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Tunnels are a crucial component of urban infrastructure, continuously exposed to various hazards, 
threats, and stressors. Events such as earthquakes, fires, and floods, along with aging and construction-
related disturbances, pose significant challenges to tunnel resilience. Reliable fragility, restoration, and 
traffic reinstatement models are essential for assessing and quantifying resilience, as they allow infras-
tructure operators to prioritize maintenance and adapt to evolving threats in complex transportation sys-
tems. Although the vulnerability and fragility of tunnels have been widely researched over the last 
decade, studies focusing on tunnel restoration to quantify resilience remain scarce. This gap prevents 
operators from implementing proactive and reactive adaptation measures to ensure seamless tunnel 
functionality. To address this issue, this study presents a novel, fit-for-purpose, damage-level-
dependent probabilistic approach for quantifying tunnel recovery. It introduces the first realistic, 
practice-led restoration models that enable resilience quantification in tunnels. To develop these models, 
a global expert survey was conducted to establish reinstatement (traffic capacity) and restoration (struc-
tural capacity) models tailored to tunnel resilience assessments. A detailed questionnaire was designed to
gather expert input on required restoration tasks, their duration, sequencing, and cost. The survey
focused primarily on damage induced by seismic events, incorporating idle times and traffic capacity
gains over time. The results were then used to generate deterministic and probabilistic reinstatement
and restoration models. The deterministic models are intended for practical applications, while the prob-
abilistic models account for epistemic uncertainties and are presented in a reproducible format for fur-
ther development across different hazards and applications. A case study is included to demonstrate
the resilience assessment of a typical tunnel using the newly developed restoration models. The findings
will help infrastructure operators and city planners to accurately assess tunnel resilience, enabling
informed investment decisions.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

With the rapid expansion of underground spaces, tunnels have 
become an integral part of urban infrastructure [1–5]. The ability of 
tunnels to operate normally after natural or human-caused disas-
ters such as earthquakes, landslides, floods, or explosions is of
great concern for infrastructure owners, stakeholders, and the
wider community. Studies have demonstrated that critical infras-
tructure exposure to multiple hazards can result in severe struc-
tural damage and significant socio-economic losses [6–9]. For 
instance, on February 6, 2023, a magnitude-7.8 earthquake hit 
southeastern Türkiye, causing over 5000 fatalities and widespread
damage to infrastructure, including tunnels and residential build-
ings [10–12]. Similarly, during the Chi-Chi earthquake in Taiwan 
of China, approximately 49 tunnels within a 60 km radius of the 
epicenter suffered structural damage, including steel reinforce-
ment deformation, displaced linings, portal failure, spalling, and
concrete cracking [13,14]. After the 2016 Norcia earthquake in 
Italy, large vertical cracks were found on the southern sidewall of
the San Benedetto Tunnel [15]. A train loaded with hazardous
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materials derailed and exploded in the Howard Street Tunnel in 
Baltimore, USA. The explosion caused a massive fire that burned
for several days, severely damaging the tunnel and disrupting traf-
fic [16]. Another case was the Daegu Metro fire (2003) in Republic 
of Korea, which caused 198 deaths and 146 injuries [17,18]. The 
cover arch at the exit of the Wenling Tunnel, a single tunnel in 
Daying–Shenchi Expressway, in China was broken and cracked
after a landslide [19]. Hurricane Sandy flooded seven subway tun-
nels and three vehicle tunnels in New York City in 2012, disrupting
traffic for several days [20]. Recently, due to an extreme rainstorm, 
flooding occurred on Metro Line 5 in the capital city of Zhengzhou,
Henan Province, China, tragically causing 14 fatalities [21]. Addi-
tionally, a collision between a tanker carrying liquefied petroleum 
gas and a coach led to an explosion inside a tunnel along the
Palermo–Punta Raisi motorway (Italy). This accident caused five
fatalities, 32 injuries, and severe damage to the tunnel structures
[22]. These real-life cases underscore the vulnerability of tunnels 
to extreme natural and human-induced hazards that can lead to
significant losses in traffic and structural capacity, disrupting
transportation networks.

To maintain the integrity, continuity, and functionality of 
infrastructure assets and networks during extreme events and to
align with the United Nations Sustainable Development Goals
(SDGs) [23], infrastructure owners and operators must urgently 
develop and implement measures to improve resilience before
and after extreme disasters [24–26]. Resilience, a rapidly develop-
ing concept in lifeline engineering, refers to the ability to with-
stand, respond to, and recover quickly from a disruptive or
catastrophic event [27–30]. It encompasses four main properties: 
robustness, rapidity, redundancy, and resourcefulness [31,32]. 
Robustness reflects the inherent ability of infrastructure to resist 
the impact of extreme events and can be improved through
advanced design and construction methods [33–35]. Rapidity is 
defined as the ability to quickly recover the functionality or struc-
tural capacity of an infrastructure to its pre-disaster state and is
closely related to post-disaster recovery strategies [33–35]. Redun-
dancy ensures the replaceability of system components to main-
tain system functionality in the event of a disruption [34–36]. 
Resourcefulness represents the ability to make timely decisions 
and rationally mobilize the required resources in response to
emergencies [36,37]. 

The quantification of infrastructure resilience is based on the 
resilience curve which describes the robustness of a structure 
and the speed of its functional recovery after an event. Fragility
is commonly quantified using fragility curves that express the
probability of damage as a function of the intensity measure (IM)
[38]. Numerous studies have been conducted to determine the fra-
gility functions of critical assets to extreme natural events using
empirical, analytical, expert elicitation, and hybrid approaches
[39–47]. Vulnerability is characterized by the susceptibility of a 
structure or system to damage at a specific hazard level and is
often represented by fragility functions [48]. Seismic vulnerability 
assessment of tunnels is a topic of great interest in the field of 
underground engineering. Understanding tunnel failure mecha-
nisms under seismic action is critical for developing robust fragility
functions. Extensive deterministic analyses have been conducted
to investigate the seismic behavior of tunnels, including numerical
studies [49–53], analytical studies [54–57], experimental studies 
[58–60], and monitoring studies [61,62]. The derivation of fragility 
functions has driven a large body of research into the quantitative
assessment of the resilience of tunnels subjected to seismic actions
[63–65]. 

To quantify restoration speed, predict recovery paths, and esti-
mate recovery time, it is crucial to establish adequate restoration
models [66–68]. Several post-disaster restoration models have 
been developed, especially for critical urban assets such as hospi-
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tals [68,69], residential buildings [70], and bridges [71–73], to 
assess the resilience of cities under extreme disasters. They are 
usually presented in different forms such as linear [74], trigono-
metric [75], stepwise [76], and continuous [74]. However, to the 
best of the authors’ knowledge, restoration models for tunnels 
exposed to seismic hazards are limited and primarily rely on sim-
ple mathematical modeling and the Federal Emergency Manage-
ment Agency (FEMA) methodology [77], which is based on the 
input provided by Applied Technology Council-13 (ATC-13) report 
published in 1985. Consequently, it has not been updated with 
recent advances in resilience engineering. Furthermore, current 
empirical restoration models fail to represent the underlying 
restoration logic, as they do not account for required restoration 
tasks, their duration, sequence, and idle time. Given the significant 
uncertainty inherent in the repair process, restoration models
based on deterministic approaches cannot capture potential evolu-
tionary trends and dynamic variations in repair pathways. The lack
of rigorous post-hazard tunnel restoration models that quantify
the uncertainties associated with the recovery process prevents
us from modeling the recovery process, estimating the loss of traf-
fic capacity, and conducting accurate resilience assessments for
asset management and adaptation.

To fill these gaps, a comprehensive questionnaire was devel-
oped to gather information from experienced experts. The survey 
included definitions of damage levels, restoration tasks and their 
prioritizations, reinstatement of traffic capacity, idle time, and cost 
ratio (i.e., repair cost relative to replacement cost). By identifying 
and quantifying the key parameters in the repair process, deter-
ministic and probabilistic resilience models for tunnels were estab-
lished based on a damage-level-dependent approach. These 
models are more rigorous and better reflect the real repair pro-
cesses than previous empirical restoration models. This methodol-
ogy is replicable and applicable to other critical assets affected by
various types of disasters. The restoration models help quantify
resilience and optimize the repair process for tunnels with various
levels of damage. In addition, they inform resource mobilization
strategies, facilitate resilience-based management, and reduce
traffic disruptions.
2. Expert-elicited restoration strategies for tunnel resilience

