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a b s t r a c t 

Tunnels are critical infrastructure for the sustainable development of urban areas worldwide, especially for mod- 

ern metropolises. This study investigates the effects of salient parameters, such as the soil conditions, tunnel 

burial depth, tunnel construction quality, and aging phenomena of the lining, on the direct seismic losses of cir- 

cular tunnels in alluvial deposits when exposed to ground seismic shaking. For this purpose, a practical approach 

is employed to probabilistically assess the direct losses of single tunnel segment with unit length, as well as of 

tunnel elements representative of the Shanghai Metro Lines 1 and 10, assuming various levels of seismic intensity. 

The findings of this study can serve as the basis for decision-making, seismic loss, and risk management based 

on the principles of infrastructure resilience. 
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. Introduction 

Tunnels play a critical role in a national infrastructure system, which

s vulnerable to seismic hazards, often with negative implications such

s emergency response impairment, potential casualties [1–2] , societal

nd economic losses [3–5] . The collapse of the Daikai subway station

uring the 1995 Kobe earthquake in Japan [ 6 , 7 ] and the collapse of

ountain tunnels during the 2008 Wenchuan earthquake in China [ 8 , 9 ]

onstitute typical examples. Since the 1990s, the seismic safety of tun-

els has become an essential consideration in seismic-prone areas. More-

ver, the earthquake-induced tunnel damage may affect regular traffic

perations and people’s life safety. Even minor or moderate damage of

unnels caused by seismic hazards may require significant time and cost

f repair, ultimately posing an overall adverse impact on the societies

nd the economy [10] . From this perspective, understanding the vulner-

bility of critical infrastructure and characterizing its resilience is essen-

ial [11–13] , toward making cities more resilient to extreme events such

s earthquakes [14] . Thus, it is essential to quantify the seismic fragility

f tunnels and assess the loss of underground systems, which can inform

riorities for mitigation measures to enhance city resilience. 

In recent decades, scholars worldwide focused on seismic vulner-

bility assessment of tunnels by providing fragility functions for such

ssessment based on empirical, analytical, and numerical approaches.
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he fragility functions (i.e., curves, surfaces) can be used to evaluate

unnel vulnerability under different seismic scenarios and serve as the

asis for the seismic loss analysis of tunnels. ALA [15] developed a series

f empirical fragility curves based on the earthquake-induced damage

ases, reported during past earthquakes. Balkaya and Kalkan [16] inves-

igated the seismic fragility of a tunnel, and corresponding strengthen-

ng measures were proposed. Argyroudis and Pitilakis [17] developed a

et of analytical fragility curves for typical circular and cut and cover

unnels buried in different soil conditions, accounting for the random-

ess of ground seismic shaking. Since then, many studies have focused

n the development of analytical fragility functions for the assessment

f tunnels and underground structures (e.g., subway stations), account-

ng for salient parameters, e.g., tunnel/structure typologies [ 18 , 19 ],

unnel/structure buried depths [20–22] , construction quality and ag-

ng effects [ 23 , 24 ], as well as the effect of the vertical component of

round shaking [25] . More recently, He et al. [26] examined the seis-

ic fragility of a typical underground structure, considering the effect

f spatially varying soil properties. More information about recent ad-

ances in the seismic fragility analysis of tunnels and other underground

tructures may be found in Tsinidis et al. [27] . 

Numerous loss assessment frameworks have been proposed and ap-

lied for buildings [ 28 , 29 ], bridges [ 30 , 31 ], and other critical infrastruc-

ure [32–35] . However, few studies focused on the probabilistic seismic
gr (K. Pitilakis) . 
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oss analysis of tunnels [ 36 , 37 ]. Selva et al. [36] discussed the effects

f inter-model variability of fragility curves on the seismic loss and risk

ssessment of tunnels. Cartes et al. [37] presented a framework for the

election of fragility curves for the seismic risk assessment of tunnels in

hile. To the best of the author’s knowledge, the effects of salient param-

ters, such as soil conditions, tunnel buried depths, tunnel construction

uality, or aging phenomena of the lining, have not been considered so

ar in the literature in the seismic loss assessment of tunnels, thus this is

n important step forward for an efficient and well-informed loss esti-

ation. Consequently, this significant gap needs to be filled and further

esearch should be undertaken towards the integrated loss and risk as-

essment of tunnels and underground networks. This is the novelty of

his study with important practical impact. 

Under the above considerations, the aim of this study is twofold: (i)

o develop a practical approach for probabilistic seismic loss assessment

f circular tunnels and (ii) to examine the effects of salient parameters,

uch as soil conditions, tunnel buried depths, tunnel construction qual-

ty, or aging phenomena of the lining, on the seismic loss assessment

t different scales, i.e. individual tunnel sections and metro lines. For

his purpose, the approach for probabilistic seismic loss assessment of

ircular tunnels is firstly presented and employed on single tunnel seg-

ent in alluvial deposits, as well as on tunnel elements representative

f the Shanghai Metro Lines 1 and 10, assuming various levels of seis-

ic hazard. Limitations of the present study and further research efforts

elated to the more refined seismic loss assessment of tunnels are also

iscussed. The results of this study are beneficial for engineers, decision-

akers, and infrastructure operators dealing with the resilience-based

esign and management of critical assets [38–40] , The improved un-

erstanding and quantification of potential losses in case of earthquake

vents of different intensity, can support prevention, emergency, and re-

overy planning and enhance the seismic resilience of city infrastructure

nd communities. 

