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A B S T R A C T   

Transport infrastructure is the backbone of the economy and society, while at the same time is exposed to 
multiple hazards. Previous natural disasters, including earthquakes, had a significant impact on transport net-
works with severe consequences for the users and supply chain. In this context, the resilience assessment of 
critical assets such as tunnels is of paramount importance for increasing safety and maintaining their func-
tionality in seismic-prone areas. This study presents a practical resilience assessment framework for tunnels 
subjected to earthquakes. The proposed framework combines fragility and restoration functions, for assessing the 
robustness of tunnels exposed to different seismic scenarios, and the rapidity of the recovery considering 
different damage levels. The framework is applied to circular tunnels in alluvial deposits. A life-cycle resilience 
index is estimated, and the effects of soil conditions, tunnel burial depths, construction quality, and aging of the 
tunnel lining, on the resilience quantifications are examined and assessed. This effort contributes to the 
resilience-based design and management of tunnels and underground transport networks, and hence, facilitates 
decision-making and efficient allocation of resources by consultants, operators, and stakeholders.   

1. Introduction 

Seismic hazard constitutes an essential threat to tunnels in seismic- 
prone areas. Post-event reconnaissance studies [1–3] have proven that 
the exposure of tunnels to earthquakes may lead to significant direct and 
indirect economic and social losses. For instance, the 1995 Kobe 
earthquake in Japan caused major damage to tunnels, including the 
entire collapse of the Daikai station [1]. The 1999 Chi-Chi earthquake in 
Taiwan resulted in damage of 49 of the 57 mountain tunnels within 60 
km of the epicenter, including minor to moderate level cracking and 
spalling in the tunnel lining, as well as severe damage of tunnel portals 
[4]. More recently, the 2008 Wenchuan earthquake in China caused 
severe lining spalling and, in some cases, the collapse of tunnels [3]. 
Examples from Europe, include the Bolu tunnel in Turkey in 1999, and 
the San Bendetto tunnel in Italy due to the Norcia earthquake in 2016 
[5]. In both cases, significant transverse ring cracks were formed in the 

concrete liner. It is found that the tunnel lining, tunnel portal, and 
pavement damage, are the most vulnerable parts of tunnels subjected to 
strong ground motion. Common types of damage include the collapse of 
the portal, lining collapse, lining spalling, pavement uplift, failure of 
sidewalls, water leakage, and cracks [6]. In this context, it is of para-
mount importance to assess and quantify the risk, as well as the resil-
ience of tunnels exposed to seismic hazards, to increase their reliability, 
protect the societies and safeguard the economy. 

Resilience is described as the ability to withstand, respond and 
rapidly recover from natural or manmade hazards [7], while the most 
common properties of infrastructure resilience include robustness, 
rapidity, redundancy, and resourcefulness [8]. In this respect, resilience 
is related to organizational, technical, social, and economic aspects [9]. 
The concept of resilience-based assessment of structures and critical 
infrastructure has been on the frontline of research in recent decades 
[10,11], while it is gradually introduced in the design practices and 
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operational procedures of transport infrastructure stakeholders [12]. 
The quantification of infrastructure resilience is commonly associ-

ated with metrics or indexes, which measure the ability of the assets or 
networks to absorb damage, to recover after a failure, and to adapt to 
new conditions [11,13]. Metrics related to the resilience curve, which 
describes the robustness of a structure and the rapidity of its function-
ality recovery after an event, are widely used [14], while lifetime 
resilience considerations have been introduced into the life-cycle asset 
management [15]. Resilience assessment frameworks for single and 
multiple hazards have been proposed and applied, among others, for 
buildings [16,17], bridges [11,18,19], transport networks [20,21], and 
other critical infrastructure [22]. Resilience considerations for tunnels 
have been recently introduced by Huang and Zhang [23] in case of 
extreme surcharge, which is caused by the excessive dumped soils with a 
height of 5–8 m loaded on the ground surface without permission. 
However, to the authors’ best knowledge, a framework for the quanti-
fication of the resilience of tunnels exposed to earthquakes has not been 
presented in the literature. 

To bridge this knowledge gap, this study presents a practical resil-
ience assessment framework for tunnels, which is then applied to cir-
cular tunnels in alluvial deposits exposed to ground seismic shaking. 
Furthermore, this study examines the effect of critical parameters on the 
vulnerability, and hence the resilience, of tunnels, such as the soil 
conditions, tunnel burial depths, construction quality of tunnels, and 
aging phenomena of the lining. Limitations of the proposed resilience 
assessment framework are discussed, whereas recommendations for 
further research are also discussed. 

2. Seismic resilience framework for tunnels 

Fig. 1 presents the proposed framework, which encompasses the 
steps of: (i) hazard analysis and definition of the hazard intensity, based 
on available hazard curves or other relevant studies for the examined 
tunnel sites, (ii) the physical vulnerability assessment, by adopting 
proper fragility functions (e.g., fragility curves), which assess the 
robustness of the structure and hence the loss of its functionality for 
given hazard intensities, (iii) the estimation of restoration time, which 
describes the rapidity of recovery after the occurrence of a hazard event, 

by including adequate restoration models and (iv) the resilience analysis 
and quantification with resilience metrics. These steps are described in 
detail in the following sections. 

