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Abstract: The smoke from tunnel fires spreads over long distances and is difficult to vent. Smoke
accumulation leads to high temperatures, low visibility, and high concentrations of toxic gases, which
greatly hinders the evacuation of people inside the tunnel. In this paper, a representative extra-long
highway tunnel—Chengkai Tunnel—is selected as the engineering background, and a tunnel model
is built using FDS and Pathfinder software to simulate the fire scenario and evacuation scenario
under different longitudinal wind speeds. The concept of safe evacuation reliability is proposed to
describe the relationship between the ASET (available safe egress time) and the RSET (required safe
egress time). The simulation results show that with the increase in longitudinal wind speed, the
ASET upstream of fire source increases first and then remains unchanged, while ASET downstream
of fire source increases first and then decreases. The ASET upstream of the fire source is affected
by visibility, while the ASET downstream of the fire source is affected by visibility when the wind
speed is low, and is affected by temperature as the wind speed increases. The bottleneck effect is
an important reason for the long evacuation time of people. The blockage time is a power function
of the evacuation movement time, and increasing the width of the cross passage can improve the
evacuation efficiency of the tunnel. The increase in the number of evacuees will reduce the reliability
of the safe evacuation of personnel. Among all simulated scenarios, a longitudinal wind speed of
2.5 m/s has the highest safe evacuation reliability, with 0.79, 0.92, and 0.99 for scenarios R1, R2, and
R3, respectively. Excessive wind speed reduces the safe evacuation reliability downstream of the
fire source.

Keywords: extra-long highway tunnel; tunnel evacuation; ASET; RSET; safety evacuation reliability

1. Introduction

Tunnels are one of the important infrastructures to build highway transportation
networks. With the rapid development of traffic construction, more and more highway
tunnels are being built, and they are getting longer and longer. By the end of 2020, the
number of highway tunnels in China was 21,316, up 10.6% year-on-year. The total length
of tunnels reached 21.993 million meters, an increase of 13.8% year-on-year. It is worth
noting that the length of extra-long road tunnels (≥3 km) accounts for 28.3% [1]. Extra-long
highway tunnels have a busy traffic flow compared to normal tunnels, and the chances
of fire and hazards are greater. In 1999, a fire broke out in a truck loaded with butter and
flour in the Mont Blanc tunnel (11.6 km) connecting France and Italy, killing 41 people,
destroying 36 cars, and burning for 53 h [2]. In 1999, a fire broke out in the Tauern Tunnel
(6.4 km) in Austria due to a series of vehicle rear-end collisions, killing 12 people and
injuring 49 others [3]. In 2001, the St. Gotthard Tunnel in Switzerland (16.32 km) was
the scene of a fire caused by a collision between two trucks, resulting in 11 deaths [4].
Recent tunnel fires in the country include the Xuefeng Tunnel (7.023 km) fire in 2020 and
the Maoliling Tunnel fire (3.59 km) in 2019, with the former causing two deaths and the
latter causing five deaths [5]. The extra-long road tunnel itself is a long, narrow, and nearly
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enclosed structure [6]. The smoke from the fire is difficult to vent and spreads over a long
distance in the tunnel [7]. The smoke contains a large amount of CO and other toxic gases,
which can lead to death by poisoning or asphyxiation if large amounts of smoke accumulate
in the travel space [8]. Visibility in the tunnel is also reduced by the smoke flow, hindering
the evacuation and rescue of personnel. The characteristics of fires in extra-long highway
tunnels pose a huge challenge to evacuating people.

Most of the operational ventilation in long-distance road tunnels is mechanical venti-
lation, which can be divided into longitudinal, semi-transverse, full transverse, and hybrid
ventilation [9]. In China, long-distance tunnels mainly use jet fans for longitudinal venti-
lation, with the direction of airflow in line with the direction of traffic [10]. Some tunnels
larger than 10 km are equipped with a number of shafts or inclined shafts to supplement
the air volume and discharge the exhaust gases to meet the requirements of long-distance
air supply. Typical representatives are Zhongnanshan Tunnel, Baojiashan Tunnel, and
Chengkai Tunnel [11]. In case of fire, the smoke is induced by longitudinal ventilation, so
that the smoke is discharged from the nearest shaft downstream, which greatly reduces the
distance of smoke spread. This type of ventilation is simple in structure, less expensive to
operate and maintain, and can effectively utilize the piston wind generated by moving cars.
Two types of evacuation modes are used in extra-long road tunnels: horizontal evacuation
and vertical evacuation [12]. The horizontal evacuation mode is applicable to most of the
mountainous tunnels and some of the cross-harbor tunnels. When a disaster occurs on
one side of the tunnel, trapped people and vehicles are evacuated to the other side of the
tunnel through the pedestrian cross-passage and vehicle cross-passage in the middle of
the tunnel on both sides [13], such as Chengkai Tunnel and Qinling-Tiannanshan Tunnel.
The longitudinal evacuation mode is applicable to large shield tunnels, mainly underwater
shield tunnels, where trapped people are evacuated to the lower passage of the tunnel
through evacuation stairs or slides [14]. Representative tunnels are Shanghai Yangtze River
Tunnel and Wuhan Yangtze River Tunnel. In this paper, Chengkai Tunnel is chosen as
a study case of tunnel fire evacuation precisely because of its representative ventilation
method and evacuation mode. Its section size is a two-lane-sized three-centered circular
arch, similar to most mountain tunnels.

