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Abstract: This paper investigates the sensitivity of factors influencing the transport of smoke in
subway station fires by developing a three-dimensional physical model of a subway station using
Building Information Modeling (BIM) technology and importing it into Fire Dynamics Simulator
(FDS) software for numerical simulation. The orthogonal test method analyzes the effects of four
common factors on temperature, CO concentration, and visibility. These factors are the mode
of opening the screen door, the number of smoke vents opened, the number of smoke barriers,
and the wind speed of the smoke vents. The results show that the smoke control system and
the building structure influence smoke transport in subway stations, while the temperature and
CO concentration gradually decrease as the distance from the fire source increases. In addition,
the mode of opening the screen door is the most significant factor influencing temperature, CO
concentration, and visibility using range and variance analysis. Moreover, the sensitivity analysis
indicates that the optimal combination of all factors can significantly enhance the smoke exhaust
efficiency. Compared with the average, the temperature optimal combination increases the smoke
exhaust efficiency by 20.8%, CO concentration by 56.59%, and visibility by about 13.41%. This study
provides a foundation for optimizing smoke control systems and formulating personnel evacuation
strategies in subway stations.

Keywords: subway station fire; smoke transport; orthogonal test; sensitivity analysis; FDS simulation

1. Introduction

A subway has a large passenger capacity, short travel time, and high cost-effectiveness,
making it a crucial mode of transportation in modern cities [1]. However, there are usually
limited exits connecting the subway station to the outside world. Once a fire accident occurs,
the intense heat and toxic smoke will rapidly propagate outward through the limited exits
due to the thermal buoyancy, posing a grave threat to the safety of passengers [2]. According
to statistics [3], fire accidents account for about 30% of the total number of subway accidents.
For example, in 2003, a major fire accident occurred at the Daegu Central Subway Station in
South Korea, resulting in 192 deaths and 148 injuries [4]. In 2017, an arson case took place
in the Hong Kong subway, causing one person to be seriously injured and eighteen people
to be lightly injured [5]. Hence, systematically studying the migration pattern of fire smoke
in subway stations has a significant practical significance in effectively curbing fire spread
and minimizing casualties.

Scholars have studied the transportation pattern of fire smoke in subway stations using
field tests, model experiments, and numerical simulations [6]. Regarding field tests, the
Institute of Public Safety at Tsinghua University conducted full-scale fire tests in Nanchang
and Guangzhou, which involved an island-side subway station. These tests studied the
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principles that govern smoke behavior under different smoke exhaust modes [7]. A full-
scale fire test on a cross-transfer subway station was conducted by Tian et al. [8], revealing
the substantial influence of the ventilation and smoke exhaust system on the velocity, range,
and height of smoke diffusion. Pan et al. [9] adopted a full-scale experimental approach to
investigate the impact of water mist on smoke temperature and toxic substances in subway
station fires.

Regarding model experiments, Shi et al. [10–12] built a compact experimental platform
to study the law of smoke propagation in scenarios such as subway platform fire, train fire,
and tunnel fire, and proposed the corresponding smoke control strategies. Gao et al. [13]
proposed a buoyancy frequency method based on the vertical distribution of tunnel tem-
perature in a scaled experiment to determine the height of the smoke layer. The results
demonstrated the high accuracy of this approach. Mei et al. [14] conducted several combus-
tion experiments using a scaled 1:20 model and employed the integral ratio and within-class
variance methods to calculate the thickness of the smoke layer. The results indicated that
both methods had high calculation accuracy. Luo et al. [15] built a small (1:50) subway
station model and analyzed the influence of natural, mechanical, and mixed ventilation
on subway station fire smoke transport law. Meng et al. [16] used a scaled (1:10) model
to investigate the maximum smoke temperature and the longitudinal temperature dis-
tribution beneath the tunnel roof. Long et al. [17] constructed a 1:8 scaled experimental
platform to investigate the attenuation pattern of the maximum temperature of the ceiling
jet. Furthermore, Liu et al. [18], Chen et al. [19], and Long et al. [20] conducted experiments
using a 1:10 scaled model test platform to investigate the migration pattern of fire smoke in
large transfer stations of varying designs, including T-shaped, cross-shaped, and L-shaped
configurations. Drysdale et al. [21] established a reduced-scale test bench at a 1:15 ratio to
simulate the conditions of King’s Cross underground station in London and revealed that
the trench effect significantly affected the propagation of fire smoke.

