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a b s t r a c t 

Evidence suggests that in the event of a fire accident, a certain number of building occupants escape through 

smoke-filled environments. Consequently, evaluating the corresponding evacuation performance under such 

life-threatening conditions is important for advancing fire safety analyses. This study aimed to develop a fire- 

integrated evacuation model to consider the effects of spreading fire hazards (i.e., radiation, temperature, toxic 

gas, visibility) on evacuees in a room fire evacuation scenario. Furthermore, a novel quantitative approach was 

introduced to evaluate evacuees’ local fire risks and stress levels according to their egress paths. The escape char- 

acteristics at various stages of fire development were studied as well. The results demonstrate that evacuation 

performance varies considerably depending on the severity of evacuees’ confronted fire hazard conditions, which 

emphasizes the importance of minimizing the pre-evacuation time in fire evacuation emergencies. 
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a

. Introduction 

In the event of building fire emergencies, having well-designed fire

vacuation strategies in place is critical for facilitating the safe escape

f building occupants before their evacuation routes become unten-

ble, thus upholding life safety [1–3] . Achieving this aim requires an

n-depth understanding of evacuation dynamics. Thus, several egress

rills [4] and pedestrian-based experiments have been conducted [5–9] .

lthough these efforts have provided insights for a better understand-

ng of evacuation dynamics, many challenges and limitations remain.

pecifically, experimental studies are time-consuming and expensive.

ost importantly, these experiment-based approaches may not be able

o completely represent real fire building evacuation conditions (i.e.,

ife-threatening conditions) owing to ethical and safety concerns. 

In current performance-based fire safety engineering, the well-

ecognized required safe egress time/available safe egress time

RSET/ASET) concepts [10] have been widely adopted as assessment

pproaches to determine the fire safety performance in a wide variety

f building types, such as metro stations [11] and Tokyo Olympic sta-

ium [12] . Specifically, ASET describes the duration before a building

xceeds the fire tenability criteria, usually determined by fire simulation

odels according to the development of fire conditions. However, RSET

epresents the required time for occupants to egress out of the building,

hich is often determined by pedestrian evacuation simulation models.
∗ Corresponding author. 
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s shown in Fig. 1 , for a given fire evacuation scenario, by evaluating

he ASET and RSET in parallel, the safety assessment is considered sat-

sfactory if ASET is greater than RSET plus a reasonable safety margin

13] . 

Nonetheless, Purser [14] suggested that the occupant behaviors in-

olved in building fire evacuations generally depend on three main com-

onents: 1) building characteristics (i.e. , occupancy types, fire safety

anagement systems, building layouts), 2) occupant characteristics, and

) fire dynamics (i.e. , situations where occupants are exposed to fire ef-

uents). However, as demonstrated by Galea et al. [15] in the coupled

re evacuation analysis of the Station Nightclub Fire, a major flaw of

he RSET/ASET approach is that the safety analysis is performed with-

ut exposing evacuees to the evolving fire dynamics, which assumes no

nteractions between these occupants and fire effluents during the entire

ourse of the evacuation. In addition, Kuligowski [16] suggested that fire

afety engineers should not simply assume that building occupants will

ave no interaction with fire hazards, such as avoiding moving through

moke-filled situations. Noticeably, studies suggest that a large number

f occupants escape through smoke-filled conditions during building

re emergencies. Moreover, escaping under such deteriorating condi-

ions inevitably affects evacuees’ behavioral responses as well as their

ovement dynamics [17] . For instance, evacuees’ movement speeds can

low significantly when they are exposed to toxic or high-temperature

moke during a fire evacuation. Furthermore, various physiological and
 September 2022 
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Fig. 1. Required Safe Egress Time/Available Safe Egress Time. 
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p  
ehavioral effects (e.g. , physical incapacitation, faulty decision-making,

anic) may occur in these evacuees after further exposure to fire haz-

rds [18] . This highlights the importance of understanding evacuees’

ehavioral responses and their corresponding evacuation dynamics un-

er the impacts of fire effluents during their evacuation, for which the

SET/ASET approach cannot be explicitly determined. 
76 
To date, various evacuation models have considered the impact of

re hazards on evacuees in evacuation simulations. The computer soft-

are package (i.e. , HAZARD I [19] ) developed at the National Institute

f Standards and Technology (NIST) in the 1980s can be considered

n earlier attempt to adopt this fire-coupling concept, which showed

nly text output that incorporated the smoke effects on people. EX-

DUS [20] was likely the first agent-based evacuation model linked

ith fire data to consider the impact of fire on simulated evacuees.

ater, it further developed some adaptive behavioral features (e.g. , oc-

upant redirection in response to smoke) in its extended model, known

s building EXODUS [21] . Furthermore, a series of commercial and pub-

icly accessible simulation tools have been established (e.g. , STEPS [22] ,

DS + Evac [23] , Pathfinder [24] ), which offer additional options to in-

estigate evacuation performance by coupling with dynamic fire hazard

ata. 

In addition to these established simulation tools, an increased num-

er of simulation studies have been performed. For example, Zheng et al.

25] proposed an extended floor field model to consider the changes in

edestrian movement behavior (i.e., bending over, walking, and crawl-
Fig. 2. Framework of dynamic fire hazards in- 

tegrated evacuation model. 



R.F. Cao, E.W.M. Lee, W. Xie et al. Journal of Safety Science and Resilience 4 (2023) 75–92 

Fig. 3. Schematic diagram of importing the synchronized fire hazards data into the evacuation space. 

Fig. 4. Schematic diagram of dynamic fire impacts on evacuees’ evacuation 

movement and the received fire risks. 
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ng) under the influence of fire and smoke spreading. Cao et al. [26] in-

estigated exit selection and pedestrian movement in a rectangular-

haped room with two exits during fire emergencies. Fang et al. [27] pro-

osed a multi-grid evacuation model to study the impacts of fire-related

hreats to human life, such as toxic smoke and heat, in which a parame-

er was introduced to represent the degree of influence of the fire on the

ccupants’ movement. In addition, its application to building fire risk as-

essment when occupants evacuate from a burning building is discussed

n terms of force-based evacuation models. Bae and Ryou [28] further

xtended the social force model [29] and introduced a smoke effect

odel that attempts to represent the effects of psychological pressure

rom the smoke that acted on evacuees, while escaping from a smoke-

lled compartment. Nguyen et al. [30] conducted a case study based on

oupled FDS + Evac simulation tools to investigate the evacuation strate-

ies of a tall tower under the influence of spreading smoke. Li et al.

