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Abstract: Passenger evacuation on elevated railway lines has always been an important issue for
elevated rail transit safety management, because it is challenging to evacuate passengers efficiently
in the event of man-made calamities and natural disasters. Therefore, an evacuation walkway
has been designed as a primary solution to assist passenger evacuation during an emergency on
elevated rail transit lines. However, investigations on how evacuation walkway designs influence
passenger evacuation time are still limited. This study established two evacuation scenarios of
interval evacuation on elevated rail transit lines and put forward a new evacuation time measurement
method, based on the concept of ‘evacuation time for passengers leaving the evacuation walkway
risk zone’. Then, the evacuation time for 90 combinations of entrance widths and walkway widths
was simulated by a multi-agent evacuation simulator, Pathfinder, considering 1032 passengers being
evacuated both unidirectionally and bidirectionally. The results show that the entrance width and
walkway width have a combined effect on passenger evacuation time. An increase in the walkway
width from 0.7 m to 1.5 m may potentially reduce the evacuation time by 54.5% in unidirectional
evacuation, and 35.2% in bidirectional evacuation. An increase in the entrance width results in a
noticeable evacuation time fluctuation when the walkway width is 0.7 and 0.8 m for both evacuation
scenarios, while in a bidirectional evacuation, a noticeable fluctuation also can be observed when the
walkway width is within the range of 1.4-1.5 m. According to the study, a potentially good design
parameter combination for a newly built evacuation walkway is 1.3 m and 1.4 m for the walkway
width and entrance width, respectively. The findings from this study may provide a useful reference
in the optimization of the design of evacuation facilities and improvement of passenger evacuation
safety in rail transit systems.

Keywords: passenger safety; Maglev transit; evacuation time; multi-agent simulation; evacuation
walkway; parametric design

1. Introduction

Due to the increase in man-made accidents and natural disasters, passenger evacuation in a
rail transit system has became a more prominent research issue for emergency response planners,
transport engineers and policymakers [1-6]. It is challenging to evacuate a mass volume of passengers
in a well-organised and highly-efficient way in a rail transit system because of the uncertainty of
accidents and complex nature of individual characteristics [7-9]. Passenger evacuation in rail transit
systems can be hard to predict, because the types and locations of accidents that occur in rail transit are
unpredictable [10]. In many cases, passengers are required to evacuate quickly in a difficult-walking
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environment, e.g., through a tunnel with low visibility or a viaduct with limited walking space [11,12].
The tendency for passengers to be caught in danger, e.g., falling over or panicking in a congested
and unfamiliar place, is high. Furthermore, distance to safety is an uncertain factor for passengers.
While the priority is to evacuate passengers to the nearest station in case of an emergency, it remains
a possibility that a train will be forced to stop at interval sections due to a train fire, train collision,
power failure, etc. [13,14]. In this case, people might need to walk for a long distance to get away from
the dangerous accident site before they reach the safety exits. Therefore, it is essential to provide a
user-friendly and highly-efficient evacuation facility for passengers’ safety in rail transit systems [15].

The evacuation walkway for Elevated Electromagnetic Suspension (EMS) Maglev transit may
be one typical evacuation facility for rail transit systems. The EMS maglev track structure is known
for having less space for evacuation in comparison to a conventional ballast or ballastless rail track
structure (see Figure 1). The solution to that is therefore an extra elevated evacuation walkway, next
to the rail transit systems. It is worth noting that an elevated walkway that is high from the ground
might pose a problematic evacuation condition for passengers who are acrophobic [16].

Figure 1. A track structure comparison of a metro system and an Elevated Electromagnetic Suspension
(EMS) Maglev system: (a) a typical rail-track structure of a traditional metro system [17]; (b) EMS
Maglev track structure of the Beijing Maglev Express.

Some research has shown that an appropriately designed evacuation walkway could improve the
evacuation conditions in rail transit constructions. For instance, Habicht et al. [18] proposed a definition,
together with a method, to calculate the effective width reductions under various conditions, based on
pedestrian distribution observations in a pedestrian tunnel. They found that the actual effective width
of the passageway is generally wider than that assumed in some design practices. Lundstrom et al. [19]
discussed the relationship between a raised walkway width and people’s evacuation behaviour in rail
tunnels using a model of a tunnel walkway. They found that a walkway width of around 1 m leads to
a higher moving speed, and there is a linear relationship between the dynamic flow of the crowd and
the walkway width. Moreover, the evacuation walkway width consideration is a mandatory aspect of
evacuation regulations in many countries. For example, the minimum walkway width in a tunnel of
<20 km should be at least 0.75 m, while that for tunnels >20 km should be at least 1.1 m according
to EU regulations [20]. According to the design code of the Metro of China and the design code for
Medium and Low-Speed Maglev Transit in China, the minimum evacuation walkway width should be
0.7 m, which is the same as the recently built Copenhagen Metro [21-23].

