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Fire safety design is a critical process when designing high-rise residential buildings, owing
to the various demographics of the occupants. Design professionals must ensure that their
designs will reduce the occupant evacuation time, as a risk mitigation strategy against loss
of life. Observations from local Architectural/ Engineering (A/E) practices indicated that
occupant behavior and evacuation during fire emergencies have not been considered when
designing buildings. This gap has prompted the need for investigating the variables
effecting the occupant behavior and evacuation time in high-rise residential buildings.
Simulation tools such as Pathfinder and PyroSim provide effective means for identifying
and visualizing the challenges effecting the occupant behavior and evacuation time during
fire emergencies. The first objective of this research is to investigate passive and active fire
protection measures that can affect occupants evacuation time. The second objective is to
select and study a case study building to assess fire evacuation scenarios. Lastly, multiple
scenarios were simulated to see the most efficient design layout for the occupant’s
evacuation time. Width of the exit doors as well as the staircase width were modified to
see their impact on the overall evacuation. After investigating several scenarios of the
building layout and design of egress, suggestions and recommendations for future work
were provided. The outputs of the simulation tools helped in improving the occupant

evacuation efficiency by 10%, hence minimizing injuries and fatalities.
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1.1

CHAPTER 1

INTRODUCTION

Background

With the improvement in technology and the development of modern cities with a growing
population and population density and a limited amount of area, the best solution is high-rise
buildings. Many high-rise buildings are being built in the modern days. NFPA defines the
high-rise building as “buildings greater than 75 feet or 23 meters approximately where the
height is measures from the lowest level of the fire department access to the floor of the

highest possible occupiable story™.

According to a study done by (Qu, Wang and Du, 2021) around 53 high-rise buildings over
200m were constructed in 2019 across the world, and the number will only increase in the
future. High-rise buildings can be of many different categories for different functions such as,
residential buildings, hotels, offices, apartment buildings and retail. Each category presents
its own set of characteristics and challenges from the point of emergency evacuation. Thus,
the analysis of the selected building is critical in identifying the human behavior and to check
for proper implementation of fire safety code. The occupants’ physical ability and movement
speed will also impact the evacuation time. This study will focus specifically on high-rise

residential buildings.



It is important to study the evacuation in tall residential buildings because they are usually
occupied by a large number of people of different demographics. There have been many
deaths before which occur in high-rise building from not being able to evacuate the building
properly, one reason is sprinkler systems are not present in the building or were not activated

(Oven and Cakici, 2009).

There have been simulations done before since the inception of computers, if not by
computers they were done by doing live fire drills and observing the evacuation process
(Proulx, 1995). In recent years advances simulation software are being used to assist in

understanding the fire evacuation process and the human interaction with the surroundings.

The simulation tools which will be used in this research are Pathfinder and Pyrosim, these are
the latest simulation tools available which have much more realistic and optimized engine to
simulate the fire and smoke as real as possible. PyrsoSim is used to simulate fire and smoke
inside a building, it will be used to analyze fire control and smoke dissipation in the high-rise

building for fire protection and safety.

Similarly, Pathfinder simulates the evacuation of the occupants which will help in
understanding the building users egress time, pattern, and congestion hazards. By using these
two simulation tools, data will be analyzed and assessed to see the impact of the building
design, smoke propagation and occupant behavior during fire evacuation scenarios. All
buildings are different and each of them will present new scenarios which might not have

been identified by the designers or the fire safety team. Using 3D visualization, it will help



the stakeholders to avoid any randomness, make them prepared for emergencies and reduce

casualties.

1.2 Statement of the problem

Fire safety design is a critical process when designing high-rise residential buildings, owing to
the various demographics of the occupants. Design professionals must ensure that their designs
will reduce the occupant evacuation time, as a risk mitigation strategy against loss of life.
Observations from local Architectural/ Engineering (A/E) practices indicated that occupant
behavior and evacuation during fire emergencies have not been considered when designing

buildings.

Reducing the evacuation time is critical and will save lives along with reducing the number of
injuries. Human behavior is volatile, and their behavior varies from one building to another. How
they interact with the building and surroundings also plays a major role in the evacuation
efficiency and time. The type of egress system present in the building, the presence of fire
wardens, latest firefighting systems, voice communication channels and frequent fire training all
will greatly affect the evacuation (Akashah et al., 2020) . There are other key factors which this
study will look into, such as the impact of the width of the door, staircase and corridors on the
evacuation efficiency and time. This can help identify improvements which can be made in the

Saudi Building Code (SBC).



This gap has prompted the need to investigate the variables affecting human behavior and
evacuation time in high-rise residential buildings. Simulation tools provide effective means for
identifying and visualizing the challenges affecting the occupants’ behavior and evacuation time
during a fire emergency. The outputs of the simulation tools will be used to improve the occupant

evacuation efficiency, hence minimizing injuries and fatalities.

1.3 Research Goal

This research aims to utilize BIM, and fire and smoke simulation tools to assess the behavior of
occupants during emergency evacuation in high-rise residential buildings and develop measures,

in accordance with the Saudi Building code, for enhancing the evacuation time.

1.4 Research Objectives

These are the following objectives of the thesis:

1. To investigate the passive and active fire protection measures that affect occupant’s
evacuation duration in high-rise residential buildings.

2. To develop a case study to simulate the evacuation time of the occupants from the high-
rise building in the case of fire emergency.

3. To investigate different design layout scenarios which can improve the occupants’

evacuation time which will be based on the output of the simulation.

1.5 Methodology

The methodology set to achieve the objectives of the thesis are:

1. To carry out Literature review to identify passive and active fire protection measures and
evacuation challenges in high-rise residential buildings. A review was carried out on BIM

and occupant behavior during fire emergency evacuations in high-rise buildings. The key



search terms for the literature review included: “Building evacuation” “Evacuation in
High-rise Buildings” “Occupant behavior in Evacuation” “Simulation for fire evacuation”
“Intelligent fire detection”. The search was carried out using mainly Google Scholar,
Scopus and ScienceDirect. Over 200 relevant papers were reviewed from 1980 until 2022
out of which 133 were referred for this paper.

. To select an existing high-rise residential building which comes under the category of
residential group R-2 in the Saudi building code 801. This code is assigned to dwellings
where occupants are usually permanent in nature. The building will be modelled as a case
study using REVIT and ENSCAPE to develop a rendered 3D model of the selected
building. This model then will be imported into Pathfinder and PyroSim for simulation.

. To carry out multiple simulations using (a) PyroSim and for studying the impact of smoke
development and propagation in a case study building, (b) Pathfinder for studying the
human behavior and movement speed during fire evacuation. The model then will run
multiple base case scenarios for different fires for evacuation in the existing building.
Probabilistic values will be assumed taking the human movement speed data along with
the fire propagation data from the previously published research to get a realistic
simulation. The data of the base case results will be compared with the standard data to
see the potential danger present inside the building.

. Analyzing the obtained data out of the two simulation tools (PyroSim, Pathfinder) to
identify the values of the key variables affecting the occupants’ evacuation.

. Verification and Validation of the simulation results from previously stored data of the
software programs to ensure the software implements the model correctly as well as

reviewing previously published literature to see deviations.



6. Developing measures/solutions for reducing the occupant egress time based on the output
of the simulation tools and improving the evacuation efficiency.

7. Developing Conclusions, recommendations, and areas for future research.

The main research questions that will be answered in this research are:

RQ1. What are the key factors pertaining to emergency evacuation in high-rise residential
buildings?

RQ2. How do the occupants in different facilities behave during emergency evacuations?

RQ3. What are the inherent limitations in BIM-based simulation for occupant evacuation?

RQ4. What are the future research directions for utilizing smart fire detection and evacuation

methods and systems in buildings?

Figure 1 illustrates the research methodology.
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1.6 Research Significance

Fire emergency evacuation in high-rise buildings is a critical problem. These buildings are
occupied by many occupants and the amount of space is usually limited. This research will be

significant in providing value for the followings:

e This study will help in understanding how the occupants behave during fires and how the
smoke propagation and fire spread have an affect occupants’ during an emergency

evacuation since people lives are at risk and the occupant safety is of utmost importance.

e This study will simulate the scenarios of fire evacuation and study the occupant evacuation
and behavior using BIM simulation. This will help in minimizing the loss of life and will

inform the impact of design on the fire evacuation time for that particular building.

e This study will be beneficial for architects and fire safety engineers who design buildings

to further understand the requirements of egress.

e This study will help fire protection engineers to understand how smoke propagates and

what are the factors in high-rise buildings which should be looked into and considered.

e The findings of this study will be beneficial for the Architectural/Engineering (A/E)
industry in understanding the impact of the design and their choice of layout and

firefighting systems on the emergency evacuation in high-rise buildings.



1.7 Scope and Limitations

The scope of this paper is focused on smoke simulation and occupant behavior in
residential high-rise buildings using the available published data and the anticipated

smoke and fire growth rates.

A high-rise building from Saudi Arabia will be selected as case study and its design and

layout will be modified to see how it will affect the evacuation time.

The data for occupants’ physical ability and movement speed will be assumed from the

international data available.

This simulation will estimate the occupant behavior during evacuation in a specific
residential building existing in Saudi Arabia. So, there is a good chance this simulation
result will not mean all residential buildings will have the same results since there are

many factors which affect the evacuation in real life.

The building location, construction material used, the fire protection systems, the spatial
design of the buildings and codes of the country, all these play a critical role, and each
building will vary so this study will not delve into the all the materials and specifications

which can be in other buildings.



1.8 Structure of the research

In this section, the thesis' content and structure are described.
Chapter 1 - Introduction: Providing background of the topic and discussing the statement of
problem, identifying the research questions, defining objectives, methodology significance and

limitations of the study.

Chapter 2 — Literature Review: Doing a systematic literature review during the last 20 to 40 years

covering the main impactful and related topics.

Chapter3 — Evacuation Modelling: Developing the 3D building in a BIM software and carrying

out the simulation in the fire simulation model.

Chapter 4 - Results and Discussion: Describing the results and comparing it with previous

simulations and real-life data to see its accuracy and findings.

Chapter 5 — Conclusion and Recommendations: The study's conclusion and future directions.
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2 CHAPTER 2

LITERATURE REVIEW

2.1 Literature Review

2.2 Evacuation in high-rise buildings

Rapid development and advancement in technology along with the increased need of housing has
resulted in erection of numerous high-rise buildings residential buildings in the last decade. With
the human population on the rise, the trend of high-rise residential building seems to be on an

upward trajectory.

