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Abstract

Evacuation systems in buildings are frequently assessed to improve emergency response processes. This paper
proposes a method to evaluate the performance of different evacuation modes, and determine a rational mode
for large railway stations. We developed a simulation for the evaluation of fire safety in large buildings based
on an analytic hierarchy process (AHP) method. This approach includes AHP-based exploration and
simulation-based refinement. We considered a typical railway station for validation, conducted a field survey
to collect the data, and calculated the influencing factors based on expert opinion. The influencing factors were
further processed based on the principles of a hierarchical model. The relative weights of the influencing
factors were calculated through a series of pairwise comparisons using the AHP. Further, we applied factor
refinement based on the evacuation simulations to determine the degree and status of influence of each factor.
The influence of external factors was generally stronger than that of the internal factors. Among them, the
building component characteristics and people’s physiological capabilities were the core of the evacuation
assessment in large railway stations. Additionally, the exit width, seat layout, visibility, speed, and reaction
capabilities were crucial to the evacuation process. The proposed method is practical as it demands limited
computations to provide useful information, such as a priority ranking of each influencing factor, for the
evaluation process.
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1 Introduction

A large railway station is defined by a maximum assemblage of more than 10,000 passengers
(Zheng et al. 2008). Every day, 20-30 million people take trains from large railway stations in China.
A waiting hall presents the largest fire hazard because of its large volume (Zhou, 1990). A method of
evacuation assessment for waiting halls in large railway stations can help to guide the establishment
and improvement of emergency response scenarios.

Researchers have proposed both subjective and objective methods of evaluating the risk
involved in the evacuation process. Subjective evaluation methods include questionnaires and
interviews. The study of the psychological and physiological status of humans during an evacuation
was pioneered by Bryan (1957), who conducted a questionnaire- based survey on the behavior of
people in Arundel Park Hall in Brooklyn. Wood (1972) gathered response data on fire scenarios via
interviews and questionnaires, with more than 2,000 staff members from nearly 1,000 fire cases in the
UK participating in that survey. Shields et al. (2009) investigated the behavior and experiences of six
evacuees of the World Trade Centre (WTC) using pre-interview questionnaires, along with the
free-flow and semi-structured interviews. The study discussed the faced by disabled people in terms
of fire evacuation planning and design, route widths, group behavior, and emergency preparedness.
McConnell et al. (2010) designed a data elicitation tool comprising a pre-interview questionnaire, a
one-to-one interview protocol with free-flow narratives, and semi-structured interviews to investigate
the cue recognition and response patterns of WTC evacuees. In addition, several studies analyzed the
behavioral characteristics of different categories of people in emergencies. Ashe and Shields (1999)
studied the behavioral characteristics and reactions of elderly people, children and people with
disabilities in fires. Li and Lee (2008) investigated the variations in the evacuation of 180 individuals
and found that the training experience, gender, and age were the distinctive features influencing the
evacuation behavior.

Objective evaluation methods focus on simulating the evacuation process. They analyze the data
that cannot be obtained through subjective surveys, such as response times (Sime 2001), fire spread
(Abolghasemzadeh 2013), and exit congestion (Ozel 2001; Carey and McCartney 2004). Researchers
have proposed models based on the patterns of animal migration or water movement to simulate the
evacuation of individuals, and approximately seventy types of evacuation models are established
(Lovreglio et al. 2020). These models were developed based on the data collected from controlled
experiments (Guo et al. 2012), group experiments using animals (Saloma et al. 2003; Shiwakoti et al.
2011) and evacuations in a virtual environment (Meng and Zhang 2014). Based on the above models,
several software tools were developed to predict the evacuation process, such as EXODUS (Galea
and Galparsoro 1994), SIMULEX (Thompson and Marchant 1995a, b), EGRESS (Ketchell et al.
1995), SGEM (Lo et al. 2004), EVACNET (Kisko and Francis 1985), Pathfinder (Thunderhead
Engineering 2012), STEPS (Mott MacDonald Simulation Group 2012), EgresSIM (Nam et al. 2016),
and EcoSmart Fire (Dietenberger and Boardman 2017). In our study, we used SIMULEX for the
evacuation simulation, as it is powerful, flexible, and extremely direct. It was designed to simulate the
movements of thousands of individuals escaping a large, geometrically complex building based on
multiagent systems (Thompson and Marchant 1995a). It simulated evacuations from structures such
as commercial stores (Thompson and Marchant 1995b), crowded airport terminals (Chow and Ng
2008), multistory buildings (Thompson et al. 1996), campus buildings (Olsson and Regan 2001),
railway tunnels (Kennedy et al. 2001) and transit stations (Chen and Chin 2000). It is appropriate for
buildings with numerous people concentrated in large spaces (Chang et al. 2016; Xu et al. 2019).

