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Abstract 

In the process of the continuous development of subway construction, the safe evacuation of subway passengers has 
been paid much attention to. As the subway itself has the characteristics of limited space and high passenger density, 
once a fire emergency occurs, it can cause huge losses only by passive rescue. Therefore, it is important to actively 
plan for evacuation to reduce life and property losses due to fires in subways. This study aims to develop a fault tree 
analysis method for identifying scenarios that lead to evacuation failure in subways due to impassability incurred by 
fires. First, a virtual evacuation model is established using an agent modeling technique, with collected passenger 
characteristics to calibrate local evacuation behaviors. Then, fire impassability scenarios (e.g. fire(s) in the escalator(s), 
in emergency stairs, or the combination) are evaluated using the established agent model. Eventually, a fault tree 
analysis is constructed to identify scenarios that lead to evacuation failures. The research results show that the pass-
ability of escalator(s) is critical for subway fire resilience. It is important to use stationary escalator(s) as evacuation 
pathways for more evacuation capacity. Fire risk management around escalator(s) should be stricter. Passengers and 
staff are advised to learn how to stop a running escalator to avoid evacuation failures.
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Introduction
With the development of urbanization, the pressure of 
urban transportation is becoming an increasingly acute 
problem. The emergence of urban subways has greatly 
alleviated this problem. However, subways have complex 
internal structures. The combination of fires at critical 
locations and a high number of passengers will lead to 
catastrophic consequences. Therefore, evacuation inside 
subway stations continues to be a high priority for trans-
portation and security agencies [1], and it is important to 

scientifically plan for fire evacuation to prevent and con-
trol fire risks in subway stations.

Many researchers have adopted different methods to 
study evacuation under different conditions. Porzycki 
et  al. [2] conducted real evacuation experiments from 
the perspective of group behaviors and the interactions 
among evacuees. They found that the moving speed in 
the smoke was affected not only by the visibility but also 
by the mental status of evacuees and their familiarity with 
the environment and evacuation procedures. Compared 
to evacuation experiments with high costs and diffi-
culty, simulation-based modeling provides an alternative 
method [3]. Many evacuation models are proposed to 
describe crowd dynamics, which are mainly divided into 
two types, namely microscopic and macroscopic models 
[4]. The microscopic models including the social force 
(SF) model [5], cellular automaton (CA) model [6], and 
agent-based model [7] can describe individual behavior 
more accurately and are closer to reality. Therefore, they 
are more widely used.
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Among these models, the agent-based model has 
advanced significantly in recent years as the process-
ing speed of computers greatly improved. Agent-based 
models can simulate a crowd of “agents” which can have 
elementary artificial intelligence to make decisions. 
Each agent can have a unique set of behavioral rules 
that allow modeling heterogeneity in the population [8]. 
For instance, Shi et al. [9] used an agent-based model to 
simulate the evacuation process under different fire con-
ditions, so as to study the evacuation behavior of passen-
gers, evacuation time, flow rate, and the strategy of using 
escalators as evacuation passages.

Besides evacuees’ behaviors and evacuation models, 
some scholars have also studied key factors influencing 
an evacuation. Zhang et  al. [10] proposed four key per-
formance indicators, namely pedestrian density, evacu-
ation length, evacuation time, and evacuation capacity, 
to evaluate evacuation performance under different 
route planning strategies. The research was applied to a 
subway station in Wuhan, China, to verify the usability 
of improving the efficiency of evacuation performance. 
Yang et  al. [11] introduced passenger distribution mod-
eling based on the ant colony optimization algorithm and 
further analyzed the impact of passenger distribution 
on evacuation dynamics under fire. It is concluded that 
when the fire reaches a certain scale, evacuation will be 
significantly affected by passenger distribution.

Previous studies about the fire evacuation of subway 
stations were primarily focused on passengers’ moving 
behaviors, evacuation modeling, and evacuation opti-
mization. There is a gap in the knowledge to utilize the 
information gained from agent-based modeling in deci-
sion-making that improves safety.