These buildings accommodate a large number of people from different demographics. This
presents a difficulty during emergency evacuation. The fire safety code only permits the use of
the stairs for egress, which can be a difficult task for people living on the upper floors especially
for disabled, young, and old aged people. The buildings are usually occupied by hundreds of
people if not more, crowding and collisions can occur at the staircases during emergencies due to
a large number of people wanting to exit the building at the same time which will slow down the

evacuation time (Zhiming et al., no date).

Old aged people and people with disabilities will not even attempt to evacuate the building since
it’s not physically possible for them, especially for those who are residing on the upper floors of
the building. Even for adults, in some cases it will be difficult to descend for a long time to their

physical stamina. These tenants will instead wait for the firefighting team to rescue them. This is

11



why there has been an interest in recent years for code to allow the use of elevators in tall buildings

(Minegishi, 2021) .

In high-rise buildings usually the occupants evacuate late even after hearing the fire alarm and
this delay could significantly impact their lives. Delays can be in the form of sleeping, using the
bathroom or just not being sure whether to start the evacuation or not since many suspect that it
could be a false alarm and not actually a fire. Occupants usually try to investigate about the fire

before actually beginning their evacuation (Ding et al., 2021).

Delays in evacuation could mean smoke building up and fire spreading inside the building, which
will put the occupants in danger and increase the likely hood of casualties. In some cases, the
firefighting systems of the building might not get activated which will further put the tenants at
risk. It is important for the fire safety staff of the building to be aware of the situations that could
occur because of fire, and they should provide adequate training to the residents on a regular time

period to keep improve their knowledge and skills (Koo et al., 2013).

Every building is different and has its own sets of challenges and drawbacks. The selection of
materials as well as the amount of fuel load present inside the building will directly have an impact
on the evacuation time of the occupants. So, one study or simulation results does not mean it will
be the same for the other buildings. Therefore, it is a great problem, which needs proper planning

and training for both the staff and the occupants in order to minimize the loss of life.

12



2.3 Occupant behavior in emergency evacuation

Occupants’ behavior is something which is extremely hard to predict. There are many factors and
variables, which can be present, and the reactions and responses will vary from one person to
another as well as their movement and walking speeds (Muhdi, Davis and Blackburn, 2006). This
presents a challenge for the fire safety engineers when they design for fire safety. It is critical to

understand the human psychology in order to create adequate evacuation plans.

The behavior will vary depending on age, physical factors as well as mental ability. Their
knowledge of the surroundings and their prior fire safety training will matter when calculating
the estimated evacuation time. The surrounding environment will also have an impact on the

occupant behavior and this also will vary from person to person (Gershon et al., 2007).

Studies have shown that occupants take a long time to start their evacuation and this time is known
as the “pre-evacuation time” this can be anywhere from two to eight minutes. This time is usually
spent investigating the cause of hazard of the fire as well as getting ready and making the decision
to evacuate or not. Families having babies or elderly members might also be reluctant to start their

evacuation process (Kuligowski, 2013).

Studies have been done previously on human and occupant behavior but in certain circumstances,
this does not mean the same will be observed again. Understanding human behavior will help
designers in simulations to try and better predict evacuation times. Before the invention of
computers, fire safety engineers used to carry out live evacuation drills to study the occupant
behavior in different scenarios. With the advancement in technology and availability of software,

simulations were carried out to predict the evacuation time, but the results would vary and were

13



not accurate. This was due to the fact the occupant’s behavior comes with uncertainty and it’s
difficult to simplify the data so most designers make assumptions and simplifications when

modelling (Kuligowski, 2013).

There has been more data published in recent years which tries to make a realistic assumption by
factoring in different human behaviors but there still remains uncertainty and no one car guarantee
the replication of simulation to real life results (Lin et al., 2020). More work still needs be done

to better understand human behavior during fire emergencies.

2.4 BIM-based simulation tools for occupant evacuation

Building information modelling (BIM) can be defined as “a digital model of physical orbit
environment”(Tien Doan et al., 2019). BIM is useful for architects, engineers and fire safety
engineers. When implemented properly BIM can provide valuable information and reduce costs
of an organization. BIM is more than just creating 3D drawings, it has data and information stored

which can be used in multiple different programs to run experiments and simulations.

Using BIM in occupant evacuation and fire safety design gives insights to both the designers and
the client on how the changes have an influence on the complete performance of the design. BIM
model can store information pertaining to fire safety, for example, the list of fire extinguishers,
smoke detectors, their maintenance dates etc. BIM models can be used to quickly check if the
design follows the safety code requirements; it can be used to simulate the occupant evacuation,

which gives a rough estimate for long it will take for the occupants to evacuate the building.

14



BIM model can highlight ideas, which might not have been observed from the 2D drawings.
Furthermore, BIM allows professionals in fire safety design and the building occupants to be
trained in fire safety, thanks to the new technology advancements in Artificial Intelligence (AR)
and Virtual reality (VR) (Lovreglio and Kinateder, 2020). Using VR in safety design also helps
designers understand the user experience and their interaction with the surroundings. By studying
the occupants behavior for that particular building, the designer can get insights on how the human

perceives the environment and can use this knowledge to improve the design (Park et al., 2018).

There has been an interest in using information technology and data monitoring systems to adapt
a new concept for evacuation for occupants in buildings. This system can help occupants during
their evacuation by guiding them to the nearest exit by scanning the environment of the evacuee
and the nearest location of exit. This system is still under testing and needs optimization. Overall
BIM tools are really beneficial and in the future it can be expected to be the norm for buildings

to have smart systems to guide the building tenants during an evacuation (Fang, Lo and Lo, 2021).

2.5 Smart fire detection and evacuation in buildings

With the advancement in technology and internet of things (loT), intelligent buildings are
increasing in number and are becoming more prominent which use advanced sensors and systems.
These smart systems gather data in real time such as the indoor air temperatures, smoke and CO2
levels and raise awareness if there are any faults. This allowed the building management team to

always stay alert and up to date with the building issues (Majumder, O’Neil and Kennedy, 2018).

In the early 2000’s the main issue with the fire detection systems was there were a lot of false
alarms and faults in the systems. This was due to the technology not being that advanced where

15



the smoke detectors could not differentiate between cigarette smoke and a fire smoke. But
nowadays the equipment is well designed, and the number of false alarms has significantly

decreased (Joshi et al., 2020).

Smart fire detection tries to detect early fires and stop it from propagating once it has ignited.
These systems are quite often complex with a lot of information being exchanged and monitored.
Smart evacuation is also being developed and tested in many countries to optimize the exit paths
for the occupants by guiding them to the nearest exit. Applications are being created where the
device will read the surrounding environment conditions and guide the evacuees to the nearest
accessible exit by providing information on their personal mobile phones. Other applications of
smart technology is by using wireless sensors and radio frequency identification to guide the users

in real time by displaying on the exit signages the way to exit the building (Hsu et al., 2014).

One real time smart fire detection system is being developed which can identify the type of fire
and its severity and will automatically alert the building users via mobile phones and also the
nearest fire station. This will help save the precious time which can make a difference of life and

death (Safayet, Rahman and Anam, 2021).

Although there are many advantages of smart fire systems, they are still not easily available to
buy commercially and are not fully refined to be implemented en-masse. Over the next, few years
it is expected more advanced systems will be implemented which can scale commercially and

help save lives (Majumder, O’Neil and Kennedy, 2018).
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2.6 Previous studies

2.6.1 Previous studies on Evacuation in high-rise buildings

2.6.1.1 Research output between 1980-1990
By the 1980’s, tall buildings, or high-rise buildings, as they are currently referred to, were quite

popular. Emergency evacuation in high-rise buildings was a relatively new topic, as three relevant
studies were identified during this time period. Two of the reasons for this shortage of studies
could be attributed to the lack of articles archiving in digital format, and the limited number of
journals on the domain of fire safety. Kendik (1983) studied the movement of occupants in
different buildings with varying areas and with different crowdedness densities, to determine the
total evacuation time. The study conducted real evacuation tests to analyze the crowd’s movement
and motion during an emergency evacuation, by staircases. A mathematical model was developed
to consider the different factors which impact upon the evacuation, such as the density in each
building and the crowd movement speed. The study concluded with developing a formula that

can estimate the total evacuation time.

Jones and Hewitt (1986) studied the social context and organizational characteristics of the
occupants, which affect their decisions during the emergency evacuations of high-rise office
buildings. In depth interviews with 40 evacuees and 10 firefighters were conducted. The
interviews heighted that the occupants usually follow their supervisors. Thus, it is highly
recommended that the supervisors have adequate training on fire safety, to better guide the
occupants during emergency fire evacuations. The study concluded with emphasizing on the

importance of fire safety training and awareness by organizations.
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Pauls (1987) reviewed previous methods to calculate evacuation times in tall buildings.
Mathematical models were developed to calculate evacuation times. However, the study noted
that although these models can predict the minimum time required for evacuation, it is merely an
assumption, which can be wrong and might not be realistic. The inaccuracies could be attributed
to several factors, including the design of the building, flow, speed and occupants’ density.
Further, the study concluded that human behavior, which is a very uncertain factor, has a
significant impact on the calculation of the evacuation time.

2.6.1.2 Research output from 1991 to 2000

During this time period, seven studies were identified, as the demand for high-rise buildings
increased, and simulation tools started to emerge to determine evacuation times during fire
emergencies. Fahy (1994) investigated the use of an evacuation model (Exit 89), developed to
track each occupant individually. The model facilitates predicting the movement of occupants
during the fire emergency evacuation. The study observed the occupants’ behavior during the
evacuation process, corresponding to the surrounding environment along with the development
of fire and smoke propagation. Nevertheless, the developed model did not consider occupants’
behavior during the emergency evacuation and recommended that this aspect could be
investigated in future research. Similarly, Poon (1994) used (EvacSim), a building evacuation
model to simulate a variety of complex human behaviors during evacuations. This model was
limited through focusing only on the development of fire, without taking into consideration smoke
propagation, for a better understanding of the occupants’ behavior. Furthermore, Thompson and
Marchant (1995) utilized (Simulex), a model to simulate the occupants’ escape movement from

large complex building structures, through the use of different algorithms. Yet, as in the previous
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simulations, the individual behavior of an occupant, along with the psychological aspects of fire

evacuation, could not be considered, since they vary from one person to another.