However, the existing tools of evacuation simulation cannot accurately assess the risks
presented. For example, for waiting halls in large railway stations, which typically feature high crowd
densities in large spaces, many factors influence the evacuation process, and these factors cannot be
simply described as increasing or decreasing but rather have fuzzy characteristics. Moreover, some
uncertain factors are non-quantifiable, making them unamenable to statistical methods, such as
emergency broadcasts (Carlson et al. 2014), evacuation common sense (Pires 2005), emergency
reaction ability (Zhao et al. 2009), etc. Therefore, we need to determine the factors affecting the
evacuation process using subjective evaluation methods, establish a hierarchy of influencing factors
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using the multi-hierarchy fuzzy method, and determine the degree and status of influence of each
factor based on the simulation analysis. In the study reported in the present paper, a typical waiting
hall in a large railway station in China was chosen based on site survey data, and the internal and
external influencing factors affecting the evacuation process were determined through interviews.
Then, a hierarchical model of influencing factors was established, and the weights of these factors
were determined using the Analytic Hierarchy Process (AHP). Finally, factor refinement based on
evacuation simulation software was applied to determine the degree and status of influence of each
factor in different simulation scenarios.

2  Methodology

In this paper, a combined method is proposed to assessment and simulate the integrated crowd
evacuation in large railway stations, as shown below.

1) Selection of influencing factors.

A pool of influencing factors was explored based on the previous related works, and the factors
were selected using the Delphi method (Dalkey 1969). The survey process include one-to-one
interview protocol with free-flow narratives and semi-structured interviews.

2) Determining the factor weights.

The influencing factors were divided into five levels of subfactors corresponding to varying
degrees of specifications: the target level, the element level, the sub-element level, the operation level,
and the suboperation level. The set of weights of the subfactors was calculated using the AHP. The
YAAHP 11.3 software (Shanxi Yuan Decision Software Technology, Co., Ltd,
http://www.metadecsn.com/yaahp/) was adopted to build a hierarchically structured model and
determined the factor weights.

3) Influencing factor refinement.

Based on the constructed AHP model, we collected the relevant data on the influencing factors,
and the computer simulation software SIMULEX was used to test the degree and status of influence
of each factor on the evacuation process.

2.1 Survey sites

A large railway station in China can maximally accommodate between 10,000 and 20,000
people. The research object, a large, oversized rectangular space of the railway station, is an open
waiting space with a typical volume of more than one million cubic meters, dominated by a lounge
area and flanked by shops, ticket gates, restaurants, and toilets, as shown in Figure 1.

Thus, a typical large railway station in China was the subject of our study. The volume of the
waiting hall of this station was 15,600 m3, with the length and width being 230 and 68 m, respectively.
According to the station design, a maximum of 11,000 people can be accommodated in the waiting
area. The floor plan with the waiting area marked in gray is shown in Figure 2.

T ST ST Y\ Lee \

a) Shanghai Honggiao Railway Station b) Xiamen Railway Station
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¢) Ningbo Railway Station d) Dalian North Railway Station
Figure 1. Some typical waiting halls in large railway stations in China
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Figure 2. Floor plan of the representative railway station waiting hall
2.2 Analytic Hierarchy Process
The AHP, developed by Thomas Saaty in 1971 (Wind and Saaty, 1985), is a core ergonomics
approach with a pedigree of more than 30 years. It is a hierarchical weight decision analysis method
based on the network system theory and multi-objective comprehensive evaluation method (Phipps et
al. 2011).
1. Influencing factor selection

The factors that could influence the evacuation were identified and classified as either internal
(Bryan 2002; Red et al. 2012; Vilar et al. 2014; Yue et al. 2014; Shiwakoti et al. 2015; Fridolf et al.
2016) or external (Steinfeld 2006; Gray- Graves et al. 2011; Ronchi et al. 2012; Bode and Codling
2013; Kuligowski 2013; Wang et al. 2013) based on the literature review. Figure 3 depicts the initial
AHP model built using the YAAHP software.

