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Abstract

Numerous researchers worked on classifying the post-earthquake damages in tunnels. These post-earthquake damage classi-
fications are modified by researchers for every seismic event based on the amount of damage. To establish a uniform damage
classification, a large amount of data is necessary from various seismic events. To date, there are no specific guidelines to assess
the seismic damage of tunnels. In this study, a simplistic method is proposed to predict and assess the seismic damage to the
rock tunnels before an earthquake using the seismic damage classification of tunnels (SDCT). To overcome the limitations
of previous studies, the largest global seismic damage database of tunnels (SDDT) is created, using actual damage data from
235 damaged tunnel sites from 26 different earthquakes. This study introduces three things. First, a simple SDCT is proposed
using the SDDT. In the SDCT, seismic damages to a tunnel are categorized as damages incurred in a tunnel at three locations
namely lining, portal, and invert. Based on SDCT, seven damage classes ranging from extremely high (EH) to extremely low
(EL) are proposed. Every class has damage categories with detailed damage descriptions and are also linked to the influence
parameters (seismic, geological, and structural) of a tunnel. Second, a critical combination of the seven influence parameters
is identified in each damage class for predicting the damage category of lining, portal, and invert of SDCT. Therefore, for the
first time before an earthquake, the proposed SDCT can predict and assess the seismic damages to the rock tunnels. Third, a
simple methodology is proposed based on the critical combination of seven influence parameters. This simplistic method can
identify the seismic vulnerability of rock tunnels (SVRT) before an earthquake. The proposed simplistic methodology clearly
distinguishes the levels of seismic, geological, and structural parameters in each damage class. This helps engineers predict
the damage type and amount of damage corresponding to the damage class before an earthquake at the site. This methodol-
ogy helps the engineers to develop the seismic parameters initially and understand the seismic environment of the site. After
developing the seismic parameters and utilizing the geological, and structural parameters at the site, engineers can clearly
outline the predicted damages. The proposed methodology does not require complex mathematical calculations and modeling,
it can be used by the engineers for preliminary investigations. The validation of the proposed methodology was done to the
Erkenek tunnel situated in Tiirkiye, which showed a good agreement with the proposed methodology.
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Highlights

e For the first time, a simple method is proposed for predicting and assessing the seismic damages to the rock tunnels before
an earthquake using the seismic damage classification of tunnels (SDCT).

e The proposed methodology is obtained from the data of actual damaged tunnels from past reported earthquakes. The
database used is the global largest, as it contains 235 damaged tunnel information from 26 earthquakes.

e This simplistic method can identify the seismic vulnerability of rock tunnels (SVRT) before an earthquake.

e The proposed methodology does not require complex mathematical calculations and modeling, as it can be used by

engineers for preliminary investigations.
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Abbreviations

SDCT  Seismic damage classification of tunnels
SDDT Seismic damage database of tunnels
SVRT  Seismic vulnerability of rock tunnels

DI Damage Index

RMR Rock mass rating

GSI Geological Strength Index

Q Rock mass quality of Q system

JH Japanese highway rock mass classification

BQ Engineering rock mass basic quality classifica-
tion of Chinese national standard

M, Moment magnitude

GMPE Ground motion prediction equations

PGA Peak ground acceleration

PHA Peak horizontal acceleration

Rip Minimum distance to the rupture surface

Riypo  Hypocentral distance

SSD Source-to-site distance

PSD Potential secondary damages
PGV Peak ground velocity

OD Overburden depth
EH Extremely high
VH Very high

H High

M Moderate

L Low

VL Very low

EL Extremely low

1 Introduction
The rock tunnels play a prominent role in modern-age

infrastructures. Most of the rock tunnels are constructed in
a hilly region, as they provide the shortest motorable link
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between two places. The rock tunnels residing in a seis-
mic zone are considered safe and resistant to earthquakes.
However, numerous earthquakes such as the Kobe, Chi-Chi,
Wenchuan, and many more earthquakes showed that rock
tunnels also are vulnerable to seismic damage (Wang et al.
2001; Wang and Zhang 2013; Yu et al. 2016a). Therefore,
addressing the vulnerability caused by rock tunnels due to
earthquakes is important. The damage degree and damage
classification are prominent components of understanding
the seismic vulnerability of rock tunnels (SVRT). Numerous
researchers such as Dowding and Rozen (1978) categorized
seismic damage for 71 cases of rock tunnels. Later, Owen
and Scholl (1981) and Sharma and Judd (1991) updated the
work of Dowding and Rozen (1978) by adding several cases
to their database which consists of 127 and 192 cases of
underground structures, respectively. Wang et al. (2001) has
given a classification with a description for each class which
was based on the functionality after the earthquake, length,
width of cracks, and other damages to a tunnel. Yashiro
et al. (2007) and Jiang et al. (2010) modified Asakura and
Sato’s (1996) classification for the tunnels damaged due to
Mid-Niigata Prefecture. Due to the severe damage caused to
tunnels by the Wenchuan earthquake, Wang’s et al. (2001)
classification was modified by researchers (Wang and Zhang
2013; Shen et al. 2014; Yu et al. 2016b) by adding the col-
lapse or extremely severe damage level. Shrestha et al.
(2020) further modified Wang’s et al. (2001) classification
and damage description as the damage due to the Gorkha
earthquake was not so severe in the Melamchi tunnel. Xu
et al. (2021) also provided a damage description for five
damage levels. All these are post-seismic damage classifica-
tions. They provide a limited damage description for each
proposed damage level and can’t be used before an earth-
quake event.
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Various researchers (Corigliano et al. 2007; Argyroudis
and Pitilakis 2012; Qiu et al. 2018; Nguyen et al. 2019)
worked on damage states and deriving Damage Index (DI)
of tunnels based on seismic fragility curves. These curves
represent the conditional probability of exceeding a prede-
fined damage state as a function of a given intensity measure
of ground motion (Nguyen et al. 2019). The DI is defined
as the ratio between the actual bending moment (M) and
capacity bending moment (Mp,) of the tunnel cross sec-
tion (Argyroudis and Pitilakis 2012). The empirical fragil-
ity curves for rock and cut-and-cover tunnels are adopted
from reports of Dowding and Rozen (1978), and Owen and
Scholl (1981). These empirical curves have limitations such
as not considering specific factors like geological and struc-
tural characteristics of the tunnel adequately (Nguyen et al.
2019). It needs a large amount of damage database of past
earthquakes, for empirical fragility curves to be statistically
meaningful (Nguyen et al. 2019). Due to these limitations,
the numerical fragility curves are widely used and a series
of fragility curves are developed for bored circular tunnels.
However, numerical fragility curves will inherently be lim-
ited by the constraints of numerical modeling, such as accu-
rately representing the physical characteristics of geology.
Regarding the damage states (Qiu et al. 2018), the four dam-
age levels minor, moderate, extensive, and collapse are used
to describe the damage which is based on classification stud-
ies of Wang et al. (2001), Yashiro et al. (2007), and Wang
and Zhang (2013). A mathematical formulation-based seis-
mic tunnel damage prediction model was given by Ansari
et al. (2023) using the deep neural learning approach, which
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is a type of machine learning. Furthermore, the proposed
damage states are based on DI. The equation of DI proposed
by Ansari et al. (2023) from the machine learning algorithm
provides the range of DI between 3.1 and 3.5 for all the prac-
tical input values. Hence, the proposed equation classifies
only minor damage levels for all the tunnels. Their validation
is based on R? (coefficient of determination), which should
not be the suitable parameter if the data used for validation
comprises majorly minor damage cases. Deep learning plat-
forms used in pattern recognition and classification should
be supported by very large data sets (Lu et al. 2018). Using
AI/ML techniques on limited data is not appropriate, which
limits the applicability of such tools in seismic damage pre-
diction models for tunnels.

It is concluded that the existing damage classifications
are based on post-seismic damage investigations. The seis-
mic damage prediction method proposed by Ansari et al.
(2023) predicts only minor damage. The damage degree and
damage descriptions in the post-seismic damage classifica-
tions were modified by researchers based on the amount of
damage caused to a tunnel. These damage descriptions in
classifications lacked a relation with influence parameters,
were not uniform, and were specific to one or at a maximum
of three seismic events. Above all, the databases utilized by
researchers (Dowding and Rozen 1978; Owen and Scholl
1981; Sharma and Judd 1991; Asakura and Sato 1996; Jiang
et al. 2010; Wang and Zhang 2013; Shen et al. 2014; Yu
et al. 2016b) for assessing the damage also contain a major
percentage of undamaged cases. These post-seismic clas-
sifications were modified for every seismic event, were not
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uniform, and lacked the amount of data. To obtain uniform-
ity and consistency in the damage classification, the amount
of data required is large. To assess the seismic damage to
tunnels, the data should not be confined to a single or few
seismic events in a particular region. To overcome the above
limitations, this study aims to establish a simplistic method
to predict and assess the seismic damage to the rock tun-
nels using seismic damage classification of tunnels (SDCT)
before an earthquake. This study introduces three key
aspects. First, the proposed SDCT is obtained by creating the
largest global seismic damage database of tunnels (SDDT)
which uses actual damage data from 235 damaged tunnel
sites from 26 different earthquakes. These 26 earthquakes
include the oldest 1906 San Francisco to the recent 2016
Norcia earthquakes. The number of damaged tunnels utilized
in creating an SDDT due to respective earthquakes is shown
in Fig. 1. Utilizing SDCT, this study proposes seven damage
classes from extremely high (EH) to extremely low (EL).
Each damage class has damage categories with detailed
descriptions and are also linked to influence parameters.
Second, from the proposed SDCT, a critical combination
of influence parameters that affect the rock tunnels during
earthquakes is identified and detailed in each class. Third, a
simplistic and straightforward approach is suggested, rely-
ing on the critical combination of seven factors to assess the
SVRT before an earthquake. This method simplifies the dif-
ferentiation of seismic, geological, and structural factors in
each damage class, facilitating predictions of potential dam-
age levels at the site. It aids engineers to develop the seismic
parameters initially and understand the seismic environment
of the site. With seismic parameters in place, engineers can
effectively assess damages using geological and structural
factors of the site.

The proposed methodology is based on the largest data-
base created so far, can be used prior to the earthquake,
and is simple to use, without the need for intricate math-
ematical computations or modeling. This simplistic meth-
odology serves as a valuable tool for preliminary assess-
ments by engineers. The uniqueness of this classification
and methodology lies in the simplicity for engineers to
utilize it in the field for predicting damage in rock tunnels
residing in the seismic zone. The validation of this study is
done for Erkenek tunnel damage due to the 2023 Pazarcik,
Kahramanmaras earthquakes of Tiirkiye. This article is
considered as part 1. In this article, Sects. 2, 3, and 4
describe SDDT, proposed SDCT, and methodology for
seismic damage prediction along with a validation from
the data of the Tiirkiye earthquake of 2023 followed by
discussion and conclusion. This article has a follow-up as
part 2, which utilizes the classification and methodology
of this study. A software is developed employing the pro-
posed methodology of this paper. This software is the out-
come of a Python-based GUI tool. This tool is developed
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Fig. 2 Distribution of tunnel types considered in SDDT

based on data from seismic sources in India and adjacent
countries. These sources act as input data for the writ-
ten Python code. The code is designed to identify seismic
sources within 250 km of a given location (latitude and
longitude), the user enters. It then calculates and provides
the distances from the site to each of these sources. The
moment magnitude (M,,) of each fault is obtained through
empirical correlations between M., and the length of the
fault surface. The peak ground acceleration (PGA) is also
obtained for each source by utilizing the empirical attenu-
ation relationship. For SVRT, parameters are latitude and
longitude of the tunnel site, rock mass rating (RMR), over-
burden depth (OD), tunnel lining type, and tunnel shape.
Critically combining all these parameters and obtained
PGA, the software predicts the damage class and probable
damages from seismic sources within the study region of
a user. The reports are generated in.txt (notepad) format
and include graphs for the distribution of total faults in
each damage class. This tool enhances engineers' under-
standing of the SVRT before an earthquake in India and
nearby countries.