Proulx (1995) conducted an experiment to observe the evacuation time and the occupants’
movement during a fire emergency. The experiment involved an evacuation drill in 4 different
apartment buildings, where all buildings occupied with the maximum number of occupants, who
were from different demographics. The results showed that the elderly and disabled people did
not have an impact on the evacuation time, since they waited inside their rooms for help to reach
them. The results also indicated that some occupants had a delayed reaction, since they could not
hear the fire alarm properly. The experiment provided insight that knowing the whereabouts of
the building is very important since in one of the four buildings used for the experiment, the
occupants were not aware of the building’s surrounding environment, and this caused them to
panic. While the occupants of the three other apartment buildings knew their buildings well and
they all went straight to the main staircase for exit. Overall, the study concluded that the
evacuation time did not vary among the evacuees, and that the “starting time to evacuate” was the

most important factor in reducing the evacuation time.

Owen et al. (1996) used (Exodus), to simulate the evacuation of a large number of people from a
building. The simulation model tracks the trajectory of all occupants, as they evacuate. The
evacuation performance was measured by observing the exit flow rates and the average
evacuation time per occupant. The model demonstrated that varied individual speed and response

times impact upon on the overall evacuation performance.
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Promoted by an incident where six building occupants were killed, and over 1,000 injuries, Fahy
and Proulx (1997) studied the occupants’ behavior during the evacuation of a high-rise building.
The study involved surveying the occupants of the building who evacuated from the building.
The findings indicated that the floor wardens needed to be available at their assigned posts, and
well equipped with the building information to make safe decisions, in the absence of electrical
power. The findings also indicated that training should have been provided to all occupants, rather
than to only the fire safety team. Further, some occupants complained about the extended time
for fire fighters to reach them. However, occupants of high-rise buildings need to know that the
higher up they are in a building, the more time it will take the firefighting team to reach them,

which was also confirmed from the study done by (Lateef and Anantharaman, 1998).

2.6.1.3 Research output from 2001 to 2011
During this period, high-rise buildings were quite common across the globe. Fifteen studies were

identified during this period, aiming to better understand various aspects affecting emergency
evacuation and human behavior during egress. As more simulation studies were performed,
collection of data on human behavior was necessary to develop accurate outcomes. Fahy and
Proulx (2001) developed and published a database including the various characteristics of

occupants, along with their different walking speeds, in different types of buildings.

Many evacuation models and simulations were developed using different strategies and software
tools (Tong et al., 2001; Pelechano and Malkawi, 2008; Oven and Cakici, 2009). These studies
emphasized that although the simulation models can generate evacuation times, the actual results
may vary due to human behavior and occupants’ interaction with the physical environment. In
addition, the actual results may also vary depending on the speed of fire and smoke propagation,
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which also affects the simulation results, and hence present a challenge in accurately estimating

the evacuation time.

Hakonen (2002) simulated the occupants’ evacuation time through stairs and elevators. The study
concluded that if both stairs and elevators are utilized for evacuation in high-rise buildings, the
overall evacuation time would be significantly decreased. However, in low-rise residential
buildings, the use of stairs would be more efficient, as the elevators are typically small, with low
capacity. The study also noted that in super high-rise buildings, the use of elevators during an
evacuation could decrease the evacuation time significantly, down to 15-30 minutes, instead of
2-3 hours.

Sano et al. (2004) conducted an experiment using an evacuation chair. The study concluded that
wheelchair users could be easily and quickly evacuated by using this type of specially designed
chair. Additionally, Sekizawa et al. (2004) investigated the feasibility of using elevators during
fire evacuation. The study highlighted that various occupants’, mainly the older aged people, will
experience difficulty in using the stairs for evacuation. The study also highlighted that if the
building occupants’ are assigned to different types of emergency exits to use during an
evacuation, the evacuation will be more effective. For example, if a small number of people are
assigned elevators during evacuation, while the rest were assigned to use the stairs, the evacuation
will be faster. Further, Williamson and Demirbilek (2010) studied the use of elevators during
evacuation and emphasized that only buildings where elevators are approved by architects, for
evacuation should be used. Furthermore, Chen et al., (2011) in their study discussed the switch
of transportation elevators to evacuation elevators in high-rise buildings, to speed up the

gvacuation.
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Lay (2007) discussed other alternative evacuation strategies for high-rise buildings, such as
helicopter rescue, rapid slide system and zip wires to neighboring buildings. Yet, these evacuation
solutions are unlikely to have a major impact on the time and the efficiency of the evacuation.

The study concluded that elevators and stairs are the best solution for emergency evacuations.

Gershon et al., (2007) identified the factors associated with high-rise building evacuation. The
key factors included occupants’ training on evacuation, degree of familiarity with the building,
occupants’ physical condition, health status, and footwear. The study also considered occupants’

individual behavior to be a significant factor, which is variable, just like fire and smoke.

Helsloot et al. (2008) discussed the vital role of stairs in the efficiency of evacuation in high-rise
buildings, as they are the safest and fastest way for occupants’ evacuation. The study concluded

that it is critical to design the stairs in a manner that facilitates the ease of evacuation.

Zmud (2008) conducted a survey to determine the public perceptions about emergency evacuation
preparedness of occupants, in high-rise buildings. The study noted that commercial building users
had much higher levels of fire training experience, while residential building users had

information gaps, or were significantly lacking in training.

Hassanain (2009) added that high-rise buildings of different functions will have varying amounts
of fuel load. The type of furniture and fittings will vary and their characteristics will impact the

rapidity of combustion and smoke propagation. The excessive amounts of fuel load can negatively
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impact the evacuation, due to the release of toxic gases, and the development of smoke, which
hinder occupants’ evacuation.

2.6.1.4 Research output from 2012 to 2022

During the last ten years, fire Safety concerns have become a priority for all users and stakeholders
of high-rise buildings. Several studies pertaining to evacuation in high-rise buildings have been
published. Ma and Guo (2012) suggested improvements in the fire safety design codes for high-
rise buildings, as the current codes and standards do not accommodate all the variable design

conditions for all buildings.

Numerous studies (Lu et al., 2012; Ma et al., 2012; Ma and Guo, 2012; Ma et al., 2013; Koo et
al., 2013; Ronchi and Nilsson, 2014; Ding et al., 2021; Fang et al., 2022) have focused on
improving the evacuation strategies in high-rise buildings. These studies investigated the
utilization of elevators as a means of evacuation, and acknowledged their effectiveness, as they

significantly decrease the occupants’ evacuation time in high-rise buildings.

Much like the previous years, more simulation tools were used to study the occupants’ behavior
during evacuation and investigated their movement and evacuation time (Lu et al., 2012; Koo et
al., 2012; Yang et al., 2012). Simulations were carried out to simulate the smoke propagation and
occupants’ behavior during egress. The results from these simulations can assist fire safety
engineers and architects to understand the conditions of each building, and hence select the proper
evacuation strategy to improve the evacuation efficiency.

On another front, (Sun et al., 2013) indicated that as high-rise buildings increased in height, the

selection of appropriate building material and fagcades becomes critical, as they can significantly
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increase or decrease the spread of fire and the propagation of toxic gasses which can affect the
occupants’ movement speed. This would potentially affect the efficiency of the occupants’

emergency evacuation.

Choi et al. (2014) investigated case studies of BIM-based evacuation regulation checking
procedure for high-rise buildings. The study aimed to create an automated system that allows fire
safety engineers, architects, and owners to evaluate the BIM data’'s adherence to evacuation
regulations. An automated evacuation regulation checking system was developed, called
InSightBIM-Evacuation. The study highlighted the importance of automated regulation checking
of code compliance due to the frequent changes of design during the pre-construction phase. The
study concluded that fire safety engineers and architects are able to evaluate design quality

according to the standardized method when a change in design occurs.

Wang and Weng (2014) conducted a study on occupants’ evacuation characteristics in a high-rise
building. The study utilized an evacuation simulation model, which is based on a social force
model. The model can simulate the occupants’ behavior under different psychological and
physiological factors. The study focused on the influence of the design of stairs on evacuation
efficiency. Simulations were performed to observe the evacuation process through the stairs. The
study concluded by providing a suitable range of the slope gradient of stairs and illustrated the

effect on the total evacuation time, with the change in the slope gradient of the stairs.

Lavender et al. (2015) investigated the use of descent equipment for stairs, which can be utilized

to evacuate disabled people during an emergency evacuation in high-rise buildings. A pilot study
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was conducted with a small group of users, with mobility impairments. Three separate designs
were presented to the test group. The group were introduced to the equipment and its utilization,
along with presenting videos, demonstrating the equipment in use. Each group member was
interviewed to provide their feedback and initial impressions. The study concluded that the group
were generally accepting the equipment used for evacuation, although more studies need to be
conducted with a larger sample size to verify the results. Similarly, Egodage et al. (2020),
investigated the emergency evacuation procedures in use for people with mobility impairments.
The study revealed that the priority given to the disabled people depended on the type of high-
rise building. Hospitals and hotels emphasized the importance of emergency evacuation
procedures to their occupants, in comparison to office and residential buildings’ occupants.
Additionally, the study highlighted the lack of emergency evacuation procedures available for the

disabled people throughout all building types.

Xueling (2015) developed a simulation model to study the occupants’ group behavior during
emergency evacuation from high-rise buildings. The study highlighted several characteristics of
high-rise buildings, which present difficulty for occupants’ to evacuate. The factors included the
height of the building, complexity of the layout, occupants’ density inside the building, evacuation
distance, and the chimney effect. A framework for fire evacuation process considering individual
and group behavior was developed. The study performed evacuation simulations taking into
consideration group behavior and real time fire. The results indicated that group dynamics and
the actual course of the fire had a significant impact on the pedestrian evacuation, hence,
lengthening the evacuation time. A similar study was conducted by Wei et al. (2019) who

investigated the effects of family group dynamics on the evacuation time. The study reported
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similar results were observed where grouping caused an increase in the overall evacuation time.
This was attributed to the fact that family groups move together, occupying a larger space that

can hinder the movement of other evacuees who have faster movement.

Aleksandrov et al. (2016) conducted a study aiming to highlight the importance of presenting the
evacuation time through elevators to occupants’ to assist them in making better decisions. Three
evacuation scenarios were provided to occupants during the evacuation process in a high-rise
residential building. In the first scenario, the evacuation time was not provided to the occupants.
In the second case, the arrival time of elevators was provided. The third scenario involved
directing occupants to the elevators for evacuation. The simulations were carried out using the
evacuation software ‘“Pathfinder”. The study indicated that providing the occupants’ with the
evacuation time results in redirecting more occupants towards the elevators, which will lower the
evacuation time. The study highlighted the shortcomings of the simulation such as the occupant
behavior, evacuation delay, and the grouping factor, which can influence the evacuation time.

These shortcomings were not considered in the simulation.

