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Abstract

Due to enclosed space, long evacuation distances, and complex path structures, key nodes
in deep underground spaces are prone to forming bottlenecks during fire evacuation. To
collect evacuation behavior data at potential bottlenecks, an interactive video-based hy-
pothetical choice (HC) experiment was conducted with 104 valid samples. Exit distance,
sub-safe zone setting, congestion, pedestrian flow guidance, and smoke were systemati-
cally examined. The results showed that: (a) exit distance, sub-safe zone setting, conges-
tion at the nearest exit, and smoke significantly affected evacuation decisions, with clear
avoidance of near-exit congestion and smoke; (b) congestion on paths to non-nearest exits
had a relatively weak effect, and pedestrian flow guidance did not produce significant
herding; and (c) gender, age, professional background, and evacuation experience influ-
enced path choice differences under certain conditions. Notably, evacuees prioritized
smoke avoidance over all other cues, while congestion triggered non-compensatory route
switching rather than herding behavior. These findings enrich the empirical database on
pedestrian evacuation dynamics in deep underground spaces and provide a quantitative
basis for evacuation simulation, spatial optimization, and safety management.

Keywords: deep underground space; evacuation; hypothetical choice (HC) experiment;
human behavior in fire

1. Introduction

Underground space is a crucial component of urban space. Without occupying lim-
ited surface space resources, it can provide an additional 25% to 40% of space [1]. China
has entered a high-speed development phase in the utilization of urban underground
space, with expanding scale and applications year by year. The cumulative built-up area
of urban underground space has reached approximately 3.276 billion square meters, with
an additional 312 million square meters added in 2023. The per capita underground space
level has shown an overall upward trend. Underground space development has emerged
as a critical strategy for mitigating the challenges associated with rapid urbanization, in-
cluding population surges, traffic congestion, and environmental degradation [2].

To date, the development and utilization of shallow and intermediate underground
spaces have become increasingly saturated, and expansion into deeper layers has become

Fire 2026, 9, 293

https://doi.org/10.3390/fire9070293


https://doi.org/10.3390/fire9070293
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Fire 2026, 9, 293

2 of 28

an important trend in current and future development [3,4]. Legislative frameworks for
deep underground utilization vary internationally. According to the Chinese national
standard named Standard for Urban Underground Space Planning (Article 3.0.6) (GB/T
51358-2019[5]), urban underground space is stratified into four depth-based layers: shal-
low (0 to —15 m), sub-shallow (=15 to -30 m), sub-deep (=30 to -50 m), and deep (below
=50 m) . In Japan, the law on Special Measures Concerning Public Use of Areas Deep Un-
derground (2001) defines “deep underground” as depths greater than 40 m or 10 m greater
than the layer on which the deep foundation rests [6], whereas Singapore’s State Lands
Act specifies deep underground as 30 m below the Singapore Height Datum [7]. This strat-
ification underscores that deep underground spaces differ fundamentally from shallow
underground or above-ground environments in terms of evacuation distance, spatial
complexity, environmental conditions, and psychological factors. Contemporary deep un-
derground spaces are characterized by increasing depth and stratification, diversified
functions, and more systematic and networked spatial organization, evolving from shal-
low spaces with single functions to deeper and more complex multi-functional configura-
tions [8]. In addition to underground commercial and transportation systems, various
functions such as medical, office, agricultural, and scientific research laboratories have
also emerged [9,10]. The deepening development and functional diversification have sub-
stantially enriched the flow of people in deep underground spaces. However, these envi-
ronments are large-scale, enclosed, populated, and accident-prone owing to complex
causal factors [11]. Large-scale gatherings and activities greatly increase the safety risks,
especially in emergency situations [12]. If the correct and efficient evacuation of crowds
cannot be effectively guaranteed, there is a high possibility of stampede accidents result-
ing in mass casualties [13]. Therefore, researching the safe evacuation of personnel in deep
underground spaces has significant practical significance. Notably, upward evacuation
from deep underground spaces presents greater challenges than downward evacuation
from high-rise buildings [14-16].

Compared to above-ground buildings, underground spaces lack natural lighting,
ventilation is difficult, and there are fewer safety exits connected to the outside, making
safe evacuation and rescue more challenging [3,17]. This complexity is amplified in envi-
ronments where horizontal and vertical channels interweave, generating safety issues
along the evacuation path such as disaster control challenges, crowd management diffi-
culties, and poor information coordination. Among them, how to eliminate evacuation
bottlenecks at key spatial locations is one of the key issues in the design and research of
underground space evacuation path safety assurance. During the evacuation process, if
severe congestion occurs at the bottleneck, it will affect the overall evacuation process and
may lead to panic and stampede after the fire hazard [4], increasing the uncertainty and
risk of evacuation. However, some key data and design methods in existing safety evacu-
ation regulations for underground spaces, such as speed [5,18,19], density [6,7], and sim-
ulation models [4,8,9], are still based on empirical research conducted on above-ground
buildings. There is a lack of basic data collection and analysis of pedestrian behavior in
deep underground space scenarios, making it difficult to identify evacuation bottlenecks
and guide the design and optimization of underground spaces effectively. Given the
above reasons, this study conducted a hypothesis choice experiment on underground
space evacuation, analyzing 104 valid samples. The contribution of this study mainly in-
cludes the following three parts:

(1) A data acquisition method framework for evacuation decision-making in deep un-
derground spaces has been proposed. An interactive video-based HC experiment
was used to collect evacuation behavior data in deep underground spaces with rela-
tively high ecological validity. This compensates for the shortcomings of traditional
questionnaires and simple experiments in terms of dynamism and immersion.
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(2) The path choice mechanism under the coupling effect of multiple factors in deep un-
derground space was revealed. By constructing a multi-factor experimental system
that includes exit distance, sub-safe zone setting, congestion level, herd effect, and
smoke interference, the differences in the impact of each factor on path choice were
quantitatively analyzed, breaking through previous research conclusions that mainly
focused on single-factor or dual-exit scenarios.

(3) Evacuation behavior parameters and modeling basis were provided that can be di-
rectly embedded in the evacuation simulation. Path choice ratio data for typical po-
tential bottleneck locations under different conditions were obtained, and their sig-
nificance and reliability were verified through statistical testing. This data can be
used to calibrate or optimize crowd evacuation models, thereby improving the au-
thenticity and engineering applicability of deep underground space evacuation sim-
ulations.

The remainder of this paper is organized as follows. Section 2 reviews the existing
literature on the experimental method of hypothesis choice and bottleneck effects in un-
derground spaces. Section 3 describes the research methodology, including the experi-
mental design, variable settings, and the development of interactive video scenarios. Sec-
tion 4 presents the experimental results and statistical analysis, focusing on the effects of
distance, congestion, herding behavior, and smoke on evacuation path choice. Section 5
discusses the key findings and compares the results with existing studies. Finally, Section
6 concludes the study.