2 Methodology for Data Collection
and Creating SDDT

As an initial step for SDCT, the earthquake records that pro-
vide data on damaged tunnel sites are collected. A thorough
literature survey is done for collecting the data and SDDT is
created within MS Excel. A total of 235 rock tunnels dam-
aged under 26 earthquakes consisting of road, expressway,
railway, and water diversion tunnels are in SDDT. The dis-
tribution of each tunnel type is shown in Fig. 2.

The complete methodology adopted for creating an
SDDT is shown in Fig. 3. In the SDDT, the influence param-
eters are categorized into structural, geological, and seismic
parameters. The structural parameters like lining types and
tunnel shape are obtained from various literature reports.
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To Create a Seismic Damage Database of
Tunnels (SDDT)

-

| A Thorough Literature Survey on Rock Tunnels Damaged Due to an Earthquake |

!

| Collect adequate data related to Damaged Tunnels |

{ : v

Structural Parameters and Other Details | | Seismic Parameters and Other Details | | Geological Parameters
A 4 l \ 4
Location of Tunnel(site), Geometry of Date, Location of an Earthquake (source), Rock Type, Rock Class,
Tunnel, Shape of Tunnel, Tunnel Type, Moment Magnitude, Fault Geometry, Overburden Depth, and
Support Conditions, Lining Conditions Location of the Fault, Fault Style, Focal Rock Mass Rating (RMR)
& Thickness, and Age of Tunnel Depth, Location of Epicenter, Source-Site

Distance (SSD), and Peak Ground
Acceleration (PGA)

Map the Source, Site, Is RMR
Epicenter, and No Is SSD o S p
Ruptured Fault Model known from nown trom
in Google Earth Pro Literature? Literature? %
and obtain SSD >~
Then, select the Region Based Ground Check if other classifications like
»| Motion Prediction Equation (GMPE) GSI/Q/BQ/JH values are available
Calculate Peak Ground Acceleration (PGA) Convert and Calculate RMR values
from empirical relationships
! . |
:I Assign all the Obtained Parameters in SDDT iE
Assign the observed Damage Patterns Obtained
from Literature to Tunnels in SDDT
A 4
The Seismic Damage Database of
Tunnels (SDDT) is Created
Fig.3 Flowchart of the proposed methodology used to collect data and create an SDDT
Table'l List of emplrlc'al. References Parameters Empirical equations R?
equations used for obtaining
RMR in this study Hoek and Brown (1997) GSI and RMR GSI=RMR’—5 -
Bieniawski (1993) Q and RMR RMR=9 In (Q)+44 0.77
Rahmati et al. (2014) JH and RMR JH=77.087 In (RMR)-231.9 0.88
Wau et al. (2023) BQ and RMR BQ=5.6755RMR +130.17 0.63
The shape of the tunnels for a few cases is logged by obtain-  comprehensive record of damages is also logged. The log-

ing and checking the images of tunnels through internet  ging of geological, and seismic parameters and damages in
sources. To relate the damage with influence parameters, a SDDT are briefed in Sects. 2.1, 2.2, and 2.3.
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2.1 Logging Geological Parameters in SDDT

The geological parameters considered in this study and
logged in SDDT are rock class, RMR, and OD. Amongst the
various rock mass classification systems, the RMR system is
used as a major parameter in this study. This system is sim-
ple to use and is widely used in the field of tunneling (Bie-
niawski 1993). The RMR classification system divides rock
masses into five classes: very good rock (RMR 81-100),
good rock (RMR 61-80), fair rock (RMR 41-60), poor rock
(RMR 21-40), and very poor rock (RMR < 20) (Bieniaw-
ski 1993). The RMR for a few tunnels in SDDT is directly
obtained from the literature (Wang et al. 2001). If the RMR
of the damaged tunnels is not available, but if other rock
mass classification indices like Geological Strength Index
(GSI) or rock mass quality (Q) system are available, the
empirical relations for conversions such as GSI to RMR or
Q to RMR are used as detailed in Fig. 3. For a few tunnels
where the data is not available, an attempt is made to obtain
GSI ranges visually through the pictorial representations of
damaged tunnel sites with the rock mass around the tunnel.
GSI is obtained by choosing the category based on geo-
logical descriptions given by Hoek and Brown (1997). The
empirical relations for obtaining RMR are given in Table 1.
The Japanese highway (JH) rock mass classification is
used to classify the rock mass and to obtain an adequate
support system for the tunnels in Japan (Shinji et al. 2002).
The range of the JH system is from 0 to 100. This System
is based on intact rock material strength, weathering, joint
spacing, and joint condition. The rock classes are divided
into B-a, CI-a, CII-b, DI-a, DI-b, and DIII-a for respective
JH values. The rock mass classes have varying JH values for
different rock categories such as soft, med-hard, med-hard
to soft, hard, and all rock types. To obtain the JH value for
a few damaged tunnels in Japan, this study utilized the rock
category of all rock types. The study of Rahmati et al. (2014)
gives insight into RMR and JH relations given in Table 1.
For the tunnels affected due to the Wenchuan earthquake,
the geology condition is categorized as soft rock or hard
rock (Shen et al. 2014) and there was little information
about rock mass and classification. Therefore, field data of
damaged tunnels from the Du-Wen expressway and Guang-
Gan expressway were collected from the studies of Cui
et al. (2021). Data collected from the Du-Wen expressway

and Guang-Gan expressway were generalized as the hard
rock mass and soft rock mass data, respectively (Cui et al.
2021). This field data is in the form of an engineering rock
mass basic quality index (BQ) system, which is the Chinese
national standard for the engineering classification of a rock
mass. It is based on quantitative indexes, i.e., the saturated
intact uniaxial compressive strength (Rc), intactness index
of the rock mass (Kv), and the correction coefficients for
groundwater correction K1, joint orientation to the excava-
tion K2 and in-situ stress coefficient K3. The BQ system
divides all rock masses into five classes and the rating is
given as > 550 for class 1 to <250 for class 5. The study of
Wu et al. (2023) gives insight into RMR and BQ relations.
The empirical relation with their coefficient of determination
(R?) is given in Table 1. To classify the rock mass around
these tunnels, the geology conditions provided by Shen et al.
(2014), field studies of Cui et al. (2021), and the empirical
relations of Wu et al. (2023) are combined, categorized, cal-
culated, and logged into this database.

Despite the coefficient of determination (in Table 1) being
0.77 and 0.63 for Q to RMR and BQ to RMR relations, they
are used in this study. This is because the Q to RMR rela-
tion in Table 1 is widely used and the BQ to RMR relation
in Table 1 is the most recent established study. The RMR is
unknown for a few tunnels constructed before the existence
of rock mass classifications. For such tunnels, the available
descriptions of rock mass and type are used to obtain the
RMR. The descriptions of various sites encountered in the
SDDT are bought together for allotting the RMR as detailed
in Table 2. Thus, utilizing all the parameters and empiri-
cal relationships, the RMR is obtained and logged into the
database.

2.2 Logging Seismic Parameters in SDDT

This study utilizes moment magnitude (M,,) as a magni-
tude scale and for the first time, region-based attenuation
relationships are selected for obtaining PGA for 26 earth-
quakes. This contrasts with previous studies (Dowding and
Rozen 1978; Sharma and Judd 1991; Roy and Sarkar 2017),
which obtained PGA using a single common attenuation
relationship for worldwide tunnels in their database. The
region-based attenuation relationships provide a realistic
PGA value at sites. Table 3 provides complete information

Table2 RMR ranges in SDDT
utilizing a description of rock

type and rock mass

Description of rock type and rock mass RMR

Known and unknown rock type/s mentioned as soft rock (softer strata) 15.040.0

Known and unknown rock type/s are mentioned as soft rock with rock class “Very 15.0-25.0
Poor”(softer strata and fault fracture zones)

Known and unknown “Fair” rock type/s are mentioned as hard rock in the description 40.0-60.0

A known rock type mentioned as hard rock with a rock class is “Good” 61.0-80.0
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Table 3 Details of seismic events and GMPE utilized for this study

S.no. EQ name/M,, Year of EQ GMPE [ref] Location for GMPE application ~Range of M, Distance Damaged
range (in tunnel
km) cases

1 San Francisco/7.9 1906 [1] California 4-8+ <100 2

2 Great Kanto/7.9 1923 [2] Japan >5.5 <425 24

3 North-Izu/7.1 1930 [2] Japan >5.5 <425 1

4 Hsinchu-Taichung/7.1 1935 [3] Taiwan 5.3-8.1 15-630 8

5 Fukui/6.8 1948 [2] Japan >55 <425 1

6 Kern County/7.3 1952 [1] California 4-8+ <100 4

7 Kita Mino/6.8 1961 [2] Japan >55 <425 1

8 Alaska/9.2 1964 [4] Worldwide >5 10-500 1

9 Niigata/7.6 1964 [2] Japan >55 <425 2

10 San Fernando/6.6 1971 [1] California 4-8+ <100 5

11 Izu Oshima/6.6 1978 [2] Japan >55 <425 6

12 Mammoth Lakes/6.2 1980 [1] California 4-8+ <100 1

13 Irpinia/6.9 1980 [10] Italy 4.0-7.5 M*)  0-200 1

14 Kobe/6.9 1995 [2] Japan >5.5 <425 32

15 Chi Chi/7.6 1999 [5] Taiwan 3.5-7.6 1-240 49

16 Duzce/7.2 1999 [11] Northwestern Tiirkiye 5-7.5 0-200 1

17 Western Tottori/6.6 2000 [2] Japan >5.5 <425 1

18 Mid-Niigata prefecture/6.6 2004 [2] Japan >5.5 <425 49

19 Kashmir/7.6 2005 [6] Worldwide 4-8.5 0-200 1

20 Niigata-ChuetsuOki/6.6 2007 [2] Japan >55 <425 1

21 Tocopilla/7.7 2007 [4] Worldwide >5 10-500 1

22 Wenchuan/7.9 2008 [7] Southwest China 4.2-7.9 0-300 39

23 Darfield/7.1 2010 [8] New Zealand 4.5-8.5 0-100 1

24 Gorkha/7.8 2014 [9] North and Central Himalayas 4.1-7.8 1560 1

25 Kumamoto/7.0 2016 [2] Japan >5.5 <425 1

26 Norcia/6.6 2016 [10] Italy 4.0-7.5 M*)  0-200 1

Remarks: EQ—earthquake, M,—moment magnitude, (*) M,: surface wave magnitude, GMPE—ground motion prediction equation, [ref]—ref-

erences

[1] Sadigh et al. (1997), [2] Kanno et al. (2006), [3] Lin and Lee (2008), [4] Youngs et al. (1997), [5] Lin et al. (2011), [6]"Campbell and Bozo-
rgnia (2008), [7] Zhang et al. (2022), [8] Bradley (2013), [9] Ramakrishnan et al. (2021), [10] Montaldo et al. (2005), [11] Ozbey et al. (2004)

on 26 earthquakes in SDDT. It includes name, year, M,
ground motion prediction equations (GMPE) used for each
earthquake, and GMPE details like applicability of location,
magnitude and distance ranges, and number of tunnels ana-
lyzed through respective GMPE.