The study of the evacuation of tunnel fire personnel is a complex science with a high
degree of integration of multiple fields and disciplines, involving numerous uncertainties,
and can be divided into four areas according to its research methods: accident investiga-
tion and case study analysis, physical experiments, computational model research, and
personnel behavior investigation research [15]. With the rapid development of computer
technology, scholars have conducted qualitative or quantitative research on personnel
evacuation behavior by establishing fire personnel evacuation models [16], partly based
on coupled psychological, physiological, and behavioral models of tunnel fire personnel
evacuation, and some tunnel fire personnel evacuation movement models based on virtual
reality (VR) and augmented reality (AR) coupling have started to be proposed [17]. Such
evacuation models can be divided into two categories: hydraulic models for personnel
evacuation (continuous medium models) and personnel collision models (discrete medium
models) [18], and this type of research has helped scholars to achieve numerous results.
Enrico Ronchi et al. [19] compared evacuation models such as Evac, STEPS, and Pathfinder
and concluded that the main factors leading to differences in model calculations were the
use of unfavorable pre-evacuation times and the exit selection process in low visibility
conditions. Caliendo et al. [20] conducted simulations using the STEPS personnel evac-
uation model associated with a CFD model simulating a fire and found that evacuation
time was mainly influenced by walking time and, to a lesser extent, by pre-movement
time. The presence of an alarm system reduced the evacuation time for most tunnel users.
Seike et al. [21] proposed a one-dimensional evacuation simulation method for quantitative
assessment of fire safety in road tunnels, defining various smoke environment levels as a
function of longitudinal position and time for different longitudinal gradients, fire intensity,
and pre-evacuation times.
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The key to determining whether people can be successfully evacuated is the available
safe egress time (ASET) and required safe egress time (RSET) [22]. For tunnel fires, the ASET
depends on the size of the fire, cross-sectional dimensions, wind speed, and the slope rate of
the tunnel; the RSET depends on the layout of the cross passage, the number of people, the
speed of movement, and the familiarity with the tunnel. In this paper, a typical extra-long
highway tunnel—Chengkai Tunnel—is used as an engineering model, and longitudinal
wind speed, the number of personnel, and cross-passage width are selected as variables for
the study, and their ASET and RSET are derived by simulating fire scenarios and evacuation
scenarios through FDS and Pathfinder software. The innovation of this paper is to propose
the concept of safe evacuation reliability, which is used to evaluate the longitudinal wind
speed on evacuation impact. The results of this study can be used to develop scientific fire
evacuation strategies and can be used as a reference for designers and operators of very
long road tunnels with the same ventilation pattern and cross-sectional dimensions.

2. Model Establishment and Working Condition Setting
2.1. Modeling Parameters

In this paper, Chengkai Tunnel is selected as the engineering background for the study
of tunnel fires. Chengkai Tunnel is the longest highway tunnel in Chongqing, with busy
traffic flow and a risk of vehicle fires. It is located on the highway from Chengkou to
Kaixian and is 11,489 m long in the left lane and 11,456 m long in the right lane, and is
ventilated longitudinally by a combination of shafts and jet fans [23]. The shaft divides the
tunnel into three sections, each with a length of 3 km to 4 km. The shafts are connected to
the tunnel through liaison shafts to provide fresh air and discharge exhaust gases. Figure 1
shows the ventilation diagram of Chengkai Tunnel, and the blue arrows show the direction
of wind flow. When a fire occurs in the tunnel, the smoke flow is discharged from the
tunnel through the exhaust shaft downstream of the fire to reduce the distance of smoke
flow pollution and accelerate the smoke flow discharge. We used Pyrosim fire dynamics
software to build a tunnel fire simulation model based on the actual tunnel situation, which
is a single-sided tunnel, including the exhaust shaft and the contact shaft. The model was
moderately simplified compared to the actual tunnel.

Sustainability 2023, 15, x FOR PEER REVIEW 4 of 18 
 

 

Figure 1. Schematic diagram of wind flow in Chengkai Tunnel. 

