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A B S T R A C T   

As a kind of critical infrastructure of energy transportation, so-called ‘utility tunnels’ have been developed 
around the world. Hosting a natural gas pipeline inside the natural gas compartment of a utility tunnel facilitates 
its maintenance but also brings potential explosion concerns due to the confined space. Although some work 
focuses on the risk analysis of the natural gas pipeline inside utility tunnels, a resilience assessment is needed for 
dynamically modeling leakage with interacting safety barriers. In this paper, a resilience assessment model of the 
natural gas compartment of utility tunnels is elaborated based on numerical simulation considering interacting 
barrier modeling, including sensors, a ventilation system, and the possibility of emergency shutdown. Based on 
the calculated (natural gas compartment) resilience for casualty and economic loss, ventilation strategies and 
sensor layouts can be recommended and optimization is possible. Meanwhile, the delay effect of safety barriers is 
investigated in this work, and the unequal interval layouts of sensors are explored and proven to be effective 
without any further cost. The proposed resilience assessment model can be important to further improve the 
safety management of utility tunnels and other confined spaces where hazardous gases are transported.   

1. Introduction 

The utility tunnel (also called underground utility tunnel, multi- 
purpose utility tunnel, and urban utility tunnel) is a kind of under
ground structure hosting multiple pipelines (natural gas, water, sewer, 
telecommunication, electricity, heat, drainage, etc.) to prevent excava
tion during maintenance and facilitate daily detection (Fig. 1). As an 
efficient arrangement of lifelines in cities, chemical parks, and airports, 
the utility tunnel was used for more than one century worldwide (Bai 
et al., 2020; Cano-Hurtado and Canto-Perello, 1999; Wang et al., 2018). 
Since the increasing attention of sustainable development of urban un
derground space, the utility tunnel reached a boom period in the latest 
decade. However, laying a natural gas pipeline in a confined space also 
brings a higher possibility of gas accumulation which can result in a fire 
or an explosion in the case of insufficient ventilation. Such gas accidents 
can not only stop the supply of natural gas but also affect adjacent 
pipelines inside utility tunnels and threaten activities on the ground or 
even result in a breakdown of the whole lifeline system (Wu et al., 2021). 

In 2021, around 600 m3 of natural gas leaked and accumulated in a 
relatively confined riverway under a market, resulting in a catastrophic 
explosion with 26 deaths and 138 injuries in Shiyan, China (Department 
of Emergency Management of Hubei Province, 2021). In 2015, around 
5000 people were evacuated due to gas leakage and fire in an under
ground utility tunnel in London (Highways, 2015). In 2014, the pro
pylene leakage and accumulation in drainage culverts resulted in a 
series of explosions with 32 fatalities and 321 injuries in Kaohsiung, 
China (Liaw, 2016). Therefore, the safety and resilience of natural gas 
pipelines inside utility tunnels deserve attention from the academic 
world. 

Many risk assessment approaches focus on natural gas pipelines, but 
only a few on the natural gas pipeline inside underground utility tunnels 
(Vairo et al., 2021; Wu et al., 2017). Although the medium transferred 
through pipelines is the same, there are still many differences between 
natural gas pipelines inside utility tunnels and those buried directly.  
Fig. 2 illustrates a schematic diagram of the natural gas compartment of 
utility tunnels based on a national standard (GB50838, 2015). The 
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natural gas pipeline is required to be arranged in a separate compart
ment (i.e., a natural gas compartment) of utility tunnels with a venti
lation system, and the natural gas compartment is separated by firewalls 
and fire doors every 200 m with flammable gas sensors, a mechanical 
ventilation system, sprinklers, extinguishers, and a control cabinet in
side. A positive aspect of this approach is that corrosion or third-party 
damage that significantly affects buried gas pipelines do not attribute 
much to gas pipelines inside utility tunnels. A negative aspect however 
of this way of work is that the natural gas compartment of utility tunnels 
is a confined space where gas leakage can directly accumulate and may 
result in a fire or explosion in the case of insufficient ventilation. 
Therefore, sensor detection, ventilation, emergency shutdown, fire zone, 
evacuation, etc., are essential and influential factors for the safety of 
utility tunnels. 

However, the relevant accidents, operation data, or management 
experience are too scarce to support the risk assessment and safety 
management of utility tunnels since the boom of large-scale multi- 
compartment underground utility tunnels just emerged in the last 
decade. Recently, for the safety analysis of gas pipelines inside utility 
tunnels, there have been hazard identification techniques (Bai et al., 
2020), index-based approaches (Canto-Perello et al., 2013), probabi
listic models (Fang et al., 2019; Wu et al., 2021), experiments (Ye et al., 
2021; Zhao et al., 2022) and numerical simulations (Cai et al., 2022; Wu 
et al., 2020) conducted. The index-based approaches like the analytic 
hierarchy process (AHP) are easy to integrate with other tools and 
practical for application in reality. Still, they can only realize static and 
semi-quantitative analysis. Probabilistic methods like Bayesian network, 
event tree, and bow-tie can quantify the probability of events but rely 
much on expert judgments (Amin et al., 2019). Although the experiment 
analysis is more objective and involves few personal opinions, it is 
extremely time-consuming, expensive, and can only deal with simplified 
scenarios. Also, for a utility tunnel, a large-scale infrastructure, it is not 
possible to experiment on a real scale, and the results of small-scale tests 
cannot be directly applied in practice (Zhao et al., 2022). Although some 
numerical simulation research was conducted to analyse natural gas 
leakage, diffusion, and explosion inside utility tunnels to optimize 
pipeline allocation, fire zone, or safety barriers (Baalisampang et al., 
2019; Bu et al., 2021; Xu et al., 2021). But these studies focus more on 
the gas dispersion behavior, gas concentration field, explosion over
pressure, and corresponding physical mechanism instead of compre
hensive system performance. And the current work has not reached the 
resilience analysis of the whole natural gas compartment system 
considering sensor detection, ventilation, and shutdown simultaneously. 