To address this gap, this study aims at adopting agent-
based modeling and further develops a fault tree analysis 
method for identifying scenarios that lead to evacuation 
failure in subways due to impassability incurred by fires. 
We used a case study in a subway station in Xuzhou, 
Jiangsu Province, China as an example to demonstrate 
the method. This method can be used for any subway sta-
tion to identify critical locations to prevent evacuation 
failure due to fire. The developed fault tree provides a 
basis for transport officials to formulate emergency evac-
uation plans to prevent the catastrophic consequences of 
fires in subway stations.

Method
The method flowchart of the study is shown in Fig.  1. 
The method starts with collecting the basic evacuation 
characteristics of passengers in subway stations using a 
questionnaire investigation (see later in section  3). This 
is to obtain first-hand data on passengers’ characteristics 
for modeling local evacuation behavior, hence providing 

a basis for establishing a reliable agent-based simulation 
model later in the study.

Next, agent-based modeling is adopted to simulate 
individual movement during evacuation. Although there 
are various options in choosing an agent-based model, 
Pathfinder software is used in this study as it receives 
wide application in past studies [12, 13]. It can deter-
mine the escape path and evacuation time of the simu-
lation process by setting up an evacuation environment 
with defined personal characteristics. The internal envi-
ronment of the subway station is defined in a Building 
Information Model (BIM), which is used as a basis to 
construct the evacuation model in Pathfinder. Then, in 
order to explore the relationship between the use of evac-
uation facilities (stairs and escalators) and evacuation 
results further, this study takes the successful evacuation 
standard in China which is whether all passengers in the 
station can evacuate within 6 minutes [14].

Based on the simulation results of various evacuation 
scenarios, a fault tree of subway passenger evacuation 
failure can be constructed. Fault tree analysis (FTA) is 
used to identify scenarios that cause evacuation fail-
ures. FTA is a tree decision-making structure based 
on a graphical method to show the logical causation of 
failure [15]. The fault tree generally aims at risk control, 
that is, the most undesirable accident is taken as the top 
event, and then various faults that may lead to the top 
event are determined layer by layer from the top to the 
bottom through logical analysis. These fault events are 
expanded layer by layer in the form of a tree structure. 
Among them, the bottom events refer to the fault events 
that cannot be further subdivided, and the intermedi-
ate events refer to all other fault events in the middle of 
the bottom events and the top event. Combined with the 
mathematical analysis of the fault tree, the criticality of 
the evacuation facilities can be ranked. Such analysis can 
provide a reference for the efficient dynamic manage-
ment of the station evacuation system.

Questionnaire investigation
Questionnaire design and data collection
The questionnaire consisted of four parts: a) demo-
graphic characteristics; b) knowledge of subway stations; 
c) emergency response and measures during evacua-
tion; d) questionnaire validity (See Table  1 for details). 
We chose an electronic platform named “Wenjuanx-
ing” to distribute questionnaires around the investigated 
subway station and collect results via smartphones [16]. 
The questionnaires were collected from 246 participants, 
among which 6 questionnaires included invalid data and 
were excluded. The questionnaire obtained 240 valid data 
for analysis (97.56% response rate).
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The following demographic information was collected 
from the participants including gender, age, education 
level, frequency of taking the subway, evacuation train-
ing experience, and outwear size (see Table  2). Most of 
the participants were between 19 and 60 years old (90%), 
had received at least undergraduate education (77%), and 
took the subway less than 10 times a month (77%). Many 
of the participants (64%) had received evacuation train-
ing from families, schools, and fire agencies. And the 
majority of participants wore clothes in medium, large, 
and extra-large sizes.

Questionnaire reliability and validity analysis
The collected questionnaires were statistically analyzed 
by Statistical Package for the Social Sciences (SPSS) 24.0. 
Before data analysis, this study adopted a 5-point Likert 

scale to quantify the results with options to preprocess 
the collected data. The questionnaire options A, B, C, and 
D were translated to scores 1, 2, 3, and 4.