The framework for assessing the resilience of tunnels to natural 
or human-induced disasters, and how expert-el icited restoration
strategies play a key role in quantifying resilience is shown in
Fig. 1. This methodology is not limited to tunnels but applies to a 
wide range of critical infrastructures exposed to natural disasters. 
The framework consists of five main steps. The first step (Step 1) 
involves hazard characterization, with an emphasis on individual 
natural hazards such as earthquakes and floods. Each hazard is
described by an IM, which quantifies the extent of the disaster’s
impact on the structure or system and is usually related to struc-
tural damage or system disruption. For example, in the case of
floods, IM could be the flow depth, water discharge, and scour
depth [33,34,78]. In earthquake disasters, peak ground acceleration 
(PGA) and peak ground velocity (PGV) are often used to character-
ize the intensity of seismic hazards [63,64]. Additionally, defining 
structural or systemic damage levels is essential, as they depend 
on damage mechanisms, structural design requirements, and 
stakeholder considerations. The second step (Step 2) is vulnerabil-
ity assessment, which is based on realistic fragility functions. These
functions can be generated based on numerical simulations,
empirical data, or expert judgement [39–47]. Fragility curves help 
determine the probability of an infrastructure asset being in a 
damage state (DS) at a given hazard intensity. The third step (Step
3) is the assessment of damage recovery, which includes many
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Fig. 1. Resilience assessment framework for tunnels exposed to hazard a specific damage state (DS), where and represents the minor, moderate, 
extensive, and complete DSs, respectively probability of the tunnel being in at a given seismic intensity probability of the damage exceeding a

V: the mean value of the key random variable for the entire post-hazard restoration process; discrete sample k collected through the questionnaire; m: number of
valid samples; Re: resilience index; control time; time of the hazard occurrence; Q(t): structural capacity at time t.
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uncertainties, such as the duration of restoration tasks, sequence of 
repair tasks, and idle time. To obtain these key variables in the 
repair process, a worldwide expert opinion survey was conducted. 
Based on expert knowledge from the survey, deterministic and 
probabilistic restoration models (structural capacity) and rein-
statement models (traffic capacity) were established. The deter-
ministic model was based on mean values of these variables. 
Considering cognitive uncertainty, the distribution of the variables 
was fitted, and probabilistic models were then formed by random
sampling. Finally, by combining the identified hazards and IMs
(Step 1), fragility functions determined in Step 2, and restoration
models established in Step 3, resilience curves were generated,
and resilience indices were calculated. To achieve the rapid
restoration of tunnel functionality with limited resources, post-
disaster restoration strategies were developed and optimized.
These strategies include selecting rehabilitation tasks and deter-
mining optimal rehabilitation sequences.

Rational restoration models are indispensable components of 
resilience evaluation frameworks. To establish deterministic and 
probabilistic restoration models, uncertainties such as the duration 
of restoration tasks, idle time, and cost ratio must be quantified 
throughout the restoration process. Conducting a comprehensive 
survey provides a reliable method for obtaining these uncertainties 
by directly eliciting knowledge from experts in tunnel rehabilita-
tion. Therefore, a detailed questionnaire was prepared for typical 
circular tunnels that have sustained varying levels of damage from 
threats such as earthquakes. This questionnaire was designed to 
support the development of restoration and reinstatement models. 
It incorporated definitions of damage levels, duration and priority 
of restoration tasks, cost ratio, and traffic capacity throughout
the entire restoration process. Before completing the question-
naire, experts were asked to rate their expertise in tunnel rehabili-
tation, which helped assess the reliability of the research results.
The survey on tunnel damage restoration was divided into four
sections: ① instructions, ② restoration tasks, ③ description of a
typical tunnel, and ④ parameters for quantifying tunnel restora-
tion. Experts could also provide additional comments on the sur-
vey format, their professional experience in tunnel rehabilitation,
damage levels, tunnel traffic capacity, repair procedures, or any
other relevant factors they considered important or insufficient.

2.1. Benchmark tunnel and damage level

Considering that tunnel performance and restorationmodels are 
highly dependent on specific design objectives, a typical circular
Fig. 2. Schematic of the benchmark tunnel. (a) Typical cross section of the assembled seg
the longitudinal direction.

323
metro tunnel, commonly found in modern underground systems, 
was selected as the benchmark tunnel for the questionnaire. This 
selection was made to enhance the applicability of resilience mod-
els. This study focused on the damage restoration tasks of ten seg-
mental prefabricated tunnel liners, each with a longitudinal length
(L) of 12 m, as shown in Fig. 2. The outer diameter (D) was 6.2 m, 
and the lining thickness (h) was 0.35 m. The burial depth (i.e., the 
distance from the ground surface to the tunnel crown) was approx-
imately 10 m. A cross-section of the assembled segmental lining
ring is shown in Fig. 2(a). Each integrated lining ring comprises 
six precast concrete segments: one key segment (F), two adjacent 
segments (L1 and L2), two standard segments (B1 and B2), and 
one bottom segment (B). These segments were linked using radial 
joints with two steel bolts. When the metro tunnel was put into
operation, the segment at the bottom was covered by a track bed
to support the track rail. Generally, a steel track rail and a cast-in-
place C35 concrete track bed are adopted for metro tunnels [79]. 
The benchmark tunnel represents a standard design that encapsu-
lates the essential features of segmental-lining tunnels prevalent 
in soft-ground tunneling. In addition, its configuration is well doc-
umented in the literature, and numerous case studies and empirical
data are available. This allows for more robust analysis and valida-
tion of restoration models [46,80,81]. It is assumed that the tunnel 
is of average importance, meaning no additional resources are allo-
cated to the tunnel after a hazard occurs.

Before the expert provides feedback on the restoration of the 
tunnel, damage levels (i.e., minor, moderate, extensive, and com-
plete) must be defined in the questionnaire. The selection of appro-
priate indicators to classify the extent of damage is crucial as these
will have a direct influence on the repair strategy. Convergence is
widely accepted in literature as an important performance indica-
tor for tunnels [82–84], as it reflects both serviceability and safety 
during operation. It is also easily obtained through on-site monitor-
ing. Additionally, several national and regional design codes limit 
normalized convergence or the convergence ratio D D/D (where
DD denote the horizontal convergence of a shield tunnel). For
example, the British tunnel standard ‘‘Tunnel Lining Design Guide”
[85] limits the normalization convergence to 2%, while the Chinese
code [86] for rail transit system sets the D as the serviceability 
criteria at 3‰–5‰. Therefore, the convergence ratio serves as one of 
the quantitative indices for defining damage levels. In addition to 
the deformation index, the index of the structural internal force,
which is the ratio of the actual tunnel cross-sectional bending
moment (M) to its moment bearing capacity , is also used to 
classify damage levels. This damage index, first proposed by

DD/

(MRd)
mental lining ring. (b) Examined 10 segment tunnel lining with a length of 12 m in
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Argyroudis and Pitilakis [87], has been widely used in research on 
the seismic vulnerability of tunnels [88–91]. Extensive statistical 
studies on the damage characteristics of tunnel structures under 
seismic hazards have also led to the inclusion of additional criteria
in damage level classification. These include crack width in tunnel
liners, inverted uplift, and dislocation of track rails [14,92,93]. The 
detailed classification criteria and threshold values for the damage
levels of tunnels are listed in Table 1 [14,92,93]. 
2.2. Restoration model development based on expert elicitation

To develop representative and efficient restoration models for 
tunnels, it is crucial to understand and optimize the entire restora-
tion process for tunnels with various levels of damage. Restoration 
tasks and their prioritization, idle time, post-damage traffic capac-
ity, and cost ratio for each damage level are crucial factors that
must be closely monitored throughout the restoration process.
Consequently, experts were asked to provide comprehensive
Sketch (not in scale)

Table 1 
Definition of damage levels of the examined tunnel section [14,92,93]. 

Damage 
level 

Description 

The ratio of the actual tunnel cross-
sectional bending moment (M) to the
moment bearing capacity M 
1–1.5 
Tunnel convergence ratio
0.6‰–2.5‰ 
Cracking width of tunnel liners: 
0–3 mm 
Invert uplift: < 10 cm 
Dislocation of the track rail: < 10 cm
Electromechanical equipment is slightly
damaged

Minor 

Moderate M 1.5–2.5 
2.5‰–4.0‰ 

Cracking width of tunnel liners: 
3–35 mm 
Invert uplift: 10–20 cm 
Dislocation of the track rail: 10–20 cm
Electromechanical equipment is
moderately damaged

Extensive M 2.5–3.5 
6.0‰ 

Cracking width of tunnel liners: 
>  35  mm  
Invert uplift: > 20 cm 
Dislocation of the track rail: > 20 cm
Electromechanical equipment is
extensively damaged and remains
partially operational

M > 3.5 
D > 6.0‰ 
Collapse of the liner or surrounding 
soils to the extent that the tunnel is 
blocked either immediately or with a 
few days after the main shock
Complete damage of tunnel track;
extensive dislocation of the track rails
Electromechanical equipment is non-
operational

Complete 
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estimates of these factors based on their professional judgment 
and actual data from previous case studies.