Recently, resilience has been attracting significant attention and has 
been considered to be a critical property for system operation with a 
temporal evolution (Bento et al., 2021; Duchek, 2020). Generally, by 
considering the ability of disruption, absorption (degradation), adaption 
(learning), restoration, and their impact on the performance of a system, 

a resilience curve can be determined (Ahmadi et al., 2021; Chen et al., 
2021; Pawar et al., 2021). Resilience analysis was conducted in many 
fields, including the energy and process industry (Hu et al., 2021; Sang 
et al., 2021), environment (Saikia et al., 2022; Yao et al., 2022), con
struction (Peñaloza et al., 2021), economy (Zhu et al., 2021), trans
portation (Serdar et al., 2022), medicine (Brittain et al., 2021), etc. Due 
to the capability of dynamic updating and quantitative predicting, the 
dynamic Bayesian network (DBN) has been widely used for resilience 
modeling (B. Cai et al., 2021; Sarwar et al., 2018; Zhang et al., 2021). 
Also, many approaches apply the data envelopment analysis (DEA) 
(Azadeh and Salehi, 2014; Azadeh et al., 2014, 2017; Salehi and Veitch, 
2020). 

Up to now, there are few resilience studies on the utility tunnel, since 
it is a complex system with various pipelines and safety barriers inside. 
There are already a few studies on the resilience assessment of directly 
buried natural gas pipelines (Emenike and Falcone, 2020), but cannot be 
applied to the natural gas compartment of the utility tunnel which is a 
confined space with multiple interacted safety barriers. Marino and Zio 
(2021) have proposed a resilience analysis framework of natural gas 
pipelines from a cyber-physical perspective considering traditional 
physical failure (spilling, jet fire, and VCE) and cyber-attack. Sesini et al. 
(2020) applied linear programming to analyse natural gas supply resil
ience on a large scale. Su et al. (2018) integrated Markov chains and 
graph theory to assess the reliability of natural gas networks stochasti
cally. Psyrras and Sextos (2018) reviewed the previous resilience as
sessments of buried gas pipelines and emphasized the impact of ground 
deformations. Also, some researchers analysed various potential faults 
and modeled the running of gas networks with empirical or simplified 
equations (Golara and Esmaeily, 2017; Dell’Isola et al., 2020)). Mean
while, most of the current resilience studies of natural gas networks 
focused on long-distance transmission systems instead of the urban 
distribution network (Liu and Song, 2020). 

It seems that there is still a lack of a dynamic resilience assessment 
approach of the natural gas compartment in utility tunnels considering 
sensor detection, ventilation, and emergency shutdown (ESD) simulta
neously. By integrating computational fluid dynamics (CFD) and resil
ience theory, a resilience assessment model for the natural gas 
compartment of utility tunnels is proposed. The proposed approach can 
efficiently model the gas leakage with interacting safety barrier behav
iors to quantitatively assess the system resilience. The results of this 
work can not only put forward specific optimization of safety barriers to 
support the safety management of utility tunnels but also can be applied 
to other tunnel spaces where hazardous gas may leak. 

2. Methodology 

In this section, the proposed dynamic resilience assessment approach 
is introduced in detail, including a general framework, interacting 

Fig. 1. Schematic diagram of the cross-section of a utility tunnel.  
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barrier modeling, simulation of gas leakage and dispersion, safety per
formance assessment, and resilience-based optimization. 

2.1. Methodology framework 

As shown in Fig. 3, there are generally four parts of the proposed 
resilience assessment model. First, interacting behaviors of multiple 
safety barriers (sensors, ventilation system, ESD) inside utility tunnels 
are analysed and modeled to determine their potential influence on gas 
leakage and dispersion. Second, a computational fluid dynamics (CFD) 
method is introduced to simulate the gas leakage and dispersion 
considering multi-barrier influence to obtain the spatial and temporal 
distribution of gas concentration in the natural gas compartment. Third, 
the consequence indexes of gas concentration are determined to calcu
late the dynamic safety performance index based on the spatial and 
temporal distribution of gas concentration. Finally, based on the dy
namic safety performance, the temporal resilience index of the natural 
gas compartment of a utility tunnel can be obtained. Then, resilience- 
based optimization analysis is conducted through case studies. The de
tails of each part are elaborated in the following sections. 