Cronbach’s α [17] was used to evaluate the internal 
consistency reliability of the questionnaire, i.e. the homo-
geneity between the measured variables. The higher the 
value of Cronbach’s α, the higher the internal consist-
ency reliability of the questionnaire. The coefficient of 
each variable in this questionnaire was greater than the 
threshold of 0.7, with an overall reliability of 0.731. This 
indicated that the questionnaire had good internal con-
sistency to meet data reliability requirements. The Kai-
ser-Meyer-Olkin (KMO) and Bartlett’s sphericity tests 
were used to check the validity of the questionnaire [18]. 
The KMO of the questionnaire was greater than 0.7, and 
Bartlett spherical test was significant (p < 0.05), which 

Fig. 1 Method flowchart of the study
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Table 1 Design of questionnaire variables

Variables Code Content

Demographic characteristics (DC) DC1 Gender

DC2 Age

DC3 Education level

DC4 Frequency of taking the subway

DC5 Evacuation training experience

DC6 Outwear size (to find shoulder width)

Knowledge of subway station (KSS) KSS1 Number and location of subway exits

KSS2 Emergency evacuation sign literacy

KSS3 Location of train emergency stop button

KSS4 Location of emergency stop button of the escalator(s)

Emergency responses and measures during an evacu-
ation (ERMDE)

ERMDE1 Fully aware that fire accident occurred

ERMDE2 The reaction time required to confirm the accident and start an 
evacuation state

ERMDE3 Selection of evacuation route

ERMDE4 Reaction to congestion at the exit

ERMDE5 Reaction in case of a large amount of smoke during evacuation

ERMDE6 Reaction after losing personal belongings

Questionnaire validity – Have you ever taken the Xuzhou subway?

Table 2 Summary of demographic information of passengers (n = 240)

Category Description Percentage 
(%)

Gender Male 58

Female 42

Age (years) ≤18 5

19–35 63

36–60 27

> 60 5

Education level High school and below 11

Junior college education 12

Undergraduate 70

Master or above 7

Frequency of taking the subway Less than 5 times a month 57

About 10 times a month 20

About 5 times a week 17

At least 10 times a week 6

Evacuation training experience No experience 36

School education 35

Home education 19

Firefighting organization training 10

Outwear size S 13

M 28

L 18

XL 25

XXL 13

XXXL 3
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meant that the questionnaire had a good level of validity, 
and the variables of the questionnaire can effectively rep-
resent the real states of passengers.

Correlation analysis
Demographic characteristics (DC1–6, see Tables  1 and 
2) were taken as independent variables. Knowledge of 
subway station (KSS1–4, see Table  1) and emergency 
responses and measures during evacuation (ERMDE1–
6, see Table  1) were used as dependent variables. The 
p-values obtained by SPSS software will be given later in 
Table 3. When the p-value is over 0.05, it means that the 
null hypothesis is accepted, i.e. there is an independent 
relationship between the two variables, otherwise, there 
is a correlation between the two variables. A total of 17 
groups of data were correlated. In particular, there were 7 
groups with p-values less than 0.01, indicating they were 
significantly correlated.

Taking passenger response time as an example, it is 
significantly correlated with age, education level, and 
evacuation experience. In terms of reaction time and age, 
young and middle-aged people who accounted for the 
largest proportion of participants had shorter reaction 
time and can quickly enter the evacuation state; Between 
reaction time and education level, the reaction time 
decreased with the improvement of educational level; 
Compared with participants without evacuation safety 
education, the reaction time of participants who received 
evacuation safety education would be greatly shortened. 
Thus, in the subsequent simulation, the reaction time of 
passengers should be diverse.

Construction of agent‑based evacuation model
Evacuation environment
The studied subway station has three floors above the 
ground, of which the first floor is the station hall and 
the second floor is the platform. The station covers 
approximately  7025m2, and the area of each platform is 
120 m × 7.7 m. The station hall is centrally symmetrical, 
with two 3.6 m wide entrances on each side. The ticket 
gates consist of 8 one-way gates (each 0.5 m wide), 
1 two-way gate (0.5 m wide), and 1 wide channel gate 
(0.9 m wide). These gates are supposed to remain open 
all the time during an emergency evacuation, so the 
modeling is simplified to 9 doors with a width of 0.5 m 
and 1 door with a width of 0.9 m. In addition, the ticket 
hall beside the ticket gates is equipped with a 1.5 m 
double door for evacuation.