2.1. Hazard analysis – hazard curve 

Hazard can be characterized at the site of interest using a hazard 
intensity measure (IM) based on available hazard maps or curves or site- 
specific seismic microzonation studies [14]. In this way, the probability 
of exceeding a specified level of seismic demand in a given exposure 
period can be defined and/or the spatial distribution of the IM in case of 
site-specific response analysis for transport networks can be obtained. 
For tunnels, the surface peak ground acceleration (PGA) or the peak 
ground velocity (PGV), which is generally better correlated to structural 
damage, can be used to describe the seismic hazard intensity [24,25]. It 
is worth noting that the seismic performance and, hence, the damage 
states of tunnels are dominated by the imposed ground deformations 
during shaking. Meanwhile, PGV is closely related with the ground shear 
deformations (gmax) induced during ground shaking, as mentioned in 
NCHRP 611 report [26]. In this regard, PGV is better correlated with 
structural damage, and can be used as the intensity measure for 
assessing the fragility of the tunnel lining. This analysis step aims at 
defining representative seismic hazard scenarios for the tunnel site, for 
assessing the expected losses and the resilience of the infrastructure 
(steps ii and iv). 

2.2. Physical vulnerability assessment - fragility functions 

The seismic vulnerability of tunnels can be assessed based on 
fragility functions (e.g., fragility curves), which describe the conditional 
probability of being or exceeding a specific damage state for a given 
seismic intensity measure (IM) [27–29]. Empirical or analytical fragility 
functions may be used for the seismic vulnerability assessment of tun-
nels. Analytical approaches are more popular in resilience assessment 
since they are developed by employing numerical models, which can 
consider variable parameters and uncertainties related to the seismic 
demand and the capacity of the examined structure. Numerical models 
simulate the seismic response of the tunnel lining for a range of 

Fig. 1. Seismic resilience assessment framework of tunnels.  
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earthquake intensities and soil-tunnel configurations, on the basis of a 
damage measure (DM) such as the exceedance of capacity bending 
moment or maximum axial stress [30]. Then, a probabilistic seismic 
demand model (PSDM) is constructed based on the calculated DM and 
the corresponding IM (e.g., Peak Ground Acceleration, PGA). Subse-
quently, fragility functions are generated based on the proposed PSDM 
[28,29]. A two-parameter lognormal probability distribution function is 
commonly adopted to describe the fragility for different damage states, 
as shown below: 

P[ds≥ dsi|IM] =Φ
[

In(IM) − In(IMmi)

βtot

]

(1)  

where Φ is the standard normal cumulative distribution function. IMmi is 
the corresponding median value of IM at which the tunnel reaches the ith 
damage state, and βtot is the total standard deviation. Specifically, for 

tunnel structures, five limit states are usually defined corresponding to, 
i.e., no damage (ds0), minor damage (ds1), moderate damage (ds2), 
extensive damage (ds3), and collapse (ds4) of the tunnel [27]. Table 1 
summarizes potential patterns of damage on tunnels for various damage 
states, based on reported cases of damage during past earthquakes [27, 
31,32]. 

2.3. Estimation of restoration times - restoration models 

The time required to repair a tunnel and restore its functionality 
depends highly on the extent of damage, as well as on the availability of 
relevant resources, the management, and decision-making approaches 
in the inspection, design, and construction phases. To estimate recovery 
times, restoration models may be employed, which describe the rapidity 
of recovering the functionality (e.g. traffic) or the structural capacity of 
an infrastructure, that sustained a certain degree of damage due to an 
external cause (e.g., natural hazard) [33]. More specifically, the resto-
ration models correlate the elapsed time after the initiation of restora-
tion works, with the structural capacity gain and/or the functionality 
reached for a given damage level. They depend on the restoration or 
adaptation strategies for different hazard events. The existing restora-
tion models are mainly developed based on expert judgment, and can be 
expressed by different shapes, such as linear, trigonometric [34], 
step-wise [35], or continuous [36] forms. Generally, the restoration 
process depends on the type of asset, the damage level, the availability of 
resources, and the prioritization of the owner’s goals. 

Upon selection of an adequate restoration model and after defining 
the probability of occurrence of each damage state based on the fragility 
functions (step ii), the functionality function Q(t) of a tunnel can be 
estimated following the approach proposed by FEMA [37], as a mean 
recovery weighted on each damage state probability. In this study, Q(t) 
is defined as the average functionality of a tunnel during the recovery 
phase, as it is shown in Eq. (2). This approach is widely adopted in other 
similar resilience-related assessment research [38–40]. Based on this 
definition, the functionality function Q(t) or resilience curve of the 

Table 1 
Potential patterns of damage on tunnels for various damage states [27,31,32].  