2. State of the Art

Generally, locations that are prone to forming evacuation bottlenecks include en-
trances and exits, escalator entrances, T-shaped channel intersections, and exit gate en-
trances. In 2000, Helbing et al. [14] published a study using a pedestrian behavior model
to explore the mechanism of panic and congestion caused by the uncoordinated move-
ment of crowds. They found that in emergency and panic situations, crowded evacuation
pedestrians often form an “arched” blockage phenomenon in front of safety exits [20],
while self-organized lane patterns may improve flow efficiency under obstacle conditions
[21]. Yusuke Tajima and Takashi Nagatani [22] studied T-shaped channels under open
boundaries in 2002 and found that blockage occurred at the intersection of T-shaped chan-
nels during the merging process from branch channels to main channels. Omidkhah et al.
[23] used graph theory methods to construct spatial models and introduced importance
criteria to demonstrate the impact of different obstacles on floor evacuation performance.
Based on case studies, they proposed that potential congestion points are located at key
nodes such as building entrances and exits, corridor nodes, etc. Once congestion occurs at
these nodes, it will affect the overall evacuation performance [24]. While these bottleneck
mechanisms have been extensively documented in above-ground and shallow under-
ground environments [11,12,14], their manifestation in deep underground spaces —where
vertical evacuation distances exceed 50 m and spatial complexity is substantially greater —
remains insufficiently characterized [25,26].

The optimization research on evacuation bottlenecks mainly relies on two methods:
empirical research and modeling [15,20,27]. Empirical research is an important prerequi-
site and foundation for understanding the mechanisms of bottleneck generation and
changes, improving basic databases and enhancing the accuracy of evacuation simulation.
Common methods include on-site experiments [3,22,23], virtual reality experiments
[25,26,28], and hypothesis choice experiments. VR technology has become increasingly
prominent for studying underground evacuation behavior, offering controlled environ-
ments to examine factors that are difficult to manipulate in real settings [29-31]. HMD-
based immersive VR, in particular, provides superior ecological validity and construction
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flexibility for deep underground scenarios [29], though ecological validity limitations per-
sist when participants are aware of simulated emergencies [32,33]. Among them, hypoth-
esis choice experiments have strong controllability in designing problems, participants
can be quickly recruited, and a large amount of sample data can be collected safely, inex-
pensively, and comprehensively through various site modes such as the network, offline,
and laboratory [34]. Combined with videos, images, and other presentation methods, this
approach can recreate special building spaces and hazardous scenarios that are difficult
to present in reality, and it can yield reasonably valid results. Shiwakoti et al. [35] con-
ducted an offline questionnaire survey on 1127 passengers at Melbourne Railway Station
in Australia to study their understanding and evaluation of emergency exit signs, emer-
gency buttons, evacuation maps, and assembly area locations, as well as their impact on
evacuation behavior. Duives et al. [36] conducted a declarative preference online survey
in the form of text combined with a floor plan, which included 34 choice scenario experi-
ments related to evacuation exits, involving different alarm systems, distance, angle devi-
ation, surrounding personnel, fire, and smoke factors, and collected the importance eval-
uations of the respondents on the factors of exit path choice. Based on the survey results,
anew cellular automaton model was proposed. Olander et al. [37] presented paired evac-
uation sign images to volunteers in the laboratory to collect their choice preferences and
propose design recommendations for dissuasive evacuation signs. Lovreglio et al. [38]
conducted a declarative preference online survey on the choice of evacuation exits in
rooms, providing 12 video clips recorded by FDS+Evac. Participants were required to
make choices after each scene video presentation, and the obtained data were used to
model the optimal mixed logit model to understand the behavior of different types of
decision makers. Also, Haghani et al. [39] conducted empirical observations in two forms:
image-based hypothesis choice experiments and on-site real evacuation experiments.
They found that the difference in prediction probability between the models established
based on pedestrian evacuation choice data obtained by the two methods was less than
10%, indicating that the hypothesis choice experiment method can accurately obtain pe-
destrian evacuation choice strategies and has certain authenticity and external effective-
ness. In addition, many studies have confirmed that using images or videos can effectively
enhance the effectiveness of experiments, increase immersion, and avoid the differences
caused by individual imagination and comprehension in traditional text questionnaires.

Table 1 summarizes the experimental settings of existing hypothesis choice studies
on evacuation behavior. A systematic comparison reveals three critical gaps: limited ap-
plication to deep underground scenarios, predominant reliance on text-based or static
presentations, and simplified dual-exit designs that fail to capture the multi-path com-
plexity of real underground junctions.

Table 1. A summary of the literature on the hypothesis choice experiment of evacuation behavior.

Researcher Sal.nple Scene Survey  Presentation Research Objective
Size Model Form
Shiwakoti et Railway sta- . Cognition and fee.hngs of r.allvx.zay station pe.rso.nnel
1127 . On site Text towards evacuation pathfinding and pathfinding
al. [35] tion
tools
The impact of different alarm systems on pre-evacu-
Duives et al. Shopping . Text and plan ation behavior, exit and path choice, and their im-
117 Online . . . .
[36] mall diagram portance ranking, and the influence of fire and
smoke on evacuation behavior
Olander et al. 46 Office room Laborator Text and ren- YZE:(I; ct:Zl}Z)er Otf e‘;ag??rt}(;?niﬁ?ofai};\fgsg ke):tt 1)(_15
[37] y dering effects & P p T

most suitable for conveying dissuasive messages
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Chen et al.
[40]

Aleksandrov
etal. [41]

Haghani et al.

[39]

Lovreglio et
al. [38]

Lovreglio et
al. [38]

173

566

169

191

1053

The influence of individual characteristics, location,
Text and plan congestion, guidance, group behavior, and back-

Classroom On site . . . .
diagram  tracking behavior on children’s classroom evacua-
tion path choice
. . Choice and influencing factors of vertical evacuation
High-rise . Text and par- | . .. . o .
T Online . . facilities (stairs, elevators) for personnel in high-rise
building tial 3D images o
buildings
The first floor o . .
. . How social interaction and physical factors affect
of the build-  On site Images . . .
ing personnel exit choices in crowded environments
The influence of factors such as distance from the
A single room  Online Video exit, number of people near the exit, and conformity
behavior on evacuation exit choice
The influence of different environmental and social
Subway sta- . . . . .
ton Online Video factors on the choice of subway station exits by per-

sonnel

The above content indicates that some scholars have analyzed and optimized evacu-
ation bottlenecks that are prone to occur in buildings based on hypothesis choice experi-
ments and have obtained many important conclusions. Nevertheless, several critical gaps
remain in the context of deep underground spaces. (1) On the one hand, existing studies
primarily focus on ground building environments [42,43], lacking targeted investigation
of bottleneck formation under deep underground conditions characterized by large scale,
long evacuation distances, and complex spatial configurations [25,28]. Notably, while fac-
tors such as exit distance [44,45], congestion visibility [46,47], and smoke conditions [48]
have been examined individually in shallow settings, their interactions in deep under-
ground multi-path scenarios remain unquantified. (2) On the other hand, there is a short-
age of quantitative behavioral data to support evacuation modeling and design optimiza-
tion in such environments, as most empirical studies employ simplified dual-exit settings
[29,41], whereas real deep underground spaces involve three or more directional choices
at key nodes where decision complexity increases nonlinearly [29]. These gaps and limi-
tations motivate the present study to employ video-based interactive scenarios with
multi-factor, multi-exit experimental designs in deep underground environments, as de-
tailed in Sections 3 and 4.