Each platform on the second floor is connected to the 
station hall through two sets of upper and lower escala-
tors (1.2 m wide) and an evacuation stair (1.8 m wide). 
When the subway is set on fire at critical locations (see 
Fig.  2b), the escalators can be stopped and treated as 
ordinary stairs. Consequently, in order to simplify the 
simulation process, the escalators are modeled based 
on the specifications of ordinary stairs, and the original 
gradient of the stairs is fixed. The train passengers on 
the two sides of the platform are not connected and the 
passenger flow is separated. The simplified diagrams of 
the platform and station hall are shown in Fig. 2.

Table 3 Correlation between questionnaire variables (P value)

Data underlined indicates correlation (i.e., p < 0.05); data with darker background indicate a significant correlation (i.e., p < 0.01). DC1–6 are the specific contents 
of Demographic Characteristics variable, KSS1–4 are the specific contents of Knowledge of Subway Station variable, and ERMDE1–6 are the specific contents of 
Emergency Responses and Measures During an Evacuation variable (See Table 1 for more details).
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Passenger parameter setting
The evacuation process can be affected by passengers’ 
characteristics, thus, based on the age and gender infor-
mation collected through questionnaires, passengers 
were divided into 6 categories. By collecting passengers’ 
clothing sizes through questionnaires and comparing 
them with the standard size chart, we obtained the actual 
interval of shoulder width and thoracic thickness data of 
Xuzhou Metro passengers, and assumed that the data 
were evenly distributed within the interval. Then, refer-
ring to the Human Dimensions of Chinese Adults [19], 

we finalized the shoulder width and thoracic thickness of 
different types of passengers.

In an emergency, passengers naturally move faster out 
of fear, typically about 1.21 times faster than normal [20]. 
Therefore, we combined the statistical average speed data 
[21, 22], the results of station field investigation, and the 
speed correction coefficient (1.21) to set the speed inter-
val of different categories of passengers, and assumed 
that the speed conforms to uniform distribution within 
the interval [23]. The characteristics of various categories 
are shown in Table 4.

Fig. 2 The simplified diagram of (b) the platform and (a) station hall

Table 4 Characteristics of passengers

Age Category Shoulder width (cm) Thoracic thickness 
(cm)

Evacuation speed 
(m/s)

Proportion (%)

≤18 Teenager [32.5, 40.1] [16.8, 23.3] [1.33, 1.44] 5%

19–35 Young male [37.5, 45.5] [19.4, 25.6] [1.60, 1.72] 32%

Young female [35.2, 42.7] [18.3, 24.3] [1.54, 1.65] 31%

36–60 Middle-aged male [37.3, 45.3] [20.7, 25.6] [1.51, 1.63] 14%

Middle-aged female [34.6, 43.2] [19.5, 24.8] [1.45, 1.56] 13%

>60 Elderly [34.3, 42.3] [19.1, 25.3] [1.32, 1.42] 5%
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Code for design of metro in China stipulates a response 
time of 60s for passengers to evacuate. And in some lit-
erature [24, 25], the reaction time is usually set as a fixed 
value. However, the results of the correlation analysis 
showed that evacuation reaction time would be affected 
by the age, education level, and evacuation experience of 
passengers. Therefore, the reaction time of passengers 
should be different, and it is good to set the reaction time 
within an interval. According to the actual emergency 
response of subway passengers in Xuzhou reflected in 
the previous questionnaire survey, we reduced the fastest 
reaction time of passengers by 30s, i.e. the reaction time 
of passengers varied within the interval range [30s, 60s] 
and was subject to the uniform distribution.

Passenger number setting
The specification of a subway train is 120 m × 2.88 m. 
There are 24 doors opened to allow passengers to exit 
trains to one side of the platforms. The width of each 
exit is 1.3 m. When the subway train seats are full and 
the number of people standing on the effective free floor 
area per square meter is 6, the rated passenger capacity of 
one train (6 B-type carriages) is 1380 [26]. Based on the 
design data of Xuzhou Metro Line 1 to predict the morn-
ing peak passenger flow of the station, the number of pas-
sengers on the platform and station hall is estimated to 
be 300 and 90 respectively. Considering one of the most 

dangerous situations, i.e. the trains filled with passengers 
in both directions enter the station simultaneously dur-
ing the morning peak, the total number of evacuees can 
be determined to be 3150. The distribution of passengers 
in the station is shown in the following Table 5.