Tunnel 
damage state 
(dsi) 

Damage patterns 

Tunnel lining Tunnel portal Crack specification 

Length 
(m) 

Width 
(mm) 

ds0, no 
damage 

– – – – 

ds1, minor 
damage 

Minor cracking 
and spalling 

Small soil or rock 
mass falls 

<5 <3 

ds2, moderate 
damage 

Small cracking, 
spalling, and 
falling 

Small soil or rock 
mass topple and 
sliding 

5–10 3–30 

ds3, extensive 
damage 

Large cracking, 
spalling, and 
falling 

Large slumps of soil 
or rock mass and 
deep sliding 

>10 >30 

ds4, collapse Complete 
collapse 

Complete collapse 
and landslide 
influence 

– –  

Fig. 2. Estimation of the functionality function Q(t) of a tunnel: (a) functionality loss for the damage state i; (b) restoration functions for different damage states; (c) 
average functionality of a tunnel at a given earthquake scenario j (see Section 2); (d) functionality function Q(t) of a tunnel for different earthquake scenarios. 
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tunnel can be derived for a given level of seismic intensity, as presented 
in Fig. 2 and described in Section 3.3.1. The tunnel functionality func-
tion can take values between 0 and 1, and presents the characteristics of 
boundedness, monotonicity, and continuity [41]. A mathematical defi-
nition of the recovery process is provided by Cassottana et al. [41]. 

Q(t)=
∑4

i=0
Q[dsi|t]P[dsi|IM] (2)  

where Q(t) herein Q[dsi|t] represents the functionality of the tunnel being 
in DSi, at time t after the start of restoration works, as defined by the 
restoration models. P[dsi|IM] represents the probability of occurrence of 
dsi, computed using the fragility functions for a given IM level, as 
defined in the following equations: 

P
[
dsj

⃒
⃒IM

]
=P

[
ds> dsj+1

⃒
⃒IM

]
− P

[
ds> dsj

⃒
⃒IM

]
,when j= 0, 1, 2 (3)  

P
[
dsj

⃒
⃒IM

]
=P

[
ds> dsj

⃒
⃒IM

]
, when j= 3 (4)  

where P [ds> dsj
⃒
⃒IM] can be obtained from Eq. (1). It is noted that the 

existing fragility curves developed for the examined tunnel refer to 
minor damage, moderate damage and extensive damage. Therefore, the 
probability of occurrence of collapse P[ds4|IM] is not considered in the 
following analysis. Moreover, P[ds0|IM] is the probability of no damage 
state after the earthquake event, hence in Eq. (2) is multiplied by unity 
(1), that represents a full functionality. 

To date, it is noted that a precise definition of functionality for 
tunnels of different use (e.g., utility, automotive, railway, metro) is not 
available. Following the illustration of FEMA [37], the interpretation of 
tunnel functionality can be described as follows: (i) 0–25% functionality 
– tunnel is likely to be non-functional, i.e., tunnel will be closed; (ii) 
25–75% functionality – tunnel is likely to allow limited operations, i.e., 
part of the tunnel will be closed; (iii) 75–100% functionality – tunnel is 
likely to be functional, i.e., tunnel will be open. As an example, a tunnel 
with functionality equal to 66.7% generally indicates that the damaged 
tunnel is likely to allow limited operations. Yet, the decision to keep a 
tunnel open, partially open or closed, depends on its use, the operator’s 
policy, and safety thresholds, or the availability of alternative routes. In 
this paper, the post-event functionality at each DS was assumed to be 
90% for DS1, 25% for DS2, 5% for DS3, and 0% for DS4, as per FEMA [37]. 
Further, for a long tunnel or a network of tunnels, the damage pattern 
and recovery are quite complex, considering that multiple damage lo-
cations of different intensities are possible. Recovery models should 
consider the distribution and severity of the damage, as well as the idle 
time before the commencement of any restoration works and the 
sequence of restoration tasks, which are related to engineering, opera-
tional, and organizational aspects. 

A generic restoration model for tunnels provided by FEMA [37] is 
employed in this study (Fig. 1(ii)). Using Eq. (2), the functionality of a 
tunnel may be obtained over time for different damage states. Subse-
quently, the resilience analysis of the tunnel may be conducted (step iv). 
Due to the nature of the seismic hazard and its impact on the tunnel 
structure, the restoration process may have significant variations 
depending on the adopted strategy and available resources of the owners 
or stakeholders. For instance, the restoration time of the repair works 
can be to probabilistically modelled using a normal distribution. 
Therefore, future work should focus on the quantification of un-
certainties associated with the recovery process, including probabilistic 
restoration functions needed [38,40,41]. 

It is noted that the restoration model describes the repair of struc-
tural damage, as defined by the fragility functions. The damage may 
include, for example, cracking of the lining, spalling of the concrete, 
cracking of the flooring, and dislocation. Damage to other installations 
and utilities such as signaling, communication or power supply, and 
railway tracks is not considered here. This type of damage can increase 
the required restoration time. Also, the idle time, i.e., the time before 

any restoration work is commenced, is not taken into account. This time 
might include delays due to continuous seismic activity and aftershocks, 
inspection and safety assessments, site investigations, design of mea-
sures, and other organizational barriers. 