. Probabilistic seismic loss assessment framework 

Fig. 1 summarizes the adopted framework in this study for the prob-

bilistic seismic loss assessment of tunnels, used to examine the effects

f salient parameters on the seismic losses. The framework includes the

ollowing three steps: (a) seismic hazard assessment, which can be per-

ormed based on available hazard curves for the site where the examined

unnel is located; (b) seismic vulnerability assessment by using appro-

riate fragility functions, which represent the degree of seismic damage

nder different levels of hazard intensities; (c) seismic direct economic

oss assessment, which includes the quantification of the exceedance

robability of different seismic losses, and the estimation of expected

ean seismic loss. The former describes the exceedance probability of

eismic loss under a given scenario of hazard intensity. In contrast, the

atter describes the expected average seismic loss of the examined tun-

els under various levels of hazard intensities. It is noted that the seismic

irect economic loss in this study is associated with the repair cost after

n earthquake event and is defined as a percentage of the initial con-

truction cost of the damaged tunnel element. The details of these three

teps are introduced in the subsequent sections. 

.1. Seismic hazard assessment —hazard curves 

Seismic hazard and the required seismic hazard curves may be de-

ived in different ways, for instance, through site-specific earthquake

icro zonation investigations [41] or project-based seismic hazard anal-

ses. It is recalled that seismic hazard curves are plots of the annual fre-

uency of exceedance as a function of a seismic IM (e.g., the peak ground

cceleration PGA or spectral acceleration). Generally, the peak ground

cceleration ( PGA ) at the ground surface is most widely used to describe

he seismic hazard intensity for the tunnels [ 42 , 43 ]. This analysis aims

t defining the corresponding seismic hazard scenarios for a tunnel site
25 
hat may be further used to evaluate the expected losses of the exam-

ned tunnel for these given scenarios (steps b and c). It is noted that the

eneration of the seismic hazard curve is quite complex, which should

arefully deal with the factors of the faults and seismic sources on the

ite, the method of evaluating seismicity, among others. For simplifica-

ion, the hazard analysis in this study is based on available hazard curves

r other relevant studies for the examined tunnel sites. Site-specific seis-

ic studies will be conducted in the future to obtain more appropriate

eismic hazard curve for the examined tunnel sites. 

.2. Seismic vulnerability assessment —fragility functions 

Fragility functions are generally employed in seismic vulnerability

ssessment of structures (tunnels herein). Fragility functions provide

he conditional probability of a structure’s likelihood to reach or ex-

eed a specific level of damage under a given seismic IM . Fragility func-

ions may be developed based on expert judgment, empirical approaches

e.g., statistical analysis of observations of the structure’s response dur-

ng past earthquakes), as well as numerically-based approaches, which

ave become popular in the last few years. In most studies, a lognormal

robability distribution has been adopted to express fragility functions

or tunnels in the form of fragility curves: 

 

[
𝑑𝑠 ≥ 𝑑𝑠 𝑖 |𝐼𝑀 

]
= Φ

[ 
𝐼 𝑛 ( 𝐼 𝑀 ) − 𝐼 𝑛 ( 𝐼 𝑀 𝑚𝑖 ) 

𝛽𝑡𝑜𝑡 

] 
(1)

here P [ - ] represents the conditional probability of reaching or exceed-

ng a damaged state ( ds ) at a given IM ; F(-) represents distribution func-

ion; IM mi is the median value of IM corresponding to the i th ds, and 𝛽tot 

tands for the standard deviation, expressing the uncertainties related

ith fragility analysis. For the examined tunnel structures, the fragility

urves are usually derived for minor ( ds 1 ), moderate ( ds 2 ), and exten-

ive ( ds 3 ) damage. The punctual probability w i for each damage state

 ds i ) can be derived based on the corresponding fragility curves. The

unctual probability w i for each damage state ( ds i ) may be estimated by

sing the following equations: 

o damage ∶ 𝑤 0 = 1 − 𝑃 
[
𝑑 𝑠 < 𝑑 𝑠 1 |𝐼𝑀 

]
(2)

inor damage ∶ 𝑤 1 = 𝑃 
[
𝑑𝑠 > 𝑑𝑠 1 |𝐼𝑀 

]
− 𝑃 

[
𝑑𝑠 > 𝑑𝑠 2 |𝐼𝑀 

]
(3)

oderate damage ∶ 𝑤 2 = 𝑃 
[
𝑑𝑠 > 𝑑𝑠 2 |𝐼𝑀 

]
− 𝑃 

[
𝑑𝑠 > 𝑑𝑠 3 |𝐼𝑀 

]
(4)

xtensive damage ∶ 𝑤 3 = 𝑃 
[
𝑑𝑠 > 𝑑𝑠 3 |𝐼𝑀 

]
(5)

here w 0 , w 1 , w 2 , and w 3 refer to the corresponding punctual probabil-

ty for no damage ( ds 0 ), minor damage ( ds 1 ), moderate damage ( ds 2 ),

nd extensive damage state ( ds 3 ); P [ 𝑑𝑠 > 𝑑𝑠 𝑗 |𝐼𝑀 ] is the conditional

robability of reaching or exceeding a damage state ( ds ) at a specific IM

hich may be obtained from Eq. (1 ). 

.3. Seismic loss assessment 

The expected direct seismic losses of complex structures like a sin-

le tunnel line or tunnel lines of a metro system, which are examined

erein, can be evaluated by identifying the potential damage states of

he examined tunnels based on fragility functions and the associated re-

air cost for each damage state ( ds ) for different levels of seismic IM .

he repair cost for each damage state may be estimated based on expert

udgment or available data from repairs of similar structures during past

arthquakes. Werner et al. [44] suggested a tunnel repair model based

n data collected in the state of California. This model is based on the

ean loss ratio ( LR ), which is described as the ratio of repair cost to the

nitial construction cost ( ICC ) of the tunnel element for each damage

tate ( ds i ). In this study, the corresponding LR i for none, minor, moder-

te, and extensive damage are assumed to equal 0, 0.10, 0.25, and 0.75,
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Fig. 1. Framework to assess the seismic loss of tunnels ( IM : intensity measure; l : seismic loss; P : probability of damage; LR : loss ratio; Pl : exceedance probability of 

seismic loss; Lm : expected or mean seismic loss). 