2.2. Interacting barrier modeling 

The primary safety barriers inside the natural gas compartment of 
utility tunnels are sensors of hazardous gas, ventilation systems (me
chanical ventilation fans at each end of the compartment), emergency 
shutdown systems (ESD) (including auto-ESD and manual-ESD), fire 
doors, firewalls, and extinguishers. Based on a national regulation 
(GB50838, 2015), the behaviors of safety barriers inside the natural gas 
compartment of utility tunnels in the different gas concentrations are 
illustrated in Fig. 4. During the normal operation of the natural gas 
compartment of utility tunnels, the air exchange volume in one hour 
should be 6 times the volume of the whole compartment (GB50838, 
2015). It means the average air velocity of ordinary ventilation should 
be 0.333 m/s (200 *3 *1.8 *6/(3 *1.8 *3600)) at the cross-section. In 
the case of an emergency (i.e., gas concentration higher than 1% VOL), 
the air exchange volume will double to 12 times per hour, which means 
the air velocity of emergency ventilation should be 0.667 m/s at the 
cross-section. And the ESD will be activated when the concentration 
reaches 25% VOL of the lower explosive limit (i.e., 1.25% VOL for 
natural gas). Also, the gas cloud will explode when the gas concentration 
is between 5% VOL and 15% VOL (Wang et al., 2020), and the ignition 
source appears simultaneously in the same area. 

Since there usually are 14 flammable gas sensors in one fire zone (of 
200 m) of the natural gas compartment, there are 2^14 (i.e., 16,384) 
potential combinations of sensor states, and therefore it is impossible to 
use an event tree approach or other scenario-based methods. Also, 
because the behaviors of the ventilation system and ESD are all related 
to the alarm of sensors, and the interactions among them are compli
cated, the interacting barrier modeling approach is proposed in this 
work. The logic flow chart of the barrier interactions is shown in Fig. 5. 

As Fig. 5 shows, the modeling of this study starts with gas leakage 
and ends with a gas explosion with multiple safety barriers and their 
corresponding actions during the period. The output of this barrier 

modeling is the change of air velocity and leakage rate. Based on the 
national regulation (GB50838, 2015) and previous work (Cai et al., 
2022), the air velocity of inlet (Eq.1) is set as 0.333 m/s and 0.667 m/s 
for normal ventilation and emergency ventilation, respectively. Based 
on the previous work (Liu et al., 2019; Yang et al., 2020; Yuan et al., 
2019;), the dynamic leakage rate change is determined as Eq.2 to Eq.4 
and then inputted into the following gas dispersion simulation work. 

Fig. 2. Schematic diagram of a natural gas compartment of utility tunnels.  

Fig. 3. Methodology framework of the resilience assessment model.  

Fig. 4. Behaviors of safety barriers inside natural gas compartment.  
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(3)  

m0 = ALLρ (4)  

Where n is the times of air exchange per hour (6 for ordinary and 12 for 
emergency), Vtotal is the total volume of the gas compartment, Scs is area 
of cross-section of the gas compartment, Q0 is the initial leakage rate, C 
is the leakage coefficient, AL is the area of leakage hole, P0 is the initial 
pressure of the gas pipeline, M is the molecular weight of the natural gas, 
k is the ratio of specific heats, R is the universal gas constant, T is 
temperate of the natural gas, QE is the leakage rate after ESD activation, 
m0 is the mass of gas, tE is the time of ESD activation, L is the distance 
between ESD valve and leakage position, ρ is the density of natural gas. 

2.3. Simulation of gas leakage and dispersion 

With the interacting barrier behaviors and corresponding changes of 
simulation input parameters determined in the previous section, gas 
leakage and dispersion simulation were conducted in this study. Because 
the small hole leakage scenario is the dominant pattern of pipeline 
leakage, small punctured hole modeling is applied in this work (Dong 
et al., 2003). Since the natural gas compartment inside a utility tunnel is 
a long and narrow space (3 *1.8 *200 meter in this work), gas leakage 
and dispersion inside the natural gas compartment can be simplified as a 
one-dimensional scenario with 200 spatial steps. Therefore, the gov
erning equation in this work is the one-dimensional advection-diffusion 
equation (Eq.5 and Eq.6) based on Yuan et al. (2019). c is the average 
gas concentration of the cross-section of the natural gas compartment, u 
is the mean airflow velocity, D is the diffusion coefficient, q is the source 

term of leakage, dx is the distance step of Eq.5 (1 m in this work), and 
the time step of Eq.5 is set as 1 s for simulation. 

∂c
∂t

+
∂(uc)

∂x
=

∂
∂x

(

D
∂c
∂x

)

+ q (5)  

q =
QE

ρALdx
(6) 

As the simulation of gas leakage and dispersion inside the natural gas 
compartment of utility tunnels is validated as an efficient tool, the ob
tained spatial and temporal distribution of gas concentration will be 
inputted into the following safety performance assessment part (J.T. Cai 
et al., 2021; Yuan et al., 2019). 