2.4. Resilience analysis 

This step combines the outcome of the vulnerability assessment of 
the examined tunnel (step i) with the restoration time for repairs and the 
recovery of functionality (step ii). In particular, the resilience curve 
defined by Eq. (2) and shown in Fig. 1 (iii) is employed to quantify 
resilience. The resilience index R given in Eq. (5) [14], is used herein, 
corresponding to the area under the resilience curve from time t0 to th 
over this recovery time, i.e.: 

R=

∫ th
t0

Q(t)dt
th − t0

(5)  

where th is the time when the recovery is completed or another time 
frame for which the resilience analysis is conducted [11], t0 is the time 
when the earthquake strikes, and Q(t) is the functionality function, (see 
Eq. (2)). 

It is noted that the resilience in this context describes the tunnel’s 
ability to withstand, respond and rapidly recover from a seismic event, 
and it is calculated on the basis of tunnel performance (robustness) and 
recovery time (rapidity). Moreover, the resilience index R given in Eq. 
(5) is defined as a summary resilience metric [42], and can be used to 
assess the current condition of an asset as well as the benefits of different 
design, restoration or adaptation strategies under various hazard events. 
Hence, the calculated resilience index R can support decision making by 
prioritizing a portfolio of assets (i.e., tunnel segments of an underground 
system or a highway network) based on the range of R values, similarly 
to risk metrics [43]. In this respect, the assets can be categorized into 
classes of low, moderate, or high resilience by setting appropriate 
thresholds of the R value for each class. These thresholds can be defined 
based on the distribution of the calculated R values (e.g., natural breaks 
classification), as well as based on the resilience objectives introduced 
by the infrastructure operators. The final decision should consider the 
direct (due to restoration works) and indirect losses (due to traffic in-
terruptions or interdependencies) [44]. In this paper, three classes of 
resilience are defined, as shown in Table 2, to rank the tunnel under 
study for the different scenarios. In this way, the impact of different 
seismic intensities and tunnel conditions can be reflected in the resil-
ience classification, which can provide meaningful and practical infor-
mation in decision making, in particular for portfolios of assets. For 
instance, Low resilience indicates a more significant impact of the 
seismic loading, due to the tunnel’s higher vulnerability (lower 
robustness) and/or slower damage restoration (e.g., limited resources or 
other barriers in the recovery). Hence, the focus should be given to the 
assets with lower resilience, for a more detailed assessment and allo-
cation of resources toward risk reduction. 

3. Application 

The framework described in Section 2 is applied herein to estimate 
the seismic resilience of typical circular tunnels in alluvial deposits for a 

Table 2 
Definition of resilience grade.  

Grade Range Colour 

High resilience 0.9 ≤ R < 1.0 

Moderate resilience 0.6 ≤ R < 0.9 

Low resilience R < 0.6 
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range of seismic hazard scenarios. The effects of some critical parame-
ters on tunnels’ resilience, including soil conditions, tunnel burial 
depths, and construction quality of tunnels are examined and discussed 
in this application. 

3.1. Selection of fragility functions 

The development of fragility curves is the basis for the seismic risk 
and resilience of critical infrastructure. In recent decades, many studies 
focused on this research topic, including the development of several 
empirical and numerical fragility curves being considering different 
conditions and relevant parameters affecting the response, and hence, 
the vulnerability of tunnels under seismic shaking [e.g., 25–28, 32, 
45–47]. Thorough reviews of the recent advances in the fragility anal-
ysis of tunnels and other underground structures may be found else-
where [e.g., [48,49]]. The present application adopts a series of fragility 
curves for circular tunnels in alluvial deposits presented by the authors’ 
previous work [27,28,45]. More specifically, Argyroudis and Pitilakis 
[27] provided fragility curves for shallow circular tunnels embedded in 
soil type B, C, and D of Eurocode 8 [50] based on the quasi-static 
approach. Extending the aforementioned study, Argyroudis et al. [45] 
developed a series of fragility curves for shallow circular tunnels con-
structed in soil type C and D, considering both the tunnel construction 
quality and the aging effects, using full dynamic analysis. Huang et al. 
[28] developed a series of fragility curves for typical shallow, moder-
ately deep, and deep tunnels constructed in soil type D based on the full 
dynamic analysis method. The parameters (medians and total standard 
deviations βtot) required to define these fragility models are shown in 
Table 3, and the corresponding fragility curves are shown in Fig. 3 for 
PGA (at the surface) values up to 1.6 g. 