31] proposed an agent-based simulator called FREEgress to examine

he influence of fire hazards on evacuees’ physiological conditions, in-
77 
luding mobility and health conditions, in a museum fire evacuation

cenario. 

The currently established fire-coupled models have demonstrated

heir capabilities in considering the effects of smoke, heat, and toxic

ases on evacuees’ mobility and health conditions, such as linking evac-

ees’ moving speed to the level of smoke concentration or visibility

32] and determining the level of incapacitation for evacuees (i.e. , the

oint at which evacuees lose their ability to escape after being exposed

o toxic and high-temperature fire environments), using fractional ef-

ective dose (FED) calculations [18] . Nevertheless, it should be noted

hat the impacts on evacuees during fire emergencies are not merely

imited to the variation of physical abilities and physiological effects

33] . The perceived fire danger in evacuation poses psychological stress

o evacuees as well [34] . Stress, as a key psychological variable, also

lays an important role in determining evacuees’ behavioral responses,

specially under emergency circumstances [ 35 , 36 ]. Depending on the

xtent of the threat perceived from fire hazards, the stress level expe-

ienced by each evacuee varies. This variation is expected to lead to

ifferent psychological states and subsequently cause different egress

esponses and behaviors (i.e. , triggering competitive behaviors [ 37 , 38 ],

ffecting evacuees’ decision-making [ 39 , 40 ], and moving speed [41] ).

he earlier proposed model [42] recognized the critical role of stress in

re evacuation and incorporated a stress factor. However, detailed fire

azard data (e.g. , smoke and toxic gases) were not incorporated into the

nalysis. 

To the best of our knowledge, none of the existing fire evacuation

odels has thoroughly addressed the connection between each evac-

ee’s locally encountered risks and their stress variation under the im-

act of fire hazards. This study developed a novel fire hazard integrated

vacuation model to address this limitation. The proposed model can

ffectively capture the propagating fire products and evaluate the fire

mpacts on the evacuees’ evacuation performance (i.e., inspecting the

gress dynamics and risk level in close threat proximity to fire hazards).

n addition, it also allows a quantitative assessment of evacuees’ stress

ariation in deteriorating fire environments based on their local fire

isk levels. This study offers additional insights for evaluating evacua-

ion performance in highly stressful building fire evacuation situations,

hich further contributes to building fire safety design and crowd emer-

ency management. 

The remainder of this paper is organized as follows. Section 2 in-

roduces the framework and methodology of the proposed dynamic fire

azard integrated evacuation model. To demonstrate the features of the

roposed model, Section 3 describes the simulation settings of a typical

uilding compartment fire evacuation scenario. Section 4 presents the

imulation results and discusses the limitations of the model and future

ork. Finally, Section 5 concludes the paper. 
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Fig. 5. Evacuees’ fire risks evaluation functions (i.e. , to convert fire hazards in a location in evacuation space to a fire risk level between the lowest value 0 and 

highest value 1). 

Fig. 6. Comparison of exposed fire risks and 

level of stress between agents A and B. 

78 
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Fig. 7. Geometry configuration of the designed fire evacuation scenario. 
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Fig. 9. Heat release rates of the designed compartment room fire in this study. 
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. Model methods 

.1. Model framework 

The framework of our proposed dynamic fire hazards integrated

vacuation model is illustrated in Fig. 2 , which includes three modules

input, simulation, and result analysis). By coupling these three mod-

les, the proposed model can consider the direct impact of spreading

re effluents (i.e., radiation, temperature, toxic gas, visibility) on evac-

ees. 

i) Input module: The following three key components of the initial in-

put data are assigned in the module before the start of the evacuation

simulation: 1) building layouts (e.g. , walls and exits); 2) evacuees’

distributions (e.g. , locations and density) and characteristics (e.g. ,

body size and weight); and 3) dynamic fire hazards imported from

the fire simulation module (i.e. , FDS), which is further introduced in

detail in Section 2.2 . 

ii) Simulation module: The initial evacuation settings (e.g. , evacuees’

initial positions and fire hazard conditions at each time step within
79 
the building) are transferred into the evacuation space domain to

initiate fire-hazard-coupled evacuation simulations. In other words,

the module computes the dynamic interactions between evacuees

and the spreading fire hazards within the building geometry. The

detailed implementation of the simulation module is introduced in

Section 2.3 , including the calculation of the effects of fire hazards

on evacuees’ movement (i.e. , Sections 2.3.1 and 2.3.2 ), and the im-

pacts of dynamic fire hazards on evacuees can be assessed (i.e. ,

Section 2.3.3 ). 

ii) Result analysis module: Following the completion of evacuation sim-

ulations, the agent-based dynamic interactions between evacuees

and fire hazards are recorded for visualization and risk evaluation.

In addition, critical evacuation performance parameters such as to-

tal evacuation time, egress trajectories, and untenable or high-risk

areas are recorded for further result analysis and safety planning. 

.2. Importing dynamic fire products 

The behavioral responses and movement dynamics of evacuees can

e severely affected by exposure to fire hazards (e.g. , smoke and toxic

ases). Incorporating dynamic fire hazards into evacuation simulations
Fig. 8. Illustration of the designed fire evacu- 

ation scenario: (a) top view and (b) isometric 

view. 
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Fig. 10. Evacuation space map with synchronized fire hazards data: (a) temperature plane, (b) visibility plane, (c) radiation plane, and (d) carbon monoxide 

concentration plane at fire growth stage 1 (i.e. , 20.0s) 
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s essential to provide a more reliable safety assessment for building

ccupants. This study adopted a computational fluid dynamics (CFD)-

ased fire simulation model developed by NIST (i.e. , fire dynamics sim-

lator (FDS) [43] ) to generate essential fire hazard data that spread

ithin the building geometry. The FDS fire simulation model has been

pplied in a wide range of studies from the field of fire safety engineer-

ng, such as determining the ASET [44] and investigating various fire

ehaviors of building compartments [45–47] . For the proposed model,

he fire data generated by FDS at each time step are synchronized with

he evacuation simulation to achieve interactions between evacuees and

preading fire hazards. Specifically, the generated fire evolution data

ere extracted at a height of 1.6 m (i.e. , the approximate eye-level

f standing adults) and then stored in two-dimensional sliced contour

lanes, including 1) radiant heat flux, 2) temperature, and 3) toxic gas

oncentration, which was taken as carbon monoxide (CO) in this study,

nd 4) visibility. As shown in Fig. 3 , the synchronized fire hazard data

re imported into the evacuation space map, which enables evacuees

o interact with their locally encountered fire hazards at each time step

long their egress paths during the evacuation period. 

