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Abstract: When a fire breaks out in a tunnel, smoke diffuses widely in the direction of the ventilation
airflow. As a result, the evacuation environment may not be sufficiently safe during a fire incident.
When ventilation equipment in a tunnel is changed, the safety and economic efficiency of the new
ventilation equipment must be evaluated in advance. However, it is dangerous and not financially
feasible to undertake the verification of new ventilation equipment by performing a demonstration
experiment owing to its cost and versatility. It is therefore useful for predicting an evacuation
situation in which a fire breaks out in a tunnel by performing a numerical simulation and examining
the evacuation safety of the tunnel. In this study, a tunnel fire was reproduced using the Fire
Dynamics Simulator (FDS) fire simulation software. Moreover, an evacuation was simulated using
the real-coded cellular automaton (RCA) method and the effects of the wind velocity and the number
of evacuees in the tunnel on the evacuation time were examined.
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1. Introduction

The occurrence of an accident or a fire inside a tunnel on an expressway can cause significant
damage. Since traffic may be jammed in the tunnel as a result of the fire, the evacuation safety of
the tunnel must be sufficiently evaluated [1–10]. Therefore, there have been various studies globally
on tunnel safety. When a tunnel is to be extended or its internal structure drastically changed, the
safety of the final structure should be evaluated before the design and execution of the changes [11,12].
Ventilation equipment is generally used in a tunnel, (a) to secure the tunnel environment, (b) to secure
the evacuation environment in the event of a fire and (c) to preserve the atmospheric environment of
the peripheral areas. In tunnels, a transverse ventilation system equipped with air supply and exhaust
ducts installed below the ceiling panels is ubiquitously adopted in Japan. In 2012, the ceiling of the
Chuo Expressway’s Sasago Tunnel collapsed and therefore the design of future ventilation systems,
especially the handling of ceiling panels, must be reexamined. For example, the Central Nippon
Expressway Company Limited inspects ceiling panels in tunnels and removes the ones showing a
malfunction and is replacing the transverse ventilation system with a longitudinal ventilation system
having jet fans.

In the event of a fire breaking out in a tunnel, smoke diffuses widely along the ventilation airflow in
the tunnel. The evacuation environment may therefore be insufficiently secured [13]. When ventilation
equipment in a tunnel is replaced, the safety and economic efficiency of the new ventilation equipment
must be evaluated in advance [11]. However, it is unrealistic to verify the new ventilation equipment
by performing a demonstration experiment owing to its cost and versatility. It is considered useful
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to predict an evacuation situation in which a fire breaks out in a tunnel by performing a numerical
simulation and examining the safety of the tunnel [14–16].

In this study, a tunnel fire was reproduced using Fire Dynamics Simulator (FDS) Version 5.5.3 [17],
which is a fire simulation software developed by the U. S. National Institute of Standards and
Technology. So far, FDS has been applied to fire research and fire protection engineering, as well as in
tunnel fire research [6,7,13,18]. It is one of the most widely used software packages for representing
burning gases with hot smoke [19]. Moreover, an evacuation was simulated using the RCA method
and the effects of the wind velocity and the number of evacuees in the tunnel on the evacuation time
were examined.

2. Numerical Method

2.1. Simulation of Tunnel Fire by FDS

Figure 1 shows the analytical domain of the tunnel fire. In the coordinate system, the location
at which the fire broke out was set as the origin, the direction toward the exit of the evacuation
(the direction of evacuation) was set as the x axis, the direction perpendicular to the x axis was set as
the y axis and the vertical direction was set as the z axis. The length of the tunnel to be examined was
700 m and an edge was assumed to exist on the ceiling of the tunnel 100 m away from the location
at which the fire broke out (x = 100 m). At the edge of the ceiling, the transverse ventilation system
equipped with the ventilation duct installed below the tunnel ceiling was changed to a longitudinal
ventilation system that had a jet fan, which was installed after removing the ceiling panel. The shape of
this tunnel was created by referring to the shape of an actual tunnel. As shown in Figure 1a, the shape
of the cross section of the tunnel from its left edge to 150 m was rectangular (9.6 m wide × 5.4 m high).
As shown in Figure 1b, the shape of the upper part of the tunnel from 150 m onward was semicircular
(the cross-sectional area of the tunnel was 72 m2). Air exhaustion by an exhauster in the ventilation
station was not taken into consideration. Instead, the transverse ventilation system was adopted.
The edge of the ceiling was simply created in this study. Based on an actual tunnel, a rising gradient at
1.11% was set in the x direction.
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Figure 1. Numerical domain for the tunnel fire is shown, with two cross sections of tunnel; (a) rectangular
cross section of the tunnel from its left edge to 150 m (9.6 m × 5.4 m), (b) cross section of the tunnel from
150 m onward with shape of semicircular upper part.