Table 1 

Definitions of tunnel damage states and corresponding loss ratio ( LR ). 

Damage states ( ds ) Damage descriptions Crack specification Loss ratio ( LR ) 

Length (m) Width (mm) 

None damage, ds 0 No cracking of the lining - - 0.00 

Minor damage, ds 1 Minor cracking of the lining < 5 < 3 0.10 

Moderate damage, ds 2 Moderate cracking of the lining 5-10 3-30 0.25 

Extensive damage, ds 3 Extensive cracking of the lining > 10 > 30 0.75 
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espectively, as per Werner et al. [44] ( Table 1 ). Herein, the adopted

oss Ratio ( LR ) presented in Table 1 are the same as the Repair Cost

atio presented in the original work [44] . The proposed Loss Ratio can

e used for a preliminary application of probabilistic seismic loss assess-

ent of tunnels. Moreover, it is noted that the various tunnel damage

tates are defined based on the reported cases of damage during past

arthquakes [ 10 , 45 ], and the physical description of the damage states

ould be quantitatively described by the length and width of cracking

f the lining, as shown in Table 1 . 

In engineering practice, the expected cost C i to repair a certain dam-

ged tunnel element under a certain damage state ds i may be estimated

y the length, and the initial construction cost ( ICC ) of the single tun-

el segment (per unit length) as well as the LR mentioned above for

ifferent damage states, as shown below: 

 𝑖 = 𝐼𝐶𝐶 ⋅ 𝐿𝑅 𝑖 ⋅ 𝑛 (6)

here index i denotes the i th damage state, C i is the expected cost un-

er i th damage state, LR i is the corresponding loss ratio in repairing the

 th damage state, and n represents the length of examined tunnel ele-

ent. In this study, for the examined typical circular tunnel lining (i.e.,

refabricated concrete segments, diameter d < 15 m, buried depth h <
26 
0 m) with a longitudinal length of 1 m constructed by the shield tun-

elling method, the initial construction cost is assumed to be 1,000,000

NY [46] , which only refers to the tunnel lining construction cost, and

s the same for all examined soil conditions for a preliminary analysis.

oreover, it is noted that this study focuses on the direct economic cost

aused by the repair of tunnel lining, while the potential economic cost

f track, utilities, electrification, etc., are not considered herein. 

The damage state of a structure for a given level of IM constitutes a

andom variable. Therefore, a sample of damage states for the examined

unnel element should be employed, by introducing a stochastic anal-

sis, for instance, a Monte Carlo (MC) stochastic simulation (by Eqs.

2 )- (5) . Through this procedure, a sample of expected cost C i can be ob-

ained (by Eq. (6 )). The Monte Carlo stochastic simulation is conducted

s follows and the step-by-step procedure is shown in Fig. 2: 

a) A particular damage state i is determined for the examined tunnel

element by comparing its w i with a random number between 0 and

1. 

b) Based on the generated random damage scenario at each MC realiza-

tion, the seismic loss of the whole examined tunnel system (assuming

that the examined tunnel has k elements) is obtained through adding
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Fig. 2. Proposed Monte Carlo stochastic simulation procedure. 
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b  
up the expected cost C i for each tunnel element, as shown below: 

𝑙 = 

𝑘 ∑
𝑘 =1 

𝐶 𝑖 (7)

By running the MC simulation for many trials, e.g., 10,000 times

r more, a large sample of potential total losses can be obtained for a

pecific level of IM = im . Thus, the exceedance probability Pl of seismic

oss for a specific level of IM = im can then be represented as follows: 

 𝑙( 𝑖𝑚, 𝑤 ) = 𝑝 ( 𝑙 > 𝑥 | 𝑖𝑚, 𝑤 ) (8)

here w is the punctual probability that reflects the effect of seismic

ragility of the examined structure. Based on the above discussion, the

xceedance probability Pl may be determined by the seismic hazard

evel and the adopted fragility functions. 

In addition to the exceedance probability Pl of seismic loss, the ex-

ected mean seismic loss Lm is adopted in this study as an additional

oss metric of the examined tunnel systems, which is estimated based on

q. (9 ) (assuming that the examined tunnel has k elements): 

𝑚 ( 𝑖𝑚, 𝑤 ) = 

𝑘 ∑
𝑘 =1 

4 ∑
𝑖 =0 

𝐶 

𝑘 
𝑖 
⋅𝑤 𝑖 (9)

here im is the seismic hazard level, k denotes the total number of tun-

el elements, 𝐶 

𝑘 represents the expected cost to repair the certain tun-

𝑖 

27 
el element k under a certain damage state ds i , and w i represents the

unctual probability of each damage state ( ds i ). 

. Effects of salient parameters on seismic losses of tunnel 

egments and systems 

The effects of salient parameters, such as the ground characteristics,

he burial depth, and construction quality of the tunnel, as well as po-

ential aging phenomena on the tunnel liners, on the seismic losses of

unnels, are examined in the following sections for representative cir-

ular tunnels under different seismic scenarios. This analysis includes

wo case studies: (i) a generic single tunnel lining segment with a unit

ength, and (ii) the Shanghai Metro Line 1 and Line 10. 

.1. Description of the adopted fragility functions 

To examine the effects of some critical design factors on the seis-

ic loss analysis of tunnels, this study adopted a set of fragility curves

eveloped by authors’ previous research [ 17 , 21 , 23 ]. More specifically,

he fragility curves by Argyroudis and Pitilakis [17] are used to evalu-

te the seismic loss of shallow circular tunnels constructed in different

oil conditions [47] . A set of fragility curves by Huang et al. [21] are

pplied to assess the seismic loss of tunnels with different buried depths.

dditionally, to account for the effects of tunnel construction quality, as

ell as of potential aging phenomena of the liner due to corrosion, the

ragility curves developed by Argyroudis et al. [23] for shallow circular

unnels in soil class C and D are used. Herein, the definition of tunnels

ith good or poor construction quality follows the scheme proposed by

rgyroudis et al. [23] . The quality of tunnels are determined by the lin-

ng material properties. For the same site and design conditions, a good

uality tunnel indicates it has a higher lining elastic modulus, while

he poor quality tunnel indicates it has a lower lining elastic modulus.

oreover, the detailed information of the adopted size of the model,

he density and elastic modulus, shear wave velocity distribution of the

oil profile, the properties of the examined tunnels, as well as the de-

elopment of numerical models can be further referred to the authors’

revious work [ 17 , 21 , 23 ]. 