3.2. Selection of restoration models 

The definition of restoration models is important for the quantifi-
cation of resilience. Although the research on the modeling of infra-
structure restoration is growing [51], to the authors’ best knowledge, 
restoration data and models for circular tunnels subjected to ground 
seismic shaking are very limited in the existing literature. In this study, 
the restoration model for bored tunnels in the highway transportation 

system proposed by the FEMA methodology [37], is used as an illus-
tration. Table 4 shows the parameters, i.e., mean and standard devia-
tion, of continuous restoration functions (all normal distribution 
functions) for a typical tunnel. The corresponding restoration curves for 
minor, moderate, and extensive seismic damage, shown in Fig. 4, follow 
FEMA [37]. It can be observed that the post-event functionality at each 
DS is about 90% for minor damage, 25% for moderate damage, and 5% 
for extensive damage. The tunnel functionality increases gradually as 
recovery time increases. According to this model, the full recovery 
(functionality of 100%) is achieved in about 3, 7, and 140 days for 
minor, moderate and extensive damage, respectively. It is noted that 
these restoration curves were developed based on the best fit to ATC-13 
data [52], which was a result of an expert elicitation approach. Hence, a 
uniform distribution function is used to specify continuous recovery 
curves, while the recovery curves themselves are not probability density 
functions. The fragility curves for the herein examined tunnel refer to 
minor damage, moderate damage, and extensive damage. Therefore, the 
restoration curve for complete damage is not provided herein, and is not 
considered in the development of resilience curves and the calculation of 
the resilience index for the examined tunnel. A more rigorous restora-
tion model for tunnels should be developed in the future, as discussed in 
Section 4. 

3.3. Resilience assessment 

Using the general framework presented in Fig. 1 and the fragility and 
restoration models presented in Sections 3.1 and 3.2, resilience curves 
and indexes are generated for selected soil-tunnel configurations, while 
the effect of critical parameters is also investigated. It is noted that the 
time th in Eq. (5) is the time frame for which the resilience assessment is 
performed, in order to compare R values for different assets and/or 
different hazard scenarios, and is commonly determined as the 
maximum restoration time of the examined assets. In this paper, for the 
computation of the resilience index, time th corresponds to the recovery 
time for extensive damage [11], i.e., 140 days (Table 2). 

3.3.1. Effect of soil conditions on seismic resilience of tunnels 
The effect of soil conditions is examined using the tunnel cases 

presented by Argyroudis and Pitilakis [27]. In particular, the analytical 

Table 3 
Parameters of the fragility curves used in this study (median values are shown in columns 5, 6, 7 and standard deviation in column 8).  

Reference Tunnel typology Soil 
type 

Tunnel service time T 
(years) 

Minor 
(g) 

Moderate 
(g) 

Extensive 
(g) 

βtot 

(1) (2) (3) (4) (5) (6) (7) (8) 

Argyroudis and 
Pitilakis [27] 

Shallow tunnel, diameter d = 10 m, burial depth h = 10 m B – 1.240 1.510 1.740 0.550 
C – 0.550 0.820 1.050 0.700 
D – 0.470 0.660 0.830 0.750 

Argyroudis et al. [45] Shallow tunnel, diameter d = 6 m, burial depth h = 10 m, 
good construction quality 

C 0 0.770 1.040 1.280 0.680 
50 0.730 1.010 1.250 0.710 
75 0.680 0.960 1.190 0.770 
100 0.640 0.910 1.140 0.83 

D 0 0.510 0.890 1.220 0.610 
50 0.470 0.850 1.190 0.630 
75 0.410 0.790 1.130 0.660 
100 0.350 0.740 1.080 0.690 

Shallow tunnel, diameter d = 6 m, burial depth h = 10 m, 
poor construction quality 

C 0 0.690 0.950 1.170 0.780 
50 0.650 0.910 1.130 0.820 
75 0.610 0.870 1.100 0.880 
100 0.580 0.830 1.050 0.940 

D 0 0.250 0.610 0.910 0.760 
50 0.200 0.560 0.870 0.800 
75 0.150 0.510 0.820 0.850 
100 0.100 0.450 0.760 0.920 

Huang et al. [28] Shallow tunnel, diameter d = 6.2 m, burial depth h = 9 m D – 0.350 0.604 0.968 0.533 
Moderately deep tunnel, diameter d = 6.2 m, burial depth h 
= 20 m 

– 0.427 0.836 1.491 0.580 

Deep tunnel, diameter d = 6.2 m, burial depth h = 30 m – 0.635 1.231 2.177 0.613  
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Fig. 3. Fragility curves provided by authors’ previous work.  
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fragility curves for shallow circular tunnels embedded in soil type B, C, 
and D, provided by Argyroudis and Pitilakis [27] (Fig. 3a), were used in 
the resilience analysis to evaluate the probability of occurrence of each 
damage state for five hazard scenarios (see step ii, Section 2) ranging 
from low to extreme seismic intensities (i.e., PGA equal to 0.2, 0.4, 0.6, 
0.8 and 1.0 g). The functionality of the examined tunnel was then 
computed for each damage state and the selected seismic intensity using 
the restoration model presented in Table 4. Fig. 5 shows the resilience 
curves of the examined tunnel for the five shaking level intensities and 
for the cases where the tunnel was embedded in soil type B, C, and D. 
The post-event immediate residual functionality Q (t = 0 day) of the 
tunnel decreases significantly as the seismic intensity level increases (i. 
e., as PGA moves from 0.2 g to 1.0 g) for all the examined soil conditions. 
Moreover, for the same seismic intensity level, the post-event immediate 
residual functionality Q (t = 0 day) of the tunnel decreases as the soil 
becomes softer (i.e., from soil type B to D). Taking PGA = 1.0 g as an 
example, the residual functionality Q (t = 0 day) of the tunnel is equal to 
0.79, 0.45, and 0.35 for soil type B, C, and D, respectively. The above 
values indicate that the differences on the computed functionality of the 
same tunnel in different soil conditions can be more than 200%. 

