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Abstract: Fire at a construction site usually results in serious accidents. Therefore, fire management
at the construction site is critical to decreasing possible accidents. However, conventional fire safety
management can be problematic in many aspects, such as visualization, multi-stage alarm systems,
and dynamic escape route optimization. To solve these issues, this paper develops a platform for
a BIM-based fire safety management system that considers the construction site. The developed
platform contains four subsystems: a remote monitoring subsystem, a fire visualization subsystem,
a multi-stage fire alarm subsystem, and an escape route optimization subsystem. It detects the
fire hazard in the early stage of the fire by the remote monitoring subsystem and transmits this
information to the fire visualization subsystem for displaying. Furthermore, the multi-stage fire
alarm subsystem sends warnings or alarms based on the fire’s severity. Moreover, the escape route
optimization subsystem dynamically optimizes the evacuation routes by considering the actual
number of people at the construction site and the potential crowding as people pass through the
escapeway. Results show that this system can provide informative and on-time fire protection
measures to different participants at the construction site. This study can also serve as a solution to
improve fire safety management at the construction site.

Keywords: construction site; fire safety management; BIM technology; escape route optimization;
visualization

1. Introduction
1.1. Background

A building construction site contains intensive production factors and shows com-
plex construction coordination due to the intensive multi-work and three-dimensional
cross-mixing operations [1]. The large number of constructors and multiple construction
processes involved in a project make it a complex process to conduct fire safety manage-
ment at the construction site [2]. Furthermore, when temporary houses, facilities, and
materials are stacked tightly at the construction site, a fire occurring due to careless opera-
tion or inadequate management may easily cause a serious accident with huge losses [3,4].
Therefore, fire preventive measures, which can effectively reduce fire occurrences at the
construction site, play an indispensable role in construction activities. Based on this, it is
imperative to strengthen the fire safety management at the construction site.
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Traditional fire management methods, such as improving corresponding standards,
perfecting management systems, and strengthening safety training for construction work-
ers, are tricky to conduct effective fire warnings [5,6]. To speed up automatic fire detection
at the construction site, Tsai [7] integrated the image recognition technology into a fire man-
agement platform and proposed a knowledge-model-based mechanism for construction
managers to enact an emergency response. However, this technology could not present a
detailed escape or fire prevention plan. In fact, even if there is a fire prevention and control
plan, updating and simulating the plan in real time may be a challenge [8]. To improve the
efficiency of on-site fire management, the introduction of Building Information Modeling
(BIM) technology can be considered to incorporate the construction process information
into the fire management system [9–12].

From the literature, most studies on BIM-based fire management are mainly conducted
at the building operation stage [11,13]. For instance, Cheng et al., [14] developed a BIM-
based fire prevention and disaster relief system for users in buildings to quickly evacuate
based on the dynamic fire information presented by BIM. Chen et al., [15] integrated a fire
dynamic simulator into a BIM-based visualization and warning system to monitor the fire
scene in buildings, visualize the simulated fire trend to users, and activate the LED pointer
in the building to guide the evacuations. Ma and Wu [16] proposed a BIM-based building
fire emergency management system with four modules, i.e., fire intelligence monitoring,
fire warning, fire response, and fire treatment. This system enables the dynamic monitoring
of fire scenes, judgment of fire severity, locating the users and fire points, and optimizing
the escape route based on users’ decisions, which can effectively decrease the evacuation
distance by 30% and the evacuation time by 48%.

However, even if BIM technology has been certificated with a great significance
for fire warning and management, it is still uncommonly used in fire management on
construction sites [17]. Existing BIM-based fire safety management systems are mostly
applied to buildings during the operational stage, while they are rarely utilized during
the construction stage [18,19]. Although dynamic BIM-based management frameworks
have been proposed to improve the construction planning and design considering fire
hazards [20–22], these methods could not monitor the fire severity or recommend real-time
fire protection measures. However, the fire sources for buildings during construction
differ from the sources for existing buildings; accordingly, fire management methods
adopted to the construction stage should differ from those used in the operation stage [8,10].
Furthermore, although the construction stage is only partially covered in the entire lifecycle
of a building and additional investment may be required to develop a BIM-based fire
management system for this stage, the required models and equipment/installations can be
used continuously during the operational stage. Therefore, integrating BIM technology into
fire safety management at the construction site will be a very attractive and valuable topic.

1.2. Literature Review

Existing BIM-based fire management systems could contain the following functional
modules: visualization, real-time monitoring, fire simulation, fire warning, and escape
route optimization. These functions solve various issues in fire safety management, such as
the lag of ordinary fire protection systems and the lack of fire protection supervision [23,24].
Visualization is the most apparent benefit of integrating BIM technology into fire man-
agement. On the one hand, BIM technology ensures people can easily discover the fire
safety hazards through visualizing the location of the people and the fire, as well as the
fire equipment information [25–28]. On the other hand, it can also increase the evacuation
speed by presenting the recommended escape route in three dimensions (3D) [29]. In fact,
nearly all BIM-based systems are equipped with the visualization ability. For instance,
Shiau et al. [30] developed a 3D BIM model in a fire control and management system for fire-
fighters to locate the fire control equipment and detectors that detect the fire. Wang et al. [8]
conducted safety education for safety/maintenance staff and occupants by providing the
3D representation of hazardous areas and 3D videos of escape routes based on a BIM model.