The research mentioned above is useful for designing the evacuation walkway width, while the
connecting parts between the train and the evacuation walkway may result in a bottleneck effect
during the evacuation process [23]. For example, Fridolf et al. [24] found that train exit flows and
walkway flows are likely to be constrained due to merging conditions in the evacuation process, and
that merging increases the required time for evacuees to reach a safe place. Arturo Cuesta et al. [25]
also confirmed the negative effect of the occurrence of merging on evacuation time through a field
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experiment in a mock rail car, with a single exit towards a lateral corridor. According to their data, the
rail car exit flow and the walkway flow decreases when merging occurs.

According to the above-mentioned studies, it may be the case that the walkway width, along with
the entrance width, of an evacuation walkway may together affect the passenger evacutation process;
however, to date, only limited research can be found that discusses this combined effect on evacuation
time in urban rail systems. As an example, the entrance width of an evacuation walkway is usually set
as a constant or two to three different values, and the evacuation direction is not a consideration [24,25].
For countries like China, the minimum entrance width of evacuation walkway is 600 mm, and for
Japan the minimum entrance width of evacuation walkway is 660 mm or 800 mm for passengers with
a wheelchair [21,26]

Therefore, the objective of this study is to find the combined effect of the entrance width and
walkway width of an evacuation walkway on evacuation time and then to put forward a suggestion as
to a potentially better design combination, which may result in a shorter evacuation time. The study
flow and its corresponding contribution are as follows:

(i) Establish passenger evacuation scenarios in elevated rail transit lines and conduct a field survey
on elevated Electromagnetic Suspension (EMS) transit lines in China. This aids in the collection of
necessary information on passengers for the simulations in the second step.

(if) Use a multi-agent simulator, Pathfinder, to calculate the evacuation time for 90 combinations
of entrance widths and the walkway widths of an evacuation walkway. This aids in the study of the
effect of the design combinations parametrically.

(iii) Analyse the combined effect of the two design parameters on evacuation time using a new
evacuation time measurement. This aids in suggesting potentially good combinations of entrance
widths and walkway widths for the design of an evacuation walkway:.

2. Methodology

The methodology of this study consists of 2 parts. First, typical evacuation scenarios were
surveyed, then passenger evacuation time was simulated by a multi-agent evacuating simulator,
Pathfinder. The research process of this study is shown in Figure 2. Step (iii) of the study flow,
mentioned in the introduction, is addressed in the results and the discussion.

How do evacuation walkway design
parameters influence the evacuation time
on elevated rail transit lines?

« Site visit

Evacuation scenario survey
* Interview (

Evacuation walkway and people|
* Questionnaire survey movement features

« Literature research

» Typical evacuation scenarios

» Pathfinder simulation model setting

( Evacuation simulation

Evacuation time analysis )

Suggestions for Evacuation
walkway design parameters

Figure 2. Research process.

2.1. Evacuation Scenario Survey

The purpose of the evacuation scenario survey was to obtain basic information to support the
building of an evacuation simulation model, e.g., typical evacuation routes selected by the passengers
and different evacuation walkway design features.
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The survey is divided into three steps: First, an interview of Maglev transit operators and
construction companies in Changsha and Beijing, respectively. Information on, for example, emergency
types, frequency of emergencies, and passenger evacuation patterns, is discussed and collected. Second,
the design of the evacuation walkway is surveyed by visiting the actual evacuation routes on the
Maglev transit lines in Shanghai, Changsha and Beijing. Finally, a questionnaire survey was conducted
to obtain the basic features of passengers using Maglev transit, e.g., age, gender, level of education and
simple self-estimated choice of evacuation routes. A total of 400 questionnaires were distributed at
5 Maglev transit stations in Changsha and Shanghai, and 338 valid ones were retrieved.

From the evacuation scenario survey, the following features of an interval evacuation on an
elevated Maglev transit line are considered in the numerical evacuation simulation model.

A train is forced to stop at an elevated interval. The passengers must alight from the carriages,
enter the evacuation walkway and evacuate along the walkway, until they reach the safety exits at
the stations. The evacuation starts from the middle point of the interval, which is at the longest
walking distance from both of the two nearest stations. Two scenarios are considered in the simulation,
a unidirectional and bidirectional scenario, in which the passengers can evacuate with only one safety
exit (the left one) or two safety exits, respectively. It is assumed that no working staff organized and
coordinated the evacuation. The evacuation scenario is shown in Figure 3.

Elevated Maglev Interval Section /?

Passengers \/
Evacuation Walkway /

Train at the Station Platform  Bidirectional Evacuation

> /

Elevated Station Platform

Unidirectional Evacuation

Figure 3. Schematic drawing of an interval evacuation scenario(s) on an elevated Maglev transit line.

2.2. Multi-Agent Evacuation Simulation

2.2.1. Model Basis

In this study, an agent-based evacuation simulator, Pathfinder, was used to simulate the process
of passenger evacuation on an elevated rail transit line. It is known to be able to simulate the
evacuation time for a mass passenger volume without having to set up a risky and expensive field
experiment, e.g., construct an actual evacuation walkway with different designs and avoid safety risks
in a crowded situation.