Ding et al. 2017a) investigated the behavior of the evacuees, and the variables that affect their
behavior. It was discovered that the load time of six seconds is considerably faster than the time
required to open and close the doors, which was approximately fifteen seconds. In addition, the
volume of evacuees and queuing patterns like the arch and line will affect the time that evacuees
need to pass through the elevator doors. Occupants’ behavior ranged from pushing, feeling
uncertain, re-entering the elevator, preference for stairs, and social bonding. The study

recommended considering the width of doors and the layout of elevator lobbies in the simulation,
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which results in simulating more accurate evacuation time. The study also concluded that elevator

evacuation simulations can be calibrated and validated using the experiment's fundamental data.

Ding et al. (2017b) developed a Cellular Automata map to enhance the simulation of pedestrian
movement in high-rise stairways, during emergency evacuation. Based on the stair’s structure,
the simulated map is segmented into zones, where each zone has a specific set of rules for
organizing the movement of the evacuees. A fire drill was staged in two high-rise structures to
verify the simulation. The outcomes of the simulation showed that it can anticipate the evacuation
time more precisely. This will enable fire safety engineers and architects to evaluate their

evacuation plans and strategies based on the new simulation.

Soltanzadeh et al. (2018) conducted a study to evaluate the effectiveness of the emergency
evacuation features used in high-rise buildings. The study analyzed the ideal period of emergency
egress in a 40-story high-rise office building, using simulation tools. The number of elevators,
staircases, and locations and areas of refuge floors are independent variables in the simulation,
while the number of survivors in the simulation's standard hour was the dependent variable. The
findings from the simulation indicated that placing a refuge floor in the middle of the high-rise
building will enable more people to be evacuated. The study recommended reducing the number

of intersections in the refuge floor plan, to prevent the formation of long lines for elevator use.

Ding et al. (2019) studied the behavior of evacuees during a high-rise building evacuation, in
relation to non-irritating smoke and awareness of the evacuation process. Several experiments

and questionnaires with 45 participants were carried out. The findings of the comparison of
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elevator and stair evacuation times, the number of elevator users, elevator wait times, and re-route
behavior were all analyzed. The percentage of participants who preferred to take the elevator
compared to those who really did, was significantly different. The study noted that elevator
overload, physical exhaustion, and social ties played a major role during the evacuation of
occupants. The study recommended utilizing elevators only on refuge floors, rather than on each
floor to improve the evacuation efficiency.

Akashah et al. (2020) investigated the evacuation plans used in Malaysia's high-rise buildings. A
case study on four high-rise buildings was conducted. The study discovered that total evacuation
was the most often used evacuation technique. The study highlighted the most significant
elements impacting decision-making in the use of evacuation techniques. These included the
reliability of the emergency response system, building characteristics/fire safety features, and
evacuation strategies. The study also highlighted that occupants’ characteristics had the least
significance. The study recommended that facilities managers and fire safety administrators
devote more attention to occupants’ behavior during evacuation drills. Additionally, the study
also recommended providing occupants with additional training and highlighting the importance
of fire safety training to increase their awareness and sense of responsibility during a fire

gvacuation.

Mossberg et al. (2021) conducted unannounced evacuation tests in the middle of a 35-story high-
rise hotel building. Eye-tracking glasses were worn by a group of occupants, to collect and
analyze data on exit choice and eye fixations. Three scenarios, involving two distinct hotel room
placements on the floor, and a different navigation system for one of the rooms, were investigated.

The findings of the study revealed that although the occupants’ hotel room was closer to the
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evacuation stairs, guests frequently opted to utilize the elevator for evacuation. Further, occupants
did not focus on the evacuation signs during the emergency evacuations. An experiment was
conducted, in which green lights were flashed next to evacuation paths during evacuations, which
made occupants more observant of the egress path, yet the evacuation time was not influenced
significantly. The study concluded that fire safety doors without vision panels, with self-closing
mechanism can confuse the evacuees, which can increase the evacuation time.

Fang et al. (2022) investigated the utilization of elevators for emergency evacuations. The study
highlighted the necessity of using elevators, as high-rise residential buildings are occupied by
elderly people, where evacuation might take longer time for occupants living on the upper floors.
The study proposed a simulation program called smart elevator-aided building fire evacuation
(SEABFE). The simulation program provides real time guidance to evacuees by determining the
safest and most efficient strategy of evacuation. The simulations’ results revealed that the
evacuation time can be decreased by 38% when utilizing elevators along with stairs. However,
the study noted that the frequent stops of elevators on each floor may increase the evacuation
time. This can be avoided by providing a refuge floor at different levels, which will make the

evacuation more efficient.

Gerges et al.(2022) highlighted the importance of understanding human behavior, to improve the
efficiency of emergency evacuation. The study indicated that although previous research has been
conducted to understand the human behavior during emergency evacuation, fire safety engineers
and architects have not yet utilized such data on occupants’ behavior, in evacuation simulations.
To further examine the human behavior in high-rise residential buildings, the study examined

occupants’ behavior, while being provided with evacuation instructions directly on their smart
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phones. The study demonstrated that utilizing smart phones during emergency evacuation has

reduced the overall evacuation time, through guiding the occupants to the fastest egress route.
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Figure 2 Reviewed literature references on Evacuation in high-rise buildings. Distribution by Time Period

2.6.1.5 Analysis and discussion of the previous studies on evacuation in high-rise
buildings
The reviewed literature covered the evacuation in high-rise buildings, in detail. Different

strategies and methods were proposed, and numerous factors were identified, which have an
impact on the evacuation. Different options were investigated through conducting real-life
evacuation drills and computer modelling and simulations. There are several factors which
influence the evacuation time, such as the occupants’ behavior and demographics. Another factor
which can lower the evacuation time significantly in high-rise buildings, is the use of emergency
elevators. Utilizing elevators can significantly lower the evacuation time, especially for the people
occupying the upper floors of the building. Building occupants having training for fire emergency

evacuation was deemed to be very important in lowering the evacuation time.
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From the review of the literature, it was also evident that the higher up the occupants are, the
longer it will take them to evacuate. Further, as occupants are located higher up, evacuation
become more difficult, due to the extended travel distance, which causes fatigue, and
consequently reduces the occupants’ moving speed. Other factors which affected the evacuation
time included the inappropriate location of the fire alarm, resulting in the inability of the
occupants to hear the fire alarm. On the other hand, the sound of the fire alarm was too loud.
Hence, occupants were not able to communicate with the fire fighters. This presents a challenge
for the disabled people, since they cannot move easily. More studies are advocating the use of
elevators for emergency evacuation in very tall buildings. This can be attributed to the amount of
time that occupants require for evacuation, sometimes up to 2 hours. Thus, it is not feasible for

occupants to use the stairs for exit (Ding et al., 2021).

There is appropriate data currently available about the estimated evacuation times for high-rise
buildings. However, the existing research related to simulation is not accurate, in comparison to
actual real life evacuation results. This is attributed to the fact that simulation tools fail to consider
factors such as the psychological state of the occupants, as well as their familiarity with the
surrounding environment. Another significant factor in emergency evacuation is the social
relationship among the groups, which the simulation does not consider. Therefore, more research
needs to consider human behavior during emergency evacuation, to predict accurate simulation
results, similar to real-life scenarios. The selection of building material, as well as the facade is
critical, as the selected material and the design of the facade can increase or decrease the spread
of fire. The main conclusion from the previous work is that each high-rise building is different,

and the physical environment plays a vital role in the evacuation.
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2.6.2 Previous studies on Occupant behavior in emergency evacuation

2.6.2.1 Research output from 1980 to 1990
With the modernization and advancement in architectural engineering technology, complex

buildings have started to emerge which are sometimes complex which makes it difficult for the
occupants when a fire breaks out. Occupant behavior is very random and difficult to predict as
there are many variables and factors which have an impact on their behavior. In this section

occupant behavior will be discussed from the published literature review in the last 42 years.

In 1985 (Khisty, 1985) conducted a study in which they performed test evacuations to study the
occupant behavior during fire emergencies. Key points from the study were that they noticed the
differences in the stairways which did no cause changes in the flow or speed of the occupants.
One interesting fact they observed from the study was that the daytime evacuation appeared to
have been much easier without any panic and confusion, while during the night in spite of having
proper illumination, some crowding happened at the stairways and passaged which slowed down
the evacuation. The author highlighted that it is important to keep the tread and riser dimensions

uniform for easier evacuation to avoid tripping and falling.

(Maclennan, 1986) investigated the various different egress and evacuation models existing
during that time and in what way human behavior was studied. For evacuation models it is hard
to program the human behavior, so you have to make generalizations while doing simulations.
There are several factors which need to be though about such as the start time of the evacuation
which is when the occupant identifies it’s an emergency and decided to start the evacuation, then
the time which it will take the occupant to move toward the exit and finally the actual time for the

occupant to utilize emergency stairs to evacuate the building. The author mentioned the group
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behavior and choosing the method of exit are critical parameters for evacuation. Another factor
which could impact he occupant behavior during emergency evacuation is his prior training
during emergency. From the data that was available on human behavior it was not possible to
predict accurate evacuation times.

Five case studies on human behavior during evacuations were conducted by (Huang and Fan,
1989). These studies were done to find out the realistic evacuation time predictions so that one
can accurate calculate the delay time for the occupants before they start their evacuation. Key
components, which need to be studied and taken into account, are the occupants’ pre-movement
and notification time. An assumption in evacuation models is made that the occupants start their
evacuation once they hear the sound of the fire alarm which is not true. A time delay exists from
when the occupants hear the fire alarm and decide to start evacuation. From the 5 case studies it
was noted that if there was no proper or poor alarm system it can take up to 8 minutes or more
for the occupant to start their evacuation. Similarly, the least duration for occupants to start the
move to evacuate is from two to three minutes. It is important to reduce the delay time which can

be done by training, preparation and involving fire wardens.

A simulation done by (Weinroth, 1989) also confirmed that the evacuation time can be decreased
if the time taken to begin the evacuation is reduced. This can be achieved by having good alarm
systems which notify the users along with having proper fire evacuation training for the
occupants. In the end the author mentioned it’s not easy to model the occupant behavior since for
example people could be sleeping or busy with other things which can delay their evacuation

time.
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2.6.2.2 Research output from 1991 to 2000
A simulation program called EvacSim which is used for building evacuation was used by (Poon,

1994) to simulate a variety of different human behavior movement using both deterministically
and probabilistically approached and a mixture of both. The simulation program takes input data
such as the severity of the fire and the physical scale along with the physical attributes of the
building. It also considers the occupant profile, their response rate and their building knowledge.
Although it considers all these different factors it is still difficult to simulate for residential
buildings which comprise of individuals who might be sleeping, babies or old aged occupants
who will need assistance for which it is difficult to model.