Buildings 2022, 12, 1268 3 of 20

Ma et al. [16] located occupants and fire points in a 3D BIM model to calculate the optimal
escape route. Then, the optimized route was presented to users visually by an appliance.

To monitor the construction site in real time, the BIM-based fire management system
can be interfaced with the installed monitors/sensors [18]. This interface transmits mon-
itored signals to the BIM management platform. For instance, Wu et al. [31] proposed a
schematic model for real-time monitoring of safety hazards and prediction of safety risks at
construction sites based on feedforward signals. Traditional fire detection equipment (such
as ionization smoke detectors and photoelectric ionization smoke detectors) detects fire
by locating the smoke, abnormal heat, and/or flames [30]. Furthermore, cameras monitor
the on-site situation, and presence sensors or mobile phones monitor the number of occu-
pants when a fire occurs. Furthermore, the rapid popularity of the Internet-of-Things (IoT)
achieves the coordination of multi-sensors and associating detectors with the BIM model to
automatically locate the abnormal detectors.

The BIM platform can also be integrated with fire simulation software to simulate
real-time fire growth [32] and to calculate the available safety egress time [33], which is the
duration during which the fire creates fatal environmental conditions and within which
time the people are required to evacuate a building in order to ensure safety. For instance,
Wang et al. [34] integrated a 3D building model developed in Revit into the PyroSim fire
simulator. Then, the simulation result was used by the Building Exodus Software to plan
the evacuation. Sun and Turkan [11] developed a BIM-based simulation framework, which
implemented a fire dynamic simulator (FDS) and an agent-based modeling (ABM) to simu-
late fire growth and evacuation time under different building layouts. Note that, even if fire
simulation makes more accurate calculations for safety evacuation time, the time required
for deciding based on simulation results may cause an issue of evacuation postponement.

Sending a fire alarm or warning should be an important feature of a BIM-based
fire safety management system; this is essential to avoid serious fires [14]. For instance,
Puttock [35] recommended that a fire detection system should be connected to a fire
alarm system in order to notify fire units and to broadcast evacuation warnings. In recent
years, BIM-based fire management systems updated the alarm system to send evacuation
guidance to users by mobile phone or by activating the guidance signals on site [14,16].

Optimizing the evacuation route is a hot topic in investigating BIM-based fire man-
agement systems. One simple way to compare different escape routes is to calculate their
required safety evacuation time. It could be calculated by summing the evacuation start
time, walking time, and queuing time [8]. Among them, the evacuation start time is also
called the pre-movement time, which is the time lag between the fire breaking out and
the beginning of the evacuation [36]; walking time is the time required for passing the
evacuation route; queuing time is the duration that people must wait for walking through
an exit. Note, that in this method, people are assumed to distribute uniformly within the
investigated area and the real-time occupancy numbers are unknown. Another challenge
of this method is to quantitatively calculate the evacuation start time, which is highly de-
termined by people’s responses. To dynamically optimize the evacuation route, Dijkstra’s
algorithm [37] has been widely used in BIM-based fire safety management systems, such
as in references [14,16]. This method is usually processed as follows: First, processing
the indoor environmental information as a grid map. Then, formulating the optimization
objective function to achieve the optimized route for individual occupants and to solve the
optimization problem by Dijkstra’s algorithm. Finally, the optimized routes are sent to users.
There are three places/ways of presenting these routes: appliances on the mobile phone,
an on-site screen, and/or a voice broadcast device. Furthermore, Sabbaghzadeh et al. [38]
proposed a framework to optimize the fire safety measure by a binary optimization algo-
rithm. Note that using complex optimization algorithms to optimize the evacuation route
may involve a long calculation time, thereby increasing the time required for evacuation.
Therefore, finding a simple, fast, and accurate way to optimize the evacuation route will be
a necessity and an urgent task.
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1.3. Research Objective, Contribution, and Outline

The above-mentioned substantial studies and practices illustrate the feasibility and
imperative need for implementing BIM for fire safety management. Through reviewing
existing studies, research gaps on the BIM-based fire safety management system can
be identified as: (i) lack of implementation on the construction stage; (ii) lack of multi-
stage fire alarms based on fire severity; (iii) requiring improvements in evacuation route
optimization methods in conjunction with the actual distribution of fire sources and workers
at construction sites; (iv) lack of real-time monitoring of fire sources.

To solve the above-mentioned scientific gaps in the literature, this study proposes a
BIM-based fire safety management system for construction sites. The proposed system
includes four subsystems: a remote monitoring subsystem, a fire visualization subsystem, a
multi-stage fire alarm subsystem, and an escape route optimization subsystem. To facilitate
the operability of this proposed system, modules are developed in this study to integrate
these subsystems into the BIM platform.

