016) designates seismic zones IV and V to the areas in the Kashmir
valley. The region has suffered huge damages owing to devastating earthquakes in the past,
the most significant being the My 7.6 2005 Kashmir earthquake. Landslides, flooding of
rivers, ground fissures and cracks, huge ground movements, damage to built structures, and
loss of life have been reported in previous earthquakes in Kashmir (lyengar et al., 1999;
Ahmad and Shafi, 2014). Moreover, liquefaction has occurred in many regions of Jammu and
Kashmir both in the recent and the historic past during earthquakes (Bhat et al., 2005; Sahoo
et al., 2007; Hough et al., 2009; Sana and Nath, 2016).

In view of the distinctive characteristics of the Kashmir region, the primary purpose of this
study is to understand the behaviour of the deposits in the Kashmir Region and develop
simplified recommendations aimed at guiding the selection of suitable foundation levels
and/or ground improvement levels for future constructions within the area. The proposed
guidelines are intended to assist planners and designers in taking appropriate decisions for the
urbanisation and future town planning endeavours in the region. This study involves
geotechnical and geological characterization of the region, assessment of seismic hazards,
estimation of dynamic parameters of the deposits using geophysical tests, seismic site
characterization and ground response analysis, liquefaction hazard assessment, bearing

capacity assessment, and ultimately the determination of vulnerability zones.

Extensive geotechnical data for about 700 locations within the Kashmir valley was used to
characterize the geotechnical properties of the soils in this region. The variation of the

geotechnical properties within the geological units especially Karewa highlands and Alluvial



floodplains has been studied in detail. Maps for the various soil properties have been created
to understand their spatial distribution within the region. The geotechnical database was
combined with the geological information for the region to create seven transverse and five
longitudinal comprehensive 2D cross-sections for the basin.

Seismic hazard assessment for the Kashmir region. using deterministic as well as
probabilistic approaches has been performed. An earthquake catalogue has been prepared and
subsequently, seismicity parameters (a, b-value, A, Mc, and mmax) have been estimated for the
complete Kashmir region. Spatial distributions for the peak ground acceleration (PGA) and
peak spectral acceleration (PSA) at 0.2s and 1s have been presented in the form of contour
maps at bedrock. Seismic zonation of the Kashmir region was carried out based on the
distribution of PGA within the region. The Kashmir region has been divided into five zones
ZA-ZE representing high to low seismicity zones. The mean PGA values derived from PSHA
at 2475-year return period for the five zones are 0.514g, 0.456¢, 0.379¢, 0.258g, and 0.175g.
The southern, northwestern and northernmost parts of the region including the districts of
Pulwama, Shopian, Kulgam, and Budgam fall under high seismicity zones. In contrast, the
central parts including the districts of Bandipora and Ganderbal fall under low seismicity
zones. Seismic hazard curves, uniform hazard response spectra (UHRS) and disaggregation

results have been presented for each of the ten districts as well as for each seismic zone

An extensive geophysical testing program was carried out which included tests at ~192 sites
to determine dynamic soil parameters within the complete Kashmir region. Multichannel
Analysis of Surface Waves (MASW) was performed to estimate shear wave velocity (Vs) and
microtremor records were obtained to estimate the frequency response of the soil deposits.
The Vs3o (average shear wave velocity over 3m depth) varies from as low as 150-200m/s in
the alluvial floodplains to as high as 350-500m/s in the Karewa highlands. On the other hand,
the hilly regions show much higher values of ~500-900m/s indicating a close relationship of
Vs30 with geology. The horizontal-to-vertical-spectral ratio (HVSR) response of the soils is
varied, with fundamental frequency (fo) ranging from as low as 0.2Hz in the deep
sedimentary deposits to as high as 20 Hz in the shallow region. Different groups of HVSR

curves — clear, broad, and flat peaks were observed in the Kashmir region.

With regards to the exceptional nature of the physiography as well as topography of the
region, the results obtained through geophysical tests suggest high variability. Fractured
zones in fault lines have been detected in this study showing very high amplification due to

the low velocity characteristics. Such zones may contribute to concentrated increased hazard
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when subjected to favorable earthquake ground motions and must also be considered during
the urban planning and construction processes. Joint inversion analysis of the dispersion and
HVSR curves has been conducted to estimate the depth of the bedrock depth in the region. It
is concluded that the Karewa deposits and Alluvial plains are deep sedimentary deposits with
depths as large as 900-1300m. The shear wave velocity of the bedrock below the soft
sediments is estimated to be ~1100-1900m/s. The depth of bedrock is shallow in the hills and

mountains.