A similar simulation program called EXODUS has the possibility to simulate the behavioral
characteristics overlooked in previous evacuation simulations. Such as the characteristic of group
bonding, role of the fire warden and the rescue operation which take place by the firefighting

team (Owen, Galea and Lawrence, 1997).

Research on emergency evacuation was done by (Johnson and Feinberg, 1997) by using a
simulation which models the social behavior responding to a fire alarm. They found that the
familiarity of the occupants to the surrounding area as well as having multiple exit options has a

positive impact on the efficiency of the evacuation and egress time.

(Proulx and Pineau, 1996) conducted an experiment to study the egress time and the user’s
movement in two different office buildings to compare it with the evacuation fire drills done in
apartment buildings. The occupants’ behavior and movement was observed, and the results
presented that occupants in the apartment building delay their evacuation time more than office

building tenants because of extended preparation time or they did not hear the fire alarm from
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their apartments. Travelling speeds were also found to be slower in apartment buildings which
had a higher population and a diverse demographic. To reduce the evacuation times, it was
suggested to involve fire wardens during evacuation and access to fire safety information is made
easier, which can increase the efficiency and effectiveness of evacuation process.

Another study which was done on high-rise apartment buildings by (Brennan, 1997) found that
the delays in evacuation were due to slow response of the occupants and a long time for preparing

to evacuate. Age was also a considerable factor.

(Saunders, 1997) investigated the impact of occupant decision making during fire emergencies.
The author used a film accompanied by a questionnaire to get information on the decision making
of the tenants throughout the early stages of the building fire emergency. The outcomes showed
that the occupants preferred behavior during a case of fire was to inform others and help others
rather than evacuating the building immediately. Just like the previous authors concluded, the
author reiterated that the evacuation period can be shortened if the occupants are well trained for

fire emergencies.

(Meacham, 1999) discusses the issue of engineering of fire safety design. When making the
design they usually consider the type of facility, assumptions about the fuel load and fire spread
potential and design according to that. The main point which was heighted was that when
designing buildings for fire safety, engineers usually follow the set guidelines which the code
mandates. They do not consider other external factors of how human behavior can have an impact

on the evacuation. If the designers also recognize the occupant behavior, they can design better
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fire safety plans. Another study also supported this fact saying majority of the architectural design

is completed based on prescriptive requirements of the building codes (Lo and Fang, 2000).

Similarly a study done by (Shields and Proulx, 2000) mentioned that the fire safety regulations
must not be based on the fire loading and fire severity, rather should be based on the appropriate
occupant characteristics. Because then you can study the occupant flow rates and their

relationship with the building according to their demographics.

A study was done on occupants behavior during a fire incident to understand the human factors
as well as their response during fire emergency (Proulx, 1999). The author collected in person
interviews as well as questionnaires from the occupants to get the data. The fire took place in a
twenty-five-story tall building in Canada. Once the structure was caught on fire the fire alarm
system went off from the collected data it was interesting to note that only 4 percent of the
building occupants-started their evacuation after hearing the fire alarm. Another study also
indicated that only 3 occupants from 16 started evacuation after hearing the fire alarm from which
we can assume that occupants don’t take the initial fire alarm sound seriously (Shields et al.,
1999). Continuing with the evacuation in the 25 story Highrise building around 85% only started
evacuation once they heard instructions over voice communication from the building
management. It can be learned that people take voice commands more seriously than the fire

alarm since many occupants think it’s a false alarm or there is testing going on.

The fire alarm and the voice communication system was very good in the building with 95%

respondents saying they could clearly hear the instructions clearly. Some occupants because of
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their disability decided to stay inside their rooms and wait for fire rescue team. While others tried
to evacuate with some being successful and some being forced back due to the stairways filling
up with smoke. This caused them to head back to their lodgings or find refuge in other neighboring

accommodations.

(Shields and Boyce, 2000) listed the factors which are most likely to have an impact on the human
behavior and their movement as follows: their acquaintance with the building, their attentiveness,
mobility, social relationship, knowledge of focal points inside the building, position in the
building, role and responsibility and their commitment. Although they can be categorized, they
can vary from one person to another. From the author’s study it was found that to improve the
evacuation the training of the staff is vital and has many benefits as they can ease the evacuation

process.

2.6.2.3 Research output from 2001 to 2011
(Purser, 2003) discussed the occupant behavior with the surroundings. The author defined two

major components of fire escape. First is the “required safe escape time (RSET)” and the other is
the “available safe escape time (ASET)”. While the former it’s placing emphasis on the travel
time and physical activity of the evacuees during evacuation, while the latter is focused on the
time that is available for the occupant to evacuate the building safely without getting effected

from the toxic smoke and irritants.

(Yang, Fang and Fan, 2003) studied the occupant evacuation efficiency by using a cellular
automata model. It was identified that the coexistence of different demographics and their
different movement speeds greatly reduced the evacuation efficiency. While movement that is
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steady and in order is incredibly effective, yet difficult to attain in emergency. One person slowing
down slows all other occupants so its suggested a special area or pass be dedicated for the slow
man to make the evacuation smoother. The widening of the corridor at some degree helps but
doesn’t solve the problem completely. It is highly recommended that occupants take part in
evacuation training which will enhance their evacuation efficiency. Knowledge of the building

surroundings also greatly improves the evacuation efficiency (Yang et al., 2004).

Many studies were done relating to occupant behavior and emergency evacuation during this time
period on the “World Trade Center (WTC)” which was among the largest evacuations from high-
rise buildings (Kuligowski and Mileti, 2009). From the studies and simulation, it was understood
that it would take over 100 minutes to evacuate if the building has over 50% occupancy roughly
around 15,000 people (Averill et al., 2005). There were various factors which had an impact on
the evacuation such as individual (training and familiarity with the building), organizational
(communication) and environmental (smoke, debris, crowdedness) which affected the evacuation

(Gershon et al., 2007).

(YYang et al., 2005) examined kin behavior during emergency evacuations. Kin behavior is very
common during evacuations, it refers to closely related people going together as a group. From
the simulation revealed that crowd-following behavior during evacuation is not necessarily
detrimental. It was discovered that the proper kin behavior helps to increase the overall evacuation
process. Social interaction between groups and the surrounding crowd plays an important role
during evacuation and has a considerable effect on the performance of egress. The vast majority

of the authors claim that the occupant behavior during emergency conditions is complicated and
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difficult to understand due to the variety of factors at play. (Shi, Ren and Chen, 2009) (Luo et al.,

2008) (Pan and Han, 2006).

Another psychological factor is that during emergencies humans react differently. A study done
by (Proulx and Reid, 2006) found that during an emergency fire evacuation in tall building, 85
percent of the occupants had previously received prior fire safety training while only twenty

percent correctly grasped the proper evacuation strategy.

During the past decade a lot of numerous facts and data was collected regarding human
characteristics as well as their movement speed. A study was done by (Muhdi, Davis and
Blackburn, 2006) in order to determine the maximum walking speed, and normal and maximum
crawling speed. The findings revealed that the average typical walking pace was 1.32 m/s. This,

however, does not account the difference of age and the fatigue and health level of the occupants.

The difference in demographics also has an impact on the time required prior to the evacuation.
Results from a study (Adams and Galea, 2011) displayed that adults spend time seeking
information than younger generation. The place where tenants were located also had an impact
on the evacuation as the tenants at lower floors received information much quicker and have a

faster route of escape.

Another interesting study was done by (Yasemin, Dogan and Bayramli, 2009) which identified

that clothing would also impact the evacuation time. This study was done in Saudi Arabia where
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women will be wearing religious clothing because of which their movement speed is significantly

reduced especially when ascending and descending the stairways.

2.6.2.4 Research output from 2012 to 2022
Evacuation of building users in high-rise residential buildings is not the same when compared to

other tall buildings. Occupants’ behavior is mainly dependent on three factors which are the
building characteristics including characteristics of the fire. When the fire alarm goes off,
occupants in high-rise residential building could be sleeping, cooking, not dressed which can
increase their time before the start to evacuate (Ronchi and Nilsson, 2013).

In addition, selection an appropriate route is a critical factor in reducing the egress time (Chen et
al., 2013). This depends on how much information the occupants have and their familiarity with
the surroundings.

Even if we know how and what are the key factors which impact the evacuation time, occupant
behavior is something which is difficult to predict. Even though a lot of research, simulation and
fire drills were done to predict the evacuation time, it was still difficult to study and predict the
crowd behavior in emergency situations. There can be arching which is defined as “when a large
crowd with high velocity tried to escape through the door” and clogging when trying to escape as
well as chance of stampede if the area is densely populated. (Almeida, Rosseti and Coelho, 2013).
From the literature it is quite evident that residents frequently disregard the fire alarm. as well as
the smoke and instead focus their time on getting more information and investigating before
beginning their evacuation. This increased pre-evacuation time could be fatal as egress could

become congested or could allow smoke to fill up the area.
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Some engineers use hand calculations and computer tools and simulations software’s which try
to calculate and predict the evacuation time using many different methods for safety analysis, but
none of them account for human behavior mainly because of its uncertainty. They consider only
deterministic values and try to make it as real as possible. In the end engineers make assumptions
and simplifications about the occupant behavior which is probabilistic. (Kuligowski, 2013)

(Zhang, Li and Hadjisophocleous, 2013).

Recently a lot or research is trying to push for the usage of elevators in tall buildings for
emergency evacuation. Elevators are not used during emergency evacuations because there could
be power failure. The residential building comprises of people of different demographics and
differently abled people with limited mobility. Using stairs is not a viable option for these
occupants so they either must wait for the help from the fire safety team to rescue or they can use
help of other occupants to escape the building, but this can put both the occupant helping the
person with disabilities with risk and could also risk the disabled person getting injured. By using
both the staircases and elevator, the time for evacuation will be greatly reduced, and it could

potentially save many lives (Groner, 2014) (Kinateder and Kuligowski, 2014) (Bukowski, 2012).

An experiment was done by (Zhu and Shi, 2016) to comprehend how people behave in critical
circumstances and the impact of the choices they make. It was noted that during fire emergency
humans tend to follow the crowd. Their knowledge of the surrounding and their choice of exit

also greatly reduced the evacuation time (Kinateder et al., 2014).
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A lot of interest and effort has been made to recognize the occupant behavior during the last
decade. The main consensus is that it is something which is very volatile, and it is difficult to
simplify and generalize. The interaction of the occupant with the surrounding environment varies
from building to building and knowing how the occupant will react in a given situation is very
difficult. There are some things which can be generalized from the past examples and data which
has been collected from which at least we can get an idea of what exactly impacts the decision

making of the occupants (Chu and Law, 2019) (Lin et al., 2020) (Wang, Kyriakidis and Dang,

2021).
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Figure 3 Reviewed literature references on Occupant behavior in emergency evacuation. Distribution by Time
Period

2.6.2.5 Analysis and discussion of the previous studies on occupant behavior in
emergency evacuation
The literature highlights the importance of factors such as building design, alarm systems,

occupant training, and social behavior in determining evacuation efficiency. The studies also

emphasize the complexity of predicting occupant behavior during emergencies due to various

factors at play.



