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Abstract

While existing studies confirm the impact of occupant psychology and behavior on evac-
uation efficiency, most focus on general scenarios, leaving a lack of systematic quantita-
tive analysis of turnback behavior in the high-risk context of deep-buried metro stations.
The specific triggers, quantified impact, and key constraints of such behavior remain un-
clear. To address this gap, this study employs field research and simulation modeling
to quantitatively analyze turnback behavior—primarily induced by factors like uneven
exit distribution—in deep-buried stations. It investigates the effects of different turnback
ratios and locations on efficiency to identify key bottlenecks. The findings aim to provide a
theoretical basis and decision support for emergency planning and safety management in
these environments.
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1. Background

As vital hubs for train docking and passenger transfer in urban rail systems, metro
stations are a focal point for fire safety. Statistics show metro fires constitute about 32%
of daily global fire incidents [1], highlighting the urgency of evacuation research. To
address urban challenges like congestion and land scarcity, construction of deep-buried
metro stations (typically those with a track depth exceeding 30 m [2]) has increased. These
stations feature multi-level layouts, complex networks, and long, low-visibility evacuation
routes, posing greater challenges during emergencies. In such environments, evacuee
turnback behavior can cause disorientation, path conflicts, and congestion at critical points,
significantly increasing risk and making it a key variable affecting evacuation efficiency.

Evacuation research addresses efficiency, safety, and management, with studies pro-
gressing from macroscopic to microscopic perspectives. Macroscopic research, as exempli-
fied by Togawa’s speed—density relationship [3] and Khaliunaa’s use of neural networks
for exit planning, quantifies collective crowd movement to provide key simulation parame-
ters [4]. Microscopic studies focus on individual psychology and behavior, revealing that
emotions like panic often cause irrational turnback behavior [5]. For instance, Yang ana-
lyzed behavioral traits like herd mentality [6], while Huang et al. found that in deep-buried
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stations, initial turnback can trigger widespread following behavior, severely worsening
congestion at bottlenecks like fare gates [7,8]. Building on these insights, scholars apply
simulations to optimize strategies: Mahdi Safari identified key factors in schools [9], Zhang
clarified staff priorities in hospitals [10], and Lu integrated fire dynamics to propose metro
station designs [11]. This evolution from theory to application provides a foundation for
specialized building safety.

While existing studies acknowledge the impact of psychology and behavior on evac-
uation, they predominantly address general scenarios, lacking a systematic quantitative
analysis of turnback behavior in high-risk deep-buried metro stations. The triggers, quanti-
fied impact, and key constraints of this behavior remain unclear. To bridge this gap, this
study employs field research and simulation to quantitatively analyze turnback behavior in
deep-buried stations, focusing on triggers like uneven exit distribution. It examines how dif-
ferent turnback ratios and locations affect efficiency to identify key bottlenecks, providing
a theoretical basis for emergency planning and safety management in such environments.

2. Method

To examine the impact of occupant turnback behavior on evacuation in deep-buried
metro stations, this study combined field research and simulation. Field research first
collected key parameters, including the station’s structure and passenger flow data. These
parameters were used to develop a three-dimensional evacuation model, which simulated
various turnback scenarios. The results were then analyzed to quantify the impact of
turnback behavior.

2.1. Field Research

To understand the passenger flow characteristics of metro stations and obtain baseline
data on the recent maximum evacuation occupancy for a specific station, video recording
was conducted to capture passenger movements. The recent maximum evacuation num-
ber was calculated based on the cross-sectional passenger flow at key entry/exit points
identified in the recordings.

The survey focused on the weekday morning peak hour (8:00-9:00), a period of high
passenger volume. Video cameras were positioned at key locations including transfer
corridors, security checkpoints, and exit fare gate arrays to record movement. A total of
60 data samples were collected at each of three critical points: security checkpoints, exit
fare gates, and escalator landings. Each sample recorded the number of persons passing
through the point within a one-minute interval.

The short-term maximum evacuation occupancy for the metro station was calculated
to be 1067 persons, while the long-term maximum reached 2273 persons.

2.2. Simulation

Using Pathfinder v24.2 software, evacuation in a deep-buried metro station was
simulated. The uneven distribution of emergency exits leads evacuees to initially choose
the nearest exit, often causing congestion at isolated ones and triggering turnback behavior.
To model this, specific locations (e.g., near fare gates or exits) were set as turnback-triggering
zones in Steering mode. Agents with longer travel times to these zones were assigned as
the turnback group. They first moved toward the trigger zone; upon arrival, they were
redirected to an alternative exit, simulating a turnback path.

To investigate the impact of turnback behavior near exits, three specific locations were
selected for analysis: in front of the fare gate (A), behind the fare gate (B), and in front of the
emergency exit (C). These locations were chosen because video observations revealed that
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fare gate areas are most prone to crowd congestion. The layout of these turnback locations
is illustrated in Figure 1.

Figure 1. Location of turnback behavior.

To more clearly observe the impact of turnback behavior on evacuation movement
time, simulations were conducted with turnback ratios set at 10%, 20%, 30%, 40%, and 50%.
These scenarios were modeled for both short-term and long-term passenger flow levels.
While actual turnback ratios in real evacuations may not reach 50%, employing these higher
values allows for a more pronounced observation of the effect on horizontal evacuation
movement time.