Four types of participants were involved in the survey, including four station designers, two station
managers, four station staff members and ten passengers. The participants were briefed on the
purpose of the session and interviewed individually, after they provided written informed consent to
participate in the research. We conducted interviews regarding the influencing factors that affect the
evacuation process. Based on the survey results, the AHP model was extended, as shown in Figures 4
and 5.
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Building Component Characteristics A1

| External Factors A

Prevailing Environmental Conditions A2

Evacuation Safety |—

Physiological Capabilities B1

> Internal Factors B

Human Interactions B2

Figure 3. Initial AHP model

Exit Width A111
.>§ Exit Characteristics A11 .—|::
. | ! Number of Exits A112
i Building Component Characteristics A1 g_
> Obstacle Characteristics A12 3_’ Seat Layout A121
External Factors A
->§ Accident Conditions A21 :—> Visibility A211

Prevailing Environmental Conditions A2

.

'>§ Emergency Response Conditions A22 :—> Emergency Broadcasts A221

Figure 4. Details of the external factors in the AHP model

e Degree of Health B111
Speed B111 —> Sex B112
—> Physiological Capabilities E > Age B113
> Evacuation Common Sense B121

i Reaction Capabilities B12 —

b Ly Emergency Reaction Ability B122
Internal Factors B

Mng Exit Attraction B211
Attraction B21 —
e Congregation Attraction B212
—Di Human Interactions B2 Repulsion B22 ‘—’ Repulsion Between Crowds and Objects B221
Conflict B23 ‘—> Conflict Between Crowds B231

Figure 5. Details of the internal factors in the AHP model
2. Factor weight determination
Initially, n factors were compared in pairs to obtain their pairwise relative importance, as shown in
Table 1.
A judgment matrix was established as,

all a12 aln
a a a
21 22 2
A :(a) = " (1)
Y Jnxn
anl an2 ann

where a;; characterizes the relative importance between factors u; and u; and assigned values as
shown in Table 2.

The n-th root method (geometric averaging) used in the AHP calculated the factor weights.
Initially, the geometric average of each row vector of A was considered (all elements in the same row
were multiplied and taken to the (1/n)-th power), and the resulting vector was normalized to obtain
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the weight vector W = (w,, w,,....... w, ).
wo=—dt (i=12,.....n) (2)

In this study, the ranking of the factors entered in the YAAHP software generated the judgment
matrix based on expert opinions. Owing to the subjectivity of the experts’ assessment, the initial
judgment matrix was incomplete and inconsistent. Therefore, to rectify the influences of both
subjective and objective factors on the expert judgments, a consistency verification procedure was
performed.

Initially, the consistency index CI was calculated, as follows:

Cl = s =11 (3)

n—1

Table 1 Pairwise relative importance of influencing factors

ui u ... Un
ui arl ap ... Aln
uz azl an ... A
Un anl a2 ... Ann

Table 2 Meanings of the element values in the judgment matrix

Value Interpretation (relative importance between two factors)
1 The two factors have the same degree of importance.
3 The former factor is slightly more important than the latter.
5 The former factor is notably more important than the latter.
7 The former factor is considerably more important than the latter.
9 The former factor is extremely more important than the latter.
2,4,6,8 The intermediate values between the adjacent values above represent the corresponding

intermediate levels of relative importance.

where A__  is the maximum eigenroot of the judgment matrix, given by the formula:

max

n
a;w;

"(P), AW, 1S
lmax:;(ntv)l:z( 4 ),:_z 4)

- W ni- W

1

Next, we consulted Table 3 to obtain the random indicator RI. Five hundred samples of judgment
matrices of orders 2—12 were constructed using a random method, and their consistency indexes were
calculated to obtain the average consistency index of a random judgment matrix of each
corresponding size. Table 3 lists the average random consistency index values (RI) for positive
reciprocal matrices of orders 2—12.

