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Abstract: The most used fire effect models on evacuees are only focused on the physical capacity
of the evacuees. However, some of the evacuees in a fire situation continuously move through
the familiar route, although the familiar route is smoke-filled and they know that they are moving
towards the fire source. Thus, the additional evacuation models are required for considering the
behavioral changes due to the psychological pressure when the evacuees are moving through the
smoke or towards the fire source. In this study, the inner smoke region force is modified to improve
the accuracy and practicality of the BR-smoke model by varying the walking speed according to the
smoke density. Additionally, the BR-smoke model is applied to FDS+Evac to compare the simulation
results of the modified BR-smoke model with those of existing models. Based on the results, the
evacuation characteristics inside the smoke region can be improved by using the modified BR-smoke
model because the evacuees are continuously influenced by the modified inner smoke force inside
the smoke region. However, additional studies for determining more reliable evacuee psychological
factors are required to improve the reality of the modified BR-smoke model.

Keywords: evacuation; interaction between smoke and evacuees; inner smoke force; modified
BR-smoke model

1. Introduction

Recently, the performance-based design of buildings has been regulated to reduce property
damage and casualties in building fire situations [1]. Additionally, assessing building evacuation
characteristics is highly important for decreasing the number of casualties and improving evacuation
safety in fire situations. Most evacuation models apply various walking speeds according to the smoke
density [2,3] and a suffocation effect according to the amount of toxic gases from the fire [4] when
considering the interaction between a fire and the evacuees. These models focus on the variation in the
physical capacities of the evacuees such as their walking speed and whether they live or die. Thus,
these models cannot estimate behavioral changes due to the psychological pressure experienced when
the evacuees are confronted with a fire.

Moreover, it is assumed that the evacuees do not move forward to the fire and smoke region in a
fire situation. Thus, those two models for walking speed [2,3] and toxic effect [4] are suitable to the fire
simulation with this assumption. However, the evacuees in a fire situation would get into a panic and
they should move based on their instincts because they cannot make a rational decision [5]. Especially,
the evacuees in a panic continuously move through the familiar route according to the homing instinct,
although the familiar route is smoke-filled and they know that they are moving towards the fire
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source [6–8]. Therefore, the evacuees who are finishing the evacuation by moving through the smoke
or around the fire source have to be considered in the evacuation scenario of the fire simulation.
However, as previously described, the models for the fire effect on the evacuees are only focused on the
physical capacity of the evacuees, and these models cannot consider the behavioral changes due to the
psychological pressure when the evacuees are moving through the smoke or towards the fire source.

Recently, Bae and Ryou [9] suggested a force-based model (BR-radiation model) for considering
behavior changes due to the pressure experienced when evacuees feel the radiative heat flux from
a fire. They converted the psychological pressure from the radiative heat flux into the radiation
force, which causes the evacuees to move while avoiding the fire source. Then, they compared
the new evacuation model with existing models and identified that the reliability of the evacuation
characteristics can be improved by using their proposed evacuation model. Afterwards, Bae et al. [10]
performed an experimental study to improve the practicality of the simulated interaction between
evacuees and a fire via radiation. The reliability and practicality of the BR-radiation model was further
improved by applying experimental results to the BR-radiation model.

Bae and Ryou [11] suggested another force-based model (BR-smoke model) for considering
behavioral changes due to the pressure experienced when evacuees are confronted by the smoke region.
The smoke force, which represents the psychological pressure from the smoke region, is divided into
an outer and inner smoke region force to improve model accuracy and practicality. They also identified
an improvement in the reliability of the evacuation characteristics by comparing the proposed model
with existing models. However, the reliability of the BR-smoke model was diminished by the inner
smoke region force because it was assumed that the inner smoke region force was directly proportional
to the visibility at the position of the evacuees. Hence, the inner smoke region force decreased as the
smoke density increased, although the probability of a direction change of the evacuees increases as
the smoke density is increased [12]. Thus, a modification of the inner smoke region force is required to
improve the reliability of the BR-smoke model.

Therefore, in this study, the inner smoke region force of the BR-smoke model is modified by the
varying walking speed according to the smoke density [3]. In addition, the BR-smoke model is applied
to FDS+Evac [13], which can simultaneously calculate the fire and evacuation simulations. Then,
the simulation results of the modified BR-smoke model are compared with those of existing models to
verify the reliability of the BR-smoke model.

