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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 Mw 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 (Iyengar 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 
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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, λ, 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, 0.456g, 0.379g, 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 VS30 (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 (f0) 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 (VS30), 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 VS30. VS30 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 Vs30.  

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 PGAbedrock 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.  
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साराांश 

कश्मीर नेपे्प जोन एक विषम व िंकविनोररयम है जो पिंजाि थ्रस्ट और जािंस्कर थ्रस्ट  े विरा हुआ है, 

वज में  ब े पुराना स्टर ैविग्राविक बे मेंि फ्लोर है जो प्रीकैम्ब्रियन  िखिा श्रिंखिा और डोगरा से्लि 

(िावडया, 1931)  े बना है। तिछिी अनुक्रम पिंजाि ज्वािामुखी (पिंजाि जाि और एग्लोमेरेविक से्लि) 

और िर ायव क चूना पत्थर द्वारा बनाया गया है। कश्मीर के  मकाविक तहखाने को किर करने िािे 

तिछि मुख्य रूप  े दो प्रकार के होते हैं, अर्ाात्, म्ब्रियो-िेइस्तो ीन करेिा  और होिो ीन / हाविया 

जिोढ़ (िावडया, 1931)। कारेिा हाइिैंड् /छतोिं के  ार् जिोढ़ मैदान/तराई कश्मीर िािी के भीतर 

भूिैज्ञावनक  िंरचनाओिं का एक वदिचस्प  िंयोजन बनाते हैं। आ पा  की पहाव़ियािं, पिात श्रिंखिाएिं , 

आर्द्ाभूवम की उपम्ब्रथर्वत, पुनः  प्राप्त दिदि और नवदयााँ इ  के्षत्र के भीतर वमट्टी की पररितानशीिता में 

योगदान करती हैं।  

आईए  कोड (आईए  1893: 2016) कश्मीर िािी के के्षत्रोिं में भूकिं पीय के्षत्र IV और V को नावमत 

करता है। इ  के्षत्र को अतीत में विनाशकारी भूकिं पोिं के कारण भारी नुक ान का  ामना करना प़िा है, 

 ब े महत्वपूणा एमडबू्ल्य 7.6 2005 कश्मीर भूकिं प र्ा। कश्मीर में वपछिे भूकिं पोिं में भूस्खिन, नवदयोिं की 

बाढ़, जमीन की दरारें  और दरारें , विशाि जमीन की आिाजाही, वनवमात  िंरचनाओिं को नुक ान और 

जीिन के नुक ान की  ूचना वमिी है (अयिंगर एि अि। अहमद और शिी, 2014)। इ के अिािा, 

भूकिं प के दौरान हाि के और ऐवतहाव क अतीत दोनोिं में जमू्म और कश्मीर के कई के्षत्रोिं में र्द्िीकरण 

हुआ है (भि एि अि।  ाहू और अन्य, 2007; होि एि अि, 2009;  ना और नार्, 2016)।  

कश्मीर के्षत्र की विवशष्ट विशेषताओिं को ध्यान में रखते हुए, इ  अध्ययन का प्रार्वमक उदे्दश्य कश्मीर 

के्षत्र में जमा रावशयोिं के व्यिहार को  मझना और के्षत्र के भीतर भविष्य के वनमााणोिं के विए उपयुक्त 

नी िंि स्तरोिं और / या जमीनी  ुधार स्तरोिं के चयन का मागादशान करने के उदे्दश्य  े  रिीकर त व िाररशें 

विकव त करना है। प्रस्तावित वदशावनदेशोिं का उदे्दश्य योजनाकारोिं और वडजाइनरोिं को के्षत्र में 

शहरीकरण और भविष्य के नगर वनयोजन प्रया ोिं के विए उवचत वनणाय िेने में  हायता करना है। इ  

अध्ययन में के्षत्र के भू-तकनीकी और भूिैज्ञावनक िक्षण िणान, भूकिं पीय खतरोिं का आकिन, 

भूभौवतकीय परीक्षणोिं का उपयोग करके जमा के गवतशीि मापदिंडोिं का आकिन, भूकिं पीय  ाइि 

िक्षण िणान और जमीनी प्रवतवक्रया विशे्लषण, र्द्िीकरण जोम्ब्रखम मूल्ािंकन, अ र क्षमता मूल्ािंकन 

और अिंततः  भेद्यता के्षत्रोिं का वनधाारण शावमि है।  

कश्मीर िािी के भीतर िगभग 700 थर्ानोिं के विए व्यापक भू-तकनीकी डेिा का उपयोग इ  के्षत्र में 

वमट्टी के भू-तकनीकी गुणोिं को वचवित करने के विए वकया गया र्ा। भूिैज्ञावनक इकाइयोिं विशेष रूप  े 
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कारेिा हाइिैंड्  और जिोढ़ बाढ़ के मैदानोिं के भीतर भू-तकनीकी गुणोिं की वभन्नता का विस्तार  े 

अध्ययन वकया गया है। के्षत्र के भीतर उनके थर्ावनक वितरण को  मझने के विए विवभन्न वमट्टी के गुणोिं 

के विए मानवचत्र बनाए गए हैं। बेव न के विए  ात अनुप्रथर् और पािंच अनुदैध्या व्यापक 2 डी क्रॉ -

 ेक्शन बनाने के विए भू-तकनीकी डेिाबे  को के्षत्र के विए भूिैज्ञावनक जानकारी के  ार् जो़िा गया 

र्ा।  

वनयतात्मक और  िंभाव्य दृवष्टकोणोिं का उपयोग करके कश्मीर के्षत्र के विए भूकिं पीय खतरे का आकिन 

वकया गया है। एक भूकिं प  ूची तैयार की गई है और बाद में, पूरे कश्मीर के्षत्र के विए भूकिं पीय मापदिंडोिं 

(ए, बी-िैलू्, ए, एम ी, और एममैक्स) का अनुमान िगाया गया है। पीक ग्राउिंड एके्सिेरेशन (पीजीए) 

और पीक से्पक्ट्रि एके्सिेरेशन (पीए ए) के विए 0.2 ए  और 1 पर थर्ावनक वितरण को आधार पर 

 मोच्च मानवचत्रोिं के रूप में प्रसु्तत वकया गया है। कश्मीर के्षत्र का भूकिं पीय के्षत्र के्षत्र के भीतर पीजीए के 

वितरण के आधार पर वकया गया र्ा। कश्मीर के्षत्र को पािंच के्षत्रोिं जेडए-जेडई में विभावजत वकया गया है 

जो उच्च  े वनम्न भूकिं पीय के्षत्रोिं का प्रवतवनवधत्व करते हैं। पािंच के्षत्रोिं के विए 2475  ाि की ररिना अिवध 

में पीए एचए  े प्राप्त औ त पीजीए मान 0.514 ग्राम, 0.456 ग्राम, 0.379 ग्राम, 0.258 ग्राम और 0.175 

ग्राम हैं। पुििामा, शोवपयािं, कुिगाम और बडगाम वजिोिं  वहत के्षत्र के दवक्षणी, उत्तर-पविमी और 

उत्तरी वहसे्स उच्च भूकिं पीय के्षत्रोिं में आते हैं। इ के विपरीत, बािंदीपुरा और गािंदरबि वजिोिं  वहत मध्य 

भाग कम भूकिं पीय के्षत्रोिं में आते हैं। द  वजिोिं में  े प्रते्यक के  ार्- ार् प्रते्यक भूकिं पीय के्षत्र के विए 

भूकिं पीय जोम्ब्रखम िक्र,  मान जोम्ब्रखम प्रवतवक्रया से्पक्ट्र ा (यूएचआरए ) और विििन पररणाम प्रसु्तत 

वकए गए हैं 

एक व्यापक भूभौवतकीय परीक्षण कायाक्रम वकया गया र्ा वज में पूणा कश्मीर के्षत्र के भीतर गवतशीि 

वमट्टी के मापदिंडोिं को वनधााररत करने के विए ~ 192  ाइिोिं पर परीक्षण शावमि रे्।  तह तरिंगोिं का 

मल्टीचैनि विशे्लषण (एमएए डबू्ल्य) कतरनी तरिंग िेग (िीए ) का अनुमान िगाने के विए वकया गया र्ा 

और वमट्टी के जमा की आिरवत्त प्रवतवक्रया का अनुमान िगाने के विए माइक्रोिर ेमर ररकॉडा प्राप्त वकए गए 

रे्। िीए  30 (3 मीिर गहराई पर औ त कतरनी तरिंग िेग) जिोढ़ बाढ़ के मैदान में 150-200 मीिर / 

 ेकिं ड  े िेकर करेिा हाइिैंड्  में 350-500 मीिर /  ेकिं ड तक वभन्न होता है। दू री ओर, पहा़िी के्षत्र 

~ 500-900 मीिर /  ेकिं ड के बहुत अवधक मूल् वदखाते हैं जो भूविज्ञान के  ार् िीए  30  के िवनष्ठ  िंबिंध 

को दशााता है। वमट्टी की कै्षवतज- े-ऊर्ध्ााधर-िणाक्रमीय अनुपात (एचिीए आर) प्रवतवक्रया विविध है, 

वज में मौविक आिरवत्त (एि0) गहरी तिछिी जमा में 0.2 हि्ाज  े िेकर उर्िे के्षत्र में 20 हि्ाज तक 
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होती है। एचिीए आर मो़िोिं के विवभन्न  मूह - स्पष्ट, चौ़िी और  पाि चोवियािं कश्मीर के्षत्र में देखी 