The steering mode of Pathfinder was chosen to simulate passenger movement. The steering mode
is an agent-based model which is following Reynold’s steering behaviour model [27] and refined by
Amor et al. [28]. The passengers were set as an autonomous agent with different characteristics such as
age, moving speed and pre-movement time [29]. In the steering mode, Pathfinder uses a combination
of steering and collision handling mechanisms to control how the passengers achieve their goal in an
emergency situation. These mechanisms allow the passengers to move along their path, deviate from
the obstructions (interact with the environment and the other passengers) and still head in the correct
direction toward their goal, the safety exits [30]. The algorithms and decision-making process when
passengers follow the steering mode have been summarised in Figure 4, and the calculation process
can be found in the technical reference of Pathfinder [31].
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Figure 4. The decision-making process, when passengers evacuate following the steering mode
in Pathfinder.

In Pathfinder, the construction environment of the elevated rail transit lines can be represented
with a 3D geometry mode, i.e., evacuation walkway, station platform and stairs at different layers [31].
A navigation mesh is defined as a continuous 2D triangulated surface within a 3D geomtry model
(see Figure 5). Passengers’ motion takes place on this navigation mesh. The obstruction of seats in the
train is implicitly represented as gaps in the navigation mesh. Since the passengers can only travel
on the navigation mesh, this technique prevents the overhead of any solid object representation from
affecting the simulation.

Obstructions of seats in carriages Connection parts between two carriages

Figure 5. Navigation mesh of the EMS Maglev train in Pathfinder.

It is worth mentioning that the verification and validation of Pathfinder have been conducted
before, e.g., by fundamental diagram tests, both in unidirectional and bidirectional flow and pedestrian
behaviour tests at a corridor and stairway intersection [32]. The tests also showed that Pathfinder
could provide a good representation of people’s actual movement with respect to a real situation, and
it has therefore been widely used in people evacuation research in recent years [33,34].
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2.2.2. Evacuation Time Measurement

During an interval evacuation, passengers have to transfer from the train carriages to the
evacuation walkway as quickly as possible and walk for a long distance, until they reach the safety
exits at the stations. The passengers have different safety risks according to their various positions on
the evacuation walkway. For example, in the case of a fire breakout in a Maglev train, passengers are
at a higher risk if they are closer to the train carriages compared to the passengers who have already
evacuated to the risk zone and those who are already outside of the risk zone [35,36]. Jumping fire and
toxic gases have a higher tendency to harm those who are closer to the train compared to those who are
further away from the train [37]. In addition, passengers are often more at risk of stampede when they
are in the congested connection part between the Maglev train and the evacuation walkway. Hence, it is
crucial to shorten the evacuation time for passengers, especially in leaving the train and the evacuation
walkway risk zone during the evacuation. Measuring the evacuation time of different stages in an
evacuation process might be helpful for improving the evacuation walkway design. Therefore, based
on the evacuation scenario survey, a new measurement of evacuation time is proposed, which is as
follows:

e tj—evacuation time, until all passengers have alighted from the train carriages.

e f—evacuation time, until all passengers have exited the evacuation walkway risk zone. The total
length of the risk zone is the sum of the total length of the train and the fire separation length on
both sides of the train—16.5 + 89 + 16.5 = 132 m. The fire separation length is 16.5 m, which is
>12 m, as required by the Fire Prevention Standard for Building Design of China [38].

e t3—total evacuation time start, until all passengers have passed through the safety exits.

The evacuation space division and definitions of ¢, ¢, and t3 are illustrated in Figure 6.

(a) All passenger have alighted from
the train carriages-t,
s
Elevated rail : Elevated rail
transit station Risk zone transit station
~ = ~
~_ S
~_ S
. ~
~_ g
All passenger have passed All passenger have exited the
through the safety exits-z, evacuation walkway risk zone-t,
(b) All passenger have  All passenger have All passenger have
. alighted from the exited the evacuation passed through the
Evacuation Start train carriages walkway risk zone safety exits

f |
12}

2]

Figure 6. Concept of the new evacuation time measurement. (a) Evacuation space division of an
interval evacuation and (b) the definitions of 1, t, and {3 evacuation times.

2.2.3. Simulation Setting

The parameters for the evacuation environment in the simulation model are listed in Table 1.
They were formulated according to the information obtained from the evacuation scenario survey,
as mentioned in Section 2.1. The first design parameter of evacuation walkway in the model is the
entrance width, d;. According to the evacuation scenario survey, the layout of guardrails determines
the entrance width, d;. For example, in the Beijing and Changsha Maglev lines, the guard rail spacing
is 0.5 m, which is a typical value in engineering practice to date. Even though the train door width is
1.4 m wide, the actual entrance width of the evacuation walkway remained 0.5 m (provided that the
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train driver aligned the train door with the entrance) because of a restriction imposed by the guard rail
spacing. A lower bound of 0.5 m was therefore selected for the entrance width, d;. Meanwhile, 1.4 m
was selected for the upper bound in order to create room for the improvement of the actual width of a
train door, if necessary.