2.2.1 The Selection of Attenuation Relationships

From attenuation relationships, the upper bound peak hori-
zontal acceleration (PHA) values for rock sites are consid-
ered in this study. The vertical seismic motion is considered
to have a minor effect on the seismic response of the tun-
nel (Yu et al. 2016a). Therefore, it is neglected for seismic
design (Yu et al. 2016a). Calculated PHA is referred to as
PGA in this article from hereon. The GMPE of the attenu-
ation relationships used in the study is not provided in this

paper, but appropriate references are mentioned in Table 3.
The GMPE of Sadigh et al. (1997) is used for the tunnels
damaged due to earthquakes in rows 1, 6, 10, and 12 of
Table 3, as it is based primarily on data from California
earthquakes. For the tunnels affected from Great Alaskan
(1964) and Tocopilla (2007) subduction zone earthquakes
(rows 8 and 21 of Table 3), the attenuation relationship
of Youngs et al. (1997) is used as it is the relationship for
subduction zone earthquakes. Although this relationship
is applicable worldwide, their study consists of major data
from subduction zone earthquakes of Alaska and Chile.
For Japanese tunnels damaged due to various earth-
quakes, (rows 2, 3,5,7,9, 11, 14, 17, 18, 20, and 25 of
Table 3) the attenuation relationship of Kanno et al. (2006)
is used as it contains one of the largest strong ground
motion records of Japan. Although the applicability of
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Kanno et al. (2006) relationship is worldwide, their study
consists of major data from Japan. For the damaged tunnel
sites due to the 1935 Hsinchu-Taichung and 1999 Chi-Chi
earthquakes, the attenuation relationships of Lin and Lee
(2008) and Lin et al. (2011) are used as they are specifi-
cally based on the strong ground motion records of North-
Eastern Taiwan and Taiwan, respectively. For the tunnel
damage due to the 1999 Duzce earthquake, the GMPE of
Ozbey et al. (2004) is used as it is specific to recordings of
North-Western Tiirkiye. Since no region-specific GMPE
model is available for Pakistan (Hashash et al. 2012), this
study used Campbell and Bozorgnia’s (2008) relationship
for tunnel damage due to the 2005 Kashmir earthquake.

For the tunnels affected due to the 2008 Wenchuan and
2010 Darfield earthquakes, Zhang et al. (2022) and Brad-
ley’s (2013) attenuation relationships are used, respec-
tively. They are specifically based on a data set of earth-
quakes in Southwest China and New Zealand, respectively.
For the tunnels damaged due to the 1980 Irpinia and 2016
Norcia earthquakes, the GMPE of Montaldo et al. (2005)
is used as it is based on Italian strong-motion data. For
the damaged tunnel site due to the Gorkha earthquake, the
attenuation relationship of Ramakrishnan et al. (2021) is
used as it is based on strong motion data of the North and
Central Himalayas.

2.2.2 The Evaluation of PGA

For obtaining PGA, the minimum distance to the rupture
surface (R,,,) or the Hypocentral distance (Ryy,,) is used as
source-to-site distance (SSD). If the rupture surface was not
defined for an event, then Rhypo is used as the SSD (Sadigh
etal. 1997; Youngs et al. 1997; Kanno et al. 2006). The use
of Ry, does not introduce significant bias in the attenuation
models. The SSD is obtained directly for a few tunnels from
the literature (Rozen 1977; Jiang et al. 2010). For the tunnels

| Seismic Damage to Tunnel |

I
| Lining Damage (1) | Portal Damage (2) Invert Damage (3)

affected by Chi-Chi, R, is given in the literature (Wang
et al. 2001). If the SSD is not available directly, the ruptured
fault and tunnel site are mapped in Google Earth Pro for
respective seismic events. The data on ruptured faults are
obtained from databases like the FDHI database (Sarmiento
et al. 2021). The location of the tunnel and the ruptured fault
plane are mapped in Google Earth Pro and a distance indica-
tor tool is used to obtain the SSD. If the rupture fault plane
is not available, the epicenter and tunnel site are mapped and
the focal depth of the event is utilized for obtaining Ry, .
Thus, various approaches as mentioned above are used to
obtain SSD for calculating the PGA.

2.3 Logging the Damage Patterns in SDDT

The reported seismic damages are named in numerous ways
in literature sources. Utilizing the literature sources, the ini-
tial step is to log the actual seismic damages to the rock
tunnel sites from seismic events. The damage patterns in the
235 rock tunnels varied from tunnel collapse and second-
ary damages such as spalling, deformation, and rock fall,
to minor cracks. This concludes the creation of SDDT with
all the required parameters. The details of 235 rock tunnels
considered in the SDDT are provided in Annexure A of Sup-
plementary Material. The proposed classification utilizing
SDDT is elaborated in Sect. 3.

3 Seismic Damage Classification of Tunnels
(SDCT)

From SDDT, the various damage patterns incurred in tun-
nels are brought together to classify and understand the dam-
age characteristics. It is observed that seismic damage to the
tunnel is divided based on damages incurred in a tunnel at
three locations namely lining, portal, and invert. Utilizing
the damage patterns and amount of damage from 235 tun-
nels of SDDT, the classification based on lining, portal, and

Table 4 Damage classes and categories from cases in SDDT

—I The collapse of a Tunnel (A11) | Grade 1- Portal
— /Slope Damage Grade 1, 2, and 3-
Grade 1 and Grade 2- Lining (A21) —{Invert Damage (A31,
_| Dislocation (B11 and B12) A32, and A33)

Grade 2, 3, 4, and 5-
IPortal Damage (B21,
B22, B23, and B24)

_|Grade 1 and Grade 2- Spalling
(Cl1 and C12)

—| Lining Deformation (D11) |

Grade 1, 2, 3, and 4 Lining cracks
(E11, E12, E13, and E14)

Fig.4 Organization chart of seismic damage classification of tunnels
(SDCT)

@ Springer

Damage class Damage categories No. of tunnel cases

Extremely high (EH) All 3

Very high (VH) B11, A21, A31 23, 14,11

High (H) B12,Cl11, El1, B21, A32 6,10,7, 10,4
Moderate (M) C12,D11, E12,B22, A33 47,25, 48,18,14
Low (L) E13,B23 7,7

Very low (VL) El4, B24 11,4

Extremely low (EL) N* 0

Remarks: N* is no damage scenario
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invert damages is found to be uniform. The damage classifi-
cation and its sub-categories are shown in Fig. 4. The dam-
ages to the lining, portal, and invert are categorized in order
of the higher to the lower form of damage. For example, the
collapse of a tunnel is the higher form. Minor damages like
cracks are the least damage types as they are easily repaired.
The moderate form of damage is accommodated in between
these two forms. The lining damage is assigned with 1 and
their sub-categories from A to E are given notations starting
with 1. The higher form of lining damage is notated Al1,
followed by B11 and B12, C11 and C12, D11, and E11 to
E14. The portal and invert damages and their sub-categories
are notated starting with 2 and 3, respectively. For a Portal,
A21 is the higher damage form followed by B21, B22, B23,
and B24 being the lower, whereas A31 is the higher damage
form for invert followed by A32 and A33 is lower.

To understand the damage levels caused in the tunnels,
seven damage classes are introduced varying from extremely
high (EH) to very low (VL) for damage categories as tabu-
lated in Table 4. The extremely low (EL) class shows the
negligible damage scenario. Table 4 also mentions the
number of tunnel cases of respective damage categories for
each damage class. This section elaborates on various dam-
ages and their categories. The detailing of a procedure for
allotment of these classes linking to parameters is done in
Sect. 3.1. All the damage categories mentioned in Table 4
and Fig. 4 are elaborated in Table 5 with their damage defi-
nition, appearance, potential secondary damages (PSD),
amount of damage, and case histories considered in each
category with some examples. If a tunnel is undergoing mul-
tiple damages, such as lining dislocation, lining spalling, and
lining cracks, then the highest amount of damage incurred
is considered as a damage category and the PSD is noted
for every damage category. A few cases of lining damage
will appear again in the portal and invert damage. This is
because the tunnel might have undergone multiple damages
due to seismic events. For example, a few cases of A21 and
B11 are present in the A31. A31 is considered as the PSD of
A21, B11, and vice versa. The amount of damage and PSD
decreases for every level of damage class from EH to VL.
It is to be noted that the damage definition and amount of
damage in Table 5 are based on actual seismic damages of
tunnels from literature sources (Dowding and Rozen 1978;
Owen and Scholl 1981; Wang et al. 2001; Aydan et al. 2010;
Wang and Zhang 2013; Shen et al. 2014; Yu et al. 2016b; Xu
et al. 2021 amongst others).

From SDDT, the amount of damage is obtained for each
category of lining, portal, and invert damages. The amount
of damage is different for every tunnel in each category and
it has either a physical damage description or also quantita-
tive value for a few of the damage types. For example, the
Longxi, Pavoncelli, and Zipingpu tunnels in the VH class
have a maximum invert upheave height of 120, 150, and

@ Springer

60 cm, respectively. Therefore, for such cases, the maximum
value of 150 cm is considered in the amount of damage for
invert upheave height in the VH class. Similarly, it is allotted
for other categories in each class. Therefore, the amount of
damage assigned is based on the actual amount of damage
that took place in the tunnels for each damage category.

In Table 5, for lining damage, the collapse, two grades of
lining dislocation and spalling, and various grades of lining
cracks are differentiated in detail. A separate category for lin-
ing deformation in side walls or arches is detailed. The Grade
1—portal/slope damage (A21)—is a single case of damage,
as it also includes slope failure-induced tunnel collapse. Por-
tal cracks, rockfalls, portal rupture, portal wall punctures,
and headwall damage at the portal are bought together and
accommodated into four different grades (B21-B24) of portal
damage. In portal damage, portal cracks are not separated
into different grades, whereas lining cracks in lining damage
are separated into different grades. There are two reasons for
not separating portal cracks into different grades. Most portal
crack cases involve some degree of rock fall, and there are
very few portal crack cases in SDDT. Three grades of invert
damage are differentiated and there is no case of invert dam-
age present in the L and VL damage classes.

3.1 The Analysis of SDCT

This SDCT is based on lining, portal, and invert damages in
a tunnel. Generally, the seismic performance of the tunnel
body (lining and invert) in a rock tunnel is highly influenced
by seismic deformation and Peak Ground Velocity (PGV)
should be a key parameter compared to PGA (Chen and Wei
2013). This is due to the confining effect of the surrounding
ground on the tunnel body. For portals/slopes, PGA should
be a key parameter in terms of the seismic capacity of the
tunnel. The study of Huang et al. (2020) emphasized that it
is important to take the PGA and PGV into account during
seismic analysis and design for tunnels. However, this study
considers PGA as a prominent parameter for the lining, por-
tal, and invert of the tunnel combinedly. The main reason
is, that the essence of obtaining PGA in this study lies in
utilizing a region-based attenuation relationship. Most of
the region-based attenuation relationships used in this study
are commonly used for obtaining PGA and do not account
for PGV at all (rows 1, 4, 6, 8, 10, 12, 13, 15, 16, 21, 23, 24,
and 26 of Table 3). Hence, this study uses PGA values for
all the cases.

3.1.1 Analysis of Influence Parameters: M,,, SSD, PGA, RMR,
and OD from SDDT

From the SDDT, it was clear that collapse or extreme dam-
age occurred when a rupture fault passed through or was
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Fig.5 Variation of damage classes with a PGA, b SSD, ¢ RMR, d OD

close to the tunnel, indicating that SSD is very low. Con-
versely, when the rupture fault is far from the tunnel, SSD is
higher. Generally, if SSD is low, the PGA is higher, and the
observed amount of damage to tunnels in SDDT is more and
vice versa. It is observed that the damage categories of this
SDCT are well-fitted to certain ranges of SSD and PGA. The
ranges of SSD and PGA are allocated after analyzing various
cases for respective damage categories. For example, A1l
and B11 are based on 3 and 23 cases, respectively. The tun-
nels in these 3 cases have higher PGA followed by tunnels
in the 23 cases. This means A1l seems to have the higher
PGA values (> 1.70 g) with SSD <2 km followed by B11
with PGA of 1.70-1.11 g and SSD <5 km. Similarly, other
damage categories also seem to follow a certain range of
PGA and SSD values as shown in Fig. 5a, b. Initially, based
on PGA and SSD ranges, a damage class is allotted varying
from EH to VL. It is to be noted that, these SSD and PGA
conclusions are for M, of 6.1-8 for EH, VH, H, M, and L
classes and 6.1-9.2 for VL class.