Moreover, it is observed that the slope of the resilience curve in Fig. 5 
changes significantly around 3–5 days of the recovery process, while the 
tunnel recovers in about 90 days after the earthquake event regardless of 
the earthquake intensity. These results are associated with the definition 
of the resilience curve (see Eq. (5)), where the functionality of the tunnel 

vs. time is calculated probabilistically for a given earthquake intensity, 
by considering the ‘contribution’ or ‘weight’ of the different damage 
states based on the corresponding damage probabilities as defined in the 
fragility curves. Therefore, the resilience curves show a weighted func-
tionality considering all possible damage states for a given hazard in-
tensity, while the restoration curves in Fig. 4 show the evolution of the 
functionality separately for each damage state. Based on the definition 
of the continuous restoration functions (Table 4), the recovery time for 
minor damage, moderate damage, and extensive damage is 3, 7, and 140 
days, respectively. Hence, after 7 days, the functionality of the tunnel is 
expected to be 100% at both minor and moderate damage. Therefore, 
the resilience curve after this time is determined only by the restoration 
function of extensive damage. In this regard, the slope of the resilience 
curve in Fig. 5 changes significantly in about 3–5 days of the recovery 
process. Furthermore, it can be assumed that when the functionality of 
the tunnel is 95%, a full recovery has been almost achieved. After that 
point, the slope of the resilience curve is very small, and the curve tends 
to be asymptotic to the horizontal as per the definition of the restoration 
functions in Fig. 4. For example, in Fig. 5 for tunnels in soil type D, the 
recovery to 95% is reached in 2 days, 76 days, and 88 days for the 
scenarios of 0.2 g, 0.6 g, and 1.0 g. Also, for tunnels in soil type D, it is 
noted that, for intensities larger than 0.63 g, the recovery is dominated 
by the restoration of the extensive damage state, as the probability for 
this damage state is higher. More specifically, for a PGA equal to 0.63 g, 
the probabilities for no damage, minor damage, moderate damage, and 
extensive damage are equal to 0.348, 0.177, 0.119, and 0.357, respec-
tively, based on Eqs. (3) and (4) and the corresponding fragility curves 

Table 4 
Parameters of continuous restoration functions for circular tunnels [37].  

Damage states Mean (days) Standard deviation σ (days) 

Slight damage 0.5 0.3 
Moderate damage 2.4 2.0 
Extensive damage 45 30  

Fig. 4. Adopted tunnel restoration curves by FEMA [37].  

Fig. 5. Resilience curves showing the evolution of the recovery of functionality with time (in days) for shallow circular tunnels embedded in different soil types.  

Fig. 6. Effect of soil conditions on the resilience index R of the exam-
ined tunnel. 
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by Argyroudis and Pitilakis [27]. 
The resilience index R of the examined tunnel is computed for the 

different soil conditions based on Eq. (5). Fig. 6 presents the evolution of 
the resilience index R with an increasing level of seismic intensity (i.e., 
expressed by means of PGA). The resilience index R is found to decrease 
significantly as the seismic intensity increases (i.e., R decreases as PGA 
increases from 0.1 g to 1.0 g). Moreover, lower values of R are estimated 
when the tunnel is embedded in softer soil deposits (i.e., lower values of 
R are computed from soil type B compared to soil type D), which in-
dicates that tunnels embedded in stiff soil conditions are more robust 
and can generally absorb and withstand the effects of ground seismic 
shaking. 

The resilience curve in terms of annual exceedance probability of the 
resilience index (R) can be plotted by integrating the resilience index (R) 
vs. the seismic intensity (PGA) curve and the corresponding seismic 
hazard curve (annual exceedance probability of PGA), as shown in 

Fig. 7. As an example, the derived resilience index curve of tunnels in 
soil type C (Fig. 6), and the corresponding hazard curve for soil type C in 
the city of Thessaloniki, Greece (Fig. 8a) [53] are used to derive the 
exceedance probability curve for R shown in Fig.8(b). Generally, it is 
found that the annual exceedance probability increases as the resilience 
index increases. This information can be used in conjunction with a 
given lifespan of the tunnel to facilitate decision making for asset 
management. 

3.3.2. Effect of the burial depth on seismic resilience of tunnels 
The burial depth of the tunnel plays a critical role in the seismic 

response of the soil-tunnel system, and therefore it has an important 
effect on the seismic resilience of tunnels. To examine this effect, the 
fragility curves developed by Huang et al. [28] for shallow, moderately 
deep, and deep circular tunnels embedded in soil type D are used herein 
(Fig. 3d). 

Fig. 7. Development of resilience index loss curve of the examined tunnels: (a) Resilience index curve; (b) Seismic hazard curve; and (c) Resilience curve in terms of 
annual exceedance probability of the resilience index. 