3. Experimental Method

The interactive video-based hypothesis choice experiment was employed to collect
pedestrian behavioral data regarding typical potential evacuation bottlenecks. The overall
experimental logic is illustrated in Figure 1. The methodology comprises the following
components: (1) identifying spatial scenarios of evacuation bottlenecks; (2) controlling
variables, designing experimental conditions, completing video scenario production, re-
cruiting participants, and optimizing video scenarios and experimental procedures; (3)
carrying out pre-experiments and formal experiments; and (4) collecting and analyzing
data, calculating decision ratios, and examining the influence of various factors on evacu-
ation path choice strategies in deep underground spaces.
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Figure 1. Logical framework of experiments.

3.1. Experimental Scenario and Participants

A public-service-type deep underground space was selected as the research scenario
(Figure 2), with scientific research, education, and office functions as its main uses. The
specific spatial pattern within the underground space can be divided into a large space
and a small-scale office space. Due to the more complex structure of the small-scale office
space, it is more likely to experience multi-node congestion. Therefore, this experimental
scenario is based on this spatial pattern. Typical spatial scenarios were selected, as shown
in Table 2. The three nodes in Table 2 correspond to the primary bottleneck types identi-
fied in Section 2: T-shaped channel intersections (Nodes 1 and 2) and multi-directional
junctions (Node 3), enabling systematic examination of distance effects and multi-cue de-
cision complexity, respectively.

Nodes 1 and 2: Entrance and exit nodes located inside the tunnel, connecting various
tunnels and horizontal passages. These nodes mainly consist of the entrances and exits of
the third-level sub-safe zone and their internal evacuation stairs. The horizontal passages
inside and outside the tunnel form a T-shaped channel structure. At the same time, there
are two typical relative positions between the exit of the second-level sub-safe zone stair-
case outside the tunnel and the tunnel, forming different evacuation distances. As shown
in Table 2, for Node 1, personnel distributed inside the tunnel are further away from the
exit stairs of the external secondary sub-safety zone, while for Node 2, the distance from
the exits of the two stairs is relatively close. The possible streamlined situations of the two
types of nodes are shown in Figure 3. Personnel arriving at this node first enter the third-
level sub-safety zone, and may choose to evacuate directly to the ground floor through
the evacuation staircase inside the tunnel, or pass through this third-level sub-safety zone
and go to the second-level sub-safety zone connected to the horizontal passage outside,
and then evacuate to the ground floor through its internal evacuation staircase.
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Figure 2. The typical underground space used in this research.

Table 2. Overview of the typical potential blocking point selected in the experiment.

Node Spatial Distribution in the Plane Structural Layout Diagram
&
(T @EEFEQtSQ_L
. B R .
[ FEL T J)CREL ERL TR
LRI N T LD
@
®
PR R L
) EHEHEHGHG] o
FEFESEELE]
LEL BN
@
LEEEE TR -~
. FE EVEEETT =
[ 1 BT 0 )i i
EELLLL]

R i
o L It
I I |

e

https://doi.org/10.3390/fire9070293


https://doi.org/10.3390/fire9070293

Fire 2026, 9, 293

8 of 28

o—— Evacuees from Floors 2-4 via Internal Chamber Staircases
s—— Evacuees Exiting from Chambers on Levels 2-4
Evacuees Exiting from Ground-floor Chambers

Three-level Horizontal Passage

Crowd Flow Analysis at Typical Nodes 1 and 2

s—— Evacuees from Floors 2-4 via Internal Chamber Staircases
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s—— Evacuees Exiting from Chambers on Levels 2-4
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r Chambers

Crowd Flow Analysis at Typical Nodes 3

Figure 3. Crowd flow line analysis of typical nodes selected in the experiment.

A total of 108 participants were recruited for the experiments, and 104 valid samples

were collected. A statistical analysis of the participants’ basic characteristics was per-

formed (Figure 4).

Gender

37.50%

62.50%

Male = Female
Field of Study

11.54%

88.46%

Architecture, Civil Engineering, Urban Planning,
Safety Engineering or Related Fields

Age

0.96%
3.55%/

10.58%

79.81%

16-20 21-25 26-30 36-40

Prior Evacuation Drill
Experience

18.27%

81.73%

Others Yes No

Figure 4. Basic information statistics of subjects.
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The collection content is divided into three levels. Firstly, gender and age, with 39
males and 65 females. The age group is concentrated in the 21-25 age range, with 83 peo-
ple, accounting for 79.8%. Secondly, there are 11 people in the 16-20 age range, accounting
for about 10.6%. There are nine people in the 26-30 age range, accounting for 8.7%, and
only one person in the 36—40 age range. The population information basically conforms to
the characteristics of office personnel. Next are education level and professional back-
ground, with the largest proportion of master’s students at 75.96%. A total of 92 partici-
pants were in majors related to architecture, civil engineering, planning, and safety engi-
neering, accounting for about 88.5%, and 12 in other majors, accounting for 11.5%. Finally,
in terms of experience and knowledge, about 81.7% of the participants had undergone
evacuation drills, and 7.7% of the participants had real fire escape experiences.

3.2. Experimental Condition Settings

Table 3 presents the eight experimental conditions designed to test the under-inves-
tigated factors identified in Table 1. The conditions follow a progressive logic: Conditions
1-2 establish baseline distance effects; Conditions 3-5 isolate congestion location effects;
Conditions 6-7 examine herding under congestion; and Condition 8 tests smoke as a veto
factor. Set different exits and path directions in three types of node scenarios: in Node 1
and Node 2, set the evacuation staircase located in the third-level sub-safe zone inside the
tunnel as exit A, and the entrance and exit of the second-level sub-safe zone connected to
the third-level horizontal channel outside the tunnel as exit B. In Node 3, set the entrance
and exit of the second-level sub-safety zone located at the decision point as exit 1, the
entrance and exit of the second-level sub-safety zone directly to the next node of the same
type as exit 2, and the second-level sub-safety zone reached through the transverse chan-
nel by changing direction as exit 3. The final screening obtained 6 working condition
schemes for Node 3, along with two working conditions for Nodes 1 and 2, totaling 8
working conditions, as shown in Table 3. Conditions 1 and 2 do not have any additional
factors, and the distance factor between the sub-safety zone and the exit is set. Conditions
3, 4, and 5 focus on the degree of congestion at the exit. Condition 3 is used as the control
group, while Conditions 4 and 5 are set with different congestion locations. Condition 4
is the nearest exit congestion scenario, while Condition 5 is the non-nearest exit direction
channel entrance congestion scenario. Conditions 4, 6, and 7 are designed to address the
herd effect factor, with pedestrian flow guided in different directions for each condition;
Conditions 4 and 8 were used to examine the effect of smoke, with Condition 4 serving as
the control.

Table 3. Experimental condition settings.

Condition

Description Condition Illustration

Expermenta] Scope.