2.4. Safety performance assessment 

Based on the previous sections, the spatial and temporal distribution 
of gas concentration in the natural gas compartment is obtained. How
ever, only gas concentration obtained by numerical simulation cannot 
comprehensively reflect the safety performance of natural gas com
partments. So the potential ‘casualty curve’ and ‘economic loss curve’ of 
different gas concentrations are proposed in this paper to calculate the 
temporal safety performance index. 

For the casualty curve, the explosion overpressure and the asphyxia 
effect are considered. A gas cloud of a particular volume is assumed in 
the natural gas compartment to assess the potential consequences of 
different gas concentrations to determine the casualty index function. 
Based on the experimental results (Pekalski et al., 2005), the explosion 
overpressure curve of methane-air mixtures can be determined. Ac
cording to the previous work about the gas explosion in the utility 
tunnel, a hundred-cubic gas cloud can result in an overpressure around 
21 kPa for 6.5% VOL and 14% VOL volume concentration, 33kPa for 8% 
VOL concentration, 68 kPa for 10% VOL concentration (Yan et al., 2020; 
Yang et al., 2021; Zhang et al., 2020; Zhu et al., 2020). Based on the data 
from Health and Safety Executive (2010), exposure to higher than 21 
kPa is fatal for humans inside, and 70 kPa overpressure leads to 100% 
fatality (Table 1). Therefore, the overpressure function and fatality ratio 
can be measured to obtain the casualty curve of different gas concen
trations (blue line in Fig. 6). Though methane is nontoxic, a high con
centration of methane can displace oxygen in the air and may result in 
asphyxia. According to the consequence of exposure to different oxygen 
concentrations for humans (Sciencing, 2018), potential asphyxia effects 
of different gas concentrations can be determined, as Table 2 shows. 
Therefore, the 100% fatality corresponds to 71.5% VOL gas concentra
tion (6% VOL oxygen concentration), 50% fatality corresponds to 52.4% 
VOL concentration, and 10% fatality to 33.3% VOL concentration. So 
the casualty curve of asphyxia is determined as the black line in Fig. 6. 

For the potential economic loss of gas accidents in the utility tunnels, 
blast damage to equipment and gas outage loss after the emergency 
shutdown are taken into account. Based on the data of blast damage for 
building structures (FEMA, 2003), the damage approximations of 
overpressure to tunnel structures are determined in Table 3. And the 
damage probability of pipelines inside utility tunnels is determined in  
Table 4 according to the work of Cozzani and Salzano (2004). Based on 
the investment estimation of utility tunnel construction shown in  
Table 5 and relevant gas pipeline construction cost shown in Table 6 
(MOHURD, 2015), the consequences of gas explosion can be obtained as 
the blue line of Fig. 7. Due to the diversity and uncertainty of end-users, 

Fig. 5. Logic flow chart of barrier interactions.  

Table 1 
Explosion overpressure effects.  

Overpressure (kPa) Fatality ratio 

21  20% 
35  50% 
70  100%  
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the gas outage loss cannot be determined in a universal way. Therefore, 
the outage loss is assumed as 1 million yuan (143,000 euros) in this 
work, and it can be further adjusted in a particular case. Since the 
shutdown threshold of the gas pipeline in the utility tunnel is 1.25% VOL 
of methane detection, the outage loss curve is a horizontal line as the 
black line of Fig. 7. After normalization and summing up, the economic 

loss curve of gas concentration is determined in Fig. 8. 
Based on the casualty curve and economic loss curve in Fig. 6 and 

Fig. 8, the casualty index and economic loss index of each position 
(discretized every meter) can be calculated. By summing up corre
sponding indexes of all positions, the cumulative consequence index of 
the whole compartment can be obtain. Finally, the safety performance 
index can be quantified by subtracting the cumulative consequence 
index from the initial performance value, which is determined based on 
the cumulative consequence index in the worst case. Therefore, the 
dynamic safety performance index can be generally shown in Fig. 9. The 
resilience index can be calculated as Eq.7 shows. 

R =

∫ t3
t0

P(t)dt
P(t0) × (t3 − t0)

(7)  

Where P(t) is the safety performance index at moment t; t0 is the time 

Fig. 6. Casualty index of gas concentration.  

Table 2 
Asphxia effects of different gas concentration.  

Oxygen 
concentration 

Consequences Gas 
concentration 

14% VOL Mental functions impaired, and 
respiration intermittent 

33.3% VOL 

10% VOL Collapse and unconscious 52.4% VOL 
6% VOL Die 71.5% VOL  

Table 3 
Damage approximations of explosion overpressure to the tunnel structure.  

Damage Overpressure/kPa 

Cable shelf failure 7.6–12.4 
Severe damage to steel framed buildings 27.6–48.3 
Severe damage to reinforced concrete structures 41.4–62.1 
Probable total destruction of most buildings 68.9–82.7  

Table 4 
Probability of overpressure damage to pipelines.  

Overpressure/kPa Damage Damage probability 

7 Failure of connection  1% 
20 Displacement of steel supports  10% 
37.4 Catastrophic failure of pipe supports  30% 
42 Pipeline failure  30% 
47 Failure of non-pressure equipment  99%  

Table 5 
Cost estimation of utility tunnel structure construction.  