The length of the tunnel model is 900 m. Due to the limitation of the simulation effi-

ciency of the FDS software, it takes an extremely long time to simulate the complete sec-

tion of the tunnel model. The fire scenario envisioned in this paper is a vehicle blockage 

in the tunnel that causes a fire, and the smoke characteristics along the evacuation path of 

people are mainly analyzed, so a 900 m long tunnel model is sufficient. The overall di-

mensions of the tunnel model are shown in Figure 2, and the detailed dimensions are 

shown in Figure 3. The cross-section of the tunnel model is a three-centered arch with a 

net height of 7.2 m and a net width of 10.75 m. Passages with a width of 1 m and a height 

of 0.3 m are set on both sides of the tunnel. The exhaust shaft is set at a distance of 850 m 

from the initial end of the tunnel with a height of 50 m. It is connected to the tunnel 

through a liaison shaft. The cross-sectional areas of the exhaust shaft and the liaison shaft 

were 38 m2 and 34 m2, respectively. The surface properties of the model were set to be 

layered. The inner wall is concrete with a thickness of 0.25 m. The concrete density is set 

to 2300 kg/m3, the thermal conductivity is set to a factor of 1.2 W/(m·K), and the specific 

volume is set to 1100 J/(kg·K). The rest is the rock layer. The initial end of the tunnel model 

is set as the air inlet, the end is set as the opening, the top of the exhaust shaft is set as the 

exhaust port, and the wind flow direction is the blue arrow in Figure 3. The initial tem-

perature inside the model is 20 °C. To analyze the smoke characteristics along the evacu-

ation path of the personnel, temperature, visibility, and CO concentration slices were set 

up at the height of the personnel (2 m above ground level). Smoke concentration slices 

were set at the mid-axis of the tunnel and 200 m downstream of the fire source to observe 

whether the smoke flow reversed back and the distribution of the smoke flow in the cross-

section. 

Figure 1. Schematic diagram of wind flow in Chengkai Tunnel.



Sustainability 2023, 15, 4865 4 of 17

The length of the tunnel model is 900 m. Due to the limitation of the simulation
efficiency of the FDS software, it takes an extremely long time to simulate the complete
section of the tunnel model. The fire scenario envisioned in this paper is a vehicle blockage
in the tunnel that causes a fire, and the smoke characteristics along the evacuation path
of people are mainly analyzed, so a 900 m long tunnel model is sufficient. The overall
dimensions of the tunnel model are shown in Figure 2, and the detailed dimensions are
shown in Figure 3. The cross-section of the tunnel model is a three-centered arch with a net
height of 7.2 m and a net width of 10.75 m. Passages with a width of 1 m and a height of
0.3 m are set on both sides of the tunnel. The exhaust shaft is set at a distance of 850 m from
the initial end of the tunnel with a height of 50 m. It is connected to the tunnel through a
liaison shaft. The cross-sectional areas of the exhaust shaft and the liaison shaft were 38 m2

and 34 m2, respectively. The surface properties of the model were set to be layered. The
inner wall is concrete with a thickness of 0.25 m. The concrete density is set to 2300 kg/m3,
the thermal conductivity is set to a factor of 1.2 W/(m·K), and the specific volume is set
to 1100 J/(kg·K). The rest is the rock layer. The initial end of the tunnel model is set as
the air inlet, the end is set as the opening, the top of the exhaust shaft is set as the exhaust
port, and the wind flow direction is the blue arrow in Figure 3. The initial temperature
inside the model is 20 ◦C. To analyze the smoke characteristics along the evacuation path
of the personnel, temperature, visibility, and CO concentration slices were set up at the
height of the personnel (2 m above ground level). Smoke concentration slices were set at
the mid-axis of the tunnel and 200 m downstream of the fire source to observe whether the
smoke flow reversed back and the distribution of the smoke flow in the cross-section.
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2.2. Fire Source Setting and Grid Division

According to the Highway Tunnel Ventilation Design Rules (JTG/T D70/2-02-2014),
Chengkai Tunnel is a double-hole unidirectional extra-long highway tunnel, and the maxi-
mum firepower it can cope with is 30 MW. Additionally, according to the typical vehicle fire
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standard of NFPA-502-2020, a 30 MW fire is equivalent to a large truck fire. Therefore, the
total fire source size of the tunnel model is set to 10 m × 2.5 m, the fire source growth rate
is t2 ultra-fast fire growth model, and the time to reach the maximum exothermic power is
400 s. The fire source location is 400 m from the initial end of the tunnel, in the middle of
the lane, and close to the ground. According to the fire law on fire evacuation time, 6 min is
allowed for civil buildings with fire resistance class I and II and 5 min is allowed for public
buildings. Considering that the tunnel is a long, narrow, and a nearly closed large space
structure, the simulation time of the fire should be greater than the necessary safe egress
time of the personnel, and the simulation time of the fire is finally determined to be 600 s.