All the above-mentioned fragility curves are shown in Fig. 3 . The

equired parameters to plot the fragility curves (i.e., median values of

M corresponding to minor, moderate, and extensive damage , as well as

he standard deviation 𝛽tot ) are summarised in Table 2 . In line with the

ork by Selva et al. [36] , the fragility curves in terms of PGA are used to

valuate the probabilistic seismic loss assessment of tunnels under dif-

erent damage states. In future work, the fragility curves in terms of PGD

hould be also adopted to improve the reliability of loss assessment re-

ults. It is noted that there exist some differences for the fragility curves

f shallow tunnel in soil class D, as shown in Fig. 3 (a) and Fig. 3 (b).

pecifically, a lower fragility is observed by Argyroudis et al. [23] com-

ared with the work of Huang et al. [21] . Generally, the reason for these

iscrepancies is that the properties of the soil-tunnel system examined

n the two studies are totally different, which ultimately results in signif-

cant different soil-tunnel response. More discussion about the reasons

f these differences can also be checked in the authors’ previous work

21] . 

.2. Seismic loss assessment of a single tunnel segment 

By adopting the fragility curves described in Table 2 , and the tunnel

epair model of Table 1 , the seismic loss assessment framework, pre-

ented above, is initially applied on a single tunnel lining segment with

 unit length considering different soil-tunnel configurations. The effects

f crucial factors are presented and discussed thoroughly. 

.2.1. Effect of soil conditions on the seismic losses 

To examine this effect, the soil-tunnel configurations examined

y Argyroudis and Pitilakis [17] , and the relevant fragility functions
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Fig. 3. Fragility curves developed by authors’ previous work and used herein. (a) Fragility curves of shallow circular tunnels provided by Argyroudis and Pitilakis 

[17] . (b) Fragility curves of tunnels with different buried depths developed by Huang et al. [21] . (c) Time-dependent fragility curves for shallow circular tunnels in 

soil class C by Argyroudis et al. [23] . (d) Time-dependent fragility curves for shallow circular tunnels in soil class D by Argyroudis et al. [23] . 

Table 2 

Parameters of the adopted fragility curves in this work. 

Reference Tunnel typology Soil class Tunnel service time (years) Minor IM 1 (g) Moderate IM 2 (g) Extensive IM 3 (g) b tot 

Argyroudis and 

Pitilakis [17] 

Shallow tunnel, buried depth 

h = 10 m, diameter d = 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 

Huang et al. [21] Shallow tunnel, buried depth 

h = 9 m, diameter d = 6.2 m 

D - 0.350 0.604 0.968 0.533 

Moderately deep tunnel, 

buried depth h = 20 m, 

diameter d = 6.2 m 

- 0.427 0.836 1.491 0.580 

Deep tunnel, buried depth h 

= 30 m, diameter d = 6.2 m 

- 0.635 1.231 2.177 0.613 

Argyroudis et al. [23] Shallow tunnel, buried depth 

h = 10 m, diameter d = 6 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 0.740 0.660 

100 0.350 0.740 1.080 0.690 

Shallow tunnel, buried depth 

h = 10 m, diameter d = 6 m, 

poor construction quality 

C 0 0.690 0.950 1.170 0.780 

50 0.650 0.910 0.870 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 

28 
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Fig. 3. Continued 
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n  
 Fig. 3 a), are adopted in the seismic loss assessment, which is performed

or distinct seismic hazard levels. It is recalled that the configurations

efer to a circular tunnel with a diameter d = 10 m, embedded at a burial

epth h = 10 m in soil class B, C, and D, according to Eurocode 8 [47] .

Fig. 4 presents the exceedance probability Pl of seismic loss for the

xamined shallow tunnels in soil class B, C, and D under three seismic

azard intensities, i.e., PGA equals 0.2, 0.6, and 1.0 g. The reason for

he flat segment lines in this figure is due to the way that loss values are
29 
stimated using an average loss ratio, as in Table 1 . The computed ex-

eedance probability Pl generally decreases with the increase of seismic

osses for all the examined cases. In addition, for a given level of seis-

ic losses, the exceedance probability Pl increases with the increased

eismic hazard level. For a given level of seismic hazard and seismic

osses, the exceedance probability Pl decreases with the “quality ” of the

oil surrounding the examined tunnel segment (i.e., increase of the stiff-

ess and strength of soil or from soil class D to B). Assuming a PGA = 0.6
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Fig. 4. Exceedance probability Pl of seismic loss for tunnels in different soil conditions. 
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Fig. 5. Expected mean seismic loss Lm of the shallow tunnel in different soil 

conditions. 

u  

r

 

t  

g  
 and a level of seismic losses l = 0.6·10 6 CNY as an example, the ex-

eedance probability Pl of the sections equals 0.026, 0.206, and 0.335

or soil class B, C, and D, respectively. It can be inferred from the above

esults that the differences in the calculated exceedance probability Pl

f a tunnel segment in different soil conditions could be larger than

100%. 