Cross-section area / m2 Compartments Construction cost / (yuan/m) 

10–20  1 51,091–61,133 
20–35  1 61,133–75,557 
20–35  2 61,133–97,815 
35–45  2 97,815–122,121 
35–45  3 97,815–139,953 
35–45  4 97,815–163,742  

Table 6 
Cost estimation of gas pipeline inside utility tunnels.  

Pipe 
diameter / 
mm 

Installation cost 
/ (yuan/m) 

Equipment cost 
/ (yuan/m) 

Other cost 
/ (yuan/m) 

Total cost / 
(yuan/m) 

200 982  285  336 1603 
300 1318  285  424 2027 
400 1584  285  495 2364 
500 1922  285  585 2792  

Fig. 7. The consequence of gas explosion and outage in different gas concen
trations (the left y-axis is equivalent to the right one). 

Fig. 8. Economic loss index of gas concentration.  
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when the disruption starts (i.e., leakage in this work); t1 is the time when 
the emergency response is activated; t2 is the time when the performance 
starts to recover (i.e., due to the delay effect of safety barriers in this 
work); t3 is the time when the performance reaches the acceptable 
performance. 

3. Case study 

Based on the proposed resilience assessment approach of the natural 
gas compartment in utility tunnels, case studies are conducted as follows 
to dynamically assess the resilience and optimize safety barriers inside 
utility tunnels. 

3.1. Configuration 

Because methane is the main component of natural gas transferred 
through utility tunnels, the media inside the gas pipeline is assumed 
pure methane in the case study. Since the natural gas compartment in
side the utility tunnel is separated by normally-closed fire doors every 
200 m, the length of the natural gas compartment is set as 200 ms. Other 
parameters of the compartment and the pipeline are shown in Table 7. 

3.2. Influence of leakage location 

In this section, the influence of different leakage locations is analysed 
with 9 cases, whose distance from the upwind end of the natural gas 
compartment is different, as shown in Table 8. For controlling variables, 
the air velocity of ordinary and emergency ventilation is set as 0.333 m/ 
s and 0.667 m/s, which is the lower limit of Chinese national regulation 
(GB50838, 2015). In this section, the nearest sensor is 10 m away from 
the leakage source, and the simulation results indicate that it takes 20 s 
after the leakage to trigger emergency ventilation and ESD. As shown in  
Fig. 10, the closer the leakage source to the upwind end, the less resilient 
the natural gas compartment will be; since the natural gas will be 
dispersed to the downwind area by ventilation until discharged outside 
through a ventilation opening at the downwind end. Therefore, the 
leakage close to upwind will be more dangerous with a larger hazardous 

gas cloud and will result in a lower resilience of the natural gas 
compartment. In this work, the acceptable safety performance index is 
set as 99.9. So resilience indexes can be calculated based on Eq.2, and 
the t0 is 0 s, t1 is 20 s, and t3 are 315 s and 383 s for casualty and eco
nomic loss respectively. For a leakage located at 20 m from the upwind 
end, the resilience index of the natural gas compartment will drop to 
0.8882 for casualty and drop to 0.8305 for economic loss. 

Meanwhile, the results of Fig. 10 also indicate the delay effect of 
safety barriers in the natural gas compartment. Although both ESD and 
emergency ventilation are activated at 20 s, both safety performance 
index for casualty and economic loss cannot recover immediately. As for 
case 1, the recovery of the safety performance index starts 255 and 240 s 
later than safety barrier activation for casualty and economic loss, 
respectively. And the delay effect is related to the distance between the 
leakage source and the ventilation opening. There are mainly two rea
sons that may result in the delay effect of safety barriers: i) The gas 
release rate takes time to drop to 0 after ESD activation (more than 100 s 
in the case of a 1000-m distance between leakage hole and ESD valve), 
and ii) The gas dilution takes time even if the air velocity of emergency 
ventilation is higher than ordinary ventilation. Therefore, the delay ef
fect of the safety barrier in the utility tunnel is identified by the proposed 
model and can be mitigated in the following sections. 

Fig. 9. A schematic safety performance curve of the natural gas compartment.  

Table 7 
Configuration of the natural gas compartment in the utility tunnel.  

Parameter Setup value 

Height of the natural gas compartment 3 m 
Width of the natural gas compartment 1.8 m 
Length of the natural gas compartment 200 m 
Natural gas pipeline diameter 300 mm 
Natural gas pipeline pressure 1.6 MPa 
Natural gas temperature 293 K 
Natural gas density 0.7174 
Leakage hole diameter 4 mm 
Distance between hole and ESD valve 1000 m 
Leak moment 0 s  

Table 8 
Cases of different leakage locations and their resilience indexes.  

