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Abstract
Regarding passenger safety and road serviceability, the effects of earthquakes on underground
transportation systems situated in seismically active regions yield a great challenge. The 345 km long
Udhampur Srinagar Baramulla Rail Link (USBRL) project in Jammu and Kashmir is a railway track with
underground tunnels that traverses the tectonically active area of the northwestern part of the Himalayas
under di�cult geological conditions. In this study, the Semi-Quantitative Seismic Risk Assessment (SQ-
SRA) approach has been used to evaluate the seismic risk and post-seismic serviceability of this project.
Out of the three alignment phases, the �rst one is accessible, the center one is accessible but requires
repair, and the last one is inaccessible, according to the risk matrices. The majority of the tunnel sections in
the last phase are situated near zones prone to landslides and large tectonic sources, and they also include
extensively weathered rock mass, resulting in deformation, squeezing and cavity formation during the
excavation process. The progressive effect of these issues increases the probability that these tunnels may
get extensive damage, which would render the track segment inoperable under post-seismic conditions.
The risk matrices and maps provided will serve as a valuable tool for directing track operations.

1. Introduction
The development and progress of any region require a well-established transportation network as a
prerequisite for overall economic growth. For the best possible use of the resources, it is crucial to integrate
the growth of multiple transport modes. But natural disasters like earthquakes, tsunamis, �oods,
avalanches, etc. have put a negative impression on the performance of the transportation networks during
post-disaster scenarios. The roadway and railway are the two most convenient modes of transportation.
The availability of space is a major mishap for the establishment of such networks. To overcome this,
underground spacing is an outstanding alternative and this leads to an increase in the demand for tunnel
construction. Unfortunately, tunnels and associated infrastructure damages due to the 1995 Kobe
earthquake in Japan, the 1999 Chi-Chi earthquake in Taiwan, the 2008 Wenchuan earthquake in China, and
the 2016 Kumamoto earthquake in Japan discarded the belief in the structural safety of underground
structures during seismic events (Mwafy and Elnashai 2002; Cilingir and Madabhushi, 2011; Mazars et al.
2011; Su et al., 2017; Jsayalakshmi et al. 2018; Tsindis et al., 2020; Mirzanejad et al. 2021; Wang et al.,
2021; Ansari et al. 2022d). Tunnel damages from previous earthquakes in developed countries have shown
that tunnels are vulnerable to strong seismic motion as well, and even minor damage can result in
signi�cant losses. Tunnels are built as part of infrastructure projects or upgraded transportation networks
(Beghoul et al. 2010; Wang et al. 2019; Rajput et al. 2022). Any seismic damage to them might disrupt the
overall serviceability of road or railway transit, causing socioeconomic disruption and perhaps disastrous
outcomes.

Jammu and Kashmir (J&K) is located in the Northwestern part of the Himalayan region and is frequently
triggered by moderate to large magnitude earthquakes. The major earthquakes provoked in 1555, 1828,
1885, 1905, and 2005. The; 2005 Kashmir earthquake (Mw=7.6) was one of the worst, with over 0.1 million
people killed and infrastructure projects including bridges, retaining walls, and dams destroyed. Along the
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route between Murree and Muzaffarabad, there was just one roadway tunnel damaged (Mwafy and
Elnashai 2001; Durrani et al., 2005; Choun and Elnashai 2010; Xie et al. 2011; Hashash et al. 2012; Sahana
and Sajjad, 2017; Ansari et al. 2022b). The growing Udhampur Srinagar Baramulla Rail Link (USBRL)
project in this area, together with the previous historical record of earthquakes and seismotectonic settings
push to examine the seismic risk of railway tunnels and the serviceability of different phases during post-
seismic scenarios. Recently occurred far-�eld June 2022 Paktika earthquake (Mw=5.9) in Afghanistan and
the 2019 Mirpur earthquake (Mw=5.6) in Pakistan are also showing the active dynamics of the tectonic
plates in the Himalayan belt.

The alignment of the USBRL project track and neighbouring active tectonic sources are shown in Fig. 1.
Srinagar and Jammu are the two capital cities of J&K. Srinagar is functional during summer while all
administrative activities are handled from Jammu during the winter session. The National Highway 1A
(NH1A) is the main transportation source to reach Srinagar from Jammu. This highway faces frequent
landslides due to poor geological conditions and resulting in heavy tra�c jams (Fig. 2a). The Mughal Road
route cuts the distance between Shopian and Poonch from 588 km to 126 km and links Rajouri and
Poonch of Jammu Region (JR) to Srinagar in the KV. The Government of India has declared the USBRL
project a “Project of National Importance”. The main aim of this project is to connect the Kashmir Valley
(KV) with Mainland India in all circumstances. When this project is �nished, J&K will have dependable, all-
weather access to the rest of the nation via the railway network, as well as access by train to remote
districts. Approach roads to construction sites will be built for a total of around 262 km. Over 73 villages
will be connected after approach roads are �nished, giving a half million people access to roadways. The
military, army, and border force personnel will be able to handle any emergency scenarios through this
railway route. The cheaper mode of transportation, formulation of the new industrial hub, and employment
generation are the core bene�ts of this project. This is providing wonderful employment opportunities to
the local people. It will support the overall growth and development of the region. The Udhampur and
Baramulla are the starting and ending railway stations of this track which connect the cities like Reasi,
Ramban, Anantnag, Srinagar, Shopian, and Pulwama. People residing in remote areas like Kishtwar,
Ramban, Pulwama, and Shopian can access this route to reach Shaikh Ul Alam International Airport in
Srinagar for international travel. The tourism business will �ourish, especially for visitors to popular
destinations like Pahalgam, Gulmarg, Sonmarg, Doodhpathri, Betab Valley, and Aru Valley. These locations
are already drawing tourists from all over the world because of the natural splendour of KV.

In the present study, an attempt has been done to assess the seismic risk and post-seismic serviceability of
the USBRL project. The semi-Quantitative Seismic Risk Assessment (SQ-SRA) approach is employed to
decide on the functionality of selected phases along the railway track alignment. Several critical geological
phenomena, such as cavity development, face wall deformation, squeezing, chimney formation, and water
leakages, were seen in Tunnels T2, T5, T40/41, T50, and T74R. The presence of these issues and the high
degree of seismicity of the region increase the chances of portal and lining damages. The probability of
portal and lining damages is increased by the existence of these problems and the high level of seismic
activity in the area. The probabilities of various modes of damage for all tunnels are audited through
fragility functions considering Peak Ground Acceleration (PGA) as seismic intensity measure. The risk
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matrices are formed as outcomes of SQ-SRA which predict the risk in terms of health, safety, and
operation. Based on the tectonic environment, tunnel typology, and structural integrity, the three Phases
(P1, P2, and P3) of the railway tracks are found to be accessible, accessible with moderate repair, and
inaccessible. P1 and P2 seem to be operational, however, P3 is absolutely inaccessible. Phase 3 is the
riskiest track in terms of post-seismic functioning because of the consequences of a high degree of
seismicity, landslide susceptibility, weathered rock mass, and near-source characterisation.