In this study, it was assumed that there was no traffic jam around the region at which the fire
broke out and that the smoke flowed from the location at which the fire broke out to the exit (forward
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smoke control). For comparison, a case in which there was no ventilation in the tunnel was defined as
Case 1; a case in which there was ventilation with a uniform flow of constant velocity from the cross
section at one side of the tunnel (x = 650 m) was defined as Case 2; and a case in which there was
ventilation by a 1.2 m2 jet fan installed under the ceiling at x = 650 m was defined as Case 3. To make
the uniform flow equal to the flow of the jet fan, the velocities of the uniform flow were set at 0.5 and
1.0 m/s in Cases 2-1 and 2-2, respectively and the velocities of the flow of the jet fan were set at 12.5
and 25 m/s in Cases 3-1 and 3-2, respectively. These cases are summarized in Table 1. As shown in this
table, the average cross-sectional flow velocities of Cases 3-1 and 3-2 were set to be equal to those of
Cases 2-1 and 2-2, respectively.

In the simulation, an accident was assumed to occur in which a fire broke out from a large-sized
bus. Therefore, 480 L of diesel oil was placed on a 4 m2 floor, which was the source of fire. The calorific
value of diesel oil is 44,400 kJ/kg [20] and the time-variation of the heat release rate was given,
as shown in Figure 2. The fire was assumed to break out at time t = 0 s and the maximum value of the
heat release rate was set at 30 MW. Smoke is generated when diesel oil is pyrolyzed. The amount of
generated smoke was set at 17.9% (mass ratio) of the pyrolysis gas [13]. As for the spatial grid in the
numerical domain, the uniform mesh with the size of 40 cm was adopted, which was equivalent to the
average human shoulder width [14–16].

Table 2 shows a scenario in which a fire broke out. An evacuation situation was examined based
on this scenario. As noted above, the fire was assumed to break out from a large-sized bus, which
caused a traffic accident at t = 0 s. Evacuees in the tunnel were assumed to recognize the fire 120 s after
the fire broke out (t = 120 s). Simultaneously, ventilation equipment in the tunnel began to operate.
Approximately 240 s after the fire broke out (t = 240 s), the last evacuee was assumed to get off the bus
and approach the exit.

Table 1. Five conditions of ventilation air system.

Case Ventilation Flow Velocity Averaged Velocity

1 Non 0 m/s 0 m/s
2-1 Uniform flow 0.5 m/s 0.5 m/s
2-2 Uniform flow 1.0 m/s 1.0 m/s
3-1 Jet fan 12.5 m/s 0.5 m/s
3-2 Jet fan 25.0 m/s 1.0 m/s

Table 2. Scenario for evacuation assessment in tunnel fire.

Time Situation

−60 s Car accident happens
0 s Fire breaks out

120 s Evacuee recognizes the fire and ventilation system starts
240 s All evacuees can get off the bus and start to walk
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Figure 2. Time-variation of the heat release rate in tunnel fire. Figure 2. Time-variation of the heat release rate in tunnel fire.
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2.2. Evacuation Model by RCA

Figure 3 shows the calculation domain of the evacuation simulation. By using the results of the
fire simulation obtained with the FDS, the region of smoke 1.6 m above the ground (z = 1.6 m) shown
in Figure 1 was used for a two-dimensional evacuation simulation. An exit was located on the tunnel
wall 600 m away from the ignition source and the width of the exit was set at W = 2.4 m. The jet fan
was installed below the ceiling at x = 650 m (the right edge of the tunnel). The initial locations of
evacuees in the tunnel were given using random numbers produced by the FORTRAN library. At this
time, at least one evacuee was allocated at the furthest possible place from the exit, near the location at
which the fire broke out.