Case Leakage location Resilience for casualty Resilience for economic loss 

1 20 m  0.8882  0.8305 
2 40 m  0.9028  0.8513 
3 60 m  0.9178  0.8723 
4 80 m  0.9330  0.8933 
5 100 m  0.9478  0.9140 
6 120 m  0.9618  0.9339 
7 140 m  0.9742  0.9527 
8 160 m  0.9845  0.9698 
9 180 m  0.9929  0.9855  

Fig. 10. Safety performance curves of different leakage locations.  
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3.3. Ventilation strategy analysis 

Based on the results of the previous section, the delay effect of safety 
barriers significantly affects the resilience of the natural gas compart
ment of utility tunnels. One of the main reasons for the delay is insuf
ficient ventilation, i.e., the air velocity is not high enough to quickly 
dilute the leaked gas. Therefore, the ventilation strategy is analysed in 
this section to improve the system resilience and mitigate the delay ef
fect. First, the air velocity of ordinary ventilation is increased in cases 1, 
10, 11, 12, 13 in Table 9. As shown in Fig. 11, the increase of ordinary air 
velocity from 0.333 m/s to 0.667 m/s can slightly mitigate the delay 
effect but also lower the safety performance index in the early stage of 
leakage. For cases 1, 10, 11, 12, and 13, the t0 is 0, t1 is 20 s, and t3 are 
315 s and 383 s for casualty and economic loss respectively. Meanwhile, 
both the casualty resilience and the economic loss resilience in Table 9 
cannot be improved dramatically in the case of strengthening ordinary 
ventilation, which means the ordinary ventilation does not need to be 
strengthened. 

The ordinary ventilation is set to 0.333 m/s to analyse the effect of 
increasing emergency ventilation shown as cases 1, 14, 15, 16, and 17 in 
Table 9. The results in Fig. 12 indicate the effectiveness of increasing 
emergency ventilation. For the safety performance of casualty, the delay 
time of performance recovery reduces from 341 s for case 14–172 s for 
case 17 (Fig. 12 (a)). As for the safety performance of economic loss, the 
delay time reduces from 318 s for case 14–170 s for case 17 (Fig. 12 (b)). 
For cases 1, 14, 15, 16, and 17, the t0 is 0, t1 is 20 s, and t3 are 419 s and 
489 s for casualty and economic loss respectively. So, the resilience for 
casualty increases from 0.8626 for case 14–0.9923 for case 17, and the 
resilience for economic loss increases from 0.8139 for case 
14–0.9409 for case 17. While further improvement of emergency 
ventilation can still improve the resilience of the natural gas compart
ment, it may be too costly. So, the results demonstrate that the venti
lation strategy should be set as 0.333 m/s for ordinary ventilation and 
1 m/s for emergency ventilation. In this case, the safety performance 
index of the natural gas compartment for casualty will only slightly drop 
to 98 after the gas leakage, and the resilience is higher than 0.99. 

3.4. Sensor layout analysis 

Based on the determined optimal ventilation strategy (0.333 m/s for 
ordinary ventilation and 1 m/s for emergency ventilation), the different 
sensor layouts are analysed in this section to realize the resilience-based 
optimization of sensor layouts. 

First, cases 18–24 are designed to compare the sensor layouts with 
different equal intervals, as shown in Table 10. As Fig. 13 shows, the 
safety performance index of all seven cases drops to around 99 for ca
sualty and 85 for economic loss. Although the natural gas compartment 
of the utility tunnel will be more resilient with more sensors arranged, it 
also costs more. There is not much difference between the resilience of 
different sensor layouts, no matter for casualty or economic loss aspects. 
The results show that the current minimum limit of sensor interval 

(15 m) proposed by MOHURD (2011) can be changed to a lower one for 
utility tunnels. For cases 18–24, the t0 is 0, and t3 are 237 s and 309 s for 
casualty and economic loss respectively. Based on the calculated resil
ience indexes of the seven cases, 10 sensors equally distributed at 
20-meter intervals (case 19) should be proposed as the optimal alloca
tion among other equal-interval layouts. In this case, the resilience index 

Table 9 
Cases of different ventilation strategies and their resilience indexes.  

Case Leakage 
location 

Ordinary 
ventilation 

Emergency 
ventilation 

Resilience 
for casualty 

Resilience 
for economic 
loss 

1 20 m 0.333 m/s 0.667 m/s  0.8882  0.8305 
10 20 m 0.4 m/s 0.667 m/s  0.8833  0.8261 
11 20 m 0.5 m/s 0.667 m/s  0.8782  0.8210 
12 20 m 0.6 m/s 0.667 m/s  0.8788  0.8199 
13 20 m 0.667 m/s 0.667 m/s  0.8873  0.8247 
14 20 m 0.333 m/s 0.5 m/s  0.8626  0.8139 
15 20 m 0.333 m/s 0.8 m/s  0.9465  0.8979 
16 20 m 0.333 m/s 0.9 m/s  0.9688  0.9194 
17 20 m 0.333 m/s 1 m/s  0.9923  0.9409  

Fig. 11. Safety performance curves of different ordinary ventilation.  

Fig. 12. Safety performance curves of different emergency ventilation.  
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for casualty is higher than 0.99, and that for economic loss is higher than 
0.90, which means the proposed layout with 20-meter intervals does 
ensure the adequate resilience of the natural gas compartment. 
Compared with case 21 according to the current specification (15-m 
intervals), such change can save 28.57% sensors with only 0.19% and 
0.51% resilience lost for casualty and economic loss respectively. 