The expected mean seismic losses Lm , of the examined soil-tunnel

onfigurations, are calculated according to Eq. (9 ). Fig. 5 shows the

volution of the estimated mean seismic losses Lm for different levels

f seismic hazard, the latter expressed in terms of PGA . Evidently, the

ean seismic losses L m 

of examined configurations increase remarkably

ith the increase of the seismic hazard level. Additionally, for a given

evel of seismic intensity, the mean seismic losses Lm increase with the

ecrease of the “quality ” of soil conditions (i.e., from soil class B to D).

ummarizing, the effect of soil conditions on the seismic loss assessment

f tunnels is significant, and the tunnel embedded in soft soil deposits

enerally is expected to sustain higher seismic loss due to e.g. larger de-

ormations and bending moments developed at critical locations of the

unnel lining [ 21 , 23 ]. 

.2.2. Effect of burial depth on the seismic losses 

Previous studies (e.g., [48] ) have demonstrated the critical effect of

urial depth of the tunnels or other underground structures on the seis-

ic response of the soil-structure configuration. Therefore, examining

he burial depth’s impact on seismic losses of tunnels is essential. The

ssessment herein refers to the tunnel segments corresponding to the

oil-tunnel configurations examined by Huang et al. [21] . In particular,

 tunnel segment embedded in different burial depths in soil class D is
30 
sed as a case study, with the relevant fragility curves proposed by the

esearchers, as shown in Fig. 3 b. 

Fig. 6 illustrates the exceedance probability Pl of seismic losses for

he examined configurations under three seismic hazard levels. For a

iven seismic hazard level, the exceedance probability Pl decreases with
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Fig. 6. Exceedance probability Pl of seismic loss for tunnels with different buried depths. 
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C  
he increase of seismic losses for all the examined burial depths. More-

ver, for a given level of seismic losses, the exceedance probability Pl

ncreases with the increase of seismic hazard level (i.e., as PGA changes

rom 0.2g to 1.0g). For a given level of seismic hazard and seismic losses,

he exceedance probability Pl of the examined tunnel decreases with the

ncrease of the burial depth of the tunnels (i.e., from the shallow tunnel

o the deep tunnel). Using PGA = 1.0g and seismic loss l = 0.6·10 6 CNY as

n example, the exceedance probability Pl of the tunnel equals 0.520,

.247, and 0.102 for the shallow, moderately deep tunnel, and deep

unnels, respectively. The differences in the estimated exceedance prob-

bility Pl for the examined tunnels embedded in various burial depths

re as high as 400%. 

Fig. 7 quantifies the mean seismic loss Lm of the examined tunnels

or different burial depths under and different levels of seismic haz-

rd. As expected, Lm increases gradually with the increase of seismic

ntensity. Lower values of mean seismic losses are calculated for the

eep tunnel case compared to the shallower ones. The differences on

m are higher for higher seismic intensities ( PGA > 0.5g). On the con-

rary, for PGA levels up to 0.2g, the effect of burial depth on the ex-

ected mean seismic loss is less important. For example, for a PGA equal

o 0.20 g, the expected mean seismic loss value is equal to 0.018·10 6 ,

.011·10 6 , and 0.004·10 6 CNY for the shallow, moderately deep, and

eep tunnels, respectively. For a PGA equal to 0.80 g, the expected

ean seismic loss is increased significantly to 0.379·10 6 , 0.227·10 6 , and

.126·10 6 CNY for the shallow, moderately deep, and deep tunnels, re-

pectively. Generally, the seismic losses Lm are found to increase for

he shallower section, particularly for higher seismic intensities (i.e., for

GA > 0.2g). 
31 
.2.3. Effect of tunnel construction quality on the seismic losses 

To examine the effect of tunnel’s construction quality on seismic

osses, tunnel segments corresponding to the soil-tunnel configurations

xamined by Argyroudis et al. [23] , were adopted herein. Two tunnel

egments are adopted corresponding to good or poor construction qual-

ty (as per [23] ). The tunnels are assumed to be embedded in soil class

 or soil class D. The fragility curves, proposed by Argyroudis et al.
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Fig. 8. Exceedance probability Pl of seismic loss for the shallow tunnel with different construction quality. 
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f  
23] for the initial operation (i.e., for T = 0 years with aging effects be-

ng disregarded), as shown in Figs. 3 (c) and (d), are adopted in the

ubsequent seismic loss assessment investigations. 

Fig. 8 illustrates the exceedance probability Pl of seismic losses esti-

ated for the examined tunnel segments (tunnels of good or poor con-

truction quality) for three seismic hazard levels. For a given level of

eismic hazard intensity and a given level of seismic losses, the ex-

eedance probability Pl of the examined tunnel with good construc-

ion quality is lower than the tunnel with poor construction quality.

ssuming the scenario of a PGA = 0.6g and seismic losses l = 0.6·10 6 CNY,

nd that the tunnel is embedded in soil class C as an example, the ex-

eedance probability Pl is equal to 0.135 and 0.203 for the tunnel with

ood or poor-quality construction, respectively. For the examined tun-

el segments, the differences in the calculated exceedance probability

l of the tunnels due to different construction quality may be as high

s 50%. 

The estimated mean seismic loss Lm values, for the examined tun-

els with good or poor construction quality, are plotted comparatively

n Fig. 9 . For a given seismic intensity and a given soil, the tunnel’s ex-

ected mean seismic loss with poor construction quality is lower than

he one estimated for the tunnel with poor construction quality. Addi-

ionally, by comparing Fig. 9 (a) and (b), it is observed that the effect

f the construction quality is more significant for softer soil deposits,

.e., soil class D compared to soil class C. Indeed, assuming a PGA equal

o 0.6 g and the tunnels in soil class C, Lm equals 0.131·10 6 and 0.181

10 6 CNY for the tunnels with good or poor construction quality, re-

pectively. On the contrary, for a PGA = 0.6 g and tunnels built in soil

lass D, Lm is increased to 0.166·10 6 and 0.306·10 6 CNY for tunnels with

ood or poor construction quality, respectively. Summarizing, the effect

f construction quality on the seismic loss assessment of tunnels is es-

ential, particularly for cases where the tunnel is embedded in soft soil

eposits. 
32 
.2.4. Effect of aging phenomena of the liner on the seismic losses 

Tunnels are generally built as long-term (e.g., over 100 years) service

tructures. Nevertheless, the seismic performance of tunnel structures

ould degrade slowly as their service time increases, owing to different

ging phenomena, such as corrosion of steel bars or joints. In this con-

ext, the potential aging phenomena of the liner may affect the seismic

osses of tunnels. To examine this effect, tunnel segments corresponding

o the soil-tunnel configurations examined by Argyroudis et al. [23] , i.e.,

hallow circular tunnels built in soil class C ( Fig. 3 c) and D ( Fig. 3 d),

ere employed in a seismic loss assessment investigation. 