2.2.1. Restoration tasks
The questionnaire presents 20 post-hazard restoration tasks 

(R1–R20) for damaged tunnels, including both structural and non-
structural interventions. The numbering of these tasks does not 
necessarily indicate their sequence. The restoration tasks and their 
appropriate order for tunnels at different damage levels were pro-
vided by the experts. Additionally, experts were expected to sug-
gest supplementary restoration tasks based on their knowledge
and professional experience. Such tasks may include strength test-
ing of lining samples and inspections of reinforcement conditions
and deterioration. After identifying and prioritizing potential
restoration tasks, experts were asked to provide an estimate of
the maximum and minimum durations for each task, as shown
in Table S1 in Appendix A. 

Table 2 categorizes the 20 restoration tasks according to inter-
vention type. These tasks were grouped into four main categories:

move_t0005
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Table 2 
Types of diverse restoration tasks.

Category Restoration tasks 

Reinforcement of lining
structures

R3, R4, R10, R11, R12, R13, R14, R15, R16,
R17, R18, and R20

Repair/replacement of 
installations and utilities

R5, R6, and R7

Ground improvement R8, R9, and R19
On-site monitoring R1 and R2

Fig. 3. Geographical distribution of experts by country and region.
reinforcement of lining structures, repair/replacement of installa-
tions and utilities, ground improvement, and on-site monitoring. 
Most restoration tasks, such as the installation of steel plates on 
the inner surface of lining rings, can be categorized as maintenance
and reinforcement of lining structures, which is one of the most
frequently required actions. The tasks listed in Table 2 are common 
tasks for typical circular tunnels and do not include specialized 
tasks, such as cover-arch reinforcement methods, which are typi-
cally employed for strengthening and supporting tunnels that have
water leakage problems [94–98]. 

2.2.2. Idle time
Idle time is the interval between the occurrence of damage to 

tunnels due to extreme events and the initiation of restoration 
work. This time may include, but is not limited to, emergency 
response, inspection and condition assessment, site investigation, 
structural evaluation, and the design of mitigation measures. For
this study, idle time was factored into the resilience assessment
because of its impact on the overall speed of the restoration pro-
cess. Experts were asked to provide rough estimates for minimum
and maximum idle times, as shown in Table S2 in Appendix A. 

2.2.3. Cost ratio
The cost ratio is an estimate of the cost of restoring a damaged 

tunnel to normal operation relative to the total construction cost of 
all structural components. For example, a repair cost ratio equal to 
0.15 means that the cost of restoration is equal to 15% of the cost of 
reconstruction. In practical terms, if the tunnel costs 3.0 × 106 USD,
the cost of restoration would be estimated at 4.5 × 105 USD (tunnel
costs × 0.15). The experts provided rough estimates of the cost
ratio (percentage of the tunnel replacement cost) depending on
the damage level, as shown in Table S3 in Appendix A. These esti-
mates could be single values (e.g., 0.15) or expressed as a range
(e.g., 0.10–0.15).

2.2.4. Traffic capacity of tunnel
The expected traffic capacity of the tunnel after the damage (in 

percent (%)) is the measure for the ‘‘traffic restriction” of the tunnel 
for each damage level and for each point in time after the com-
mencement of restoration works. The questionnaire defined three 
levels of tunnel traffic capacity: 100% (fully operational), 50% (re-
duced traffic), and 0 (not operational/closed), corresponding to
the full functionality state, partial functionality state, and zero
functionality, respectively. A transportation capacity of 50% means
that the daily train frequency and/or speed has been reduced to
reflect an overall 50% reduction in service compared with normal
operation (fully functional) [99]. The experts were asked to esti-
mate the expected traffic capacity of the tunnel at eight specific 
time points (0, 10, 30, 60, 90, 180, 270, and 365 d after the com-
mencement of restoration work) for each damage level, as shown
in Table S4 in Appendix A. Of these, 10 d is a critical time point
for the post-earthquake emergency period [100], while the remain-
ing seven time points correspond to representative phases, such as 
one month, six months, and one year after the commencement of
restoration work. These intervals were selected to simplify the
325
questionnaire and ensure that all the experts responded using a
consistent timescale.

2.2.5. Restoration task prioritization
Selecting and prioritizing appropriate restoration tasks for vary-

ing damage levels is key to establishing both deterministic and
probabilistic restoration models [34]. Experts were asked to select 
the restoration tasks that should be applied to restore the normal 
operation of the damaged tunnel and to propose a logical sequence
for implementing these restoration tasks, as shown in Table S5 in 
Appendix A. 

2.3. Geographical distribution and professional experience of experts

To obtain diverse perspectives on resilience models worldwide, 
the questionnaire was distributed online from December 17, 2023 
to January 15, 2024. In total, more than 200 experts were con-
tacted, and 33 ultimately provided feedback. The experts came 
from the fields of underground and infrastructure engineering, 
geotechnics, and earthquake engineering. They come from 
renowned consulting offices and universities and have a wealth 
of theoretical knowledge and practical experience in the fields of 
tunnel design, construction, inspection, maintenance, and rein-
forcement. Most of the experts have more than 10 years of profes-
sional experience, which enhanced the reliability of the survey
results. To mitigate regional biases stemming from differences in
design culture and construction standards in different regions
and countries, the survey participants were selected from different
geographical locations. Experts from 13 countries contributed data,
providing a global perspective on tunnel resilience models. This
international collaboration minimizes regional bias and improves
the generalizability of the findings. The geographical distribution
of the experts by country and region is shown in Fig. 3. 

3. Results and discussion

This section presents the results from the analysis of tunnels 
exposed to seismic hazards. For ease of application, both 
deterministic and probabilistic restoration models were developed 
based on expert responses from 33 completed questionnaires from
academics, consultants, and scientists from research institutions.
The deterministic restoration models are derived from the experts’
answers, which capture the representative core information from
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substantial amounts of data and facilitate the identification of key 
trends in the post-disaster functional evolution of damaged tun-
nels. The effectiveness of various restoration tasks under 
different damage levels can be assessed using deterministic 
restoration models, thereby enabling scientifically informed repair 
strategies. To account for cognitive biases and inherent uncertain-
ties in the restoration process, a distribution fitting analysis was 
performed on the survey results, including idle time, restoration 
time, and cost ratio. The optimally fitted distributions accurately 
identify the distribution range, central tendency, and dispersion
of the random variables. Subsequently, probabilistic restoration
models were established by performing random samplings within
the optimally fitted distributions. Probabilistic restoration models
are crucial for assessing the reliability of repair strategies because
they consider unpredictability in practical engineering. By incorpo-
rating uncertainty into the analysis, potential variations in repair
outcomes can be better predicted and more adaptable and flexible
restoration strategies can be developed.

3.1. Restoration tasks

3.1.1. Deterministic models of restoration time
To visualize the expert responses collected from the question-

naire on the duration of 20 post-hazard repair tasks, this section
begins with a statistical analysis of discrete samples. The analysis
primarily involves the use of Eq. (1), to determine the mean values 
of the minimum and maximum durations for each restoration task. 
These mean values can be readily applied to quantitative restora-
tion time estimations, thereby facilitating the development of
deterministic restoration time models.

V 
m 
k 1V k
m

1

where V represents the mean value of the key random variable for 
the entire post-hazard restoration process, such as the duration of
the restoration tasks, idle time, and cost ratio represents the dis-
crete sample k collected through the questionnaire; m is the num-
ber of valid samples.

Table 3 presents statistical results derived from expert 
responses, including the duration of each restoration task. The sec-
ond and third columns of Table 3 display the mean values of the 
minimum and maximum restoration times, respectively, for each

;Vk 
Table 3 
Minimum, maximum, and mean values of restoration time per damage level for each rest

Restoration task

R1: regular monitoring and inspection of tunnel deformation data
R2: detection of voids within or behind tunnel linings
R3: apply mortar on the tunnel lining surface
R4: tunnel leakage protection measures (e.g., filling gaps between tunnel lining rings

polyurethane or epoxy resin)
R5: repair track inside of the tunnel
R6: demolish/replacement of the tunnel track
R7: maintenance/repairment of electromechanical equipment
R8: use grouting for the soil improvement from inside of the tunnel lining
R9: use grouting from ground surface for the soil improvement at the two sides of th
R10: removal of debris inside of the tunnel
R11: tunnel rebar erosion protection measures
R12: repair tunnel lining cracks
R13: repair tunnel lining spalling with concrete
R14: replacement of connecting bolts of tunnel segment
R15: temporary support of the tunnel lining
R16: apply fiber-reinforced plastics (FRP) to the inner surface of lining locally
R17: insert steel plates to adhere to the inner surface of lining along the local or full
R18: add reinforced concrete secondary lining
R19: conduct artificial freezing of regional strata
R20: reconstruction/replacement of the tunnel
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task. The fourth column shows the mean values of the second
and third columns.

It is evident that the more time-consuming restoration tasks 
typically involve replacing tunnel structural components (e.g., 
replacing tunnel tracks and connecting bolts of tunnel segments) 
or reinforcing tunnel structures and soil (e.g., applying fiber-
reinforced plastics (FRP) to the inner surface of the lining and soil
improvement through grouting). In contrast, monitoring tasks are
less time consuming but require frequent execution [97]. 