गईिं।  

विवजयोग्रािी की अ ाधारण प्रकर वत के  ार्- ार् के्षत्र की थर्िाकर वत के  िंबिंध में, भूभौवतकीय परीक्षणोिं 

के माध्यम  े प्राप्त पररणाम उच्च पररितानशीिता का  ुझाि देते हैं। इ  अध्ययन में िॉल्ट िाइनोिं में 

खिंवडत के्षत्रोिं का पता िगाया गया है जो कम िेग विशेषताओिं के कारण बहुत अवधक प्रिधान वदखाते हैं। 

अनुकूि भूकिं प ग्राउिंड गवतयोिं के अधीन होने पर ऐ े के्षत्र कें वर्द्त बढे़ हुए खतरे में योगदान कर  कते हैं 

और शहरी वनयोजन और वनमााण प्रवक्रयाओिं के दौरान भी विचार वकया जाना चावहए। के्षत्र में चट्टान की 

गहराई की गहराई का अनुमान िगाने के विए िैिाि और एचिीए आर िक्रोिं का  िंयुक्त वु्यत्क्रम 

विशे्लषण वकया गया है। यह वनष्कषा वनकािा गया है वक करेिा वनके्षप और जिोढ़ मैदान गहरे तिछिी 

वनके्षप हैं वजनकी गहराई 900-1300 मीिर तक है। नरम तिछि के नीचे चट्टान की कतरनी तरिंग िेग ~ 

1100-1900 मीिर /  ेकिं ड होने का अनुमान है। पहाव़ियोिं और पहा़िोिं में चट्टान की गहराई उर्िी है।  

यद्यवप भूकिं पीय  ाइि िक्षण िणान के विए पारिंपररक एकि-प्रॉक्सी दृवष्टकोण  रि और आ ानी  े 

उपिब्ध पैरामीिर (िीए  30) पर आधाररत होने का िाभ है, यह  ाइि प्रवतवक्रया के विवभन्न प्रमुख तत्वोिं 

की उपेक्षा करता है (कैसे्टिारो और मुिरवगया, 2014)। कश्मीर में िील्ड परीक्षण के पररणामोिं  े के्षत्र 

में जमा के व्यिहार में स्पष्ट वि िंगवतयोिं का पता चिता है जो पैरामीिर िी ए  30 की अपयााप्तता को 

इिंवगत करता है।  िीए  30  में गहराई के  ार् िी ए  की िास्तविक वभन्नता  , प्रवतवक्रया की आिरवत्त 

वनभारता और 30 मीिर गहराई  े नीचे वमट्टी के प्रभाि  े  िंबिंवधत जानकारी का पूरी तरह  े अभाि है 

जो गहरी तिछिी जमा (रेगवनयर एि अि। नतीजतन, इ  अध्ययन में डी एिे ेंडर ो एि अि (2012) 

िगीकरण में विवशष्ट पैरामीिर शे्वणयोिं को  िंशोवधत करके  कश्मीर के्षत्र के विए एक  ाइि िगीकरण 

योजना प्रस्तावित की गई है जो  ाइि की प्रमुख आिरवत्त, एचिीए आर आकार और िीए  30 पर 

आधाररत है।  

कश्मीर के्षत्र में 192  ाइिोिं के विए 1 डी नॉनिाइवनयर ग्राउिंड ररस्पािं  विशे्लषण वकया गया है। इ  

अध्ययन में वकए गए वमट्टी के जमीनी प्रवतवक्रया विशे्लषण में  िंयुक्त वु्यत्क्रम विशे्लषण  े वनधााररत 

भूिैज्ञावनक आधार की िास्तविक गहराई को इनपुि गवत की गहराई के रूप में माना जाता है। 

नॉनिाइवनयर व्यिहार को पािंच तीव्रता  मूहोिं (एम 1-एम 5) में  मूहीकर त विवभन्न तीव्रता (पीजीए) की 

इनपुि गवतयोिं का उपयोग करके एक पैरामीविरक अध्ययन करके कैप्चर वकया गया है। प्रते्यक तीव्रता 

 मूह और प्रते्यक भूिैज्ञावनक इकाई के विए प्रिधान कारकोिं की व िाररश की गई है।  तह पर 

प्रवतवक्रया से्पक्ट्र ा  े पता चिता है वक गहरी जमा ििंबी अिवध (कम आिरवत्त) गवत को बढ़ाती है और 
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छोिी अिवध (उच्च आिरवत्त) गवतयोिं को कम करती है। यह पररणाम महत्वपूणा है क्ोिंवक कम आिरवत्त 

िािे भूकिं पोिं के अधीन नरम वमट्टी जमा में दोहरी अनुनाद ििना के कारण प्रभाि ििंबी मौविक अिवध 

िािी ऊिं ची इमारतोिं के विए विशेष रूप  े हावनकारक हो  कता है। 

श्ीनगर के नगर वनयोजन  िंगठन द्वारा मास्टर िान-2035 में विस्ताररत श्ीनगर महानगर के्षत्र - गे्रिर 

श्ीनगर - को र्द्िीकरण जोम्ब्रखम विशे्लषण और िहन क्षमता मूल्ािंकन  वहत आगे के विस्तरत विशे्लषण 

के विए चुना गया र्ा।  2475 िषा की िाप ी अिवध (50 िषों में अवधक होने की 10%  िंभािना) के 

अनुरूप पीजीए आधार पर विचार करते हुए र्द्िीकरण जोम्ब्रखम मूल्ािंकन आयोवजत वकया गया है। 

छद्म- िंभाव्य (पीपी),  ार् ही  रिीकर त प्रदशान-आधाररत विवधयोिं (ए पीबीईई) दोनोिं का उपयोग वकया 

गया है और दोनोिं विवधयोिं के पररणामोिं की तुिना की गई है।  रिीकर त प्रदशान-आधाररत र्द्िीकरण 

विर गररिंग प्रवक्रया इिंजीवनयरोिं को जमीनी गवत के थर्ान पर र्द्िीकरण की िाप ी अिवध का उपयोग 

करके जोम्ब्रखम-िवक्षत रणनीवत अपनाने की अनुमवत देती है।  ात चयवनत ररिना अिवधयोिं (108, 225, 

475, 1033, 2475, 4950 और 20000 िषा) पर आर एिरें  िोवडिंग पैरामीिर मानवचत्र विकव त वकए 

गए रे्। र्द्िीकरण जोम्ब्रखम  ूचकािंक (एिएचआई) का अनुमान तीन मापदिंडोिं का उपयोग करके िगाया 

गया र्ा, अर्ाात् वनपिान (ए ), र्द्िीकरण क्षमता  ूचकािंक (एिपीआई), और र्द्िीकरण गिंभीरता  िंख्या 

(एिए एन)। अिंत में, अध्ययन के्षत्र के विए एिएचआई आधाररत जोनेशन आयोवजत वकया गया र्ा। यह 

वनष्कषा वनकािा गया वक कम ऊजाा िािे फु्लवियि िातािरण में जमा युिा होिो ीन जिोढ़ तिछि 

र्द्िीकरण के विए अवत िंिेदनशीि होते हैं वजनमें  ुरक्षा का  ब े कम कारक (<1) और र्द्िीकरण की 

उच्चतम क्षमता (~ 0.99) होती है।  ामान्य रूप  े ए पीबीईई विवध मध्यम  े उच्च भूकिं पीय के्षत्रोिं में 

वनपिान के  िंदभा में खतरे को अवधक महत्व देती है। 

गे्रिर श्ीनगर के्षत्र में प्रते्यक थर्ि पर वमट्टी की िहन क्षमता का आकिन म्ब्रथर्र और भूकिं पीय िोवडिंग 

म्ब्रथर्वतयोिं दोनोिं के तहत वकया गया है। झेिम के बाढ़ के्षत्र में अिंवतम अ र क्षमता  ामान्य रूप  े 300 

केपीए  े कम है जो वमट्टी की कम ताकत को दशााता है। करेिा हाइिैंड्  और पहाव़ियािं बहुत अवधक 

क्षमता (>300 केपीए) वदखाती हैं। ररचड्ा  एि अि (1993) और चौधरी और  ुब्बा राि (2005) विवधयोिं 

का उपयोग करके गणना की गई भूकिं पीय अ र क्षमता अनुपात (ए बी ीआर) करेिा जमा में कम 

(<0.86) है जो भूकिं पीय भार के तहत इन जमाओिं की महत्वपूणा प्रकर वत का  ुझाि देता है। नतीजतन, 

प्रते्यक थर्ान पर अ र क्षमता जोम्ब्रखम  ूचकािंक (बी ीएचआई) वनधााररत वकया गया है।  

अिंत में, विशे्लषणात्मक पदानुक्रम प्रवक्रया (एएचपी) के माध्यम  े एिएचआई और बी ीएचआई को 

वमिाकर गणना वकए गए एकीकर त जोम्ब्रखम  ूचकािंक (आईएचआई) के आधार पर भेद्यता के्षत्रोिं (िीजेड-
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ए  े िीजेड-डी) को पररभावषत वकया गया है। झेिम बाढ़ के्षत्र िीजेड-डी की  ब े महत्वपूणा शे्णी में 

आता है, वज में र्द्िीकरण का  ब े अवधक खतरा और कम अ र क्षमता है।  िंरचनाओिं में अत्यवधक 

बम्ब्रस्तयोिं और िहन क्षमता विििताओिं को रोकने के विए मैदानी इिाकोिं में गहरी नी िंि (जै े, ढेर) और 

गहरी जमीन में  ुधार अवनिाया है। नवदयोिं के वकनारोिं के पा  की भूवम पर पार्श्ा िैिाि के थर्ि-विवशष्ट 