Another design parameter is the evacuation walkway width, d,. Considering the design
specifications and the actual design conditions, the chosen range for d; in this paper was from 0.7 m to
1.5 m, with 1.1 m as a median value [22]. Considering a 0.1 m interval for both variables, 90 (9 x 10)
combinations of d; and d, were simulated.

Table 1. Parameters in the simulation model.

Item Content
Line type Elevated EMS Maglev transit
Marshalling Six carriages
Length of each carriage 16.5m
Door number of each carriage Two
Train door width 14m
Location of evacuation walkway Parallel with the accident train

Location of the evacuation walkway Aligned with carriage doors

entrances
Location of the safety exits One level below the track at the station
Number of safety exits Two
Interval section length 1500 m
Station platform length 100 m
Distance to safety exits 850 m
Number of staircases in each station One
Staircase width 24m

Train
dl

Connection between the evacuation walkway

and the train 1 1
[ d: Evacuation Platform

Evacuation walkway entrance width, dq (m), 0.5 0.6 0.7 0.8 0.9
vector 1.0 1.1 12 13 14
0.7 0.8 0.9 1.0 1.1

Evacuation walkway width, d, (m), vector

1.2 1.3 1.4 1.5 —

In addition to the parameters in Table 1, the passenger profile, such as the number of passengers,
age group, shoulder width and moving speed, was considered in the model (see Table 2). The number
of passengers was set to 1032, based on the current maximum passenger capacity for both Beijing
Maglev transit and Maglev transit in China. The passengers’ age group consideration from the
questionnaires is summarized in Table 2. The age group was then utilized to estimate the moving speed
and corresponding shoulder width, as suggested in the literature [39]. In the literature [40], it is stated
that the moving speed of a passenger in a crowdy situation can be different at different locations, e.g.,
the passenger moving speed on a staircase and a slope is around 0.7-0.8 times slower in comparison to
that on a flat and straight section. Thus, a modification factor of 0.75 was considered for the staircases
and connections between the train and the evacuation walkway in the simulation. The pre-action
time, the time difference between a person noticing the accident and acting, was also considered in the
evacuation time simulation. According to the Society of Fire Protection Engineers (SFPE) handbook
of Fire Protecion Engineering, it is suggested that the estimated pre-action time until the evacuation
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start should be <120 s for passengers who are awake but unfamiliar with the evacuation environment,
the alarm system and the evacuation procedure [41]. In this study, to account for realistic passenger
pre-action time behavior, it was assumed that the pre-action time followed a uniform distribution from
30sto 120 s.

Table 2. Passenger profile.

Group Age  Percentage Shoulder Width Moving Speed
Children <15 9% 0.4m 0.78 m/s
Young person 16-35 65% 0.46 m 1.22 m/s
Middle-aged person  36-55 23% 0.46 m 1.17 m/s
Elderly people >56 3% 0.46 m 0.75m/s
Total number of passengers 1032
Moving speed modification factor 0.75
Pre-action time Uniform distribution on [30 s,120 s]
The moving mode in Pathfinder Steering

3. Results

3.1. Number of Iterations for the Simulation

Because of the random effect in the passenger profile in the simulation model, the average
evacuation time was used to represent a evacuation condition that is closer to reality. Therefore,
the proper iteration times for each combination of the entrance width, d;, and walkway width, d5,
should be considered. To do that, three combinations of d; and d, in bidirectional evacuation were
selected, e.g., the minimum, intermediate and maximum combinations of d; and d,. Each combination
was iterated 50 times. The randomization function in Pathfinder randomized every iteration. The mean
value of the total evacuation time t3 of a different number of iterations, K, were compared, and the
difference in the percentage of the mean evacuation time, 3, is listed in Table 3. It was observed that
changing the number of iterations from 5 to 50 did not result in a remarkable difference. Therefore,
5 iterations was selected for each simulation combination, and the averages of t;, t; and t; were used
for analysis.

Table 3. t3 of a different iteration number for three combinations.

The Mean Value of the Total Evacuation

dq and d, Average Value of t3 (s) for a Different Time with a Different K

Combination Number of Iterations
K

Case No.

Tk=s0—Tix=5) (%)

T=5 )  T=s0) () Tco)

d,=0.5m d>=0.7m
1960.0

1940.0 w
= 1920.0
1 dy =05m Loeae 1929.4 1925.3 -0.21%
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1880.0
1860.0

5 Q O D H AN H 0 BN
22NN VN ] A
T ETTEEEYE
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3.2. Bidirectional vs. Unidirectional

The maximum and minimum values of t1, t, and t3 of 90 combinations for bidirectional and
unidirectional evacuation are illustrated in Figure 7. It can be seen that unidirectional evacuation took
longer than bidirectional evacuation. This is to be expected, because in unidirectional evacuation,
the passengers had only one possible exit. Additionally, altering the combinations of the evacuation
walkway design parameters, d; and d; resulted in a broader difference between the maximum value and
minimum value of t1, t; and t3 in unidirectional evacuation, compared with bidirectional evacuation.