.3. Evacuation in fire emergencies 

.3.1. Evacuees’ movement 

As one of the most representative force-based microscopic models,

he social force model (SFM) was first proposed by Helbing et al. [48] to
80 
escribe pedestrian movement dynamics. Since its proposal, an enor-

ous body of conceptual elaborations and extended research on evac-

ation dynamics have been generated based on the social force model

 49 , 50 ]. According to the model, the movement dynamics of pedestri-

ns can be described by a set of forces (i.e. , including the self-driving

orce 𝑚 𝑖 

𝑣 0 
𝑖 
( 𝑡 ) 𝑒 0 

𝑖 
( 𝑡 )− 𝑣 𝑖 ( 𝑡 ) 
𝜏𝑖 

, interactive force between two individuals 𝑓 𝑖𝑗 , and

oundary force 𝑓 𝑖𝑊 

). The mathematical description of the SFM theory

s as follows: 

 𝑖 

dv 𝑖 ( 𝑡 ) 
d 𝑡 

= 𝑚 𝑖 

𝑣 0 
𝑖 
( 𝑡 ) 𝒆 0 

𝑖 
( 𝑡 ) − 𝒗 𝑖 ( 𝑡 ) 
𝜏𝑖 

+ 

∑
𝐴𝑔𝑒𝑛𝑡 

( 𝑖 ≠𝑗 ) 

𝒇 𝑖𝑗 ( 𝑡 ) + 

∑
𝑊 𝑎𝑙𝑙 

𝒇 𝑖𝑊 

( 𝑡 ) (1)

As described in Eq. (1) , an evacuee 𝑖 with body mass of 𝑚 𝑖 moves to

he desired movement direction 𝑒 0 
𝑖 
( 𝑡 ) . 𝑣 0 

𝑖 
( 𝑡 ) is the desired moving speed

f 𝑖. 𝜏𝑖 is a time constant that represents the adaptation time for evacuee 𝑖

o reach its current moving velocity 𝑣 𝑖 ( 𝑡 ) . However, the earlier proposed

FM does not consider scenarios in which individuals move under fire

onditions. The evacuees in the model cannot respond to propagating

re hazards (e.g. , to avoid approaching fire hazards as in real life). Fol-

owing the approach proposed in [51] , as described in Eq. (2) , a fire

voidance force is introduced based on the social force model to pre-

ent evacuees’ unrealistic movement during evacuation (e.g. , evacuees

oving toward the center of a fire breakout location). Parameter 𝜆 re-

ects the intensity of the fire avoidance behavior of evacuee 𝑖 (i.e. , the
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Fig. 11. Snapshots of Case 1 evacuation scenario with evacuees (i.e. , agents A, B, and C) escaping through smoke conditions at various time steps. 
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ensitivity of agent 𝑖 to the fire products). 𝑓 
𝑓𝑖𝑟𝑒 

𝑖 
acts as a repulsive force

cting on evacuee 𝑖 , where the magnitude of this force depends on the

erceived fire risk from the fire radiant heat flux coefficient 𝜓 𝑅𝑎𝑑 
𝑖 

( 𝑡 ) and

he distance from evacuee 𝑖 to the center of the fire source location

 

𝑓𝑖𝑟𝑒 

𝑖 
( 𝑡 ) at time 𝑡 . This reflects an individual’s desire to alter their evacu-

tion path (i.e. , to evade the high heat flux covered areas while escaping

rom fire). In addition, 𝑛 
𝑓𝑖𝑟𝑒 

𝑖 
denotes the unit vector directed at 𝑖 from the

enter of the fire source. Consequently, the evacuee’s desire to escape

rom excessively high radiation from the fire can be achieved. Hence,

y combining the fire avoidance force 𝑓 
𝑓𝑖𝑟𝑒 

𝑖 
with the social force model,

he egress movement of evacuee 𝑖 is described in Eq. (3) : 

 

𝑓𝑖𝑟𝑒 

𝑖 
( 𝑡 ) = 𝜆 ⋅

[
1 + 𝜓 𝑅𝑎𝑑 

𝑖 
( 𝑡 ) 
]
⋅ exp 

[
− ⋅ 𝑑 𝑓𝑖𝑟𝑒 

𝑖 
( 𝑡 ) 
]
⋅ 𝑛 𝑓𝑖𝑟𝑒 

𝑖 
(2)

 𝑖 

d 𝑣 𝑖 ( 𝑡 ) 
d 𝑡 

= 𝑚 𝑖 

𝑣 0 
𝑖 
( 𝑡 ) 𝑒 0 

𝑖 
( 𝑡 ) − 𝑣 𝑖 ( 𝑡 ) 
𝜏𝑖 

+ 

∑
𝐴𝑔𝑒𝑛𝑡 

( 𝑖 ≠ 𝑗 ) 

𝑓 𝑖𝑗 ( 𝑡 ) + 

∑
𝑊 𝑎𝑙𝑙 

𝑓 𝑖𝑊 

( 𝑡 ) + 𝑓 
𝑓𝑖𝑟𝑒 

𝑖 
( 𝑡 ) (3)

.3.2. Effects of fire hazards on evacuation 

Fire poses a threat to human safety owing to various physiological

nd behavioral effects. It has been known for decades that people suffer

everely from the inhalation of toxic gases during fire accidents [52] .

n addition, fire also creates an extremely high-temperature and smoke

bscuration environment, which negatively impacts evacuees’ physi-

al movement ability and psychological conditions [53] . Moreover, an

xtended exposure period to such hazardous fire environments could

everely delay or prevent evacuation, leading to subsequent injury or

ven death owing to further inhalation of toxic gases [16] . 
81 
The fire evacuation model proposed by Cao et al. [26] describes the

vacuee’s moving speed as a function of three major fire hazards (i.e. ,

xcessively high temperature, reduced visibility, and high concentration

f toxic gas [CO]). Later, this approach was adopted by [54] (i.e., to

erform a risk assessment of pedestrian evacuation under the influence

f fire products). 