3.1.2. Probabilistic models of restoration time
The maximum and minimum restoration times for tasks R1– 

R20 given by experts based on their specialized knowledge and
practical engineering experience are often subject to cognitive
uncertainty.

To account for this variability, probabilistic recovery time mod-
els were developed based on the collected discrete samples. Specif-
ically, ten intervals were evenly divided between 0 and the 
maximum values in the collected dataset. For example, 30 d was 
the maximum value among the 33 collected samples for the R1 
minimum restoration time, so the minimum restoration time for 
R1 was divided into ten consecutive intervals from 0 to 30 d. The
sample size in each interval was determined to construct corre-
sponding histograms. Based on this analysis, empirical probabilis-
tic distribution functions were developed, including normal, log-
normal, exponential, generalized extreme value (GEV), and
Gamma. This approach is a widely employed statistical method
that accurately describes the behavior of random variables based
on observed data, effectively characterizing their variability and
uncertainty [101–103]. The optimal fit was then determined by 
comparing the mean squared error (MSE) and R-squared coef-
ficient of determination), which are commonly used indicators to 
assess the fitting performance in probabilistic analyses [104,105]. 
The corresponding probability density functions and their key
parameters are presented in Table S6 in Appendix A. Figs. 4 and
5 show the histograms of the minimum and maximum restoration 
times for the 20 restoration tasks, respectively , along with the
best-fit probability density functions plotted in each histogram.
Additionally, Tables 4 and 5 present the best-fit distributions for 
the minimum and maximum restoration times for each restoration 
task, respectively, along with their numerical characteristics and
key parameters. It was observed that the minimum restoration

(R2 , 
oration task.

Duration (d) 

Minimum Maximum Mean 

5.02 20.35 12.69 
3.13 9.14 6.14 
3.61 9.57 6.59 

with waterproofing materials such as 4.58 13.52 9.05 

4.30 14.69 9.50 
6.53 21.00 13.77 
4.59 17.61 11.10 
5.63 19.59 12.61 

e tunnel spring line 7.17 22.54 14.85 
2.47 6.69 4.58 
5.69 18.75 12.22 
3.84 10.60 7.22 
5.06 13.33 9.20 
4.55 12.59 8.57 
6.23 18.21 12.22 
3.55 10.03 6.79 

ring 5.39 13.93 9.66 
9.84 23.53 16.69 

11.70 35.10 23.40 
39.48 97.36 68.42 
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time for most restoration tasks obeyed a lognormal (R1, R2, R3, R4, 
R14, R15), Gamma (R5, R6, R8, R9, R13, R18, R20), or exponential 
distribution (R7, R11, R12, R16, R17, R19). Only the minimum 
restoration time of R10 obeyed a GEV distribution. In terms of
the maximum restoration time, the lognormal function best fits
most restoration tasks, whereas the exponential function best fits
R2 and R18, the GEV function best fits R10, R12, and R16, and
the Gamma function best fits R11, R17, and R20.

3.2. Idle time

3.2.1. Deterministic models of idle time
Idle time is a key variable in post-hazard restoration, signifi-

cantly influencing the speed of the restoration process. Taking 
timely measures following an extreme hazard can prevent further 
deterioration of the lining structure and enhance its resilience. 
Therefore, it was essential to determine the idle time at different
damage levels. A statistical analysis was conducted on 33 discrete
samples for each damage level to determine the relationship
between idle time and the damage level. This analysis enabled a
quantitative assessment of idle time at each specific damage level.

Table 6 lists the maximum, minimum, and mean idle times for 
tunnel sections at different damage levels, calculated using Eq. (1) 
based on expert responses. The idle time increased significantly as 
the damage level worsened. For example, when the tunnel was at a
Fig. 4. Histograms and best-fit probability density function for t
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minor, moderate, extensive, or complete damage level, the mean 
values of the idle time were 6.52, 12.09, 24.02, and 50.57 d, respec-
tively. From extensive to complete damage level, the mean value of 
idle time increased by 26.55 d, which is about 4.76 and 2.22 times 
the increment from minor to moderate damage level and from 
moderate to extensive damage level, respectively. In other words,
the more severe the tunnel damage, the longer the preparatory
work (e.g., inspection, condition assessment, and resource mobi-
lization) required before rehabilitation can begin. Therefore, to
expedite the repair of a damaged tunnel and prevent further dete-
rioration, a timely emergency response is essential.

3.2.2. Probabilistic models of idle time
Determining the quantitative probability of idle time for differ-

ent damage levels enables a rescue department to devise a reliable 
restoration plan and effectively mobilize available resources. The 
methodology for constructi ng the probabilistic models of the maxi-
mum and minimum idle times was consistent with that used for
the probabilistic models of the restoration time presented in Sec-
tion 3.1.2. Fig. 6 shows the histograms for minimum and maximum 
idle times for different damage levels based on the collected dis-
crete samples and their corresponding best-fit probability density 
function curves. It was found that, for the minimum idle time,
the lognormal distribution best fits the minor damage level, the
exponential distribution best fits the moderate damage level, and
he minimum restoration time of restoration tasks R1–R20.
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Fig. 5. Histograms and best-fit probability density function for the maximum restoration time of restoration tasks R1–R20.

Table 4 
Key parameters of the fitted probability density functions for the minimum durations of restoration tasks.

Restoration task Distribution type Numerical character Key parameter 

Mean Standard deviation l k r 
R1 Lognormal 5.361 7.196 1.164 — 1.015 — — — 
R2 Lognormal 3.011 4.291 0.548 — 1.053 — — — 
R3 Lognormal 3.346 3.227 0.879 — 0.811 — — — 
R4 Lognormal 4.348 5.189 1.027 — 0.941 — — — 
R5 Gamma 4.701 3.905 — — — — 1.449 3.244 
R6 Gamma 6.902 5.591 — — — — 1.524 4.529 
R7 Exponential 4.810 4.810 — 4.810 — — — — 
R8 Gamma 6.001 4.750 — — — — 1.596 3.760 
R9 Gamma 7.244 6.263 — — — — 1.338 5.414 
R10 GEV 2.511 1.801 1.707 — 0.959 0.211 — — 
R11 Exponential 5.948 5.948 — 5.948 — — — — 
R12 Exponential 4.239 4.239 — 4.239 — — — — 
R13 Gamma 5.188 4.463 — — — — 1.351 3.840 
R14 Lognormal 4.505 6.105 0.984 — 1.021 — — — 
R15 Lognormal 5.333 6.519 1.217 — 0.956 — — — 
R16 Exponential 3.933 3.933 — 3.933 — — — — 
R17 Exponential 5.750 5.750 — 5.750 — — — — 

(contin next pagued on e)
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Table 4 (continued)

k a

Restoration task Distribution type Numerical character Key parameter 

Mean Standard deviation l k r 
R18 Gamma 10.013 8.802 — — — — 1.294 7.738 
R19 Exponential 11.900 11.900 — 11.900 — — — — 
R20 Gamma 46.025 40.044 — — — — 1.321 34.841 

l, k, r, k, a, and b are parameters of probability density functions, with mathematical expressions provided in Table S6.

Table 5 
Key parameters of the fitted probability density functions for the maximum durations of restoration tasks.

Restoration task Distribution type Numerical character Key parameter 

Mean Standard deviation l k r 
R1 Lognormal 20.377 20.940 2.654 — 0.849 — — — 
R2 Exponential 9.466 9.466 — 9.466 — — — — 
R3 Lognormal 9.141 10.429 1.796 — 0.913 — — — 
R4 Lognormal 13.794 18.721 2.102 — 1.022 — — — 
R5 Lognormal 13.563 9.376 2.412 — 0.625 — — — 
R6 Lognormal 19.455 17.967 2.660 — 0.785 — — — 
R7 Lognormal 16.601 13.489 2.556 — 0.712 — — — 
R8 Lognormal 18.946 16.897 2.649 — 0.765 — — — 
R9 Lognormal 18.965 19.043 2.594 — 0.835 — — — 
R10 GEV 6.964 7.199 4.052 — 2.896 0.306 — — 
R11 Gamma 20.570 16.784 — — — — 1.502 13.695 
R12 GEV 10.765 19.839 6.155 — 3.359 0.451 — — 
R13 Lognormal 13.607 18.820 2.076 — 1.034 — — — 
R14 Lognormal 12.744 16.521 2.052 — 0.993 — — — 
R15 Lognormal 17.562 24.482 2.326 — 1.039 — — — 
R16 GEV 9.529 9.208 5.770 — 3.783 0.300 — — 
R17 Gamma 14.670 11.027 — — — — 1.770 8.288 
R18 Exponential 23.700 23.700 — 23.700 — — — — 
R19 Lognormal 37.246 51.433 3.084 — 1.033 — — — 
R20 Gamma 100.290 82.549 — — — — 1.476 67.947 

l, k, r, k, a, and b are parameters of probability density functions, with mathematical expressions provided in Table S6.

Table 6 
Minimum, maximum, and mean values of idle time per damage level for the
examined tunnels.