The major contribution of this study is the development of a novel BIM-based fire
safety management system with the following strengths: (1) Considering the specific
fire factors at the construction site. For instance, remote monitoring can be enhanced by
considering the potential fire sources in different construction areas/stages; (2) Achieving
the comprehensive functions. This developed system is available with the vast majority
of commonly utilized functions for fire safety management, such as visualization, remote
monitoring, alarming, and escape route optimization; (3) Enabling the multi-stage fire alarm.
Fire alarm information can be produced based on the fire severity, which is analyzed by the
multi-stage fire alarm subsystem; (4) Improving the evacuation route optimization efficiency
by considering the fire source and the constructor distribution at the construction site.

The paper is organized as follows: Section 2 introduces the proposed BIM-based fire
safety management system and its subsystems for construction sites. Section 3 describes
the case study designed to apply the proposed system; its study results are presented
in Section 4. Finally, the conclusion of this study and future works are summarized in
Section 5.

2. BIM-Based Fire Safety Management System

The proposed BIM-based fire safety management system is aimed at providing the
monitored on-site fire information, sending alarms based on the fire severity, and providing
an optimal escape route to people at the construction site or to the departments that handle
fire protection at the construction site. Therefore, it is composed of four subsystems: a
fire visualization subsystem, a remote monitoring subsystem, a multi-stage fire alarm
subsystem, and an escape route optimization subsystem. The proposed system is inte-
grated into Revit as add-ins, as shown in Figure 1. The add-ins were developed using the
Windows 10 operating system in the development environment of NET Framework 4.8.
C# programming was used to compile the system as add-ins for the underlying platform,
Revit 2021.

The operation process of the BIM-based fire safety management at the construction
site is shown in Figure 2. The monitoring system in the remote monitoring subsystem
monitors the construction site and collects the on-site fire situation through monitoring
equipment (such as detectors, mobile phones, cameras, wireless transmission equipment,
and sensors) scattered throughout the construction site. The collected information would be
utilized by: (1) The fire visualization subsystem, which visually presents the fire situation
and optimizes the escape route for people based on the BIM technology; (2) The multi-
stage fire alarm subsystem, which compares the collected fire indicator information with
warning thresholds and assesses the fire in different stages. Accordingly, it sends alarms
to the relative departments/people through the control system of the remote monitoring
subsystem, in which the automatic fire alarm devices (such as broadcasting, emergency
lighting, and emergency evacuation instructions) and fire prevention devices (such as
smoke prevention equipment, fire suppression devices, and evacuation kits) are controlled;
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(3) The escape route optimization subsystem, which gathers information sent from the
remote monitoring subsystem and multi-stage fire alarm subsystem to continuously update
the evacuation routes when a fire occurs. Note that the designed escape route would be
presented to people at the construction site through the fire visualization subsystem.
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A detailed description of each subsystem is presented in the following subsections.

2.1. Remote Monitoring Subsystem

The developed remote monitoring subsystem can timely monitor the construction site
and control the alarm devices as well as the fire prevention equipment. It includes two
components: a monitoring system and a control system. The monitoring system mainly
consists of temperature sensors, cameras, and smoke detectors, etc. The control system
mainly includes a broadcasting system, a fire suppression system, etc.

2.1.1. Monitoring System

The monitoring system connects monitoring equipment (e.g., detectors, mobile phones,
cameras, wireless transmission equipment, and sensors) scattered throughout the construc-
tion site, especially in the key hidden danger parts, into a network based on the Internet-
of-Things. The developed example of a monitoring system is shown in Figure 3. The
monitored data from smoke detectors and temperature sensors, i.e., smoke concentration
and temperature, could realize an all-round monitoring of the fire status and detect hidden
dangers for firefighting [26]. Meanwhile, the detected people and fire protection facilities by
cameras could provide the scientific decision-making basis for fire safety governance [39,40].
In practical applications, the monitoring system will collect information transmission from
the construction site in real time, and the monitored information can be stored in files, such
as csv files, by specific format. Note that, for different projects, the data format may be
different as the installed monitoring devices are different.
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Figure 3. Example of components in the monitoring system of the remote monitoring subsystem.

2.1.2. Control System

The work process of the control system in this remote monitoring subsystem is shown
in Figure 4. The central platform firstly obtains fire-related information from the BIM
platform, sends alarms through the automatic fire alarm devices, and activates the remote
control of smoke prevention equipment, fire suppression devices, and evacuation kits,
etc. Note that the BIM platform can contain all the information of the whole lifecycle
of the project, including building space, building components, fire-fighting equipment,
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fire zoning, and evacuation exit channels. It is also able to collect the daily maintenance
information that indicates the status of the fire-fighting equipment. Moreover, it involves
the information about fire severity, fire alarm contents, and fire prevention suggestions sent
by the multi-stage fire alarm subsystem.
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2.2. Fire Visualization Subsystem

The fire visualization subsystem can visually display the on-site situation (such as the
locations of monitoring devices and people), the entire process of the fire occurrence, and
the evacuation plans. As shown in Figure 2, it receives data from the monitoring system in
the remote monitoring subsystem and the escape route optimization subsystem. Then, it
visually presents this information to participants at the construction site. In the visual view,
all systems and elements of the fire protection design, such as the site layout at different
construction stages/areas, abnormal monitoring devices’ locations, the fire suppression
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system location, people locations, and fire locations, etc., can be displayed intuitively in a
three-dimensional field layout. Thus, it allows people to grasp the key points of the fire
management based on the realistic fire scene [41,42].