Route @ Stasting Point Decision Pont @) Ending Point
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3.3. Experimental Procedure

The virtual scene video in this study was imported into Lumion 10.0 for animation
rendering using SketchUp modeling. The video was presented from a first-person per-
spective, and the virtual individuals (non-player characters, NPCs) used Lumion 10.0’s
built-in character model, which can move along a specified trajectory over time and set
the number of people and their distribution density. Smoke was simulated using the built-
in fire and smoke effect components. In terms of space, by designing features such as
structural arches, windowless passages, and no natural light, the sense of the scene in
deep underground spaces was enhanced. The rendering views of key decision points in
the above eight conditions are shown in Figure 5.

(a) Decision point displal for Condition 1 (b) Decision point display for Condition 2

~ _uu“ ~ mﬁ

(c) Decision point display for Condition 3 (d) Presentation of congestion at exit 1
~ P

N i E
T
— . ~ e

. ===y Straight-ahead Congestion

(e) Presentation of congestion at the en-  (f) Presentation of straight-ahead guidance
trance to exit 3 passage by pedestrian flow

. = ” R

Right-side Congestion

ol [ T
_ SmokdQbstruction

2N

(h) Presentation of smoke obstruction

(8 Presentation of right-side guidance by
pedestrian flow

Figure 5. Representative video frames of the eight experimental conditions.
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Participants viewed 31 video clips to familiarize themselves with the environment
and make decisions across eight working conditions. Interactive video mode was used to
link each scene, and the specific link relationships are shown in Figure 6. The logic is to
play a video and present a path choice at the decision point. Upon selection, the system
advances to the corresponding subsequent scene and continues playback until the end.

\;/ -
IR
|
2 2-A

6 p

—~©
2-B
oL T
5-1
Fa—
5-2
_ ‘>

Figure 6. Interactive video linkage structure for the eight experimental conditions.

The experimental site is located in a laboratory of a certain university, and two sets
of experimental equipment are prepared, each including a monitor and a headset, which
can be operated interactively through a mouse (Figure 7) and can simultaneously conduct
experiments for two subjects. Arrange the rooms according to the zones for waiting and

conducting experiments, ensuring that each experimenter experiments independently
without interference.
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Figure 7. The equipment and experimental process.

Before the formal experiment began, 8 participants were recruited for a pre-experi-
ment to test the effectiveness of the content and experimental structure and further opti-
mize video scene performance, introduction page language wording, and experimental
procedures. After the pre-experiment, adjustments were made to the following content:
the movement speed of the first perspective in the video was adjusted, the speed of turn-
ing in the picture was reduced, and the 3D dizziness of the subjects was reduced; secondly,
the smoke density was increased to enhance its contrast with the indoor environment,
ensuring that participants could effectively identify smoke obstruction. In addition, the
interactivity of videos and the convenience of experimental operations have also been op-
timized, such as replacing the text-based response button at the bottom of the screen with
a real-time arrow embedded in the image to indicate path choice, to enhance the real-time
feedback effect of interaction and the coherence of the evacuation process display. The
formal experimental procedure is shown in Figure 8, as follows:

(1) Basicinformation: Inform the subjects of the nature and procedure of the experiment,
understand that the purpose of the experiment is to obtain data on evacuation be-
havior in deep underground spaces to assist in design research, and obtain basic de-
mographic information of the subjects. Afterwards, the subjects will be informed that
they are in a =50 m deep underground space and the different stages of evacuation
in the deep underground space. Firstly, the first evacuation stage of the experiment
will be conducted, and the exit needs to be selected to evacuate downwards to the
first floor.

(2) Familiarize oneself with the environment: Watch the guidance video to familiarize
oneself with the spatial environment of the floor. The video will browse the building
space in order under normal conditions. During the viewing period, no visual intro-
ductions or prompts will be given to the subjects, such as evacuation signs, spatial
scales, etc., to ensure that their familiarity with the scene is only affected by individ-
ual characteristics.

(3) Starting the formal experiment: Before starting, emphasize to the participants that
evacuation choice is based on ensuring their own safety as the first prerequisite. The
videos of each working condition are independent of each other, and there is no one
correct choice. Please choose according to your own first reaction in emergency evac-
uation situations. At the beginning of each working condition, personnel are located
at the initial position. The background continuously plays the fire alarm sound and
voice message “A fire has occurred now, please evacuate as soon as possible accord-
ing to the instructions”. Evacuation starts from the initial position, and when the key
decision point is reached, the video screen shows the direction choice option, such as
left, straight, or right. The subjects need to operate the mouse here to select, and the
staff will manually record it. After the choice, the video will continue to play until
reaching the safety exit staircase selected by the subject, and the next condition will
begin until the completion of 8 conditions.

(4) Experiment completion: Fill out an experience feedback questionnaire, including
feelings about the authenticity, operation methods, effectiveness, and other aspects
of the video scene, and conduct subjective opinion interviews. On the one hand, in-
vestigate the reasons for the participants’ decision-making, and on the other hand,
exclude invalid experimental data. After the end, remuneration will be paid to the
participants.
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Figure 8. Experimental flow diagram.

4. Results and Analysis
4.1. Evaluation of Experimental Effectiveness

After the experiment, the post-questionnaire was adapted and developed based on
Lovreglio’s questionnaire, collecting feedback from participants regarding the authentic-
ity, usability, emotional perception, and effectiveness of the experiment. The scale used a
five-point Likert scale, with 1 representing strongly disagree and 5 representing strongly
agree. The specific analysis results of each question are shown in Table 4. After testing,
the overall reliability of Cronbach’s alpha coefficient was 0.588 > 0.5, indicating that the
questionnaire’s reliability basically meets the requirements. The validity test KMO value
was 0.659 > 0.6, and p < 0.01, both of which meet the requirements. The average values of
the authenticity of the interactive video scene, experimental operation, and simulation ef-
fectiveness are all greater than 4, indicating that the rendered scene has sufficient authen-
ticity and can provide participants with a more immersive experience. The experimental
choice is highly correlated with the participants” behavior in the real world, and the ex-
perimental operation and process are intuitive, which will not cause understanding and
operational barriers to the participants, ensuring the efficiency of the experimental sam-
ples. Compared with other levels, the average of emotional perception is relatively low,
but still above 3. About 66.3% of the participants agree or strongly agree that they can feel
a sense of tension. This indicates that combining dynamic images, evacuation alarms, and
voice can provide certain sensory stimuli, effectively compensating for the limitations of
hypothesis choice experiments based on interactive videos in emotional stimulation.

Table 4. The experimental experience feedback results of the subjects.

Question Average

Q1: The virtual scenario video footage demonstrated high realism (authenticity) 4.15
Q2: The experimental procedure was effortless (usability) 4.66
Q3: The emergency evacuation scenario induced feelings of tension and panic (emotional perception) 3.68
Q4: The virtual evacuation behavior demonstrated transfer validity to real-world fire emergencies. 4.25

4.2. Statistics and Analysis of Evacuation Path Choice Results

Table 5 shows the statistics of exit path choice counts and percentages at the decision
points of eight conditions.