Although the conventional single-proxy approach for seismic site characterization has the
advantage of being simple and based on a readily available parameter (Vsao), it neglects
various key elements of site response (Castellaro and Mulargia, 2014). The results of the field
testing in Kashmir reveal glaring anomalies in the behaviour of the deposits in the region
pointing out the insufficiency of the parameter Vssz. Vs completely lacks information
pertaining to the actual variation of Vs with depth, the frequency dependence of response,
and the influence of soil below 30m depth which can be critical in deep sedimentary deposits
(Regnier et al., 2014). Consequently, a site classification scheme has been proposed in this
study for the Kashmir region by modifying specific parameter ranges in Di Alessandro et al.
(2012) classification which is based on the predominant frequency of the site, the HVSR

shape, and Vs3zo.

1D nonlinear ground response analysis has been conducted for the 192 sites in the Kashmir
region. The ground response analysis of the soils conducted in this study considers the actual
depth of geological bedrock determined from the joint inversion analysis as the depth of input
motion. The nonlinear behaviour has been captured by conducting a parametric study
utilizing input motions of varied intensity (PGA) grouped into five intensity groups (M1-
M5). Amplification factors have been recommended for each intensity group and each
geological unit. The response spectra at the surface reveal that the deep deposits amplify the
long-period (low-frequency) motions and deamplify the short-period (high-frequency)
motions. This result is crucial since the impact may be particularly detrimental to tall
buildings having longer fundamental periods due to the double resonance phenomenon in the

soft soil deposits subjected to low-frequency earthquakes.

The expanded Srinagar Metropolitan Region — Greater Srinagar — in the Master Plan-2035 by
the Town Planning Organization of Srinagar was selected for further detailed analysis
including liquefaction hazard analysis and bearing capacity assessment. The liquefaction

hazard assessment has been conducted considering the PGAupedrock COrresponding to 2475
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years return period (10% probability of exceedance in 50 years). Both pseudo-probabilistic
(PP), as well as simplified performance-based methods (sPBEE), have been used and the
results from both methods have been compared. Simplified performance-based liquefaction
triggering procedure allows engineers to adopt a risk-targeted strategy by utilizing the return
period of liquefaction in place of the ground motion. Reference loading parameter maps at
seven selected return periods (108, 225, 475, 1033, 2475, 4950, and 20000 years) were
developed. Liquefaction hazard index (LHI) was estimated using three parameters, namely
settlement (S), liquefaction potential index (LPI), and liquefaction severity number (LSN).
Finally, LHI based zonation was conducted for the study area. It was concluded that young
Holocene alluvial sediments deposited in low-energy fluvial environments are the most
susceptible to liquefaction having the lowest factor of safety (<1) and the highest potential of
liquefaction (~0.99). The sPBEE method in general overestimates the hazard in terms of

settlement in moderate to high seismicity areas.

The bearing capacity of the soils at each site in the Greater Srinagar region has been assessed
both under static as well as seismic loading conditions. The ultimate bearing capacity is in
general less than 300kPa in the Jhelum floodplains indicating the low strength of the soils.
The Karewa highlands and hills show much higher capacity (>300 kPa). The seismic bearing
capacity ratio (SBCR) computed using Richards et al. (1993) and Choudhury and Subba Rao
(2005) methods are lower (<0.86) in the Karewa deposits suggesting the critical nature of
these deposits under seismic loads. Consequently, the bearing capacity hazard index (BCHI)

has been determined at each location.

Finally, vulnerability zones (VZ-A to VZ-D) have been defined based on the integrated
hazard index (IHI) computed by combining LHI and BCHI through the analytical hierarchy
process (AHP). The Jhelum floodplains fall within the most critical category of VZ-D with
the highest hazard of liquefaction and low bearing capacity. Deep foundations (e.g., piles)
and deep ground improvement is imperative in the plains to prevent excessive settlements
and bearing capacity failures in structures. Site-specific issues of lateral spread need to be

assessed on land near the banks of rivers.

The Karewa highlands fall in categories VZ-B and VZ-C showing lower potential for
liquefaction and good static bearing capacity yet significant chances of significant bearing
capacity reduction during earthquakes. Integrated use of shallow foundations and ground
improvement may be effective solution in such areas. There is an added hazard of landslides
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and slope stability issues in the highlands which needs to be duly considered in foundation

design.