Parameters such as the OD, RMR, lining type, and tunnel
shape are identified as critical parameters alongside SSD
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and PGA in this study. For every damage class, the dam-
aged cases are observed to identify the pattern of influence
parameters. The identification of influence parameters for
each damage class resulted in a critical combination of influ-
ence parameters. For example, B11, A21, and A31 have 23,
14, and 11 cases of damaged tunnels. For the B11, A21,
and A31 categories, the PGA and SSD are known. Now
for these categories, the RMR and OD are observed and a
range is given based on those 23, 14, and 11 cases. Through
this way, the B11, A21, and A31 categories of the very high
(VH) class are allotted with obtained ranges of RMR, and
OD from the SDDT. Therefore, for the VH class, the param-
eters M, SSD, PGA, RMR, and OD are known and the
damages namely B11, A21, and A31 are known. This pro-
cess is followed to the tunnels in SDDT for all the damage
categories in each damage class. Through this process, the
magnitudes of parameters related to each damage class were
examined. It was observed that the ranges of SSD, RMR,
and OD are lower at EH and VH classes and are higher
at L and VL classes and vice versa for PGA, as shown in
Fig. Sa—d. The complete quantitative ranges of each damage
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of damage in tunnels from higher to lower severity order
for lining types and shapes within each damage class. From
SDDT, Fig. 6a shows the distribution of number of tun-
nels (in %) divided into six groups G1 to G6 representing
unknown, unlined (UL), timber lined (TL), masonry lined
(ML), concrete/reinforced concrete lined only with primary
lining as support (CL), and reinforced concrete lined tunnels
with primary lining, secondary lining, and support system
(RCL), respectively.

The order of criticality for lining types in each damage
class is based on the five groups excluding G1 (unknown
lining type). Most of the tunnels of the G2, G3, and G4
groups are very old tunnels constructed before the year
1950. A major percentage of the G5 group are tunnels dam-
aged by Kobe, Mid-Niigata, and a few from the Chi-Chi
earthquake and others. Most of the G5 group tunnels were
constructed on or before the year 1990 as per the database.
The G6 group are damaged tunnels from earthquakes like
Wenchuan (although few are under construction), Gorkha,
Kumamoto, and others. In this study, a peculiar phenomenon
related to lining types is observed in each class. The G6
group is considered the best lining group in terms of tunnel
performance compared to others. However, the G6 group
dominated in the very high (VH) class with 13.1%. Tunnels
in the high (H) and moderate (M) damage classes are domi-
nated by G5 followed by G4, G3, and G2. The moderate (M)
damage class is dominated by 50% for G2—-G5 combinedly
and 4.2% for the G6 category. The high (H) damage class is
with 9% of G2—-G5 combinedly and 3% of the G6 category.
The distribution of lining types in each damage class for the
G1, G2-GS5, and G6 groups is shown in Fig. 6b. Apart from
SDDT, a few literature sources are used to propose the order
of criticality for lining types in Table 6.

The unlined tunnels (UL) do not provide confinement to
the rock mass and are prone to rock fall or rock collapse.
Sometimes, the unlined tunnels show slope failure-induced
collapse (A21). Two unlined tunnels in the Chi-Chi earth-
quake (Wang et al. 2001) showed the slope failure-induced
collapse. It is concluded that the unlined tunnels are more
prone to seismic hazards compared to lined. In older tunnels
of this database, timber was used for supporting the tun-
nel. The Wrights tunnel of this database was timber lined
which was damaged in the San Francisco (1906) earthquake
reported, the severe damage to the timber lining took place
along with complete dislocation as it was passing through a
fault zone (Dowding and Rozen 1978). Maidl et al., (2013)
discussed the limitation of timber lining that, timber as a
material lacks the necessary strength, lacks the bonding
with rock mass, produces large deformations under load, and
makes it unsuitable for long-term use in tunnel applications.
In the early days of tunnel construction, timber was used for
initial or temporary support, followed by a permanent brick
or stone masonry lining (Maidl et al. 2013). Due to these

reasons, the TL tunnels are marked as the second choice
in order of severity. The Pavoncelli tunnel of this database,
which is masonry lined, was damaged due to the Irpinia
(1980) earthquake. This tunnel suffered from widespread
cracks in all the arch and side-wall masonry, with a maxi-
mum opening of 4-5 cm cracks, invert uplift, and collapse
of part of the roof and side-wall masonry. The main issues
with masonry lining stem from its gradual deterioration
over time, leading to a loss of strength (Sowden 1990). The
structural integrity of a masonry tunnel is highly depend-
ent on the quality of workmanship. Variations in masonry
thickness and the presence of voids can compromise the
tunnel's strength and durability (Sowden 1990). Even with
good supervision, achieving high standards of jointing and
bonding throughout the entire length of a tunnel is challeng-
ing (Sowden 1990). Thus, the ML tunnels are marked as the
third choice in the obtained order of severity.

Timber and brick/masonry materials are largely out-
classed by materials like concrete and reinforced concrete
which provide superior strength, ductility, durability, and
flexibility, making them more suitable for tunnel construc-
tion (Sowden 1990). After the mid-twentieth century, tun-
nel construction shifted from timber and masonry to steel
supports and later to rock bolts, shotcrete, and combinations
of bolts, steel sets, and shotcrete (a method of applying con-
crete projected at high velocity) (Steiner 1996). Thus, the
next choice in order of severity is CL group tunnels. All
of the four lining choices of UL, TL, ML, and CL (G2-G5
group) are seen in the older tunnels group and the G6 group
is the one, which is often in practice. The G6 group is RCL
tunnels. The G6 group is considered the best in terms of tun-
nel performance compared to other lining groups. Although
G2-GS5 group tunnels are old tunnels, they are considered
in Table 6. This is because the classification of this study
also applies to existing tunnels residing in seismic zones.
Numerous recent studies (Llanca et al. 2013, 2017; Atkinson
et al. 2021) focus on maintenance and rehabilitation methods
to improve the performance of existing masonry tunnels,
which were older. Thus, combining the outcomes of a few
studies and from the created SDDT, the order of criticality
for lining types is decided in Table 6. The order of criti-
cality based on the severity of damage for lining types is
UL >TL>ML>CL>RCL, as mentioned in Table 6.

In the SDDT, the observed shapes of the tunnel are
Horseshoe (HS), D-shaped (D), ovoid (OV), circular (CR),
rectangle (RE), and arched with horizontal roof (AH). In
the SDDT, the horseshoe shape is dominated by >70% of
available tunnel data on shapes. Therefore, to overcome the
biasness from SDDT, a few other literature sources are used
to propose an order of criticality of tunnel shapes in Table 6.
From the study of the field investigation of 8 damaged tun-
nels due to the 1999 Chi-Chi earthquake, Lu and Hwang
(2018) have observed that rectangle-like geometry is one
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of the major reasons for seismic damage. The rectangle-
like geometry of the tunnel caused stress concentrations
at the corners, leading to high damage at these locations
when subjected to ground shaking. Furthermore, Lu and
Hwang (2018) used one of the tunnels (New Sanyi Tunnel)
among the damaged tunnels and validated the field investi-
gation by numerical simulations. There are also studies on
the seismic behavior of tunnels of different shapes in rocks
(Saraswat et al. 2024), the effect of cross-sectional shape on
the dynamic response of tunnels under train-induced vibra-
tion loads, based on Physical model tests of vibration (Yang
et al. 2019) and effect of a blast inside a tunnel for various
shapes, based on FE analysis (Goel et al. 2021). These stud-
ies proved that cross-sectional shape has a significant effect
on the tunnel dynamic behavior.

e Saraswat et al. (2024) have compared the behavior of
D-shaped, horseshoe-shaped, and circular tunnels using
finite element analysis under both static and seismic
conditions, considering different excitation frequencies
of harmonic loading. The D-shaped tunnel is the most
affected under both static and dynamic conditions, with
stress concentration occurring at the corners. The circular
shape performs best in both conditions. Consequently,
the next best shape is the horseshoe shape (Saraswat et al.
2024).

e The study of Yang et al. (2019) focuses on physical model
tests of vibration from three different shaped model tun-
nels that were performed to study the effects of cross-
sectional shape on the dynamic response of tunnels and
their surrounding soil. To examine the effects of cross-
sectional shape on the tunnel response under the train
load, the peak particle acceleration (PPA) of the tunnel
at different locations was calculated. The maximum PPA
of the rectangular tunnel was 178% of that of the circular
tunnel and 133% of the horseshoe-shaped tunnel. The
response of the rectangular tunnel was larger than that
of both the circular and horseshoe tunnels (Yang et al.
2019).

¢ In another study by Goel et al. (2021), the FE analysis of
shallow underground tunnels (rectangular, circular, and
horseshoe tunnels) exposed to a blast inside the tunnel,
with surrounding soil media and a structure at ground
level, was carried out. The rectangular tunnel had the
highest displacement, Von Mises stress, and wave veloc-
ity, while the circular tunnel had the lowest. Therefore,
it can be concluded that the rectangular shape is more
critical for its dynamic responses (Goel et al. 2021).

The major studies described above (Lu and Hwang 2018;
Saraswat et al. 2024; Yang et al. 2019; Goel et al. 2021) are
based on the dynamic response of rectangular, circular, D,
and horse-shoe tunnels. The rectangle shape is considered to

@ Springer

be the most critical shape (Lu and Hwang 2018; Yang et al.
2019; Goel et al. 2021) and is marked as a first choice in the
order of criticality. The shape like Arched with horizontal
roofs (AH) has corners at the top (similar to rectangles at
the top portion only), which would again lead to stress con-
centration at corners. Therefore, it is marked as the second
critical shape. Compared to the Horseshoe, the D shape is
most affected with stress concentration developing at the
corners (Saraswat et al. 2024). Therefore, the D-shape is
specifically the preferred third choice as per severity. In the
SDDT, a few of the horseshoe-shaped tunnels were dam-
aged as a combination of invert uplift and deformation in
the sidewall (A31, A32, and D11 in Table 5). These dam-
aged cases are observed in VH, H, and M damage classes.
Therefore, horseshoe-shaped tunnels are marked next severe
as per order. The ovoid shape does not have corners or any
straight sides and is less likely to be affected by stress con-
centration. Therefore, the ovoid shape is considered the next
choice as per severity. The circular shape is considered best
in terms of performance (Saraswat et al. 2024; Yang et al.
2019; Goel et al. 2021). Thus, combining the outcomes of
these studies and the created SDDT, the order of critical-
ity for shapes is decided in Table 6. The obtained order is
RE>AH>D>HS >0V > CR. The proposed combination
in Table 6 will lead to probable seismic damages for each
damage class with five parameters, excluding lining type
and tunnel shape. However, based on past earthquakes, the
proposed order of criticality for linings and shapes from
Table 6 can raise engineers' awareness at the planning stage
and retrofitting of old tunnel linings for tunnels in seismic
zones. When added to seismic and geological parameters,
the identified structural parameters, namely lining type and
tunnel shape, from this SDDT help create the most compre-
hensive and complete classification combinations in each
damage class.

3.2 Criteria of Seismic Damages Using Critical
Combination of Influence Parameters

As the database on seismic damage has already been dis-
cussed in Sects. 3.1, 3.1.1, and 3.1.2, we utilized information
from the SDDT to create criteria for predicting the seismic
damage of tunnels. The criteria are based on the assump-
tion that tunnels with similar parameters to those shown in
Table 6, obtained from tunnels in the SDDT, will experience
similar damage.

3.2.1 Criteria for Seismic Damages in Each Damage Class
from Table 6

EH and VH damage classes The cases in the EH damage
class are tunnels near/passing through the ruptured fault
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zone. In the VH damage class, a tunnel either passes the fault
zone or is very close to the fault zone. The probable dam-
age of EH damage class is A11 and is based on 3 cases. The
probable damages of VH damage class are B11, A21, and
A31 and they are based on 23, 14, and 11 cases, respectively.
In Table 6, the obtained RMR ranges for EH and VH damage
classes are 10-25 and 14—40, respectively. The obtained OD
ranges for EH and VH damage classes are 30-250 m and
20-300 m, respectively. However, there are a few exception
cases of OD in the VH damage class. Three tunnels in the
VH damage class are at OD of 400, 550, and 800 m. The
order of criticality for the lining type and shape of a tunnel
and accessibility of the tunnel in EH and VH damage classes
are shown in Table 6. The obtained combination of param-
eters in the EH damage class of row 1 in Table 6 will lead to
All. The VH damage class in row 2 highlights that, apart
from the tunnels passing through the fault zone, the tunnels
not passing through the fault zone are also being collapsed
and dislocated in lining sections. These tunnels are very
close to the fault zone (SSD of 2—-5 km). An example of this
is S.P.R.R No. 4 and 5 tunnels that were severely damaged/
collapsed due to the Kern County earthquake. The obtained
combination of parameters in the VH damage class of row
2 in Table 6 will lead to B11, A21, and A31.