मुद्दोिं का आकिन करने की आिश्यकता है।  

करेिा हाइिैंड्  िीजेड-बी और िीजेड- ी शे्वणयोिं में आते हैं, जो र्द्िीकरण और अच्छी म्ब्रथर्र अ र 

क्षमता के विए कम क्षमता वदखाते हैं, विर भी भूकिं प के दौरान महत्वपूणा अ र क्षमता में कमी की 

महत्वपूणा  िंभािना रखते हैं। उर्िी नी िंि का एकीकर त उपयोग और जमीनी  ुधार ऐ े के्षत्रोिं में प्रभािी 

 माधान हो  कता है। हाइिैंड्  में भूस्खिन और ढिान म्ब्रथर्रता के मुद्दोिं का एक अवतररक्त खतरा है 

वज े नी िंि वडजाइन में विवधित विचार करने की आिश्यकता है।  

 ामान्य रूप  े गहरी तिछिी जमा (करेिा  और झेिम बाढ़ के्षत्र) कई पहिुओिं में जमीन पर मौजूद 

 िंरचनाओिं के प्रदशान पर महत्वपूणा प्रभाि डाि  कते हैं। इन वनके्षपोिं पर बहुमिंवजिा इमारतोिं के विए 

कम आिरवत्त प्रिधान महत्वपूणा है और भविष्य में मजबूत विशेषताओिं के भूकिं प की म्ब्रथर्वत में मेम्ब्रक्सको 

व िी जै ी आपदा की प्रतीक्षा की जा  कती है। नरम वमट्टी के शीषा 20-30 मीिर  े जु़ेि ब़ेि जमीन 

विरूपण  े  िंरचनाओिं को महत्वपूणा नुक ान हो  कता है यवद वडजाइन में पयााप्त रूप  े शावमि नही िं 

वकया जाता है। नरम परतें उच्च आिरवत्त तरिंगोिं को व़िल्टर करती हैं, कम आिरवत्त िािे ििकोिं को बढ़ाती 

हैं। इ   िंबिंध में, वमट्टी की विशेषताएिं  जै े मोिाई, स्तरीकरण, भू-तकनीकी गुण और कठोरता भूकिं पीय 

तरिंगोिं की प्रवतवक्रया में महत्वपूणा भूवमका वनभाते हैं। इन गहरी तिछिी वनके्षपोिं पर ऊिं ची इमारतोिं के 

वनमााण में उवचत उदा ीनता उपाय प्रदान वकए जाने चावहए।  

पहाव़ियोिं और पहा़िोिं को िीजेड-ए शे्णी नावमत वकया गया है जो यह  ुझाि देता है वक र्द्िीकरण की 

 िंभािना बहुत कम है और म्ब्रथर्र अ र क्षमता कािी महत्वपूणा है। इन के्षत्रोिं में उर्िी नी िंि पयााप्त हो 

 कती है, हािािंवक ढिान म्ब्रथर्रता के मुद्दोिं और उच्च आिरवत्त प्रिधान के विए अवतररक्त प्रािधान 

उपयुक्त रूप  े वकए जाने की आिश्यकता है।  

गे्रिर श्ीनगर के्षत्र में वचवत्रत भेद्यता के्षत्रोिं का उदे्दश्य के्षत्र में भू-तकनीकी के  ार्- ार् भूकिं पीय खतरोिं के 

बारे में बुवनयादी जानकारी प्रदान करना है। इ  अध्ययन में, हम विवभन्न भेद्यता के्षत्रोिं में भूकिं पीय खतरे 

के प्रभािोिं को कम करने के विए कुछ उपायोिं की व िाररश करते हैं, वज में जमीन  ुधार तकनीक 

और उवचत  ुदृढीकरण वडजाइन के  ार् उवचत प्रकार की नी िंि का चयन शावमि है।  

 



xvii 

 

TABLE OF CONTENTS 

CERTIFICATE ......................................................................................................................... i 

ACKNOWLEDGEMENTS .................................................................................................. iii 

ABSTRACT .............................................................................................................................. v 

 ारािंश ...................................................................................................................xi 

TABLE OF CONTENTS ..................................................................................................... xvi 

LIST OF FIGURES ........................................................................................................... xxvii 

LIST OF TABLES ........................................................................................................... xxxiii 

Chapter 1: Introduction .......................................................................................................... 1 

1.0 General ............................................................................................................................. 1 

1.1 Study Area ........................................................................................................................ 2 

1.2 Motivation for the Study .................................................................................................. 3 

1.3 Scope and Objectives of the Thesis.................................................................................. 6 

1.4 Organisation of Thesis ..................................................................................................... 7 

Chapter 2: Literature Review ............................................................................................... 11 

2.1 Seismic Hazard ............................................................................................................... 11 

2.1.1 Deterministic seismic hazard assessment ........................................................ 11 

2.1.2 Probabilistic seismic hazard assessment ......................................................... 12 

2.1.2.1 Seismic hazard curves ...................................................................... 12 

2.1.2.2 Deaggregation charts ........................................................................ 13 

2.1.2.3 Uniform hazard response spectrum (UHRS) ................................... 13 

2.1.3 Seismic hazard studies .................................................................................... 14 

2.1.3.1 PSHA studies conducted at IIT Delhi .............................................. 14 

2.1.3.2 Seismic studies in the Himalayas ..................................................... 15 

2.1.3.3 Previous seismic hazard studies in Kashmir valley ......................... 16 

2.1.3.4 Hazard studies in Hindukush region Afghanistan ............................ 17 

2.1.3.5 Seismicity parameters for Kishtawar region .................................... 19 

2.2 Earthquake Catalogue .................................................................................................... 19 

2.2.1 Homogenization of earthquake catalogue ....................................................... 20 

2.2.2 Seismicity declustering ................................................................................... 21 



xviii 

 

2.2.3 Completeness analysis..................................................................................... 22 

2.2.3.1 Determination of magnitude of completeness (MC) ......................... 23 

2.3 Determination of Maximum Magnitude in a Region (mmax) .......................................... 24 

2.3.1 Kijko and Sellevol procedures (maximum likelihood method) ...................... 24 

2.4 Ground Motion Prediction Equations (GMPEs) ............................................................ 27 

2.4.1 GMPEs developed for the Himalayan region ................................................. 28 

2.4.2 Selection of GMPEs ........................................................................................ 28 

2.5 RCRISIS Software ......................................................................................................... 30 

2.6 Fault Deaggregation ....................................................................................................... 30 

2.7 Local Site Effects ........................................................................................................... 31 

2.8 Determination of Shear Wave Velocity (VS) ................................................................. 32 

2.8.1 Multichannel analysis of surface waves (MASW) method ............................. 33 

2.8.2 Applications of shear wave velocity ............................................................... 34 

2.9 Microtremors .................................................................................................................. 35 

2.9.1 Determination of resonant frequency (f0): Nakamura method (1989) ............ 35 

2.9.2 Applications of MHVSR technique ................................................................ 37 

2.9.3 Single-station MHVSR curves vs. earthquake HVSRs ................................... 39 

2.9.4 Interpretation of HVSR curves ........................................................................ 39 

2.9.4.1 Grouping of HVSR curves based on peaks and overall shape ......... 41 

2.9.4.2 Multiple HVSR peaks ...................................................................... 42 

2.9.4.3 Selection of site frequency: the distinction between f0 and fg .......... 43 

2.10 Joint Inversion Analysis of Dispersion Curves and HVSR Curves ............................. 45 

2.11 Seismic Site Characterisation ....................................................................................... 46 

2.11.1 Limitations of using Vs30 as the sole proxy for site amplification ................ 46 

2.11.1.1 Assumption of depth of bedrock equal to 30m .............................. 47 

2.11.1.2 Validity of relationship between site amplification and Vs30 ......... 49 

2.11.1.3 Influence of geological conditions ................................................. 50 

2.11.1.4 ‘Anomalies’ reported in literature .................................................. 51 

2.11.1.5 Inconsistencies in earthquake HVSRs and results from VS30 

classification ..................................................................................... 55 

2.11.1.6 Clustering of varied soil conditions in a single category ............... 56 



xix 

 

2.12 Development of Alternative Site Classification Schemes ........................................... 57 

2.12.1 Site fundamental frequency (f0)/fundamental period (T0) and depth to 

bedrock (H800) .............................................................................................. 58 

2.12.2 Earthquake HVSRs and predominant period (Tg) ......................................... 61 

2.13 Mechanisms of Ground Motion Amplification in Soils ............................................... 63 

2.14 Evidence of Nonlinear Local Site Effects .................................................................... 65 

2.14.1 Seismic response of soft clay deposits .......................................................... 70 

2.14.2 Dependency of site effects on the intensity of input motion ......................... 71 

2.14.3 Influence of input motion frequency ............................................................. 71 

2.14.4 Influence of depth of bedrock on site response ............................................. 72 

2.14.5 Discrepancy in current code provisions ........................................................ 73 

2.15 1D Ground Response Analysis .................................................................................... 78 

2.15.1 Selection of depth of half space (input motion) ............................................ 78 

2.15.2 Specification of damping and modulus reduction curves ............................. 80 

2.15.3 Thickness of soil layers ................................................................................. 80 

2.15.4 Hyperbolic soil constitutive model ............................................................... 81 

2.15.5 Overburden pressure dependent properties ................................................... 82 

2.15.6 Selection of input motions ............................................................................. 82 

2.16 Liquefaction ................................................................................................................. 84 

2.16.1 Effect of geomorphology .............................................................................. 85 

2.17 Liquefaction Susceptibility .......................................................................................... 85 