2. Geological And Tectonic Attributes
The USBRL project is located in the NW Himalayas, especially in the Lesser Himalaya Zone, from a regional
geological standpoint. The Main Central Thrust (MCT) in the north and the Main Boundary Thrust (MBT) in
the south de�ne the Lesser Himalayan Zone. The lower Himalaya's geological unit is mostly made up of
sedimentary rocks that have been sheared and over-thrust to the south into the Siwalik Molasse (Sub-
Himalaya Zone) following the NNE dipping Reasi Thrust (RT). The major geological formations present in
the Southwestern part of J&K are mentioned in Table 1.
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Table 1
Geological formations and lithounits in the southwestern part of Jammu and Kashmir

Geological
Formation

Description

Indus-
Alluvium

Paleo-Neogene sedimentary succession makes up this frontal Cenozoic Sub-Himalayan
foreland basin (Jain et al. 2009; Ansari et al. 2022f). The southern boundary of the JR
including the bank of the Tawi River in the Samba and Kathua area exposes the alluvial
plains (Fig. 3a).

Siwaliks North of the Indus Alluvium, the Siwaliks are exposed and may be separated into three
sub-groups: the Upper Siwaliks, Middle Siwaliks, and Lower Siwaliks (Fig. 3b).

Sirban
Formation

Near Reasi and Vaishnodevi, this formation is mostly visible (Siddaiah 2011). The
formation comprises dark grey dolomite and limestone with a back thrust concerning the
overlying Subathu Formation (Fig. 3c). The upper part is known as Khairikot Formation
while the lower one is named Trikuta Formation

Subathu
Formation

Subathu Formation comprising the oldest beds of the Himalayan Foreland Basin occurs
in the NW Himalayas, which unconformably overlies Pre-Cambrian rocks (Siddaiah and
Kumar 2007).

Murre
Formation

After a considerable time interval, the �ne-grained detrital sediments of the Murree
Formation (Mehta and Jolly 1989; Mohanty et al. 2022) were deposited above the
Subathu Formation (Shah 1977). The iron staining may be seen on this reddish rock
formation. In the JR, MBT is known as Murre Thrust (MT), which originates from Murre, a
town in Pakistan. This thrust places the Lesser Himalayan sequences over the tertiary
sedimentary strata of Siwaliks. In Tunnel T47, the contact between Murre Formation and
Ramban Formation has been observed at 20 m (Fig. 3e) from the North Portal which
directly indicates the presence of MT (Wani and Alamgir 2017; Ahmad et al. 2021; Ansari
et al 2022f).

Ramban
Formation

This formation is also known as the Dogra Formation which is a member of the
Carboniferous-Eocene Autochthonous Folded Belt (Wadia 1931). The Panjal Volcanics
and the Upper Palaeozoic to Lower Tertiary Agglomeratic Slate Sequence are
unconformably overlain by this formation (Jangpangi et al. 1986). Slate, phyllite,
quartzite, and gneiss are the main rocks that make up this formation. The Panjal Thrust
(PT) is the MCT in this area and passes sthrough the Ramban and some part of Reasi
(Fig. 3d).

Salkhala
Formation

The formation is bordered to the south by the PT and to the west and east, respectively,
by the Sincha Formation and Bhadarwah Formation (Thakur 1998). Rocks of the
Salkhala Formation constitute a low to high-grade meta-sedimentary suite comprising
phyllite, schist, quartzite, and limestone (Fig. 3f).

The JR has been impacted due to the near-�eld as well as far-�eld earthquakes in the Himalayan region
extending up to Hindukush in Afghanistan (Singh and Mishra, 2004; Lister et al. 2008; Aslam et al. 2021;
Ansari et al. 2022f). The Jhelum Fault (JF), Attock Fault (AF), Reasi Fault (RF), Balakot-Bagh Fault (BBF),
Deosai Fault (DF), Jwalamukhi Thrust Jwalamukhi Thrust Hanna Fault (HF), Batal Fault (BF), and Mawer
Fault (MF) are few of the active faults that surround this area (Bilham and Wallace 2005). The MCT
distinguishes the crystalline rocks of the higher Himalayas from the formations of the lower Himalayas
(Gupta and Gahalaut 2014). Along the JR's northern boundary, the MBT) and PT run parallel. NNW-SSE
and NW-SE trends are shown by the Jwalamukhi Thrust (JT) and Balapur Thrust (BT) respectively (Malik
and Mohanty 2007; Alam et al. 2015; Sana and Nath 2017; Mittal et al. 2021). The NE dipping Kishtwar
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Fault (KF) and the NS trending Jhelum Fault (JF) are the two major local strike-slip faults in the JR. The
BBF, which is NE dipping in Pakistan, is the primary cause of the 2005 Muzaffarabad earthquake (Avouac
et al. 2006; Pathier et al. 2006). Active R and Udhampur Fault Zone (UFZ) pass through the core center
section of the JR in addition to the MBT. As a result of the imbrication of the lower Himalayas into a deeper
structural level, the Kishtwar Window (KW) developed inside the crystalline upper Himalayas (Singh 2010;
Pandey et al. 2017; Romshoo, et al., 2018; Pandita et al. 2021). The major tectonic features along with
earthquake epicenters having magnitude Mw ≥ 4.0 are shown in the following Fig. 4.

3. Transporation Projects In Jammu And Kashmir

3.1 USBRL Project details
The main concept behind the proposal of the USBRL project is to work on the tra�c issues in the Jammu
and Kashmir. The Indian government proposed a 345 km long railway line connecting the Kashmir Valley
with the Indian Railways network to offer J&K an easy way of transportation option (Kumar et al. 2021;
Ansari et al. 2021a; Ansari et al. 2022f). The construction of a new railroad line in the Indian subcontinent
has never been more challenging than this one. The young Himalayas that is full of geological surprises
and myriad issues are traversed by the terrain. The project has been divided into 4 subsections for
execution purposes. The alignment and structural details for each subsection are mentioned in Table 2.
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Table 2
Comprehensive detailing of the subsections of the USBRL project.