The characteristics of this fire visualization subsystem include: (i) real-time views of
the information collected by the monitoring system in the remote monitoring subsystem;
(ii) transmission of the designed escape route to the relevant people in time.

2.3. Multi-Stage Fire Alarm Subsystem

The multi-stage fire alarm subsystem firstly classifies the fire severity into different
stages. Then, it notifies the corresponding fire alarm information to responsible people in
various forms, such as by telephone or SMS. Meanwhile, it sends this information to the
firefighting unit to realize the intelligent upgrade of fire prevention.

The working procedure of the multi-stage fire alarm subsystem is shown as below:

(1) Compare the fire indicator to the warning threshold

One way to assess fire severity is to automatically compare fire indicators with the
warning thresholds. If indicators’ values exceed the fire warning threshold shown in Table 1,
the fire alarm system will accordingly classify the fire severity into one of three stages; fire
indicators could be smoke, temperature, and/or toxicity concentration [43]. To simplify
the fire severity analysis, smoke alarm information and indoor temperatures are utilized
as fire indicators in this study. In-depth research into fire risk assessment can be found in
references [24,44–46].

Table 1. Fire stages in the multi-stage fire alarm subsystem.

Stages Definition

Stage 1 Smoke detectors in a certain area start alarming at temperatures > 40 ◦C.

Stage 2 Smoke detectors in that certain area keep alarming for more than 3 min or at
temperatures > 43 ◦C.

Stage 3 All smoke detectors in a larger area start alarming at temperatures > 45 ◦C.

Another way to define the fire severity and to activate the fire alarm system is to allow
workers at the construction site to manually find the fire hazards.

(2) Activate the fire alarm system

As shown in Figure 6, the procedure of the multi-stage alarm can be seen as follows:
(1) When the first fire alarm signal is received, the alarm system will send sound and

light alarms and will display the corresponding abnormal locations. However, the system
will not enter the fire alarm state and the fire evacuation system will not be activated;

(2) After 30 s, if the follow-up fire alarm signal is not received, the system will reset.
Otherwise, the system will enter the fire alarm state and the corresponding measures will
be initiated according to the different fire stages;

(a) When the alarm is in Stage 1, responsible workers need to check this situation on
site and put out the fire in time. If no one shows up at the designated place within 3 min,
the alarm stage would be increased to Stage 2;

(b) When the alarm is in Stage 2, the alarm system will expand the alarm range
and organize more people to the scene to extinguish the fire in time and to prepare for
emergency evacuation;

(c) When the alarm is in Stage 3, the linkage controller will turn ON emergency
lighting, broadcasting, and evacuation guidance of the evacuation system within 3 s.
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2.4. Escape Route Optimization Subsystem

Once the fire is detected and its severity is evaluated that it requires evacuation,
the escape route subsystem will be activated to realize escape routes with a minimum
evacuation time. The evacuation time for people in a zone is calculated by summing the
walking time and the queuing time. This is inspired by the fact that the evacuation start
time is hard to determine due to the variety of human behaviors [16]. Therefore, in this
optimization program, the evacuation start time is assumed to be the same for all people
and it is omitted from the entire evacuation time. Moreover, the queuing time is calculated
by considering the extra waiting time required for letting the previous zone’s people escape
from the same exit. Furthermore, people from the same zone are assumed to select the
same route during evacuation. The objective function of this escape route optimization
subsystem is summarized as Equation (1):

Minimize tescape,total (1)

subject to tescape,total = max
i∈nzones

(
tescape,i

)
tescape,i = ttravel,i + tqueue,i

ttravel,i =
li,k
v

tqueue,i = ∑
j∈ndoors,k

peoplei
Ne f f Bj

, i f ttravel,i > tescape,i−1

tqueue,i = ∑
j∈ndoors,k

peoplei
Ne f f Bj

+
(
tescape,i−1 − ttravel,i

)
, i f ttravel,i < tescape,−1
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where tescape,total is the time for all people to evacuate from the construction site, min; tescape,i
is the time for people at i-th zone to escape, min (note that the zone is numbered by the
ascending order of distance from the exit); nzones is the number of zones at the construction
site; ttravel,i is the walking time of people in i-th zone, min; tqueue,i is the queuing time of
people in i-th zone, min; li,k is the distance of k-th route which starts from the i-th zone to
the final exit, m; v is the walking speed, 72 m/min; peoplei is the number of people in i-th
zone; ndoors,k is the number of exits if people in i-th zone select to pass k-th route; Ne f f is
the effective flow coefficient, 90 persons/min/m; Bj is the width of j-th door, m.