Four typical service years, including 0 years, 50 years, 75 years, and

00 years, were considered by Argyroudis et al. [23] . The estimated

xceedance probability Pl of seismic loss for the examined circular tun-

els in soil class D with good construction quality are shown in Fig. 10 ,

orresponding to three seismic hazard levels. For a given level of seis-

ic intensity and a given level of seismic losses, the exceedance prob-

bility Pl of the examined tunnel increases with the increase of service

ears (due to the deteriorating effect of liner corrosion on the seismic

ulnerability of the tunnel). For a PGA = 0.6g and a scenario of seismic

osses l = 0.6·10 6 CNY, the exceedance probability Pl equals 0.123, 0.132,

.165, and 0.196 for 0 years, 50 years, 75 years, and 100 years, re-

pectively. The above comparison, which reveals differences higher than

9% between examined scenarios of service years, demonstrates the ef-

ect of deteriorating corrosion phenomena of liner on the seismic loss

stimation. 

Figs. 11 (a) and (b) present the mean seismic losses Lm , estimated for

he examined cases, for different levels of seismic intensity and distinct

cenarios of tunnel service time for the examined tunnel segments, cor-

esponding to the tunnel configurations with good or poor construction

uality, adopted by Argyroudis et al. [23] . Seismic loss Lm of the exam-

ned tunnel segment is found to increase with increasing years of service

or investigated configurations. Indeed, higher values of Lm are calcu-
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Fig. 9. Expected mean seismic loss Lm of tunnels with different construction quality. 

Fig. 10. Exceedance probability Pl of seismic loss for the shallow tunnel with good construction quality considering different service years. 
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ated for a service time of T = 100 years compared to the ones estimated

or T = 0 years, etc. This result indicates that the mean seismic losses of

unnels are expected to increase with growing service time, due to the

ncreasing deterioration phenomena (mainly due to corrosion) on the

unnel liner. 

According to the analyses, all salient parameters discussed in this

aper have, as expected, a significant impact on the seismic loss assess-

ent of tunnels. The value of the analysis performed is that these effects

ave been not only specified but also quantified in terms of losses, which

ay improve considerably the design by performing cost-benefit analy-
33 
es to assess the benefits of different design solutions and to evaluate the

est retrofits solutions based on risk-based seismic life-cycle costs and

ost-benefit analysis upgrading in that way the resilience of the system.

. Application of seismic loss assessment framework in a real 

ase study: Shanghai Metro Lines 1 and 10 

The above sections examined the effects of salient parameters on

he assessment of seismic losses of tunnels, using idealized soil-tunnel

onfigurations. To further explore the seismic losses of operated metro
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Fig. 11. Expected mean seismic loss Lm of tunnels considering different service years. 

Table 3 

Typical soil properties of site for Shanghai Metro line 1. 

Soil layer Thickness(m) Soil type Unit wright (kg·m 

− 3 ) Shear wave velocity (m·s − 1 ) Cohesion (kPa) Fraction angle (°) 

1 8 Silty clay 1900 122 16.4 14 

2 10 Silt 2000 164 22.0 24 

3 6 Silty clay 1900 242 18.6 20 

4 12 Clay 2000 320 23.0 26 

5 12 Silty clay 1900 386 26.0 24 

6 5 Sand 2000 450 0 36 
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ines in a city, the framework presented in Section 2 is applied for the

ssessment of a real metro system, i.e., Shanghai Metro Lines 1 and 10.

he approach is applied throughout the length of the examined metro

ines. 

The examined Metro Lines 1 and 10 are all built in typical Shang-

ai soft clay, which has average shear wave velocities Vs 30 about or

ower than 200 m/s and can be classified in soil class D according to

urocode 8 [48] . Moreover, the tunnel liners have the same dimensions

nd mechanical characteristics, i.e., a tunnel diameter of 6.2m and a lin-

ng thickness of 0.35m, as the one studied by Huang et al. [21] . Fig. 12

rovides maps of the examined Shanghai Metro Lines 1 and 10. 

The Shanghai Metro Line 1, built in 1994, consists of 13 stations be-

ween Jiangjing Action Park Station and Shanghai Railway Station, and

as a full length of 16,365 m. A total of 12 different tunnel elements,

.e., from tunnel element 1 ○ to tunnel element , as well as their cor-

esponding lengths, are shown in Fig. 12 (a). The typical soil physical

roperties of site for Shanghai Metro line 1 is shown in Table 3 . The

unnels along the Line 1 are of circular shape and are shallow buried

n soft soils (the equivalent of soil class D of Eurocode 8) at a burial

epth of fewer than 9 m below the ground surface. In this context, the

ragility curves for shallow tunnels in clayey soil deposits proposed by
34 
uang et al. [21] are used in the seismic loss assessment of Shanghai

etro Line 1. 