Table 3 RI values for judgment matrices of various dimensions

n 2 3 4 5 6 7 8 9 10 11 12
RI 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.52 1.54

Finally, the consistency ratio CR was calculated as follows:
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CI
CR 7] (5)

When CR < 0.1, the judgment matrix satisfied the consistency requirement; when CR>0.1, the
judgment matrix presented poor consistency and had to be modified until the requirement of CR <0.1
was satisfied. The factor weights were then arithmetically calculated based on the expert results, and
the resulting weight values are listed in Tables 4 and 5.

Table 5 shows that the influence of external factors is generally stronger than that of internal
factors. Among them, the building component characteristics and people’s physiological capabilities
were the core of this evacuation assessment. Additionally, the exit width, seat layout, visibility, speed,
and reaction capabilities were crucial to the evacuation process.

Table 4 Comprehensive evaluation of influencing factor weight results

Number A B
Single Weight 0.5696 0.4304
Total Weight  0.5696 0.4304

Table 5 Weights of individual influencing factors for the railway station waiting hall assessment

Number Al All Alll Al12 Al2 Al21

Single Weight 0.3084 0.1352 0.0531 0.0821 0.1732 0.1732

Total Weight 0.3084 0.0417 0.0164 0.0253 0.0534 0.0534

Number A2 A21 A211 A22 A212 A221

Single Weight 0.2612 0.1983 0.1983 0.0585 0.0629 0.0629

Total Weight 0.2612 0.0518 0.0518 0.0153 0.0164 0.0164

Number Bl Bll1 B111 B112 B113 B12 B114 B115
Single Weight 0.2982 0.1538 0.0593 0.0352 0.0593 0.1444 0.0588 0.0856
Total Weight 0.2982 0.0459 0.0091 0.0054 0.0091 0.0431 0.0085 0.0124
Number B2 B21 B211 B212 B22 B221 B23 B231
Single Weight 0.1322 0.0303 0.0216 0.0087 0.0437 0.0437 0.0582 0.0582
Total Weight 0.1322 0.0040 0.0029 0.0012 0.0058 0.0058 0.0077 0.0077

2.3 Evacuation simulations

Based on the AHP method discussed above, the weight of each subfactor is determined. As this
approach is based on summarizing subjective evaluations using a statistical method, and it is not
possible to quantify the extent of the influence of certain factors, Table 6 presents the impact factors
and the hierarchical model list according to the AHP based on expert interviews. The impact of some
factors was determined based on the experience of experts, while the impact of other factors
(indicated by the black dots in the table) must be determined by simulation.

The accuracy of SIMULEX using in crowd evacuation simulation in large spaces has been proved
(Wu, 2016; Wu et al., 2018). In this method of analysis, only one factor is allowed to change at a time,
and it is assumed that the other factors remain unchanged. In the considered scenario, we preset
11,000 people in the waiting hall to approach the maximum possible number of passengers
considered in the design of the station. The preparation time was 20 s (random assignment + 10 s).
Table 7 presents the architectural data, environmental data, and simulation scenarios.

Figure 6 shows the evacuation process (original scenario) for the railway station simulated by
SIMULEX. The black squares indicate the exits; there are eight, ten, four, and five exits on the north,
south, west, and east side, respectively. Initially, we selected the starting grid cell for evacuation, and
the software found the optimal evacuation route by generating a set of broken lines from the starting
grid cell, using a path search algorithm. Each broken line was 0.25 m long, perpendicular to the
equidistant line, and pointed in the direction of the exit grid cell. The simulation lasted 5 min and 15 s.
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Table 6 Data collection for the original scenario

[DOI: 10.1007/s12273-020-0754-7]

Data acquisition

Input Influencing factor mode Reason
Field observations
Floor plan Based on construction drawings and field check
Measurement
Building . Field observations . .
Parameters L4 Exits Based on construction drawings and field check
Measurement
Field observations Based on site measurement, no obstacles in construction
Obstacles .
Measurement drawings
Number Field observations Based on the highest poss.lble number of people as per
the station design
Density Calculations By software calculations, based on the.hlghes.t possible
number of people as per the station design
p ' Percentages of Field observations/ According to the recorded video and the expert group
ersonne passenger types Expert interview discussion
parameters
The average speeds of different people were modeled
® Speed Expert interview based on the study by Belz and Mertens (1994), then the