2.18 Liquefaction Hazard ..................................................................................................... 87 

2.19 Quantification of Liquefaction Potential ...................................................................... 87 

2.19.1 Liquefaction hazard evaluation ..................................................................... 88 

2.19.1.1 Idriss and Boulanger liquefaction triggering model ....................... 89 

2.19.2 Evaluation of free-field post-liquefaction settlement .................................... 90 

2.19.2.1 Ishihara and Yoshimine (1992) strain model ................................. 91 

2.20 Probabilistic Methods – Liquefaction Potential (PL).................................................... 92 

2.21 Liquefaction Vulnerability/Severity Indices ................................................................ 93 

2.21.1. Liquefaction potential index (LPI) ............................................................... 93 

2.21.2. Calculated settlement (S) ............................................................................. 94 



xx 

 

2.21.3. Liquefaction severity number (LSN) ........................................................... 94 

2.22 Limitations of S and LPI, and Advantages of LSN...................................................... 95 

2.23 Performance-Based Liquefaction Hazard Assessment ................................................ 96 

2.23.1 Simplified performance-based methods ........................................................ 97 

2.23.1.1 Liquefaction Parameter Maps ........................................................ 97 

2.23.1.2 Idriss and Boulanger (2008, 2010) correction factors .................... 98 

2.23.2 Simplified performance-based liquefaction induced settlements.................. 99 

2.23.3 Differences between sPBEE and conventional methods of liquefaction 

hazard evaluation........................................................................................ 100 

2.24 Static Bearing Capacity .............................................................................................. 102 

2.24.1 Presumptive bearing capacity ...................................................................... 103 

2.24.2 Settlements under static loads ..................................................................... 104 

2.24.2.1 Codal provisions for permissible settlements ............................... 105 

2.25 Seismic Bearing Capacity .......................................................................................... 105 

2.25.1 Codal provisions for bearing capacity under seismic loads ........................ 106 

2.25.2 Development of methods for seismic bearing capacity estimation of shallow 

foundations ................................................................................................. 106 

2.26 Settlement of Foundations on Soils not Prone to Liquefaction .................................. 109 

2.27 Summary .................................................................................................................... 110 

Chapter 3: Methodology...................................................................................................... 111 

3.0 Outcomes from the Literature Review ......................................................................... 111 

3.1 Methodology ................................................................................................................ 112 

Chapter 4: Seismotectonic, Geological, and Geotechnical Study .................................... 117 

4.0 General ......................................................................................................................... 117 

4.1 Seismotectonic Framework .......................................................................................... 117 

4.1.1 Tectonic regime ............................................................................................. 118 

4.1.1.1 Newly delineated faults and seismogenic sources ......................... 121 

4.1.2 Seismicity ...................................................................................................... 123 

4.1.2.1 Seismic gaps ................................................................................... 124 

4.1.2.2 Historical and prehistorical earthquakes ........................................ 125 

4.1.2.3 Recent significant earthquakes (instrumented) .............................. 126 



xxi 

 

4.2 Geology and Geomorphology of the Kashmir Region ................................................ 130 

4.2.1 Geology of the Kashmir region ..................................................................... 133 

4.2.2 Drainage characteristics of the Kashmir region ............................................ 140 

4.3 Greater Srinagar Region ............................................................................................... 141 

4.3.1 Physiography and geomorphology of the Greater Srinagar region ............... 144 

4.4 Geotechnical Characterization of the Kashmir Region ................................................ 145 

4.4.1 Water table depth .......................................................................................... 146 

4.4.2 Soil type and SPT N values ........................................................................... 146 

4.4.3 Consistency limits ......................................................................................... 152 

4.4.4 Shear strength parameters ............................................................................. 152 

4.4.5 Greater Srinagar region ................................................................................. 153 

4.4.6 Geotechnical characterization of sedimentary deposits (Karewas and 

Alluvium) ................................................................................................... 156 

4.5 Geotechnical and Geological Cross Sections for Kashmir Basin ................................ 161 

4.6 Summary ...................................................................................................................... 170 

Chapter 5: Seismic Hazard Assessment ............................................................................. 171 

5.0 General ......................................................................................................................... 171 

5.1 Development of Earthquake Catalogue........................................................................ 172 

5.1.1 Historical Catalogue ...................................................................................... 172 

5.1.2 Instrumental earthquakes (processing of earthquake catalogue) ................... 172 

5.1.2.1 Compilation of earthquake data ..................................................... 173 

5.1.2.2 Homogenization ............................................................................. 173 

5.1.2.3 Declustering ................................................................................... 174 

5.1.2.4 Influence of declustering methods on earthquake catalogue ......... 175 

5.1.2.5 Completeness analysis .................................................................... 179 

5.2 Recurrence Parameters using Gutenberg-Richter Equation ......................................... 181 

5.3 Estimation of MC using Maximum Curvature Method (Wyss and Weimer, 2000) ..... 185 

5.4 Calculation of mmax, λ and b Value (Kijko et al., 2016; Kijko and Sellevoll, 1989; 1992)

 ............................................................................................................................................ 187 

5.4.1 Input parameters ............................................................................................ 188 

5.4.2 Results of Kijko and Sellevol method ........................................................... 191 



xxii 

 

5.2 Development of Tectonic Map ..................................................................................... 195 

5.3 Selection of GMPEs for the Region ............................................................................. 196 

5.4 Deterministic Seismic Hazard Analysis ....................................................................... 197 

5.4.1 Selection of faults for PSHA ......................................................................... 198 

5.5 PSHA using RCRISIS .................................................................................................. 199 

5.5.1 Logic Tree in RCRISIS ................................................................................. 202 

5.6 Results of PSHA .......................................................................................................... 203 

5.6.1 PGA and PSA spatial distribution maps ....................................................... 204 

5.6.2 Seismic zonation of Kashmir valley based on PSHA ................................... 207 

5.6.3 Seismic hazard curves ................................................................................... 211 

5.6.4 Uniform hazard response spectra .................................................................. 212 

5.6.5 Deaggregation plots ....................................................................................... 212 

5.7 Effect of Selection of GMPEs and Declustering Methods on Seismic Hazard ........... 215 

5.8 Summary ...................................................................................................................... 221 

Chapter 6: Seismic Site Characterisation .......................................................................... 221 

6.0 General ......................................................................................................................... 221 

6.1 Distribution of Test Locations in the Study Region ..................................................... 221 

6.2 Multichannel Analysis of Surface Waves: Field Setup ................................................ 223 

6.2.1 Data analysis (MASW) ................................................................................. 224 

6.3 Single Station Microtremor Horizontal-to-Vertical Spectral Ratio Method (MHVSR)

 ............................................................................................................................................ 225 

6.3.1 Data analysis (MHVSR) ................................................................................ 227 

6.3.2 Joint inversion analysis ................................................................................. 228 

6.4 Results: Multichannel Analysis of Surface Waves (MASW) Testing ......................... 229 

6.4.1 Average shear wave velocity (Vs30) for the Greater Srinagar region: 

Interpretation .............................................................................................. 229 

6.4.2 Interpretation ................................................................................................. 233 

6.5 Results: Topology and Spatial Distribution of the H/V Curves ................................... 236 

6.5.1 Interpretation of the observed HVSR response ............................................. 239 

6.5.2 Typical HVSR curves in the Greater Srinagar region ................................... 244 

6.5.3 Quantitative parameters from microtremor HVSRs – frequencies and 

amplitudes .................................................................................................. 244 



xxiii 

 

6.5.4 1D Vs profiles from joint inversion modelling process ................................ 245 

6.5.4.1 Depth and shear wave velocity of major reflectors ........................ 249 

6.5.4.2 Comparison with earlier studies ................................................................. 251 

6.5.5 Bedrock depth (H800) ..................................................................................... 253 

6.5.6 Cross sections for Kashmir valley ................................................................. 254 

6.6 Seismic Site Characterisation using Conventional Single-Parameter Approach (Vs30)

 ............................................................................................................................................ 258 

6.6.1 Anomalies observed in Kashmir region ........................................................ 259 

6.6.1.1 Conclusions drawn from the observed anomalies .......................... 270 

6.7 Search for Alternative Site Classification Techniques ................................................. 272 

6.7.1 Advantages of Di Alessandro et al. (2012) over other methods ................... 274 

6.7.2 Final adopted site classification procedure ................................................... 275 

6.7.3 Application of the proposed site classification ............................................. 276 

6.7.4 Advantages of the adopted site classification system ................................... 279 

6.8 Summary ...................................................................................................................... 280 

Chapter 7: Ground Response Analysis .............................................................................. 283 

7.0 General ......................................................................................................................... 283 

7.1 1D Site Response Analysis .......................................................................................... 283 

7.1.1 Definition of soil profiles .............................................................................. 285 

7.1.1.1 Dynamic soil properties ................................................................. 286 

7.1.1.2 Thickness of soil layers .................................................................. 287 

7.1.1.3 Pressure-dependent hyperbolic soil model ..................................... 287 

7.1.2 Input motion selection ................................................................................... 288 

7.1.2.1 Scaling of input motions ................................................................ 289 

7.1.2.2 Depth of half-space ........................................................................ 290 

7.2 Results .......................................................................................................................... 293 

7.2.1 Geomorphological zones for site response in Greater Srinagar .................... 294 

7.2.2 Acceleration response spectra at the ground surface .................................... 294 

7.2.2.1 Average acceleration response spectra for intensity groups M1-M5

 ........................................................................................................ 299 