Fig. 8. Example of resilience index loss curve of tunnels in soil type C for the city of Thessaloniki, Greece: (a) Seismic hazard curve; and (b) Resilience curve in terms 
of annual exceedance probability of the resilience index. 

Fig. 9. Resilience curves showing the evolution of the recovery of functionality with time (in days) for circular tunnels with different burial depths in soil type D.  
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Fig. 9 shows the resilience curves of the examined circular tunnels 
with different burial depths in soil type D for the five shaking level in-
tensities. The post-event immediate residual functionality Q (t = 0 day) 
of the tunnel decreases significantly as the seismic intensity level in-
creases for all the examined tunnels. Moreover, for the same seismic 
intensity level, the post-event immediate residual functionality Q (t =
0 day) increases as the tunnel burial depth becomes deeper (i.e., from 
the shallow tunnel to the deep tunnel). Taking PGA = 1.0 g as an 
example, the residual functionality Q (t = 0 day) of the tunnel is equal to 
0.28, 0.47, and 0.69 for shallow tunnel, moderately deep tunnel, and 
deep tunnel, respectively. The above values indicate that the differences 
on the computed functionality of the tunnels in different burial depths 
can be up to 146%. 

Fig. 10 presents the evolution of the resilience index R with 
increasing levels of seismic intensity (i.e., PGA), as computed for the 
examined soil-tunnel configurations, i.e., for a tunnel embedded in soil 
type D with various burial depths. The resilience index R is found to 
decrease as the seismic intensity increases, while lower R values are 
computed for the shallow tunnel case, compared to the cases where the 
tunnel is embedded in higher depths). This decrease in resilience is more 
evident in higher seismic intensities (PGA>0.8 g), while for PGA levels 
up to 0.4 g, the effect of burial depth on the resilience is minor. As an 
example, for a PGA equal to 0.35 g, the resilience index R is equal to 
0.992, 0.995, and 0.998 for shallow, moderately deep, and deep tunnels, 
respectively. However, for a PGA equal to 1.0 g, the resilience index R is 
decreased to 0.886, 0.935, and 0.972 for minor, moderate and extensive 
damage, respectively. Therefore, for a given soil deposit and a given 
seismic intensity, the increase of the burial depth of a tunnel leads to a 
higher resilience of this tunnel against seismic ground shaking, in 
particular for high seismic intensities. 

3.3.3. Effect of the tunnel construction quality on seismic resilience of 
tunnels 

Evidently, the quality of construction of a tunnel is affecting its 
response against seismic hazards, and therefore, it affects its seismic 
resilience. To highlight this effect, the soil-tunnel configurations exam-
ined by Argyroudis et al. [45] were used herein. The study refers to 
shallow circular tunnels with good or poor construction quality 
embedded in soil type C or type D and different periods after the con-
struction, to consider the impact of aging phenomena of the lining on the 
tunnels’ fragility (Fig. 3b and c). In this section, the fragility curves for 
the initial design (T = 0 years) are used in the resilience analysis (i.e., 
aging effects are ignored here). 

Fig. 11 shows the resilience curves of the examined tunnels with 
different construction quality in soil types C and D for the five shaking 
level intensities. It is found that the post-event immediate residual 
functionality Q (t = 0 day) of the tunnel decreases significantly as the 
seismic intensity level increases for all the examined tunnels in soil type 
C and D. As expected, for the same seismic intensity level, the post-event 

Fig. 10. Effect of tunnel burial depth on the computed resilience index R of the 
examined tunnels. 

Fig. 11. Resilience curves showing the evolution of the recovery of functionality with time (in days) for circular tunnels with different construction quality.  
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immediate residual functionality Q (t = 0 day) of the tunnel with good 
quality construction is higher than the tunnel with poor quality con-
struction. Taking PGA = 1.0 g and tunnel in soil type D as an example, 
the residual functionality Q (t = 0 day) is equal to 0.49 and 0.33 for the 
tunnel with good quality construction and the tunnel with poor quality 
construction, respectively. These values indicate that the differences on 
the computed functionality of the tunnels with different construction 

quality can be up to 48%. 
Fig. 12 depicts the variation of the resilience index R with increasing 

level of seismic intensity (i.e., PGA), estimated for shallow circular 
tunnels with good or poor construction quality, embedded in soil type C 
or soil type D. In line with the observations made in the previous sec-
tions, the resilience index of the examined tunnels is found to decrease 
significantly as PGA increases from 0.1 g to 1.0 g. For a given seismic 

Fig. 12. Effect of construction quality of tunnels on the computed resilience index R.  

Fig. 13. Resilience curves showing the evolution of the recovery of functionality with time (in days) for circular tunnels in soil type D with good construction quality 
considering different service years. 

Z. Huang et al.                                                                                                                                                                                                                                  



Soil Dynamics and Earthquake Engineering 162 (2022) 107456

11

intensity, the resilience index of the tunnel with good construction 
quality is higher than the one estimated for the tunnel with poor con-
struction quality. Moreover, it is clearly shown that the effect of the 
construction quality is more pronounced for PGA greater than 0.2 g 
when soil conditions are getting “softer” i.e., soil type D compared to soil 
type C. As an example, for a PGA equal to 1.2 g and in the case of soil 
type C, the resilience index R is equal to 0.883 and 0.871 for tunnels with 
good or poor-quality construction, respectively. However, for a PGA 
equal to 1.2 g and in the case of soil type D, the resilience index R is 
decreased to 0.876, and 0.838 for tunnels with good or poor-quality 
construction, respectively. The above results highlight the important 
role of tunnel construction quality in particular in the case of soft soil 
conditions. 