The deep sedimentary deposits (Karewas and Jhelum floodplains) in general, can have a
significant influence on the performance of structures existing on the ground in several
aspects. Low-frequency amplification is critical for the multi-storeyed buildings on these
deposits and a Mexico City-like disaster may be in waiting in event of a future earthquake of
bolstering characteristics. Large ground deformations associated with the top 20-30m of the
soft soils may lead to significant damage to structures if not incorporated adequately in
design. The softened layers further filter out the high-frequency waves, amplifying the low-
frequency components. In this respect, the characteristics of the soils like thickness,
stratification, geotechnical properties, and stiffness play an important role in the response
towards seismic waves. Proper damping measures must be provided in the construction of tall

buildings on these deep sedimentary deposits.

The hills and mountains are designated VZ-A category suggesting that liquefaction is highly
unlikely and static bearing capacity is quite significant. Shallow foundations may be
sufficient in these areas, although extra provisions for slope stability issues and high-

frequency amplifications need to be suitably made.

The vulnerability zones delineated in the Greater Srinagar region are intended to provide
basic information about the geotechnical as well as seismic hazards in the region. In this
study, we recommend certain measures to mitigate seismic hazard effects in the different
vulnerability zones including ground improvement techniques and the selection of

appropriate types of foundations with a proper reinforcement design.



ARIRI

HHR W 9 U fvw Riwfa gy § o doe de 3R JiReR e | forT garm 3,
@TFSAT, 1931) ¥ 1 8 | IS 3IehH TS SaTangd! (GolTd STd 3R TaER{eH wWie)
3R TTaRye AT TR §RT S/ 1 § | HRAR & THPIAS dedH B! Har HRA aidl
dasc T8 ¥U U 3l UHR & 8Id &, 37fd, [erdl- g Har 3R giar= / giferr
Sdg (@IS, 1931)] HRAT BRASI/Ddl b 1Y Sallg HeH/RTS HIER a1dt & HiaR
YIS WIS &1 T fGcaed FaioH 414 8 | SN & Ugifedl, gdd 4aaT,
3TN BT IURRUF, G: UIed Gefad R el 39 & & iR firgt &t uRaaH=itaar &
INTE il § |

3MTETY BIS (SATSTH 1893: 2016) HRAR ST & & H YUl &7 1v 3R v &I F1ferd
FRAT S| 3T &F BT 3l | ORISR YUl & BRI HRT THAT BT ATHAT BT UST §,
T AUl TlHes 7.6 2005 HRAR Yeh T UT| HIHR H UFd Yol & Yx@aH, Afeal o
91g, ST Pt =R 3R R, fIwna S o) sarergt, At Saamsit & Jear ik
ST & JHAH & ga-T el § (SRR TS 3d| 3fgHE 3R [T, 2014)| §d 37T,
Y&HT & GRM 8T & 3R U Sicfid aFl & 0 3R $ER & F5 &3 T gl
31T g (YT UT 3| T1g 3R 3, 2007; B TS 3, 2009; AT 3R 1Y, 2016)|

HIER &F Pt AP foRivdret & &= T I@d gU, U 3 DT WIS I5=T HRAR
& o ST IRE & HaER & THIAT 3R &7 & Hiar yigsy & Fafl & faw Iuged
Hia WY 3R/ 1 T UR WRI & TG BT ANIGIH B & Ie-0 I AR dd RIBIRR!
fawfa w1 31 warfaa feznfAdsn &1 Sexu aoHeR! iR feus=RI & &3 |
BB 3R HiTS & TR Faom vt & forg I fofa o & werad s g1 59
T H &F F YAl AR YIS T U, YHU TRl BT HHTH,
YIfIBT TRIEUI BT STANT TXb o/ & TR AMIGS! Bl HHTH, HHUg A8
TEOT UM 3R S Hfdforar fazeyor, s ey Jedie, SRR &fd Jedidd
3R Sidd: Neran & &1 Ao e g |

HRER °IEt & HIdR T 700 VI & oI A0S Y-qh-ib! Sl BT ITANT 39 &7 §
At & Y-as-ia! Uil 31 Rifgd w3 & o fovan mam U1 Yauie sorsal favy =u g