3. Case Study

The studied project is an education building, located in Changsha, Hunan Province,
China. The 3D schematic of this building is present in Figure 7, while the characteristics of
this building are listed in Table 2.
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Table 2. Characteristics of the studied education building.

Building Type Building Story Building Scale Fire-Resistant Level
(Above/Underground) SERVICE LIFE Seismic Fortification

Intensity

Education building Multistory Small Second/- 50 Grade 7

Main structure Roof waterproof
level

No. of stories
(Above/underground)

Height
(m) Land area (m2) Building area above

ground (m2)

Frame I 4/0 18.00 1800 6700

The construction site of this building mainly includes the following areas: (i) the fire
operation area, a place for all construction progress, mainly including welding and cutting,
etc.; (ii) the flammable material area, a place for stacking flammable materials, such as
wooden formwork and square wood, or a flammable and explosive warehouse; (iii) the
office area and the living area, which can be divided into the construction site kitchen and
the dormitory.

The construction process mainly includes three stages: (i) the foundation construc-
tion stage; (ii) the main structure construction stage; (iii) the decoration installation
construction stage.

As testing the escape route optimization subsystem with a real fire is challenging and
dangerous, it will be desirable to assume a fire at a specific location and optimize the escape
route. As shown in Figure 8, a fire in the material storage area is assumed to be caught by
the remote monitoring subsystem. The part enclosed by the green line is the construction
area, while five zones at each floor are classified based on people gathering and distances
from exits. For each zone, the number of people is randomly selected from 0 to 10. Further,
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there are two main escapeways on the first floor of the construction site. The width of
escapeway 1 and escapeway 2 is 2 m and 3 m, respectively. Information (e.g., the number
of people and the shortest distance from the escapeways) is summarized in Table 3. In this
study, to quantify the improvement of the proposed escape route optimization algorithm,
it is compared with a reference case without considering the potential extra queuing time
resulting from the previous zone’s evacuation, which means that in the reference case, the
queuing time is calculated by the assumption that people would start passing through the
exit once they arrived, as shown in Equation (2).

tqueue_re f erence,i = ∑
j∈ndoors,k

peoplei
Ne f f Bj

(2)

where tqueue_re f erence,i is the queuing time of i-th zone in the reference case.
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Figure 8. Fire situation on the first floor.

Table 3. Information for each zone.

Zone Number of People Distance to
Escapeway 1, m

Distance to
Escapeway 2, m

Zone A (First floor) 7 30 110

Zone B (First floor) 9 45 95

Zone C (First floor) 2 70 70

Zone D (First floor) 9 100 40

Zone E (First floor) 5 130 10

Zone A (Second floor) 6 40 120

Zone B (Second floor) 6 55 105

Zone C (Second floor) 1 80 80

Zone D (Second floor) 4 110 50

Zone E (Second floor) 3 140 20
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Table 3. Cont.

Zone Number of People Distance to
Escapeway 1, m

Distance to
Escapeway 2, m

Zone A (Third floor) 3 50 130

Zone B (Third floor) 4 65 115

Zone C (Third floor) 7 90 90

Zone D (Third floor) 5 120 60

Zone E (Third floor) 6 150 30

Zone A (Fourth floor) 3 60 140

Zone B (Fourth floor) 2 75 125

Zone C (Fourth floor) 6 100 100

Zone D (Fourth floor) 2 130 70

Zone E (Fourth floor) 3 160 40

4. Results and Discussion

The implementation results of the remote monitoring subsystem, the visualization
subsystem, and the escape route optimization subsystem are presented in this section.
Although the results of the multi-stage subsystem are not analyzed separately, they are
integrated into other subsystems. For instance, the escape route optimization subsystem is
activated when the multi-alarm subsystem sends the signal for preparing evacuation.

4.1. Remote Monitoring Scenes

The monitoring scenes for different construction stages are shown as below:

(1) Foundation construction stage

During the foundation construction stage, fire prevention in the storage area of
flammable materials should be focused on. For instance, attention should be paid to the
fire monitoring in the woodworking shed where the wood board materials and flammable
materials are stacked, as shown in Figure 9.
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Figure 9. Monitoring scene of a woodworking shed.

(2) The main structure construction stage

During the main structure construction stage, monitoring devices should be set up
in both flammable material areas (as shown in Figure 10a) and fire-using work areas
(as shown in Figure 10b) to ensure that all areas at the construction area are within the
monitoring range. Monitoring fire-use areas mainly includes: (i) welding places with
open flame workload; (ii) the outer frame during operations such as steel welding and
acetylene cutting; (iii) the lower layer during the construction of the upper layer when
electric welding sparks may splash into the lower layer.