2. Modification of the BR-Smoke Model

2.1. Helbing’s Movement Model

The Helbing’s movement model [14] is one of the widely used models for estimating the
movement of the evacuee, and it can be categorized as the force-based model. That is, the Helbing’s
movement model was developed by substituting the psychological pressures experienced by the
surrounding people or environment into the interaction forces between evacuee and evacuees or walls,
respectively. The movement characteristics are then estimated by using the mathematically modeled
forces (social force, contact force, and attraction force). The Helbing’s movement model is represented
as follows:

mi
d2xi

dt2 =
mi
τi

(
vo

i + vi
)
+

∑
i, j

(
fsoc

i j + fcont
i j + vatt

i j

)
+

∑
W

(
fsoc

iw + fcont
iw

)
(1)

where xi(t) is the position vector of the agent, vi
o(t) is the desired walking speed of the agent, vi(t) is

the estimated walking speed of the agent, τi is a certain characteristic time for each evacuee, and fsoc,
fcont, and fatt are the social force, contact force, and attraction force, respectively.

However, as represented in Equation (1), the Helbing’s movement model cannot consider the fire
effect on the evacuation movement, because the fire effects which come from the fire source and the
smoke are not included in the model. Therefore, an additional model for considering the fire effect on
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the evacuees should be required for improving the accuracy of the evacuation simulation results in a
fire situation.

2.2. Existing Smoke Force Model

As previously described, Bae and Ryou [11] suggested the force-based model, BR-smoke model,
for considering the effect of the smoke from the fire on the evacuees. In the BR-smoke model, the forces
for an outer/inner smoke region were included for considering the psychological pressures experienced
when the evacuees are confronted with the smoke or they move through the smoke, respectively.
The BR-smoke force is represented as follows:

fiS = fouter
iS + finner

iS = SiS exp
(
−dS

i

)
u
(
dS

i

)
niS + SiS

Vi
V∞

(
1− u

(
dS

i

))
niS (2)

where fiS, fiS
outer, and fiS

inner are the BR-smoke force, the outer smoke region force, and the inner smoke
region force, respectively. Moreover, di

S is the minimum distance between the human and the smoke,
niS is the unit vector pointing from the smoke boundary to the human, SiS is the maximum value,
125 N, of the BR-smoke force, u(di

S) is the unit step function at di
S = 0, and Vi and V∞ are the visibility

at the position of the evacuees and the maximum visibility, 30 m, respectively.
The BR-smoke model was then suggested by applying the BR-smoke force on the Helbing’s

movement model. After that, they verified that the reliability of the evacuation simulation in the
smoke-filled area can be improved by applying the BR-smoke model.

2.3. Modification of the BR-Smoke Model

As previously described, the inner smoke region force represents the pressures experienced when
evacuees move through the smoke region. This force acts on the evacuees to induce them to seek
egress from the smoke region for their safety. However, as represented in Equation (2), it is assumed
that the inner smoke region force is proportional to the visibility at the position of the evacuees. Thus,
the magnitude of the inner smoke region force decreases as the evacuees move towards the dense
smoke region.

Therefore, the inner smoke region force needs to be modified to improve the reliability of the
BR-smoke force. In this study, it is assumed that the inner smoke region force is directly proportional to
the variation in smoke density according to the time. In addition, the model representing the variation
in the walking speed according to the smoke density [3] is used to determine the inner smoke region
force that satisfies the above assumption. That is, the acceleration of evacuees in a smoke region is
derived by differentiating the Frantzich and Nilsson correlation by time. Then, the acceleration is
represented as follows:

dvo
i

dt
=

d
dt

(
vo

i + Ksvo
i
β

α

)
= vo

i
β

α
dKs

dt
(3)

where vi
o is the desired speed of the evacuees, Ks is the extinction coefficient ([Ks] = m−1), and α and β

are the coefficients 0.706 ms−1 and −0.057 m2 s−1, respectively [3].
Then, the magnitude of the inner smoke region force can be derived by multiplying the evacuee’s

mass by the acceleration, and the magnitude of the inner smoke region is represented as follows:

finner
iS = miai = mi

dvo
i

dt
niS = mivo

i
β

α
dKs

dt
niS (4)

where mi is the mass of the evacuees. Moreover, the direction of the inner smoke region force, niS,
is assumed to be the inner product of the opposite walking direction and the minimum distance
direction between the evacuee and boundary of the smoke region.