7.2.2.2 Comparison of results with relationship by Idriss (1990) .............. 300 



xxiv 

 

7.2.3 Normalised response spectra with respect to PGArock ................................... 301 

7.2.4 Normalised response spectra with respect to PGAsurf ................................... 303 

7.2.5 Soil amplification factors .............................................................................. 306 

7.2.5.1 Fundamental period of soil deposits............................................... 307 

7.2.5.2 Variation of amplification factors with input motion intensity ...... 308 

7.2.6 Output corresponding to average input motion ............................................. 311 

7.3 Comparison with HVSR............................................................................................... 312 

7.4 Implications on Seismic Hazard ................................................................................... 312 

7.4.1 Case study of Bemina area in Greater Srinagar region ................................. 313 

7.5 Summary ...................................................................................................................... 313 

Chapter 8: Liquefaction Hazard Assessment .................................................................... 315 

8.0 General ......................................................................................................................... 315 

8.1 Liquefaction case Histories in Kashmir ....................................................................... 316 

8.1.1 Lateral spread near water bodies ................................................................... 317 

8.1.2 Paleoseismic features in Karewa deposits ..................................................... 317 

8.2 Liquefaction Susceptibility .......................................................................................... 318 

8.2.1 Analytical hierarchy process (AHP) for liquefaction susceptibility ............. 320 

8.3 Liquefaction Hazard Assessment ................................................................................. 322 

8.3.1 Development of liquefaction parameter maps (CSRref, εv
ref) ........................ 324 

8.3.2 Liquefaction potential evaluation .................................................................. 327 

8.3.3 Post liquefaction vertical reconsolidation settlement assessment ................. 335 

8.4 Liquefaction Vulnerability Indices............................................................................... 341 

8.4.1 Discussion ..................................................................................................... 342 

8.5 Liquefaction Hazard Index (LHI) ................................................................................ 345 

8.5.1 Liquefaction vulnerability zonation map ...................................................... 347 

8.6 Summary ...................................................................................................................... 348 

Chapter 9: Bearing Capacity Estimation .......................................................................... 351 

9.0 General 351 

9.1 Computation of Static Bearing Capacity of Shallow Strip Foundations ...................... 351 

9.2 Computation of Seismic Bearing Capacity .................................................................. 353 



xxv 

 

9.3 Computation of Settlements ......................................................................................... 354 

9.3.1 Allowable bearing pressure (qall) ................................................................... 356 

9.4 Estimation of Bearing Capacity Hazard Index (BCHI) ............................................... 356 

9.4.1 Bearing capacity hazard zonation map .......................................................... 358 

9.5 Summary ...................................................................................................................... 360 

Chapter 10: Vulnerability Zonation .................................................................................. 361 

10.0 General ....................................................................................................................... 361 

10.1 Estimation of Integrated Hazard Index (IHI) ............................................................. 361 

10.2 Vulnerability Zonation ............................................................................................... 362 

10.2.1 Cross section of the Kashmir region showing vulnerability zones ............. 363 

10.2.2 Features of vulnerability zones ................................................................... 364 

10.3 Proposed Guidelines for Vulnerability Zones ............................................................ 368 

10.3.1 Geotechnical investigation levels ................................................................ 368 

10.3.2 Ground improvement options...................................................................... 369 

10.3.2.1 Strategy for damage mitigation .................................................... 370 

10.3.2.2 Ground improvement techniques ................................................. 371 

10.3.3 Foundation selection options ....................................................................... 372 

10.3.3.1 Required foundation attributes ..................................................... 372 

10.4 Foundation Solutions for Vulnerability Zones in Greater Srinagar Region............... 374 

10.4.1 Summary of recommendations for the typical geomorphological units ..... 376 

10.4.2 Proposed methodology for the application of the vulnerability zonation ... 377 

10.5 Summary .................................................................................................................... 378 

Chapter 11: Conclusions ..................................................................................................... 379 

11.1 Geotechnical and Geological Study ........................................................................... 380 

11.1.1 Geological-cum-geotechnical cross sections for the Kashmir basin ........... 381 

11.2 Seismic Hazard Assessment ....................................................................................... 381 

11.3 Seismic Site Characterisation ..................................................................................... 382 

11.4 Ground Response Analysis ........................................................................................ 383 

11.5 Liquefaction Hazard Assessment ............................................................................... 384 

11.6 Static and Seismic Bearing Capacity Estimation ....................................................... 384 



xxvi 

 

11.7 Vulnerability Zonation ............................................................................................... 385 

11.8 Future Scope and Limitations .................................................................................... 386 

REFERENCES ................................................................................................................. 389 

APPENDIX A Composite Earthquake Catalogue (1905-2019) ................................... 429 

APPENDIX B PGA through DSHA and PSHA ............................................................ 477 

APPENDIX C Seismic Hazard Curves and Deaggregation Plots ............................... 499 

APPENDIX D Seismic Site Characterisation ................................................................ 521 

APPENDIX E HVSR curves derived from microtremor testing  ................................ 535 

APPENDIX F 1D Vs models derived from Joint Fit Inversion Analysis  ................... 553 

APPENDIX G Ground Response Analysis .................................................................... 559 

APPENDIX H Liquefaction Potential Evaluation ........................................................ 575 

VITAE ............................................................................................................................... 589 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxvii 

 

LIST OF FIGURES 

Figure 2.1 Topology of the H/V curves as observed by Bonnefoy-Claudet et al. (2008) ...................................... 41 

Figure 2.2 Di Alessandro et al. (2012) classification criterion based on the predominant period Tg .................. 63 

Figure 2.3 Difference in recorded motions at soft clay site and rock site in the 1985 Mexico City earthquake .. 67 

Figure 2.4 Average response spectra recorded in San Francisco during the 1989 Loma Prieta earthquake  ..... 68 

Figure 2.5 Comparison of acceleration response spectra at surface and bedrock in San Francisco .................. 68 

Figure 2.6 Representative spectra for Bayshore and stiff soil sites in San Francisco .......................................... 69 

Figure 2.7 Comparison of amplifications at rock and soft soil site in 2011 Christchurch earthquake ................ 70 

Figure 2.8 Comparison of normalised response spectra for NEHRP site classes C, D and E, with calculated 

normalised spectra for uplands, lowlands and BC boundary in Upper Missipi Embayment ............................... 73 

Figure 2.9 Relationship between measured PGA at soil and rock sites derived by Idriss (1990) ........................ 74 

Figure 2.10 Average acceleration response spectra for different site conditions by Seed et al. (1976) ............... 74 

Figure 2.11 Normalised response spectra with respect to PGAbedrock for different soil classes  ........................... 75 

Figure 2.12 Reference soil profile used to develop liquefaction parameter maps 97 

Figure 3.1 Methodology adopted in this study for the development of vulnerability zones ................................ 113 

Figure 3.2 Flow chart illustrating the process followed in Chapter 4 ............................................................... 114 

Figure 3.3 Flowchart showing the steps followed in the process of DSHA and PSHA in Chapter 5 ................. 114 

Figure 3.4 Methodology adopted in Chapter 6 for the seismic site characterization of the Kashmir region ..... 115 

Figure 3.5 Flow chart showing the process adopted for the ground response analysis in Chapter 7 ................ 115 

Figure 3.6 Flow chart for the liquefaction hazard assessment of the soils in the Greater Srinagar region ...... 116 

Figure 3.7 Outline of Chapter 9 showing the process for the estimation of Bearing capacity Hazard Index .... 116 

Figure 4.1 A) Simplified structural map of the Northwestern Himalayas .......................................................... 119 

Figure 4.2 Seismic gaps in the Himalayas (Srivastava et al., 2013) .................................................................. 124 

Figure 4.3 Block diagram of the geological cross-section of the Kashmir Himalayas ...................................... 131 

Figure 4.4 Elevation contours superimposed over outlines of Kashmir valley and Greater Srinagar ............... 132 

Figure 4.5 DEM image of Kashmir region showing location and distribution of Karewa deposits .................. 134 

Figure 4.6 Field photographs of Karewa deposits found in different areas in the Kashmir region ................... 137 

Figure 4.7 Field photographs of fine (I-L) and coarse (M-P) alluvial deposits in the Kashmir region ............. 138 

Figure 4.8 Field photographs of mountainous soils (Q-T) and rock exposures (U-X) in the Kashmir region ... 139 

Figure 4.9 Geological map of Kashmir region and surrounding areas ............................................................. 140 

Figure 4.10 Map showing the major river systems and lakes draining the Kashmir region. ............................. 142 

Figure 4.11 Geological map of the Greater Srinagar region prepared in this study ......................................... 142 

Figure 4.12 Typical results for soils within Kashmir region .............................................................................. 147 

Figure 4.13 Spatial distribution of water table depth in the Kashmir basin as observed in the bore logs ......... 148 

Figure 4.14 Spatial distribution of water table depth in Greater Srinagar region as observed in the bore logs148 

Figure 4.15 Data points representing soil type superimposed over distribution of the sedimentary deposits ... 149 

Figure 4.16 Spatial distribution of SPT N value in the Kashmir basin .............................................................. 151 

Figure 4.17 Spatial distribution map of a) liquid limit and b) plasticity index  of soils in Kashmir basin ......... 152 

Figure 4.18 Spatial distribution of shear strength parameters a) cohesion, c, and b) ϕ over Kashmir basin .... 153 

Figure 4.19 Data points representing soil type superimposed over distribution of the sedimentary deposits in the 

Greater Srinagar region ..................................................................................................................................... 154 

Figure 4.20 Spatial distribution of shear strength parameters over the Greater Srinagar region ..................... 154 