H and M damage classes For damage classes H and M,
in rows 3 and 4 of Table 6, the fault is not passing through
the tunnel. The probable damages of H damage class are
B12, Cl11, and E11 to the lining are based on 6, 10, and
7 cases, respectively, whereas B21 and A32 of portal and
invert are based on 10 and 4 cases, respectively. The prob-
able damages of M damage class are C12, D11, and E12 to
the lining are based on 47, 25, and 48 cases, respectively,
whereas B22 and A33 of portal and invert are based on 18
and 14 cases, respectively. The obtained range of RMR for
H and M damage classes is 15-60. The obtained OD ranges
for H and M damage classes are 10-200 m and 6-250 m,
respectively. Most tunnels in H and M damage classes are
at OD <200 m. Only a few tunnels, in these damage classes
are with OD > 200 m. There is an exception of one dam-
age case of 800 m in H class. There are exceptions of two
damage cases of OD up to 500 m and one case of 1150 m,
respectively in the M damage class. The order of criticality
for the lining type and shape of a tunnel and accessibility of
the tunnel in H and M damage classes are shown in Table 6.
The obtained combination of parameters in the H damage
class of row 3 of Table 6 will lead to B12, C11, E11, B21,
and A32. The obtained combination of parameters in the
M damage class of row 4 of Table 6 will lead to C12, D11,
E12, B22, and A33.

L, VL, and EL damage classes For damage classes L and
VL, in rows 5 and 6 of Table 6, the tunnel is very far from
the ruptured fault zone. The SSDs are higher and PGAs are
lower in L and VL damage classes. The probable damages

of L damage class are E13 and B23 to the lining and portal
which are based on 7 cases each. The probable damages of
VL damage class are E14 and B24 to the lining and portal
are based on 11 and 4 cases, respectively. The damage to
the invert does not take place for L and VL damage classes.
If the PGA is<0.4 g, the data suggests that the damage
to the invert will not take place. The obtained RMR in L
and VL damage classes is 40-75 and 40-85, respectively.
The obtained OD ranges for L and VL damage classes are
20-400 m and 20-500 m, respectively. A tunnel damaged
by the Great Alaskan earthquake (1964) with an OD of
800 m deep in the VL damage class is an exception case.
For damage class L in row 5 of Table 6, the combination of
obtained parameters will lead to E13 and B23. For damage
class VL in row 6 of Table 6, the combination of obtained
parameters will lead to E14 and B24. The EL damage class
in the 7th row of Table 6 is to show the no-damage sce-
nario. The tunnel remains undamaged at these shaking levels
(PGA <0.01 g) during a seismic event.

3.2.2 A Note on Parameters: RMR and OD

Table 6 provides the summary of the obtained critical com-
bination of parameters and probable damages from SDDT.
However, Table 6 cannot have a direct use in the field as it is
incomplete. For example: If an engineer is using Table 6 and
OD at assite is 300 m, M, is 7.0, SSD is 30 km, PGA is 0.5 g,
RMR is 50, lining type is Cl, and shape is HS, that data of
the site corresponds to Moderate (M) damage class except
the OD, as the obtained OD for M damage class is 6-250 m.
This will lead to confusion in assigning the damage class.
Therefore, there are various gaps in Table 6, and is not com-
plete. This sub-section, along with the next one, explains
how Table 6 has been further extended and completed to
enhance its practical utility in the field. It is observed from
Table 6 that except for PGA, all other parameters show over-
lapping between the damage classes. The objective of this
article is to provide unique damage classes for the param-
eters to be utilized as criteria for obtaining seismic damages
in tunnels. To do so, information gathered in Table 6 from
SDDT, available literature, and a few assumptions are con-
sidered. This sub-section elaborates on parameters RMR and
OD on seismic damage of tunnel.

In terms of rock mass conditions, which are represented
by RMR in this research, mixed-quality rock mass condi-
tions can be encountered in the tunnels. Both, good and
poor-quality rock mass can be observed in one exposed
area. However, it is necessary to identify the most critical
condition for the assessment of rock mass (Singh and Goel
2011). For example, a fault or a shear zone in a high-quality
rock face will play a dominant role, irrespective of the high
rock mass strength in the surrounding strata (Bieniawski
1993). Tunnels intersecting fault fracture zones reveal that
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Table 7 (continued)

Accessibility
of tunnel

Probable damage

Parameters

Shift in damage class

Damage class

S. no.

Invert

Lining Slope/portal

Shape (>)**

Lining type (>)*

0D (in
m)

SSD (inkm) RMR

*
w

PGA (in g)

AT4
ATS
AT5

B24

El4

1-800
> 800

1-100
1-100

>6.0

0.10-0.01
0.10-0.01

<0.01

Very low (VL)

28
29

Extremely low (EL)

Any

Any Any

Any

Any

>6.0

Extremely low (EL)

30

Remarks: —* in column 3 indicates that the damage class is not shifting and the damage class would be the same as in column 2, M, *—range of moment magnitude, PGA—peak ground accel-
eration (in g), SSD—source to site distance (in km), OD—overburden depth (in m), RMR—rock mass rating; (>)*—order of criticality for lining type of the tunnel, UL—unlined, TL—timber

lined, ML—masonry lined tunnels (is either only brick or brick and stone work or brick and plain concrete), CL—concrete/reinforced concrete lined tunnels only with primary lining as major
support, RCL—reinforced concrete lined tunnels with primary lining, secondary lining, and support system; (>)**—order of criticality for the shape of a tunnel, RE—rectangle, AH—arched
with horizontal roof, D—D-shaped, HS—horse Shoe, OV—ovoid, CR—circular. A11—the collapse of a Tunnel; B11 and B12—Grade 1 and Grade 2—lining dislocation, respectively; C11 and

C12—Grade 1 and Grade 2—spalling, respectively; D11—Ilining deformation; E11, E12, E13, and E14—Grade 1, 2, 3, and 4 Lining cracks, respectively; A21—Grade 1—portal/slope dam-

age; b21, B22, B23, and B24—Grade 2, 3, 4, and 5—portal damage, respectively; A31, A32, and A33—Grade 1, 2, and 3—invert damage, respectively; N—no damage. AT1—tunnel cannot be

operable after the seismic event; AT2—tunnel is operable after seismic event with many precautions and caution boards; AT3—tunnel is operable after the seismic event without regulations and

caution boards; AT4—a tunnel is immediately operable after a seismic event; ATS—the tunnel is operable and remains undamaged by seismic events

the rock mass in these areas is poor and prone to instability
(Chen et al. 2023). Many researchers utilized RMR classi-
fication for classifying the rock mass of tunnels in the fault
zone (Tugrul 1998; Dalgic 2003; Kun and Onargan 2013).
It showed that after the application of RMR, the rock mass
was categorized as very poor (RMR < 20) in many cases and
poor in some cases (RMR < 40). In another study (Brideau
et al. 2009), the rock mass quality, estimated by the Geo-
logical Strength Index (GSI), showed a considerable reduc-
tion near tectonic structures. GSI values ranged from < 35
(RMR is < 30) at fault and shear zones, whereas away from
these structures, GSI values ranged from 40 to 75 (RMR is
35-70). The study of Martino et al. (2006) found that rock
mass quality, quantified by the number of discontinuities
per unit volume, increased and the average size of the rock
block decreased near faults, and they observed that seismic
amplification can occur in fault zones if there is a sharp
contrast in rock mass quality between the background rock
mass and the fault zone.

Tunnels are long-span structures and during a seismic
event, they can sustain multiple damages. Therefore, if a
tunnel is undergoing multiple seismic damages, such as lin-
ing dislocation, lining spalling, and lining cracks, then the
higher amount of damage that occurred in a tunnel is con-
sidered as a damage category, and the PSD is noted for every
damage category (shown in Table 5). From the proposed
SDCT, the amount of damage and PSD decreases for every
level of damage class from EH to VL. In EH and VH damage
classes, apart from lining dislocation damage due to ruptured
fault, the other damages also occurred in the same tunnel. It
is evident from Table 6 that the RMR is <40 at critical fault
fracture zones (EH and VH damage classes). Although the
fault zone plays a dominant role in tunnel causing collapse
or extreme damages as in EH and VH damage classes (from
Table 6), seismic damages also occur in tunnels where the
rock mass is comparatively better (RMR >40) as in H, M,
L, and VL classes. In the classes where rock mass is in fair
to very good rock classes, the amount of damages is lesser,
but they are damaged (as per Table 6). Tunnel structures
located in poor geological conditions or near faults were
particularly vulnerable to seismic damage, especially at
fault fracture zones, soft rocks, and the interfaces between
soft and hard rocks (Shen et al. 2014; Yu et al. 2016b). At
these locations, damage to tunnel structures primarily results
from the relative motion of surrounding rock during strong
earthquakes. In analyzing six tunnels damaged during the
Wenchuan earthquake, Lai et al. (2017) noted that tunnels
experienced severe damage in fault fracture zones and soft
rock transition sections, while damage in hard rock tunnels
was comparatively slight.

To understand and verify the observations of Lai et al.
(2017) using the SDDT, data from tunnels in the fault frac-
ture zone, soft rock, and hard rock mass is analyzed. The
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percentage of tunnels in the fault fracture zone is 5.3%, Soft
Rock is 24.2%, and hard rock is 41.2% for overall rock tun-
nels. The data was not available for 29.5% of rock tunnels.
From the SDDT (as shown in Table 2), the RMR of hard
rocks (RMR is 40-60 and RMR was 61-80 when rock class
is very good) is typically higher than that of soft rocks (RMR
is 15-40). From the proposed SDCT, the amount of damage
and PSD decreases for every level of damage class from
EH to VL classes. The RMR is also observed to be increas-
ing as the damage class goes from EH to VL classes. This
is because EH and VH damage classes were dominated by
fault zones and soft rocks, respectively whereas the H and M
damage classes are dominated by soft and hard rock-based
tunnels (RMR of 15-60), and L and VL damage classes
were dominated by hard rock-based tunnels (RMR of 40-75
and 40-85). The study finds similar observations with Lai
et al. (2017) in terms of rock mass and fault fracture zone
and verifies with this study. This SDDT indicates that with
increasing RMR, seismic damage to the tunnel decreases.
In the SDDT, maximum OD of tunnel is 1150 m which
is a Melamchi tunnel residing in the Moderate (M) dam-
age class. The study by Shrestha et al. (2020) emphasized
that seismic damages to the Melamchi tunnel were spalling
(13%) and lining cracks (87%). Shrestha et al. (2020) men-
tioned that the highest proportion of severe damage patterns
in the Melamchi tunnel occurred at an OD of 0-300 m.
Based on six damaged tunnels of the Wenchuan earth-
quake, Lai et al. (2017) observed that tunnels, with OD
of 25 m, experienced serious seismic damage. As tunnel
OD increased, the seismic damage decreased and tunnels
with OD > 500 m showed little seismic damage (Lai et al.
2017). In the Tawarayama tunnel with an OD of 300 m, the
maximum number of damages occurred at depths less than
150 m (Zhang et al. 2020). A study by Sharma and Judd
(1991) suggested a critical OD limit of <50 m for causing
seismic damage. Yu et al. (2016b) found that the tunnels suf-
fered lesser seismic damage when OD is>40 m compared
to OD of 1-40 m. From Table 6 of this study, the maximum
OD limit observed is 500 m in VL damage class. All the
damage classes of SDDT are dominated by tunnels with
maximum OD’s < 300 m followed by a range of 300—-500 m
cases, except a few are at> 500 m. This study finds similar
observations to other studies related to the influence of OD
in seismic damage of tunnels (Sharma and Judd 1991; Yu
et al. 2016b; Lai et al. 2017; Zhang et al. 2020; Shrestha
et al. 2020). This SDDT indicated that with increasing tun-
nel depth, seismic damage to tunnels generally decreased.
The deeper tunnels (OD > 500 m) appear safer from seismic
damage compared to shallow tunnels (OD <500 m) as per
SDDT. However, the Longxi tunnel (maximum OD of 800 m
and in VH damage class of this study) damaged during the
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Wenchuan earthquake is an exception, where a deep tunnel
suffered very high damage.