Simulation and analysis
Simulation under normal condition
Before the evacuation simulation in the fault scenarios, 
the evacuation of station passengers under normal condi-
tion was conducted first, and the results were set as the 
control group. The passengers evacuate from the subway 
trains to the platform first and then move to the exits. 
Only when all passengers in the station evacuate safely 
within 6 min, the simulated evacuation is deemed to be 
successful. As the platform is symmetric, only half of the 
platform is analyzed and discussed.

The total evacuation time under normal condition 
was 278.2 s, which was less than 6 min required by the 
standard. Hence, it can be considered that the station 
was able to complete the passenger evacuation under 
normal condition successfully. As can be observed in 
Fig. 3, the number of passengers remaining at the sta-
tion (i.e. curve Remaining (total) in Fig. 3) decreased at 
around 41.5 s, which meant that the first passenger suc-
cessfully exited the station at 41.5 s. And the number 
of passengers on the right side of the train remained 
unchanged at 1380 for 31 s (i.e. curve Train_Right in 
Fig.  3, train in one direction), due to the need for the 
determined reaction time of passengers before evacua-
tion. While the number of passengers on the right side 
of the platform (i.e. curve Platform_Right in Fig. 3, half 
side of the platform in Fig.  2b) reached a peak of 934 
around 90s, and then began to decline slowly. Since a 

Table 5 The distribution of passengers in the station

Location train platform station hall

Number of passengers 2760 300 90

Total number 3150

Fig. 3 Changes in passenger numbers during the evacuation



Page 8 of 12Qiao et al. J Infrastruct Preserv Resil             (2023) 4:7 

large number of passengers in the train poured into the 
platform at beginning of the evacuation, the platform’s 
evacuation capacity was limited, leading to temporary 
crowds. However, with the continuous evacuation of 
the crowd in the later stage, congestion gradually disap-
peared, and the passengers who remained in the station 
showed a steady downward trend.

Passenger flow rate at critical locations is analyzed 
in Fig.  4. As can be seen from Fig.  4(a), the first pas-
senger successfully evacuated in Stair 1, and the evacu-
ation speed reached a peak of 2.18 person/s at 52 s. At 
about 90s, all evacuation passages reached the maxi-
mum load, and congestion began to emerge. The maxi-
mum evacuation efficiency of these three passages was 
almost the same, and the average flow rate was about 2 
person/s. When the evacuation was carried out around 
186 s, the evacuations of Stair 1 and Escalator 1 were 
completed, whereas Escalator 2 was still crowded, and 
its evacuation state of the full load was maintained 
until the end of the evacuation. Each escalator (Esca-
lator 1, 2, see Fig. 4) has left and right parts, meaning 
the ascending and descending directions under normal 
operation.

It showed that passengers tended to choose the clos-
est exit in the process of the evacuation, which often 
led to significant congestion of a certain evacuation 
passage, resulting in a great increase in evacuation 
time. The cumulative number of passengers versus time 
is plotted in Fig.  4(b), which intuitively reflects that 
Escalator 2 bore a heavier evacuation load (i.e. more 
passes). Figure 5 shows the heat maps of the simulated 
agents at different times during the evacuation. It can 
be seen that a number of passengers were still gathered 
at the entrance of Escalator 2 on the platform at 186 s.

In summary, in terms of maximum evacuation effi-
ciency: a) The rate of all three passages was about 2 

person/s; b) Working time: Escalator 2 > Stair 1 > Esca-
lator 1; c) Flow rate of evacuated passengers: Escalator 
2 > Escalator 1 > Stair 1.

Fire scenario setting
In case of fire, the stairs can have two states: unusable 
and normal; the escalators can have three states: nor-
mal, brake failure, and unusable. An “Unusable” stair or 
escalator means that a fire occurs in the stair or escala-
tor, resulting in the loss of passability. The term “brake 
failure” means that passengers fail to stop the escalator 
due to their ignorance of the stop button or the failure 
of the stop button itself, and only half of the escalator 
(i.e. descending direction) can be used for evacuation.