Buildings 2022, 12, 1268 13 of 20

Buildings 2022, 12, x FOR PEER REVIEW 13 of 21 
 

4. Results and Discussion 
The implementation results of the remote monitoring subsystem, the visualization 

subsystem, and the escape route optimization subsystem are presented in this section. 
Although the results of the multi-stage subsystem are not analyzed separately, they are 
integrated into other subsystems. For instance, the escape route optimization subsystem 
is activated when the multi-alarm subsystem sends the signal for preparing evacuation. 

4.1. Remote Monitoring Scenes 
The monitoring scenes for different construction stages are shown as below: 

(1) Foundation construction stage 
During the foundation construction stage, fire prevention in the storage area of 

flammable materials should be focused on. For instance, attention should be paid to the 
fire monitoring in the woodworking shed where the wood board materials and flammable 
materials are stacked, as shown in Figure 9. 

 
Figure 9. Monitoring scene of a woodworking shed. 

(2) The main structure construction stage 
During the main structure construction stage, monitoring devices should be set up 

in both flammable material areas (as shown in Figure 10a) and fire-using work areas (as 
shown in Figure 10b) to ensure that all areas at the construction area are within the 
monitoring range. Monitoring fire-use areas mainly includes: (i) welding places with open 
flame workload; (ii) the outer frame during operations such as steel welding and acetylene 
cutting; (iii) the lower layer during the construction of the upper layer when electric 
welding sparks may splash into the lower layer. 

 
Figure 10. Monitoring scene during the main structure construction stage at (a) a flammable material 
stack area and (b) a fire-using work area. 
Figure 10. Monitoring scene during the main structure construction stage at (a) a flammable material
stack area and (b) a fire-using work area.

(3) Decoration installation construction stage

At this stage, besides monitoring the places that are mentioned at the main structure
construction stage, monitoring should be strengthened for storage places of flammable
materials, such as paint and thermal insulation materials, as shown in Figure 11. These
materials should be stored separately, while the storage place should be well ventilated to
prevent flammable gases from burning and exploding.
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Figure 11. The storage places of paint and thermal insulation materials.

Furthermore, the installation process of insulation boards should be specially mon-
itored, as shown in Figure 12. Key points of this process include: (i) monitoring and
prohibiting open flame operations and electrical welding operations around the working
surface; (ii) monitoring electrical and wires of electric welding to prevent open circuits and
sparks when installing pipelines; (iii) carefully monitoring the hidden dangers of static
ignition and tool collision fire.

4.2. Visualization Functions

As illustrated in Section 2.2, the visualization subsystem can visually present the
on-site situation, the entire process of a fire occurrence, and the evacuation route. The
evacuation route should be first optimized by the escape route optimization subsystem and
then presented to people by the visualization subsystem. Therefore, this section mainly
presents the results of visualizing on-site information and fire scenes.
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4.2.1. On-Site Information

The visualized on-site information at different places is shown in Figure 13. Note
that the BIM model should be updated once new on-site information is collected by the
monitoring devices.
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4.2.2. Fire Visualization

The fire visualization results at different places are shown in Figure 14. Note that in
this study, fire visualization could only present the on-site fire situation. To predict and
present the fire growth, integrating FDS into Revit can be used in this section. A detailed
summary of this method is shown in Section 1.2. However, as the goal of this proposed
system is to process an immediate solution for fire prevention at the construction site, the
fire simulation function that may increase the response time is not considered in this study.

Buildings 2022, 12, x FOR PEER REVIEW 16 of 21 
 

 
Figure 14. Fire visualization at: (a) living area; (b) flammable material area; (c) scaffold. 

4.3. Escape Route Planning 
The escape route optimization results of the reference case and the proposed 

optimization subsystem are listed in Table 4 and Table 5, respectively. Compared with the 
reference case, the proposed escape route subsystem has a higher escape time for some 
zones due to its ability to consider extra queuing time caused by people from previous 
zones. However, in this studied case, the escapeway selected for each zone by the 
proposed subsystem is the same as the reference case and 𝑡 ,  in both cases are 
the same, which is 1.69 min. The main reason is that the people count at the construction 
site is relatively small. Even if some zones may need extra queuing time, it would not 
affect the next zones’ escape because these queuing zones would pass through the 
escapeway before the next zones arrived. 

However, if the people distribution at the construction site is more intensive in a 
certain area, the proposed system may select a different escapeway than the reference 
case. An example can be given by increasing the people count in Zone A and Zone B at 
each floor to be ten times their corresponding values shown in Table 3. Accordingly, the 
selected escapeways of different optimization methods are shown in Table 6. It shows that 
the proposed subsystem gives up the closest escapeway for Zone B on the second floor to 
the fourth floor, while the escapeway selected by the reference case is in line with the 
closest escapeway. This is because the proposed subsystem found that selecting a further 
exit for these zones would cause a faster evacuation than waiting to pass the closest 
escapeway. The proposed subsystem presents the strength to consider extra queuing time 
caused by congestion. However, it can also be further improved to consider the crowds 
on the staircases. 

  

Figure 14. Fire visualization at: (a) living area; (b) flammable material area; (c) scaffold.