Nevertheless, numerical simulation methods have gained widespread popularity
due to their convenience, flexibility, repeatability, and cost-effectiveness compared to field
tests and model experiments. For instance, Tavakolian et al. [22] conducted numerical
simulations to compare smoke exhaust systems between the island platform station and
two-sided platform stations and found that the former station type presented greater chal-
lenges in smoke control. Liu et al. [23] compared staircases with and without side slabs to
analyze the critical velocity for preventing smoke transmission from the platform to the
station hall floor. Meng et al. [24] numerically analyzed the performance of ventilation
modes between the fully sealed screen doors and the semi-high security doors in subway
stations. By numerical simulation, Zheng et al. [25] concluded that the smoke control effect
in subway stations was positively correlated with the smoke baffle wall height within the
design specification. Zhang et al. [26] and Li et al. [27] simulated a subway station fire by
numerical simulation, determined the time required for CO concentration, smoke temper-
ature, and visibility to reach the critical value, and concluded that under fire conditions,
visibility in the station would take the shortest time to reach the critical value and pose the
greatest threat to safety evacuation. Meng et al. [28] used numerical simulation to study the
smoke aspiration phenomenon during the operation of lateral mechanical smoke extraction
systems in subway stations. They concluded that the probability of the smoke aspiration
phenomenon could be effectively reduced, and the effect of mechanical smoke extraction
could be improved by setting up a smoke exhaust baffle. Tsukahara et al. [29] studied the
smoke distribution, smoke concentration, and toxic gas distribution of evacuation stairs
in Daegu subway station, South Korea, and found that downward evacuation was more
effective than upward evacuation after the fire occurred.

In summary, numerous studies have studied the law of fire smoke transport in subway
stations worldwide. However, most studies employed the single-factor analysis method,
which has obvious limitations as it assumes that other factors remain constant, making
it unable to indicate the magnitude of the impact of a specific factor on the effectiveness
of a smoke control system. This work introduces the orthogonal experiment multi-factor
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method to conduct the sensitivity analysis and discuss primary and secondary orders of
key factors. The aim is to provide a theoretical basis for the design of subway smoke control
and exhaust systems.

2. Modeling and Numerical Calculation
2.1. Fire Simulation Process

Figure 1 illustrates the specific processes: 1©Using BIM technology, a three-dimensional
physical model for the island-type subway station was constructed. According to the In-
dustry Foundation Classes (IFC) standard, the model was exported from the BIM as a DXF
file and imported into the FDS. 2© Four factors were considered as the research objects
for studying the effectiveness of the smoke extraction system on subway platforms: the
mode of opening the screen door, the number of smoke vents opened, the number of smoke
barriers, and the wind speed of the smoke vent. Moreover, the orthogonal experimental
analysis method was employed to systematically analyze the significance of different fac-
tors on smoke temperature, CO concentration, and visibility. 3© Based on these findings,
the optimal operation mode for the smoke control and exhaust system was determined,
and performance-based fire protection design recommendations were proposed.
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Figure 1. Fire simulation process based on BIM and FDS.

2.2. Physical Model

The subway station has a total length of 192 m, with a standard cross-section width
of 18.7 m. The negative second floor is an island platform with a width of 10 m. The
main building occupies an area of 7420 m2, while the auxiliary building covers 3317 m2.
Additionally, the public area on the platform floor spans 1176 m2. Each subway train
carriage has 4 shield doors on one side, and each shielding door is 1.3 m wide. The distance
from the center of the shield door to both ends of the train body is 2.45 m, and the distance
between the centers of adjacent shield doors is 4.7 m.