Previous studies highlighted that occupant demographics, behavior and building characteristics,
impact the total evacuation time in high-rise residential buildings. Clothing, location, and
familiarity with surroundings also play a crucial role. Predicting occupant behavior is difficult,

and architects and fire safety engineers often make assumptions and simplifications.

Few of the studies discussed the potential use of elevators for emergency evacuation. While
elevators may be a viable option, there are several risks involved. The paper notes that
understanding occupant behavior is volatile and difficult to generalize, but previous data can

provide insight and guidelines which can help in making accurate assumptions.

Overall, the literature highlights the importance of considering various factors when designing
emergency evacuation plans. Building design, alarm systems, occupant training, and social
behavior all play a vital role in determining evacuation efficiency. It is recommended that regular
fire safety training and evacuation drills can improve occupant response during emergencies,

assisting in improving the evacuation efficiency.

2.6.3 Previous studies on BIM-based simulation tools for occupant evacuation

2.6.3.1 Research output from 2000 to 2011
During this time period, seven studies were identified. The main reason for this shortage of studies

in this domain, was attributed to the lack of availability of BIM-based simulation tools, as they
were progressively emerging. Kannala (2005) analyzed the building escape routes, utilizing
Solibri Model Checker (SMC) to visualize the evacuation model and investigate the efficiency of

the escape routes against the defined requirements of the building fire code. This study aimed to
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enable the fire safety designer to easily identify any violations of the code and resolve in the

layout of the building, to satisfy the requirements of the fire safety code.

Rippel and Abolghasemzadeh (2009) assessed the BIM-based simulation tools which can be
utilized in the building construction industry for fire safety design and evacuation simulations.
Using “Fire dynamic simulator” (FDS), along with “Autodesk Revit” can provide a realistic
visualization in 3D of the simulation, will help the fire safety engineer and the architect to obtain
more visual realistic data to modify the conceptual design of the building. This study aimed to
identify the requirements of simulation programs and develop a new BIM interface which can
have an immersive output. Through this development fire safety engineers and architects can get
more accurate visualization of the emergency evacuations. This will further help them in
identifying shortcomings in the evacuation plan and finding new opportunities to reduce the

gvacuation time.

Xu et al. (2010) suggested using a fire prevention virtual reality (VR) model. The model integrates
the architectural layout with a 3D network game engine, with the goal of using VR to prevent
fires and injuries, during a fire emergency. The VR model was based on the FDS and the 3D
digital city model. The VR model provided a simulation framework, which was implemented on
a prototype. The simulation framework integrated the fire growth rate along with the crowd
dispersal and potential injuries to occupants. The study concluded that the prototype needed more

optimization and development to provide accurate simulation results.
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Rippel and Schatz (2011) developed a BIM-based serious game for fire safety evacuation to
observe the human behavior during an emergency situation. The study acknowledged the
difficulty in predicting the occupants’ behavior during fire emergencies, and that simulation
programs could not accurately simulate occupants’ evacuation. Hence, the occupants of a building
were requested to participate in playing the serious game to study how their reaction and behavior
during a fire emergency evacuation. The study concluded that this interactive game could
potentially assist in simulating different scenarios, aiming that occupants would escape from the
building in the shortest amount of time. The outcomes of the study would facilitate in determining
the required training measures, in case of future fire emergency.

Sagun et al. (2011) investigated the crowd behavior in fire emergency situations, to develop
guidelines for the design of circulation routes and improve occupants’ safety. The study
acknowledged that the design of every building is different, however, the building codes are
applied to the design of all buildings. Thus, the study compared the multiple performed
simulations with building code requirements, for enhancing the evacuation performance of the
building. These simulations served to identify shortcomings in building design, which may lead
to overcrowding, and hence avoiding injuries and fatalities during fire emergency events. The
study concluded that running simulations early during the design phase can help the fire safety
engineers and architects identify any potential shortcomings in the design, to mitigate the

occurrence of future injuries and fatalities due to ineffective building design.

Shen and Shen (2011) developed a framework to apply a BIM-based user pre-occupancy
evaluation method to facilitate the efficiency and effectiveness of the interaction between the

client and the designers, during the architectural design stage. The BIM-based model aims to
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assists the designers to explain their thought process and their requirements for obtaining proper
feedback on the design. The study concluded that by using BIM-based simulation tools,
information during the design stage can be easily shared with the client, who sometimes might

not understand 2D drawings properly.

2.6.3.2 Research output from 2012 to 2017
During this time period, fourteen studies were identified. The main reason for this growth of

studies in this domain, was attributed to the awareness about the benefits of BIM-based simulation
tools, as they were gaining popularity. Wang et al. (2012) developed an interactive BIM-based
simulation model by integrating a BIM model with a Discrete Event systems Specification
simulation tool. These tools enable the fire safety engineer and architect to visualize the building
in 3D, and run the simulation for the evacuation model. The developed BIM-based simulation
model can be utilized to the fire emergency evacuation for different buildings, with different
geometry. The integrated model can assist designers during the pre-design stage to identify the
lapses in the building design stages, in relation to the applicable fire safety code, as well as other
shortcomings, which have not been accounted for. The study concluded that the simulation could
potentially analyzes bottlenecks and determines the maximum occupancy of the building, for

creating an efficient evacuation plan.

Similar to the previous study by Ruppel and Schatz (2011) which introduced the use of a serious
game to help in fire evacuation, Wang et al. (2014a) also introduced the use of serious game
through a BIM-based VR model to identify multiple key issues pertaining to building emergency
management. The game provided real time fire evacuation guidance. The results of the study
showed that this can provide effective training and build awareness about fire evacuation for the
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occupants and could potentially provide an innovative solution for effective emergency

management.

Adding to the serious gaming use for human evacuation, Schatz et al. (2014) also conducted a
study to investigate the feasibility of using a computer game to predict human evacuation
behavior. The study found that this is an innovative way for studying human behavior in
emergency situations and developing an interactive game with appropriate capabilities to improve

the simulations for evacuation models.

Wang et al. (2014b) investigated the application of BIM-based simulation tools in designing fire
evacuation. The study focused on four aspects. The first is personnel safety evaluation. The
second is the escape route planning. The third is the equipment maintenance. The fourth is the
education and training module. The BIM model will generate 3D images, which will assist the

users in identifying the evacuation information.

This was further supported by Zhang and Issa (2015) who highlighted the advantages of using
BIM-based serious gaming for fire safety design. By using this method designers and fire safety
engineers can better understand the human behavior and collect the evacuation performance data

to improve he fire safety design of the building.

Tan et al. (2015) presented an agent-based evacuation model, which can simulate the
behavior of individuals according to their level of knowledge about the buildings’ geometry. The

incorporation of the evacuation model will provide a more realistic movement of the occupants.
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The occupants’ movement can be simulated during different fire scenarios, according to their
behavior, in light of different spatial accessibility. The study found that the predicable spatial
change can positively affect the evacuation efficiency. However, this study did not consider
factors such as the influence of fire, smoke and toxic gases on the movement speed of the

occupants.

Wang et al. (2015b) conducted a study of similar nature, utilizing a BIM-based model, which can
identify and demonstrate data effectively for the assessment of fire safety planning and
management. The model has the capability to store information, which can be utilized by the

facilities management team of the building.

A study was done by Wang et al. (2015a) utilizing Pathfinder to study the emergency guidance
evacuation of the occupants in high-rise buildings. The software simulates the evacuation
behavior by combining different parameters such as the smoke spread velocity and the CO
concentration along with the visibility inside the building. The study found that in the beginning
of the evacuation, the evacuation was slow due to congestion, but as the time goes on, the
evacuation speed increases along with the evacuation efficiency. The study suggested providing
an induction for occupant evacuation and using elevators in case of fire to ensure smooth

gvacuation.

Ahn et al. (2016) analyzed BIM-based evacuation simulation models, using agent-based
modeling to determine the optimum evacuation time. This simulation was carried out for different

cases according to the human group behaviors and their knowledge of the building. The study
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simulated the effects of varying the widths of the fire exits on the total evacuation time. The study
concluded that increasing the width of the fire exit doors did not significantly improve the
evacuation time. The study concluded that the evacuation distance to the nearest fire exit is a

critical factor, in comparison to the width of the fire exit.

Chen et al. (2017) utilized Revit and PyroSim applications to create a visualization system
for fire disaster simulation, in order to analyze the intensity and trend of the fire. The visual
representation can assist the users and fire safety team to acquire information about the current
building efficiently. The building users can utilize this BIM-based simulation model to increase
knowledge and spread awareness to guide the building users by providing an optimal path for
escape from the building. Fire fighters can also utilize this model to obtain real-time data about

the fire situation to prepare their evacuation plan.

2.6.3.3 Research output from 2018 to 2022
BIM and VR tools are increasing in popularity among design professionals and building users.

Previous studies have demonstrated that the utilization of these tools for emergency evaluation
has facilitated the implementation of optimized building layouts and improved the overall safety
of the building occupants. Park et al. (2018) explored the use of BIM and VR tools along with
human behavior simulation during emergency evacuations. The study focused on visually
analyzing the interior of the building, which provided new insights, which could not have been
known before, for occupants’ safety during emergency fire evacuation. The simulation minimized
the uncertainties related to building evacuation, through visualization of the building layout

during fire emergencies, which enabled occupants to make informed decisions during the
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evacuation. The study concluded that visualization enabled designers to alter the design, to

improve the efficiency of the evacuation.

Sun (2018) conducted a simulation using a BIM-based FDS software, combined with agent-based
modeling (ABM) system to simulate the fire growth and the emergency evacuation. The study
focused on investigating the reliability of using the FDS BIM-based software for developing an
effective solution for fire evacuation and improving the overall building fire safety management
strategy. The study demonstrated that the utilization of FDS, as a BIM-based tool provided fire
safety engineers and architects, with knowledge of the occupants’ evacuation behavior, which
assisted in optimizing the fire safety plans of the building.