In Conditions 1 and 2: Approximately 76.9% of the participants in Condition 1 chose
the nearest exit A, indicating that most people still prefer distance first. In Condition 2, the
proportion of choice of exit A and exit B is relatively close when the distance between exit
B and the initial point decreases. Compared to Condition 1, the proportion of choice of
exit B in Condition 2 has significantly increased, reaching 47.1%.

In Condition 3, with the same level of sub-safety zones and without any other factors,
the vast majority of participants chose the nearest exit 1, reaching 90.4%. Compared to
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Condition 1, under the same distance of 40 m from another exit, Condition 3 had a higher
proportion of participants who chose to evacuate nearby. However, there were still 10
participants who did not choose exit 1 in the experiment. After the experiment, targeted
interviews were conducted with these participants. This was mainly due to their habit of
moving to the right, habitual behavior, and concerns about congestion inside the evacua-
tion stairs. For example, sample 56 believes that their sense of direction is poor. Although
the participant had familiarized herself with the spatial environment through the guid-
ance videos, she still lost her sense of direction during the evacuation process and habit-
ually turned to the right. A similar pattern was observed in samples 33 and 56. Due to
inertia, they did not want to change their original direction of movement and instead con-
tinued forward. One subject perceived that the secondary horizontal channel connected
to exit 3 was the most spacious channel, so he chose to go to exit 3 in Condition 3; in
addition, some participants self-judged that the disaster source was located at the initial
point through the alarm voice, hoping to move away from the disaster source as soon as
possible. Therefore, they did not choose the nearest exit at the first decision point. How-
ever, it is worth noting that the alarm voice in this experiment only reminded participants
that “a fire has occurred now, please evacuate as soon as possible”, and did not specify
the specific location of the disaster. This reason also appeared among participants who
chose exit B in Condition 1. This indicates that specifying the location and severity of the
hazard in the alarm message could more effectively guide orderly evacuation. Otherwise,
it may cause blind evacuation of personnel, leading to congestion or conflicts in flow lines.
In addition, the statistical data of the operating condition choice results also indicate that
not all personnel adopt the behavior strategy of evacuating from the nearest exit without
other additional guidance, information prompts, or attractive facilities.

In Condition 4, the proportions for exits 2 and 3 were relatively close, at 41.3% and
54.8%, respectively, while the proportion of selecting exit 3 is slightly higher. Through
interviews, it was found that the majority of participants who chose exit 2 believed that
the passage in the direction of exit 2 was more spacious, while the majority of participants
who chose exit 3 believed that exit 3 was closer. This indicates that for these participants
who choose to avoid congested exits, a balance is made between the minimum exit dis-
tance and the widest passage width. From the distribution ratio of the results, the propor-
tion of prioritizing the minimum exit distance is higher. In Condition 4, the number of
participants who chose exit 1 decreased significantly, with only four people, accounting
for about 3.8%. After interviews, participants who still chose exit 1 believed that even
though the exit was already congested, they felt more secure being with most people. In
Condition 5, when congestion occurred at a non-nearest exit, the vast majority of partici-
pants chose to escape directly from the nearest exit. However, some participants believed
that the nearest exit was not used, indicating that it may be dangerous. Therefore, they
chose to follow the congested crowd to exit 3 or go to exit 2 alone.

In Conditions 6 and 7, the vast majority of participants in both groups did not choose
exit 1. For the choice ratios of exits 2 and 3, the results in Condition 6 were 41.3% and
53.8%, respectively. Exit 3 with no pedestrian flow has a higher choice ratio, mainly due
to its closer distance to the exit and avoidance of pedestrian flow. The reasons for choosing
to go straight to exit 2 mainly include a wider channel width and following the crowd.
The choice results in Condition 7 were 49.0% and 50.0%, respectively, which are almost
equal. Among the subjects who chose exits 2 and 3 in the two conditions, those who chose
exits in the same direction as the flow of people were not entirely influenced by herd be-
havior, but may also be influenced by spatial structure, such as distance from the exit,
channel width, etc. Participants who avoided routes with pedestrian flow were partly con-
cerned that congestion might recur at the next exit and were also influenced by spatial
factors such as channel width and evacuation distance.
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In Condition 8, no participant selected the smoke-affected path, while 93.3% selected
exit 3 and 6.7% selected exit 1. The reason is similar to Condition 4: even though exit 1 is
congested and there is a smoke threat nearby, these participants still feel safer following
the majority of people.

Table 5. Exit path choice statistics and illustrations.

Condition Factor Exit Count (Ped) % Illustration
Exit A 80 76.9 23.1%
| : iy
Exit B 24 23.1 i T A
‘W > 76.9%
Exit A 55 52.9
2 - .
Exit B 49 47.1
Exit 1 94 90.4
Exit 2 4 3.8
3 -
Exit 3 6 5.8
Exit 1 4 3.8
Exi 4 414 : 5
4 Congestion at xit 2 3 ————
exit 1 .
Exit 3 57 54.8 54.6%
Exit 1 89 85.6 T 4 858%
R :_,: A _" xit
5 Congestion on Exit 2 12 115 11.5%
exit 3 path A
! p Exit 3 3 29 .|] ‘ 2.9%
;T Exit 3
Exit 1 congestion Exit 1 > 4.8 " o s 49, ”
8¢ Exit2 13 114 I ) -
6 + pedestrian —
guidance toward . T JL 1
exit 2 Exit 3 56 53.8 N % v F 531_303/0
Exit 1 H Exit 1 1 1.0 M I 1.0%
xit 1 congestion T, (Eit 1
8° Exit 2 51 19.0 R H || S
. + pedestrian =
guidance toward )
oxit 3 Exit 3 52 50.0 H50.0%
Exit 1 7 6.7 ?% T 6.7%
I « Exit 1
Exit 1 congestion Exit 2 0 0.0 “ Mh H o
8 + smoke on exit 2 —
o 2
path Exit 3 97 93.3 —‘ 0 ]L 19{3._‘3;/0

4.3. The Influence of Different Factors on Evacuation Path Choice

The statistical software SPSS 26 was employed to analyze whether various factors
have a statistically significant impact on pedestrian behavior decisions. Due to the choice
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of unordered categorical variables for evacuation paths and a total sample size of n > 40,

the chi-square test method was used to analyze differences. For Conditions 1 and 2, a 2 x

2 contingency table for the chi-square test was used, and for Conditions 3-8, an R x C (R >

2 or C > 2) contingency table for the chi-square test was used. For data with more than 20%

of cells having an expected count T <1 or 1 <T <5, Fisher’s exact test was adopted.

1)

Conditions 1 and 2: The impact of distance from the exit and the establishment of
sub-safe zones. In Conditions 1 and 2, the main factors affecting the subjects’ deci-
sion-making are the distance from each exit and the sub-space level settings, that is,
whether the subjects choose the nearest evacuation staircase exit inside the tunnel or
go to the more spacious and graded second-level sub-safe zone staircase exit. Firstly,
regarding the distance, the test results are shown in Table 6, p <0.001. There is a sta-
tistically significant difference between the two experimental groups, indicating that
the difference in distance between the two exits will lead to significant differences in
exit choice.

Table 6. Descriptive statistics and testing of the exit choice of subjects in different distance scenarios.