Furthermore, the individual psychological pressure outside of the smoke region cannot be
considered with the existing BR-smoke model, because the maximum value of the BR-smoke force
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was specified as a constant value, 125 N, as described in Section 2.2. Thus, the maximum value of the
outer smoke region force, SiS, is also modified by applying the maximum magnitude of the individual
motive force, mivi

o/τi.
Then, based on these modifications, the modified smoke force of the BR-smoke model is represented

as follows:

fiS = fouter
iS + finner

iS =
mivo

i
τi

exp(−dis)u(dis)niS + mivo
i
β

α
dKs

dt
(1− u(dis))niS (5)

Finally, the modified smoke force is applied to the force-based evacuation model, Helbing’s social
force model [14], and the modified BR-smoke model is as follows:
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+ fiS (6)

The modified BR-smoke model is applied to FDS+Evac [14], which can simultaneously calculate
the fire and evacuation simulations. Then, the evacuation characteristics and forces acting on the
evacuees are compared with the correlation of Frantzich and Nilsson and the BR-smoke model.

3. Simulation Conditions

Figure 1 represents the computational domain and desired direction for every grid point. As shown
in Figure 1a, the arbitrary space that has dimensions of 24 m (L) × 16 m (W) × 2.4 m (H) is used to
analyze the evacuation characteristics. The fire source is positioned at the center of the computational
domain, and the size of the fire is assumed to be 2.0 MW. Additionally, the fire growth is ignored to
maximize smoke generation and spreading.

Energies 2020, 13, x FOR PEER REVIEW 4 of 10 

 

𝐟𝑖𝑆 = 𝐟𝑖𝑆
𝑜𝑢𝑡𝑒𝑟 + 𝐟𝑖𝑆

𝑖𝑛𝑛𝑒𝑟 =
𝑚𝑖𝑣𝑖

𝑜

𝜏𝑖
exp(−𝑑𝑖𝑠)u(𝑑𝑖𝑠)𝐧𝑖𝑆 +𝑚𝑖𝑣𝑖

𝑜
𝛽

𝛼

𝑑𝐾𝑠
𝑑𝑡

(1 − u(𝑑𝑖𝑠))𝐧𝑖𝑆 (5) 

Finally, the modified smoke force is applied to the force-based evacuation model, Helbing’s social 

force model [14], and the modified BR-smoke model is as follows: 

𝑚𝑖

𝑑2𝐱𝑖
𝑑𝑡2

=
𝑚𝑖

𝜏𝑖
(𝐯𝑖

𝑜 + 𝐯𝑖) +∑(𝐟𝑖𝑗
𝑠𝑜𝑐 + 𝐟𝑖𝑗

𝑐𝑜𝑛𝑡 + 𝐯𝑖𝑗
𝑎𝑡𝑡)

𝑖≠𝑗

+∑(𝐟𝑖𝑤
𝑠𝑜𝑐 + 𝐟𝑖𝑤

𝑐𝑜𝑛𝑡)

𝑊

+ 𝐟𝑖𝑆 (6) 

The modified BR-smoke model is applied to FDS+Evac [14], which can simultaneously calculate the 

fire and evacuation simulations. Then, the evacuation characteristics and forces acting on the evacuees are 

compared with the correlation of Frantzich and Nilsson and the BR-smoke model. 

3. Simulation Conditions 

Figure 1 represents the computational domain and desired direction for every grid point. As shown 

in Figure 1a, the arbitrary space that has dimensions of 24 m (L) × 16 m (W) × 2.4 m (H) is used to analyze 

the evacuation characteristics. The fire source is positioned at the center of the computational domain, 

and the size of the fire is assumed to be 2.0 MW. Additionally, the fire growth is ignored to maximize 

smoke generation and spreading. 

  

(a) (b) 

Figure 1. The (a) computational domain and (b) desired direction of every grid point. 

Forty-seven adult males are positioned along the left and top walls of the computational domain to 

cause the evacuees to be influenced by the smoke region during evacuation. As represented in Figure 

1a, the initial position and direction of the evacuees are all controlled for minimizing the random effect 

on the simulation results for each case. Moreover, all the evacuees immediately begin to evacuate after 

the fire occurs to the exits located at the center of the bottom and right walls. In FDS+Evac, the desired 

direction of the evacuees is determined by the potential flow field of the computational domain [13]. If 

the path for bypassing the fire is not specified, some evacuees move through the fire source. Therefore, 

an arbitrary obstruction is placed around the fire for evacuees to bypass the fire in the evacuation 

domain. The desired direction for all positions in the computational domain is shown in Figure 1b. 