As depicted in Figure 2, the station has 4 entrances/exits labeled as NO.1~NO.4. The
smoke extraction system ducts are evenly distributed along both sides of the escalator, with
12 smoke vents installed. The smoke extraction fan equipment rooms are located at each
end of the subway. During the experiment, the ignition source was placed in the middle of
the platform level, and multiple indicator detectors were installed every 1 m on both sides
of the ignition source.
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2.3. Mathematical Model

FDS (Fire Dynamics Simulator) is fire dynamics simulation software developed by the
National Institute of Standards and Technology (NIST) of the United States. This software is
based on mass, momentum, and energy conservation [30], and is one of the most commonly
used pieces of software for studying fire development patterns.

Mass conservation equation:

∂ρ

∂t
+∇·ρu = 0 (1)

Momentum conservation equation:

∂

∂t
(ρu) +∇·ρuu +∇p = ρg + f +∇·τij (2)

Energy conservation equation:

∂

∂t
(ρh) +∇·ρhu =

Dp
Dt

+ q′ −∇·qr + Φ (3)

Equation of state of an ideal gas:

p =
ρRT
W

(4)

where ρ is density (kg/m3), t is time (s), u is velocity (m/s), g is acceleration of gravity
(9.8 m/s2), f is the external force vector (N), τij is the viscous stress tensor of a Newtonian
fluid (m2/s), h is enthalpy (J/kg), p is pressure (Pa), q′ is the heat release rate per unit
volume (W/m3), qr is the heat flow vector per unit area (W/m2), T is temperature (K),
Φ is the dissipation function, R is the gas constant (8.314 J/ (mol · K)), W is the relative
molecular mass (1), and Dp/Dt is the rate of change in pressure over time.
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2.4. Grid Division

Properly setting the mesh parameters can enhance the calculation precision and save
time. According to the FDS User Guide [31], the cell size is determined by adopting the
characteristic diameter of the fire source.

D∗ = (
Q

ρ∞CpT∞
√

g
)

2
5

(5)

where D* is the characteristic diameter of the fire source (m), Q is the fire source power
(kW), ρ∞ is air density (kg/m3), Cp is the specific heat capacity of constant pressure air
(J/(kg·◦C)), and T∞ is the ambient temperature, which is set to 20 ◦C.

A subway station fire is a typical example of a confined space fire. The development
of a confined space fire comprises the ignition phase, growth phase, fully developed
phase, and decay phase. To evaluate the effectiveness of smoke control systems, this paper
primarily focused on the fully developed phase of the fire scenario. The ignition point was
located in the central area of the station with a fixed load. In the subway platform area, the
main type of fire at the platform level is a conventional fire caused by luggage, clothing,
and other items, and the maximum heat release rate of such fires generally does not exceed
2 MW [32]. Therefore, the fire source was modeled using the volume heat source method,
with a combustion area size of 1 × 1 m and a heat release rate of 2 MW.

Typically, when the cell size δx ranges between 0.06 D* and 0.25 D* [33], the accuracy
of the calculation results can be ensured. Therefore, the characteristic diameter D* was
1.27 m, and the range of the cell size δx was 0.08 m~0.32 m.

In order to balance computer hardware resources, a step-by-step shrinking method
was adopted to discuss the sensitivity of the grid. Thus, an appropriate simulation accuracy
was determined. Figure 3 shows that this paper compares the calculation results of four
cell sizes, ranging from 0.15 m to 0.5 m. It can be seen that when the cell size varies
between 0.15 m and 0.3 m, the temperature difference is very small. Gao et al. [34] and
Zhang et al. [35] proposed that the area far from the fire source should generally be twice
the cell size in the fire source area. Therefore, in this calculation, the cell size in the fire
source area was defined as 0.15 m, and the cell size in other areas was 0.3 m.
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2.5. Initial and Boundary Conditions

For the initial conditions, the initial ambient temperature inside the station was 20 ◦C,
and the initial pressure was 1 standard atmosphere. For the boundary conditions, the wall
boundaries were considered adiabatic with no-slip conditions, the station entrances and
exits had free boundaries with pressure and temperature equal to the external environment,
and each ventilation outlet had a velocity boundary condition.
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The fire material used in this study is polyurethane, with its element composition
reported in Table 1. The entire simulation was conducted under ventilation conditions, and
the CO generation rate from the fire was 0.1 (kg/kg).