As already explained in Table 2, the time when the fire broke out was set to 0 s, the ventilation
equipment in the tunnel began to operate 120 s after the fire broke out and evacuees began to reach the
exit 240 s after the fire broke out. It is reported that the average walking speed in the smoke-free part
of the tunnel is 1.6 m/s [21]. By considering the stagnant vehicles in the tunnel, we set the evacuees’
velocity toward the exit to be 1.0 m/s [6–8]. Since the evacuees moved through smoke, a model of
deceleration due to smoke was used. It is known that high-temperature smoke causes simultaneous
reductions in visual information and physiological function [22], resulting in a reduction in the moving
speed of evacuees. Therefore, the moving speed of evacuees in the region of smoke was set to 0.5 m/s.
This speed was equivalent to the walking speed when the smoke density Cs was 0.4 1/m. The smoke
density Cs (1/m) was calculated from the soot concentration using the following Formula (1) [23,24]:

Cs = 104·M: Cs < 2.5 (1/m)

Cs = 1.73ln(103·M) + 4.94: Cs ≥ 2.5 (1/m)
(1)

where M represents the mass concentration of soot (kg/m3) obtained using the FDS. The region of
smoke was defined as an area 1.6 m above the ground, in which Cs exceeded 0.4 1/m [24]. In this
study, the evacuation simulation was performed five times and the evacuation times were averaged.
Moreover, the number of evacuees initially allocated in the tunnel (N) was changed and an average
evacuation time was obtained. Based on this, the effect of N on the evacuation time (TE) was examined.
The effect of the wind velocity in the tunnel on the evacuation time was also examined (see Table 1).
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3. Results and Discussion

3.1. Dynamics of Tunnel Fire without Ventilation System

To investigate the tunnel fire when the jet fan was not operated, the smoke distributions and
the heat release rates generated in Case 1 were visualized. Figure 4 shows the temporal expansion
of smoke near the ignition source. This figure shows only the region in which the fire spread in the
tunnel. At t = 120 and 240 s, a small amount of smoke was generated. At t = 480 s, the amount of
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smoke generated greatly increased. At t = 720 s, the entire tunnel was filled with smoke. Figure 5
shows the growth of the fire. In this figure, a region in which the heat release rate exceeded 50 kW/m3

was defined as the combustion region. Although the combustion region grew with time in an upward
direction, an exothermic reaction mainly occurred above the fuel where the fire broke out. Unlike the
behavior of smoke shown in Figure 4, the combustion region, in which the heat release rate exhibited a
large value, did not spread throughout the entire tunnel.

When a fire breaks out in a tunnel, smoke spreads at a speed that exceeds the moving speed
of evacuees and permeates the tunnel. Therefore, the smoke density greatly affects the behavior of
evacuees. In particular, when smoke permeates a tunnel, the walking speed of evacuees markedly
decreases. Hence, it is important to understand the distribution of smoke in a tunnel. In this study, the
distribution of the optical density of smoke (Cs) was visualized. In addition, the obtained results were
summarized while paying attention to Cs at 0.4 1/m, at which evacuees have difficulty walking.
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Figure 6a shows the two-dimensional distribution of Cs in Case 1, in which no ventilation was
performed in the tunnel. As shown in this figure, smoke gradually spread from the location at which
the fire broke out. At x = 100 m, there was the edge of the ceiling, which changed the cross section
of the tunnel. Therefore, the speed increased on the left part of the tunnel. The edge increased the
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vorticity at that location and consequently streamed the smoke to the bottom of the tunnel. At higher
average air speeds, this smoke was quickly removed downwind (see Section 3.2). Figure 6b shows the
temporal development of Cs at the center of the cross section of the tunnel 1.6 m above the ground
(z = 1.6 m) in Case 1. This figure indicates the temporal change in Cs from x = 0 m, where the fire broke
out, to x = 600 m, where the fire exit existed. At 1.6 m above the ground, after 360 s, smoke began to
fall from the ceiling. After 480 s, smoke permeated approximately half of the tunnel.

Safety 2018, 4, x FOR PEER REVIEW  6 of 13 

 

vorticity at that location and consequently streamed the smoke to the bottom of the tunnel. At higher 
average air speeds, this smoke was quickly removed downwind (see Section 3.2). Figure 6b shows 
the temporal development of Cs at the center of the cross section of the tunnel 1.6 m above the 
ground (z = 1.6 m) in Case 1. This figure indicates the temporal change in Cs from x = 0 m, where the 
fire broke out, to x = 600 m, where the fire exit existed. At 1.6 m above the ground, after 360 s, smoke 
began to fall from the ceiling. After 480 s, smoke permeated approximately half of the tunnel. 