Parameters Subsections

Udhampur-
to-Katra
(UD-KT)

Katra-to-Banihal (KT-BN) Banihal-to-Quazigund (BN-
QZ)

Quazigund-
to-
Baramulla
(QZ-BR)

Executing
Agency

Northern
Railways

Northern Railways, Konkan
Railway Corporation
Limited (KRCL), and Ircon
International

Northern Railways, Konkan
Railway Corporation
Limited (KRCL), and Ircon
International

Ircon
International

Completion
Cost (In
Crores)

1111 21821 1992 3430

Cost per
km (In
Crores)

44 194 94 30

Total
Stations

3 10 1 15

Route
length (km)

25 111 18 118

Maximum
Curvature

5º 4.86º 3.1º 2.75º

Tunnels

Total
Tunnels

10 27 1 0

Length
(km)

11 164 11.21 0

Percentage
Length in
Tunnel (%)

44 87 62  

Bridges

Total
Bridges

50 37 35 809

Length
(km)

1.48 7.035 0.28 4.21

The Chenab Bridge and Anji Bridge are located in the Reasi and are the two main bridges under the
subsection between Katra to Banihal. The Chenab Bridge is one of the engineering marvel structures in
Reasi. Considering the geology including jointed, weathered, and weak Himalayan rocks and geopolitical
issues, it is designed to resist earthquakes, �re, impact as well as blast loads. The bridge over the Chenab
River might have been built at a lower height, according to the engineers (Ansari et al. 2021; Dewan et al.
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2022). However, the elevation is raised to 359 m above the riverbed, which is around 35 m higher than the
Eiffel tower in Paris, to avoid the steep slope between the Banihal station and Chenab Bridge (Fig. 2d). The
Anji Khad Bridge (Fig. 2e) is the �rst cable-stayed bridge by the Indian Railways located in Reasi which acts
as a connecting chain between Tunnel T2 (Fig. 2b and Fig. 2c) and Tunnel T3. The main features of these
two bridges are highlighted in Table 3.

Table 3
Parametric characteristics of main bridges in Katra-Banihal (KT-BN)

subsection.
Parameters Detailing

Chenab Bridge Anji Khad Bridge

Bridge length 1315 m 657 m

Continuous Deck Length of Viaduct 785 m 240 m

Continuous Span Length over Arch 530 m 417 m

Steel Deck Width 17 m 13.5 m

Height above the riverbed 359 m 196 m

Seismic Zone (BIS Zonation) Zone V Zone V

Most of the tunnels under this project are located near the major tectonic sources including MBT, MCT, PT,
and BT. The Tunnels T2, T49, and T80 are the main tunnels of this route. The total length of Tunnel T49 is
12.75 km which is going to become India’s longest tunnel. The Tunnel T80 is known as the Pir Panjal
tunnel passing through the Pir Panjal ranges and acts as a gateway to KV. This is the only tunnel in
Banihal to Quazigund (BN-QZ) subsection with maximum overburden of 1300 m. Because earthquakes are
likely to strike anywhere within the tunnel structure, the distances between all conceivable locations and
the nearest tectonics sources are considered. Table 4 enlist the structural integrity of selected tunnel
sections and expected seismic hazard for the surrounding environment.
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Table 4
List of major tunnel sections under USBRL project with structural and seismic parameters considered for

the risk assessment.
Tunnel Fault/Thrust SSD

(km)
Fault
Length
(km)

PGAmax Section Mobs Total
Tunnel
Length

(m)

Overburden
Depth

(m)

T44/45P1.2 MBT 4.8 325.25 0.711 KT-BN 7.8 1483 575

T44/45P2.2 MBT 5.3 325.25 0.711 KT-BN 7.8 1483 877

T46P2.2 MBT 6.3 325.25 0.711 KT-BN 7.8 654 256

T5P2.3 RT 6.4 163.08 0.831 KT-BN 6.3 5959 359

T5P1.3 RT 6.8 163.08 0.831 KT-BN 6.3 5959 387

T46P1.2 MBT 7.4 325.25 0.711 KT-BN 7.8 654 456

T46P1.3 PT 8.2 274.53 0.343 KT-BN 5.5 654 367

T46P2.3 PT 8.3 274.53 0.343 KT-BN 5.5 654 367

T42/43P1.2 MBT 10.1 325.25 0.711 KT-BN 7.8 2732 256

T42/43P1.1 MCT 10.3 91.41 0.821 KT-BN 7.8 2732 245

T42/43P2.1 MCT 10.7 91.41 0.821 KT-BN 7.8 2732 357

T42/43P2.2 MBT 11.3 325.25 0.711 KT-BN 7.8 2732 578

T40/41P1.2 MBT 11.5 325.25 0.711 KT-BN 7.8 1340 245

T40/41P2.2 MBT 11.8 325.25 0.711 KT-BN 7.8 1340 788

T44/45P1.1 MCT 11.8 91.41 0.821 KT-BN 7.8 1483 377

T74RP1.1 MCT 11.9 91.41 0.821 KT-BN 7.8 8600 130

T40/41P1.1 MCT 12.1 91.41 0.831 KT-BN 7.8 1340 422

T44/45P2.1 MCT 12.1 91.41 0.821 KT-BN 7.8 1483 459

T46P1.1 MCT 12.1 91.41 0.821 KT-BN 7.8 654 256

T40/41P2.1 MCT 12.4 91.41 0.821 KT-BN 7.8 1340 367

T74RP2.1 MCT 12.5 91.41 0.821 KT-BN 7.8 8600 130

T46P2.1 MCT 12.8 91.41 0.821 KT-BN 7.8 654 457

T15P2.1 MCT 16.8 91.41 0.821 KT-BN 7.8 9810 656

T23P1.2 JT 16.9 245.86 0.69 UD-KT 7.8 1800 119

T15P1.1 MCT 17.1 91.41 0.821 KT-BN 7.8 9810 398
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Tunnel Fault/Thrust SSD
(km)

Fault
Length
(km)

PGAmax Section Mobs Total
Tunnel
Length

(m)

Overburden
Depth

(m)