In this study, failure events “Stairs 1 unusable”, 
“Escalator 1 brake failure”, “Escalator 2 brake failure”, 
“Escalator 1 unusable” and “Escalator 2 unusable” are 
denoted as failure events X1, X2, X3, X4 and X5 respec-
tively. Then, the failure states of the three evacuation 
passages are combined. The occurrence of each failure 
is regarded as a Boolean variable (0 for normal and 1 
for failure). When all passages (i.e. Stair 1, Escalator 1, 
and Escalator 2) fail, the evacuation will inevitably fail. 
Such a “worst” scenario is excluded. In addition, X2 and 
X4, X3 and X5 are mutually exclusive. A total of 16 sce-
narios were identified as shown in Table 6.

Outcome of different failure scenarios
The simulation results of 16 failure scenarios are shown 
in Table  7. When considering a single failure event, 
there are two scenarios that can lead to the failure of 
station evacuation: X4 or X5; Any combined failure 
events (scenarios 6–16) are found to cause evacuation 
failure of the subway station.

Fig. 4 Change diagram of passenger flow in evacuation passage
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Fig. 5 Screenshots of passenger evacuation under normal condition

Table 6 Scenario setting

Test scenario Stair 1 Unusable Escalator 1 Brake failure Escalator 2 Brake failure Escalator 1 Unusable Escalator 
2 
Unusable

X1 X2 X3 X4 X5

Scenario 1 1 0 0 0 0

Scenario 2 0 1 0 0 0

Scenario 3 0 0 1 0 0

Scenario 4 0 0 0 1 0

Scenario 5 0 0 0 0 1

Scenario 6 1 1 0 0 0

Scenario 7 1 0 1 0 0

Scenario 8 1 0 0 1 0

Scenario 9 1 0 0 0 1

Scenario 10 0 1 1 0 0

Scenario 11 0 1 0 0 1

Scenario 12 0 0 1 1 0

Scenario 13 0 0 0 1 1

Scenario 14 1 1 1 0 0

Scenario 15 1 1 0 0 1

Scenario 16 1 0 1 1 0
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Evacuation evaluation model based on fault tree 
analysis
A fault tree is a tree type of logic to express different 
scenarios of events that can lead to the failure of a sys-
tem. In this study, a fault tree is adopted to visualize 
the combinations of events that lead to evacuation fail-
ure in the subway station, based on the above scenario 
analysis. Basic events X1, X2, X3, X4 and X5 are repre-
sented by the circles shown in Fig.  6. The evacuation 
failure caused by the combined failure events is simpli-
fied into three intermediate events (shown in the boxes 
in Fig. 6), namely M1 (X1 and X2), M2 (X1 and X3) and 
M3 (X2 and X3). M1, M2, M3, X4 and X5 are connected 

to the top event T (evacuation failure of the subway 
station).

The relationship of the events is connected by “AND” 
or “OR” logic gates. The “OR” logic gate means any fail-
ure event (M1, M2, M3, X4, or X5) will lead to the failure 
of the whole system. The “AND” logic means when all the 
bottom events occur at the same time, the occurrence of 
intermediate events will be triggered. Through the above 
tree-like structure decomposition of the subway evacua-
tion fault tree, the fault tree model of subway evacuation 
can be gained, as shown in Fig. 6. Such a fault tree reveals 
failure logic and can be applied to any other subway sta-
tion. In addition, escalators (X4, and X5) are critical evac-
uation facilities and evacuation will fail once any of them 
fail.

Conclusions
This study first conducted a questionnaire survey to col-
lect passenger characteristics of subway passengers. On 
this basis, agent-based modeling was used to simulate 
passenger evacuation under single or combined scenar-
ios where fires cause impassability. A fault tree analysis 
is developed to express the logic of events that can lead 
to the failure of the studied subway station. The results 
show that:

(1) The passability of escalators is essential to a success-
ful evacuation in case of fires. Escalators bear the 
most passenger flow during evacuation. Once a fire 
takes place and causes the impassability of escala-
tors, the subway evacuation will be bound to fail. 
Therefore, the subway station should pay particular 
attention to the facility management of escalators.