The Shanghai Metro Line 10 was built in 2010. It consists of 19 sta-

ions from Hongqiao Road Station to Xinjiangwancheng Station, and its

ull length is 17,452 m. A total of 18 different tunnel elements, i.e., from

unnel element 1 ○ to tunnel element , as well as their corresponding

engths, are shown in Fig. 12 (b). The typical soil physical properties of

ite for Shanghai Metro line 10 is shown in Table 4 . The tunnels along

ine 10 are characterized as either shallow (a full length of 2,733m),

oderately deep (a full length of 12,464 m), or deep (a full length of

,255 m) and are crossing again soft clayey soils (the equivalent of soil

lass D). More specifically, tunnel elements 1 ○, 4 ○, and are classified

nto shallow tunnels, while tunnel elements 7 ○ and 8 ○ are classified into

eep tunnels. In contrast, the other tunnel elements are all classified

nto moderately deep tunnels. Therefore, the fragility curves for shal-

ow, moderately deep, and deep tunnels in clayey proposed by Huang

t al. [21] are used in this case. 

The exceedance probability Pl of seismic loss and the mean seismic

oss Lm were estimated as per Figs. 13 and 14 for the two metro lines.

ased on Figs. 13 (a) and 14 (a), for a given seismic hazard intensity,

he exceedance probability Pl decreases with the increase of the seismic
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Fig. 12. Examined Shanghai Metro Lines 1 and 10 with circular cross-section built in soil class D [47] (CEN, 2004). Note: figures are not in scale. 

Table 4 

Typical soil properties of site for Shanghai Metro line 10. 

Soil layer Thickness(m) Soil type Unit wright (kg·m 

− 3 ) Shear wave velocity (m·s − 1 ) Cohesion (kPa) Fraction angle (°) 

1 3.0 Silty clay 1865 113 7.3 18.8 

2 1.3 Silty clay 1814 119 15 19.0 

3 2.3 Silt 1896 150 3.8 23.3 

4 5.4 Clay 1743 153 11.4 19.0 

5 6.4 Silty clay 1722 162 13.6 18.0 

6 6.3 Silty clay 1824 188 15.8 18.0 

7 4.8 Clay 1900 227 45 17.0 

8 30.5 Clay 1936 277 5 20.0 

9 10.0 Clay 1906 301 15 23.0 

10 15.0 Sand 1987 385 0 35.0 

11 15.0 Sand 2000 413 0 35.0 

Fig. 13. Seismic loss assessment of Shanghai Metro Line 1. 

35 
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Fig. 14. Seismic loss assessment of Shanghai Metro Line 10. 
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oss values for both examined metro lines. On the other hand, for a given

evel of seismic losses, the exceedance probability Pl increases with the

ncrease of the seismic hazard intensity (i.e., as PGA changes from 0.2

 to 1.0g). Assuming a scenario of seismic losses l = 4 ·10 9 CNY as an

xample, for the Shanghai Metro Line 1, the corresponding exceedance

robability Pl for PGA of 0.2, 0.6, and 1.0 g is equal to 0.019, 0.495,

nd 0.833. For the same assumptions, the corresponding exceedance

robability Pl for the Shanghai Metro Line 10, equals 0.007, 0.286, and

.626, for PGA of 0.2, 0.6, and 1.0 g, respectively. 

The mean seismic losses Lm estimated for different levels of seismic

ntensity for Shanghai Metro Lines 1 and 10 are shown in Figs. 13 (b)

nd 14 (b), respectively. As expected, Lm increases gradually with the

ncrease of seismic intensity. Indeed, for a PGA is equal to 0.40 g, the

ean seismic loss value equals 1.917·10 9 and 1.203·10 9 CNY for Shang-

ai Metro Lines 1 and 10, respectively. However, when a PGA increases

o 0.80 g, the expected mean seismic loss will increase by more than

wo times, i.e., 6.207·10 9 and 4.158·10 9 CNY for Lines 1 and 10, respec-

ively. These results indicate that a high seismic ground shaking can lead

o an exceptionally significant economic loss. 

Additionally, the analysis reveals a higher mean seismic loss Lm for

he examined Shanghai Metro Line 1 compared to that of Shanghai

etro line 10, even though the total length of Line 1 (i.e., 16,365 m)

s shorter than Line 10 (i.e., 17,452 m). The main reason for this ob-

ervation is the lower burial depth of the tunnels in Shanghai Metro

ine 1. 

Moreover, for different tunnel elements in the same metro line, their

eismic loss estimation may be different, depending on the burial depth,

oil conditions, or lengths of the examined sections. Taking seismic in-

ensity PGA = 0.6g as an example, Figs. 15 and 16 show the distribution

f the estimated expected mean seismic losses Lm along different tunnel

lements of Shanghai Metro Line 1 and 10, respectively. 

It is noted that the tunnel elements of Shanghai Metro Line 1 are all

uried in the same soil conditions and classified as shallow tunnels, and

heir seismic loss assessment is generally determined by their tunnel el-

ment length. As can be seen in Fig. 12 (a), tunnel element 1 ○ has the

ongest length, while tunnel element has the shortest length. Accord-

ngly, it can be observed in Fig. 15 that, among different tunnel elements

f Shanghai Metro Line 1, tunnel element 1 ○ would have the highest seis-

ic loss, i.e., 536.46·10 6 CNY, followed by tunnel elements 2 ○ and 9 ○.

heir corresponding seismic loss is 429.02·10 6 and 403.16·10 6 CNY, re-

pectively, which are slightly lower than that for tunnel element 1 ○. At

he same time, the lowest seismic loss is observed for tunnel element ,

.e., 212.63·10 6 CNY. 

Additionally, it is worth noting that the tunnel elements of Line 10
re all buried in the same soil conditions and can be classified as shal- i  

36 
ow, moderately deep, and deep tunnels, respectively. In this regard,

heir seismic loss assessment is generally determined by their tunnel el-

ment length and burial depths. More information about different tun-

el elements can be checked in Fig. 12 (b). Generally, the comparisons

n Fig. 16 suggest that tunnel element has the highest seismic loss,

.e., 396.03·10 6 CNY. among others, because it has the longest tunnel

ength of 2777 m. Tunnel elements 1 ○ and 4 ○ are observed to have the

econd and third highest seismic loss, with the corresponding Lm equal

o 352.97.03·10 6 and 205.76·10 6 CNY, respectively. In contrast, Tunnel

lement is found to have the lowest seismic loss of 61.32·10 6 CNY

mong the other tunnel elements. 