The maximum and minimum value of evacuation time ¢, £, and #; of
90 combinations for bidirectional and unidirectional evacuation

[T Unidirectional evacuation scenario)
[__]Bidirectional evacuation scenario
3000 ~
. 2655s
2500+
1655s 1686s 1871s
Ly 15295
1000 880s 921s
176805 I:I 716s |:|
2007 7735 ST
0 T T T T T T
t t, 13

Figure 7. The maximum and minimum evacuation time of ¢, f; and t3 in two evacuation scenarios of
the 90 combinations of di and d,.

Another noticeable phenomenon, which can be seen in Figure 7, is that the difference between the
maximum value and the minimum value of t; and ¢, was about 30 s in unidirectional evacuation, while
it was about 40 s in bidirectional evacuation. This means that the passengers needed to spend more time
in the evacuation walkway risk zone in bidirectional evacuation. The reason is that, in unidirectional
evacuation, the passengers did not need to choose exits in the evacuation walkway risk zone. However,
in bidirectional evacuation, the passengers were allowed to select any exit during evacuation. Therefore,
they could continuously search for the shortest way to evacuate, and this searching behaviour increased
the time of evacuation.

The evacuation time for carriages, i.e., for all the passengers to get away from each carriage was
also a noticeable point. The evacuation time for the passengers to alight from each carriage in all of the
simulations (5 X 90 = 450), in both unidirectional and bidirectional evacuations, is shown in the scatter
diagram in Figure 8.

(a) The evacuation time for the passengers to alight from each carriage  (b) The evacuation time for the passengers to alight from each carriage

in all of the simulations (5 * 90 = 450) in unidirectional evacuations in all of the simulations (5 * 90 =450) in bidirectional evacuations
1000 4
1800 4 - cariage 1 +  carriage 1
- - carriage 2| 0004 . . carriage 2
1600 .“33 & + camiage 3 ’ X . + carriage 3
3 e : § & :
14004 5. A . © camage 4| | 2 . . i - carriage 4
Y :‘: i‘ g carriage § 800 N4 . N carriage §
< 4 2 ¥ P —_— L “os . ‘
< 1200 ik g ﬁ 3. carriage 6 200 carriage 6
£ 1000 Lo §§
Fl . ® o
2 8004 e El L g" 600
g 2 & LK el
EER - ,i 5004
400 { =
560 400
0 T T T T T T 300

T T T T T T
3 5 g g g . arma -arriage 2carriage 3carriage 4 carriage Scarria
carriage 1 carriage 2carriage 3 carriage 4 carriage Scamiage 6 cariage | carriage 2carriage 3camriage d carriage Scarriage 6

Figure 8. The evacuation time for each carriage for 90 combinations of d; and d,. (a) Unidirectional
evacuation and (b) bidirectional evacuation.
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In Figure 8a, in unidirectional evacuation, the evacuation time showed a decreasing trend from
carriage 1 to carriage 6. Carriage 1, which was the nearest to the left station exit, took the longest to
evacuate, while carriage 6, which was the farthest away, took the shortest. In Figure 8b, in bidirectional
evacuation, the time was dependent on the location of the carriage, i.e., evacuation in carriage 1
and carriage 6 (nearest to the station exits) took longer, compared to carriage 3 and 4, which lay in
the middle of the train. Generally, the closer the train carriage to the safety exit, the longer it took
to completely evacuate the passengers. This phenomenon was due to the passenger setting in the
simulation, in which the passengers prefered to move and gather closer to the safety exits during
the evacuation.

3.3. Evacuation Time vs. Walkway Width and Entrance Width

3.3.1. In Unidirectional Evacuation

Figure 9 illustrates the evacuation times, #1, f, and t3, with different evacuation entrance width, dy,
and walkway width, d;, combinations in unidirectional evacuation.

(a) t,—evacuation start until all passenger have alighted from the (b) ty,—evacuation start until all passenger have exited the
train carriages in unidirectional evacuation evacuation walkway risk zone in unidirectional evacuation
1600 1 1600 1
3 1600 \
1600
1400 1400
N \
1400
12000 1200 | 1400
z ‘ =
T 1000 1000
- 1200 =
1200
800 200
1000
0 600 1000
400 400
600 600
a|°<‘:oo ™ 200 800 ~\
d, (mm) 200 =, d, (mm)wuoz‘i)o hY 800
1400 ‘*\__d—v———\—’_?—'_“——ﬂ ;"__‘_T——’\—J_f"f—_’\
800 600 1400
1600 1400 1200 1000 re00 Sdiio 1200 1000 800 600
d, (mm) d, (mm)

(c) t;—total evacuation time, start until all passenger have passed
through safety exits in unidirectional evacuation

2600 5
\
2600
2400
\
2400
2200
2000 !
2200
1800 !
400 =
00 2000
200
1000 ~
v———r—'—f—ﬁ 600

:(8)

dy, (mm) 1200 =,
1400 7

1600 1400 1200

dy (mm)
Figure 9. The evacuation time, f1, t, and t3, for unidirectional evacuation. (a) f;—evacuation time, until
all passengers had alighted from the train carriages; (b) f;—evacuation time, until all passengers had
exited the evacuation walkway risk zone; (c) f3—total evacuation time start, until all passenger passed
through the safety exits. The interpolation function, “interp1”, with the method, “cubic”, in MATLAB,

was used to create the visual effect of the data changing trend. The black spot represents the average
value of the evacuation time for each combination.