3.2.3 Criteria for Future Applicability of Combination
of Parameters from Table 7

The various gaps in Table 6 are filled by introducing Table 7
in this study. PGA values are dependent on M, and SSD.
Table 6 was based on PGA ranges for M, of 6.1 to 9.2 for
the VL damage class and 6.1 to 8 for remaining damage
classes. For using Table 7, this study recommends the use of
region-based attenuation relationships for obtaining PGA at
the site. Table 7 modifies M,, to> 6.0 for all damage classes.
Obtaining the distance from the source to the tunnel site,
and the potential M, of the source can be used in the region-
based attenuation relationships, to calculate the PGA. This
overcomes the limitation for values of M, > 8.0 also, which
was not accounted for in Table 6. Therefore, this study rec-
ommends that for M, > 6.0, irrespective of the SSD range,
the obtained PGA value should be used for selecting the
damage class from Table 7. Three things utilized in forming
Table 7 for parameters RMR and OD are the above observa-
tions from this study and comparison with other studies/lit-
erature (mentioned in Sect. 3.2.2), Table 6 of this study, and
a few assumptions. The order of criticality for lining type
and shape of the tunnel remains the same in Table 7 for the
damage classes as it remained in Table 6. The accessibility
of tunnel for each row is shown in the last column of Table 7.
Table 7 overcomes the limitation of Table 6 and the damage
class can be successfully assigned to a tunnel site by Table 7.
Table 7 provides completeness to Table 6 and enhances the
future utility at tunnel sites for understanding SVRT before
an earthquake. In Table 7, the rows with rows: 1, 6, 11, 18,
23, and 27 which are bolded are the parameters, probable
damages, and accessibility of tunnel for each damage class
which are from Table 6. Below these rows, the exceptions
are added for M, > 6.0, order of criticality of lining type,
shape of tunnel, accessibility of tunnel, and PGA ranges (in
g) for>1.70, 1.70-1.11, 1. 10-0.91, 0.90-0.41, 0.40-0.11,
0.10-0.01, and <0.01. The 30th row in Table 7 is to show
the negligible damage scenario of the tunnel, where M, is
modified to > 6.0. In Table 7, the maximum RMR limits to
100. Each damage class and their shifts in damage classes
of Table 7 are elaborated below.

EH and VH damage classes and their shifts in dam-
age classes In Table 6, for the EH damage class the PGA
is>1.70 g. The obtained RMR range is 10-25 and OD of
30-250 m. The seismic damages of the EH and VH dam-
age classes are due to the close vicinity of a tunnel near the
faults. Numerous researchers (Tugrul 1998; Dalgi¢c 2003;
Brideau et al. 2009; Kun and Onargan 2013) have reported
that near the faults the values of RMR are in the range of
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1-40. Hence, 2nd row and 7th row of Table 7 consider a
range of RMR from 1-40. OD is modified based on the
Longxi tunnel having an OD of 800 m in the VH damage
class, which suggests that even at higher OD, tunnels are
vulnerable to seismic damage in the EH and VH class. Thus,
OD is considered > 1 m for EH and VH damage class as
given in Table 7 of rows two to five and rows seven to ten.
Therefore, the 2nd row of Table 7 corresponds to predicting
Al1 for RMR of 1-40, OD of > 1 m with PGA>1.70 g.

The higher RMR value (RMR > 40) reduces seismic dam-
age to tunnels as explained by Wang et al. (2001) and Lai
et al. (2017), causing a downward shift in damage classes
from EH to EL as given in Table 6. However, the data avail-
able in SDDT is insufficient to provide the range of RMR
for the other downward-shifted damage classes observed
for the PGA > 1.7 g. The study assumes the RMR ranges
according to RMR classes given by Bieniawski (1993) to
mark the downward shift in the damage classes as given in
Table 7 (3rd—5th row). The proposed boundaries are subject
to change in the future if the proposed boundaries are unable
to predict the seismic damage to a tunnel. It is proposed that
the RMR of 41-60, the PGA is>1.70 g, and OD is>1 m
given in the 3rd row of Table 7, the damage class shifts
downward from EH to VH predicting probable damages as
B11, A21, and A31 to lining, portal, and invert, respectively.
In the same manner, when RMR is 61-80, the rock class is
better than poor, very poor, and fair rock classes as proposed
by Bieniawski (1993) and the damage class further shifts
to H. Therefore, in the 4th row of Table 7, when RMR is
61-80 and PGA is>1.70 g, OD is> 1 m for H damage class
predicting probable damages as B12, C11, E11, to lining and
B21, and A32 for portal, and invert, respectively. Likewise
in the fifth row of Table 7, RMR is increased to 81-100,
and the damage class further shifts to M predicting prob-
able damages as C12, D11, E12, to lining, B22, and A33 for
portal and invert, respectively.

In Table 6, for the VH damage class, the PGA is
1.70-1.11 g. The obtained RMR range is 14-40 and OD of
20-300 m. The predicted damages are B11, A21, and A31.
Table 6 is a summary of the created SDDT. The 7th row of
Table 7 is an extension based on the observation already
mentioned above for the EH damage class. In the 7th row,
the parameters range are RMR 1-40, OD > 1 m, and PGA
1.70-1.11 g for VH damage class corresponding to B11,
A21, and A31 types of damages. If rock class increases from
poor to fair, the RMR values increase to 41-60 as given by
Bieniawski (1993) and the amount of seismic damage to the
tunnel decreases with a higher RMR. As RMR is increased
to 41-60, the amount of damage decreases causing the
downward shift of the damage class, where the VH class
shifts to the H damage class. Therefore, for RMR of 41-60,
PGA of 1.70-1.11 g, and the OD is>1 m given in the 8th
row of Table 7, the damage class shifts to H damage class

predicting probable damages as B12, C11, E11 to the lin-
ing, whereas B21 and A32 of portal and invert, respectively.
Likewise, if the RMR is increased to 61-80, the amount of
damage further decreases, and the damage class shifts to
M damage class predicting C12, D11, E12 to the lining,
whereas B22 and A33 of portal and invert, respectively as
provided in row 9 of Table 7. In the same manner, if the
RMR is increased to 81-100, the amount of damage further
decreases and the damage class shifts to L damage class
predicting E13 and B23 to the lining and portal, respectively
as shown in row ten of Table 7. Thus, when the M, > 6.0,
PGA>1.70 g and 1.70-1.11 g, OD>1 m, RMR of 1-100,
with the order of criticality of lining type, shape, and acces-
sibility of tunnel is complete. The 2nd—>5th rows and 7th—
10th rows in Table 7 overcome the limitation of row 1 and
row 6 of Table 7 which are basically row 1 and row 2 of EH
and VH classes in Table 6.

H and M damage classes and their shifts in damage
classes From Table 6, the damage cases of damage classes
H and M are the one’s with fault not passing through the
tunnel. Most tunnels in H and M damage classes are at
OD <200 m. There are exceptions of damage cases up to
800 m in H damage class and 500 m in M damage classes as
mentioned in Sect. 3.2.1. Table 7 extends the OD cases of H
damage class by considering OD up to> 800 m and shows
the impact of damage with varying RMR values for PGA of
1.10-0.91 g. Likewise, Table 7 extends the OD cases of M
damage class by considering OD up to> 500 m and shows
the impact of damage with varying RMR values for PGA of
0.90-0.41 g. From the proposed SDCT, amount of damage
and PSD decrease for each damage class from EH to VL.
By comparing with other studies (Sharma and Judd 1991;
Yu et al. 2016b; Lai et al. 2017; Zhang et al. 2020; Shrestha
et al. 2020) and observations of this study suggest that with
increasing tunnel depth, seismic damage generally decreases
and higher RMR correlates with reduced seismic damage.
These observations and a few assumptions are utilized to
provide completeness to H and M damage classes and their
shifts in damage classes through Table 7.

In Table 6, for the H damage class, the PGA is 1.
10-0.91 g. The obtained RMR range is 15-60 and OD of
10-200 m. Table 6 is a summary of the created SDDT and
predicted damages of H damage class are B12, C11, E11
to the lining, whereas B21 and A32 of portal and invert,
respectively. For PGA of 1.10-0.91 g, this study consid-
ers that, if the RMR is in range of 1-14 and OD is 1-9 m,
practically the damage would remain the same as B12, C11,
E11 to the lining, whereas B21 and A32 of portal and invert,
respectively. The OD range is considered up to 800 m in
12th row of Table 7, based on the exception case in SDDT.
Therefore, 12th row of Table 7 corresponds to predicting
B12, C11, El1, B21, and A32 for ranges of RMR of 1-60,
OD of 1-800 m with PGA 1.10-0.91 g. In the same manner,
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keeping all the parameters same as row twelve of Table 7
and if the OD is increased to > 800 m, the amount of dam-
age further decreases, and damage class shifts to L dam-
age class predicting E13 and B23 to the lining and portal,
respectively as given in row thirteen of Table 7. In 13th row
of Table 7, the probable damages are minimal as the OD
is higher, which is > 800 m. Similarly, if RMR is 61-80,
the rock class is good, which is better than poor, very poor,
and fair rock classes as proposed by Bieniawski (1993). If
RMR is increased, the amount of seismic damage decreases.
Therefore, for PGA of 1.10-0.91 g, if RMR is 61-80, OD is
1-200 m, damage class shifts to M damage class predicting
C12,Dl11, E12 to the lining, whereas B22 and A33 of portal
and invert, respectively as shown in 14th row of Table 7. In
the same manner, keeping all the parameters same as row
fourteen of Table 7 and if the OD is increased to 201-800 m,
the amount of damage further decreases, and damage class
shifts to L. damage class predicting E13 and B23 to the lin-
ing and portal, respectively as provided in row fifteen of
Table 7. Likewise, keeping all the parameters same as 15th
row of Table 7 and if the OD is further increased to > 800 m,
the amount of damage further decreases, and damage class
shifts to VL damage class predicting E14 and B24 to the lin-
ing and portal, respectively as given in 16th row of Table 7.
VL class predicts the minimal forms of seismic damage to a
tunnel. Hence, for PGA of 1.10-0.91 g, if RMR is 8§1-100,
the OD limit is not differentiated and considered as > 1 m
which would predict E14 and B24 to the lining and portal,
respectively as given in row seventeen of Table 7.