(a) Two-dimensional distribution of Cs in Case 1 at t = 120, 240, 480, 720 s 

 
(b) Time-variation of Cs at center of cross section of the tunnel 1.6 m above the ground (z = 1.6 m) 

Figure 6. Smoke region expands inside the tunnel without ventilation system in Case 1. 

3.2. Dynamics of Tunnel Fire with Ventilation System 

Next, the results obtained by performing ventilation are described. Figure 7 shows the 
two-dimensional distribution of Cs in Case 2-1, in which uniform ventilation was performed at the 
cross section of the tunnel. Forward smoke control, by which smoke flowed in the forward direction, 
began at t = 120 s. At t = 240 s, the progress of the smoke could be controlled more than in Case 1. 
That is, the progress of the smoke could be slowed and the calculation domain could be prevented 
from being filled with smoke. Figure 8 shows the two-dimensional distribution of Cs in Case 2-2, in 
which the wind velocity was larger than that in Case 2-1 with the same uniform ventilation. Owing 
to the ventilation equipment, which began to operate at t = 120 s, smoke flowed backward from t = 
120 s to t = 240 s. As shown in this figure, the progress of the smoke could be controlled further by 
increasing the wind velocity of the ventilation equipment when compared with Figure 7 in Case 2-1. 

Figure 6. Smoke region expands inside the tunnel without ventilation system in Case 1.

3.2. Dynamics of Tunnel Fire with Ventilation System

Next, the results obtained by performing ventilation are described. Figure 7 shows the
two-dimensional distribution of Cs in Case 2-1, in which uniform ventilation was performed at the
cross section of the tunnel. Forward smoke control, by which smoke flowed in the forward direction,
began at t = 120 s. At t = 240 s, the progress of the smoke could be controlled more than in Case 1.
That is, the progress of the smoke could be slowed and the calculation domain could be prevented
from being filled with smoke. Figure 8 shows the two-dimensional distribution of Cs in Case 2-2, in
which the wind velocity was larger than that in Case 2-1 with the same uniform ventilation. Owing to
the ventilation equipment, which began to operate at t = 120 s, smoke flowed backward from t = 120 s
to t = 240 s. As shown in this figure, the progress of the smoke could be controlled further by increasing
the wind velocity of the ventilation equipment when compared with Figure 7 in Case 2-1.
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Finally, the results obtained by controlling smoke using the jet fan were examined. Figure 9 shows
the temporal development of Cs in Case 3-1, in which the ventilation with jet fans was performed by
using a fan velocity of 12.5 m/s. Although reduction of the forward smoke expansion was attempted,
the progress of smoke could not be controlled well. Surprisingly, the time-variation of Cs for Case 3-1
was almost the same as that in Figure 6a for Case 1, in which no ventilation equipment was installed.
This is probably because the wind from the jet fan lost its velocity when it collided with the edge on the
ceiling; consequently, the progress of smoke could not be controlled. To confirm this, the distributions
of smoke at t = 160, 180, 200 and 220 s near x = 100 m, where the edge of the ceiling existed, were
compared between Cases 2-1 and 3-1. Figure 10a,b show the distributions of smoke in Cases 2-1 and
3-1, respectively. As shown in these figures, the progress of smoke was faster in Case 3-1 than in
Case 2-1. This result indicated that the wind velocity from the jet fan decreased in the region with a
low ceiling. Thus, the jet fan did not sufficiently control the smoke because of the edge on the ceiling.
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Then, we examined Case 3-2, in which the wind velocity was increased to 25 m/s. Figure 11 shows
the temporal development of Cs in Case 3-2. As shown in these figures, smoke barely progressed at any
time owing to control of the smoke using the jet fan. To examine the reason for this, the distributions
of smoke at t =160, 180, 200 and 220 s near x = 100 m, where the edge on the ceiling existed, were
investigated. Figure 12 shows the investigation results. As can be seen, smoke did not reach the
edge on the ceiling as it was controlled using the jet fan, indicating that the flow of smoke could be
controlled. Therefore, in cases in which the edge exists on the ceiling of the tunnel, the wind velocity
of a jet fan must be larger than a certain value.
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3.3. Evacuation Simulation and Evacuation Time

Based on the results obtained using the FDS, evacuation behavior was simulated. Figure 13
shows the simulated evacuation behavior near the emergency exit in Case 1. This figure shows the
evacuation behaviors of 500 evacuees near the tunnel exit 240 s after the fire broke out. Since no vehicle
was placed in the tunnel in this simulation, evacuees could take the shortest route toward the exit.
Since the distance between evacuees was sufficiently large, there was no bottle neck, that is, congestion
of evacuees, near the exit.