Table 1. Composition of various elements in polyurethane combustion products.

Type of Element C H O N

Component coefficient 6.3 7.1 2.1 1.0

3. Orthogonal Experiment
3.1. Orthogonal Design

The orthogonal experimental design was a comprehensive and efficient test design
method that selected representative experimental combinations from a design of multiple
factors and levels for analysis [36] and ultimately identified the optimal experimental
combination scheme.

The orthogonal experiment involves the following steps [37]: clarify the experimental
purpose and establish the evaluation criteria; select each factor and determine the number of
levels; choose an orthogonal table and design the table header; clarify the experimental plan;
conduct the experimental investigation and obtain the data; perform statistical analysis on
the experimental data.

3.2. Factor Levels

The key to optimizing the design of the smoke exhaust system in subway stations is to
maximize the evacuation time. In this paper, four common factors that affect the spread of
fire smoke in subway stations were examined, i.e., (A) mode of opening the screen door, (B)
number of smoke vents opened, (C) number of smoke barriers, and (D) wind speed of the
smoke vents.

(A) Mode of opening the screen door
The spread of fire smoke on subway platforms is influenced by both the platform

smoke exhaust system and the tunnel smoke exhaust system. When a fire occurs, the
platform screen doors block the smoke from spreading into the tunnel, and their opening
and closing significantly impact both systems’ performance [38]. Therefore, this paper sets
three operation modes for the platform screen doors: fully open on both sides, one side
open and the other closed, and fully closed.

(B) Number of smoke vents opened
The quantity and position of smoke vents vary significantly depending on the location

of the fire source. In [39], the authors pointed out that opening smoke vents far from
the fire source can create adverse disturbances to the smoke flow, reducing the smoke
extraction efficiency. Therefore, this paper defines every two smoke vents on each side of
the fire source as a group (e.g., 5–6 and 7–8 are individual groups), as depicted in Figure 1.
Moreover, three scenarios of opening smoke vents are studied: two groups (5–8), four
groups (3–10), or six groups (1–12) are opened simultaneously.

(C) Number of smoke barriers
When designing smoke control systems, the smoke barriers can effectively limit the

initial spread of fire smoke within a certain range for a short period. This measure effectively
hinders the horizontal propagation of smoke and increases the time for safely evacuating
people and firefighters [40]. However, the control effectiveness of smoke barriers diminishes
in the later stages of the fire [41]. Therefore, this paper examines three arrangements of
smoke barriers, as illustrated in Figure 1: installing two smoke barriers, a single smoke
barrier, and no smoke barriers.

(D) Wind speed of the smoke vents
The airflow rate at the smoke vent can affect the smoke extraction volume per unit

of time. If the airflow rate is too high, more air will be incorporated into the extracted
smoke. Conversely, if the airflow rate is too low, it may result in the accumulation of smoke
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within the subway station in a short period, increasing the risk of accidents [42]. Therefore,
according to subway design specifications [43], the airflow rate at smoke vents should not
exceed 10 m/s. This study considers three scenarios for the airflow rate at the smoke vent:
1 m/s, 5 m/s, and 10 m/s.

Furthermore, an orthogonal array was constructed based on the above analysis without
considering the interaction of the factors. Table 2 presents the orthogonal array of factor
levels, and Table 3 reports the L9(34) orthogonal experimental working conditions.

Table 2. Experimental factor levels.

Factor Levels
A B C D

The Number of
Smoke Vents Opened

The Number of Smoke
Vents Opened (Group)

The Number of Smoke
Barriers (Number)

The Wind Speed of
the Smoke Vents (m/s)

1 Not open 6 0 10
2 Semi-open 4 1 5
3 Fully open 2 2 1

Table 3. Operating conditions.