In Table 6, for the M damage class, the PGA is
0.90-0.41 g. The obtained RMR range is 15-60 and OD of
6-250 m. Table 6 is a summary of the created SDDT and
predicted damages of M damage class are C12, D11, E12
to the lining, whereas B22 and A33 of portal and invert,
respectively. For PGA of 0.90-0.41 g, this study considers
that even if the RMR is at a range of 1-14 and if OD is at
1-5 m also, practically the damage would remain the same
as C12, D11, E12 to the lining, whereas B22 and A33 of
portal and invert, respectively. The OD range is considered
up to 500 m in the 19th row of Table 7, based on the excep-
tion of two cases in SDDT. Therefore, 19th row of Table 7
corresponds to predicting C12, D11, E12, B22, and A33 for
RMR of 1-60, OD of 1-500 m with PGA 0.90-0.41 g. Simi-
larly, keeping all the parameters same as row 19 of Table 7
and if the OD is increased to > 500 m, the amount of damage
further decreases, and damage class shifts to L damage class
predicting E13 and B23 to the lining and portal, respectively
as shown in row twenty of Table 7. The study by Shrestha
et al. (2020) supports the previous statement as the Melam-
chi Tunnel with OD of 1150 m, included in the SDDT, expe-
rienced lining cracks, classified as E13 as per this SDCT,
at an OD > 500 m, as indicated in row twenty of Table 7.
Correspondingly, if the RMR is increased to 61-100, the
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rock class is good to very good, which is better than poor,
very poor, and fair rock classes as proposed by Bieniawski
(1993). If RMR is increased, the amount of seismic dam-
age decreases. Therefore, for PGA of 0.90-0.41 g, RMR of
61-100, OD is 1-250 m, the amount of damage decreases
and damage class shifts to L damage class predicting E13
and B23 to the lining and portal, respectively as provided in
21st row of Table 7. Correspondingly, keeping all the param-
eters same as row 21 of Table 7 and if the OD is increased
to>250 m, the amount of damage further decreases, and
damage class shifts to VL damage class predicting E14
and B24 to the lining and portal, respectively as given in
22nd row of Table 7. The RMR of 61-100 is considered in
21st and 22nd rows instead of 61-80 and 81-100 because
L and VL damage classes predict minimal forms of seismic
damage to a tunnel. Therefore, without differentiating the
good and very good rock classes, they are combined here as
the damages are minimal. E14 and B24 are the least dam-
age types that could occur to a tunnel. Thus, for M, > 6.0,
PGA of 1.10-0.91 g and 0.90-0.41 g, OD combinations
for>1 m, RMR of 1-100, with an order of criticality of lin-
ing type, shape, and accessibility of tunnel are complete. The
12th—17th rows and 19th—22nd rows in Table 7 overcome the
limitation of row 11 and row 18 of Table 7 which are basi-
cally row 3 and row 4 of H and M damage classes of Table 6.

L, VL, and EL damage classes and their shifts in damage
classes The damage classes L and VL have lesser PGA com-
pared to other damage classes. In Table 6, for the L damage
class, the PGA is 0.40-0.11 g, the obtained RMR range is
40-75, and the OD of 20-400 m. The predicted damages are
E13 and B23 to the lining and portal, respectively. Table 6 is
a summary of the created SDDT. For PGA of 0.40-0.11 g,
this study assumes that even if the RMR is in the range of
1-39, 76-80, and if OD is at 1-19 m also, practically the
damage would remain the same as E13 and B23. There-
fore, the 24th row of Table 7 corresponds to predicting E13
and B23 for RMR of 1-80, OD of 1-400 m with PGA of
0.40-0.11 g. In the same manner, keeping all the parameters
same as row 24 of Table 7 and if the RMR is increased to
81-100, the amount of damage further decreases, and dam-
age class shifts to VL damage class predicting E14 and B24
to the lining and portal, respectively as given in the 25th row
of Table 7. Likewise, if RMR is 1-100 and OD is increased
to > 400 m for PGA of 0.40-0.11 g, the damage class shifts
to VL damage class predicting E14 and B24 to the lining
and portal, respectively as provided in 26th row of Table 7.
Here, the RMR of 1-100 is considered instead of 1-80 and
81-100 because, if the damage class is shifting, then the VL.
damage class is predicted, which is the least form of seismic
damage to a tunnel. Therefore, without differentiating the
rock classes, they are combined here.

In Table 6, for the VL damage class, the PGA is
0.10-0.01 g. The obtained RMR range is 40-85 and OD of
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20-500 m. Table 6 shows a summary of the created SDDT
and predicted damages are E14 and B24 to the lining and
portal, respectively. For PGA of 0.10-0.01 g, even if the
RMR is at a range of 1-39, 85-100, and if OD is at 1-19 m
also, practically the damage would remain same as E14 and
B24. The OD range is considered up to 800 m in 28th row
of Table 7, based on one exception case in SDDT. There-
fore, 28th row of Table 7 corresponds to predicting E14
and B24 for RMR of 1-100, OD of 1-800 m with PGA
of 0.10-0.01 g. Correspondingly, keeping all the param-
eters same as the 28th row of Table 7 and OD is increased
to> 800 m, the amount of damage further decreases, and
damage class shifts to EL damage class predicting N,
which represents no damage caused as given in 29th row
of Table 7. Thus, for M, > 6.0, PGA of 0.40-0.11 g and
0.10-0.01 g, OD combinations for>1 m, RMR of 1-100,
with order of criticality of lining type, shape, and accessibil-
ity of tunnel are complete. The 24th—26th rows and 28th and
29th rows in Table 7 overcomes the limitation of row 23 and
row 27 of Table 7 which are basically row 5 and row 6 of L
and VL damage classes of Table 6.

The EL damage class has PGA values of <0.01 g,
M,,> 6.0, and irrespective of any other parameter, it predicts
the no damage scenario as provided in row thirty of Table 7,
which is basically the 7th row of the EL damage class of
Table 6. Therefore, the critical combination of parameters
for predicting probable seismic damage from Table 7 pro-
vides the completeness of parameters with various combina-
tions. Thus, based on observations of this study and litera-
ture, a few assumptions and outcomes of Table 6, Table 7
is formed. The shifts in Table 7 are important because using
the current study in the field provides an early advantage in
determining the need for seismic-related investigations for
a tunnel. However, Table 7 is subjected to change or refine-
ment when more data gets added.

3.2.4 Role of Other Parameters in the Seismic Performance
of the Tunnel

Apart from the seven parameters of Table 6 in this study, the
literature reports that other four parameters like the length of
the tunnel, lining thickness, method of construction, and age
of tunnels also account for the seismic damage of the tunnel
(Dowding and Rozen 1978; Jiang et al. 2010; Chen et al.
2012; Yu et al. 2017). Longer lengths of tunnels undergo
the intersection of different rocks or rock masses and differ-
ent strata (Yu et al. 2017). In Sect. 4, the methodology for
predicting seismic damage before the earthquake is elabo-
rated. It is mentioned that, for tunnels, the SSD from the
sources is obtained from any end of the portal for tunnel
lengths <2 km and further the PGA values can be sorted

from higher to lower order for all sources within 250 km.
For the tunnels with lengths > 2 km, it is recommended to
obtain the SSD from the most critical section of rock mass
(least RMR value or interface of rock mass or weak/shear
zones in the tunnel). If there are multiple critical sections
in long tunnels, the multiple SSDs are considered and the
PGA values can be sorted from higher to lower order for all
sources within 250 km. However, in the long tunnels, when
they undergo the intersection of different rocks or rock mass,
the combinations of RMR are also accounted for in Table 7
along with seismic and structural parameters. Therefore, the
effect of the length of the tunnel is indirectly accounted for
through the parameter RMR and the proposed methodol-
ogy in this study. From the study of Chen et al. (2012), the
New Austrian Tunneling Method (NATM) is considered as
better than other methods of construction based on tunnel
conditions after the earthquake. However, it was observed
from SDDT that the G6 group/RCL lining type which is
the preferred lining in NATM shows lower cases of damage
as compared to others. Indirectly the order of criticality of
lining type in the classification is taking care of this aspect.

The study of Jiang et al. (2010) mentioned that a higher
degree of seismic damage in tunnels is associated with the
higher age of the lining. The age is obtained by subtracting
the year of seismic damage from the year of commencement
of a tunnel. The deterioration of tunnel linings is typically
seen due to aging (Asakura and Kojima 2003). The main-
tenance, inspection, diagnosis, and repair technologies of
tunnels are essential for ensuring the safety of these aging
infrastructures (Asakura and Kojima 2003). The mainte-
nance, inspection, diagnosis, and repair of tunnels are asso-
ciated with many uncertainties, which the present study in
its current form ignores. The study of Dowding and Rozen
(1978) concluded that seismic damage in tunnels is higher
for larger lining thicknesses (=40 cm). The general tunnel
practice ignores seismic loads on the lining (Wang et al.
2001; Li 2012; Chen et al. 2012; Shen et al. 2014; Yu et al.
2016b; Zhang et al. 2018; Shrestha et al. 2020). Hence, this
implies that the tunnel linings are designed for static loads
(ITA 1988). In general, the lining thickness is the function
of RMR, OD, and in-situ stress ratio. Lower RMR results
in higher lining thickness in design and this study shows
tunnels in lower RMR are more prone to seismic damage.
Therefore, the two parameters, RMR and OD, indirectly
account for the effects of lining thickness in the present
study. Therefore, the length of the tunnel, lining thickness,
method of construction, and age of tunnels are not accounted
for explicitly in Table 6 of this study. The methodology for
predicting damage before the earthquake and validation are
elaborated in Sect. 4.
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Fig.7 Methodology for pre-
dicting the seismic damage in

Identify the active fault planes(sources) near the tunnel(site) in within <250 km

tunnels before earthquake

!

Mapping of fault/s (source/s) and tunnel (site) of hazard area in Google Earth Pro

!

Using the distance indicator in Google Earth Pro, obtain the distance (SSD/s) between
sources from any end of the tunnel portal (If the length of the tunnel is <2 km)

!

tunnel is >2 km)

Using the distance indicator in Google Earth Pro, obtain the distance (SSD/s) between
sources from the most critical section of rock mass in a tunnel (If the length of the

!

Obtain the Moment Magnitude/s (Mw) of source/s or fault/s in the vicinity of the
tunnel using empirical relations of the magnitude indicator and the length of the fault

!

Obtain parameter ‘PGA/s’ using region-based attenuation relationships

A 4

Obtain RMR, Overburden Depth, Lining Type, and Shape of Tunnel

'

Utilize the critical combination of parameters from Table 7 and obtain
the respective damage class

!

Check the obtained damage class and predict the probable damages
and tunnel accessibility prior to the earthquake.

4 Methodology for Predicting Seismic
Damage in Tunnels Before Earthquake

The previous section describes on utilization of Tables 6
and 7, which provide a summary of SDDT and insights
into predicting potential seismic damage of tunnels,
respectively. From this, a simplistic methodology is pro-
posed for damage assessment and prediction before earth-
quakes for existing and future tunnels as shown in Fig. 7.

If a tunnel(site) is residing in a seismic zone, the initial
step is to identify the active faults (sources) near the tun-
nel. From Table 6, for the VL damage class, the upper limit
of SSD is 250 km. Thus, the sources within 250 km are of
interest, from the site. The distance between the sources
and the site of interest is to be obtained. The distance from
the sources is obtained from any end of the portal for tun-
nel lengths <2 km. For the tunnels with lengths > 2 km,
it is recommended to obtain the SSD from the most criti-
cal section of rock mass (least RMR value or interface of
rock mass or weak/shear zones in the tunnel). If there are

@ Springer

multiple critical sections in tunnels with lengths > 2 km,
multiple SSDs are to be obtained. Map the location of
a site and sources in Google Earth Pro. Using the dis-
tance indicator tool in Google Earth Pro, the SSD is cal-
culated. If the tunnel is passing through the active fault
plane (sources), the SSD is very low. Along with SSD, the
M, of a source is to be obtained. Empirical relationships
on magnitude indicators proposed by Wells and Cooper-
smith (1994) as tabulated in Table 8 are used to obtain
the magnitude of sources. These empirical relationships
are correlated between M,, and surface rupture length.
Studies of worldwide earthquakes show that faults do not
rupture over their entire lengths or areas during individual
events. Instead, individual fault segments with physically
controlled boundaries rupture repeatedly (Kramer 1996).