Xi



HRAT TR 3R JdlG §l¢ & HaM & IR Y-db-d! o B1 fisrar &1 fawr I
31 fopar T 81 87 & Wik 3% RiifAes faarvr &1 gagm & forg faft firdh & wqont
& forg Ao 9918 U €| SRE & fore Ora sy SR Ui srgee = 2 3t $ia-
HIRM T & T Y-qH-1D! ScTed BT &F & [T YD THBRT o 1Y ST T
|

a3k THT EDHI0N BT SUANT Hb HIHR &F & 1T YUl Wk &7 e
fbaT T B 1 U YU e IR B S § AR 91g §, R SR & & 7w Yoy Arucs)
(U, S-deg, T, THHL, 3R TWaaw) BT SFHMH 01 707 81 Ui TS TRIeReH (Ffig)
3R ir Waed TRIRTH (YTean) & fofg 0.2 TT 3R 1 R WS TR BT 3MYR R
T AR & 0§ Ud a1 T 81 SRR & 1 YU a7 & & iR disiit &
IR & SMYR TR fovan a7 U1l HRUR &7 &I Ui &3 SIgu-oies | fauford fear man g
S 3= ¥ 9 Yehuta & &1 ufafAfd ovd € | Oia &3 & forg 2475 I1a &t e srafy
o fuueT § U S isiie 7 0.514 T, 0.456 A9, 0.379 UTH, 0.258 T 3R 0.175
W | gaar, i, $emd iR ST foral afed &9 & aféft, Sw-ufid ok
IR B I ybUlg &t 7 of1d &1 39 fAudia, SidigRT ofR Tiexed forell afed 7ed
UM & YHUlg &af T 31d g1 a9 foral J I Tde & ry-91Y s Yohuid & & oy
YHUR SIRAA gk, U Shiay Ufafehar WaeT (JuasiRey) iR fages uRom ueqd
ERIE

THh UG YHIIDH T TRI&01 Srid fovar T of for s gquf $3ER 83 & Hfiar Tfasia
It & ACST @t MUl &= & fad ~ 192 T1=Eel W TRi&01 M &1 g al Bl
Ao Iad fIRayN (THUTTS ) HaR! aX¥T AT (Slew) o ST T & forg faam mam o1
3R gt & ST 1 gy wfafehan &1 3 AM T & o AR Rebie U fhe g
| Sl 30 (3 HICR TERTS W 3 HRAT I A7) TAIG I1¢ P He™ H 150-200 Hiex /
qh S T ABR Bl BI5Agd H 350-500 Hiex / Johs b A ST &1 gER1 3R, UgTS! &
~ 500-900 HieX / Yo & dgd TP Heg feard & S Yo & 1Y Flawz0 & IAE Taie
@ gxfar 71 gY@t afaer-3-Feater-aufmdg o (TadivgseiR) ufafsar fafay g,
o Aifers smafr () Tedt aasd! S § 0.2 8¢S ¥ A 3Ud &9 § 20 8¢S db

Xii



Bl 81 TIdITHSR TSl & fafid Tg - Wy, die! 3R quTe el HIER & & g
TS

OIS BT SATURUI Uepfdl & ATY-TY & T RSPl &b Wae H, YU g migol
& 1Y ¥ UT IROMH S IRaa-=iadl &1 JI1d od & | 59 37994 H Wiee Al o
Sfed &= &1 TaT T TR § o Y a7 faRivarsii & SR 9gd $1fie yae feamd g
3B YU USS Tl & S T W T &3 Dfad 9¢ gU TR H INGH P Ibd o
3R e e ok fAufor ufsrarslt & g of faar fesan s anfeu ) &5 o Tg@ &t
TTERTE B! TERT8 P A T & ol g 3R THaIgeR ! &l Jgad ahH
fa=eryur fovar Tam 81 I8 e faTen 11 § b et &y SiR Sellg Ha e daeel
38T & fSF®! TERTE 900-1300 HieR d& 81 TRH qASC & A1d IS B HaAT a<i A ~
1100-1900 Hicx / Y8 B BT 3ITHM 7 | U1l 3R UBISI # ggH Bi 7TEvs U g