Numbers
Test Schemes

A B C D

1# 1 1 1 1
2# 1 2 2 2
3# 1 3 3 3
4# 2 1 2 3
5# 2 2 3 1
6# 2 3 1 2
7# 3 1 3 2
8# 3 2 1 3
9# 3 3 2 1

3.3. Test Index

According to the fire protection standards for subway design presented in Section 5.1.1 [43],
a subway station should ensure that all passengers on the platform can be evacuated within
6 min. To ensure the consistency of each test index under different fire scenarios, it is
stipulated that the numerical simulation time of each test scheme is 6 min. As reported in
Table 4, within the range of human eye characteristics, the critical conditions for fire hazard
refer to the minimum values of temperature, CO concentration, and visibility that affect the
safe evacuation of people.

Table 4. Critical conditions of subway fire hazard [44].

Categories Critical Value

Human eye characteristic height (m) 1.6
Temperature (◦C) 60

Concentration of CO (ppm) 500
Visibility (m) 10

4. Results and Discussion
4.1. Fire Smoke Distribution in the Subway Station Platform

Taking the 5# level as an example, we captured the cloud maps of temperature, CO
concentration, and visibility at the time when the fire developed to 60 s, 100 s, 150 s, 200 s,
and 360 s and arranged them in chronological order from top to bottom.

Figures 4 and 5 illustrate the distributions of ambient temperature and CO concentra-
tion at different moments in the vertical center line (Y = −15 m). The results reveal that the
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ambient temperature and CO concentration around the fire source rapidly increase after
the occurrence of a fire. Under the influence of the thermal buoyancy and fire plume, the
smoke moves upward and then spreads when blocked by the roof. As the fire develops,
the horizontal movement of the fire smoke causes an increase in the surrounding temper-
ature and CO concentration. However, the further away from the source of the fire, the
lower the concentration of CO and temperature. Furthermore, the horizontal movement
of the fire smoke is influenced by the obstruction of barriers and escalators, resulting in
significant differences in smoke temperature and CO concentration on both sides of the
escalators. However, as time progresses, when the fire reaches 360 s, the temperature and
CO concentration in most areas, although not reaching the critical value, are generally high
and still have a greater impact on the evacuation of personnel.
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The smoke produced by the fire can block light, and the greater the concentration of
smoke, the more it will affect the normal evacuation of personnel [45]. Therefore, visibility
is one of the most important factors affecting the speed of personnel evacuation and escape
after a subway fire. Figure 6 presents the visibility distribution at different times based
on the human eye feature height (Z = 1.6 m). It can be seen that a large amount of smoke
appears on the platform floor at 60 s, and the visibility of the environment around the fire
source decreases significantly. When the fire reaches 100 s, the visibility near the escalator is
significantly lower than the critical value of 10 m. When it reaches 150 s, the visibility of the
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entire platform floor has dropped to only 4 m, far below the dangerous threshold. By the
time it reaches 360 s, the visibility throughout the entire subway station has significantly
dropped below 10 m, and some smoke escapes from the subway platform. Therefore, the
safe evacuation of the crowd will be greatly threatened at this time.
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4.2. Fire Smoke Migration Curves under Different Working Conditions

Figures 7 and 8 present the relationship between temperature, CO concentration, and
distance from the fire source under different working conditions when the fire reaches
360 s. It can be observed that the spatial trends of temperature and CO concentration are
generally consistent. The temperature and CO concentration show significant decreases
within a distance of 4 m from the fire source. The temperature sharply drops from a peak of
1000 ◦C to below 100 ◦C, while the CO concentration also drops from a peak of 10,000 ppm
to approximately 3000 ppm. When the distance exceeds 4 m, the temperature and CO
concentration decrease significantly and slow down. However, when the distance exceeds
25 m, the temperature and CO concentration tend to stabilize. Additionally, there is a sharp
and sudden descent at a distance of 20 m on the left and 12 m on the right. This is due to
the obstruction caused by the escalator during the horizontal movement of the fire smoke,
resulting in a sharp change in temperature and CO concentration.

Fire 2023, 6, x FOR PEER REVIEW 9 of 15 
 

 

threshold. By the time it reaches 360 s, the visibility throughout the entire subway station 
has significantly dropped below 10 m, and some smoke escapes from the subway plat-
form. Therefore, the safe evacuation of the crowd will be greatly threatened at this time. 