Marzouk and Al Daoor (2018) presented a framework for emergency evacuation from
construction sites during project execution. The BIM simulation model is able to visualize labor
evacuation times at any point throughout the project duration. The MassMotion software was
utilized to forecast the labor evacuation times. The evacuation plan was developed and evaluated
using the estimated evacuation times obtained from the simulation software. The study concluded
that utilizing the BIM model would help the contractor in preparing an effective evacuation plan.
In addition, the model can highlight deficiencies in the current evacuation procedures, which

impacts the overall evacuation time.

Zhou et al. (2019) investigated a multi-user voice-driven BIM-based navigation system for
responding to fire emergencies. The study utilized the string-matching method to extract spatial
information from the BIM model to generate escape plans for the building. A framework was

developed, and an experiment was conducted based on virtual reality (VR) to validate the
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suggested navigation system. The study concluded that utilizing the voice driven BIM system

will help occupants during evacuation by guiding them through the shortest route to the exit.

Lovreglio and Kinateder (2020) conducted a literature review to present the potentials and
limitations of utilizing Augmented Reality (AR) and VR tools to improve the building evacuation
during fire emergencies. The study indicated that although VR and AR are gaining a lot of interest
in the recent years, they still have not widely utilized and adopted in the domain of fire safety
design and management. The study also concluded that VR tools were being utilized in most cases

as training tools to simulate the real evacuation process.

Ma and Wu (2020) investigated the practice of building fire emergency management,
taking into consideration the different behavioral decisions made by the occupants during a fire
emergency. The study focused on integrating the occupants’ behavior utilizing a BIM-based
platform, to collect and analyze the evacuation data and provide an optimal path, for the
occupants. The BIM-based platform served to identify an obstacle-free, and minimum-distance
evacuation path to the nearest fire exit, through performing calculations based on the user
location, in relation to the origin of the fire. The study concluded that the evacuation time guided
by the BIM-based simulation was 30% shorter, in comparison to the evacuation time of another

group, which was not guided by the BIM-platform.

Sun and Turkan (2020) developed a BIM-based simulation framework which
implemented the FDS and ABM to simulate the growth of fire and evaluate the evacuation

performance for different building layouts. The study highlighted the importance of the original
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drawings of the buildings, as they present a source of input data that can be utilized to optimize

the evacuation efficiency and minimizing injuries and fatalities.

Xu et al. (2020) investigated the influence of occupant physical collisions (OPCs) during
indoor fire evacuations. The study utilized an integrated BIM-based tool with computational fluid
dynamic simulations, to visualize the development and propagation of smoke in the building
during the evacuation. The simulation included non-player characters (NPCs) with the building
occupants during the evacuation to assess the impact of the OPCs on the safest evacuation path.

The study concluded that the evacuation time increased, considering the OPCs.

Chen et al. (2021) developed an application, which utilized a combination of BIM, VR, AR and
loT systems for fire safety. The application focused on identifying the location of the occupants
during an indoor fire, so that firefighters begin their rescue. The study concluded that utilizing the
combination of the BIM tool along with the other systems could potentially reduce the occupants’
evacuation time through guiding firefighters of the exact whereabouts of the occupants inside the

building.

Fang et al. (2021) focused on the Internet of Things (IoT) application in building fire
evacuation. The study investigated the benefits and discrepancies of the current smart buildings
fire evacuation systems. An loT-aided fire evacuation control system was developed, to monitor
the fire development and propagation according to the occupants’ location inside the building.
The study developed a conceptual design based on loT to guide the occupants during the

evacuation, with the aid of the 10T system. The study concluded that the developed system is not
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fully reliable, as more data collection and optimization need to be carried out, for the system to

function effectively.

Safayet et al. (2021) developed an automated real-time fire alert system utilizing BIM. Using the
real time data which is available in the server, anyone with an Android phone or display monitor
may view the precise location of the fire inside the building. The proposed BIM-based fire alert
system was implemented on a prototype building project to examine its effectiveness. The study
concluded that it is feasible to incorporate a fire alert system into BIM, as an efficient and useful

way to detect fires and notify the building’s occupants.

Lotfi et al. (2021) examined a high-rise building to assess the feasibility of providing a safe
evacuation environment for its occupants under post-earthquake fires (PEF). BIM and PyroSim
simulation software were used to create a 3D model of the building, to measure the escape routes,
smoke, and fire developments. Simulations were performed to examine the effect of fire and
smoke on occupants’ evacuation. The findings from the simulations indicate that the building
cannot implement a guaranteed evacuation plan, requiring the utilization of additional suitable
equipment to aid the evacuation. The study provides a framework which can be utilized as a
realistic model for assessing the evacuation needs of high-rise building occupants. A similar
framework for evacuation was proposed by Zhang et al. (2019) which utilized a Bluetooth low
energy (BLE)-based indoor real-time location system (RTLS) and a BIM model to dynamically
send customized evacuation route suggestions to building occupants’ smartphone devices. The
study highlighted that collecting personal physical characteristics of the building occupants and

integrating it with the framework can provide more accurate results.
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Wehbe and Shahrour (2021) presented a smart fire evacuation system that integrates smart
technologies and building information modeling (BIM). The smart system can detect fires early,
evaluate the environmental data, suggest an optimal evacuation path, and inform occupants about
the safest evacuation routes. 10T and smart technology were utilized to identify fires quickly and
minimize false alarms. The system was tested in a building to verify the results. The study
highlighted the importance of BIM tools for visualizing the building environment, which will
help in tracking occupants in real time. This will also assist in alerting the occupants by providing

them with the optimal evacuation path during emergency evacuation.

Zhang and Long (2021) conducted an evacuation simulation study in densely crowded places
using BIM and Pathfinder. The study highlighted that examining the characteristics of buildings
and evacuation procedures for densely inhabited places can serve as a guide for emergency
planning. The simulation results from the study demonstrated that increasing the width of
emergency doors and controlling the evacuation speed of evacuees in different areas can

significantly improve the evacuation efficiency.

Arias et al. (2022) conducted a study on evacuation behavior in virtual reality (VR) and physical
experience. In order to validate VR as a study method in the area of human behavior in fire, the
results from the VR studies must be compared to those from practical investigations. A high-rise
building with evacuation elevators has undergone a series of studies involving analogous
evacuation situations. Pre-evacuation time, identifying escape routes, walking paths, choosing an

exit, waiting times for the elevators, and eye-tracking data pertaining to emergency signage were
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analyzed. The data from the physical trial could be replicated by the head-mounted display
(HMD) experiment, but the Cave Automatic Virtual Environment (CAVE) experiment's findings
were very different. The study concluded that mobility and spatial direction in the virtual

environment are two examples of potential elements that could alter the data generated via VR.

Clever et al. (2022) analyzed the pedestrian flow during evacuation and proposed a framework
for real-time pedestrian evacuation prediction. The BIM model uses the floorplan of the building
and simulation settings as input and predicts the crowd evacuation time by utilizing a modular
neural network architecture. A Convolutional Neural Network and Multilayer Perceptron was
also utilized for the simulation. The results from the study concluded that it was possible to reach

a mean prediction accuracy of 15%.

Sabbaghzadeh et al. (2022) developed a BIM-based simulation framework for obtaining a set of
suitable fire safety measures, while considering their implications for a safe evacuation and
financial constraints. The effectiveness of the framework was assessed using a case study
technique in two different projects. The study highlighted that the framework provides a useful
method for fire safety engineers and architects, to alter building designs in terms of safe

evacuation at the design stage, by utilizing fire protection measures efficiently and affordably.

Wong et al. (2022) developed a voice driven BIM-based multi-user system for navigation during
emergency fire evacuations. The system is comprised of four modules. These included voice-
based command processing, inertial sensor-based continuous location, interior route planning,

and a multi-user sharing environment. The system was implemented in a real-life case study to
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assess its feasibility. The results from the study indicated that the system was able to guide the
users in real-time by providing instructions through voice commands. The occupants were able

to reach the emergency exit faster, thus avoiding any risk of injuries.

Lorusso et al. (2022) also developed a VR model and integrated it with a simulation software to
replicate an emergency scenario. The VR model served to acquaint the occupants with building
emergency plans, to assist them in their decision making. The study concluded that utilizing the
proposed VR model, by training the building occupants on the different fire emergency scenarios,
can assist in reducing the evacuation time. The VR model can be utilized as a training tool for

firefighters, to make informed decisions.

From the reviewed literature, the most common BIM tool used for simulations was Autodesk
Revit as it can be seen in table 1 and figure 2. Table 1 lists all the software simulation tools, which
have been used in the covered literature review. The table presents 28 simulation tools. These
tools were reviewed out of the studies that reported on their use. The table presents the utilized
simulation method, the analyzed parameters, the building type and its attributes, the type of

algorithm used and its scalability. The table also reports on their interoperability and limitations.

2.6.3.4 Analysis and discussion of the previous studies on BIM-based simulation
tools for occupant evacuation
During the early 2000’s, not many papers were published related to the utilization of BIM-based

tools for fire evacuation. Although the interest was there, the simulation programs were limited
in their ability, due to the lack of available occupants’ data, which hindered the accuracy of the

results obtained from the simulations. Over the years, as more data was obtained, the simulation
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programs became more refined and hence provided accurate results. By 2012, more data was
readily available as input data in the simulation programs, for aspects such as occupant response
time and movement speed. During this time, improved 3D programs were available, which
facilitated visualizing the occupants’ behavior during the fire evacuation. The 3D programs also
assisted fire safety engineers and architects to better understand the variables affecting the

evacuation process, which was difficult to understand from the 2D drawings (Wang et al., 2012).

Serious games were developed, where the building occupants participated (Ruppel and Schatz,
2011). These games facilitated the occupants’ interaction with the building surroundings. The
games also enabled associating the demographics of the different type of occupants in the
simulation models, which allowed fire safety engineers and architect to understand the occupants’

behavior in the specific layout of any given building (Pargeter, 2018).

In the last 4 years, the research has focused on 10T and the utilization of AR and VR for building
evacuation along with using smart fire evacuation management systems (Zhang et al., 2019).
Previously, serious games which have been developed can now be played by users in a 3D
environment, which has replicated the exact building layout (Menzemer et al., 2022). Different
fire scenarios were simulated to observe the occupants’ behavior. Other NPC’s were integrated
in the serious game, to depict real life scenarios, where the simulations took into consideration
the effect of crowdedness and congestion during an emergency evacuation (Xu et al., 2020).
These simulations enabled better understanding of the occupants’ evacuation. Shortcomings

which have not been identified before were highlighted after tuning the simulations. Thus, new
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perspectives were observed by fire safety engineers and architects on the emergency evacuation

behavior of the occupants (Ronchi, 2021).