Next, the effect of the number of evacuees on the evacuation time was examined. This time, the
evacuation time was calculated when the number of evacuees was changed from 1 to 500 in Case 1.
It was found that the evacuation time was the constant of 1260 s, even when the number of evacuees
was changed. This was probably because the number of evacuees was sufficiently small compared to
the tunnel size and the evacuees could therefore reach the exit without experiencing congestion. It was
revealed that the evacuation time was determined by the time when the evacuee who was farthest
away from the exit reached the exit. Since the evacuation began 240 s after the fire had broken out, the
actual time required for the evacuation was approximately 1020 s. Since the evacuation time was longer
than the time calculated based on the evacuation of approximately 600 m at a velocity of 1 m/s, it was
suggested that the evacuees moved toward the exit while being trapped in smoke. The evacuation
time was also obtained by allocating 500 evacuees in Cases 2-1, 2-2, 3-1 and 3-2. The evacuation times
were 840, 840, 1194 and 840 s in Cases 2-1, 2-2, 3-1 and 3-2, respectively.
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Therefore, when the number of evacuees was smaller than 500, the evacuation time was constant.
Focusing on the distribution of smoke in the tunnel and the last evacuee, we discussed the evacuation
from the tunnel. In Figure 14a-e, the location of the last evacuee at every 120 s is indicated in blue
and the region in which the optical density of smoke exceeded 0.4 1/m every 120 s is indicated in
red for Cases 1 to 3-2, respectively. First, the results shown in Figure 14a for Case 1 were examined.
Since high-temperature smoke began to fall at a place that was distant from the ignition source owing
to the reduction in its temperature, the smoke progressed further than the evacuees at t = 360 s.
Because of this, evacuees who began to evacuate at t = 240 s were surrounded by smoke at t = 360 s.
After t = 463 s, the evacuees were covered with smoke and their evacuation velocities decreased.
If the evacuee was surrounded by the smoke, it was considered to be a dangerous and inappropriate
evacuation, corresponding to an unsuccessful evacuation.

Next, we examined Case 2-1, in which the wind flowed uniformly at 0.5 m/s in the tunnel.
As shown in Figure 14b, since the smoke did not advance further than the evacuees, the evacuees were
not covered with smoke and they were able to reach the exit. Therefore, the evacuation time was 840 s,
which was the shortest among the cases. As shown in Figure 14c of Case 2-2, in which the wind flowed
uniformly at 1.0 m/s in the tunnel, it was confirmed that the evacuees were not covered with smoke,
with an evacuation time of 840 s.

Figure 14d shows the time history of evacuation distance in Case 3-1. As already confirmed in
Figure 9, the smoke could not be controlled using the jet fan in Case 3-1 and the smoke progressed
further than the evacuees at t = 360 s, similar to Case 1. Figure 14e shows the time history of the
evacuation distance in Case 3-2, in which the flow velocity of the jet fan was increased to 25 m/s.
As shown in this figure, since the progress of smoke could be controlled by the wind from the jet fan,
the evacuees were not caught in smoke; consequently, the evacuation time was 840 s, which was also
the shortest time among the cases. The evacuation of Case 3-2 as well as Cases 2-1 and 2-2 corresponds
to the success of evacuation. Therefore, when an edge on the ceiling exists in a tunnel, the wind
velocity of the jet fan must be large enough to prevent the smoke from spreading.
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4. Conclusions

In this study, the numerical simulation of tunnel fire was conducted for assessing evacuation
safety. To evaluate the ventilation system with a jet fan in the tunnel, the evacuation time in smoky
conditions was discussed. The edge on the ceiling of an actual tunnel was considered, at which
the installed transverse ventilation system equipped with the ventilation duct was changed to the
longitudinal ventilation system with the jet fan. Although the number of evacuees varied from 1 to 500,
the evacuation time was constant. Since the evacuees could reach the exit without being congested,
the evacuation time was determined by the evacuee who was farthest away from the exit. In cases in
which the edge on the ceiling existed at the upper part of the tunnel and ventilation in the tunnel was
controlled, if the wind velocity of the jet fan was not larger than a certain value, the flow of smoke
could not be controlled; consequently, the evacuation time was prolonged.
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