 
Figure 6. Plot of visibility change with time in working condition 5#. 

4.2. Fire Smoke Migration Curves under Different Working Conditions 
Figures 7 and 8 present the relationship between temperature, CO concentration, and 

distance from the fire source under different working conditions when the fire reaches 360 
s. It can be observed that the spatial trends of temperature and CO concentration are gen-
erally consistent. The temperature and CO concentration show significant decreases 
within a distance of 4 m from the fire source. The temperature sharply drops from a peak 
of 1000 °C to below 100 °C, while the CO concentration also drops from a peak of 10,000 
ppm to approximately 3000 ppm. When the distance exceeds 4 m, the temperature and 
CO concentration decrease significantly and slow down. However, when the distance ex-
ceeds 25 m, the temperature and CO concentration tend to stabilize. Additionally, there is 
a sharp and sudden descent at a distance of 20 m on the left and 12 m on the right. This is 
due to the obstruction caused by the escalator during the horizontal movement of the fire 
smoke, resulting in a sharp change in temperature and CO concentration. 

 
Figure 7. Relationship between temperature and distance from the fire source. 

-40 -30 -20 -10 0 10 20 30 40
0

200

400

600

800

1000

1200

-4 -2 0 2 40
200
400
600
800

1000
1200

Te
m

pe
ra

tu
re

/℃

Distance from fire source/m

  1#
  2#
  3#
  4#
  5#
  6#
  7#
  8#
  9#

 

 

 

Figure 7. Relationship between temperature and distance from the fire source.



Fire 2023, 6, 448 10 of 15Fire 2023, 6, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 8. Relationship between CO concentration and distance from the fire source. 

Figure 9 illustrates the visibility curve at monitoring point P (as presented in Figure 
2) over time under different operating conditions. It can be seen that the visibility under 
different operating conditions may suddenly and sharply decline at a certain moment. 
This is because once a fire occurs, the hot smoke gases, driven by the action of the thermal 
buoyancy and the smoke control system, continuously spread and diffuse in all directions. 
After some time, they reached monitoring point P. At this moment, the hot smoke gases 
mix with the ambient cold air, causing downdraft motion and resulting in a sudden and 
significant change in visibility at that location. However, there are differences in the tim-
ing of the sudden decrease in visibility under different operating conditions, and these 
differences are related to the speed at which smoke gases migrate. The faster the move-
ment of the smoke gases, the earlier the visibility decreases, and vice versa. In addition, 
when the fire develops for more than 50 s, the visibility is reduced to less than 5 m. 

 
Figure 9. Visibility over time under different working conditions. 

4.3. Sensitivity Analysis of Influencing Factors of Fire Smoke 
Sensitivity is primarily used to assess the degree to which selected factors influence 

experimental results, and it is commonly evaluated using the range analysis. Table 5 pre-
sents the range analysis of the influence of different factors on the smoke temperature, CO 

-40 -30 -20 -10 0 10 20 30 40
0

2000

4000

6000

8000

10000

12000

-4 -2 0 2 40

5000

10000

C
O

 c
on

ce
nt

ra
tio

n/
pp

m

Distance from fire source/m

 1#
 2#
 3#
 4#
 5#
 6#
 7#
 8#
 9#

 

 

Figure 8. Relationship between CO concentration and distance from the fire source.

Figure 9 illustrates the visibility curve at monitoring point P (as presented in Figure 2)
over time under different operating conditions. It can be seen that the visibility under
different operating conditions may suddenly and sharply decline at a certain moment.
This is because once a fire occurs, the hot smoke gases, driven by the action of the thermal
buoyancy and the smoke control system, continuously spread and diffuse in all directions.
After some time, they reached monitoring point P. At this moment, the hot smoke gases
mix with the ambient cold air, causing downdraft motion and resulting in a sudden and
significant change in visibility at that location. However, there are differences in the
timing of the sudden decrease in visibility under different operating conditions, and these
differences are related to the speed at which smoke gases migrate. The faster the movement
of the smoke gases, the earlier the visibility decreases, and vice versa. In addition, when
the fire develops for more than 50 s, the visibility is reduced to less than 5 m.
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4.3. Sensitivity Analysis of Influencing Factors of Fire Smoke

Sensitivity is primarily used to assess the degree to which selected factors influence
experimental results, and it is commonly evaluated using the range analysis. Table 5
presents the range analysis of the influence of different factors on the smoke temperature,
CO concentration, and visibility of subway station fires. The results indicate that the optimal
combination of different factors significantly improves the smoke exhaust efficiency.
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Table 5. Sensitivity level per factor.