® Response-time

expert group discussed

Based on the study of Joseph and Pandya (1986) and the

Expert interview . .
P expert group discussion

Table 7 Evacuation data for the waiting hall

Type Data
Area 15600 m?
Plan dimensions 230 m X 68 m

12 each on both the north and south sides

Staircases Individual evacuation width is 1.6 m, total evacuation width is 19.2 m
Escalators 8 ea}ch on both the .north.and .south sides . o
Individual evacuation width is 1 m, total evacuation width is 8 m
5,700, parallel to security
Seats Dimensions are 0.55 mx0.42 m
Passageway width is 2 m
Security 8 on the.north. sidg, 10 on the south side
Evacuation width is 4.8 m
18 groups
2 turnstiles, 1 barrier-free ticket gate, 1 manual ticket check for each group
Ticket gates Turnstile width is 600 mm, barrier-free ticket gate width is 900 mm, manual ticket
check width is 600 mm
Total evacuation width is 2.7 m
a. Scenario features: exit widths-0.9, 1.2, 1.5, 1.8, 2.1, and 2.7 m.
External Factor A1l b. Scenario features: south side exits damaged/west side exits damaged.
a. Scenario features: longitudinal (the aisle between the seats is parallel to the ticket
inspectors)/transversal (the aisle between the seats is perpendicular to the ticket
External Factor A12 inspectors).
b. Scenario features: numbers of aisles-2, 3, and 4; aisle widths-1.5, 2.1, and 2.7 m.
External Factor A21 a. Scenario feature: reduced the speed of the evacuees
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External Factor A22 a. Scenario feature: Premovement time reduced by 2 min.
a. Scenario features: Different ratios of passenger type percentages. Passenger types
Internal Factors B1 include male, female, elderly, children, and disabled people.

a. Scenario features: Different crowd densities in the range of 0.5 people/m>-2
Internal Factors B2 people/m?
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Figure 6. Shortest evacuation paths from each area on the elevated platform of the railway station
3  Results

Based on the scenario tested in Section 2.3, we analyzed the influence of each variable (each factor
in the AHP model) on the evacuation process under the condition that the other variables remained
unchanged.

3.1 Building component characteristics

3.1.1 Exit characteristics: exit width and number of exits

The exit width is important owing to its special function in several architectural structures and its
effect on the evacuation process (Helidvaara et al. 2012; Kurdi et al. 2018). In our research object, the
maximum and minimum exit width of a ticket gate was 2.7 and 0.6 m, respectively. To optimize the
evacuation efficiency, we determined the relationship between the evacuation time and exit width by
varying it. A series of simulation experiments were performed with exit widths of 0.9, 1.2, 1.5, 1.8,
2.1, and 2.7 m. Figure 7 depicts the evacuation speeds corresponding to the different exit widths.
Although the speed increases logarithmically with the increasing exit width, the effect on evacuation
weakens gradually.

In a room with multiple exits, the people’s decision of which exit to use is invariably influenced by
the time required for egress (Liao et al. 2014; Frank and Dorso 2015; Ronchi et al. 2016). In this study,
we investigated the layout effects of multiple exits in the waiting hall of a large railway station in
China. The main entrance of the waiting hall includes gates on both the north and south sides. The
ticket inspector stations on the west and east sides, normally the check-in points, act as evacuation
exits in emergencies. We considered a scenario where either the south or the west side exits of the
waiting hall were damaged. Figure 8 compares the evacuation processes in the original scenario and
the scenarios with damaged exits. The egress time for the entire crowd was longer with damaged exits,
particularly, the damage to the main exits substantially influenced the evacuation efficiency; the total
time was twice as that of a normal evacuation.
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'E ;g —e— Correlation of exit width and evacuation speed
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Figure 7. Correlation between the exit width and the evacuation flow
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Figure 8. Comparison between the original scenario and scenarios in which either
the main exits or secondary exits are damaged

3.1.2 Obstacle characteristics: seat layout

The seats in a waiting hall are obstacles that cannot be neglected. We first discuss the influence of
the seating arrangement orientation on the evacuation efficiency. The layout of the seats are
characterized as either longitudinal (the aisles between the seats are parallel to the ticket inspectors)
or transversal (the aisles between the seats are perpendicular to the ticket inspectors), and all the ticket
inspectors are parallel to the exits. Figure 9 depicts a comparison of the number of evacuees with the
evacuation time under these seating orientations from 70 s to 170 s (peak flow period). The periods
corresponding to the egress of the first and last 5% of the evacuees were excluded to avoid the
boundary limit conditions (Schadschneider et al. 2009). The flow in the transversal layout was higher
than that of the longitudinal layout, and the overall evacuation time with the transversal layout was
85.2% of the time required with the longitudinal layout.