(2) It is important to stop escalators in case of fires. If 
escalators fail to brake, only one direction can pro-

Table 7 Results of different failure scenarios

Scenario Description Evacuation time 
(s)

Evacuation 
outcome

Scenario 1 X1 292.7 success

Scenario 2 X2 329.5 success

Scenario 3 X3 341.3 success

Scenario 4 X4 416.5 failure

Scenario 5 X5 410.0 failure

Scenario 6 X1 and X2 425.3 failure

Scenario 7 X1 and X3 383.7 failure

Scenario 8 X1 and X4 480.0 failure

Scenario 9 X1 and X5 486.8 failure

Scenario 10 X2 and X3 386.6 failure

Scenario 11 X2 and X5 564.5 failure

Scenario 12 X3 and X4 545.4 failure

Scenario 13 X4 and X5 1094.8 failure

Scenario 14 X1, X2 and X3 487.4 failure

Scenario 15 X1, X2 and X5 893.4 failure

Scenario 16 X1, X3 and X4 865.7 failure

Fig. 6 A fault tree model of subway evacuation considering the failure of evacuation passage
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vide passability and half of the capacity will lose. 
The subway station should popularize the knowl-
edge of safe evacuation to the passengers and staff 
to better operate and brake the escalators.

(3) In the correlation analysis, gender, age, education 
level, frequency of taking the subway, and evacua-
tion experience in the basic characteristics of pas-
sengers can impact emergency responses. The 
demographic characteristics of passengers should 
be analyzed by subway operators to better manage 
evacuation in case of fires.

The risk factors of subway evacuation are very com-
plex. When constructing the fault tree, this study only 
considers the impact of the single factor of evacuation 
passages, which leads to a limited tree structure but with 
good scalability. In the future, more failure scenarios can 
be considered (e.g. the ticket gate) to construct a more 
generic fault tree for subways.

Abbreviations
DC  Demographic characteristics
KSS  Knowledge of subway station
ERMDE  Emergency responses and measures during an evacuation

Acknowledgments
Not applicable.

Authors’ contributions
Y.Q. designed the research methods and was a major contributor in writing 
the manuscript. Y.W. established the fault tree based on the simulation results 
and was another contributor in writing the manuscript. X.S. contacted the 
management personnel of the subway station to provide BIM model. Z.Z. 
helped designed the research methods and edited the manuscript. C.L. 
conducted and analyzed agent-based simulation. X.Z. collected and analyzed 
the questionnaire data. J.L. provided feedback on the structural organization 
of the manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 27 September 2022   Revised: 12 January 2023   Accepted: 14 
January 2023

References
 1. Sosa EM, Thompson GJ, Holter GM, Fortune JM (2020) Large-scale 

inflatable structures for tunnel protection: a review of the resilient tun-
nel plug project. J Infrastruct Preserv Resilience 1(1):1–28

 2. Porzycki J, Schmidt-Polończyk N, Wąs J (2018) Pedestrian behavior 
during evacuation from road tunnel in smoke condition—empirical 
results. PLoS One 13(8):e0201732

 3. Ahmed S, Dey K (2020) Resilience modeling concepts in transporta-
tion systems: a comprehensive review based on mode, and modeling 
techniques. J Infrastruct Preserv Resilience 1(1):1–20

 4. Zhou R, Cui Y, Wang Y, Jiang J (2021) A modified social force model 
with different categories of pedestrians for subway station evacuation. 
Tunn Undergr Space Technol 110:103837

 5. Helbing D, Farkas IJ, Molnar P, Vicsek T (2002) Simulation of pedes-
trian crowds in normal and evacuation situations. Pedestr Evac Dyn 
21(2):21–58

 6. Li X, Guo F, Kuang H, Geng Z, Fan Y (2019) An extended cost potential 
field cellular automaton model for pedestrian evacuation considering 
the restriction of visual field. Phys A: Stat Mech Appl 515:47–56

 7. Heliövaara S, Korhonen T, Hostikka S, Ehtamo H (2012) Counterflow 
model for agent-based simulation of crowd dynamics. Build Environ 
48:89–100

 8. Vermuyten H, Beliën J, De Boeck L, Reniers G, Wauters T (2016) A review 
of optimisation models for pedestrian evacuation and design prob-
lems. Saf Sci 87:167–178