Although the above results show that the 20-meter interval is suffi
cient for a resilient natural gas compartment, the unequal intervals still 
need to be analysed, which do not require any further investment but 
only change intervals. In the following part, six unequal-interval layouts 
with the same number of sensors are designed as cases 25–30 in Table 11 
to compare with case 19, whose intervals are equal. Since the results of 
the previous section indicate that the leakage on the upwind side is more 
dangerous than downwind ones, intervals on the upwind side are 
smaller than that of the downwind side. Meanwhile, each case includes 8 
different leakage locations (every 25 m) to realize a comprehensive 
analysis of sensor layouts, since the leakage location affects the sensor 
alarm time and further affects the activation time of safety barriers. 

(Comprehensive resilience is the average of resilience indexes of 8 
leakage locations). 

Fig. 14 and Fig. 15 show the safety performance curves for casualty 
and economic loss, respectively. On the one hand, the diversity of 
different curves in one sub-figure (like Fig. 14 (a)) indicates that leakage 
locations affect the utility tunnel resilience. On the other hand, it can be 
found that the safety performance curves of different cases vary by 
comparing different sub-figures (like Fig. 14 (a) with Fig. 14 (b)), which 
means the layout intervals do also affect the utility tunnel resilience. For 
the seven cases, the t0 is 0, and t3 are 271 s and 322 s for casualty and 
economic loss respectively. For comprehensively quantifying the resil
ience of different sensor layouts, the average of resilience indexes of 8 
curves in one sub-figure is calculated as comprehensive resilience, as 
shown in Table 11. The results show that case 27 has the highest 
comprehensive resilience of both casualty and economic loss, which are 
0.9963 and 0.9541, respectively. Although the comprehensive resilience 
varies little between different layouts with the same number of sensors, 
the unequal-interval layout can improve the resilience without further 

cost. In this work, the proposed optimal sensor layout should be 10 
sensors in a 200-m compartment arranged in an arithmetic progression 
interval: 8.75 + 2.5(n-1), where n is the number of sensors from 1 to 10. 

4. Discussion 

As shown in Section 3.2 , the activation of safety barriers (emer
gency ventilation and ESD system) inside the natural gas compartment 
has a significant delay effect, which means system performance cannot 
start to recover simultaneously with the sensor alarm. Meanwhile, since 
the emergency ventilation facilitates the spread of leaked gas over a 
larger area, the system performance will drop for a period right after 
emergency ventilation activation. For example, in some cases, the high 
gas concentration (higher than the upper explosive limit) could drop to a 
concentration within the lower and upper explosive limit for a period 
after the emergency ventilation activation. Both the facts indicate that 
the staff should be on alert even after successfully activating the safety 
barriers. And the emergency ventilation should be maintained for a 
sufficient time to remove all the leaked gas inside the compartment. 

The results in Section 3.3 and Section 3.4 indicate that the current 
specification of emergency ventilation is insufficient and that of the 
sensor is excessive. The optimal ventilation strategy and sensor layout 
are proposed based on the comparative analysis of several cases. Since 
the safety performance curve varies for different leakage locations, 

Table 10 
Cases of different sensor layouts and their resilience indexes.  

Case Sensor 
number 

Layout / m Resilience for 
casualty 

Resilience for 
economic loss 

18  8  equal interval (25)  0.9896  0.8967 
19  10  equal interval (20)  0.9910  0.9001 
20  12  equal interval (16.67)  0.9922  0.9031 
21  14  equal interval (14.29)  0.9929  0.9047 
22  16  equal interval (12.5)  0.9935  0.9068 
23  18  equal interval (11.11)  0.9939  0.9076 
24  20  equal interval (10)  0.9941  0.9078  

Fig. 13. Safety performance curves of different sensor layouts with equal intervals.  

Table 11 
Cases of different sensor layouts and their resilience indexes.  

Case Sensor 
number 

Interval of sensors 
/ m 

Comprehensive 
resilience for 
casualty 

Comprehensive 
resilience for 
economic loss 

19  10 equal 
progression: 20  

0.9934  0.9473 

25  10 arithmetic 
progression: 
16.4 + 0.8(n-1)  

0.9953  0.9515 

26  10 arithmetic 
progression: 
12.35 + 1.7(n-1)  

0.9947  0.9505 

27  10 arithmetic 
progression: 
8.75 + 2.5(n-1)  

0.9963  0.9541 

28  10 geometric 
progression: 
15.9 * 1.05 n− 1  

0.9932  0.9473 

29  10 geometric 
progression: 
12.55 * 1.1 n− 1  

0.9938  0.9488 

30  10 geometric 
progression: 
7.7 * 1.2 n− 1  

0.9929  0.9464  
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leakage rates, air velocity, sensor layouts, and distance between ESD 
valves, exhaustive cases are required to identify the optimal emergency 
strategy. In this work, 9 cases for ventilation strategy and 13 cases for 
sensor layout are relatively involved in determining the optimal emer
gency strategy. Meanwhile, the optimal emergency strategy could be 
identified more accurately by applying more computational resources to 
the proposed framework with a three-dimensional gas leakage simula
tion (considering different leakage directions, sizes, and shapes). 