From Figure 9, it can be seen that the increase in the entrance width, di, resulted in a fluctuation
in the evacuation time of different degrees, when the walkway width was set at different values. When
the evacuation walkway width, dp, was set to 0.7 m and 0.8 m, ¢;, ¢, and #3 increased first and then
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decreased with the increase of the entrance width, d;. When d, was within the range of 0.9-1.5m, t1, t;
and t3 did not change much, when the entrance width, d;, increased.

In addition, increasing the evacuation walkway width, d, significantly reduced the evacuation
time, t1, t, and t3. The most significant downward trend occurred when the evacuation walkway
width was increased from 0.9 m to 1.3 m, whereas only a gentle descent was observed at 0.7-0.8 m
and 1.4-1.5 m, respectively. This is because of the availability of the space on the evacuation walkway.
When the evacuation walkway width, d, was within the range of 0.7-0.8 m, only one row could be
formed. However, when d, was within the range of 0.9-1.3 m, the passengers were able to walk in
two rows, which effectively reduced the evacuation time. In the case of d, being within the range of
1.4-1.5 m, the passengers exhibited a competitive behaviour, i.e., trying to get ahead of each other.
Thus, no significant reducing effect on evacuation time was observed when d, was with the range of
14-1.5m.

3.3.2. In Bidirectional Evacuation

Figure 10 illustrates the evacuation time, ¢1, t; and t3, with different evacuation entrance width, d,
and walkway width, d,, combinations in bidirectional evacuation.

(a) t,—evacuation start until all passenger have alighted from the (b) t,—evacuation start until all passenger have exited the
train carriages in bidirectional CVdCudthl’l cvacuauon walkway risk zone in idirectional evacuation
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Figure 10. The evacuation time, t1, t, and t3, for bidirectional evacuation. (a) t;—evacuation time, until
all passenger had alighted from the train carriages; (b) t,—evacuation time, until all passenger had
exited the evacuation walkway risk zone; (c) t3—total evacuation time, until all passenger had passed
through the safety exits. The interpolation function, “interpl”, with method, “cubic”, in MATLAB, was
used to create the visual effect of the data changing trend. The black spot represents the average value
of the evacuation time for each individual combination.

From Figure 10, it can be seen that, in general, the evacuation time, ¢;, t, and t3, fluctuated more,
compared to those in unidirectional evacuation, as shown in Figure 9. The fluctuations caused by the
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increase of d; is more noticeable, when the evacuation walkway width, dy, is equal to 0.7 m, 0.8 m,
1.4 m or 1.5 m, and the opposite is the case when d, is within the range of 0.9-1.3 m.

One possible reason for this might be that when dj is relatively narrow, the increase in d; allows
more passengers to walk into the risk zone of the evacuation walkway, but the available space in this
area is limited. This inconsistency caused a chaotic situation in the simulation, where the passengers
gathered around the train door but were not able to evacuate effectively. On the other hand, when dj is
relatively wide, the increase in d; resulted in more passengers trying to get away from the train and
consequently led to a competitive behaviour in the risk zone of the evacuation walkway. In addition,
increasing the evacuation walkway width, d, also significantly reduced the evacuation time, ¢;, f; and
t3, which was a similar trend to the unidirectional evacuation.

4. Discussion

4.1. The Combined Effect of the Entrance Width and Walkway Width on the Evacuation Time

According to the simulation results of t;, t, and t3 shown in Figures 9 and 10, it can be observed
that there is a combined effect of the entrance width, 41, and the walkway width, d, on the evacuation
time, both in unidirectional and bidirectional evacuation.

To quantify the combined effect, the average evacuation time of ¢, t, and f3 with the same d; in
both evacuation scenarios was calculated (see Figure 11). It can be observed that when dj is increased
from 0.7 m to 1.5 m, the average evacuation time of 1, t; and t3 was reduced by 55.9%, 54.5% and 26.2%,
respectively, in unidirectional evacuation, and 36.3%, 35.2% and 17.0%, respectively, in bidirectional
evacuation. An increase in the walkway width, d;, resulted in a more significant reduction of the
evacuation time in unidirectional evacuation than in bidirectional evacuation.

(a) Average evacuation time of 7, ¢, and #; for combinations ~ (b) Average evacuation time of 7}, ¢, and ¢; for combinations

with same d, in unidirectional evacuation with same d, in bidirectional evacuation
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Figure 11. Average evacuation time of ¢, t, and f3 for the combinations with the same d, in (a)
unidirectional evacuation and (b) bidirectional evacuation.