Grid size selection is critical for fire simulations and has a large impact on the accuracy
and time consumption of the simulation. The larger the grid size, the longer the simulation
will take, but it will affect the accuracy of the values and the detail of the model. The
smaller the grid size, the higher the accuracy of the simulation, but it will consume a lot of
time. McGrattan [24] proposed that the ratio of the characteristic diameter of the fire source
to the grid diameter D*/δx represents the precision of the fire source grid. The larger the
value, the more accurate. The expression for D* is:

D∗ =
[

Q
ρ0CpT∞

√
g

] 2
5

(1)

In the formula, D* is fire characteristic diameter, m; Q is heat release rate, kw; ρ0 is the
ambient air density, kg/m3; Cp is the specific heat of air at constant pressure, kj/(kg·K); T∞
is the ambient air density, K; and g is gravitational acceleration, m/s2.

According to the FDS guidebook recommendations [25], the simulation results are
more accurate when the grid size is 0.1 D*, so a fire size of 30 MW is brought into the formula
calculation, and the resulting grid size is 0.37 m. For best accuracy, the cell dimensions
should ideally be close in length in all three directions. Therefore, in order to compare the
effects of different grid sizes on simulation accuracy, four cubic grids of 0.25 m, 0.35 m,
0.40 m, and 0.50 m were selected for grid independence tests under a 30 MW fire source
to compare their temperature differences. Figure 4 shows the temperature variation at a
2 m height under different grids. In the figure, it can be seen that the temperature at a 2 m
height gradually increases with the increase in grid size, but the overall variation is not
very different and the temperature variation curve can converge. Considering the accuracy
and efficiency of the simulation, the encrypted area is between the fire source location and
200 m downstream and a 0.25 m cubic grid is used, while a 0.5 m cubic grid is used for the
other areas. There are 17,788,416 grids in the whole tunnel model.
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2.3. Setting of Fire Scenarios

In longitudinally ventilated tunnels, the longitudinal wind velocity has a significant
impact on fire smoke dispersion. Longitudinal winds will reduce the temperature of the fire
area in the tunnel, but they can also disrupt the uniform distribution of the smoke layer and
cause the smoke flow to descend prematurely to personnel height. If the smoke layering
structure can be maintained at the beginning of a tunnel fire, so that the toxic and harmful
hot smoke is kept in the upper space of the tunnel, favorable conditions can be created
for personnel evacuation and escape. This paper focuses on analyzing fire scenarios with
different longitudinal wind speeds and exploring the effect of wind speed on personnel
evacuation laws. The critical wind speed can prevent the smoke from retreating and ensure
the safe evacuation of people in the upper part of the fire and the fire rescue personnel
to the fire scene. Wu and Bakar [26] conducted another series of small-scale experiments,
taking into account different tunnel cross-sections and using the hydraulic diameter instead
of the tunnel height in the equation, with the following equation for the critical wind speed.

V′c =

 0.40, Q′ > 0.20

0.40
(

Q′
0.20

) 1
3 , Q′ ≤ 0.20

Q′ = Q

ρ0cpT0g
1
2 H

5
2

, Vc
′ = Vc√

gH

(2)

where Vc
′ is dimensionless ventilation velocity. Vc is critical wind speed, m/s; Q is total

heat release rate, kW; Q′ is dimensionless heat release rate; cp is the thermal capacity of air,
kJ/kg K; ρ0 is ambient density, kg/m3; T0 is the temperature of the wind flow before the
tunnel fire, K; g is the acceleration of gravity, m/s2; and H is hydraulic diameter, m.

The hydraulic diameter of Chengkai Tunnel is 8.28 m, the ambient temperature is
20 ◦C, the power of the fire source is 30 MW, and the critical wind speed is calculated as
3.12 m/s, according to the above formula. In this paper, the longitudinal wind speed range
of the tunnel fire scenario is set from 0.0 m/s to 4.0 m/s, and a total of nine wind speeds are
selected. The exhaust vent meets the requirement that the wind speed is not greater than
8 m/s combined with the area of the exhaust vent, which is 38 m2; so, the vertical shaft
exhaust volume is set to 300 m3/s. The fire scenarios settings for the tunnel are shown in
Table 1.

Table 1. Tunnel fire scenarios.