The resilience of the natural gas compartment is measured consid
ering casualty and economic loss, respectively. As shown in Fig. 6 and 
Fig. 8, although resilience metrics of the two aspects are both based on 
the gas concentration field, they are not consistent since the mechanism 
of the two kinds of accidents varies. Despite the left part (concentration 
lower than 20% VOL) of the two metrics being relatively the same, when 
the concentration reaches 20% VOL, even their trend is different. Such 
diversity results in the different safety performance curves of two as
pects, which means the optimal safety barrier arrangement of the two 
aspects is not identical in a short time at the very early stage. However, 

such diversity only affects the system resilience very slightly. It will be 
out of work after seconds, which means the optimal emergency strate
gies proposed in this paper are still applicable. 

What the authors proposed in this paper is a dynamic approach for 
quantifying the system resilience to measure the safety performance 
considering the whole evolution process, namely degradation, adapta
tion, and restoration. Such a dynamic and rapid model is difficult to 
comprehensively take into account all the influencing factors, so, some 
factors are neglected in this paper, like flame and heat radiation of ex
plosion and three-dimensional gas concentration, which are more 
detailed analyzed in traditional numerical simulation work and experi
mental research (Cai et al., 2022; Wu et al., 2020; Zhao et al., 2022). 

In the future, Monte Carlo simulation can be applied to conduct a 
stochastic analysis of leakage location, hole size, staff appearance, and 
the probability of failure on demand (PFD) of safety barriers to reduce 
the uncertainty and identify the optimal emergency strategies precisely. 
Also, adjusting the gas concentration field calculated by numerical 
simulation through the concentration detected by sensors could be 

Fig. 14. Safety performance curves for casualty of 7 cases with 8 leakage locations (where (a) is case 19, and (b) to (g) are cases 25–30).  

Y. Bai et al.                                                                                                                                                                                                                                      



Process Safety and Environmental Protection 165 (2022) 114–125

123

feasible for real-time resilience modeling. Cost-benefit analysis of safety 
barriers, comprehensive resilience modeling of the whole utility tunnel, 
and quantification of coupling accidents in the utility tunnels should 
also be conducted in the future. 

5. Conclusion 

As a critical infrastructure of cities and industrial parks, the utility 
tunnel transports natural gas. Natural gas is explosive, flammable, and 
asphyxiant that might result in serious consequences, but the resilience 
of utility tunnels has not been assessed yet. In this paper, a novel resil
ience assessment model of the natural gas compartment of the utility 
tunnel is proposed. By conducting interacting barrier modeling, gas 
leakage and dispersion simulation, and safety performance assessment, 
the resilience with respect to casualties and economic loss is dynami
cally quantified, and emergency strategies are optimized. The main 
conclusions of this work are the following: 

(1) The proposed model determines the resilience index for the 

natural gas compartment based on the spatial-temporal distribution of 
gas concentration obtained by CFD, considering interacting behaviors of 
safety barriers, including sensors, ventilation systems, and ESD systems, 
to realize systematic modeling and resilience-based emergency optimi
zation. The case study indicates that it is an effective approach for dy
namic resilience assessment and can also be applied to other confined 
spaces where hazardous gas may leak, such as road tunnels, metro 
tunnels, chemical parks, etc. 

(2) A delay effect of safety barriers is noticed in this work, showing 
that the safety performance of the natural gas compartment cannot start 
to recover simultaneously with barrier activation. For the typical 
ventilation strategy (0.333 m/s and 0.667 m/s), the delay will be longer 
than 240 s in the case of upwind leakage. The potential reasons for the 
delay effect are the gradual decrease of gas release rate after ESD acti
vation and the time-consuming gas dilution process. Enhancing air ve
locity, increasing sensor density, and shortening the ESD valve interval 
may reduce the delay effect. 

(3) It is found that increasing the air velocity of emergency 

Fig. 15. Safety performance curves for economic loss of 7 cases with 8 leakage locations (where (a) is case 19, and (b) to (g) are cases 25–30).  
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ventilation to 1 m/s while maintaining the ordinary air velocity as 
0.333 m/s is the optimal ventilation strategy for the natural gas 
compartment. In this case, the resilience index for casualty increases 
from 0.863 to 0.992, the resilience for economic loss increases from 
0.818 to 0.942, and the delay time of performance recovery drops from 
318 s to 170 s. The continuous boost of emergency ventilation can still 
increase the resilience but only marginal. 

(4) Another new finding is that the current specification of sensor 
density can be reduced from 14 sensors per fire zone (less than 15 m 
intervals) to 10 sensors (20 m intervals), such change can save 28.57% 
of sensors with less than 0.51% resilience lost. Moreover, the results 
indicate that an unequal interval layout of sensors could be more resil
ient than the current equal ones, the identified optimal sensor layout 
should be 10 sensors in a 200-m compartment arranged in an arithmetic 
progression interval: 8.75 + 2.5(n-1), where n is the number of sensors 
from 1 to 10. 
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