In this study, we followed the approach proposed in a previous study

26] to describe the impacts of fire products on evacuees’ motion, as de-

cribed by Eqs. (4 - 7 ). In particular, 𝑓 ( 𝑡 ) denotes the fire impact function

nder the factors of visibility Vis ( t ) (m), the volume fraction of the toxic

as 𝐶𝑂( t ) (%), and temperature 𝑇 𝑒𝑚𝑝 ( 𝑡 ) (°C). 𝑡 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 represents the ex-

osure time (min) in a toxic gas-covered area. 𝑣 0 
𝑖 
( t ) is the evacuee’s de-

ired moving speed (i.e. , representing the evacuee’s moving speed under

nimpeded conditions). 𝑣 𝑚𝑎𝑥 denotes the maximum moving speed of the

vacuee: 

 

0 
𝑖 
( 𝑡 ) = 𝑣 0 

𝑖 
( 𝑡 ) × 𝑓 𝑉 𝑖𝑠 

𝑖 
[ 𝑉 𝑖𝑠 ( 𝑡 ) ] × 𝑓 𝑇 𝑒𝑚𝑝 

𝑖 

[
Temp ( 𝑡 ) 

]
× 𝑓 𝐶𝑂 

𝑖 
[ 𝐶𝑂 ( 𝑡 ) ] (4)

 

𝑉 𝑖𝑠 
𝑖 

( 𝑡 ) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
1 𝑉 𝑖𝑠 ( 𝑡 ) ≥ 7 . 5 𝑚 

1 . 375 − 

[
2 . 8125 
𝑉 𝑖𝑠 ( 𝑡 ) 

]
2 . 5 𝑚 ≤ 𝑉 𝑖𝑠 ( 𝑡 ) < 7 . 5 𝑚 

0 . 25 𝑉 𝑖𝑠 ( 𝑡 ) < 2 . 5 𝑚 

(5)

 

𝐶𝑂 
𝑖 

( 𝑡 ) = 

⎧ ⎪ ⎨ ⎪ ⎩ 
1 𝐶𝑂 ( 𝑡 ) < 0 . 1 

1 − [ 0 . 2125 + 1 . 788 𝐶𝑜 ( 𝑡 ) ] × 𝐶𝑂 ( 𝑡 ) × 𝑡 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 0 . 1 ≤ 𝐶𝑂 ( 𝑡 ) < 025 
0 𝐶𝑂 ( 𝑡 ) ≥ 0 . 25 

(6) 
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Fig. 12. Comparison of evacuees’ fire risk coefficients (i.e. , agents A, B, and C) during compartment room fire evacuation in Case 1. 
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𝑇 𝑒𝑚𝑝 

𝑖 
( 𝑡 ) = 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 

1 𝑇 𝑒𝑚𝑝 ( 𝑡 ) ≤ 30 𝐶 

1 + 

(
𝑣 𝑚𝑎𝑥 − 𝑣 0 𝑖 

)
×
(
Temp ( 𝑡 ) −30 

60−30 

)2 
𝑣 0 
𝑖 

30 𝐶 < 𝑇 𝑒𝑚𝑝 ( 𝑡 ) ≤ 60 𝐶 

𝑣 𝑚𝑎𝑥 

𝑣 0 
𝑖 

×
[ 
1 − 

(
Temp ( 𝑡 ) −60 
120−60 

)2 
] 
60 𝐶 < 𝑇 𝑒𝑚𝑝 ( 𝑡 ) ≤ 120 𝐶 

(7)

.3.3. Assessing fire impacts on evacuees 

According to studies [ 35 , 37 , 55 ], when escaping from a spreading fire

azard, the intensity of stress is strongly associated with the level of risks

eceived by evacuees, especially in close fire threat proximity. In addi-

ion, a study [16] pointed out that the level of risk perceived by evacuees

n fire accidents is largely determined by the intensity of external cues

e.g. , temperature and smoke). Moreover, evidence [ 42 , 56 , 57 ]suggests
82 
hat individuals’ behavioral responses under a high-stress level condi-

ion can be considerably different from those under a low-stress level.

t should be noted that this dynamic response of evacuees has not been

ddressed in previous evacuation models or studies, but exists in fire

vacuation situations. In this study, we propose a quantitative approach

o characterize such egress behavioral responses by connecting the psy-

hological stress variable of evacuees with their encountered dynamic

re products from the surrounding fire environment. 

As illustrated in Fig. 4 , it is reasonable to assume that the fire risks

eceived by evacuees (i.e. , agents A and B) are not necessarily the same

n this compartment room fire evacuation scenario. Because the posi-

ion of agent A is much closer to the fire breakout point than that of B,

gent A receives a higher level of fire radiant heat flux and experiences

 worse visibility condition than B (i.e. , because of the smoke, as shown
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Fig. 13. Evacuation space map with synchronized fire hazards data: (a) temperature plane, (b) visibility plane, (c) radiation plane, and (d) carbon monoxide 

concentration plane at fire growth stage 2 (i.e. , 40.0s). 
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n Fig. 4 ). In other words, agent A was exposed to a higher level of threat

rom fire hazards. Thus, at this time of evacuation, it is reasonable to

rgue that the fire risks for agent A are higher than those for agent B. In

ddition, the corresponding stress level of agent A was expected to be

igher than that of agent B accordingly at this moment. 

Here, we propose four fire risk evaluation functions to quantitatively

ssess evacuees’ received fire threats according to their surrounding ten-

bility conditions in the fire evacuation environment (i.e. , based on syn-

hronized fire hazard data from the fire simulation model, including

adiation, temperature, toxic gas (CO), and visibility). 

As shown in Fig. 5 , the four transformation functions enable the

odel to convert each fire hazard type confronted by evacuee 𝑖 in

he evacuation space into a corresponding fire risk coefficient (i.e. , lies

ithin a range between the lowest value 0 and highest value 1). Con-

equently, evacuees’ received fire risks can be evaluated at any loca-

ion within the evacuation space (i.e. , characterized by fire risk coef-

cients). To further explain this concept, assuming an evacuee A at a

articular location in the evacuation space (i.e. , who receives a radi-

tion intensity > 3.5 kw ∕ m 

2 ), the fire risk coefficient of radiation for A

s correspondingly > 0.8 (i.e. , high-risk level as shown in Fig. 5 ). Sim-

larly, consider visibility as an example; as the visibility is > 10 m, the

orresponding visibility risk coefficient is 0 (i.e. , no perceived risk con-

ributes from the visibility perspective). While fire and smoke continue
83 
o develop, the accumulated smoke in a compartment room can severely

mpact visibility. For instance, when the visibility level drops below 3m,

s shown in Fig. 5 , the visibility risk coefficient increases above 0.8.