Scenarios Fire Source
Power/MW

Longitudinal Wind
Speed
/(m/s)

Shaft Exhaust
Volume/(m3/s)

A1~A9 30 0.0; 0.5; 1.0; 1.5; 2.0;
2.5; 3.0; 3.5; 4.0; 300

2.4. Setting of Evacuation Scenarios

In this paper, we assume that a vehicle fire has occurred resulting in a blockage of
vehicles downstream of the fire source and trapped persons walk to the crosswalk exit
to the other side of the tunnel. The various types of trapped vehicles are replaced by
small rooms of different sizes in the lane, where the occupants are drivers and passengers.
The vehicle parameters are shown in Table 2. The tunnel personnel evacuation model
is shown in Figure 5. The personnel in the vehicle escape through two crosswalks, the
distance between the two crossings is 300 m, and the length of the crossings is 50 m. Factors
affecting the evacuation speed of personnel in a tunnel fire include personnel density,
smoke, environment, lighting, physiological age differences of personnel, obstacles, etc.
PIARC recommends that the movement speed of personnel in a tunnel during a fire be
taken as 0.5 m/s~1.5 m/s. In this evacuation model, the personnel movement velocity
obeys a normal distribution of 1.25 ± 3σ with σ = 0.1 m/s [27]. The tunnel personnel
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evacuation scenario configuration is shown in Table 3. The evacuation scenarios with a
different number of people were simulated by adjusting the full load rate of vehicles, as in
scenarios R1~R3. The widths of pedestrian crossings were set from 2 m to 4 m to study the
effects of different widths of crosswalks on evacuation efficiency, as in scenarios R3~R7.

Table 2. Vehicle parameters.

Vehicle Type Large Bus Medium Bus Minibus Large Truck Medium
Truck Minivan

Distribution ratio/% 1.6 6.3 76.2 1.6 4.8 9.5
Vehicle length/m 11.5 7.1 5 14 9 5.5
Vehicle width/m 2.5 2.2 1.8 2.8 2.5 2.2

Vehicle spacing/m 2.0 1.5 1.5 2.0 1.5 1.5
Full load capacity 55 20 5 2 2 2
Trapped quantity 1 4 48 1 3 6
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Table 3. Evacuation scenarios of tunnel personnel.

Scenarios Full Load Rate/% Number of Evacuees/Person Width of Cross Passage/m

R1 50% 191 2.0

R2 75% 312 2.0

R3 100% 395 2.0

R4 100% 395 2.5

R5 100% 395 3.0

R6 100% 395 3.5

R7 100% 395 4.0

3. Analysis of Simulation Results
3.1. Analysis of the ASET

The ASET is the maximum evacuation time allowed when a fire has progressed to the
point where it poses a danger to people. High temperatures, toxic gases, and low visibility
due to smoke are the main factors affecting the evacuation of personnel. Therefore, ambient
temperature, CO concentration, and visibility are selected as criteria for judging the safe
evacuation of personnel at personnel height (2 m above ground level). Research shows
that when the human body is directly exposed to an ambient temperature of 60 ◦C, there
is strong discomfort within a few minutes, so 60 ◦C is selected as the safety boundary
condition of the temperature [28]. When CO concentration reaches 2000 PPM (0.2%),
the human body will experience headaches, vomiting, and blurred vision within 20 min,
which can be fatal within 1 h; so, 0.2% CO concentration is selected as the safety boundary
condition [29]. The Australian guide for fire engineers gives a minimum visibility table
applicable to both small and large spaces. Road tunnels are narrow and large spaces, so the
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safety boundary condition for visibility is 10 m [30]. The safety boundary conditions for
the evacuation of people in a tunnel fire are shown in Table 4. When the temperature, CO
concentration, and visibility of an area in the tunnel reach the safety boundary condition
first, the time until the fire occurs is the ASET.

Table 4. Safety boundary conditions for personnel evacuation.

Environmental Temperature Visibility CO Concentration

≤60 ◦C ≥10 m ≤0.2%

In this paper, fire scenario A1 with no longitudinal wind speed is used as an example
to analyze the cloud plots of CO concentration, temperature, and visibility at personnel
height, as shown in Figure 6, to derive the ASET for this scenario.
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In Figure 6a,b, it can be seen that there is no significant change in CO concentration
and temperature at the characteristic height of personnel in the tunnel before 300 s. The
maximum CO concentration and maximum temperature within the 600 s moment are
35 PPM and 45 ◦C, respectively, which are within the safety boundary conditions. The high-
temperature area and high-CO concentration area (red part in the figure) are distributed
in 101 m~200 m upstream of the fire source and 181 m~309 m downstream of the fire
source. Although the distribution area is large, it does not pose a threat to the evacuation
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of personnel. Therefore, in the A1 scenario, temperature and CO concentration are not the
main factors affecting the available safe evacuation time.