- : . )
Experimental Group Exit Path Choice Total Chi-Square Test (x2 Test)
A B X2 p
Condition 1 80 24 104
13.191 .001
Exit spacing of 40 m (76.9%) (23.1%) (100.0%) 319 <0.00
Condition 2 55 49 104
Exit spacing of 6 m (52.9%) (47.1%) (100.0%)

()

Conditions 3, 4, and 5: Impact of exit congestion level. The descriptive statistics, chi-
square test, and Fisher’s exact test results for the exit path choice of participants un-
der different congestion scenarios are shown in Table 7, with Condition 3 as the con-
trol group for testing. The chi-square test for Condition 4 shows a significant differ-
ence with a p-value < 0.001, indicating that exit congestion has a strong impact on
people’s path choice. The proportion of people choosing to avoid congested exits and
seek other exits is as high as 96.2%, which is higher than the conclusions of many
previous studies on people’s reactions to congested exits through evacuation behav-
ior questionnaires. This reflects that in deep underground spaces, people have a
strong aversion to congestion. At the same time, the proportion of people choosing
the exit 3 direction is higher than that for exit 2, that is, between the nearer but rela-
tively narrow path direction and the farther but relatively wide path direction, the
former attracts more people. The chi-square test p-value for Condition 5 and the con-
trol group is 0.081, which is greater than 0.05 and has no statistically significant im-
pact. This indicates that congestion caused by the blind evacuation of other social
groups, which is not the nearest exit, has no significant effect on the evacuation path
choice. However, its p-value is close to 0.05. In terms of percentage counting, the pro-
portion of people choosing exit 1, which is the nearest exit, is slightly reduced com-
pared to Condition 3. This suggests that congestion caused by the blind evacuation
of other social groups still has a slight impact on the judgment of other people, but
the impact is not strong enough to significantly change the choice of evacuation path.
Conditions 6-7: The influence of the herding effect. Conditions 6-7 depict when the
nearest congestion is at the exit, there is a relatively small group of people moving
towards exit 2 or exit 3. It aims to observe whether they exhibit herding behavior.
Without considering the sample of selecting the nearest congested exit 1, for the sub-
jects who chose exits 2 or 3, using Condition 3 as the control group, the difference
between their exit direction choice and different pedestrian flow directions was
tested. Among them, 100 samples were collected for Condition 3, 99 samples were
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collected for Condition 6, and 103 samples were collected for Condition 7. The test
results of the subjects’ exit path choice when using different exit directions are shown
in Tables 8 and 9.

Table 7. Descriptive statistics and testing of the exit choice of subjects in different exit congestion.

Chi-Square Test (x2 Test)

. Exit Path Choice Test Value: Control
Experimental Group Total
Group
1 2 3 X2 p
Condition 4 4 43 57 104
156. .001
Exit 1 path congestion (38%)  (413%)  (548%)  (100.0%) 00300 - <000
Condition 5 89 12 3 104
.04 .081
Exit 3 path congestion (85.6%) (11.5%) (2.9%) (100.0%) 5046 0.08
Condition 3 94 4 6 104
Control group (90.4%) (3.8%) (5.8%) (100.0%)

Table 8. Descriptive statistics and testing of the exit choice of subjects under different flows of peo-

ple in the exit 2 direction.

Chi-Square Test

Experimental Group Exit 2 Direction Choice Total (x2 Test)
No Yes X2 p
No 57 43 100 0.004 0951
57.0% 43.0% 100.0%
Pedestrian flow toward exit 2 Yos ( 56 ) ( 13 ) ( 99 )
(56.6%) (43.4%) (100.0%)

Table 9. Descriptive statistics and testing of the exit choice of subjects under different flows of peo-

ple in the exit 3 direction.

Exit 3 Direction Choice Chi-Square Test

Experimental Group Total (x2 Test)
No Yes Xz 4
No 43 57 100 0.866  0.352
. . (43.0%) (57.0%) (100.0%)
Pedestrian flow toward exit 3 o 51 5 103
(49.5%) (50.5%) (100.0%)

Both results have p-values greater than 0.05, indicating that the presence of pedes-
trian flow in the exit direction path has no statistically significant impact on the exit choice
of the subjects. From the percentage data of the cross-tabulation analysis, the proportion
of results for whether there is pedestrian flow in the direction of exit 2 is almost the same,
while the proportion of choice for exit 3 without pedestrian flow is 57.0%, and the propor-
tion of choice for pedestrian flow is 50.5%, which slightly decreases, and there is no sig-
nificant herding behavior. This result is contrary to the hypothesis analysis expected dur-
ing the experimental design. Previous experimental studies involving different evacua-
tion flow patterns mostly focused on two exit choices and found significant herding be-
havior among personnel. Based on this experiment, it can be analyzed that personnel
evacuation decisions are not only influenced by the behavior of others, but also by physi-
cal environmental factors such as the number of available paths, channel width, distance,
and social interaction. That is, how other people’s behavior affects individual decisions
may vary depending on environmental factors. Firstly, in this experiment, congested exits
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will have a certain impact on the participants’ path decision-making. Most participants
mentioned in the interview that after observing the recent congestion at exit 1, they were
worried that following the crowd would result in them encountering congestion again;
especially when some virtual characters were heading to exit 3 and the width of the trans-
verse passage path to exit 3 was reduced, the risk of congestion was greater. For deep
underground spaces, the evacuation path is longer, so under the threat of rapid spread of
fire smoke, the evacuation time is more urgent, which strengthens the awareness of per-
sonnel to avoid potential congestion and avoids delays in the evacuation process. Sec-
ondly, when there is a third type of unmanned exit direction, it will also attract a certain
number of people. From the above inspection and analysis results, it can be seen that after
encountering a congested exit for the first time, the flow of people using non-congested
exit paths cannot significantly attract the subjects, and the subjects may have a slight aver-
sion to the virtual characters to a certain extent.

(4) Conditions 4 and 8: The impact of smoke. A chi-square test was performed for
Conditions 4 and 8 (Table 10), yielding p < 0.001, which indicates a statistically significant
effect. In some other VR experiments or evacuation exercises related to exit choice, it has
been observed that there are people who take risky actions to cross smoke areas. In this
experiment, there were no reported cases, indicating that people in deep underground
spaces have a stronger demand for evacuation safety and a lower likelihood of taking
risky actions [49].

Table 10. Descriptive statistics and testing of the exit choice of subjects in smoke and no smoke

scenarios.
1- 2
] Exit Path Choice Chi-Square Test (x
Experimental Group Total Test)
1 2 3 Xz p
Condition 8 7 0 97 104
4.2 .001
Smoke obstruction toward exit 2 (6.7%) (0.0%)  (93.3%) (100.0%) 54.208 <000
Condition 4 4 43 57 104
No smoke obstruction toward exit 2 (3.8%) (41.3%) (54.8%) (100.0%)

4.4. The Influence of Individual Characteristics on Evacuation Path Choice

The subjects” information collected in this experiment contains different individual
characteristics, including gender, professional background, evacuation experience, etc.,
which can be analyzed for correlation. According to the descriptive statistical analysis,
there is only one person in the age range of 36—40 years old. Therefore, they were merged
with 26-30 year olds to be > 26 years old before testing. As in Section 4.3, chi-square tests
were used, and Fisher’s exact test was applied when the assumptions for the chi-square
test were not met. The results are shown in Table 11.