Figure 4.21 Spatial distribution map of a) liquid limit and b) plasticity index in Greater Srinagar region ...... 155 

Figure 4.22 Spatial distribution of SPT N value in the Greater Srinagar region ............................................... 155 

Figure 4.23 Variability of the type of soils found within a) Alluvium and b) Karewa deposits .......................... 158 

Figure 4.24 Histograms showing the variability of unit weight (γ) within a) Alluvium and b) Karewa deposits in 

the Kashmir region ............................................................................................................................................. 158 

Figure 4.25 Histograms showing the variability of type of soil, unit weight, and average SPT N value (N30) 

within a) Alluvium and b) Karewa deposits in the Kashmir region .................................................................... 158 

Figure 4.26 Variability of the shear strength parameters – cohesion intercept and angle of shearing resistance 

within the alluvium and Karewa deposits in the Kashmir region ....................................................................... 160 

Figure 4.27 Casagrande's plasticity chart for the a) Alluvial and b) Karewa soils in the Kashmir region ....... 160 

Figure 4.28 Histograms representing the variability of Atterberg limits in the Kashmir region ....................... 161 

Figure 4.29 Locations of sites in the Kashmir region selected for which typical soil properties ....................... 162 



xxviii 

 

Figure 4.30 3D image of Kashmir valley and surrounding mountain ranges .................................................... 164 

Figure 4.31 Pictorial representation of a) geological cross sections along the transverse profile A_A’, and b) 

borelogs up to 30m depth for sites located within typical geological formations .............................................. 165 

Figure 4.32 Pictorial representation of a) geological cross sections  along the transverse profile B_B’, and b) 

borelogs up to 30m depth for sites located within typical geological formations .............................................. 165 

Figure 4.33 Pictorial representation of a) geological cross sections along the transverse profile C_C’, and b) 

borelogs up to 30m depth for sites located within typical geological formations .............................................. 166 

Figure 4.34 Pictorial representation of a) geological cross sections along the transverse profile D_D’, and b) 

borelogs up to 30m depth for sites located within typical geological formations .............................................. 166 

Figure 4.35 Pictorial representation of a) geological cross sections along the transverse profile E_E’, and b) 

borelogs up to 30m depth for sites located within typical geological formations .............................................. 167 

Figure 4.36 Pictorial representation of a) geological cross sections along the transverse profile F_F’, and b) 

borelogs up to 30m depth for sites located within typical geological formations .............................................. 167 

Figure 4.37 Pictorial representation of a) geological cross sections along the transverse profile G_G’, and b) 

borelogs up to 30m depth for sites located within typical geological formations) ............................................. 168 

Figure 4.38 Pictorial representation of a) geological cross sections along longitudinal transect 1_1’, and b) 

borelogs for sites located within typical geological formations ......................................................................... 168 

Figure 4.39 Pictorial representation of a) geological cross sections developed for Kashmir region along 

longitudinal transect 2_2’, and b) borelogs for sites located within typical geological formations (drawn to a 

vertically exaggerated scale for clear visualization). Blue dashed line shows the water table depth at each 

borehole sit. Red triangles represent locations of geophysical testing (Chapter 6 ............................................ 169 

Figure 4.40 Pictorial representation of a) geological cross sections developed for Kashmir region along 

longitudinal transect 3_3’, and b) borelogs for sites located within typical geological formations .................. 169 

Figure 4.41 Pictorial representation of a) geological cross sections developed for Kashmir region along 

longitudinal transect 5_5’, and b) borelogs for sites located within typical geological formations .................. 170 

Figure 4.42 Pictorial representation of a) geological cross sections developed for Kashmir region along 

longitudinal transect 5_5’, and b) borelogs for sites located within typical geological formations .................. 170 

Figure 5.1 Seismicity maps for Kashmir valley using GK74, Gru85, Uhr86 and raw catalogue....................... 176 

Figure 5.2 Magnitude histograms of GK74, Gru85 and Uhr86 catalogues ....................................................... 177 

Figure 5.3 Plot of cumulative number of earthquakes with time s ..................................................................... 178 

Figure 5.4 CUVI results for GK74 catalogue. .................................................................................................... 182 

Figure 5.5 CUVI results for Gru85 catalogue. ................................................................................................... 183 

Figure 5.6 CUVI results for Uhr86 catalogue. ................................................................................................... 184 

Figure 5.7 Gutenberg-Richter recurrence relation for GK74, Gru85, and Uhr86 catalogues .......................... 186 

Figure 5.8 Comparison of FMD plots for GK74, Gru85, Uhr86 and raw catalogues. ...................................... 186 

Figure 5.9 Time-magnitude plots for GK74, Gru85, and Uhr86 catalogues ...................................................... 189 

Figure 5.10 Seismic hazard curves in terms of earthquake magnitudes ............................................................. 193 

Figure 5.11 Probability of exceedance of earthquake magnitudes within 50, 100 and 1000 years ................... 194 

Figure 5.12 Return period curves in terms of earthquake magnitudes using GK74, Gru85, Uhr86 catalogues for 

Kashmir valley .................................................................................................................................................... 194 

Figure 5.13 Tectonic map for Kashmir valley. ................................................................................................... 195 

Figure 5.14 Grid of sites considered for Kashmir valley at 0.046˚ x0.046˚ spacing. ......................................... 197 

Figure 5.15 Hazard map at bedrock for Kashmir valley using DSHA ............................................................... 199 

Figure 5.16 Logic tree framework showing the nine branches in RCRISIS ....................................................... 203 

Figure 5.17 Seismic hazard maps of Kashmir valley in terms of PGA obtained from PSHA ............................. 205 

Figure 5.18 Seismic hazard maps of Kashmir valley in terms of short period PSA ........................................... 206 

Figure 5.19 Seismic hazard maps of Kashmir valley in terms of long period PSA ............................................ 207 

Figure 5.20 Variation of PGA values with respect to return periods considered in PSHA ................................ 208 

Figure 5.21 Seismic zonation map proposed for Kashmir valley based on PSHA ............................................. 209 

Figure 5.22 Range of PGA values for zones ZA-ZE  .......................................................................................... 210 

Figure 5.23 Seismic hazard curves for the 10 districts of Kashmir valley  ........................................................ 211 

Figure 5.24 Seismic hazard curves for the zones ZA-ZE of Kashmir valley  ...................................................... 211 

Figure 5.25 Uniform hazard response spectra at bedrock for the 10 districts of Kashmir valley ...................... 213 

Figure 5.26 Uniform hazard response spectra at bedrock for zones ZA-ZE ...................................................... 214 

Figure 5.27 Comparison of UHRS for 2475 years return period for Kashmir valley with response spectrum in IS 

1893 for at bedrock............................................................................................................................................. 214 



xxix 

 

Figure 5.28 Deaggregation plots for all the districts of Kashmir valley ............................................................ 216 

Figure 5.29 Deaggregation plots for all zones ZA-ZE ....................................................................................... 217 

Figure 5.30 Comparative analysis of PGA values to study the influence of GMPEs on the hazard .................. 219 

Figure 5.31 Comparative analysis of PGA values to study the influence of declustering methods .................... 219 

Figure 5.32 Comparative analysis of PGA values in the individual nine logic tree branches from the combined 

hazard (sensitivity of seismic hazard to declustering methods and GMPEs) ..................................................... 220 

Figure 5.33 Comparison of mean PGA values showing effect of GMPEs and declustering methods ................ 220 

Figure 6.1 District-wise distribution of MASW and MHVSR testing achieved in this study  ............................. 222 

Figure 6.2 Location of geophysical testing points in this study within the Kashmir region ............................... 223 

Figure 6.3 Schematic diagram of the field setup for MASW testing ................................................................... 224 

Figure 6.4 Field photographs showing MASW field testing in progress in Kashmir region .............................. 225 

Figure 6.5 Data analysis of MASW raw data ..................................................................................................... 226 

Figure 6.6 Microtremor measurement in the field using TROMINO® portable equipment .............................. 227 

Figure 6.7 Nakamura’s method of HVSR analysis  ............................................................................................ 228 

Figure 6.8 Joint inversion analysis procedure and the predicted stratigraphy model for the Kashmir valley... 230 

Figure 6.9 Histograms showing the statistical variation of shear wave velocity within a) alluvial and b) Karewa 

deposits in the Kashmir region ........................................................................................................................... 231 

Figure 6.10 Distribution of VS,30 within Greater Srinagar region using a smaller range of values .................... 232 

Figure 6.11 Distribution of N30 in Greater Srinagar region using smaller ranges of values ............................. 232 

Figure 6.12 Distribution of shear wave velocity within the Greater Srinagar region  ....................................... 233 

Figure 6.13 Types of HVSR peaks observed at the testing locations in the Kashmir region  ............................. 236 

Figure 6.14 Representation of the geological unit encountered at the geophysical testing ............................... 238 

Figure 6.15 Distribution of test locations within various geomorphological units ............................................ 239 

Figure 6.16 HVSR response at some locations within geological units in the Greater Srinagar region  .......... 246 

Figure 6.17 Spatial distribution of peak frequencies and amplitudes over Greater Srinagar region ................ 247 

Figure 6.18 Variation of HVSR site amplitudes with respect to the corresponding frequencies  ....................... 249 

Figure 6.19 1D Vs profiles obtained at the sites falling within the nine geological units  .................................. 250 

Figure 6.20 Spatial distribution of depth to seismic bedrock (H800) within the Greater Srinagar region ........ 253 

Figure 6.21 Variation of depth to seismic bedrock (H800) with respect to site parameters a) Vs30, b) f0, c) fpeak, 

and d) fshallow ........................................................................................................................................................ 254 