Due to the spatial constraints in the seating areas of a waiting hall, the aisles are narrow with
numerous rows of seats, leading to high congestion. Therefore, we investigated the influence of the
spacing between the seats. In this study, the seating area in the waiting hall was approximately 20 m
wide and divided into three columns by two 1.5-m-wide aisles in the middle, corresponding to ticket
gates. Additionally, 2.7 m wide aisles were set aside in the middle of every five or eight rows for
check-in queuing. The width of each queuing channel was determined by the ticket gate position and
was unchanged. Scenarios with two, three, and four columns were simulated with an aisle width of
2.1 m, the same as that of the original scenario. In addition, scenarios with different aisle widths
between each column (1.5 m, 2.1 m, and 2.7 m) were simulated for the case of three columns, the
same number of columns as the original scenario. Figures 10 and 11. compare the number of evacuees
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with the evacuation time under these different aisle arrangements from 70 s to 170 s (peak flow
period).

The results demonstrated that it is highly beneficial to arrange the seating areas in groups and place
the aisles between each group, as a continuous multirow arrangement significantly reduces the
evacuation efficiency. The evacuation time does not decrease monotonically with an increasing
number of aisles, as it depends on the aisle width. Specifically, the maximum exit flow in the
simulated scenarios with different aisle widths ranged from 143 to 122, to 92 people/m for an aisle
width of 2.7, 2.1, and 1.5 m, respectively. Most notably, once the flow reached its peak in the narrow
aisles (1.5 m), the evacuation speed decreased due to overcrowding.

550

Transversal seating arrangement

500 |- —=— Longitudinal seating arrangement

~
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Number of evacuees
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Figure 9. Comparison of the number of evacuees and the evacuation time with different seat
layouts
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Figure 10. Comparison between the number of evacuees and the evacuation time with different
numbers of seating columns
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Figure 11. Comparison between the number of evacuees and the evacuation time with different
aisle widths
3.2 Prevailing environmental conditions

3.2.1 Accident conditions: visibility

We reduced the speed of the evacuees to simulate different visibility scenarios. The input data
concerning the walking speed were chosen based on the experimental data from previous studies, as
summarized in Table 8.

With smoke, the simulation lasted 7 min and 20 s, which was 39.7% longer than the original
scenario; in a scenario with smoke and no lighting, the simulation lasted 10 min and 25 s, nearly twice
as long. The simulation in this study is based on a physical model, assuming that the people will
always choose the shortest evacuation route in an emergency. Hence, the limitations of this study
require further research, because the evacuation process could be more complex if the visibility
changes.

Table 8 Summary of measured walking speeds from various experiments

With smoke With smoke, no lighting
Passenger category
Male 1.26 m/s 0.98 m/s
Female 1.02 m/s 0.89 m/s
Elderly 0.73 m/s 0.52 m/s
Children 0.69 m/s 0.55 m/s
0.58 m/s without help 0.46 m/s without help
Disabled people 0.72 m/s with help 0.57 m/s with help
0.82 m/s with electric wheelchair 0.58 m/s with electric wheelchair
0.63 m/s with manual wheelchair 0.44 m/s with manual wheelchair

3.2.2 Emergency broadcasts

In this section, we compare an evacuation simulation with the informative fire warning (IFW) to an
evacuation simulation without the IFW. The IFW can reduce the overall evacuation time by up to 2
min compared to a fire alarm bell in a large and complex building (Canter et al. 1988). Therefore, we
considered a setting to change the premovement time. Notably, the total evacuation time reduced by
35 s with the IFW, and the evacuation efficiency improved by 13.2%. In Figure 12, the solid line and
dashed line indicate the evacuation time based on the number of evacuees with and without the IFW,
respectively. During the first 40 s of the evacuation process, the IFW speeds up the time where the
evacuees receive a signal indicating a hazard, thereby reducing the premovement duration and
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hastening the evacuation. In the first half of the evacuation process, the total evacuation rate in the
simulation with IFW is higher than that of the simulation without [FW.