The various components in the proposed seismic loss assessment

ramework, e.g., fragility curves, loss ratios, and tunnel initial construc-

ion cost, generally may have a high degree of uncertainty. Among them,

he uncertainty from the selection of the appropriate fragility curves,

hich also reflect the actual conditions of a structure, i.e., a tunnel line,

n this case, is essential [49–51] . 

To highlight the effect of this uncertainty, the mean seismic losses

m of Shanghai Metro Line 1 was further studied using two dif-

erent sets of fragility curves, i.e., the analytical fragility functions

rovided by Argyroudis et al. [23] , and Huang et al. [21] . It is

oted that the latter, which are particularly derived for the Shanghai

etro system, may be considered more appropriate for this analyzed

ase compared to the generic fragility curves proposed by Argyroudis

t al. [23] . 

The results are shown in Fig. 17 . Generally, it is found that the ex-

ected mean seismic loss Lm of Shanghai Metro Line 1 using generic

ragility curves (i.e., [23] ) is evidently lower than the one based on

uang et al. [21] . It is an important observation indicating that the

se of fragility curves that do not correspond as close as possible to the

pecific typology of the examined structure may result in an underesti-

ation of direct seismic loss, as observed herein for the Shanghai Metro

ine 1. Taking PGA = 0.6g as an example, the expected mean seismic

oss Lm of Shanghai Metro Line 1 qual to 4108·10 6 and 2618·10 6 CNY,

espectively, which indicates that the underestimation rate of the calcu-

ated expected mean seismic loss Lm may be as high as 50%. Therefore,

t is concluded that the selection of the appropriate fragility curves is of

tmost importance for a reliable seismic loss assessment. 

. Summary and conclusions 

This study examined the effects of salient parameters, such as the soil

onditions, tunnel burial depth, tunnel construction quality, and aging

henomena of the lining, on the direct seismic losses of circular tunnels

n alluvial deposits. A practical approach for probabilistic seismic loss
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Fig. 15. Expected mean seismic loss Lm along 12 different tunnel elements of Shanghai Metro Line 1 at seismic intensity PGA = 0.6 g. 

Fig. 16. Expected mean seismic loss Lm along 18 different tunnel elements of Shanghai Metro Line 10 at seismic intensity PGA = 0.6 g. 
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ssessment of circular tunnels is proposed and employed, as an example,

or this purpose on single tunnel segment in alluvial deposits, as well as

n tunnel elements representative of the Shanghai Metro Lines 1 and

0, assuming various levels of selected seismic hazard. 

Besides the general demonstration of the efficiency of the proposed

ethodology to probabilistic loss assessment of tunnel lines, like the

nes in Shanghai, the following conclusions may be also drawn from

he above analysis: 

- The increase of the seismic hazard intensity leads, as expected, to

more severe damage state of tunnel lining, ultimately increasing the

expected mean seismic losses of the examined tunnel in alluvial de-

posits. 

- For a given seismic hazard intensity, shallow tunnels with low con-

struction quality embedded in softer soil conditions are generally

associated with higher direct seismic losses compared to tunnels of

better construction quality embedded in higher burial depths and

stiffer soil conditions. To quantify the above general remark, it has

been shown that for the examined tunnel segments, the differences

in the calculated exceedance probability Pl of the tunnels due to dif-

ferent construction quality may be as high as 50%. 
37 
- It was demonstrated that the seismic structural losses of tunnels in-

crease with an increase in the service years due to the effects of

deterioration phenomena of the tunnel liners (corrosion) on the tun-

nel’s vulnerability. It is important to notify that when applying this

integrated approach the observed differences in the calculated ex-

ceedance probability Pl of the tunnels with different examined sce-

narios of service years may be as high as 59%. 

- The above results are helpful for engineers to optimize the selec-

tion of the tunnel design parameters for different earthquake events

and hazard levels. For instance, increasing the tunnel burial depth is

generally an effective approach to mitigate the potential direct seis-

mic loss of the tunnel. The outcome of this study will also improve

prioritization for risk mitigation measures, and design appropriate

recovery planning to enhance the seismic resilience of city infras-

tructure. 

The present study aims at contributing toward an integrated seis-

ic loss and risk management of tunnels based on the principles of in-

rastructure resilience. Nevertheless, some inevitable limitations of the

tudy should be accounted for. Firstly, the tunnel direct cost assessment

odel, i.e., a mean loss ratio, is based on data from California, and it is
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Fig. 17. Comparisons of expected mean seismic loss Lm of Shanghai Metro Line 

1 using different fragility curves. 
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retty simplified. There is a need to develop more rigorous tunnel direct

ost assessment models, which will be able to consider more accurately

he specific cost of tunnel construction and repairs along with associ-

ted uncertainties. Secondly, the indirect seismic losses, such as human

asualties or indirect costs from additional travel time and distance due

o tunnel closure, were not examined in this study, as this is a more

omplex process that involves social, technical, and economic factors

52–53] . Thirdly, the components, e.g., seismic hazard, fragility curves,

oss ratios, and tunnel initial construction cost, in the proposed seismic

oss assessment framework have a certain degree of uncertainty that

as not been accounted for. Such uncertainties will be further consid-

red and quantified in future research, assuming that they have a range

f potential values or specific probability distributions. In this way, it

s possible to present a range of values for the expected seismic losses.

ourthly, further research efforts are deemed to consider other factors

ffecting the seismic fragility of tunnels, e.g., rebar and bolt corrosion,

ater seepage, voids behind linings, and other forms of physical and

hemical deterioration of the tunnel lining. 
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