Figure 6.22 Typical HVSR response along the transverse profile DD’ ............................................................. 255 

Figure 6.23 Typical HVSR response along the transverse profile EE’  ............................................................. 256 

Figure 6.24 1D shear wave velocity profiles up to bedrock at selected locations along the transect DD' ......... 257 

Figure 6.25 1D shear wave velocity profiles up to bedrock at selected locations along the transect DD' ......... 257 

Figure 6.26 Anticipated stratigraphy within major geological units in the Kashmir region .............................. 258 

Figure 6.27 Conventional NEHRP/EC8 site classification maps based on a) Vs30, and b) N30 .......................... 259 

Figure 6.28 EC8 site characterisation for the sites in the whole Kashmir region .............................................. 260 

Figure 6.29 Dependence of site parameters over fundamental frequency f0 ...................................................... 260 

Figure 6.30 Observations at NEHRP/EC8 stiff site (class C) at Chandpora in Srinagar  ................................. 261 

Figure 6.31 Observations at NEHRP/EC8 stiff site (class C) at Kalaroos Nallah in Kupwara district  ............ 262 

Figure 6.32 Anomalous amplifications attained at NEHRP/EC8 rock site at Sofipora, Anantnag  ................... 263 

Figure 6.33 Flat HVSR curve attained at a soft soil site as per Vs30 classification .......................................... 264 

Figure 6.34 Observed contact area of Panjal Traps and Fluvio-glacial Deposits at Aharbal, Shopian.  .......... 265 

Figure 6.35 Pictorial representation of the lithological units across the fracture fault zone and the HVSR 

responses obtained at various testing locations ................................................................................................. 266 

Figure 6.36 Hariparbat/Koh-i-Maran hill (GS37_S37) ..................................................................................... 267 

Figure 6.37 Variation of HVSR response along the Hariparbat/Koh-i-Maran hill slope at testing locations ... 267 

Figure 6.38 Topographic effects observed in the form of broad peaked HVSR curves at sites located in the plain 

areas in the vicinity of the Hariparbat hill ......................................................................................................... 268 

Figure 6.39 Topographic effects observed in the form of varying HVSR response (peak amplitude and 

frequency) along a hill slope at Dubjan, Shopian area of Kashmir valley ......................................................... 269 

Figure 6.40 Site photographs of valleys and HVSR response attained within small valleys in Kashmir ........... 270 

Figure 6.41 Site photograph of Betaab valley, Anantnag bounded by mountain ranges. .................................. 270 

Figure 6.42 Variation of HVSR response along the length of the Betaab valley due to topographic effects.  ... 271 

Figure 6.43 Classification criterion developed in this study for the Kashmir region ......................................... 277 

Figure 6.44 Final site classes assigned to each site considered in this study .................................................... 278 



xxx 

 

Figure 6.45 Final site classification obtained at testing locations within the Greater Srinagar region  ........... 278 

Figure 7.1 Shear wave velocity and geotechnical profiles for representative sites in the Kashmir region ........ 286 

Figure 7.2 Selected dynamic properties of the soil ............................................................................................. 287 

Figure 7.3 Time histories of the selected input motions for ground response analysis of the Kashmir region .. 291 

Figure 7.4 Selected input motions for this study. ................................................................................................ 294 

Figure 7.5 Geomorphological zones GI-GIV in Greater Srinagar region superimposed with zones ZA-ZE  .... 295 

Figure 7.6 Acceleration response spectra at surface obtained for the major site classes in various 

geomorphological units considered in the Kashmir region subjected to each of the 22 input motions .............. 296 

Figure 7.7 Average acceleration response spectra at surface derived for the major site classes in various 

geomorphological units subjected to intensity groups M1-M5 ........................................................................... 300 

Figure 7.8 Variation of PGA values derived for the major site classes in various geomorphological units (GI to 

GIV, and GVIII) with respect to PGA at bedrock, superimposed over the relationship by Idriss (1990)........... 301 

Figure 7.9 Normalised average response spectra (with respect to PGArock) for the major site classes in various 

geomorphological units (GI to GIV, and GVIII) ................................................................................................ 302 

Figure 7.10 Normalised average response spectra (with respect to PGArock) for the major site classes in various 

geomorphological units (GI to GIV, and GVIII) subjected to input motion intensity groups M1-M5 ................ 304 

Figure 7.11 Normalised average response spectra (with respect to PGAsurf) for the major site classes in various 

geomorphological units (GI to GIV, and GVIII) ................................................................................................ 305 

Figure 7.12 Normalised average response spectra (with respect to PGAsurf) compared with a) average 

acceleration response spectra by Seed et al. (1976), b) IS 1893 normalised response spectra ......................... 306 

Figure 7.13 Amplification factor (SAsurf/PSArock) at varying spectral periods for the major site classes in various 

geomorphological units (GI to GIV, and GVIII) ................................................................................................ 308 

Figure 7.14 Variation of amplification factors with peak ground acceleration on bedrock a) FPGA (amplification 

factor at T=0.01s), b) Fa (short period amplification factor), and c) FV (long period amplification factor) ..... 310 

Figure 7.15 Site response results derived for the average input motion of intensity groups M1-M5. ................ 311 

Figure 8.1 Selected locations within Greater Srinagar for further microzonation process in this study ........... 316 

Figure 8.2 Sites of historical liquefaction events during earthquakes in the Kashmir valley ............................. 316 

Figure 8.3 Thematic maps for the assessment of liquefaction susceptibility using AHP .................................... 319 

Figure 8.4 Procedure for Analytical Hierarchy Process (AHP) for liquefaction susceptibility assessment  ..... 321 

Figure 8.5 Liquefaction susceptibility map (Grade I) based on values of Ls ..................................................... 323 

Figure 8.6 Liquefaction loading parameter maps for the complete Kashmir region in terms of CSRref derived 

from the Ulmer and Franke (2015) sPBEE method ............................................................................................ 325 

Figure 8.7 Liquefaction parameter maps for the complete Kashmir region in terms of volumetric strain (εv
ref %) 

derived from the Ulmer and Franke (2015) sPBEE method ............................................................................... 326 

Figure 8.8 Spatial variation of the factor of safety against liquefaction over the Greater Srinagar region 

estimated using the sPBEE method .................................................................................................................... 331 

Figure 8.9 Spatial variation of the factor of safety against liquefaction over the Greater Srinagar region 

estimated using the pseudo-probabilistic (PP) method ...................................................................................... 332 

Figure 8.10 Spatial variation of the probability of liquefaction over the Greater Srinagar region estimated using 

the sPBEE method .............................................................................................................................................. 333 

Figure 8.11 Spatial variation of the probability of liquefaction over the Greater Srinagar region estimated using 

the PP methodL ................................................................................................................................................... 334 

Figure 8.12 Liquefaction potential analysis results using sPBEE and PP methods in Alluvial floodplains   .... 337 

Figure 8.13 Liquefaction potential analysis results using sPBEE and PP methods in Alluvial floodplains   .... 338 

Figure 8.14 Liquefaction potential analysis results using sPBEE and PP methods in Alluvial floodplains   .... 339 

Figure 8.15 Liquefaction potential analysis results using sPBEE and PP methods in Karewa highlands ........ 340 

Figure 8.16 Spatial distribution of the liquefaction potential index (LPI) over the Greater Srinagar region using 

a) sPBEE method, and b) PP method ................................................................................................................. 343 

Figure 8.17 Spatial distribution of the liquefaction severity number (LSN) over the Greater Srinagar region 

using a) sPBEE method, and b) PP method. ...................................................................................................... 343 

Figure 8.18 Spatial distribution of the cumulative vertical liquefaction settlement value (S) at the surface over 

the Greater Srinagar region using a) sPBEE method, and b) PP method.) ....................................................... 343 

Figure 8.19 Flow chart for the Analytical Hierarchy Process (AHP) for the estimation of liquefaction hazard 

index (LHI) ......................................................................................................................................................... 345 

Figure 8.20 Spatial distribution of LHI values for the Greater Srinagar ........................................................... 347 

Figure 8.21 Final liquefaction hazard zonation map based on LHI values for the Greater Srinagar ............... 348 



xxxi 

 

Figure 9.1 Maps representing the spatial distribution of the (a) ultimate bearing capacity qu, and the (b) net safe 

bearing capacity qns, in the Greater Srinagar region ......................................................................................... 352 

Figure 9.2 Maps showing the variation of the ratio of seismic and static bearing capacity (SBCR) using 

Richards et al. (1993) method ............................................................................................................................ 354 

Figure 9.3 Maps showing the spatial distribution of the ratio of seismic and static bearing capacity (SBCR) 

estimated using Choudhury and Subba Rao (2005) method at kh ....................................................................... 355 

Figure 9.4 Maps showing the spatial distribution of (a) static settlement, Ss (mm), and (b) seismic settlement 

parameter, SSP, over the Greater Srinagar region ............................................................................................ 356 

Figure 9.5 Spatial distribution of the allowable bearing pressure within the Greater Srinagar region ............ 357 

Figure 9.6 Flow chart for the Analytical Hierarchy Process (AHP) for the estimation of bearing capacity 

hazard index (BCHI) .......................................................................................................................................... 357 

Figure 9.7 Final bearing capacity hazard zonation map based on BCHI values for the Greater Srinagar ....... 359 

Figure 10.1 Procedure for determining the integrated hazard index by combining the liquefaction hazard and 

bearing capacity hazard indices using the AHP ................................................................................................. 362 