4.3. Escape Route Planning

The escape route optimization results of the reference case and the proposed optimiza-
tion subsystem are listed in Tables 4 and 5, respectively. Compared with the reference case,
the proposed escape route subsystem has a higher escape time for some zones due to its
ability to consider extra queuing time caused by people from previous zones. However, in
this studied case, the escapeway selected for each zone by the proposed subsystem is the
same as the reference case and tescape,total in both cases are the same, which is 1.69 min. The
main reason is that the people count at the construction site is relatively small. Even if some
zones may need extra queuing time, it would not affect the next zones’ escape because
these queuing zones would pass through the escapeway before the next zones arrived.

However, if the people distribution at the construction site is more intensive in a
certain area, the proposed system may select a different escapeway than the reference
case. An example can be given by increasing the people count in Zone A and Zone B at
each floor to be ten times their corresponding values shown in Table 3. Accordingly, the
selected escapeways of different optimization methods are shown in Table 6. It shows
that the proposed subsystem gives up the closest escapeway for Zone B on the second
floor to the fourth floor, while the escapeway selected by the reference case is in line with
the closest escapeway. This is because the proposed subsystem found that selecting a
further exit for these zones would cause a faster evacuation than waiting to pass the closest
escapeway. The proposed subsystem presents the strength to consider extra queuing time
caused by congestion. However, it can also be further improved to consider the crowds on
the staircases.
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Table 4. Escape route optimization results of the reference case.

Escapeway 1 Escapeway 2
EscapeWay Optimized tescape,i tescape,total

Zone ttravel,i tqueue,i tescape,i ttravel,i tqueue,i tescape,i

Zone A (First floor) 0.50 0.04 0.54 1.83 0.03 1.86 1 0.54

1.69

Zone B (First floor) 0.75 0.05 0.80 1.58 0.03 1.62 1 0.80

Zone C (First floor) 1.17 0.01 1.18 1.17 0.01 1.17 2 1.17

Zone D (First floor) 1.67 0.05 1.72 0.67 0.03 0.70 2 0.70

Zone E (First floor) 2.17 0.03 2.19 0.17 0.02 0.19 2 0.19

Zone A (Second floor) 0.67 0.03 0.70 2.00 0.02 2.02 1 0.70

Zone B (Second floor) 0.92 0.03 0.95 1.75 0.02 1.77 1 0.95

Zone C (Second floor) 1.33 0.01 1.34 1.33 0.00 1.34 2 1.34

Zone D (Second floor) 1.83 0.02 1.86 0.83 0.01 0.85 2 0.85

Zone E (Second floor) 2.33 0.02 2.35 0.33 0.01 0.34 2 0.34

Zone A (Third floor) 0.83 0.02 0.85 2.17 0.01 2.18 1 0.85

Zone B (Third floor) 1.08 0.02 1.11 1.92 0.01 1.93 1 1.11

Zone C (Third floor) 1.50 0.04 1.54 1.50 0.03 1.53 2 1.53

Zone D (Third floor) 2.00 0.03 2.03 1.00 0.02 1.02 2 1.02

Zone E (Third floor) 2.50 0.03 2.53 0.50 0.02 0.52 2 0.52

Zone A (Fourth floor) 1.00 0.02 1.02 2.33 0.01 2.34 1 1.02

Zone B (Fourth floor) 1.25 0.01 1.26 2.08 0.01 2.09 1 1.26

Zone C (Fourth floor) 1.67 0.08 1.70 1.67 0.02 1.69 2 1.69

Zone D (Fourth floor) 2.17 0.04 2.18 1.17 0.01 1.17 2 1.17

Zone E (Fourth floor) 2.67 0.02 2.68 0.67 0.04 0.68 2 0.68

Table 5. Escape route optimization results of the proposed system.

Escapeway 1 Escapeway 2
EscapeWay Optimized tescape,i tescape,total

Zone ttravel,i tqueue,i tescape,i ttravel,i tqueue,i tescape,i

Zone A (First floor) 0.50 0.04 0.54 1.83 0.03 1.86 1 0.54

1.69

Zone B (First floor) 0.75 0.05 0.80 1.58 0.03 1.62 1 0.80

Zone C (First floor) 1.17 0.01 1.18 1.17 0.01 1.17 2 1.17

Zone D (First floor) 1.67 0.05 1.72 0.67 0.03 0.70 2 0.70

Zone E (First floor) 2.17 0.03 2.19 0.17 0.02 0.19 2 0.19

Zone A (Second floor) 0.67 0.03 0.70 2.00 0.02 2.02 1 0.70

Zone B (Second floor) 0.92 0.03 0.95 1.75 0.02 1.77 1 0.95

Zone C (Second floor) 1.33 0.01 1.34 1.33 0.00 1.34 2 1.34

Zone D (Second floor) 1.83 0.02 1.86 0.83 0.01 0.85 2 0.85

Zone E (Second floor) 2.33 0.02 2.35 0.33 0.01 0.34 2 0.34

Zone A (Third floor) 0.83 0.02 0.85 2.17 0.01 2.18 1 0.85

Zone B (Third floor) 1.08 0.02 1.11 1.92 0.01 1.93 1 1.11

Zone C (Third floor) 1.50 0.04 1.54 1.50 0.03 1.53 2 1.53

Zone D (Third floor) 2.00 0.03 2.03 1.00 0.02 1.02 2 1.02
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Table 5. Cont.