The black paIt in Figure 6c is the “area” where the visibility is lower than the safety
boundary condition, which is called the hazardous area in this paper. At 450 s, the haz-
ardous area starts to form gradually upstream and downstream of the fire source. At 460 s, a
hazardous area of 41 m is formed upstream of the fire source, and a hazardous area of 42 m
is formed downstream of the fire source. From 460 s to 600 s, the danger zone gradually
expands, and 600 s, 187 m, and 285 m danger zones are formed upstream and downstream
of the fire source, respectively. The downstream hazard area was distributed between 154 m
and 439 m from the fire source, and the upstream hazard area was distributed between
64 m and 251 m from the fire source. Due to the installation of exhaust shafts downstream
of the fire source, the smoke sinking phenomenon is more serious than upstream, but
the visibility downstream of the smoke exhaust is good. Most of the smoke flow can be
discharged through the shaft, and the smoke can be well-isolated in the fire zone. Therefore,
in the A1 scenario, the factor affecting the ASET is visibility, and the ASET is 450 s for both
upstream and downstream of the fire source. It is worth noting that the first hazardous
zone is not the closest place to the fire, but a certain distance away from the fire. The reason
for this phenomenon is that the smoke temperature near the fire source is higher. Under
the action of buoyancy, the smoke mostly moves in the tunnel vault. After a distance of
the spread, the smoke and the tunnel wall heat exchange and cold air mix, resulting in a
reduced temperature, and the height of the smoke layer drops to the height of the human
eye characteristics, resulting in reduced visibility.

Following the analysis method of scenario A1, the ASET and the influencing factors of
the upstream and downstream of the fire source under different wind speeds were counted
separately, as shown in Table 5. In the table, it can be seen that visibility is the main factor
affecting the ASET upstream of the fire source, and the ASET increases gradually with the
increase in wind speed. When the wind speed increases to 2 m/s, the ASET is ≥ 600 s and
remains constant. For the downstream of the fire source, as the longitudinal wind speed
increases, the factor affecting the ASET changes from visibility to temperature, and the
ASET first increases and then decreases. When the wind speed is 2.5 m/s, the ASET is the
largest, 590 s.

Table 5. ASET statistics at different wind velocities.

Longitudinal Wind Velocity/(m/s) Upstream of the Fire Downstream of the Fire Source
Influence Factor ASET/s Influence Factor ASET/s

0.0 VIS 450 VIS 450
0.5 VIS 460 VIS 475
1.0 VIS 530 VIS 550
1.5 VIS 540 VIS 560
2.0 / / VIS 580
2.5 / / VIS 590
3.0 / / TEMP 520
3.5 / / TEMP 490
4.0 / / TEMP 480

When the wind speed reaches 2 m/s, there is no hazardous area upstream of the fire
source compared to when the wind speed reaches the critical wind speed. Figure 7 shows
the side view of the tunnel smoke concentration at different wind speeds. As can be seen in
the figure, when the wind speed is 2 m/s, the smoke layer remains at a certain height and
does not drop to the height of the personnel, although the smoke flow upstream of the fire
source reverses a distance of 150 m. Visibility is always above the safety threshold. With the
increase in wind speed, the distance of smoke reverse retreat gradually decreases. At the
same time, the increase in longitudinal wind speed leads to faster smoke flow movement
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and smoke flow overflowing out of the exhaust shaft. When the wind speed is greater than
or equal to 2 m/s, the flue gas will overflow the shaft.
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Figure 7. Side view of tunnel smoke concentration at 600 s.

The stability of the fire smoke flow as a buoyancy-driven stratified flow is controlled
by two main factors. One is that because the temperature is higher than the ambient
air temperature, the smoke flow is subject to its own thermal buoyancy, which tends to
maintain this stratified structure. The second is the presence of longitudinal winds in the
tunnel, which shear with the flue gas layer at the horizontal interface. This mixed shear
effect tends to destabilize the flue gas layer and destroy this layered structure [31]. The
destructive effect of longitudinal wind speed on the smoke-layered structure downstream
from the fire source can be seen in Figure 8.
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Figure 8. Smoke concentration clouds in the cross-section downstream from the fire source.

As shown in Figure 8, the height distribution of the smoke layer under no longitudinal
wind speed is uniform, the smoke concentration dividing line is approximately parallel to
the horizontal direction, and the smoke almost fills the whole section. With the increase in
longitudinal wind speed, the height of the smoke layer is low on both sides and high in the
middle, and the smoke concentration dividing line is irregularly curved. At the same time,
the smoke concentration in the tunnel cross-section decreases. Therefore, when the wind
speed is small, the smoke concentration at the height of the personnel downstream of the
fire source is higher and the ASET is affected by visibility. As the wind speed increases,
the height of the smoke layer rises to the personnel height and visibility is no longer a
factor affecting the ASET. The increase in wind speed leads to the increase in flame angle
and the enhancement of thermal radiation at human height, which makes the downstream
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temperature of the fire source rise and exceed the safety critical value. Temperature becomes
a factor affecting the ASET at high wind speeds.

3.2. Analysis of the RSET

The REST is the minimum time for all personnel to evacuate to the safe area. As shown
in Figure 9, it consists of three parts: personnel perception time (tper), personnel response
time (trsep), and personnel evacuation movement time (tmove). The difference value of the
ASET and RSET is the safety margin, and the larger the safety margin, the more reliable the
reaction system is.
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Figure 9. Composition of the RSET.