T14P2.1 MCT 17.5 91.41 0.821 KT-BN 7.8 3142 877

T14P1.2 MBT 17.8 325.25 0.711 KT-BN 7.8 3142 456

T14P2.4 RT 17.8 163.08 0.831 KT-BN 6.3 3142 376

T74RP1.2 MBT 17.8 325.25 0.711 KT-BN 7.8 8600 654

T14P1.1 MCT 18.5 91.41 0.821 KT-BN 7.8 3142 343

T74RP2.2 MBT 18.8 325.25 0.711 KT-BN 7.8 8600 654

T13P2.1 MCT 22.7 91.41 0.821 KT-BN 7.8 9370 150

T13P1.2 MBT 22.9 325.25 0.711 KT-BN 7.8 9370 235

T12P2.2 MBT 23.1 325.25 0.711 KT-BN 7.8 2123 467

T11P1.2 MBT 23.2 325.25 0.711 KT-BN 7.8 830 543

T12P1.2 MBT 23.2 325.25 0.711 KT-BN 7.8 2123 873

T15P1.2 MBT 23.2 325.25 0.711 KT-BN 7.8 9810 572

T14P1.3 PT 23.4 274.53 0.343 KT-BN 5.5 3142 354

T11P2.2 MBT 23.6 325.25 0.711 KT-BN 7.8 830 462

T23P1.1 RT 23.7 163.08 0.831 UD-KT 7.8 1800 230

T25P1.1 RT 23.8 163.08 0.831 UD-KT 7.8 2500 385

T15P2.2 MBT 24.1 325.25 0.69 KT-BN 7.8 9810 632

T14P2.2 MBT 24.2 325.25 0.711 KT-BN 7.8 3142 687

T25P2.1 RT 24.3 163.08 0.831 UD-KT 7.8 2500 196

T5P1.2 JT 24.7 245.86 0.69 KT-BN 7.8 5959 381

T5P2.2 JT 24.9 245.86 0.69 KT-BN 7.8 5959 277

T10P2.2 MBT 25.4 325.25 0.711 KT-BN 7.8 970 242

T25P1.2 JT 25.4 245.86 0.69 UD-KT 7.8 2500 196

T23P2.1 RT 25.5 163.08 0.831 UD-KT 7.8 1800 230

T13P1.4 RT 25.7 163.08 0.831 KT-BN 6.3 9370 235

T10P1.2 MBT 25.8 325.25 0.711 KT-BN 7.8 970 644
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Tunnel Fault/Thrust SSD
(km)

Fault
Length
(km)

PGAmax Section Mobs Total
Tunnel
Length

(m)

Overburden
Depth

(m)

T13P2.4 RT 25.8 163.08 0.831 KT-BN 6.3 9370 322

T13P2.3 PT 26.2 274.53 0.343 KT-BN 5.5 9370 298

T23P2.2 JT 26.4 245.86 0.69 UD-KT 7.8 1800 119

T6P1.2 MBT 26.5 325.25 0.711 KT-BN 7.8 3493 355

T6P2.2 MBT 26.7 325.25 0.711 KT-BN 7.8 3493 378

T6P1.3 PT 26.8 274.53 0.343 KT-BN 5.5 3493 785

T5P1.1 MBT 27.7 325.25 0.711 KT-BN 7.8 5959 378

T5P2.1 MBT 27.8 325.25 0.711 KT-BN 7.8 5959 295

T6P2.3 PT 28.2 274.53 0.343 KT-BN 5.5 3493 478

T10P1.3 PT 28.7 274.53 0.343 KT-BN 5.5 970 325

T14P1.4 RT 28.7 163.08 0.831 KT-BN 6.3 3142 673

T14P2.3 PT 28.8 274.53 0.343 KT-BN 5.5 3142 327

T25P2.2 JT 28.8 245.86 0.69 UD-KT 7.8 2500 231

T10P2.3 PT 29.1 274.53 0.343 KT-BN 5.5 970 455

T13P1.1 MCT 29.4 91.41 0.821 KT-BN 7.8 9370 150

T12P2.1 MCT 29.7 91.41 0.821 KT-BN 7.8 2123 367

T12P1.1 MCT 29.8 91.41 0.821 KT-BN 7.8 2123 746

T11P1.3 PT 30.1 274.53 0.343 KT-BN 5.5 830 435

T11P2.3 PT 30.5 274.53 0.343 KT-BN 5.5 830 367

T11P2.1 MCT 30.7 91.41 0.821 KT-BN 7.8 830 467

T11P1.1 MCT 30.9 91.41 0.821 KT-BN 7.8 830 533

T12P1.3 PT 31.1 274.53 0.343 KT-BN 5.5 2123 356

T6P1.1 MCT 31.2 91.41 0.821 KT-BN 7.8 3493 566

T10P1.1 MCT 31.3 91.41 0.821 KT-BN 7.8 970 743

T10P2.1 MCT 31.7 91.41 0.821 KT-BN 7.8 970 535

T12P2.3 PT 31.7 274.53 0.343 KT-BN 5.5 2123 577
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Tunnel Fault/Thrust SSD
(km)

Fault
Length
(km)

PGAmax Section Mobs Total
Tunnel
Length

(m)

Overburden
Depth

(m)

T6P2.1 MCT 32.1 91.41 0.821 KT-BN 7.8 3493 367

T13P1.3 PT 32.1 274.53 0.343 KT-BN 5.5 9370 150

T13P2.2 MBT 32.2 325.25 0.711 KT-BN 7.8 9370 235

T2P1.1 RT 4.1 163.08 0.831 KT-BN 6.3 5160 235

T1P2.1 RT 4.2 163.08 0.831 KT-BN 6.3 3068 176

T1P1.1 RT 4.6 163.08 0.831 KT-BN 6.3 3068 104

T2P2.1 RT 5.2 163.08 0.831 KT-BN 6.3 5160 366

T3P1.1 RT 6.2 163.08 0.831 KT-BN 6.3 3009 105

T47P1.2 MBT 7.3 325.25 0.711 KT-BN 7.8 2230 567

T3P2.1 RT 7.6 163.08 0.831 KT-BN 6.3 3009 243

T47P2.2 MBT 7.8 325.25 0.711 KT-BN 7.8 2230 566

T50P2.1 MCT 7.9 91.41 0.821 KT-BN 7.8 255 1032

T50P1.1 MCT 8.9 91.41 0.821 KT-BN 7.8 255 864

T47P1.3 PT 9.2 274.53 0.343 KT-BN 5.5 2230 363

T47P2.3 PT 9.4 274.53 0.343 KT-BN 5.5 2230 677

T47P1.1 MCT 13.2 91.41 0.821 KT-BN 7.8 2230 357

T47P2.1 MCT 14.11 91.41 0.821 KT-BN 7.8 2230 467

T50P1.2 MBT 15.4 325.25 0.711 KT-BN 7.8 255 368

T80P1.2 BT 15.4 88.76 0.741 BN-QZ 7.6 10900 1320

T80P2.2 BT 15.8 88.76 0.741 BN-QZ 7.6 10900 1320

T50P1.3 PT 16.4 274.53 0.343 KT-BN 5.5 255 942

T50P2.2 MBT 16.4 325.25 0.711 KT-BN 7.8 255 765

T80P1.1 PT 17.1 274.53 0.343 BN-QZ 5.5 10900 1100

T80P2.1 PT 18.3 274.53 0.343 BN-QZ 5.5 10900 1100

T2P1.2 JT 18.7 245.86 0.69 KT-BN 7.8 5160 265

T50P2.3 PT 18.7 274.53 0.343 KT-BN 5.5 255 246
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Tunnel Fault/Thrust SSD
(km)