Table 11. The individual characteristics of the subjects were analyzed with the results of exit choice

chi-square test or Fisher’s exact test.

; p-Value
Experimental Drill Experi- Prior Fire Expo-
Group Gender Age Education Level Field of Study peri- TriorTire EXpo
ence sure
Condition 1 0.054 0.071 0.497 >0.999 >0.999 0.409
Condition 2 0.010 ** 0.631 0.136 0.040 * 0.133 0.176
Condition 3 0.297 0.018 * 0.132 0.484 0.161 >0.999
Condition 4 0.397 0.327 0.071 0.853 0.013* 0.483
Condition 5 0.645 0.229 0.143 >0.999 0.005 ** 0.020 *
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Condition 6
Condition 7
Condition 8

0.326
0.716
0.709

0.745 0.411 0.343 0.081 0.527
0.901 0.498 0.606 0.211 0.527
0.609 0.332 0.588 0.112 0.439

Note: ** and * represent significance levels of 1% and 5%, respectively.

From the analysis results, it can be seen that people of different genders and profes-
sional backgrounds have significant differences in exit choice for different levels of sub-
safe zones, those of different ages have significant differences in exit choice for Node 3
non-factor scenarios, and those with different evacuation experiences and fire escape ex-
periences have significant differences in exit choice for different levels of exit congestion
scenarios. Some variables showed statistically significant effects (p < 0.05) under specific
conditions. In addition, a p-value greater than 0.999 for some data does not mean the var-
iable is completely unrelated to the choice in the scenario; it may also be due to small
sample sizes in some cells of the cross-tabulation for this condition, which makes it diffi-
cult to draw statistical conclusions. Further analysis was conducted on the relationships
between these individual characteristics and exit choice across different scenarios:

(1) The influence of gender and professional background on the choice of entrances and
exits in different levels of sub-safe zones. The cross-analysis results of exit choice at
Node 2 for different genders and professional backgrounds are shown in Figures 9
and 10. Regarding gender, 69.2% of males chose exit A, while 30.8% chose exit B.
Conversely, 43.1% of females chose exit A, and 56.9% chose exit B. This indicates that
in the Node 2 scenario, females have a more pronounced tendency to choose exit B,
which may be related to the more spacious buffer space and potential sense of secu-
rity provided by the facilities in the secondary sub-safety zone where exit B is located.
In the case where the distance between the two exits is only about 6 m, most males
still adopt a nearby evacuation attitude. This gender difference may be related to
multiple factors, such as individual risk assessment, environmental perception, and
differences in understanding evacuation strategies. For participants with different
professional backgrounds, 56.5% of those with backgrounds in architecture, civil en-
gineering, planning, and safety engineering chose internal exit A, while 43.5% chose
external exit B. This indicates that personnel in architecture-related fields may have
stronger abilities to recognize spaces, a stronger awareness of rapid evacuation in
emergencies, and are more inclined to choose the nearest and most direct evacuation
path. However, nearly 75% of participants from other majors chose external exit B,
indicating that non-related professionals are more inclined to choose external exit B.
This may be related to the familiarity with available evacuation paths. After being
given the same familiarization environment, the second-level sub-safety zone, which
can provide more space and facility assistance, gave non-related professionals
stronger memory points, leading them to prefer this exit during emergency evacua-
tion, while related professionals are more familiar with the overall spatial environ-
ment and prioritize the nearest exit. In addition, due to the small sample size col-
lected in other professional categories, this data may also lack representativeness.
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Female 28 37
O ExitA
Male 27 12 O Exit B
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Percentage within sex category (%)

Figure 9. Choice analysis of the subjects of different genders in Condition 2.

Other disciplines 3 9

O Exit A
OExit B

Architecture-related
discipline

92 40
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Percentage within professional background category (%)

Figure 10. Choice analysis of the subjects in different professional backgrounds in Condition 2.

(2) The influence of age on the choice of evacuation paths for multiple decision-making
nodes. Scenario 3 is the Node 3 scenario under no factor influence, examining
whether the subjects choose to evacuate directly from the nearest exit without any
other guidance or information prompts. The cross-analysis results for exit choice
across different age groups under Condition 3 are shown in Figure 11. From the re-
sults, over 90% of people in the age groups of 16-20 and 21-25 chose the nearest exit
1, but 60% of participants in the age group over 26 chose the nearest exit 1, indicating
that there may be more complex choice tendencies among older individuals, with the
possibility of missing escape exits and increasing evacuation distances.

> 26 6 2 2

21~25 78 2|3 O Exit 1
O Exit 2
Exit 3

16~20 10 1

0% 20% 40% 60% 80% 100%

Percentage within age category (%)
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Figure 11. Choice analysis of the subjects in different age groups in Condition 3.

(3) The influence of evacuation drill experience and fire escape experience on path choice
during different exit congestion situations. The cross-analysis of exit path choice for
participants with different evacuation exercise experiences in Condition 4 is shown
in Figure 12.

Without evacuation
drill experience 3 9 7
O Exit1
With evacuation 34 50 = Eth 2
drill experience Exit 3
0% 20% 40% 60% 80% 100%

Percentage within category (%)

Figure 12. Choice analysis of the subjects with different evacuation drill experiences in Condition
4.

Among the participants who underwent evacuation exercises, only one chose con-
gested exit 1 in Condition 4, and almost all participants avoided the congested exit.
Among the choices of exits 2 and 3, exit 3 had a higher proportion, accounting for about
58.8%. This may be due to the educational influence of the orderly and rapid evacuation
strategy during the exercise, and when faced with exit congestion, they chose the nearest
available exit. Among the participants who had not undergone evacuation exercises,
about 15.8% chose to follow the majority of people in the crowded exit, waiting for escape,
which was higher than the proportion of participants with exercise experience. About 47.4%
chose the exit 2 direction, and 36.8% chose the exit 3 direction. The trend of choosing the
exit 2 and exit 3 directions was opposite to that of participants with exercise experience.
Choosing to be with the majority or choosing to go to exit 3 through a more spacious
passage can be seen as a personal behavior strategy mode that prioritizes ensuring a sense
of security.

The cross-analysis of participants with different evacuation exercise experiences and
fire escape experiences in Condition 5 is shown in Figures 13 and 14. Most of the partici-
pants with exercise experience chose to evacuate immediately from the nearest exit 1, ac-
counting for about 87.1%. The remaining 12.9% of the participants chose to go to exit 2
and then evacuate downwards, while no one chose to follow the congested crowd to exit
3. The overall choice trend of participants without exercise experience is consistent with
that of participants with exercise experience. A total of 78.9% chose exit 1, but three people,
accounting for about 15.8% of the participants, chose to follow the congested crowd. Even
if they do not understand why people do not use the nearest exit, they still choose to fol-
low the crowd’s choice. This tendency to follow the congested crowd is consistent with
Condition 4, indicating that people without experience in evacuation exercises are likely
to engage in blind conformity behavior during emergency evacuation due to a feeling of
lack of safety.
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Without evacuation
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drill experience
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Figure 13. Choice analysis of the subjects with different evacuation drill experiences in Condition
5.