Test Schemes A B C D
X Y Z

Temperature (◦C) Co Concentration (ppm) Visibility (m)

1# 1 1 1 1 77.77 1182.76 2.60
2# 1 2 2 2 88.67 2590.23 2.41
3# 1 3 3 3 96.98 3297.52 2.38
4# 2 1 2 3 72.86 1083.34 2.61
5# 2 2 3 1 63.79 890.82 2.67
6# 2 3 1 2 69.45 1059.42 2.62
7# 3 1 3 2 66.94 807.05 2.76
8# 3 2 1 3 70.45 944.72 2.64
9# 3 3 2 1 65.18 839.53 2.72
Ri 20.28 4.68 3.35 11.18 / / /

Sequence (i) * ADBC / / /
Optimum assembly (i) * A3B1C1D1 59.10 612.37 2.95

Rj 1493.07 707.77 602.83 804.16 / / /
Sequence (j) * ADBC / / /

Optimum assembly (j) * A3B1C1D1 59.10 612.37 2.95
Rk 0.244 0.084 0.042 0.122 / / /

Sequence (k) * ADBC / / /
Optimum assembly (k) * A3B1C1D1 59.10 612.37 2.95

* i represents smoke temperature, j represents CO concentration, and k represents visibility.

Regarding smoke temperature, the sensitivity of the influencing factors is ranked as
follows: the mode of opening the screen door, the wind speed of the smoke vents, the
number of smoke vents opened, and the number of smoke barriers. The optimal operation
mode of the smoke control system is A3B1C1D1, which results in a temperature value of
59.10 ◦C. This represents an improvement of approximately 20.8% compared to the average
temperature of 74.68 ◦C under various conditions. For the CO concentration, the primary
and secondary sequence of sensitivity for the influencing factors is the mode of opening the
screen door, the wind speed of the smoke vents, the number of smoke vents opened, and
the number of smoke barriers. The optimal operation mode of the smoke control system is
A3B1C1D1, resulting in a CO concentration of 612.37 ppm. This represents an improvement
of approximately 56.59% compared to the average CO concentration of 1410.6 ppm under
various conditions. For visibility, the primary and secondary order of each influencing
factor is the mode of opening the screen door, the wind speed of the smoke vents, the
number of smoke vents opened, and the number of smoke barriers. The optimal operation
mode of the smoke prevention and exhaust system is A3B1C1D1, and the visibility is 2.95 m,
which is about 13.41% less than the average of 2.6 m in each working condition.

4.4. Significance Analysis of Influencing Factors of Fire Smoke

Unlike sensitivity, significance analysis is primarily used for statistical hypothesis
testing to assess the important differences between hypotheses in sample data. Such an
analysis typically relies on analysis of variance (ANOVA) or t-tests.

Tables 6–8 present the significance of different factors in relation to smoke temperature,
CO concentration, and visibility, respectively. Regarding temperature, Table 6 shows that
the mode of opening the screen door and the wind speed of the smoke vents have a highly
significant impact on the temperature, and the number of smoke vents opened has a certain
impact on the temperature, while the number of smoke barriers has no significant impact
on the temperature. Concerning CO concentration, Table 7 reveals that the mode of opening
the screen door and the wind speed of the smoke vents have a significant influence on
the CO concentration, and the number of smoke vents opened has a certain impact on
the CO concentration, while the number of smoke barriers has no significant influence
on the CO concentration. Regarding visibility, Table 8 shows that the number of smoke
vents opened, the number of smoke vents opened, and the wind speed of the smoke vents
have a highly significant impact on visibility, while the number of smoke barriers has no
significant impact on visibility.
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Table 6. Variance analysis for smoke temperature.