T YHUg WTZc A& 9uiF & T URURS Thd-Uia @0 IRA 3R ST 9
Juds] WRIHIER (Tlaw 30) TR MU 811 HT AT B, T W13e Ufdfehar & fafda R deal
B! UL FRAT § (HRART 3R AR, 2014) | HIUR H Wics Uie0r & gRomdt § &=
T S| & HagR § WY fadTiadl &1 udl gerdl & off URHTex df T 30 & Ui ol
2RT TRAT 81 gm0 T TTEE & Y Y o P AR A |, ufdforar &t g
AR 8k 30 tiex TeRE B A et & yue ¥ g STHBR &1 g @RE T S1H1d 7
ST YT daSel ST AR U 3fd | Adioldd, 39 3erdd # 8f Tade! U 3d (2012)
Fifeor § fafRry TRefer Af0rt &) Tfia avd SR &7 & forw teh wrge Fifawur
AT URATfdd Pt 718 § S TIge Bl U™ Mg, ISR HHR 3R dlgg 30 TW
3R B

HIR &7 H 192 igel & faw 1 S AR uds Ry fawewor forar w31 39
e ® fpu u gt & S ufafsran faweoor & wiged gep fazawo @ fHuffea
YITMP YR P GRAfdH TETs P 39YC A &I TexMs & =0 H AHT o1l gl
AR IdgR &1 Uid diedl g1 (TH 1-UY 5) T 9dgied fafid digdr (disiie) &1
e T T UGN dRPp Th WRIHICH 3Heqgd Hih =R fhdr T |1 IS gl
g 3R UAS YATH SH1s & ol Yad SR Bt Rl &t 18 g1 Idg R
gfafshar WaeT T ydl Iadl § b Tedt o delt fafe (@H gh) 71fd & Serdt § SR
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Bt 3@ty (= 3ghy) Tl B HH Fcll g1 Tg UNRUTH HedqU! & R HH MR
aret YUl & Sl R g 51 & 5t SATG geAl & HRUT UG dalt Hifad $fafd
et $dl SHARG! & e faRiy &0 9 giHeR® 8 gadl |

FTR & TR S T gRT AReR WH-2035 H fadiRd FR T8MR &7 - AR
TR - BT GAlHR0 ARAH fARATT 3R T8 &1 Y Fod SR & fawqa fazeivom
o TorQ o1 AT ATl 2475 9 T Ao Aty (50 I T YD B BT 10% FHIE) &
3T ToNY SMTYR WR faR #xd gU Sdiexul Shigd Jedic- SEifod foar T g
FE-gHT (didh, Ty g WReliepd UeriH-smemia fafdat (wadieiss) SH1 &1 SuanT farar
T § 3R a1 faftre % afkomt ot gae &t 78 31 WRelipd TeRH-sneia sdievor
ferfT ufehar SoNfRt &1 SE! A & R_ITM TR SAIBR0T & Al Safd &1 IgAT
TR SIRIY-TAfEd UM SO & AT St 81 1 Tafid Rew Safert (108, 225,
475, 1033, 2475, 4950 3R 20000 TH) TR 3R THIY AT WHler AFfs fawiia feu
T | GIHROT SIRIH YABID (TATAHTS) PT STHM o ATICS| BT YA HRab T
T T, 3rdf e (T), SdIdhRuT &dT qadid (TAUTSTS), 3R SdidhRor THiRdr T
(YT | 3fd H, 37 & o e Taugeig smetid SR saiford foar mar o1 g8
frepy e T fr &9 ol e Tfaad ardareRel § ST gaT giai Sidlg dasc
Sl & g sifadde=iia gd € o s qRefm &1 Ja 1 HRE (<1) 3R FdIHR0T B
ITH &HT (~ 0.99) Bl 81 FHFT U ¥ Tqdieiss ffr Aeom @ I Yooy &gt o
fAgeH & dgy & Ik @ $1fi% Hgd <l 5

X FR &7 T e ®d W e B 987 &Hal 1 MHa R R Yau afeT
fufaal Y & dgd feur T 81 9 & 91g &5 # 3ifaH SRR &HdT | =0 F 300
FUT T FH g S St Bt 4 ddhd S T 81 Hal gRasy 3R Ugifeal sgd ifis
&AT (>300 HUY) At &1 Rarsd Te 3id (1993) 3R dreRt 3R FaslT Ad (2005) fafdrat
B ITINT HRep TUMAT DI g HHURI SR &HAT AU (THSIISAR) HYal o 1 § &Y
(<0.86) § S YU YR & dgd 3 STHIST BT HE@qUl Uehfd &1 Yd ol g | Ao,
TS RIM TR 3R &HdT SIQH Jawie (@rgsits) Fuffa fear m gl

3id #, fasvuers uerhy Ufshal (TUET)) & A1 § TaUDsg 3R dfiugsns &l
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