Without ﬁre‘ evacuation 85 9 o
experience
O Exit 1
[ Exit 2
With fire evacuation 4 3 1 Xft
experience Exit 3
0% 20% 40% 60% 80% 100%

Percentage within category (%)
Figure 14. Choice analysis of the subjects with different fire escape experiences in Condition 5.

For the characteristics of fire escape experience, most participants without fire escape
experience chose the unobstructed nearest exit 1, accounting for about 88.5%, while 50.5%
of participants with fire escape experience chose exit 1, which is lower than the proportion
of participants without such experience. Referring to the interviews with participants who
did not choose exit 1 in Condition 5, most of them did not choose the nearest exit, mainly
due to concerns about potential dangers. Therefore, among participants with fire escape
experience, the proportion of those who chose exit 1 was relatively low, with 37.5% of
participants choosing exit 2 away from the decision point. This may be due to their past
disaster escape experience, making them more sensitive to potential risks and safety.

Table 11 provides the empirical basis for the heterogeneous evacuee profiles dis-
cussed in Section 5. The condition-specific significance of individual characteristics sup-
ports scenario-specific evacuation training strategies rather than uniform intervention ap-
proaches. Based on the above analysis, regardless of whether the public adopts the best
evacuation strategy or not, people without evacuation exercise experience are more likely
to follow the public and are more likely to engage in blind conformity behavior. People
who have experienced fire disasters are more sensitive to potential risks during evacua-
tion.

5. Discussion

This study indicates that the choice of evacuation paths in deep underground spaces
is not simply based on the principle of the nearest exit, but rather a comprehensive deci-
sion-making process influenced by distance, sub-safe zone settings, congestion visibility,
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smoke risk, and individual experience, which is consistent with the previous study [3].
The existing evacuation behavior parameters based on conventional building scenarios
do not directly explain the decision-making mechanisms in deep underground spaces.
This study provides supplementary evidence for behavior modeling in such special sce-
narios.

Distance remains a fundamental determinant of path choice, but its effect is moder-
ated by spatial functional attributes. When the distance difference between alternative ex-
its decreases, participants tend to choose exits located in the external sub-safe zone, indi-
cating that evacuees do not simply pursue the shortest path, but instead balance path
length against perceived spatial safety. The buffer space, facility support, and psycholog-
ical safety expectations provided by the sub-safe zone may enhance its attractiveness dur-
ing evacuation. This suggests that the sub-safe zone is not only a passive protective unit,
but may also actively influence path judgment in the early stage of evacuation.

The effect of congestion shows a clear asymmetry. When congestion occurs at the
nearest exit, participants significantly shift to alternative routes, indicating a high sensi-
tivity to proximal and visible congestion risk in deep underground spaces. By contrast,
congestion on a non-nearest exit route does not significantly alter overall choices, suggest-
ing that evacuees respond less strongly to remote risks and prioritize avoiding hazards
that directly obstruct their own passage. These findings imply that, in complex under-
ground environments, the spatial position and perceptibility of congestion may be more
influential than the mere presence of congestion itself.

No significant herding effect was observed in this study, which differs from some
previous findings based on dual-exit or single-room scenarios [50]. One possible explana-
tion is that, under multi-path conditions, individuals do not rely solely on the movement
of others but simultaneously evaluate the likelihood of recurrent congestion, channel
width, and exit distance. As a result, social cues do not become the dominant factor in
route choice. In other words, conformity behavior in deep underground spaces appears
to be more context-dependent, and its strength may be jointly shaped by the number of
available routes, spatial complexity, and the urgency of perceived risk.

Smoke is the most direct risk factor affecting path choice. Once smoke is present on
a route, participants almost completely avoid that route, indicating that smoke in deep
underground spaces is not merely a general environmental disturbance, but a high-level
risk signal capable of rapidly changing the decision threshold. Compared with conven-
tional scenarios, the enclosed environment, long evacuation distance, and higher risk of
disorientation in deep underground spaces may further amplify evacuees” avoidance re-
sponse to smoke. In addition, the analysis of individual differences shows that gender,
professional background, age, evacuation drill experience, and fire escape experience can
influence path choice under specific conditions, suggesting that evacuation behavior in
deep underground spaces is heterogeneous to some extent. Accordingly, related design
and management strategies should not rely solely on the assumption of an “average evac-
uee”.

From an engineering perspective, the findings suggest that evacuation design in deep
underground spaces should prioritize congestion control at the nearest exits and key de-
cision-making nodes, while also recognizing the positive role of sub-safe zones in route
guidance. Guidance based only on pedestrian flow direction may be of limited effective-
ness, whereas clearer risk communication and route-status information may be more
helpful in achieving effective diversion. At the same time, this study has several limita-
tions, including a relatively concentrated sample structure, weaker emotional stimulation
in interactive video experiments compared with real fires or highly immersive virtual re-
ality scenarios, and a focus on single decision-making behavior at nodes. Future studies
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may combine broader participant samples, immersive experimental approaches, and con-
tinuous behavioral tracking to further reveal the dynamic mechanisms underlying evac-
uation decisions in deep underground spaces.

6. Conclusions

Based on interactive video hypothesis choice experiments, 104 valid responses were
collected to obtain the proportion of exit path decisions for personnel under eight typical
potential blockage space conditions, and the effectiveness was verified. Based on the com-
parative analysis of data from different operating conditions, the following conclusions
are drawn:

(1) Distance and sub-safe zone settings significantly affect personnel path choice. As the
distance decreases, the proportion of personnel inside the tunnel choosing to evacu-
ate from the external secondary sub-safety zone staircase exit increases.

(2) Exit congestion can have a strong impact on personnel decision-making, and com-
pared to shallow underground spaces and ground buildings, pedestrians in deep un-
derground spaces have a stronger reaction to exit congestion. If there is congestion
at non-nearest exits, it has no significant impact on personnel decision-making.

(3) In deep underground spaces, after encountering a congested exit for the first time,
the use of non-congested exit paths does not cause significant conformity effects
among participants, but rather has a certain degree of exclusion effect.

(4) Personnel exhibit significant avoidance behavior towards smoke, and the likelihood
of taking risky actions is lower in deep underground spaces.

(5) Gender and professional background have a significant impact on the choice of en-
trances and exits in different sub-safe zones. In deep underground spaces, women
pay more attention to the evacuation process than men, and those with other majors
pay more attention to obtaining a sense of security through safety facilities, that is,
sub-safety zones; older individuals show more diverse choices of multi-path decision
points before entering the second-level sub-safe zone. Regardless of whether the con-
gestion occurs at the nearest exit or not, individuals without evacuation exercise ex-
perience are more likely to follow the crowd and engage in blind conformity behav-
ior. Individuals with fire evacuation experience show higher vigilance towards po-
tential environmental risks.

These findings enrich the empirical database on evacuation behavior in deep under-
ground spaces and provide a basis for evacuation simulation, spatial design optimization,
and safety management.
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