 9. Shi C, Zhong M, Nong X, He L, Shi J, Feng G (2012) Modeling and safety 
strategy of passenger evacuation in a metro station in China. Saf Sci 
50(5):1319–1332

 10. Zhang L, Liu M, Wu X, AbouRizk SM (2016) Simulation-based route 
planning for pedestrian evacuation in metro stations: a case study. 
Autom Constr 71:430–442

 11. Yang X, Dong H, Yao X (2017) Passenger distribution modelling at the 
subway platform based on ant colony optimization algorithm. Simul 
Model Pract Theory 77:228–244

 12. Qin J, Liu C, Huang Q (2020) Simulation on fire emergency evacuation 
in special subway station based on pathfinder. Case Stud Therm Eng 
21:100677

 13. Ronchi E, Colonna P, Capote J, Alvear D, Berloco N, Cuesta A (2012) The 
evaluation of different evacuation models for assessing road tunnel 
safety analysis. Tunn Undergr Space Technol 30:74–84

 14. General Administration of Quality Supervision, Inspection and Quaran-
tine of the People’s Republic of China (2017) Gb/t 33668–2017, Code 
for safety evacuation of metro. China Architecture & Building Press, 
Beijing

 15. Lin CT, Wang MJJ (1997) Hybrid fault tree analysis using fuzzy sets. 
Reliab Eng Syst Saf 58(3):205–213

 16. Li M, Liu L, Yang Y, Wang Y, Yang X, Wu H (2020) Psychological impact 
of health risk communication and social media on college students 
during the COVID-19 pandemic: cross-sectional study. J Med Internet 
Res 22(11):e20656

 17. Cronbach LJ (1951) Coefficient alpha and the internal structure of tests. 
Psychometrika 16(3):297–334

 18. Deng Y, Guo H, Meng M, Zhang Y, Pei S (2020) Exploring the effects 
of safety climate on worker’s safety behavior in subway operation. 
Sustainability 12(20):8310

 19. The State Bureau of Quality and Technical Supervision of the People’s 
Republic of China (1989) GB 10000—88, Human Dimensions of Chi-
nese Adults. Standards Press of China, Beijing

 20. Predtechenskii V, Milinskii A (1978) Planning for foot traffic flow in 
buildings. National Bureau of Standardsm, Amerind Publishing Co. Pvt. 
Ltd, New Delhi

 21. Chen R, Dong L (2005) Observations and preliminary analysis of char-
acteristics of pedestrian traffic in Chinese Metropolis. J Shanghai Univ 
(Nat Sci Ed) 11(1):93–97

 22. Liu D, Kong W, Li L, Zhang R, Zhao D, Zeng J et al (2010) Survey and 
analysis of pedestrian characteristics in Subway of Beijing. Build Sci 
26(3):70-74+83

 23. Zhang X, Li X, Hadjisophocleous G (2013) A probabilistic occupant 
evacuation model for fire emergencies using Monte Carlo methods. 
Fire Saf J 58:15–24

 24. Yang X, Zhang R, Li Y, Pan F (2022) Passenger evacuation path planning 
in subway station under multiple fires based on multiobjective robust 
optimization. IEEE Trans Intell Transp Syst 23(11):21915–21931



Page 12 of 12Qiao et al. J Infrastruct Preserv Resil             (2023) 4:7 

 25. Shi Y, Xu J, Zhang H, Jia L, Qin Y (2022) Walking model on passenger in 
merging passage of subway station considering overtaking behavior. 
Phys A: Stat Mechan Appl 585:126436

 26. Ministry of Housing and Urban-Rural Development of the People’s 
Republic of China (2013) GB 50157–2013, Code for design of metro. 
China Architecture & Building Press, Beijing

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Fault tree analysis for subway fire evacuation with agent-based modeling
	Abstract 
	Introduction
	Method
	Questionnaire investigation
	Questionnaire design and data collection
	Questionnaire reliability and validity analysis
	Correlation analysis

	Construction of agent-based evacuation model
	Evacuation environment
	Passenger parameter setting
	Passenger number setting

	Simulation and analysis
	Simulation under normal condition
	Fire scenario setting
	Outcome of different failure scenarios

	Evacuation evaluation model based on fault tree analysis
	Conclusions
	Acknowledgments
	References