As shown in Figures 9 and 10, it also can be observed that the evacuation time fluctuations were
obvious in both the unidirectional and bidirectional evacuation scenarios, when the walkway width
was 0.7 and 0.8 m. However, in bidirectional evacuation, a more noticeable fluctuation can be observed
when the walkway width was with in the range of 1.4-1.5 m. In general, the increase of d; resuted
in the evacuation time varying in different degrees when d, was set to different values, as well as in
different evacuation scenarios.

Within the range of the two parameters discussed in this article, the combined effect of the entrance
width and walkway width on evacuation time may be that increasing the walkway width significantly
reduces the evacuation time, and the reduction is more noteworthy for unidirectional evacuation than
for bidirectional evacuation. Besides, the increase in the entrance width, dq, resulted in a more obvious
evacuation time fluctuation in bidirectional evacuation compared to that in unidirectional evacuation.
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4.2. Simulation Results Compared to Empirical Formula Results

The simulated evacuation time were also compared to the conventional empirical formula of the
Code of Safety Evacuation for the Metro of China [42] (see Table 4). In the empirical formula, the total
evacuation time, T}ota1, is defined as:

Trotal = Tpre—a + T + Tpass

where

Tpre-a—passengers’ pre-action time.

T —passengers evacuated from the train.

Tpass—passengers evacuated on the passageway.

Note that in the conventional empirical formula, the entrance width of the evacuation walkway is
not a consideration. Therefore, T}, is only affected by the walkway width, d,. Besides, Tpass is related
to the passenger volume and walking distance on the passageway from the point of evacuation to
safety (the station). To make the simulation results comparable to the empirical ones, the average
evacuation time, t3, of the simulations with the same walkway width, d;, was used.

Table 4. Comparison of the empirical formula and simulation.

. Empirical Formula Simulation
Evacuation
Walkway Tpre-a Ty Average of Total Evacuation
T T, =Tpre-a+ Tt + T .
Widthd,  (min)  (min) (n‘:;:f) total P'(:in) tr T Lpass Time, t5
(m) (min)

Unidirectional  Bidirectional  Unidirectional  Bidirectional — Unidirectional  Bidirectional

0.7 2 24.6 19.6 16.2 41.3 37.9 424 31.3
0.8 2 21.5 19.6 16.2 38.8 35.4 409 29.4
0.9 2 19.1 19.6 16.2 36.9 33.5 39.6 28.9
1.0 2 17.2 19.6 16.2 35.4 32.0 37.9 28.7
1.1 2 15.6 19.6 16.2 34.1 30.7 35.6 28.3
1.2 2 14.3 19.6 16.2 33.1 29.7 33.6 26.9
1.3 2 13.2 19.6 16.2 32.2 28.8 32.1 26.1
14 2 123 19.6 16.2 31.5 28.1 314 26.0
15 2 115 19.6 16.2 30.8 274 313 26.0

A decrease in the evacuation time was observed in both the empirical formula and the simulations
with the increase of d,. For unidirectional evacuation, the simulation results are similar to the empirical
results, and the difference was within the range of 0.1-2.7 min. This is probably because the passengers
had only one direction to choose during the evacuation, so they evacuated in a more orderly manner.
For bidirectional evacuation, the difference between the simulation results and the empirical results
is bigger than that in unidirectional evacuation. This is probably because passenger behavior in
bidirectional evacuation, e.g., the process of choosing exits, competitive behavior, etc., was more
complex and noticeable. This behavior can be represented in detail with the steering mode in Pathfinder,
but it may not be described in detail in the empirical formula. Therefore, the difference between
the evacuation time according to the empirical formula and the simulation is slightly larger in the
bidirectional evacuation.

Besides, in both unidirectional and bidirectional evacuation, although larger walkway widths
were set in the simulations, the evacuation time did not show a great improvement, i.e., a walkway
width of 1.3-1.5 m did not cause a drastic decrease in the evacuation time.

Generally, the empirical formula provides more conservative results. However, it still might
be concluded that the empirical formula and the Pathfinder are in better agreement regarding the
prediction of the evacuation time in unidirectional evacuation. However, in bidirectional evacuation,
or a more complicated evacuation, a numerical simulation with the capability of including passenger
behavior might provide more detailed insight.

In addition, the new evacuation time measurement method, ¢1, f; and t3, proposed in this study
could be seen as a novel trial for evacuation time study in relation to elevated rail transit systems.
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One advantage of this method is that the evacuation time and the evacuation process on the
elevated lines can be analyzed more accurately and flexibly and be understood more intuitively.
For example, t; (evacuation time, until all passengers had exited the train carriage zone) is helpful to
find the most crowded and the most evacuation time costly carriages. In this paper, it is revealed that
the most congested carriages in interval evacuation are those closest to the safety exits in the station,
i.e., both ends of the train.

The other advantage of this measurement is that ¢, (evacuation time, until all passengers had
exited the evacuation walkway risk zone) is a more suitable measurement reference, compared to Tiota1,
in studying evacuation walkway design. This is because, when a train is caught in an accident on an
elevated railway line, the dangerous area is more likely to be around the train. Thus, shortening the
evacuation time, f,, for passengers to leave the evacuation walkway risk zone is more important than
the whole evacuation time.