Damage level Idle time (d)

Minimum Maximum Mean 

Minor 2.90 10.14 6.52 
Moderate 6.72 17.45 12.09 
Extensive 13.66 34.38 24.02 
Complete 28.24 72.90 50.57
the Gamma distribution best fits the extensive and complete dam-
age levels. Additionally, the Gamma function is the best-fit func-
tion for the maximum idle time at most damage levels (minor, 
moderate, and extensive), while the lognormal function best fits
it at the complete damage level. The numerical characteristics
and key parameters of the best-fit probability density functions
are listed in Tables 7 and 8, respectively.

3.3. Cost ratio

3.3.1. Deterministic models of cost ratio
The cost ratio is a key economic indicator in the post-hazard 

restoration process of a damaged tunnel. Determining the cost 
ratio for a specific damage level can help owners and stakeholders 
to estimate restoration costs more effectively. Therefore, a deter-
ministic assessment of cost ratios at various damage levels was
conducted by statistically analyzing the discrete data provided by
33 experts, based on their engineering experience.

Table 9 lists the mean values of cost ratios for different damage 
levels. The pattern of variability in cost ratios was consistent with
329
that of idle time. The more severe the tunnel damage, the higher 
the cost ratio. For example, the restoration of a tunnel with minor
damage costs approximately 7.73% of the total construction cost,
whereas restoring a tunnel with complete damage may cost as
much as 74.05%.

3.3.2. Probabilistic models of cost ratio
The actual restoration process involves numerous uncertainties, 

such as damage to restoration materials and unforeseen incidents, 
making it challenging to determine an exact cost ratio before com-
pletion. To address this, a probabilistic assessment of cost ratios
was conducted using survey results. Probabilistic models of cost
ratios were developed using the same methodology as in Sections 
3.1.2 and 3.2.2. The corresponding histograms and best-fit proba-
bility density functions are shown in Fig. 7. It can be observed that 
the best-fit function for the cost ratio at extensive and complete 
damage levels follows a normal distribution. For moderate damage 
levels, the best-fit function is the GEV function with three param-
eters, and the best-fit function for minor damage follows a Gamma
distribution. Table 10 summarizes the numerical characteristics 
and key parameters of the best-fit probability density functions
in terms of legibility and ease of application.

3.4. Traffic reinstatement and capacity restoration

3.4.1. Reinstatement m odels
To assess traffic capacity at different time points after the com-

mencement of the rehabilitation task, expert evaluations of traffic-
carrying capacity were collected at eight different time points for
different damage levels. Among the 33 participating experts in
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Fig. 6. Histograms and best-fit probability density function for the idle time at different damage levels. (a) Minimum idle time, (b) maximum idle time.

Table 7 
Key parameters of the best-fit probability density functions for the minimum idle time at different damage levels.

Damage level Distribution type Numerical character Key parameter 

Mean Standard deviation l k r 
Minor Lognormal 2.822 3.538 0.565 — 0.972 — — — 
Moderate Exponential 6.817 6.817 — 6.817 — — — — 
Extensive Gamma 13.813 10.793 — — — — 1.638 8.433 
Complete Gamma 28.244 23.786 — — — — 1.410 20.031 

l, k, r, k, a, and b are parameters of probability density functions, with mathematical expressions provided in Table S6. 

Table 8 
Key parameters of the best-fit probability density functions for the maximum idle time at different damage levels.

Damage 
level 

Distribution 
type 

Numerical character Key parameter 

Mean Standard deviation l k r 
Minor Gamma 10.138 8.602 — — — — 1.389 7.299 
Moderate Gamma 16.805 12.725 — — — — 1.774 9.636 
Extensive Gamma 33.834 28.195 — — — — 1.440 3.496 
Complete Lognormal 68.182 55.499 3.968 — 0.713 — — — 

l, k, r, k, a, and b are parameters of probability density functions, with mathematical expressions provided in Table S6. 

Table 9 
Mean values of the cost ratio per damage level for the examined tunnels.

Damage level Cost ratio (%)

Mean 

Minor 7.73 
Moderate 20.39 
Extensive 43.39 
Complete 74.05
the questionnaire survey, 22 provided valid responses concerning 
traffic-carrying capacity. The statistical results of these expert
assessments are shown in the histogram in Fig. 8. For example, 
in the case of a tunnel with minor damage, 10 d after the com-
mencement of rehabilitation work, 19 experts assessed the traffic 
capacity to be fully restored at 100%, while three experts estimated
it at only 50%. However, 60 d after the initiation of the rehabilita-
tion work, all experts concurred that the traffic-carrying capacity
330
had been fully restored to 100%. In addition, these histograms pro-
vide a visual representation of the variation in expert opinions
regarding traffic capacity at different time points of the rehabilita-
tion process.

Based on these statistics, the potential post-hazard gains in traf-
fic capacity for various levels of tunnel damage were plotted, as
shown in Fig. 9. The bold red lines represent traffic capacity values 
correspondi ng to the highest frequency in each histogram from
Fig. 8, making them the most likely indicators of the real situation. 
In addition, the solid gray lines reflect the estimations provided by 
different experts, representing their individual judgments on the 
expected traffic capacity gain. It is evident that the more severe
the damage level of the tunnel, the greater the number of distinct
gain curves (i.e., the solid gray lines in Fig. 9) of the traffic capacity, 
resulting in increased uncertainty in restoring traffic capacity. For 
instance, there were five gain curves for minor damage, this num-
ber increased to 15 for tunnels that suffer complete damage.

Fig. 10 compares the gain in post-hazard traffic capacity 
obtained from the maximum frequency of histograms at different
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Fig. 7. Histograms and optimally fitted probability density function for the cost ratio at different damage levels: (a) minor, (b) moderate, (c) extensive, and (d) complete.

Table 10 
Key parameters of the best-fit probability density functions for the cost ratios at different damage levels.

Damage level Distribution type Numerical character Key parameter 

Mean Standard deviation l k r 
Minor Gamma 0.079 0.052 — — — — 2.310 0.034 
Moderate GEV 0.204 0.115 0.153 — 0.092 −0.022 — — 
Extensive Normal 0.453 0.231 0.453 — 0.231 — — — 
Complete Normal 0.756 0.293 0.756 — 0.293 — — — 

l, k, r, k, a, and b are parameters of probability density functions, with mathematical expressions provided in Table S6.
time points for different damage levels. It was observed that the 
more severe the damage level, the longer it takes to reinstate traffic 
capacity. For a tunnel with minor damage level, restoration to full 
operational capacity is achieved within 10 d. In contrast, for the 
completely damaged tunnel, it was not until 270 d after the com-
mencement of the restoration work that the traffic-carrying capac-
ity was restored to 100%. The established reinstatement (traffic
capacity) model can be used to predict the recovery of traffic
capacity by inputting the estimated damage levels from the fragi-
lity curves. This provides the authorities with a solid foundation for
developing informed and effective post-disaster emergency plans.

3.4.2. Capacity restoration models
(1) Deterministic models of capacity restoration. Experts’ 

judgments play a crucial role in selecting appropriate rehabilita-
tion measures and in determining their prioritization. Fig. 11 
shows the restoration task prioritization and expected duration 
of restoration tasks for different damage levels. Professional judg-
ments on the sequence of importance of restoration tasks across 
all damage levels differ significantly. While some experts selected
fewer tasks, R1 (regular monitoring and inspection of tunnel defor-
mation data), R2 (detection of voids within or behind tunnel lin-
ings), R4 (tunnel leakage protection measures), and R12 (repair
331
tunnel lining cracks) were commonly recognized as the most nec-
essary tasks in most circumstances. By considering the shared 
tasks across the responses, the suggested model was able to bal-
ance various tasks and their expert-defined priorities using engi-
neering judgment. To establish deterministic capacity restoration
models, the estimated restoration time for each task was deter-
mined using the mean values listed in Table 3. Unsurprisingly, a 
longer restoration time is needed for the tunnel that suffers a 
greater degree of damage. The total restoration duration for tun-
nels with minor, moderate, extensive, and complete damage levels 
was 41.68, 59.44, 78.46, and 106.62 d, respectively. It was also
observed that restoration tasks R1 and R2 were consistently
applied across all damage levels, reinforcing the importance of reg-
ular monitoring and structural assessments in ensuring effective
recovery.

The normalized post-earthquake structural capacity is defined 
as the ratio of the post-earthquake tunnel capacity to the 
original capacity . It is assumed that immediately after the 
hazard, the structural capacity (Q) is 0.9, 0.7, 0.4, and 0.1 for minor, 
moderate , extensive, and complete damage levels, respectively.
That is, the corresponding loss of capacity is 10%, 30%, 60%, and
90%. Fig. 12(a) illustrates the matching deterministic stepwise 
restoration models corresponding to Fig. 11. To present a

(Qpe) 
(Q0)
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Fig. 8. Histograms of traffic-carrying capacity at eight time points after the hazard with different damage levels: (a) minor, (b) moderate, (c) extensive, and (d) complete.
continuous evolution of structural capacity, deterministic restora-
tion models were developed by fitting the stepwise restoration
models, as shown in Fig. 12(b). For ease of application, the fitting
332
functions for the deterministic restoration models at different
damage levels are listed in Table S7 in Appendix A. The stepwise 
restoration models correspond directly to different restoration
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Fig. 9. Traffic capacity gain (%) for different damage levels of tunnels: (a) minor, (b) moderate, (c) extensive, and (d) complete.