Fault
Length
(km)

PGAmax Section Mobs Total
Tunnel
Length

(m)

Overburden
Depth

(m)

T2P2.2 JT 18.9 245.86 0.69 KT-BN 7.8 5160 322

T1P2.2 JT 19.4 245.86 0.69 KT-BN 7.8 3068 123

T1P1.2 JT 19.6 245.86 0.69 KT-BN 7.8 3068 98

T77DP1.1 MCT 21.3 91.41 0.821 KT-BN 7.8 1760 454

T77DP1.2 MBT 21.9 325.25 0.711 KT-BN 7.8 1760 732

T3P1.2 JT 23.2 245.86 0.69 KT-BN 7.8 3009 210

T77DP2.1 MCT 23.3 91.41 0.821 KT-BN 7.8 1760 454

T80P1.3 MCT 23.5 91.41 0.821 BN-QZ 7.8 10900 1320

T1P1.3 MFT 23.6 198.05 0.33 KT-BN 6.7 3068 117

T77DP2.2 MBT 23.7 325.25 0.711 KT-BN 7.8 1760 732

T80P2.3 MCT 23.7 91.41 0.821 BN-QZ 7.8 10900 1320

T1P2.3 MFT 23.8 198.05 0.33 KT-BN 6.7 3068 165

T80P2.4 MBT 27.2 325.25 0.711 BN-QZ 7.8 10900 1320

T80P1.4 MBT 27.4 325.25 0.711 BN-QZ 7.8 10900 1320

T2P2.3 MFT 27.8 198.05 0.33 KT-BN 6.7 5160 189

T3P2.3 MFT 29.6 198.05 0.33 KT-BN 6.7 3009 245

T3P2.2 JT 31.1 245.86 0.69 KT-BN 7.8 3009 288

T2P1.3 MFT 32.2 198.05 0.33 KT-BN 6.7 5160 255

T3P1.3 MFT 32.2 198.05 0.33 KT-BN 6.7 3009 255

T2P2.5 MBT 32.9 325.25 0.711 KT-BN 7.8 5160 587

T2P1.4 MCT 33.8 91.41 0.821 KT-BN 7.8 5160 543

T2P2.4 MCT 34.2 91.41 0.821 KT-BN 7.8 5160 654

T2P1.5 MBT 38.1 325.25 0.711 KT-BN 7.8 5160 521

T49P1.1 MCT 7.3 91.41 0.821 KT-BN 7.8 12750 1033

T49P2.1 MCT 7.5 91.41 0.821 KT-BN 7.8 12750 335

T48P2.2 MBT 8.8 325.25 0.711 KT-BN 7.8 10180 672
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Tunnel Fault/Thrust SSD
(km)

Fault
Length
(km)

PGAmax Section Mobs Total
Tunnel
Length

(m)

Overburden
Depth

(m)

T48P1.2 MBT 9.6 325.25 0.711 KT-BN 7.8 10180 862

T49P2.2 MBT 13.3 325.25 0.711 KT-BN 7.8 12750 789

T49P1.2 MBT 13.6 325.25 0.711 KT-BN 7.8 12750 1105

T49P1.3 PT 13.8 274.53 0.343 KT-BN 5.5 12750 1008

T49P2.3 PT 14.1 274.53 0.343 KT-BN 5.5 12750 932

T78P1.1 MCT 14.3 91.41 0.821 KT-BN 7.8 920 758

T78P2.1 MCT 15.2 91.41 0.821 KT-BN 7.8 920 758

T78P1.2 MBT 16.7 325.25 0.711 KT-BN 7.8 920 639

T78P2.2 MBT 17.2 325.25 0.711 KT-BN 7.8 920 639

T48P1.3 PT 18.2 274.53 0.343 KT-BN 5.5 10180 783

T48P2.1 MCT 18.6 91.41 0.821 KT-BN 7.8 10180 356

T48P1.1 MCT 18.7 91.41 0.821 KT-BN 7.8 10180 363

T48P2.3 PT 19.3 274.53 0.343 KT-BN 5.5 10180 933

* Here, SSD = Source to Site Distance, MCT = Main Central Thrust, MBT = Main Boundary Thrust, RT = 
Reasi Thrust, BT = Balapur Thrust, JT = Jhelum Thrust, UD-KT = Udhampur to Katra, KT-BN = Katra to
Banihal, BN-QZ = Banihal to Quazigund.

3.2 Challnges in Himlayan terrain
The Himalayas have the world's most di�cult ground conditions from the standpoint of tunnelling. One of
the prime reasons for this is that they are the youngest of the mountain chains. The Tunnel T2 is 5.09 km
long and runs between Pie Khad and Anji Khad in Reasi (Fig. 2f). The whole length of the tunnel is made
up of rocks from the Sirban Group's Trikuta Formation (Fig. 5). The rock mass is made up of jointed cherty
dolomite with shale or slate interlayers. During the excavation, a cavity or collapse occurred at the top part
of the tunnel, accompanied by a massive rush of water and fractured rock mass. As shown in the following
Fig. 6, the rock mass encountered at the North Portal has been represented by two lithological units
separated by a gouge-�lled shear zone of 10–15 cm. The shear zone is �rst encountered at the right side of
the face and is moving towards the left side with the advancement of the excavation. The rock mass at the
left side of the tunnel face consists of black shale or slate which is thinly bedded, weak in nature, and
highly jointed. On the right side of the face, the rock mass encountered is fragmented dolomite which is
weak to medium strong and smooth to slightly rough. Steps taken to handle the problem of cavity
formation are explained in the following Table 5.
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Table 5
Measures taken to grasp the cavity formation in Tunnel T2.

Action Plan Description

Plugging To handle the �ow of loose debris material, the whole face of the tunnel was �lled
with it. To verify the �owing material, the face was sealed with external muck and
sand-�lled bags. Wire mesh and shotcrete were given in addition to the vertical dowel
bars.

Drainage
Holes

Drainage holes for a length of 6m to 9m with a diameter of 76 mm are given at the
crown part by inserting perforated pipes after the face has been completely plugged.