To compare the influences of different alarm signals on the evacuation direction and speed, we
assumed that the [FW message was played only through the loudspeaker above the east exits. In a
large railway station, the background noise can reach 70-75 dB (Wu et al. 2018), and the evacuees
cannot hear the IFW message clearly if the received sound pressure level (SPL) of the broadcast is <
82 dB, after the addition of the signal-to-noise ratio. Therefore, we reduced the premovement time by
2 min only at those evacuee positions where an SPL above 82 dB was obtained for the emergency
broadcast (Wang et al. 2018). The simulation results revealed that the number of evacuees escaping
through the east—west exits is close to the average with no IFW. However, 545 more people evacuated
through the exits equipped with IFW than through those without IFW, and significantly more people
evacuated through the east exits than the west. The discrepancy in the number of evacuees between
the east and west exits was considerably evident (reaching 9 people/s) during the evacuation with
IFW. Thus, Figure 13 demonstrates that the evacuation efficiency with IFW is superior.
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Figure 12. Influence of emergency broadcasts on the total number of evacuees
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Figure 13. Influence of an emergency broadcast at only the east exits on the evacuation time and
the number of evacuees at each set of exits
3.3 Physiological capabilities and human interactions

In this section, evacuation simulations with different ratios of passenger type percentages are
compared with the original scenario. Under the assumption that the total number of evacuees
remained unchanged, the percentage of evacuees of one type was adjusted proportionally. Figure 14
compares the total evacuation time concerning the different categories of evacuees. The evacuation
time decreased with the increase in the percentage of male evacuees; once the proportion reached
40%, the decreasing trend diminished gradually. An increased percentage of either male or female
evacuees with the same crowd density reduced the evacuation time, although the percentage of male
evacuees exerted a stronger influence than that of the female evacuees. In contrast, higher proportions
of people with obvious restrictions, i.e., elderly people, children, and people with disabilities resulted
in a significant increase in evacuation time. People with disabilities exerted the strongest influence,
followed by elderly people.

In this section, we examine a bottleneck situation as a function of different crowd densities. In
these simulations, the density varied from 0.5 to 2.0 people/m2. Figure 15 shows that the total
evacuation time significantly correlated with the occupant density. With increasing density, the total
evacuation time increased exponentially.
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Figure 14. Comparison of total evacuation time with different passenger type percentages

Building Simulation pagel4



427

428
429
430
431
432
433
434
435
436

437
438

439
440
441
442
443
444
445
446

447

448
449
450
451
452
453
454
455
456
457
458

459

460
461
462
463
464
465
466
467
468
469
470
471

472

473
474

Yue Wu, Jian Kang,&Jingyi Mu. Building Simulation

3000

o
8

2000

1500

1000

Total evacuation time (s)

500

3000

me (s)
2 (=]
= n
g 8

2

g

Total evacuation ti

500

1200

[DOI: 10.1007/s12273-020-0754-7]

—_

(=

(=3

(=]
T

800

600

Total evacuation time (s)
o
S
[«

[

(=3

(=]
T

0 1

y=161.55¢09337
R?=0.998

Occupant Density

Exponent

1 1

0.50 0.70

0.90

1.10

1.30

1.50

1.70 190

Occupant Density (people/m?)
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The composition of the crowd also affects the evacuation process. For example, the speed will be
faster with more male evacuees; but with more children present, adults will need to assist them,
slowing the evacuation speed. Similarly, the overall speed will be reduced if there are more elderly
people. Therefore, our study compared the combined effects of different crowd densities on the
evacuation time considering different crowd compositions, as shown in Figure 16. The results
revealed that the crowd density significantly affected the evacuation time regardless of the passenger
type percentage, as the evacuation time increased with the crowd density.
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Figure 16. Comparison of the influences of different passenger type percentages and crowd
densities on the evacuation time: (a) crowd composition with 20% of the indicated passenger type; (b)
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crowd composition with 40% of the indicated passenger type; (c) crowd composition with 60% of the
indicated passenger type; (d) Crowd composition with 80% of the indicated passenger type
4 Discussion

The previous studies analyzed how various external and internal factors affected the evacuation
process (Ronchi et al. 2012) in a waiting hall in a large railway station. Our study validated that the
evacuation efficiency was influenced by the building itself, the environment, and the people in it. This
paper also reports the first multifactor simulation in a large railway station, extending the previous
findings of social influence, by analyzing how the evacuees’ characteristics affect the decision to
evacuate, and thereby the evacuation process.