Escapeway 1 Escapeway 2
EscapeWay Optimized tescape,i tescape,total

Zone ttravel,i tqueue,i tescape,i ttravel,i tqueue,i tescape,i

Zone E (Third floor) 2.50 0.03 2.53 0.50 0.02 0.52 2 0.52

1.69

Zone A (Fourth floor) 1.00 0.02 1.02 2.33 0.01 2.34 1 1.02

Zone B (Fourth floor) 1.25 0.01 1.26 2.08 0.01 2.09 1 1.26

Zone C (Fourth floor) 1.67 0.08 1.75 1.67 0.02 1.69 2 1.69

Zone D (Fourth floor) 2.17 0.04 2.21 1.17 0.01 1.18 2 1.18

Zone E (Fourth floor) 2.67 0.02 2.68 0.67 0.04 0.71 2 0.71

Table 6. Selected escapeway when increasing the people count for Zone A and Zone B.

Zone
Number of

People
Distance to

Escapeway 1, m
Distance to

Escapeway 2, m

Selected Escapeway

Closest Reference Case Proposed
Subsystem

Zone A (First floor) 70 30 110 1 1 1

Zone B (First floor) 90 45 95 1 1 1

Zone C (First floor) 2 70 70 2 2 2

Zone D (First floor) 9 100 40 2 2 2

Zone E (First floor) 5 130 10 2 2 2

Zone A (Second floor) 60 40 120 1 1 1

Zone B (Second floor) 60 55 105 1 1 2

Zone C (Second floor) 1 80 80 2 2 2

Zone D (Second floor) 4 110 50 2 2 2

Zone E (Second floor) 3 140 20 2 2 2

Zone A (Third floor) 30 50 130 1 1 1

Zone B (Third floor) 40 65 115 1 1 2

Zone C (Third floor) 7 90 90 2 2 2

Zone D (Third floor) 5 120 60 2 2 2

Zone E (Third floor) 6 150 30 2 2 2

Zone A (Fourth floor) 30 60 140 1 1 1

Zone B (Fourth floor) 20 75 125 1 1 2

Zone C (Fourth floor) 6 100 100 2 2 2

Zone D (Fourth floor) 2 130 70 2 2 2

Zone E (Fourth floor) 3 160 40 2 2 2

5. Conclusions and Future Works

This paper developed a novel BIM-based fire safety management platform for con-
struction sites. It is composed of four subsystems: the fire visualization subsystem, the
remote monitoring subsystem, the multi-stage fire alarm subsystem, and the escape route
optimization subsystem. Besides ensuring the developed platform to consider the combi-
nation of BIM and construction site fire warnings, this study provides specific ideas for
building this platform, which can be well suited to provide theoretical recommendations
for future related research. In addition, the findings of this study have a relatively large
potential for practical applications and will also provide guidelines for project managers
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and construction site managers of actual projects on managing fire prevention and warning
management systems and developing corresponding management plans.

To achieve a realistic operation of this system, add-ins of these subsystems are devel-
oped for the Revit platform. Then, a case study is done to implement the proposed system.
The main conclusions of this study are as follows: (1) The remote monitoring subsystem
achieves an all-round monitoring of the fire status; (2) The BIM-based fire visualization
subsystem vividly displays the on-site fire situation and timely presents the 3D drawing or
animation of evacuation plans to people at the construction site. Due to the visualization
feature of the BIM-based site model, people would be more familiar with on-site situations
and evacuation routes; (3) The multi-stage fire alarm subsystem enables the managers at
the construction site to carry out effective treatment measures according to the evaluated
fire stage; (4) The escape route optimization subsystem shows the strength to consider
the crowd at the construction site during evacuation. It effectively selects the escapeway
with the shortest entire evacuation time and avoids the queuing at the closest escapeway.
Thereby, the proposed system in this paper could provide informational and intellectual fire
management services for different participants at the construction site, such as construction
companies, equipment operation and maintenance companies, and labor companies.

In the future study, the proposed model will be validated and comprehensively ana-
lyzed based on some practical cases in different countries or regions and will also include
the applicability to other building typologies, which will be a very prospective research
solution for investigating the generalizability of this proposed system. Furthermore, future
works could also focus on the following aspects: (i) considering the impact of design
concepts on fire safety and fire conditions, such as fire smoke spread, the speed of evacua-
tion, escape route optimization subsystems; (ii) considering the specific impact of weather
and staircase crowding on the evacuation; (iii) comparing the proposed approach with
traditional systems; to do this, the Charrette Test Method could be considered.
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