3. Results
3.1. Impact of Turnback Behavior on Evacuation

The horizontal evacuation movement times for different simulated scenarios are shown
in Figure 2. The simulation results indicate that an increased turnback ratio prolonged the
total evacuation time. Among turnback behavior at different locations, those occurring in
front of the emergency exit resulted in the longest evacuation time, followed closely by
those behind the fare gate. The behavior in front of the fare gate had the least impact on
time. This trend remained consistent across different passenger flow levels.
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Figure 2. Evacuation time under different factors.

Simulation results showed that turnback behavior affected congestion differently
depending on location at the narrow bottleneck of fare gates. Turnback upstream of the
fare gate occurred before entering the congestion, thus not worsening it and resulting in
a shorter evacuation time. In contrast, turnback downstream of the fare gate or in front
of the emergency exit caused intersecting flows, significantly worsening congestion and
prolonging evacuation time. The additional travel distance made turnback in front of the
emergency exit particularly time-consuming.

3.2. Impact of Turnback Behavior on Evacuation Safety

(1) Average Evacuation Distance per Person

The average evacuation distance per person is a key safety indicator, reflecting the
level of physical exertion required. To investigate the impact of turnback behavior on safety,
changes in this distance under different turnback ratios and locations were analyzed. As
shown in Table 1, the average distance increased significantly as the turnback ratio rose
from 0% to 50%. Under short-term passenger flow, the distances for turnback in front of
the fare gate, behind the fare gate, and in front of the emergency exit increased by 97%,
124%, and 152%, respectively. Under long-term flow, the corresponding increases were
48%, 66%, and 90%. Consequently, the closer the turnback location is to the exit, the longer
the evacuation path and the greater the average distance per person.

Table 1. Average Evacuation Distance per Person under different scenarios.

Evacuation Locati Turnback Ratio (%)
ocation
Occupancy 0 10 20 30 40 50
A 62 92 101 107 114 122
Short-term B 62 94 106 115 126 139
C 62 99 114 125 139 156
A 88 96 105 111 120 130
Long-term B 88 99 111 121 136 146
C 88 103 118 131 150 167

Table 1 and Figure 2 show that while the average evacuation distance for turnback
behind the fare gate was intermediate, its evacuation time was as high as for turnback
in front of the emergency exit, both being much longer than for turnback in front of the

https:/ /doi.org/10.3390/engproc2026146011


https://doi.org/10.3390/engproc2026146011

Eng. Proc. 2026, 146,11

50f7

fare gate. With walking speed constant, this indicates more stopping and waiting time for
turnbacks behind the fare gate and in front of the exit, reducing efficiency. The study then
analyzed the average congestion delay time per person.

(2) Average Max Sustained Congestion Time per Person

The average max sustained congestion time per person helps identify bottlenecks
and potential safety hazards during evacuation. As shown in Figure 3, the data indicated
that for turnback behind the fare gate, this time exceeded that for turnback in front of
the emergency exit under specific conditions: when the short-term turnback ratio reached
40% and 50%, and when the long-term ratio reached 20% and 30%. The primary reason
is that sustained congestion predominantly occurred at the fare gate location. When the
turnback point coincided directly with the congestion point (i.e., behind the fare gate), it
had a more pronounced effect on worsening congestion duration compared to when there
was a distance between the two points (i.e., in front of the emergency exit).
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Figure 3. Average max sustained congestion time per person under different scenarios.

As shown in Figure 4, observations of the real-time evacuation density revealed key
bottlenecks: upstream of the fare gates and at the corner in front of the emergency exit within
the concourse level, and in front of the staircase entrance on the platform level. The conges-
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tion locations identified in the simulation aligned with those observed in video recordings,
indicating that the simulation model closely approximated real-world conditions.
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Figure 4. Congestion Area.

4. Conclusions

The study employed Pathfinder simulations to investigate the impact of different
turnback locations and turnback ratios on evacuation efficiency within a specific deep-
buried metro station. The results demonstrate that the location where turnback occurs
has a more significant influence on evacuation efficiency than the proportion of occupants
turning back. Specifically, turnback behavior downstream of the fare gate and in front of
the emergency exit substantially reduces evacuation efficiency.

Building on this conclusion, optimizing evacuation strategies necessitates a focus on
refined management of turnback-prone zones and an optimized crowd diversion system.
Specifically, upon fire alarm activation, fare gates should remain open, accompanied by
clear audio and visual warnings (e.g., “Do Not Turn Back”) to prevent inefficient reverse
flow at these critical nodes. Furthermore, leveraging real-time monitoring and simulation,
dynamic diversion routes should be displayed on electronic signage to guide evacuees
proactively, preventing turnback decisions made only after encountering congestion.

The findings also offer insights for station design. Future projects should utilize
simulation during the design phase to assess potential turnback risks associated with dif-
ferent spatial layouts, aiming to avoid configurations that inherently induce such behavior.
These integrated measures can systematically enhance evacuation resilience and safety
performance in deep-buried underground spaces.
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