he expressions of these fire risk assessment functions are described in

qs. (8) –(11) . Here, parameter 𝛽 governs the gradient of the curves, as

hown in Fig. 5 , which reflects the degree of susceptibility that evac-

ee 𝑖 responds to fire hazards. It should be noted that the values of

arameter 𝛽 in the above equations are specified according to the fire

enability criteria in [58] ( 𝑖.𝑒., 𝑅𝑎 𝑑 𝐶 𝑟𝑖𝑡𝑒𝑟𝑖𝑎 = 2 . 5 kw ∕ m 

2 ; 𝑇 𝑒𝑚 𝑝 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎 =
00 ◦𝐶; 𝑇 𝑜𝑥𝑖 𝑐 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎 = 2800 ppm ; 𝑉 𝑖 𝑠 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎 = 5m) . The primary focus is to

emonstrate our proposed fire risk evaluation approach. Nevertheless,

t is acknowledged that fire tenability criteria or fire safety codes from

ifferent countries may have different values or are expressed in various

orms [ 59 , 60 ]: 

 

𝑅𝑎𝑑 
𝑖 

( 𝑡 ) = 

1 
1 + exp 

[
𝛽𝑅𝑎𝑑 ⋅

(
𝑅𝑎 𝑑 𝐶 𝑟𝑖𝑡𝑒𝑟𝑖𝑎 − 𝑅𝑎 𝑑 𝑖 ( 𝑡 ) 

)] (8)

 

𝑇 𝑒𝑚𝑝 

𝑖 
( 𝑡 ) = 

1 
1 + exp 

[
𝛽𝑇 𝑒𝑚𝑝 ⋅

(
𝑇 𝑒𝑚 𝑝 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎 − 𝑇 𝑒𝑚 𝑝 𝑖 ( 𝑡 ) 

)] (9)

 

𝑇 𝑜𝑥𝑖𝑐 
𝑖 

( 𝑡 ) = 

1 
1 + exp 

[
𝛽𝑇𝑜𝑥𝑖𝑐 ⋅

(
𝑇 𝑜𝑥𝑖 𝑐 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎 − 𝑇 𝑜𝑥𝑖 𝑐 𝑖 ( 𝑡 ) 

)] (10)

 

𝑉 𝑖𝑠 
𝑖 

( 𝑡 ) = 

1 
1 + exp 

[
𝛽𝑉 𝑖𝑠 ⋅

(
𝑉 𝑖 𝑠 𝑖 ( 𝑡 ) − 𝑉 𝑖 𝑠 𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑎 

)] (11)
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Fig. 14. Snapshots of Case 2 evacuation scenario with evacuees (i.e. , agents A, B, and C) escaping through smoke conditions at various time steps. 
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To further explain this concept, we consider the scenario shown in

ig. 4 as an example. It was observed that agent A faces a much more

hreatening condition from fire hazards than agent B. By evaluating the

our fire risk coefficients (i.e. , radiation, temperature, toxic gas concen-

ration, and visibility) of agents A and B, we projected them on a radar

iagram, in which each axis represents one type of fire hazard, as shown

n Fig. 6 . The value of each axis starts at the center from 0 (representing

o received fire risk) to its maximum value of 1. Here, the measure of

he enclosed area on the radar diagram can be used to describe the level

f fire threat to evacuees. 

In addition, few studies have considered psychological variables,

uch as the stress level of evacuees, in fire evacuation modeling. Cor-

espondingly, this study presents a method to quantitatively character-

ze the stress level of evacuees based on heuristic assumptions, which

re determined in accordance with the previously evaluated fire risk

evel according to their locally confronted fire threats during evacua-

ion. CO is one of the most common toxic gases in fire accidents; it

s always present in some concentration, irrespective of the materials

nvolved, and it can cause incapacitation and even death if overdosed

18] . However, it should be noted that CO, as a colorless and odorless

as, is difficult to perceive during evacuation: 

𝑆𝑡𝑟𝑒𝑠𝑠 
𝑖 

( 𝑡 ) = 

[
𝜓 𝑉 𝑖𝑠 
𝑖 

( 𝑡 ) ⋅ 𝜓 𝑇 𝑒𝑚𝑝 
𝑖 

( 𝑡 ) ⋅ 𝜓 𝑟𝑎𝑑 
𝑖 

( 𝑡 ) 
]

(12)

Consequently, Eq. (12) is proposed without including the risk from

O gas, which enables the model to connect evacuees’ psychological

tress with the encountered dynamic fire hazards under building fire

vacuation circumstances. As Fig. 6 illustrates, the evacuees’ stress lev-

ls can be characterized by the volume of the cubic block during the

vacuation. Noticeably, the enclosed volume of the orange cube (rep-

esenting agent A) is greater than that of the blue cube (representing

gent B). By adopting this proposed approach, evacuees’ received fire
84 
isks and stress levels under the threat of spreading fire hazards dur-

ng an evacuation can be effectively quantified for comparison between

vacuees and for further fire safety analysis. 

. Simulation setup 

.1. Evacuation scenario description 

As mentioned in the introduction, most current evacuation safety

ssessment practices assume that evacuation is undertaken in a smoke-

ree environment, which generally neglects the impact of fire hazards

n evacuees’ evacuation performance. However, empirical evidence

hows that a certain number of building occupants choose to escape

hrough smoke-filled conditions during building fire accidents to survive

 16 , 61 ]. Therefore, this scenario should be considered in building fire

afety analysis. In this section, we construct a square building compart-

ent room (i.e. , size of 10m × 10m) with a 1m wide exit (i.e. , located

t the bottom center of the room) to address the evacuation scenario

n which evacuees are directly exposed to fire hazards in the fire evac-

ation simulation. As shown in Fig. 7 , evacuees (i.e. , agents A, B, and

 with the same distance to the room exit) are placed on the left side,

enter, and right side of the room, respectively. In addition, the fire oc-

urred at the bottom-right part of the room (i.e. , at a 3m distance to the

ottom and the right-side wall). 