Figure 10.2 Vulnerability zones for the Greater Srinagar region developed using the combined hazard index for 

the region ............................................................................................................................................................ 364 

Figure 10.3 General features and suggestions for the proposed vulnerability zones ......................................... 365 

Figure 10.4 Variation of static and seismic parameters along a 2D cross section of the Greater Srinagar region 

and the distribution of the final vulnerability zones over the region .................................................................. 367 

Figure 10.5 Details of the proposed levels of foundation options for vulnerability zones C and D ................... 369 

Figure 10.6 Details of the levels of the available ground improvement methods proposed in this study ........... 371 

Figure 10.7 Proposed guidelines for the identification of the vulnerability zone at a construction site. The 

required levels of ground improvement and foundation solutions in each category are also included.............. 375 

Figure 10.8 Step-by-step procedure for the application of the proposed vulnerability zones in this study for any 

future construction work ..................................................................................................................................... 377 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxxiii 

 

LIST OF TABLES 

 
 

Table 2.1 Summary of PGA values for Kashmir region and NW Himalayas from various studies  ..................... 17 

Table 2.2 Comparison of seismicity parameters for Hindukush region from various studies .............................. 18 

Table 2.3 Time and distance windows for window methods. (Van Stiphout et al., 2012) ..................................... 22 

Table 2.4 Attenuation relationships developed for the Himalayan region ........................................................... 29 

Table 2.5 Comparison of site classifications in various national codes ............................................................... 48 

Table 2.6 Summary of seismic site classification schemes available in literature................................................ 59 

Table 2.7 Site classification as proposed in 2021 draft of Eurocode 8 Part 1 ..................................................... 61 

Table 2.8 Site classification based on predominant period T0 .............................................................................. 64 

Table 2.9 Liquefaction susceptibility of various geomorphological units (Obermeier, 1996) ............................. 86 

Table 2.10 Summary of available liquefaction susceptibility criteria .................................................................. 86 

Table 2.11 Liquefaction classes based on probability of liquefaction (Chen and Juang, 2000) .......................... 94 

Table 2.12 Expected damage levels based on LPI (Sonmez, 2003) ...................................................................... 94 

Table 2.13 LSN ranges with respect to observed damage on land after liquefaction ........................................... 95 

Table 4.1 Seismic gaps affecting J&K. ............................................................................................................... 125 

Table 4.2 List of historical earthquakes ............................................................................................................. 127 

Table 4.3 Geological succession of Kashmir valley (Wadia 1975; Bhat, 1976) ................................................ 133 

Table 4.4 Geological succession in Greater Srinagar region (Raina and Kapoor, 1964; Mazari, 1975).......... 144 

Table 4.5 Geomorphological features in Srinagar region by Mazari (1975) ..................................................... 145 

Table 4.6 Summary of the geotechnical properties of the Greater Srinagar region ........................................... 157 

Table 4.7 Typical soil properties at selected location within the Kashmir region ............................................. 163 

Table 5.1 Magnitude conversion relations used in the study. ............................................................................. 174 

Table 5.2 Input file format for ZMAP software .................................................................................................. 174 

Table 5.3 Summary of results of declustering methods ...................................................................................... 175 

Table 5.4 List of major earthquakes (Mw >5) in and around Jammu and Kashmir region ............................... 180 

Table 5.5 Major Earthquakes in Hindu Kush felt in Jammu and Kashmir ......................................................... 180 

Table 5.6 Summary of completeness intervals for GK74, Gru85, and Uhr catalogues  ..................................... 185 

Table 5.7 Summary of results of CUVI method applied on catalogues .............................................................. 185 

Table 5.8 Maximum likelihood estimate of seismicity parameters from MAXC method .................................... 187 

Table 5.9 Summary of complete and incomplete catalogues considered in mmax estimation .............................. 190 

Table 5.10 Summary of main parameters obtained from maximum likelihood method for this study ................ 191 

Table 5.11 Comparison of seismicity parameters obtained in this study with other studies .............................. 192 

Table 5.12 Estimated mean activity rate λ, return period (RP), and the probability of exceedance (PE) of 

selected values of earthquake magnitudes occurring in Kashmir valley ............................................................ 193 

Table 5.13 Characteristics of GMPEs considered in the present study ............................................................. 197 

Table 5.14 PGA values obtained at city centres of the 10 districts in Kashmir valley ....................................... 198 

Table 5.15 Details of linear sources generating PGA>0.09g selected for PSHA of Kashmir valley ................. 200 

Table 5.16 Weighting factors for individual linear sources derived from deaggregation analysis .................... 201 

Table 5.17 Seismicity parameters selected for areal sources zones from literature ........................................... 201 

Table 5.18 Statistical parameters for PGA in Kashmir valley derived from DSHA and PSHA ......................... 207 

Table 5.19 Comparison of PGA values attained from DSHA and PSHA for the 10 districts ............................. 208 

Table 5.20 Statistical parameters for PGA of zones ZA-ZE  .............................................................................. 209 

Table 5.21 Comparison of variation of the individual nine logic tree branches ................................................ 221 



xxxiv 

 

Table 6.1 Summary of MASW tests conducted within Greater Srinagar boundaries ......................................... 231 

Table 6.2 Various geomorphological/geological units encountered at testing locations ................................... 240 

Table 6.3 Summary of site parameters obtained from geophysical tests within the nine geological units ......... 248 

Table 6.4 Summary of ranges of depths and shear wave velocities of reflectors within the subsoil in various 

geological units in the Kashmir region derived from joint inversion analysis procedure .................................. 252 

Table 6.5 Velocity obtained for major formations in the seismic sounding technique by Kaila et al. (1984) .... 253 

Table 6.6 Cross-tabulation of sites into the two sets of site classes for the Kashmir region .............................. 276 

Table 6.7 Distribution of site classes in the geological units GI-GIX in the Kashmir region using the revised site 

classification system adopted in this study ......................................................................................................... 279 

Table 7.1 Characteristics of the 22 selected input motions for this study .......................................................... 293 

Table 7.2 Summary of the groups of intensities of input motion M1-M5 considered in this study ..................... 293 

Table 7.3 Average values of PGA obtained at the surface for the major site classes in various geomorphological 

units considered in this study corresponding to intensity groups M1-M5 .......................................................... 303 

Table 7.4 Recommended amplification factors at T=0.01s (FPGA) derived for the major site classes in various 

geomorphological units (GI to GIV, and GVIII) corresponding to input motion intensity groups M1-M5 ........ 309 

Table 7.5 Recommended short period amplification factor at T=0.2s (Fa) derived for the major site classes in 

various geomorphological units corresponding to input motion intensity groups M1-M5................................. 309 

Table 7.6 Summary of the short period amplification factor at T=1.0s (Fv) derived for the major site classes in 

various geomorphological units corresponding to input motion intensity groups M1-M5................................. 310 

Table 8.1 Criteria comparison matrix developed through AHP for liquefaction susceptibility assessment  ...... 321 

Table 8.2 Summary of weightage, ranking, and influence factors for the units and subclasses considered in the 

AHP for liquefaction susceptibility assessment of the Greater Srinagar region ................................................ 322 

Table 8.3 Liquefaction damage categories defined for this study based on parameters FSL and PL ................. 328 

Table 8.4 Parameters for liquefaction potential assessment at selected sites in the Greater Srinagar region .. 329 

Table 8.5 Pseudo-probabilistic liquefaction triggering assessment ................................................................... 330 

Table 8.6 Simplified performance-based liquefaction triggering assessment  ................................................... 330 

Table 8.7 Pseudo-probabilistic (PP) method-based settlement estimation  ....................................................... 336 

Table 8.8 Simplified performance-based settlement estimation ......................................................................... 336 

Table 8.9 Categories of expected damage levels defined for the Greater Srinagar region  ............................... 342 

Table 8.10 Criteria comparison matrix for liquefaction hazard index (LHI) estimation using AHP ................. 346 

Table 8.11 Weightage and influence factors for units considered for LHI estimation using AHP ..................... 346 

Table 8.12 Liquefaction severity zones defined for Greater Srinagar region based on LHI values ................... 347 

Table 8.13 Details of the liquefaction potential analysis and liquefaction severity/vulnerability zones based on 

LHI at selected sites within the Greater Srinagar region ................................................................................... 349 

Table 8.14 Summary of liquefaction vulnerability categories determined within various geomorphological units 

in the Greater Srinagar region ........................................................................................................................... 349 

Table 9.1 Criteria comparison matrix for the estimation of bearing capacity hazard index using AHP ........... 358 

Table 9.2 Summary of weightage and influence factors for the units and their subclasses considered for the 

estimation of BCHI for the Greater Srinagar region .......................................................................................... 358 

Table 9.3 Liquefaction severity zones defined for Greater Srinagar region based on LHI values ..................... 359 

Table 9.4 Details of the estimation of bearing capacity and the associated vulnerability zones based on BCHI at 

selected sites within the Greater Srinagar region .............................................................................................. 360 

Table 10.1 Weightage and influence factors for the derivation of the integrated hazard index ......................... 363 

Table 10.2 Integrated hazard index range for defining the vulnerability zones ................................................. 363 

Table 10.3 Summary of values of various derived seismic and geotechnical parameters for the Greater Srinagar 

region and the associated Integrated Hazard Index (IHI) .................................................................................. 366 

Table 10.4 Summary of the expected range of parameters within the vulnerability zones described for the 

Greater Srinagar region ..................................................................................................................................... 366 

Table 10.5 Parameters of final zonation acquired for the geomorphological units within the Greater Srinagar 

region in this study ............................................................................................................................................. 367 

 