Fig. 10. Post-hazard traffic capacity gain (%) of tunnels.
tasks and their prioritization. The number of steps in the stepwise 
restoration model equals the number of restoration tasks per-
formed, and the length of each step reflects the total duration of
the corresponding task. Consistent with the rehabilitation informa-
tion embodied in Fig. 11, greater damage levels require more reha-
bilitation tasks, leading to longer restoration durations. For minor, 
moderate, extensive, and complete damage levels, the post-hazard
tunnel capacity can be restored to its original capacity within 45,
60, 80, and 110 d, respectively.
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(2) Probabilistic models of capacity restoration. Due to the 
large amount of uncertainty in the restoration process, the dura-
tion of each task is not a fixed value. The restoration processes cor-
responding to Fig. 11 are used in this section to establish 
probabilistic capacity restoration models for different damage 
levels. Using the best-fit distribution, 10 000 samples were ran-
domly selected for the duration of each restoration task. Note that 
the best-fit distributions for the maximum and minimum dura-
tions of each restoration tasks are not identical. Therefore, separate
probabilistic stepwise capacity restoration models were developed
based on the minimum and maximum durations of each restora-
tion task, as shown in Figs. 13 and 14. Since tunnel rehabilitation 
is a continuous process, probability stepwise models were fitted 
to reflect the continuous evolution of post-disaster tunnel capacity,
as shown in Figs.15 and 16. These continuous functions allow for 
the prediction of post-disaster structural capacity at any time 
point. The fitting functions for the mean values of the probabilistic
restoration curves (red solid lines in Figs.14 and 16) can be 
obtained from Tables S8 and S9 in Appendix A. It is apparent from
Fig. 13 that the time required to restore capacity at minor, moder-
ate, extensive, and complete damage levels is highly likely to be 
less than 50, 60, 80, and 100 d, respectively. In other words, the 
more severe the damage level, the higher the probability that it
will take more time to restore capacity. Additionally, the more sev-
ere the damage level, the wider the distribution range of possible
stepwise capacity restoration curves, indicating greater
uncertainty in the restoration process. Similarly, the probabilistic
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Fig. 11. Restoration task prioritization and durations per damage level.

Fig. 12. Deterministic restoration models illustrating the post-hazard tunnel capacity. (a) Stepwise restoration models; (b) continuous restoration models.
stepwise capacity restoration models based on the maximum 
duration of each restoration task reflect the same pattern, as
shown in Fig. 14.

4. Application of the developed tunnel restoration models

4.1. Description of the examined tunnels and corresponding
vulnerability curves

To highlight the application of the developed restoration 
models for tunnel resilience assessment, typical subway tunnels 
constructed using the shield tunneling method were examined 
in cases of seismic damage. The examined tunnel was con-
structed using an earth pressure balance (EPB) shield machine
with a typical circular-shaped cross-section composed of seg-
mental lining. The outer diameter of the lining ring was 6 m,
334
and its wall thickness was 0.3 m. The burial depth (i.e., the dis-
tance from the ground surface to the tunnel crown) was 9 m, 
and the tunnel was in strata composed of silty clay and clay.
Further details about the examined tunnel are available in the
study by Zou et al. [106]. In this study, a detailed seismic vulner-
ability assessment of the tunnels was conducted, focusing on the 
seismic performance of the segments and joints. The seismic fra-
gility curves of the examined tunnels using PGA as IM, were also
obtained, as shown in Fig. 17 [106].

Based on these fragility curves, the probability of the examined 
tunnel being subjected to a certain damage level for different seis-
mic intensities can be calculated using Eqs. (2) and (3). 

P DSi IM P DS DSi 1 IM P DS DSi IM for i 1 3 2

P DSi IM P DS DSi IM for i 4 3
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Fig. 13. Probabilistic stepwise capacity restoration models based on the minimum restoration time under (a) minor, (b) moderate, (c) extensive, and (d) complete damage
levels.
where represents the probability of the tunnel being in a
specific DS at a given seismic intensity is the 
probability of the damage exceeding a which can be obtained 
directly from the fragility curves. ,  ,  and corre-
sponds to minor, moderate, extensive, and complete damage levels,
respectively.

4.2. Cost of the analyzed tunnels

Based on the fragility curves by Zou et al. [106] and the cost 
models developed in this study, the normalized costs (C) of the
examined tunnels under different earthquake intensities can be
calculated using Eq. (4) [107]. 

C 
4 

i 1 

P DS i IM Ci 4

where can be calculated using Eqs. (2) and (3). repre-
sents the cost ratio for different DSs, as described in Section 3.3. 

Based on the best-fit distribution of cost ratios for different 
damage levels given in Section 3.3.2, 10 000 discrete samples of 
cost ratios were randomly selected for each damage level. The cor-
responding 10 000 weighted cost ratios were subsequently calcu-
lated by considering all possible damage levels for a given hazard

P DSi IM 
(DSi) .P DS DSi IM

DSi, 
DS1 DS2 DS3, DS4 

P DSi IM Ci 
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intensity, using the corresponding damage probabilities defined
by the fragility curves. Fig.18 illustrates the probabilistic and deter-
ministic loss assessments under different values of PGA. As the 
seismic intensity increases, the normalized cost also increases. 
Specifically, when PGA is less than 0.2g, the normalized cost is 
almost close to zero; however, at a PGA of 1.6g, the normalized cost
may reach 0.9. In addition, higher seismic intensities are associated
with greater uncertainty in the normalized cost. This phenomenon
can be attributed to the fact that more severe damage levels corre-
spond to greater uncertainty in the cost ratio.
4.3. Resilience assessment of the examined tunnels

4.3.1. Resilience assessment method
The resilience assessment method adopted in this study aligns 

with the works of Argyroudis et al. [40], Pang and Wang [108], 
and Zhou et al. [109], as introduced briefly below. First, to develop 
resilience curves at different seismic intensities, the tunnel
capacity at different time points was determined using Eq. (5) 
[107,110]. 

Q t IM 
4 

i 0 

Q DSi t P DSi IM 5
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Fig. 14. Probabilistic stepwise capacity restoration models based on the maximum restoration time under (a) minor, (b) moderate, (c) extensive, and (d) complete damage
levels.
where is the structural capacity of the tunnel at time t in
the as shown in Section 3.4, and follows the formula-
tion in Eq. (4). 

Apart from the restoration time, idle time, weighted by the 
probability of occurrence for each DS, is also considered a variable
affecting rapidity in the resilience curves. The idle times for differ-
ent seismic intensities can be calculated using Eq. (6). 

I IM 
4 

i 0 

I DS i P DSi IM 6

where represents the idle time of the tunnel in the which 
can be obtained from Table 6 or random sampling based on the
best-fit distribution. is consistent with that in the previ-
ous formula.

After developing the resilience curves for different seismic 
intensities, the corresponding resilience indices were calculated
using Eq. (7) [71,107,111,112]. 

Re 1 
th t0 

th 

t 0
Q t dt 7

where Re is the resilience index, is the time of the earthquake
occurrence is set as 0 in this study), is the control time

Q DSi t 
P DSi IM DSi, 

(I IM ) 

DSi, I DSi 

P DSi IM 

t0 

(t0 th (th 
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is set as 365 d in this study), t is the time variable, and Q(t) is the 
structural capacity of the examined tunnel at time t, as shown in
Eq. (5). 

4.3.2. Resilience assessment based on the deterministic capacity
restoration model

Fig. 19(a) illustrates the recovery of the structural capacity of 
the examined tunnel under different PGA values. It was observed 
that the larger the value of PGA, the more time it takes for the func-
tionality of the tunnel to fully recover. This phenomenon occurs
because as the damage level increases, both the idle time and dura-
tion of each restoration task also increase. This observation aligns
with previously drawn conclusions.

Fig. 19(b) presents the evolution of the resilience index for the 
examined tunnel under different PGA values. When the PGA is less 
than 0.2g, the resilience index is close to 1.0, meaning that the tun-
nel is in a good functional state. However, the seismic resilience 
index gradually decreases for PGA values greater than 0.2g. This
decline in resilience becomes more pronounced when PGA exceeds
0.8g and slows upon reaching 1.2g. Specifically, when PGA was
increased from 0g to 1.6g, the resilience index decreased from
1.0 to 0.75. Overall, the resilience index decreases as seismic inten-
sity (i.e., PGA) increases.
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Fig. 15. Probabilistic continuous capacity restoration models based on the minimum restoration time under (a) minor, (b) moderate, (c) extensive, and (d) complete damage
levels.