3.3.4. Effect of aging phenomena of the lining on seismic resilience of 
tunnels 

Tunnels are usually designed to properly and safely operate for a 
long-life span (e.g., over 100 years), however, their seismic performance 
may degrade gradually with time due to various progressive aging 
phenomena (e.g., corrosion). For better life-cycle management of dete-
riorating tunnel structures under lifetime hazards, it is extremely 
important to investigate the potential effect of aging phenomena on the 
seismic resilience of tunnels. To this end, the soil-tunnel configurations 
examined by Argyroudis et al. [45] were used herein. In particular, the 
time-dependent fragility curves (i.e., service years T = 0, 50, 75, and 100 
years) for shallow circular tunnels with good construction quality 
embedded in soil type C and soil type D (Fig. 3b and c) were used in the 
following resilience analysis. 

Fig. 13 shows the resilience curves of the examined circular tunnels 

in soil type D with good construction quality considering different ser-
vice years for the five shaking level intensities. It is found that the post- 
event immediate residual functionality Q (t = 0 day) of the tunnel de-
creases significantly as the seismic intensity level increases for all the 
examined tunnels. Furthermore, for the same seismic intensity level, the 
post-event immediate residual functionality Q (t = 0 day) of the tunnel 
decreases as the service years increase (i.e., from 0 years to 100 years). 
For instance, for the scenario of PGA = 1.0 g, the residual functionality Q 
(t = 0 day) of the damaged tunnel is equal to 0.49, 0.46, 0.43, and 0.40 
for 0 years, 50 years, 75 years, and 100 years, respectively. The above 
values indicate that the differences on the computed functionality of the 
tunnels with different service years can be more than 22.5%. 

Fig. 14(a) and (b) show the evolution of resilience index R with 
increasing level of seismic intensity, as computed for the examined 
tunnels, considering also the quality of construction (i.e., good quality 
corresponds to higher strength properties of the lining). For a given level 
of seismic intensity, the resilience index R of the examined tunnel de-
creases with time; for instance, lower values are computed for R for the 
scenario of T = 50 years as compared to the one of T = 0 years. In other 
words, the seismic resilience of tunnels is found to decrease with 
increasing service time, due to the increasing effect of corrosion-related 
aging phenomena on the lining. The effect of increasing service time on 
seismic resilience of the examined tunnels is found to be more evident 
for the cases, where the tunnel is embedded in the softer soil deposit (i. 
e., soil type D). 

4. Conclusions and recommendations for further investigation 

This study presents a simple, feasible, and hence practical resilience 

Fig. 14. Resilience index R of the circular tunnels considering different service years.  
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assessment framework for tunnels subjected to ground seismic shaking. 
The framework was applied for the case of circular tunnels in alluvial 
deposits. The effects of soil conditions, tunnel burial depths, the con-
struction quality of tunnels, and aging phenomena, on tunnels’ resil-
ience, were evaluated and discussed based on the calculated resilience 
indexes. The results show that:  

(1) The seismic resilience of tunnels in alluvial (expressed in the form 
of a resilience index R) was found to decrease significantly with 
increasing levels of seismic intensity.  

(2) Tunnels embedded in stiffer soil deposits and at higher burial 
depths were found to be more resilient against the seismic hazard, 
i.e., these tunnels exhibit a higher ability to withstand and 
recover from earthquakes.  

(3) The resilience indexes of tunnels with good construction quality 
were generally higher than those estimated for tunnels with poor 
construction quality. This is more pronounced when the soil 
conditions are getting softer.  

(4) It is shown that the resilience decreases as tunnel service years 
increase due to the detrimental effects of materials’ aging. 
Moreover, this aging effect is found to be more evident for the 
tunnel embedded in the softer soil deposit. 

The benefits of different design parameters can be quantified through 
the resilience index, and such assessments can facilitate decision-making 
and prioritization, e.g., for risk mitigation, especially when dealing with 
large numbers of assets with different lifespans. It should be noted that 
all resilience analyses presented herein employed the restoration models 
proposed by FEMA [37]. However, there is a need for the development 
of rigorous restoration models, which will account for critical parame-
ters, such as the type and extent of damage, the availability of resources, 
as well as the management approaches in construction and repairs in 
different countries, including lag times before the restoration works. The 
identification and quantification of uncertainties associated to the re-
covery process of tunnels is also a research priority and needs further 
investigation. In addition, the consideration of critical parameters 
affecting the seismic vulnerability of tunnels, for instance, erosion, 
corrosion, and other forms of chemical deterioration of the lining, may 
lead to a better estimation of the seismic vulnerability and hence, 
contribute toward better-informed resilience assessments. 
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