Source of Error Deviation Sum of Squares Degree of Freedom Mean Square F Value Significance Level

A 777.48 2 388.74 114.28 ***
B 33.49 2 16.75 4.92 *
C 20.41 2 10.21 3.00 —
D 187.99 2 94.00 27.63 ***

Error 20.41 6 / / /
Summation 1019.36 / / / /

“—” indicates no significant effect; “*” indicates a certain impact; “***” indicates a highly significant effect. The F
distribution is F0.10 (2,6) = 3.46, F0.05 (2,6) = 5.14, and F0.01 (2,6) = 10.92.

Table 7. Variance analysis for CO concentration.

Source of Error Deviation Sum of Squares Degree of Freedom Mean Square F Value Significance Level

A 4,061,755.93 2 2,030,877.97 20.84 ***
B 770,227.70 2 385,113.85 3.95 *
C 584,674.35 2 292,337.18 3.00 —
D 995,299.33 2 497,649.67 5.10 ***

Error 584,674.35 6 / / /
Summation 6,411,957.31 / / / /

“—” indicates no significant effect; “*” indicates a certain impact; “***” indicates a highly significant effect. The F
distribution is F0.10 (2,6) = 3.46, F0.05 (2,6) = 5.14, and F0.01 (2,6) = 10.92.

Table 8. Variance analysis for visibility.

Source of Error Deviation Sum of Squares Degree of Freedom Mean Square F Value Significance Level

A 0.094 2 0.047 94.0 ***
B 0.014 2 0.007 14.0 ***
C 0.003 2 0.0015 3.0 —
D 0.022 2 0.011 22.0 ***

Error 0.003 6 / / /
Summation 0.132 / / / /

“—” indicates no significant effect; “***” indicates a highly significant effect. The F distribution is F0.10 (2,6) = 3.46,
F0.05 (2,6) = 5.14, and F0.01 (2,6) = 10.92.

5. Conclusions

This paper constructs a three-dimensional physical model of a subway station using
BIM technology and FDS software. The orthogonal experimental method was employed to
systematically discuss the effects of the mode of opening the screen door, the number of
smoke vents opened, the number of smoke barriers, and the wind speed of the smoke vents
on the fire smoke temperature, CO concentration, and visibility. The main conclusions of
this paper are as follows:

(1) At the initial stage of the fire, the horizontal movement of smoke was influenced
by obstacles such as smoke barriers and escalators. As the fire continued to develop, the
temperature and CO concentration of the surrounding environment increased, and the
impact of these obstacles gradually weakened. In the fire’s later stages, smoke filled the
entire subway station.

(2) For the spatial distribution, the fire smoke’s temperature and CO concentration
decreased as the distance from the fire source increased. The most significant decrease
occurred nearly 2 m from the fire source. At this stage, the visibility of the surrounding
environment was related to the speed of smoke movement. The faster the smoke moved,
the earlier the environmental visibility decreased.

(3) Regarding sensitivity analysis, the range analysis method was used to determine
the significant influence of the selected factors on the efficiency of smoke control and
exhaust. For temperature, CO concentration, and visibility, the optimal combination of
the smoke control system is A3B1C1D1. Compared to the average values, the temperature
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optimization combination improved the smoke extraction efficiency by 20.8%, increased
the CO concentration by 56.59%, and improved the visibility by approximately 13.41%.

(4) In terms of significance, the analysis of variance (ANOVA) method was used to
determine whether the mode of opening the screen door significantly impacted the smoke
in subway station fires. Therefore, in the design of smoke control and exhaust systems,
particular emphasis should be placed on optimizing the design of the opening mode of the
shielding doors.

(5) When a fire occurs on the platform level, it is recommended first to activate the
mechanical smoke exhaust system and open the screen door system in coordination to
reduce the consistency of smoke flow with the direction of personnel evacuation. In
addition, the opening and closing of platform screen doors significantly impacted the
smoke control effect of subway stations.

In future, systematic research will be conducted on the relationship between the wind
speed of the smoke vents, the opening size and position of the platform screen doors, and
the location of the fire.
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