.2. Fire simulation settings 

This section describes the simulation settings in the fire simulation

odel (i.e. , FDS) for generating spreading fire hazard products within

he geometry configurations described above. The top and isometric

iews of the fire scenario in the compartment room are shown in Fig. 8 .
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Fig. 15. Comparison of evacuees’ fire risks coefficient (i.e. , agents A, B, and C) during compartment room fire evacuation in Case 2. 
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Table 1 

Fire simulation parameter settings 

Fire Simulation Settings Input 

Fire heat release rate per unit area 1000 kW/ m 2 

Fire growth type T-square growth fire 

Fire growth rate 0.1876 Kw / s 2 

Fire source size 1 m × 1 m 

Ramp-up time 74s 

Burning materials Polyurethane foam 

CO yield 0.024 g/g 

Soot yield 0.113 g/g 

Synchronisation time interval 1s 

Simulation end time 300 s 

Mesh size 0.02 m 

Sliced contour data height 1.6 m 
The fire source was represented by a 1 m 

2 square surface (i.e. ,

he red square surface) with a T-square fire growth rate (i.e. , set at

.1876 kW ∕ s 2 ) . The maximum heat realize rate (HRR) was set to 1000

W (i.e. , the HRR continues to increase at a rate of 0.1876 kW ∕ s 2 un-

il it reaches the maximum value). In addition, the compartment room

eiling and exit door heights were set to 3m and 2m, respectively. A

idely used furniture material (polyurethane foam) was selected as

he burning material to test the performance of the proposed model.

he detailed parameter settings for the fire simulation are summarized

n Table 1 . Specifically, the model parameters applied in this study

re 𝜆 = 125N ; 𝑣 0 
𝑖 
= 1.2 m/s; 𝑣 𝑚𝑎𝑥 = 2 m ∕s; Δ𝑡 = 0 . 1s; 𝑚 𝑖 = 65 kg ; 𝐴 =

000 N ; 𝐵 = 0 . 08 m ; 𝑘 = 1 . 2 × 10 5 kg ⋅ s −2 ; 𝜅 = 2 . 4 × 10 5 kg ⋅m 

−1 ⋅ s −1 
nd 𝜏𝑖 = 0 . 5 s . 
85 
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Fig. 16. Evacuation space map with synchronized fire hazards data: (a) temperature plane, (b) visibility plane, (c) radiation plane, and (d) carbon monoxide 

concentration plane at fire growth stage 3 (i.e. , 60.0s). 
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. Results and discussion 

As fire develops in the compartment room, the evacuees’ escape con-

itions continue to deteriorate. First, the heat release rate of the de-

igned fire (specified in Table 1 ) with respect to time is shown in Fig. 9 .

he fire was ignited at the beginning of the simulation (i.e. , 0s). The heat

elease rate of the fire increased until it reached the specified maximum

eat release rate of 1000 kW after 74s. 

The following sections evaluate the propagating fire impacts on the

vacuees’ received fire risk, stress level, and evacuation dynamics un-

er different tenability conditions. Here, as marked in Fig. 9 , we specify

hree moments (i.e. , fire growth stages 1, 2, and 3) to initiate the evacu-

tion process simultaneously for all evacuees in their 20s, 40s, and 60s,

espectively, along with the fire growth. The proposed evacuation model

as employed to simulate the three case studies. (i.e. , Case 1: early fire

evelopment at stage 1; Case 2: medium fire development stage at stage

; and Case 3: late fire development at stage 3). The simulation results

or these three cases are presented and discussed in the following. 

.1. Case 1 (Fire growth stage 1) 

First, for Case 1, all evacuees (i.e. , agents A, B, and C) started to evac-

ate simultaneously at 20.0s. The four contour planes of the synchro-
86 
ized fire hazard data (i.e. , [a] temperature, [b] visibility, [c]radiation,

nd [d] toxic gas [CO] concentration) at this moment in the room are

resented in Fig. 10 . At this stage, a small amount of smoke appears

n the bottom-right corner of the room. Meanwhile, the majority of the

ompartment room area was still within tenable limits for evacuees.

n particular, when the temperature was < 40°C, the radiation was < 2.5

w ∕ m 

2 and the CO concentration was < 30 ppm at this preliminary stage

f fire growth. 

The overall evacuation performance is presented in Fig. 11 . A small

mount of fire-induced smoke appears at 20.0s and then starts to accu-

ulate in the bottom right corner of the room throughout Case 1. As the

vacuation continued, the smoke gradually propagated along the room

alls, reaching the exit door at the late stage of evacuation (i.e. , after

5.0s). In terms of the evacuation dynamics of the three evacuees, all

vacuees moved toward the exit at the beginning of Case 1 (i.e. , 20.0s)

nd near the fire source location at 25.0s. Next, owing to agents A, B,

nd C’s different initial positions, their egress paths were affected by the

re to different degrees. Precisely, agent A first arrives in front of the

xit at 27.0s. Agent B closely follows agent A and leaves the room at

8.6s. Lastly, agent C requires 29.3s to evacuate. 

Correspondingly, by evaluating the fire risk coefficients of each evac-

ee during this evacuation period, the impact of fire hazards on each

vacuee was determined, as shown in Fig. 12 . In general, in the prelim-
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Fig. 17. Snapshots of Case 3 evacuation scenario with evacuees (i.e. , agents A, B, and C) escaping through smoke conditions at various time steps. 
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c  
nary stage of fire development, evacuees’ perceived fire risks remained

t low levels. As the fire continued to develop in the late stage of the

vacuation period, the perceived fire risks increased slightly for all evac-

ees (i.e. , increased radiation intensity and decreased visibility are re-

ected in Fig. 12 ). Specifically, because of the different initial locations

f evacuees at the start of evacuation, the impacts of fire hazards on each

vacuee also exhibited varied patterns along the egress path in terms of

re risk coefficients. As noted, agent B perceives the radiation fire risk

 few seconds earlier than agent A and a few seconds later than agent

 because of the different distances to the fire breakout location along

heir egress paths. 

.2. Case 2 (Fire growth stage 2) 

In Case 2, the three evacuees (i.e. , agents A, B, and C) started to

gress out of the room after 40.0s of fire development in the compart-

ent room (i.e. , fire growth stage 2). The four contour planes of the

ynchronized fire hazard data (i.e. , [a] temperature, [b] visibility, [c]

adiation, and [d] toxic gas [CO] concentration) in the compartment

oom at 40.0s are presented in Fig. 13 . It should be noted that fire efflu-

nts noticeably developed inside the room in comparison with Case 1.

otably, a fair amount of smoke accumulated along all sides of the room

alls, causing visibility of < 7m in this smoke-covered area. Meanwhile,

he co-concentration (i.e. , up to approximately 80 ppm) and the tem-

erature also increased considerably under these densely smoked areas.

inally, at the fire source closely surrounding the area, the heat flux ex-

eeds the tenability criteria (i.e. , > 2.5 kw ∕ m 

2 ), which inevitably affects

he evacuee’s escape path near the affected area. 

The evacuation dynamics snapshots of Case 2 are shown in Fig. 14 .

he fire hazards were unevenly distributed inside the room at the start

f the evacuation. As a result, agent C moves faster than the other two
87 
vacuees, as seen at 45.0s (i.e., owing to less impaired visibility). Next,

s evacuees move closer to the fire source at 60.0s, agent C has to adjust

ts egress path to avoid the fire and thus loses the leading position at this

oment. However, the egress path of agent B was less influenced by the

re. Hence, agent B first evacuates the room at 68.7s. Next, agents A

nd C arrive at the front area of the exit at 70.0s and evacuate the room

t 70.4s and 71.5s, respectively. 