4.3. Suggestions for Evacuation Walkway Parameter Design

As discussed above, combinations of d; and d; corresponding to the shortest ¢, in both directions
were listed in Table 5. As shown in the results, for both evacuation directions, t; decreased dramatically
with the increase of d;, until the width of the walkway was 1.3 m, but an increase of d, greater than
1.3 m did not cause a significant reduction in #,.

Therefore, in this study, it might be safe to assume that a d, of 1.3 m is an ideal width for new
elevated transit line evacuation walkways, and the entrance width, dy, is suggested to be 1.4 m, as this
combination might potentially help to reduce the evacuation time, t,, from 1295 s to 814 s, reduced
by 37.2%, compared to the current design practice (d; = 0.5 m, and d, = 1.0 m) in the unlikely event
of unidirectional evacuation. For a restricted construction condition, where the evacuation walkway
width, dy, is 0.7 m, the evacuation time, t,, may potentially be reduced from 1606 s to 1485 s by changing
the entrance width of 0.5 m to 1.4 m. Meanwhile, for the evacuation walkway width, d, = 1.0 m, which
is currently the normal practice, the evacuation time, f;, may potentilly be reduced from 1295 s to
1278 s by changing the entrance width of 0.5 m to 1.4 m. Generally, a broader entrance width that is
1.4 m (the train door width in this study) or as wide as possible is suggested.

Table 5. Combinations of d; and d; corresponding to the shortest t,.

. Unidirectional Evacuation Bidirectional Evacuation
Evacuation Walkway
Width, d, (m) Entrance Width, The Minimum Entrance Width, The Minimum
dy (m) Value of t, (s) dy (m) Value of t, (s)
0.7 1.4 1485 1.0 791
0.8 0.6 1411 0.8 772
0.9 0.5 1386 0.8 720
1.0 1.4 1278 0.8 692
1.1 0.8 1151 1.2 633
1.2 1.2 927 1.0 577
1.3 1.4 814 1 531
14 14 756 1.2 516
1.5 0.9 717 1.2 511

The limitations of this study are as follows:

e  Only one simulation setting, namely, evacuation in the middle of an interval section on an elevated
transit line was considered. This setting considered the most likely worst-case scenario during
an emergency on an elevated transit line, i.e., with the longest walking distance on both sides to
safety exits. In a highly unlikely event, a train might stop close to the station, but only one-way
escape is available. This study has also partly covered unidirectional evacuation up to point ¢, but
will have a different ¢5.
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e  The total number of evacuation passengers was not set as a variable, but only a maximum number
of 1032 is used. This is assumed to be the worst-case evacuation scenario, as fewer people would
result in a less chaotic situation. Six carriage marshalling, with a 1032 passenger capacity, was
considered in this study, because it is the current maximum passenger capacity and maximum
carriage marshalling for a Maglev train operation. The number of carriages and passengers can
be set as variable as longer trains might be anticipated in the future.

5. Conclusions

This paper contributed to the improvement of passenger evacuation conditions on elevated rail
transit lines. Based on literature research and an evacuation scenario survey, a new evacuation time
measurement for interval evacuation on elevated rail transit was first introduced. Then, an interval
evacuation model on elevated rail transit lines was built using a multi-agent simulator, Pathfinder, with
qualitative and quantitative data that were surveyed and collected earlier. After that, the model was
used to study the evacuation time for different combinations of evacuation walkway design parameters,
namely, the walkway entrance width and walkway width in both unidirectional and bidirectional
evacuation. The following conclusions were drawn:

There is a combined effect of the evacuation walkway width and entrance width on the
evacuation time in both unidirectional and bidirectional evacuation. Based on the conditions set in
the model, it is observed that an increase in the walkway width from 0.7 m to 1.5 m may potentially
reduce the evacuation time, t;, by 54.5%, in unidirectional evacuation, and 35.2% in bidirectional
evacuation. The increase in the walkway entrance width did not cause a great improvement in
reducing the evacuation time, but the incease of the entrance width can result in evacuation time
fluctuation. The evacuation time fluctuation is more obvious in bidirectional evacuation, compared to
unidirectional evacuation.

A reasonable match between the walkway entrance width and walkway width can significantly
reduce evacuation time. Therefore, the walkway entrance width and walkway width should be
considered together to achieve a shorter evacuation time in evacuation walkway design. Our suggestion
for a new evucation walkway design is 1.3 m and 1.4 m for the walkway width and entrance width,
respectively. This may potentially reduce the passenger evacuation time from the risk zone by 37.2%,
compared to the current normal design practice, where the walkway width is 1.0 m, and the entrance
width is 0.5 m. In the case of limited space for evacuation walkway construction, 0.7 m and 1.4 m
for the walkway width and entrance width, respectively, should be adopted. For existing evacuation
walkways, which have a typical width of 1 m, enlargement of the entrance to 1.4 m is recommended.
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