The fire in the tunnel is mainly a vehicle fire because the fire source growth curve is
a t2 curve. The power of the fire source is small in the early stage, which is not easy to
cause people to notice, and the personnel perception time is uniformly set to 60 s. When
the trapped people hear the tunnel alarm sound, there will be a pre-action time. During
this time people will carry their belongings, observe the surrounding environment, notify
their entourage, etc., and then go to the escape route with the flow of people. The response
time for different people and different trsep is set to 30 s. People’s evacuation movement
time, tmove, is calculated through Pathfinder software.

Figure 10 shows the change in the number of people in the tunnel with time for
different evacuation numbers. tmove is 380 s, 510 s, and 650 s for scenarios R1, R2, and
R3, respectively. A hundred seconds after the fire broke out, the crowd began to leave
the tunnel. The change curves of the number of people in the three evacuation scenarios
are basically parallel, which indicates that the average evacuation speed of the crowd is
basically the same, and the total evacuation time is positively correlated with the number
of people.

During the evacuation process, bottleneck effects occur at key areas, such as stairway
entrances and access exits. As shown in Figure 11, a group of people crowded at a bottleneck
will accumulate and stay at the “bottleneck” for a long time, which will lead to a serious
decrease in evacuation efficiency and increase the evacuation movement time of people.
To study the effect of pedestrian crossing width on evacuation efficiency, a scatter plot
for each person is plotted with evacuation movement time as the horizontal coordinate
and blockage time as the vertical coordinate. The expression of blockage time was fitted
according to the scatter plot, and the results are shown in Figure 12.

In Figure 12, it can be seen that there is a power function relationship between blockage
time and evacuation movement time, and the blockage time increases longer with the
increase in evacuation movement time. When the evacuation movement time is 650 s, the
blockage time is more than 160 s, accounting for 24.6% of the evacuation time. We use
the exponent of the power function relationship as the “blockage index” to measure the
severity of the blockage. The larger the blockage index is, the more serious the blockage is
and the lower the evacuation efficiency is, and vice versa. As the width of the evacuation
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channel increases, the blockage index gradually decreases. The relationship shows that
the blockage index decreases from 2.26 to 2.10 when the width of the pedestrian crossing
increases from 2.0 to 4.0 m. This indicates that increasing the width of the tunnel crossing
will reduce the blockage during evacuation and improve the efficiency of evacuation. This
also provides a solution for tunnel designers to improve the safety of the tunnel.

According to the composition of the RSET, the RSET of scenarios R1, R2, and R3 are
460 s, 630 s, and 760 s, respectively. The safety margins can be obtained by the difference
between the RSET and ASET, which was mentioned at the beginning of Section 3.2, and
the value of the ASET was obtained in Table 5. Taking the longitudinal wind speed of
1.5 m/s as an example, the safety margin of scenario R1 is 100 s, while the safety margins of
scenarios R2 and R3 are −70 s and −200 s. As the number of evacuees increases, the safety
margin decreases by a negative number, indicating that it is not possible to evacuate all the
individuals safely at this time. However, considering the inconsistent RSET of numerous
individuals, the RSET reflects the longest evacuation time in the group, which is not a
good representation of the time for most people to complete the evacuation. Therefore,
the concept of safety margin is not applicable in the evacuation of tunnel personnel, and
the safe evacuation reliability is a better indication of the relationship between the ASET
and RSET.
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3.3. Analysis of Safety Evacuation Reliability

In systems engineering, reliability is the probability that a product or system will
perform its intended function at a specified time and under specified conditions [32]. In
personnel evacuation studies, the reliability of safe evacuation of personnel refers to the
probability that all personnel can be safely evacuated in a fire environment. When the RSET
(tR) of personnel is less than the ASET (tA), it can be considered that all personnel can be
evacuated safely. The reliability of the safe evacuation of personnel R can be expressed as:

R = P (tR < tA) (3)

where P is the probability. The tA under different fire scenarios can be obtained in Table 5.
tR is affected by random factors such as escape distance, building facilities, and personnel
response time, and is a random variable which belongs to the probability distribution curve.
Set f (tR) as the probability density function of tR, as shown in Figure 13. The probability
that tR is less than tA is R.
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We tested the ASET of individuals in scenarios R1, R2, and R3 for normal distribution.
To improve the accuracy of the test sample, two simulations of these three scenarios were
conducted to obtain 382, 624, and 790 individual evacuation time data, respectively, and
then the results of these data were sampled and analyzed. The data were arranged in order
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of size, and then the K-S test was performed by SPSS software to test whether the RSET
of the personnel conformed to a normal distribution curve. To ensure high confidence in
the conclusions obtained, the sample content of the K-S test should be at least 100 [33].
Therefore, the evacuation times for scenarios R1, R2 and R3 were averaged into 128, 156
and 158 groups, and a random sample of data from each group was selected to form the
test. The results of the test are shown in Table 6.