Overall, the evacuees’ behaviors are strongly influenced by the damage to the main exits than the
secondary exits. While several studies found that symmetrical configurations led to higher efficiency
than asymmetrical configurations (Huang and Guo 2008), we reached the opposite conclusion in the
case of exit damage: the evacuation time was more when the exits were uniformly distributed (main
exits damaged) than when they were non-uniformly distributed (secondary exits damaged). We also
studied the influence of seats acting as obstacles and found that it was beneficial for the seats to face
the ticket inspectors. Surprisingly, the comparison revealed that the design specifications and the
simulation results disagreed considerably; these results are contrary to those of other studies (Zhu and
Yang 2010; Galea et al. 2006). When the aisle width is narrow, the conflict between evacuees from
both sides reduces the efficiency of evacuation (Dong et al. 2015). However, contrary to Zhu and
Yang’s (2010) study, the evacuation efficiency was more affected by the width of a single aisle than
the number of aisles. Regarding the prevailing environmental conditions in fire scenarios, the evacuee
walking speed was significantly influenced by the lighting and smoke (Fridolf et al. 2013). The
lighting and IFW reduced the overall evacuation time in a large and complex building. The results
extended the previous findings (Ramachandran 1991) by demonstrating that the IFW influenced the
movement time during the first half of the evacuation process along with the premovement time. A
strong negative correlation exists between the percentage of male/female evacuees and the total
evacuation time, with the male evacuees exerting a stronger influence than the female evacuees. In
contrast, the relationship between the percentage of elderly/child/disabled evacuees and the total
evacuation time is positive. People with disabilities had the greatest influence, followed by elderly
people. Furthermore, an increase in the crowd density had a negative effect regardless of the
passenger type percentage. These results support the simulation results of Ma et al. (2017) while
suggesting that the percentages of different passenger types and the crowd density collectively affect
the evacuation efficiency.

Finally, our results demonstrated that observations and surveys regarding the behavior of crowds in
large spaces can be investigated under controlled simulation conditions in a laboratory. This approach
is advantageous as researchers can systematically manipulate specific variables of interest to test their
causal influence on the evacuation process in well-defined scenarios. In future, researches on new
subjective evaluations with different personnel and building attributes can use the method described
in this study for safety assessments of large spaces by modifying the objective evaluation scenario.
Additionally, this simulation method will facilitate the experimental investigation of other features
such as the interactions between the social and physical environments, the weights of the
corresponding factors, and other environmental variables, such as the signage, architectural layout,
and exit locations.

5 Conclusion

Evaluating the safe evacuation of large-spaced crowded buildings is challenging. Although the
influencing factors and their weights can be obtained through subjective evaluation, the degree and
status of influence of each factor are difficult to determine. Therefore, this paper proposes a risk
evaluation methodology for evaluating the risk factors and their weights using the Analytic Hierarchy
Process, following which the degree and status of influence of each factor can be determined through
evacuation simulations. In this study, the risk factors were selected by a panel of experts and ranked
in terms of their relative importance. Based on these rankings, the factor weights were generated
using the YAAHP software. A univariate analysis was applied to determine the influence of each
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factor on the evacuation process in various simulation scenarios. The proposed risk evaluation
methodology provided a useful, practical, effective, and optimized approach to evaluate the risk for
scenarios involving crowds or large-volume buildings. This method offers a new way of prioritizing
the elements in safety design.

The proposed risk evaluation method has the following advantages over the traditional method:

-The risk factors and their relative importance weights are evaluated in terms of precise numerical
values rather than in a linguistic manner, making the evaluation more objective and accurate.

-The risk factors are organized in a hierarchical model, making the proposed method more
comprehensive, realistic, and practical.

‘The proposed approach avoids highly subjective, costly, and time-consuming investigation
processes based on questionnaires and interviews.

-Additional risk factors can be incorporated in the hierarchical model and simulated in the
evacuation simulation software if necessary.
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