The evacuees’ perceived fire risks in Case 2 ( Fig. 15 ) increased sig-

ificantly in comparison with Case 1 ( Fig. 12 ). This variation was char-

cterized by evaluating the fire risk coefficients. Specifically, evacuees’

adiation risk coefficient grows steadily from just below 0.2 at the be-

inning of the evacuation to above 0.4 at the end of the evacuation.

oreover, in the earlier stage of the evacuation before 50.0s, the vis-

bility condition appears to fluctuate for agents A, B, and C (i.e. , this

uctuating tendency is well reflected in the observation of the smoke

ropagation dynamics in the compartment room, as shown in Fig. 14 ).

he fire smoke effluents continued to accumulate and spread within the

ompartment room along with evacuation after the 50.0s. It should be

oted that such smoke gradually fills the entire room at 60.0s, as shown

n Fig. 14 . 

Furthermore, it is expected that the temperature in the room will

ncrease noticeably, which is reflected by the temperature risk coeffi-

ients of all three evacuees (i.e., increased sharply after 55.0s, as shown

n Fig. 15 ). Meanwhile, the visibility risk coefficients of all three evac-

ees reach above 0.9 and remain at this high-risk level toward the end

f evacuation. 

.3. Case 3 (Fire growth stage 3) 

Finally, for Case 3 at 60s (i.e. , fire growth stage 3), the tenability

onditions inside the compartment room deteriorated (i.e. , compared
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Fig. 18. Comparison of evacuees’ fire risk coefficients (i.e. , agents A, B, and C) during compartment room fire evacuation in Case 3. 
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e  
ith Case 2). As shown in Fig. 16 , the room was nearly filled with high-

emperature dense smoke. It can be seen that the temperature in the

orner area of the room exceeds 60 ◦𝐶, and the visibility in the majority

f the room is < 5m at this stage. The CO concentration inside the room

xceeds 200 ppm in the densely smoke-covered area. Moreover, the fire

adiation heat flux reaches > 3.5 kw ∕ m 

2 near the center of the fire source,

nd its covered area expands considerably compared with Case 2 (i.e. ,

t the 40s of stage 2). Such a high heat-flux-covered area severely affects

he evacuees’ egress paths. 

Snapshots of the evacuation dynamics for Case 3 are shown in

ig. 17 . Evacuees are surrounded by dense smoke at the beginning of

he evacuation. This situation inevitably impairs the evacuee’s visibil-

ty throughout the evacuation process (i.e. , from the start at 60.0s to

he end at 83.0s). Moreover, it is worth mentioning that evacuees’ fire

isk coefficients of radiation and temperature exhibited different and

uctuating patterns before 70.0s (i.e., as shown in Fig. 18 ). These di-

erse patterns can be attributed to the uneven temperature distribution
88 
nside the room (i.e., owing to the spread of hot smoke gas). This high-

emperature condition also affects the egress motion of the evacuee to

arying degrees. As shown in Fig. 17 , agent A first evacuated from the

oom at 80.0s. Subsequently, agents C and B left the room at 80.5s and

1.3s, respectively. 

Furthermore, as shown in Fig. 19 , we present the tenability condi-

ions of the evacuation space at 80.0s (i.e. , near the end of the evac-

ation in Case 3). The maximum heat release rate was reached at this

oment. The room was filled with hot temperature smoke (i.e. , an aver-

ge room temperature > 90°C) and dense smoke (i.e. , visibility of < 2m).

he maximum CO concentration inside the room exceeded 400 ppm in

he intensely smoke-covered area. In addition, the high heat flux (i.e. , >

.5 kw/m 

2 ) nearly covers the entire area in front of the exit door, which

ould make evacuation under these circumstances extremely difficult. 

Lastly, unlike previous studies that generally focus on evaluating fire

vacuation performance at a macroscopic level, here, we analyze the

vacuees’ dynamics and their corresponding stress levels under the in-
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Fig. 19. Evacuation space map with synchronized fire hazards data: (a) temperature plane, (b) visibility plane, (c) radiation plane, and (d) carbon monoxide 

concentration plane after fire reaches the maximum heat release rate 1000kW (i.e. , 80.0s). 
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s  
uence of dynamic fire hazards at a microscopic level. Consequently,

rajectories that track the evacuee’s speed and stress variations in Cases

–3 are presented in Figs. 20 and 21 , which allow us to further under-

tand the relationship between individual dynamics and the correspond-

ng stress of this compartment fire scenario. 

For Case 1 (i.e. , to evacuate at 20.0s), the fire was at its early stage

f development (i.e., refer to the tenability conditions shown in Fig. 10 ).

hus, evacuees were less affected by fire hazards than those in Cases 2

nd 3. As can be observed in Fig. 20 (a), all evacuees maintained their

esired moving speed at 1.2 m/s during most times of the evacuation,

xcept for the period when agent C approached the fire breakout loca-

ion. Correspondingly, this relationship with evacuee stress is well re-

ected in Fig. 21 (a), as the stress level of the three evacuees remains

 0.1 during the entire evacuation. 

In comparison, for Case 2 (i.e. , to evacuate at 40.0s), the average

oving speed of the three evacuees was significantly lower than the

verage speed in Case 1 (i.e. , < 0.5 m/s). This can be attributed to the

apidly deteriorated tenability conditions (i.e. , mainly due to the de-

reased visibility condition) within the compartment room as the fire

evelops from 40.0s to 70.0s (i.e. , as indicated in Fig. 14 ). In addition,

y comparing the corresponding stress in response to the fire hazards,

t is noticed that in the first half of evacuation, evacuees’ stress levels

emain < 0.25. However, in the second half of the evacuation, as they

radually approach the exit, the visibility condition deteriorates signif-
89 
cantly, and the room temperature rises steeply during this period (i.e. ,

0.0s to 70.0s). Consequently, the evacuees’ stress level (which reaches

.4 at the end of the evacuation) rises substantially in response to dete-

iorating fire hazards, as shown in Fig. 21 (b). 