Pipe Roo�ng At the crown, two layers of perforated pipes with a length of 12 m and a diameter of
114.3 mm are inserted at various angles with a center-to-center spacing of 15 to 20
cm. The pipes are perforated with 5 mm diameter holes spaced 30 cm apart. To
support the pipes, a dummy rib was built at the crown. Pipes are put at an angle of
30º to 35º degrees in the �rst layer, and 6º to 10º degrees in the second layer, and are
entirely grouted.

Consolidation
Grouting

After proper pipe roo�ng, consolidation grouting has been done at the face as well as
crown section.

Polyurethane
Grouting

Polyurethane grout was injected at the face by drilling holes of length 6 m each.

A considerable and quick geomorphologic re-modelling of the terrain may be seen in the USBRL project
region. The ongoing tectonic activities in the Himalayan range cause slope instability events including
landslides, debris �ows, avalanches, and rock falls to occur frequently. Slope instability issues resembling
landslides and debris �ows were seen in the vicinity of Tunnel T1, Tunnel T5, and Tunnel T11 (Fig. 7a).
Landslides pose a serious risk in the areas around Tunnel T44/45, Tunnel T49, Tunnel T50, Tunnel T74R,
and Tunnel T78 located in Ramban. The squeezing ground condition occurred at 35 m from the North
Portal of Tunnel T1 (Fig. 7b). The rock mass in the Tunnel T5 area is highly jointed grey dolomite. During
the excavation process, a thick shear zone and water inrush were observed on the North Portal of the
tunnel (Madhubabu et al. 2016). The presence of a shear zone offers a particularly favourable environment
for cavity formation at the tunnel crown (Fig. 7c). As shown in Fig. 7d, during the mucking, a cavity
developed on the left side that stretched to the crown of Tunnel T40/41 (Wani and Alamgir 2017). The
squeezing was also observed near Southern Portal resulting in the twisting of side walls. During the
excavation process of T50 in Ramban, a chimney formed (Fig. 7e) at the collapsed tunnel face (Srivastav
et al. 2022). The tunnel T74R consists of Main Tunnel; parallel Escape Tunnel; nineteen cross passages
and one Adit. During excavation, tunnel deformation, cavity formation, overbreak of strata, and water
seepage was accounted for (Yusoff and Adhikari 2017). The tunnel deformation was observed at the south
end portals of both the Main Tunnel and Escape Tunnel (Fig. 7f). Cracks of 5–8 mm were observed at
junctions. Due to weak rock mass condition (RMR less than 40), over the break of strata had been observed
at various sections along the tunnel. During the Adit excavation, the cavity of approximately 38 m3 formed
in the left-hand crown (towards Srinagar city) due to wedge failure promoted by bedding plain orientation,
joints, and seepage.
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4. Seismic Risk Assessment Of Usbrl Track
The three vertices of the risk triangle are hazard, vulnerability, and exposure to assess the seismic risk of
any region or speci�c structural element (Ansari et al. 2022a). The seismic hazard indicates the
earthquake-induced devastation of any area or system. The seismic vulnerability depicts the probability of
a region, or any structural constituent of infrastructure projects being damaged during a ground motion
with the maximum peak ground acceleration for a de�ned set of epicentral distance and earthquake
magnitude of a speci�c event (Ansari et al. 2022; Zhang et al. 2022). The exposure represents the
socioeconomic value of the region or structure at risk and the projected catastrophic index. The semi-
Quantitative Seismic Risk Assessment (SQ-SRA) approach is employed to check the serviceability of any
system or part of the system in terms of performance risk (Eskesen et al. 2004; You et al. 2005; Shen et al.
2014; Zhang et al. 2015; Grasso and Soldo 2017; Berge-Thierry et al. 2020; Gómez-Soberón et al. 2022).
Each category of risk can be de�ned as a limit, above which the risk is deemed unacceptable and below
which additional risk reduction is not necessary (Eskesen et al. 2004). For different damage states, fragility
functions are proposed to understand the level of vulnerability of the structural segment. The risk reduction
process involves both active and passive steps. Active steps involve avoiding or reducing hazards, while
passive steps involve choosing particular mitigation methods (Zhang et al. 2015). The risk matrices are
formed based on the hazard and vulnerability data set. The Seismic Fragility Curves (SFC) are used to
represent the vulnerability of structure in both pre and post-seismic stages. These curves establish the
conditional probability of a tunnel reaching or exceeding a speci�ed damage state ( ) for the intensity
measure ( ) of earthquake motion. SFC can be evaluated using the following Eq. (1) (Argyroudis and
Pitilakis, 2012; Andreotti and Lai, 2019; Nguyen at al., 2019; Zhong et al., 2020; Fabozzi et al. 2022). As per
Eq. (1), the fragility functions are represented by SFC with a lognormal distribution, assuming that all
database uncertainty can be stated just by median uncertainty (Tsindis et al., 2020).

1
where  is the type of damage state in the tunnel lining,  is the standard normal cumulative
distribution function, is the median threshold value of the seismic intensity measure ( )
responsible to form a speci�c type of damage ( ) and product of  and  give the total
lognormal standard deviation describing the total variability associated with each damage state. 
and  are the two major parts of seismic fragility curves. For the determination of total
lognormal standard deviations, the capacity of tunnel support ( ), seismic demand ( ), and the
estimation of damage state thresholds ( ) are regarded as the primary sources of uncertainty. The
seismic damages can be grouped into �ve categories, none ( ); minor ( ); moderate ( ),
extensive ( ), and collapse ( ). Damage patterns for the tunnel portal and lining are enlisted in
Table 6.

Table 6 Risk assessment chart for railway track serviceability 

DSi

IM

P [DS ≥ DSi|IM] = ∅ (lnIM − lnIMDSi
/βtotal, DSi)

DS ∅

IMDSi
IM

DSi βtotal DSi

IMDSi

βtotal, DSi

βC βD

βDS

DS0 DS1 DS2

DS3 DS4
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In the present study, the serviceability of all phases of the USBRL track was predicted as outcomes of risk
assessment considering the SQ-SRA method. The Probabilistic Seismic Hazard Analysis (PSHA) technique,
which considers both spatial and temporal uncertainty, was utilised to de�ne the seismic hazard (Cornell,
1968). the central part of Udhampur, the bedrock level PGA is estimated as 0.34 g (Ansari et al. 2022c). The
Reasi and Ramban have shown the maximum PGA of 0.4 g due to the combined seismic in�uence of MBT,
MCT, and RT.