 

4.3.3. Resilience assessment based on the probabilistic capacity
restoration model

It has been emphasized that there is a great deal of uncertainty 
in the restoration process, which leads to variability in the idle 
time, capacity of the tunnel at the same time point, and the time 
required to complete the entire restoration process. To account 
for this uncertainty, probabilistic resilience curve profiles were cre-
ated by weighing the capacities of the examined tunnels at differ-
ent damage levels based on probabilistic capacity restoration
models. Similarly, after plotting 10 000 probabilistic resilience
curves under a given PGA value, corresponding 10 000 resilience
indices were obtained using Eq. (7). 

To analyze the impact of restoration time (including idle time) 
on tunnel resilience, the probabilistic stepwise capacity restoration
models shown in Figs. 13 and 14 were used to quantify the upper 
and lower bounds of the resilience index. Figs. 20(a)–(c) show the 
probabilistic resilience curves for PGA values of 0.2g, 0.5g, and 1.0g 
when both the duration of restoration tasks and idle time are at 
their minimum values. When the PGA is 0.2g, the restoration time 
for the tunnel capacity is within 0 to 50 d. At a PGA of 0.5g, this per-
iod extends from 0 to 90 d, and at 1.0g, it further extends to 130 d.
Not surprisingly, the time required to fully repair the structural
capacity of the examined tunnel increases significantly when both
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the duration of each restoration task and idle time reach their
maximum values, as shown in Figs. 21(a)–(c).

Figs. 22(a) and (b) show the probabilistic resilience index Re of 
the examined tunnel in terms of PGA, based on minimum and
maximum restoration times. As illustrated in Fig. 22, the resilience 
index decreases with increasing seismic intensity (i.e., PGA), with 
the rate of decline initially accelerating and then slowing. The pat-
tern of evolution is consistent with the conclusions from the deter-
ministic resilience assessment described in Section 4.3.2.  In
contrast to the deterministic analysis, the probabilistic resilience 
assessment fully captures the uncertainty of the resilience index 
at different PGA values. As PGA increases, the uncertainty in the 
resilience index also rises, as evidenced by the broader distribution 
ranges. For instance, under minimum restoration time conditions, 
the probabilistic resilience index ranges from 0.9787 to 0.9973 at 
a PGA of 0.5g, and extends from 0.8996 to 0.9763 at a PGA of
1.0g, with the latter interval being approximately 4.12 times
broader. In addition, the probabilistic resilience index based on
maximum restoration time shows more significant uncertainty
than that based on minimum restoration time. Specifically, at a
PGA of 1.6g, the probabilistic resilience index based on maximum
restoration time ranges from 0.3643 to 0.9097, whereas that based
on the minimum restoration time ranges from 0.5734 to 0.9656.
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Fig. 16. Probabilistic continuous capacity restoration models based on the maximum restoration time under (a) minor, (b) moderate, (c) extensive, and (d) complete damage
levels.

Fig. 17. Fragility functions of the examined tunnels by Zou et al. [106]. Fig. 18. Evolution of the normalized cost with the seismic intensity.
The increased uncertainty is attributed to the higher variability in 
the maximum duration for each repair task, as reflected in the
standard deviation presented in Table 5. In general, the results of
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both deterministic and probabilistic resilience assessments sup-
port resilience-informed decisions for pre-event planning and
post-event response strategies.
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Fig. 19. Structural capacity recovery and resilience assessment for examined tunnels. (a) Resilience curves for different seismic intensities. (b) Resilience index Re of the
examined tunnel in terms of PGA.

Fig. 20. Probabilistic resilience curves for PGA values of (a) 0.2g, (b) 0.5g, and (c) 1.0g based on the minimum restoration time.

Fig. 21. Probabilistic resilience curves for PGA values of (a) 0.2g, (b) 0.5 g, and (c) 1.0g based on the maximum restoration time.
4.3.4. Sensitivity analysis of expert opinions on resilience index
outputs

Given the inherent subjectivity embedded in expert judgment, 
potential cognitive biases may directly affect the output of the 
established resilience models. As an illustrative case, a sensitivity 
analysis was conducted on the probabilistic resilience model based 
on maximum restoration time. Expert-derived estimates of maxi-
mum uncertainty time parameters tend to exhibit greater variabil-
ity, as previously discussed. Specifically, the resilience indices were
compared by varying input parameters through the following
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modifications: ① changing the mean values (±30%, ±20%, and 
±10%) of the probability distributions for both idle time and 
restoration task durations; ② adjusting the standard deviations 
(±30%, ±20%, and ±10%) of the respective distributions, and 
③ implementing simultaneous perturbations to both mean values 
and standard deviations (±30%, ±20%, and ±10%). The mean value
adjustments account for systematic overestimation or underesti-
mation of idle time and restoration durations by experts, while
variations in standard deviation reflect the extent of dispersion
int expert opinions.
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Fig. 22. Probabilistic resilience index of the examined tunnel in terms of PGA based on the (a) minimum restoration time and (b) maximum restoration time.

Fig. 23. Probabilistic resilience indices response to mean adjustments by (a) −30%, (b) −20%, (c) −10%, (d) 10%, (e) 20%, and (f) 30%.
Figs. 23–25 show the sensitivity of probabilistic resilience index 
responses to changes in mean values, standard deviation, and their
concurrent variations. To better visualize variations in resilience
model outcomes, Table 11 presents a comparison of the maximum, 
minimum, mean, and standard deviation values of resilience 
indices at PGA values of 0.5g, 1.0g, and 1.6g. When experts overes-
timate temporal variability during the post-earthquake restora-
tion, the mean values of their fitted probability distributions
increase. This upward shift in the mean values leads to an overall
reduction in resilience index outputs. This trend is visually
reflected in the continuous downward shift of the red solid line
in Fig. 23. Quantitative analysis indicates that at a PGA of 1.6g,  a
30% reduction in distribution means results in a resilience index
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of 0.7728, whereas a 30% increase lowers it to 0.6218. As shown
in Fig. 24, an increase in the standard deviation of expert opinion 
probability distributions corresponds to a wider dispersion in the 
probabilistic resilience index. This trend becomes particularly pro-
nounced at higher PGA levels. For instance, at a PGA of 1.6g, 
decreasing the standard deviation by 30% constrains the proba-
bilistic resilience index to a range of 0.4106–0.8585, whereas 
increasing it by 30% expands the range to 0.2582–0.9194. Hence,
greater consistency among expert estimations of idle time and
restoration duration results in more precise resilience index pre-
dictions for tunnels under specific seismic intensities. Consistent
with engineering judgment, when both the mean and standard
deviation of the probability distributions for the resilience model
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Fig. 24. Probabilistic resilience indices response to standard deviation adjustments by (a) −30%, (b) −20%, (c) −10%, (d) 10%, (e) 20%, and (f) 30%.

Fig. 25. Probabilistic resilience indices response to simultaneous mean and standard deviation adjustments by (a) −30%, (b) −20%, (c) −10%, (d) 10%, (e) 20%, and (f) 30%.
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Table 11 
Variation in resilienc e index outputs.

Parameter in 
probability 
distributions

Change 
(%) 

Resilience index output

PGA = 0.5g PGA = 1.0g PGA = 1.6 g

Standard 
deviation 

Standard 
deviation 

Standard 
deviation 

Maximum Minimum Mean Maximum Minimum Mean Maximum Minimum Mean 

Mean −30 0.9954 0.9267 0.9825 0.0071 0.9672 0.6940 0.8921 0.0331 0.9373 0.4084 0.7728 0.0721 
−20 0.9956 0.9272 0.9810 0.0074 0.9590 0.6773 0.8832 0.0339 0.9150 0.3443 0.7488 0.0732 
−10 0.9943 0.9238 0.9795 0.0076 0.9453 0.6646 0.8731 0.0346 0.9032 0.3461 0.7223 0.0742 
10 0.9926 0.9219 0.9761 0.0076 0.9336 0.6563 0.8513 0.0346 0.8817 0.2979 0.6715 0.0740 
20 0.9918 0.9147 0.9743 0.0077 0.9313 0.6347 0.8396 0.0345 0.8499 0.2567 0.6472 0.0735 
30 0.9907 0.9135 0.9724 0.0078 0.9198 0.6143 0.8279 0.0357 0.8206 0.2515 0.6218 0.0742 

Standard 
deviation 

−30 0.9916 0.9326 0.9783 0.0060 0.9410 0.7031 0.8635 0.0272 0.8585 0.4106 0.6920 0.0611 
−20 0.9924 0.9292 0.9781 0.0066 0.9366 0.6816 0.8632 0.0230 0.8884 0.3816 0.6928 0.0654 
−10 0.9923 0.9230 0.9780 0.0073 0.9435 0.6469 0.8632 0.0327 0.8718 0.3535 0.6953 0.0711 
10 0.9938 0.9209 0.9778 0.0081 0.9491 0.6595 0.8625 0.0364 0.8906 0.3353 0.6988 0.0784 
20 0.9942 0.9211 0.9778 0.0084 0.9510 0.6421 0.8626 0.0377 0.8850 0.3154 0.7014 0.0799 
30 0.9942 0.9141 0.9777 0.0086 0.9469 0.6346 0.8620 0.0396 0.9194 0.2582 0.7005 0.0839 