Table 1 lists the simulation cases according to the evacuation model. As listed in Table 1, all 

conditions, except for the movement model, are the same for each case. In Case 1, the Helbing’s social 

force model [14] is used to analyze the evacuation characteristics, and the Frantzich and Nilsson 

correlation [3] is applied to consider the interaction between the fire and evacuees. In Case 2, the BR-

model suggested by Bae and Ryou [11] is used to analyze the evacuation characteristics. In Case 3, the 

modified BR-model is used to analyze the evacuation characteristics. Additionally, in Cases 2 and 3, the 

Frantzich and Nilsson correlation [3] is applied to consider the walking variation according to the smoke 

density. Moreover, the random force acting on the evacuees are ignored for minimizing the random 

Figure 1. The (a) computational domain and (b) desired direction of every grid point.

Forty-seven adult males are positioned along the left and top walls of the computational domain
to cause the evacuees to be influenced by the smoke region during evacuation. As represented in
Figure 1a, the initial position and direction of the evacuees are all controlled for minimizing the random
effect on the simulation results for each case. Moreover, all the evacuees immediately begin to evacuate
after the fire occurs to the exits located at the center of the bottom and right walls. In FDS+Evac,
the desired direction of the evacuees is determined by the potential flow field of the computational
domain [13]. If the path for bypassing the fire is not specified, some evacuees move through the fire
source. Therefore, an arbitrary obstruction is placed around the fire for evacuees to bypass the fire in
the evacuation domain. The desired direction for all positions in the computational domain is shown
in Figure 1b.
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Table 1 lists the simulation cases according to the evacuation model. As listed in Table 1, all conditions,
except for the movement model, are the same for each case. In Case 1, the Helbing’s social force
model [14] is used to analyze the evacuation characteristics, and the Frantzich and Nilsson correlation [3]
is applied to consider the interaction between the fire and evacuees. In Case 2, the BR-model suggested
by Bae and Ryou [11] is used to analyze the evacuation characteristics. In Case 3, the modified
BR-model is used to analyze the evacuation characteristics. Additionally, in Cases 2 and 3, the Frantzich
and Nilsson correlation [3] is applied to consider the walking variation according to the smoke density.
Moreover, the random force acting on the evacuees are ignored for minimizing the random effect on
the simulation results for each case. Then, the evacuation characteristics are analyzed by comparing
forces (motive force, social force, and smoke force) and walking speed.

Table 1. The cases for the fire and evacuation simulations.

Case 1 Case 2 Case 3

Movement Model Social force model [14] Existing BR-smoke model [11] Modified BR-smoke model

Fire Grid Size 0.2 m

Fire Growth Ignored

Fire Size 2 MW (toluene)

No. of Evacuees 47 males

Evacuation Grid Size 0.4 m

Variation of Walking Speed Correlation from Frantzich and Nilsson [3]

4. Results and Discussion

Figures 2 and 3 represent the distribution of the evacuees at 2 and 4 s, respectively. As represented
in Figure 2, the distributions of the evacuees at 2 s are nearly the same between the cases because the
smoke region is farther away from the evacuees and can influence them less. However, as represented
in Figure 3, the distributions of the evacuees after 4 s are significantly different from each other because
the evacuees are confronted by the smoke region and move through it after 4 s. Some evacuees for
Case 1 at 4 s walk into the smoke region because the interaction between the evacuees and the smoke
region is not considered in the evacuation simulation. In contrast, the evacuees for Cases 1 and 2 at 4 s
hesitate to walk into the smoke region, and they are distributed around the boundary of the smoke
region because of the influence of the outer smoke region force.

Figure 4 represents the forces acting on a representative evacuee and the walking speed when the
representative evacuee is confronted by the smoke region. An evacuee initially positioned nearby the
upper left corner is selected as the representative evacuee because it is assumed that this evacuee is
evacuated last from the computation domain for every case. The motive force applied in FDS+Evac
for simulating the evacuation is used for making the evacuees move along the desired direction as
predetermined by the potential flow. Moreover, the social force is used for making the evacuees change
the walking speed and direction when they are confronted with the other evacuees or obstacles.
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As represented in Figure 4a, the representative evacuee for Case 1 changes its walking speed only
according to the influence of the motive and social forces. Based on these acting forces, the representative
evacuee for Case 1 initially moves along the predetermined direction and changes its walking speed
and direction after being confronted with the other evacuees. That is, it is confirmed that the behavioral
changes of the evacuees due to the smoke cannot be considered with the Helbing’s movement model.