After obtaining SSD and M, the PGA of the tunnel
site is calculated using the region-based attenuation rela-
tionships. This study is based on 26 different earthquakes
causing damage to the tunnels. Thus, the adopted region-
based attenuation relationships of this study can be used
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Table 8 Empirical relationships between moment magnitude (M,,),
and surface rupture length (L in km) (after Wells and Coopersmith
1994)

Fault movement Number Relationship Standard
of events deviation
(Opmw)
Strike-slip 43 M,=516+1.121ogL 0.28
Reverse 19 M,=5.00+1221logL 0.28
Normal 15 M,=4.86+1321logL 0.34
All 77 M,=5.08+1.16logL 0.28

in future hazard analyses of tunnels at respective seismic
hazard areas. The attenuation relationships of PGA (PHA)
for rock sites are to be considered. After obtaining PGA,
other critical parameters of Table 7 are to be obtained.
For example, if three active faults are present in the vicin-
ity of the tunnel, three SSDs, Magnitudes, and PGAs are
obtained as (SSD1, SSD2, SSD3), (M1, M2, M3) and
(PGA1, PGA2, PGA3). From all three sources, the PGA’s
and SSDs might differ and predicted damage class and
probable damages also differ from those three faults when
they are critically combined with other parameters. This
helps in identifying and knowing, which damage is caused
by the respective fault/s in the tunnel vicinity. From this
methodology and SDCT, the damage to the rock tunnel is
predicted before an earthquake using Table 7 and Fig. 7.
Hence, this simplistic methodology can be utilized by
engineers at a site to know the seismic vulnerability of
the rock tunnel before an earthquake. It neither requires
any rigorous calculations nor Al or ML techniques.

4.1 Validation of Proposed SDCT and Methodology

On February 6th, 2023, two major earthquakes took place in
the East Anatolian Fault Zone (~700 km long) of Tiirkiye.
Due to this earthquake, there was damage to the Erkenek
Tunnel in Tiirkiye. This tunnel site is utilized for valida-
tion of the proposed SDCT and Methodology. The Main-
shock of M -7.8 (Pazarcik) took place on EAFZ and was
initiated at Narli Fault. Nine hours later another event of
M,-7.5 (Elbistan) took place on the Surgu-Cardak faults.
The rupture surface of these events was roughly 300 and
160 km long representing left-lateral strike-slip motion
for both events. The focal depth of these events is 10 and
7.4 km. The mapping is done in Google Earth Pro for the
ruptured fault models, epicenters of both earthquakes and
Erkenek tunnel, as shown in Fig. 8a, b. The red lines rep-
resent the surface trace of the fault models of both earth-
quakes. The epicenters of M-7.8 and 7.5 are represented
in red and yellow-colored star shapes, respectively and Erk-
enek tunnel is red-colored T notation. A Portal Start and
Portal End of Tube 1 and 2 (PST1, PET1, and PST2, PET2)

are mapped (white-colored line), as shown in Fig. 8b. The
details of the Erkenek tunnel are mentioned in Table 9. The
details of rock units present at the site, rock mass, geom-
etry, and lining types are obtained from the literature men-
tioned in Table 9. The SSD is obtained from both the ends
of portal, as shown in Fig. 8b. The OD is unknown from any
report. However, it was obtained as 25-160 m by mapping
the elevation profile along the tunnel path in Google Earth
Pro. For obtaining PGA, the GMPE of Akkar et al. (2014) is
used. Although this GMPE applies to Europe and the Middle
East, its database is dominated by recordings of Tiirkiye,
Italy, and Greece and is applicable for M, 4.0-8.0 and focal
depths <30 km.

Based on Table 9, the parameters of the tunnel are as
follows: M, of 7.8, SSD range of 3.5 and 4.1 km with PGA
values of 0.969 and 0.939 for portal ends. The site param-
eters like RMR are between 24 and 29, and the maximum
OD of the tunnel is 160 m. The tunnel is horseshoe-shaped,
and reinforced concrete is the lining type. If all these param-
eters (M, SSD, PGA, RMR, OD, tunnel’s shape, and lining
type) are combined, they correspond to row 3 of Table 6/
row 11 of Table 7 with damage class High (H). As per this
combination of parameters, the probable damages are B12,
C11,El1, B21, and A32. From the reports (GEER and EERI
Report 2023; Aydan and Ulusay 2023), the actual damages
in twin tubes are compiled as shown in Fig. 9a—f.

It is observed that the actual damages are very close to the
predicted ones as per this study. The damages in Fig. 9a—d
are lining damages referring to B12, C11, and E11, whereas
Fig. e, f are close to B21, and A32 as per this SDCT and
description of Table 5. In Erkenek Tunnel’s case, one of
the tubes was closed after inspection on 6th February 2023
and another one was in operation. By March 20th, 2023,
both the tunnel tubes were open to traffic as per GEER and
EERI report (2023). As per row 3 of Table 6, the tunnel
is operable after seismic event with many precautions and
necessary caution boards. In terms of accessibility as well,
this study predicted the outcome correctly. Another reason
for highlighting the proposed methodology is that it would
have predicted similar damage, even if it were before an
earthquake. The magnitude indicator (as per Table 8) of
EAFZ~700 km long is M, of 8.3 (+0.28). For the indicated
M, and SSD (~3.5 to 4.0), the maximum PGA (calculated
as per Akkar et al. 2014) would be 0.99 g. For this PGA and
other parameters as a combination, it would still fall under
the same damage class of high (H) and would predict similar
damages. Thus, the efficacy of the proposed methodology is
detailed and checked for the Erkenek tunnel.
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Fig.8 Google Earth Pro

image of a mapping of the
ruptured fault, epicenters of the
Kahramanmarag earthquake
sequence, and damaged Erkenek
tunnel (Source of KMZ file for
fault rupture: USGS), b Map-
ping of Erkenek twin tunnel
tubes and their portals

v A
ged 2023 d&] A

5 Discussion

The proposed SDCT based on lining, portal, and invert
utilizes PGA as a prominent seismic parameter and does
not use PGV as a majority of region-based attenuation
relations are available only for PGA. This is the first
study that uses region attenuation relations for obtain-
ing PGA for tunnels. The attenuation relationships are
based on peak horizontal acceleration values and vertical
seismic motion is considered to have a minor effect on
the seismic response of tunnels based on a study by Yu
et al. (2016a). The effect of vertical seismic motion on
the seismic response of tunnels can be better understood
through more detailed numerical analysis in future stud-
ies. Numerous seismic damage classifications of tunnels
are available, but they are modified for every event based
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on the amount of damage and all of them are based on
forensic analysis. For the first time, the SDCT and pro-
posed methodology can be used before the earthquake also
without using any rigorous calculations or any Al or ML
techniques. The prominence of this study lies in the sim-
plicity of utilizing this methodology at sites by rock and
tunnel engineers all over the world before an earthquake.
The proposed SDCT could not accommodate damage like
groundwater leakage. The leakage is due to leaks in the
concrete lining and is associated with either lining cracks
or spalling, which is detailed in Table 5. The proposed
SDCT assumes seismic-resistant design is not considered
in tunnels. This study is limited to categorizing the dam-
age and the role of influence parameters with their critical
combination responsible for the damage. This study does
not propose any retrofitting techniques, improvements to
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Table 9 Details of the Erkenek tunnel in Tiirkiye

Name of tunnel

Erkenek tunnel

Location (latitude, longitude)
Geometry of tunnel

Tunnel type

SSD1, SSD2 (in km)

Region attenuation used
Calculated PGA (in g)

Rock units

RMR

Maximum OD (in m) 160
Lining type

(PST1/PST2-37.9232, 37.8888) and (PET1/PET2-37.9231, 37.8660)

10.30x 7.47 m (width X height), 1816 m (Length) (Gokceoglu and Karahan 2023)
Road tunnel (twin tube)

3.5 (from PST 1 and PST 2)*, 4.1 (from PET 1 and PET 2)*

Akkar et al. (2014)

0.969 (for SSD1), 0.939 (for SSD2)

Graphitic schist, calcschists, recrystallized limestones (Gedik 2021)

24-29 (poor) (Gedik 2021)

Reinforced concrete (C25/C30—C stands for concrete, and the numeric value is

the strength of the concrete) (lining thickness—40 cm) (support system details
are unknown) (Gokceoglu and Karahan 2023)

Shape

Horse-Shoe

Remarks: *—(PST1, PET1, and PST2, PET2)—a portal start and portal end of tubes 1 and 2

@ ®)

(e) (6]

Fig.9 a, b Spalling of concrete linings, ¢ a portion of the roof and
sidewall damage, d longitudinal cracking, e traces of rockfall above
the portals, f pavement dislocation at the entrance of the portal
(Source: GEER and EERI Report 2023; Aydan and Ulusay 2023)

the lining types, seismic isolation methods or so. Utilizing
this SDCT, for every damage class, separate retrofitting
measures and mitigation measures can be developed in
the future.

The proposed combination in Table 7 can predict prob-
able seismic damages for each damage class by using the
other five parameters excluding lining type and tunnel
shape. However, considering past earthquakes, the sug-
gested order of criticality of linings and shapes in Table 7
can raise awareness among engineers' during the planning
stages and retrofitting of old tunnel linings for tunnels in
seismic zones. For different cases of each damage class in
Table 7, the lining types and shapes can be analyzed by
numerical analysis which provides a better understand-
ing and can lead to improvements in Table 7. A numeri-
cal analysis of a three-dimensional geological model that
incorporates seismic and rock mass parameters of tunnel
sites will provide deeper insights. This study accounts for
obtaining quantitative values for seismic parameters like
M,,, SSD, and PGA. However, to understand the influence
of seismic waveform changes and the presence of impulse
waves in seismic damage to the tunnel, a numerical analy-
sis is recommended. There are no cases of tunnel damage
for M, <6.1 as per SDDT. This study is based on created
SDDT from the records of actual damaged tunnel sites.
Therefore, Table 7 adjusts the utility of M, on-site by
marking M, > 6.0, regardless of SSD. The region-based
attenuation relationship should be utilized to obtain the
PGA value for selecting the damage class from Table 7.
The proposed boundaries for parameters in Table 7 are
subject to change in the future if the proposed boundaries
cannot predict the seismic damage to a tunnel. This study
is based on data of damaged tunnel sites and it is sub-
ject to change or refinement when more data gets added.
One should prefer a site-specific numerical analysis for a
detailed overview of the seismic response of tunnels con-
sidering the actual geological and structural conditions of
the site. However, using the current methodology provides
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a head start in deciding the requirement for such seismic-
related investigation for a tunnel.

6 Conclusions

This study is unique in its way, by differentiating the roles
of seismic, structural, and geological parameters in each
damage class. An extensive literature review is conducted
to create the global largest SDDT from 235 tunnel sites
damaged by 26 earthquakes. This formed a basis for
establishing SDCT and methodology for predicting dam-
age before an earthquake. The validation of the proposed
methodology showed a good agreement with the Erkenek
Tunnel in Tiirkiye. This SDCT is the first of its kind which
can be utilized for pre-seismic damage assessment of tun-
nels. This study can provide insight for tunnel engineers
all over the world, about the importance of parameters like
M, PGA, SSD, RMR, OD, lining types, and shape of the
tunnel at the planning stage or before the construction of a
tunnel in a seismic zone. It also provides a rapid post-seis-
mic damage description after an earthquake as it covers
the minimal form of damage like cracking or stones pil-
ing up in front of a portal to major damages like collapse
and lining dislocations. The proposed methodology is very
simple to use as it does not involve any complex numeri-
cal analysis or rigorous calculations or any other AI/ML
techniques. This study provides a clear overall outlook
on the role of each parameter in the damage response of
tunnels and can be used as a guideline for seismic damage
assessment of tunnels. Hence, the proposed methodology
can be implemented for existing, old, new, and upcom-
ing tunnels residing in a seismic zone for seismic damage
assessment. This article has a follow-up as part 2, where
by using this method, a Python-based GUI tool is devel-
oped for India and adjacent countries. Initially, the data
of seismic sources from India and adjacent countries are
collected. The collected seismic sources serve as input
data. Then, a Python code is written to identify the sources
within 250 km of the tunnel site and also calculates the
PGA from each source through empirical attenuation rela-
tionships. The input parameters to be entered in this GUI-
tool are latitude and longitude (user’s location), RMR,
OD in m, tunnel lining type, and tunnel shape. Critically
combining all these parameters, the software predicts the
damage class and probable damages from seismic sources
within 250 km of the study region of a user. The reports
are generated in.txt (notepad) format and include graphs
showing the distribution of total faults in each damage
class. Engineers can obtain the SVRT in India and nearby
countries through this software before an earthquake.
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