Mean and 
standard 
deviation

−30 0.9950 0.9350 0.9835 0.0059 0.9583 0.7443 0.8968 0.0262 0.9189 0.4642 0.7674 0.0623 
−20 0.9938 0.9260 0.9815 0.0066 0.9517 0.6780 0.8849 0.0296 0.9088 0.4156 0.7414 0.0674 
−10 0.9942 0.9270 0.9796 0.0071 0.9474 0.6885 0.8733 0.0320 0.8951 0.3693 0.7185 0.0700 
10 0.9920 0.9205 0.9762 0.0082 0.9390 0.6193 0.8526 0.0372 0.8871 0.2793 0.6765 0.0781 
20 0.9922 0.9136 0.9745 0.0088 0.9310 0.6245 0.8418 0.0393 0.8744 0.2916 0.6567 0.0802 
30 0.9918 0.9175 0.9732 0.0089 0.9303 0.6130 0.8338 0.0402 0.8561 0.2615 0.6401 0.0827
input parameters increase simultaneously, the resilience index 
exhibits a decline in magnitude along with heightened uncertainty.

5. Discussion 

The development of resilience models relies on a probabilistic 
framework incorporating expert survey insights. This approach is 
based on the following assumptions: ① The damaged tunnel is 
of average importance, meaning that no additional human or 
financial resources are allocated for its restoration. The potential 
impact of transportation restrictions on resource delivery is not 
considered. ② The ageing of the tunnel does not affect its struc-
tural capacity. Therefore, before the hazard event, the structural 
capacity of the tunnel is assumed to be 1.0. However, immediately 
after the hazard, the post-hazard capacity decreases to 0.9, 0.7, 0.4, 
and 0.1 for the minor, moderate, extensive, and complete damage
levels, respectively, based on expert judgment. ③ The DS of non-
structural components (i.e., electromechanical equipment and rail
tracks) is consistent with that of the main structure (i.e., the tunnel
lining) and is not determined through fragility curves. ④ The
restoration process of the damaged tunnel is considered to be con-
tinuous, without interruptions due to factors such as weather or
management issues.⑤ After the implementation of all repair mea-
sures, the structural capacity of the tunnel is fully restored to its
original level, that is, Q = 1.0.

The established tunnel resilience models can be effectively 
incorporated into resilience-based post-earthquake restoration 
workflows, guiding practitioners in optimal decision-making. This 
decision-making process incorporates recovery and reinstatement 
time estimates, based on which downtime and losses due to dis-
ruption can be estimated more accurately using the models pre-
sented in this paper. This framework facilitates proactive tunnel
adaptation [113], aiming to reduce losses and accelerate recovery 
through optimized post-hazard measures. The steps for integrating 
this model into resilience planning workflows are as follows: 
① The developed resilience models can be employed by tunnel 
operators or policymakers to predict the resilience index of tunnels 
under various seismic intensities. Based on the resilience index, the
resilience state of tunnel structures can then be determined.
② Restoration workflows, derived from expert surveys and post-
earthquake restoration practices under similar conditions, can be
referenced. These workflows help determine a technically feasible
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and economically viable restoration strategy while considering 
costs. ③ Expert opinion-based resilience assessment methods 
can be leveraged by decision-makers to evaluate resilience indices 
of tunnel structures under various post-earthquake restoration 
scenarios involving different restoration tasks and implementation 
sequences. This approach enables the identification of the most 
sensitive temporal parameters affecting resilience states, thereby 
facilitating the sensitivity-informed optimization of restoration 
strategies. For instance, allocating additional resources to shorten 
the duration of dominant repair tasks can effectively enhance the
speed of post-earthquake recovery. In summary, the proposed
framework facilitates investment prioritization and optimal
resource allocation by systematically comparing the resilience of
structures and cost–benefit trade-offs across various restoration
strategies. This methodology provides quantifiable metrics to
enhance preparedness, response, and recovery planning while sup-
porting compliance with evolving infrastructure resilience stan-
dards and policies [114,115]. 

Future research should focus on enhancing the reliability and 
generalizability of the restoration models by collecting more 
expert responses, covering a wider range of countries and regions. 
Additionally, weighting methods such as the analytic hierarchy 
process (AHP) and the entropy method can be used to account
for the differences between estimates derived from actual data
from previous case studies and those based on professional judg-
ment, assigning varying levels of importance to each estimate
based on its source and reliability [116,117]. To mitigate cognitive 
biases and improve the robustness of resilience models, a Bayesian 
probabilistic framework can be adopted to update the probability
distributions of expert opinions dynamically by incorporating
objective data derived from engineering practice [118]. Moreover, 
a structured Delphi method with iterative anonymous feedback 
can be implemented to enhance consensus formation while mini-
mizing individual dominance [119]. Because resilience models 
are directly influenced by tunnel design objectives, configurations, 
and geological conditions, restoration models can be further devel-
oped to be flexible and adaptable. This can be achieved by incorpo-
rating parameters that can be tailored to specific tunnel designs,
such as lining thickness, burial depth, and material properties.
Adjustment factors can also be introduced to account for variables,
such as operator policies, available resources, tunnel importance,
and global effects, including the financial growth of different coun-
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tries. Nonstructural factors also significantly influence the restora-
tion process. Extreme weather events, such as rainfall and temper-
ature fluctuations, affect tunnel integrity and subsequent 
restoration procedures. The geographical location of tunnels, 
including factors such as proximity to water bodies or areas prone 
to natural disasters, influences restoration strategies and timelines. 
Therefore, future studies should employ geospatial analysis and 
environmental modeling to assess the impact of these nonstruc-
tural factors. To facilitate this, more detailed data on weather con-
ditions and tunnel locations should be obtained through 
collaboration with meteorological agencies and the application of
geographic information systems (GISs). Furthermore, tunnel func-
tionality degradation due to factors such as rebar corrosion can
be accounted for, allowing for the development of restoration
models for tunnels with varying service lives and construction
quality. More importantly, the residual structural capacities of tun-
nels at different damage levels must be quantified through numer-
ical simulations or experimental studies to establish more accurate
restoration models.

6. Conclusion s

This study delivered the first quantitative resilience model 
based on an extensive expert questionnaire for a benchmark circu-
lar tunnel under natural hazards. The developed restoration mod-
els reflect the recovery pathways of post-hazard tunnel capacity 
under different damage levels, bridging the gap in restoration
modeling by quantifying the resilience of tunnels and considering
the uncertainty of the restoration process. The following conclu-
sions were drawn from this study:

(1) Due to the variations in expert professional backgrounds 
and differences in design cultures and standards across countries 
and regions, inherent biases exist in experts’ responses to the ques-
tionnaire. These regional and cognitive biases are reflected in the 
standard deviations of key restoration process variables, such as 
restoration time, idle time, and cost ratios. As the severity of the 
tunnel damage increases, the standard deviation of these key vari-
ables increases, making it more challenging to identify appropriate 
probability distributions that fit these variables effectively. The 
deterministic models are used for practical applications, while 
the probabilistic models characterize epistemic uncertainties. The 
established restoration models accurately reflect the recovery of
the post-disaster structural capacity from the perspective of the
tunnel structure itself, and based on this, a resilience assessment
of the tunnel structure was conducted. The rapid recovery of tun-
nel functionality can significantly contribute to the restoration of
transportation network connectivity, thereby enhancing overall
transportation network resilience. In addition, tunnel restoration
models provide valuable guidance for resource allocation in
disaster-affected areas. By systematically analyzing rehabilitation
needs, these models help decision-makers formulate rational
resource distribution strategies and optimize resource allocations,
thus improving the efficiency and effectiveness of recovery efforts.

(2) The most time-consuming restoration tasks involve the 
replacement of structural components or reinforcement of tunnel 
linings and adjacent soil strata. Expert estimations suggest that 
idle time and cost ratios increase significantly with greater damage 
severity, with higher uncertainty in cost ratios at more extreme 
damage levels. Regarding the traffic capacity following the dam-
age, this study indicates that more severe damage leads to lower
post-event traffic capacity and longer restoration times. Typical
restoration pathways are established for different damage levels
to guide the process of restoring the traffic-carrying capacity.
Appropriate rehabilitation measures can be taken, and their
prioritization can be adjusted to achieve rapid restoration of
traffic-carrying capacity. Continuous restoration models, obtained
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by fitting stepwise restoration models, reflect the continuity of 
post-hazard tunnel capacity restoration. Finally, a case study of a 
typical tunnel was conducted to illustrate the application of these
restoration models for seismic resilience assessment.
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