Finally, for Case 3 (i.e. , to evacuate at 60.0s), as the tenability con-

ition continues to deteriorate, high-temperature smoke gradually ac-

umulates within the compartment room and causes the temperature in

he room to rise. At this stage, although the visibility condition for evac-

ees is affected comparably, as in Case 2, the room temperature during

ase 3 causes the evacuees’ speed to be higher than in Case 2, as shown

n Fig. 20 (c). This is because the effect of temperature on speed is not

onotonic, according to Eq. (7) . Evacuees would increase their egress

peed when they feel the incentive to raise the temperature within cer-

ain limits, and then decrease once the temperature exceeds the critical

alue (i.e. , 60°C). Meanwhile, the evacuees’ stress variation in response

o such fire conditions in Case 3 was captured by stress-based trajec-

ories, as shown in Fig. 21 (c). As reflected, the stress level of evacuees

ncreases sharply from < 0.3 at the beginning of the evacuation to > 0.7

oward the end of the evacuation (i.e. , approximately 76.0s). 

.4. Discussion 

The assessment of fire risks and corresponding safety solutions

hould be based on a realistic quantification of the evacuation process
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Fig. 20. Comparison of evacuees’ moving 

speed variation-based trajectories: (a) Case 1, 

(b) Case 2, and (c) Case 3 during fire evacua- 

tions. 
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p  
rom the point of fire spreading. Unlike most previous studies that eval-

ated the crowd evacuation performance and fire risks at a macroscopic

cale, this study focused on assessing the impacts of propagating fire

azards on evacuees at a detailed individual level (i.e. , including radia-

ion, temperature, toxic gas, and visibility). 

Three evacuation case studies (Cases 1–3, with different tenability

onditions) were performed to assess the impacts of fire hazards on evac-

ees’ evacuation performance in a compartment fire scenario. The pro-

osed model effectively captures each evacuee’s evacuation character-

stics in response to propagating fire hazard situations (i.e. , evacuation

ime, trajectories, received fire risks, egress speed, and stress variation).

he simulation results indicate that the required evacuation time ex-

ends considerably if the egress process is not promptly initiated (i.e. ,

vacuees’ mobility is severely impacted by deteriorating tenability con-

itions owing to spreading fire hazards). Specifically, depending on the

everity of the fire hazards, the required evacuation time can increase

y nearly 2.5 times (i.e., comparing the 9.3s of Case 1 with the 21.5s

f Case 2 and 21.3s of Case 3). These results highlight the significance

f minimizing the pre-evacuation time (i.e. , the duration from the fire

ccurrence to the moment when occupants begin escaping) during a fire

mergency. In addition, according to the captured evacuation trajecto-

ies, the received fire risks and stress patterns of each individual could

ary considerably during a fire evacuation, which effectively reflects

ach evacuee’s speed and psychological stress variations. Note that pre-

ious studies [ 35,57 ] illustrate that a certain degree of stress on evacuees

ould benefit the evacuation process (i.e. , increasing the alertness of in-

ividuals in information processing). Experiencing excessive stress can

ave detrimental effects on evacuees and negatively affect the overall

vacuation performance (i.e. , becoming hypervigilant, triggering com-

etitive or aggressive egress behaviors, impairing cognitive ability, and

a  

90 
ausing false decision making). Consequently, this established model of-

ers a numerical framework that allows for the investigation of critical

afety issues commonly associated with emergency evacuation, such as

anaging and possibly minimizing the excessive stress level for evac-

ees during their evacuation. 

.5. Limitations and future work 

In this study, the introduced dynamic fire hazards integrated evacu-

tion model could capture the detailed dynamics of individuals evacuat-

ng through various smoke-filled fire environments, thus offering a new

erspective for evaluating the evacuation dynamics in close proximity

o a fire threat and providing insights into the effects of fire effluents on

vacuees’ escape capability. 

Nevertheless, some limitations of the proposed model need to be

cknowledged. The evacuation under fire emergencies includes vari-

us egress behavioral periods or stages. The study [62] pointed out

hat evacuees’ responses (e.g. , fire recognition and exit choice in the

re-movement period) may also significantly affect the overall evacua-

ion performance. The current work primarily focuses on the movement

tage of fire evacuation, which assumes that the simulated evacuees are

ully aware of the fire accident and the building layout from the be-

inning of the simulation, such that the influence of the pre-movement

tage was not considered in the study. Second, as human behaviors in

re emergencies are rather complex, an evacuee’s response can be af-

ected by various factors (e.g. , psychological, sociological, and external

nvironmental factors). 

Moreover, we selected CO as the toxic gas to demonstrate our pro-

osed model and fire safety assessment approach, because this gas is

lways present in some concentrations in all fire scenarios regardless of
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Fig. 21. Comparison of evacuees’ stress 

variation-based trajectories: (a) Case 1, (b) 

Case 2, and (c) Case 3 during fire evacuations 
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he materials involved in the fire [18] . Nevertheless, it should be rec-

gnized that various toxic gases could also potentially affect evacuees’

vacuation and lead to incapacitation in fire accidents (e.g. , hydrogen

yanide [HCN] or other irritant fire products such as HCl and HBr SO 2 )

 63 , 64 ]. Furthermore, it is also acknowledged that individuals could

ave different reactions (i.e. , the ability to withstand exposure to fire

roducts) toward the same fire scenarios depending on their age, phys-

cal conditions, and past experiences . Complete modeling and integra-

ion of all these factors into a fire evacuation simulation is challenging

65] . To investigate building fire evacuation situations more accurately,

ore diverse individual characteristics (e.g. , age, gender, fire hazard

olerance level), behavioral factors of evacuees (e.g. , group-based evac-

ation, exit choice decision-making factors), and fire hazard data could

otentially be incorporated into the current established framework in

he future. 

. Conclusions 

In this study, a fire-integrated evacuation model was developed to

valuate the dynamics of evacuees in a room fire scenario at a detailed

icroscopic scale. Compared with conventional fire safety assessment

pproaches (i.e., prescriptive codes or performance-based practices such

s the RSET/ASET analysis) and currently established fire evacuation

odels, this study offers a new perspective for visualizing and charac-

erizing evacuees’ movement dynamics under the influence of spreading

re hazards. We proposed a quantitative approach to characterize evac-

ees’ local fire risk and stress variation when escaping from various sit-

ations involving fire hazards, especially in close threat proximity. The

haracteristics of different egress paths and escaping at various stages of
91 
re development were studied. The results show that evacuating at an

arly stage of fire development not only results in faster evacuation but

lso imposes less stress on evacuees while escaping. This emphasizes the

mportance of minimizing pre-evacuation time in fire evacuation emer-

encies. We believe that this work can provide insights into enhancing

uilding fire safety design and building emergency management to miti-

ate potential fire safety risks under stressful evacuation situations (e.g. ,

djusting architectural layouts, installing additional directional signs, or

lacing fire safety personnel at the identified high-stress spots along the

vacuation routes). 
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