The probability of experiencing extensive damage to the North Portal of Tunnel T2 is 0.92 for PGA of 0.6 g,
as shown in Fig. 8a. The highly jointed and weathered dolomite rock mass at the South Portal of Tunnel T5
indicates the 85% risk of extensive damage, which corresponds to 0.8 g as bedrock PGA produced at RT.
The near-site shear zone and strong seismicity characteristics of MCT enhance the risk of both portals of
the Tunnel T13 suffering moderate damage. For the Tunnel T40/41, the chance of extensive damage
gradually increases when PGA > 0.5 g (Fig. 8b). Due to landslide-prone zones, the chances of extensive
damage ( ) of tunnel portals is very high for the tunnels in P2 among all three major phases. For the
Tunnel T44/45, minor damage is twice as likely to occur for the same level of seismic intensity as
moderate damage.

DS3
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As illustrated in Fig. 8c, there is a considerable decline in the damage probability from
 to , respectively at the

North Portal of Tunnel T80. The vicinity of Tunnel T78 in Phase 33 is extremely vulnerable to slope failure,
and debris �ow indicates an equal probability of moderate and extensive damages. The Tunnel T80 is
around 22.5 km from MCT and MBT, where PGA is anticipated to be more than 0.7 g. From the perspective
of structural safety for T80, the tilting of the hazard scenario towards greater PGA and the proximity of the
Himalayan thrusts are not looking good. The damage contribution of Tunnel T77D and Tunnel T78 under
Phase P33 increases the likelihood of a portal collapse by 50%. The probability of minor damage ( ),
moderate damage ( ), and extensive damage ( ) are propounded in Table 7.

Table 7 Serviceability prediction for all phases of the USBRL project during post-seismic scenarios.

Phases
 

Tunnels
 

Probability of
Exceedance
 

Probability of 
Damage State
 
  Remarks

 DS2 DS3 DS1 DS2 DS3
P1 P11

 
 

T23 0.56 0.35 0.44 0.21 0.35

Accessible 
T25 0.88 0.14 0.12 0.74 0.14
T1 0.72 0.21 0.28 0.51 0.21

P12
 
 

T2 0.94 0.92 0.06 0.02 0.92

Inaccessible
T3 0.82 0.43 0.18 0.39 0.43
T5 0.74 0.72 0.26 0.02 0.72

P13
 
 

T6 0.92 0.45 0.08 0.47 0.45
Accessible 
 

T10 0.16 0.13 0.84 0.03 0.13
T11 0.18 0.17 0.82 0.01 0.17

P2 P21
 
 

T12 0.15 0.12 0.85 0.03 0.12 Accessible with
moderate repair
 

T13 0.89 0.27 0.11 0.62 0.27
T14 0.75 0.44 0.25 0.31 0.44

P22
 
 

T15 0.92 0.73 0.08 0.19 0.73
Inaccessible
 

T40/41 0.81 0.79 0.19 0.02 0.79
T42/43 0.79 0.78 0.21 0.01 0.78

P23
 

T44/45 0.93 0.92 0.07 0.01 0.92 Inaccessible
 T46 0.68 0.52 0.32 0.16 0.52

P3 P31
 

T47 0.83 0.43 0.17 0.4 0.43 Accessible 
 T48 0.76 0.16 0.24 0.6 0.16

P32
 
 

T49 0.77 0.54 0.23 0.23 0.54
Inaccessible
 

T50 0.65 0.63 0.35 0.02 0.63
T74R 0.62 0.59 0.38 0.03 0.59

P33

T77D 0.87 0.77 0.13 0.1 0.77
Inaccessible
 

T78 0.92 0.78 0.08 0.14 0.78
T80 0.83 0.71 0.17 0.12 0.71

The risk matrix of the SQ-SRA is shown in Fig. 9 for each subphase of Phases 2 and 3. The Tunnel T14 of
Phase P21 is the most susceptible tunnel, with a 0.44 probability of extensive damage. The highest PGA of
0.83 g is anticipated at a distance of approximately 15 km from RT for this tunnel. The other two tunnels
(T12 and T13) under Phase P21 predicted a comparably lower likelihood of damage, which led to this
phase's predisposition towards accessibility (Fig. 9a). Because RT and JT are so near to Tunnels T1 and

P [DS ≥ DS1|PGA = 0.7g] = 0.89 P [DS ≥ DS2|PGA = 0.7g] = 0.32

DS1

DS2 DS3



Page 19/35

T2, any seismic activity in this area would undoubtedly have an impact on Phase P1. The combined
damage contribution of these three tunnels enables Phase P21 to be accessed with very minor repairs.
Tunnel T44/45 has a very high prospect of suffering signi�cant damages since it is situated in a landslide-
prone location. There is a strong enough risk that both portals will malfunction. If there is a damage
probability greater than 95%, portal collapse, as well as lining cracks, may also occur. The Phase P23 route
is inaccessible because of issues with slope instability, weathered rock mass, and a high chance of serious
damage close to portal sections. Tunnel T42/43 is the hazard-dominating tunnel having 

 for North Portal and  for
South Portal. During the excavation phase, the Tunnels T49, T50, and T74R experienced problems such as
chimney formation at a collapsed tunnel face, debris �ow, and portal deformation. According to the risk
matrix, all three tunnels have a probability of extensive damage of more than 70% (Fig. 9b). Phase 2 is
more vulnerable to damage and inaccessible during post-seismic situations as a result of these serious
geological issues.

The SQ-SRA method conveyed that there are three categories of serviceability for the USBRL track:
accessible (A), inaccessible (B), and accessible with moderate repair (C). The percentage of these three
classes, A, B, and C, are shown on the route from Udhampur to Quazigund as 33, 56, and 11, respectively.
Figure 10 illustrates the serviceability of railway tracks as a result of the seismic risk assessment of the
USBRL project. Udhampur, Chak Rakhwal, Katra, and Reasi are the major railway stations on the track of
Phase P1. Phases P11 (Udhampur to Katra) and P13 (Reasi onwards) were discovered to be serviceable
(Fig. 10a). Phase P1 displays functional activity with minor ( ) damage as the main type. Water
leaking along the tunnel lining and minor rockfalls close to portal regions are possible, but this phase may
be operated normally. The Tunnels along the route of Phase P2 exhibit moderate ( ) damages and
these damages can result in cracks that are 3–30 mm broad and 5–10 m long. The risk matrices
highlighted the damage probabilities which indicate that P2 is accessible but repairing is required to
mitigate the moderate damages. Subsection 2 is located near MT and is the most challenging phase due
to critical geological in�uences and any repair cost may affect the overall project budget.