Table 6. K-S test results of personnel evacuation time.

Evacuation
Scenarios Sample Size

Normal Distribution Parameter
Inspection
Statistics

Progressive
Significance

(Bilateral)Mean Value Standard
Deviation

R1 128 333.67 93.26 0.546 0.672
R2 156 414.06 120.89 0.498 0.796
R3 158 479.43 154.27 0.559 0.664

According to Table 6, the asymptotic significance of the three evacuation scenarios
are all significantly greater than 0.05, indicating that all accept the null hypothesis; that is,
tR obeys a normal distribution, denoted as tR~N(µ,σ2). µ is the average evacuation time
of personnel. σ is the standard deviation, indicating the dispersion degree of the average
evacuation time of personnel. The tR probability density function f (tR) can be expressed as:

f (tR) =
1√
2π

σe−
1
2 (

t−µ
σ )

2

(0 < t < ∞, 0 < µ < ∞, 0 < σ < ∞) (4)

Defined by the normal distribution function, the safety evacuation reliability R can be
expressed as:

R = P
(
talarm + tresp < tR < tA

)
= P

(
90− µ

σ
<

tR − µ

σ
<

tA − µ

σ

)
(5)

Figure 14 shows the calculation results of safety evacuation reliability under different
longitudinal wind speeds. It can be seen in the figure that the safety evacuation reliability of
the R1 scenario is significantly higher than that of the other two scenarios due to the small
number of evacuees. The safety evacuation reliability upstream of the fire source increases
with the increase in the longitudinal wind speed, and the reliability of scenarios R2 and
R3 increases significantly. When the wind speed reaches 2 m/s, the safety evacuation
reliability remains unchanged, the safety evacuation reliability of R1 is close to 1, and the
R2 and R3 scenarios are 0.93 and 0.82. The safety evacuation reliability downstream of the
fire source first increases and then decreases with the increase in wind speed. When the
longitudinal wind speed is 2.5 m/s, the safety evacuation reliability reaches the highest,
and the safety evacuation reliability of the three evacuation scenarios are 0.99, 0.92, and 0.79,
respectively. When the longitudinal wind speed increases to 4 m/s, the safety evacuation
reliability downstream decreases to 0.94, 0.70, and 0.54, respectively. Whether upstream
or downstream of the fire source, the increase in evacuation numbers will reduce the
reliability of a safe evacuation. A longitudinal wind speed of 2.5 m/s is the most favorable
for personnel evacuation. Excessive longitudinal wind speed reduces the safety evacuation
reliability downstream of the fire source, especially when there are many evacuees; the
evacuation reliability is only 0.5.
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4. Conclusions

1. After a fire occurs in an extra-long highway tunnel, the ASET upstream of the fire
source is affected by the visibility and increases with the increase in the longitudinal
wind speed. When the wind speed increases to 2 m/s, the ASET reaches the maximum
and remains unchanged. The ASET downstream of the fire source is affected by
visibility when the wind speed is small and affected by temperature when the wind
speed is large, and it first increases and then decreases with the increase in wind speed.
When the wind speed is 2.5 m/s, the ASET reaches the maximum, which is 590 s.
Excessive longitudinal wind speed will make smoke overflow the fire source section.

2. The average evacuation speed of different evacuees is basically the same, and the
evacuation movement time is in direct proportion to the number of evacuees. The
bottleneck effect is an important reason for the long evacuation time. Increasing
the width of the evacuation channel can reduce the time of personnel blockage.
The relationship between the blocking time and the evacuation time is a power



Sustainability 2023, 15, 4865 16 of 17

function, and its exponent decreases with the increase in the width of the cross
passage. Increasing the width of the cross-passage can improve the efficiency of
evacuating people, especially when the number of evacuees is high. Therefore, the
tunnel designer should design a reasonable cross-passage width according to the
traffic flow of the tunnel to improve the evacuation efficiency of the tunnel.

3. Safety evacuation reliability can be a good description of the relationship between
the ASET and RSET. The increase in the number of evacuees decreases the reliability
of safe evacuation. Combined with the fire scenario in this paper, a longitudinal
wind speed of 2.5 m/s is the most favorable for the evacuation of people in Chengkai
Tunnel, with a safety evacuation reliability of 0.79, 0.92, and 0.99 for scenarios R1, R2,
and R3, respectively. As the wind speed increases, the safety evacuation reliability
upstream of the fire source approaches 1. While the safety evacuation reliability
downstream of the fire source decreases, the smoke will overflow the exhaust shaft.
Therefore, the tunnel operator should maintain a reasonable longitudinal wind speed
at the beginning of the fire to provide conditions for evacuation and escape.
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