In contrast, the representative evacuees for Cases 2 and 3 change their walking directions and
decrease their walking speed because they are influenced by the outer smoke region force when
confronted by the smoke region (Figure 4b,c). In addition, the social forces for Cases 2 and 3 do not
act on the representative evacuee, in contrast with Case 1, because the representative evacuees for
Cases 2 and 3 are further away from the other evacuees due to the influence of the outer smoke region
force at around 5 s. That is, it is confirmed that the behavioral changes of the evacuees due to the
smoke can be well considered by applying the BR-smoke model.

Figures 5 and 6 represent the distributions of the evacuees at 8 and 12 s, respectively. As represented
in Figure 5, the evacuees in Case 1 that are moving towards the right exit are further away from the fire
in contrast with those moving towards the bottom exit. In addition, the distributions for Cases 2 and 3
are extremely similar to each other at this time because the distribution is estimated by the influence
of the outer smoke region force. Moreover, as represented in Figure 6, the distributions at 12 s are
somewhat different from each other. The evacuees in Case 2 are congregated around the center of
the computational domain in the y-direction because the evacuees only move towards the exit with
the motive force influence. In contrast, the evacuees in Case 3 are further away from the fire while
maintaining the distribution of that at 8 s because the evacuees are continuously changing their walking
direction because of the influence of the modified inner smoke region force.
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Figure 7 represents the forces acting on the representative evacuee and the walking speed when the
representative evacuee moves through the smoke region. As represented in Figure 7a, the representative
evacuee for Case 1 changes its walking direction according to the influence of the motive and social
forces. Additionally, in contrast with Figure 4, the magnitude of the social force rapidly increases at 17 s,
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which is caused by the approach of the other evacuees. Based on these acting forces, the representative
evacuee rapidly decreases its walking speed because the representative evacuee moves towards the
crowed space around the bottom exits. That is, it is once again confirmed that the influence of the
smoke on the evacuees cannot be considered with the Helbing’s movement model.
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As illustrated in Figure 7b, the representative evacuee for Case 2 is not influenced by the inner
smoke region force because it is assumed that the existing inner smoke region force is proportional to
the visibility [11]. Therefore, the representative evacuee for Case 2 is only influenced by the motive
force, which means that the evacuees for Case 2 move towards the exit along the predetermined desired
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direction. As a result of these acting forces, the evacuees for Case 2 are distributed around the center of
the computational domain in the y-direction because the desired directions around the upper right
side are predetermined to move towards the right side (Figure 1b).

In contrast with Figure 7b, the representative evacuee for Case 3 is influenced by the motive and
smoke forces (Figure 7c). The evacuees for Case 3 are continuously influenced by the inner smoke
region force when they move through the smoke region. As a result of these acting forces, the evacuees
for Case 3 are distributed further away from the fire, and they maintain an extended distribution inside
the smoke region (Figure 6). That is, it is confirmed that the behavioral changes of the evacuees inside
the smoke region can be well considered by applying the modified BR-smoke model.

5. Conclusions

In this study, the inner smoke region force of the BR-smoke model is modified by varying the
walking speed according to the smoke density. Then, the modified BR-smoke model is applied to
FDS+Evac to analyze the evacuation characteristics and is compared with those of existing models
(Helbing’s social force model with the correlation between walking speed and smoke density and the
existing BR-smoke model). The conclusions of this study are as follows:

1. It is confirmed that the behavioral changes of the evacuees due to the smoke cannot be considered
with the Helbing’s movement model. Thus, the BR-smoke model should be applied for considering
the behavioral changes against the smoke. However, the behavioral changes inside the smoke
region cannot be considered by using the existing BR-smoke model because the inner smoke
region force does not act on the evacuee due to the decreased visibility.

2. The evacuation characteristics inside the smoke region can be improved by using the modified
BR-smoke model because the evacuees are continuously influenced by the modified inner smoke
force inside the smoke region. However, additional studies for determining a more reliable
evacuee psychological factor are required to improve the reality of the modified BR-smoke model.
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