The active thrusts in the vicinity of Sangaldan, Arpinchala, Banihal, and Quazigund are MCT, MBT, and BT.
The last subsection of the USBRL project is the Quazingund to Baramulla (QZ-BR) segment, including the
Sadura, Anantnag, Awantipora, Pampore, Srinagar, Budgam, Mazhom, Pattan, Hamre, and Baramulla
railway stations of Kashmir Valley (Fig. 10b). The worst-affected part was found to be Phase 3, which
contains two subphases that exhibit a lack of serviceability. Phases P1 and 2 appear to be operable,
however, Phase 3 is completely inaccessible (Fig. 10b). It appears that entering P3 from P2 is no longer
feasible. The tunnels along the Phase 3 have shown the extensive damage ( ) of linign and collapse (

) of the portals. Additionally, cracks longer than 20 m can be seen in key areas. Collapse ( ) is the
worst kind of damage, as it renders the functionality of the track non-operational without considerable
rehabilitation, leading to project failure. At portals, there may be signi�cant landslides and deep sliding, as
well as signi�cant spalling and cracking

P [DS ≥ DS3|PGA = 0.5g] = 0.77 P [DS ≥ DS3|PGA = 0.5g] = 0.73

DS1

DS2

DS3

DS4 DS4
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5. Concluding Remarks
The Jammu and Kashmir (J&K) is situated in the Northwestern Himalayas and is frequently subjected to
both near-�eld and far-�eld earthquake occurrences. The recent 2022 Paktika earthquake (Mw=5.9) in
Afghanistan and the 2019 Mirpur earthquake (Mw=5.6) in Pakistan both prompted researchers to examine
the consequences of earthquake dynamics in this area. In the present study, following hazard analysis and
vulnerability evaluation, the seismic risk and serviceability of the Udhampur Srinagar Baramulla Rail Link
(USBRL) project are assessed under post-seismic scenarios. The goal of this project is the overall growth
and development of J&K in terms of practical transportation, industrial farming, tourism, employment,
better connectivity with Mainland India, and provision of accessibility to the army and military personnel
during emergencies brought on by ongoing geopolitical con�icts in the region. The 345 km long route,
which starts in Udhampur and �nishes in Baramulla, traverses highly weather and jointed rock masses,
folded and faulted tectonic features, shear zones, unstable sloping terrain, and landslide-prone areas. The
construction of tunnels and bridges alongside railway tracks is a challenging task that presents signi�cant
geological di�culties. At Tunnels T2, T5, T40/41, T50, and T74R, excavation-related phenomena including
cavity development, face wall deformation, squeezing, chimney formation, and water leakages were noted.
The regions near the locations of T1, T44/45, T49, and T78 have a history of frequent slope failure and
debris �ow, making them landslide prone. Tunnels T1, T2, T47, T49, T77D, and T80 are in the close vicinity
of the MCT, MBT, and BT.

Phase P1, Phase 2, and Phase 3 are classi�ed as accessible, accessible with moderate repair, and
inaccessible, according to the risk matrices created using the SQ-SRA approach. The Tunnels in the Katra-
Banihal (KT-BN) subsection of this project have demonstrated a signi�cant propensity for extensive
damages. Adverse seismic behaviour of tunnels, Phase 2 is no longer in an accessible state. If the portal is
repaired and the tunnels are properly lined, this track may be functional. Due to the effects of a high degree
of seismicity, landslide susceptibility, weathered rock mass, and close source characterization, Phase 3 is
the riskiest track in terms of post-seismic functionality. The seismic performance of Tunnels T48, T74R,
and T80 has been triggered by the presence of shear zones, the proximity of the Panjal and Balapur
thrusts, and the highly weathered and fractured rock mass beyond the Sangaldan railway station. All
associated phases were transferred into an inaccessible category due to the high probability of damage.
The tunnel designers, engineers, and risk management authorities may use this study to better understand
how different components of the USBRL project will work in post-seismic situations. The risk matrices and
maps provided will serve as a valuable tool for increasing public awareness and directing track operations
in the event of a major earthquake that occurs in or near J&K in the future.
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Figure 1

Location of the Udhampur Baramulla Srinagar Rail Link (USBRL) project.
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Figure 2

(a) NH1A highway in Jammu and Kashmir, (b) North Portal of Tunnel T2, (c) South Portal of Tunnel T2, (d)
Kauri end of Chenab Bridge, (e) Anji Bridge site, and (f) Location near Anji River exposing thinly to thickly
layered greyish white cherty dolomite.

Figure 3
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(a) Bank of Tawi River in Jammu, (b) Middle Siwalik Formation in Udhampur showing the outcrops of the
conglomerate, (c) Sirban Formation in Reasi showing the outcrops of dolomite, (d) Main Central Thrust
(MCT) crossing the area near Southern Portal of Tunnel T49 exhibiting Ramban Formation, (e) Contact
between the Murre Formation and Ramban Formation at Tunnel T47 (modi�ed after Wani and Alamgir
2017), and (f) Salkhala Formation showing the outcrops of Phyllites in the Mahu valley, Ramban.

Figure 4

Seismic environment in and around Jammu region with earthquake epicenters of magnitude Mw > 4.0.
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Figure 5

Geological L section of Tunnel T2 in Reasi. In the tunnel section, single and double incline lines indicate
thin and thick shear zones respectively. The right end is towards Tunnel T1 while the left end directs
towards Anji Khad Bridge.
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Figure 6

Shear zone separating shale or slate and fragmented dolomite at the Northern face of Tunnel T2.
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Figure 7

(a) Location near South Portal of Tunnel T1 showing highly sheared rock mass and landslide zone, (b)
Northern face of Tunnel T1 showing the critical locations of squeezing, (c) Cavity formation at Tunnel T5,
(d) Crown level cavity formation at Tunnel T40/41, (e) Chimney formation at tunnel T50 (modi�ed after
Srivastav et al. 2022), and (f) Deformation at South Portal of Tunnel T74R (modi�ed after Yusoff and
Adhikari 2017).
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Figure 8

Seismic fragility curves for tunnel sections along the USBRL track located between the railway stations: (a)
Udhampur to Reasi (b) Reasi to Sangaldan, and (c) Sangaldan to Quazigund.
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Figure 9

Risk matrices of Semi-Quantitative Seismic Risk Assessment (SQ-SRA) highlighting the risk for (a) Phase
P2, and (b) Phase P3.
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Figure 10

Post-seismic serviceability of (a) Phase P1, and (b) Phase P3 for the selected tectonic environment and
structural integrity of tunnels.