From the reviewed literature, the most common BIM tool used for simulations was Autodesk
Revit as it can be seen in Table 1 and Figure 4. Table 1 lists all the software simulation tools
which have been used in the covered literature review. The table presents 28 simulation tools.
These tools were reviewed out of the studies that reported on their use. The table presents the
utilized simulation method, the analyzed parameters, the building type and its attributes, the type
of algorithm used and its scalability. The table also reports on their interoperability and
limitations. The reason for Revit being used to most could be due to its ability to allow users to
model shapes and building structures in 3D with parametric accuracy to replicate real life
scenarios. Different Revit models can be utilized with varying detail. This is known as level of
development (LOD) which defines the development stages of the different systems in BIM. The
LOD can range from 100 to 500 with varying levels of details. Mostly in simulations, the LOD
of 200 or 300 was utilized where the elements are defined with exact dimensions along with their
relative positions. Revit is also interoperable, owing to the file format of the Industry Foundation
Classes (IFC). This allows fire safety engineers and architects to export the Revit files into

different programs and run the simul
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Table 1 Summary of BIM based simulation tools
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Wang et al. Wang et al. (2014a)
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2.6.4 Previous studies on Smart fire detection and evacuation in buildings

2.6.4.1 Research output from 2000 to 2011
During the early 2000’s technology was quite limited in terms of smart fire detection

systems. The main challenge during this time was to increase sensitivity of fire alarms and
their dynamic response while decreasing false alarms (Liu and Kim, 2003). It is important
to have proper firefighting systems which can detect smoke and other gases early to alert

the occupants as early as possible to save as many lives as possible.

(Filippidis et al., 2006) introduced and defined the concept of “visibility catchment area
(VCA)”. VCA was defined as “the region of space over which it is possible to visually
receive information from the object.” The study highlighted that it is critical that during
evacuation occupants should be able to find the signage and interact accordingly. My
determining the correct placements of the signage systems this makes the evacuation
process quicker. Designers will also benefit from knowing where exactly to place the

signage where it can be detected by the evacuees even through smoke and other toxic gases.

(Chen, 2009) presented an “intelligent integration supervisory system (IISS)” and
“emergency indicator boards (SEIB)” which uses a fuzzy-based evacuation strategy. The
wireless sensors inside the building can locate the crisis area, which then alerts the system

which determines choosing the safe evacuation routes using a fuzzy system.

(Pessiot et al., 2010) investigated the development of fire detection systems in intelligent
buildings. The author highlighted that new technology which consists of wireless sensors

will reduce the expenditure as well as decrease the number of false alarms and reduce fire
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related losses. This is because of the availability of the internet and real time control
monitoring thought the fire safety and building service systems. This increases the
efficiency and reduces the costs for the building management team. Although some
challenges still are prevalent such as the sensor being able to distinguish between fire and
non-fire dangers and the fire safety system needing to be secure to prevent any false fire

alarms.

2.6.4.2 Research output from 2012 to 2017
The primary objective of a fire alarm system is to alert building users early of fire warning.

to the occupants so they can start evacuation. Most people suffer injuries or death due to
toxic gases and smoke instead of fire burns (Elbehiery, 2012). (Baddewithana et al., 2013)
discusses the smart and automated fire monitoring systems. The system is able to detect
fires and alert the users to evacuate as well as send alarms to predetermined recipients. The
system can also differentiate between non-electrical fires and electrical fires and upon

detection it will enable the fire extinguishing system of that particular location.

(Ran, Sun and Gao, 2014) introduced a new concept called “intelligent evacuation
guidance system (IEGS)” that employs an algorithm to get dynamic evacuation routes and
improved he evacuation efficiency. The results demonstrated that during mass evacuations,
the exit sign facing the evacuation route is most frequently used. Having a constant distance
with good visibility also helps in improving the evacuation performance. When comparing
visual signals with audio signals it was found that visual signals have a higher evacuation
efficiency than the installation of visual signs within 3m of the exit. Increasing the number
of exits and width was discovered to increase the evacuation's overall effectiveness. IEGS
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was also used by (Shields and Boyce, 2000)(Bernardini et al., 2016) to monitor the human

behavior and provide proper direction by identifying the nearest evacuation path.

(Hsu et al., 2014) developed a smart system, which combines real-time escape route
guidance with wireless sensor networks and radio frequency identification. to guide the
people to safety by avoiding danger. This intelligent system uses digital signage to guide
the users to a safe exit. The system also provides the fire fighters with real time
environmental information in order for the team to better prepare for the rescue operation.
A similar study was done by (Ryu, 2015) which used 0T to guide the users safely outside
the building. One more model was used which has an algorithm find the shortest path to
safety route for the evacuees this is then displayed by the use of control lighting display to

guide the occupants (Yang, Shi and Han, 2015).

(Iftekharul et al., 2016) developed a smart self-controlled fire extinguishing system which
has several sensors and is run by the “micro-controller unit (MCU)”, this program is called
Safe from Fire (SFF). The system can detect false alarms in circumstances like welding
and cigarette smoke. Once the fire alarm detects a real fire it notifies the firefighting team
by sending text messages and phone calls. It also alerts the occupants in the affected
location to evacuate. In order to stop the spread of the fire, it also destroys the electrical

circuits in the affected area and releases extinguishing gas at the fire's source.

Tall and large buildings are sometimes complex, and people can get lost in them. During

emergency evacuations it can create problems, to solve this, an intelligent evacuation
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system was suggested by (Ortakci et al., 2017). His system has three main components.
First is the positioning system, which detects the occupant’s position, a navigating system
which uses artificial neural network that receives the environmental conditions inside the
building to provide according to the circumstances, the best escape path. Lastly the graphic
user interface provided by the mobile application for Android devices, which accesses the
smart evacuation system. The evacuee can be directed to the closest safe exit point by this
system, which can update in real time.

A study was done by (Cheng et al., 2017)which uses intelligent fire prevention system
based on BIM that incorporates information of the occupants location, uses route
optimization with the help of Bluetooth based technology and guides the users by mobile
phones in real time to direct them to an efficient evacuation. This will also help facilitate

the firefighting team to control the fire and rescue the occupants.

(Lujak et al., 2017) stated this it is important for buildings to have a smart system to avoid
additional evacuation injuries and injuries because of the shortcomings in the traditional
evacuation process. The fire wardens might not always be present and its not efficient to

rely on them to always be there for the occupants during emergencies.

2.6.4.3 Research output from 2018 to 2022
(Johnsaida, Rahul and Shalini, 2018) (Kodali and Yerroju, 2018)presented an intelligent

fire emergency response system powered by 10T which has the ability to monitor and
control the path by providing directional guidance intelligently to the occupants according
to their location. Wireless sensor networks are utilized to accomplish this. (Majumder,
O’Neil and Kennedy, 2018) highlighted that there are not many commercial products
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available in the market which can be used in building to implement the smart fire
evacuation system. Many other authors suggested using intelligent fire emergency
response system powered by the Internet of Things which can guide the users safely outside
the building (Kodali and Yerroju, 2018) (Ferraro and Settino, 2019)(Yan et al., 2019)(Khan

etal., 2019).

(Atila et al., 2018) created a system called SmartEscape, a mobile evacuation solution that
is real-time dynamic intelligent and user centric. This is used in emergency cases and the
system automatically calculates and provides the user with an exit route. This system also
takes into account the environmental surroundings of the evacuee by using “artificial neural
network (ANN)” to determine the risk and provide the safest path. The system instructs the
evacuee by voice and visual instruction on their mobile devices. The location of the
evacuee is identified using radio frequency identification. The results showed that the
system is extremely accurate and may simultaneously evacuate a large number of people

by showing them the quickest and safest way.

(Gholizadeh, Behzad and Memarian, 2018) used a cyber-physical system (CPS) which
improves the integration of real time even monitoring and information communication and
identification of danger along with intelligence guidance. The system has a fire detection
sensor network, which monitors the fire propagation. The other network sensors all
connection, which give feedback in real time about the traffic flow and the crowd along
with the danger present in the area. By using this system, both the amount of time required

for evacuation and the number of fatalities are greatly reduced.
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Large buildings often have hundreds of fire extinguishers located in the building. Manual
periodic inspections often need to be done by the facility managers or the fire safety
inspector to ensure the fire extinguisher is in acceptable condition. It can be difficult to
always monitor them hence (Garcia-Martin, Gonzalez-Briones and Corchado, 2019)
devised a mechanism that can assess the extinguishers' condition by calculating the
environmental factors and pressure changes. If there is a deviation, then it send a
notification that it needs to be changed. This system can be beneficial for large buildings

and possibly save lives.

Overcrowding in large building is a big problem when evacuating buildings. (Nguyen et
al., 2022) developed a smart system model which can represent the hazard intensity as well
as the crows congestion information in each floor of the building. By using his smart

system, total egress duration was reduced by up to 30%.

(Birajdar et al., 2021) developed a system that uses vision to detect fire situations and count
how many people are still inside the building. This is by using advanced technology along
with the help of a web application which updates the user in real time about the events and

the reaming people inside the building.

In tall buildings, it is often difficult to utilize the stairs to evacuate especially for old and
disabled people. (Wang et al., 2021) suggests the utilization of elevators can significantly
reduce the time for evacuation. A simulation was done where 10% used the elevator, which

comprised of elderly people and small children while the other 90% used the stairs. The
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results showed that by using this strategy evacuation efficiency could be significantly

increased.

Number of related studies published during the
time period

2000-2011 i 5

0 5 10 15 20 25 30 35 40
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Figure 5 Reviewed literature references on Smart fire detection and evacuation in buildings. Distribution by
Time Period

2.6.4.4 Analysis and discussion of the previous studies on Smart fire detection
and evacuation in buildings
Studies on this topic have focused on increasing the sensitivity of fire alarms, decreasing

false alarms, and improving evacuation efficiency. Researchers have introduced concepts
such as visibility catchment area, intelligent integration supervisory system, and intelligent
evacuation guidance system. They have also developed smart self-controlled fire
extinguishing systems, intelligent fire emergency response systems powered by loT, and
mobile evacuation solutions. Other studies have focused on utilizing elevators for

evacuation and assessing the condition of fire extinguishers.

The literature highlights the importance of improving the safety and efficiency of fire
detection and evacuation in buildings. The studies discussed aimed to achieve this goal by
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utilizing advanced technologies and innovative solutions. For example, the intelligent
integration supervisory system integrates various fire detection and alarm systems to
provide a comprehensive and efficient fire detection and evacuation solution. The
intelligent evacuation guidance system provides real-time guidance to occupants’ during

an emergency, improving their chances of safe evacuation.

The literature also discusses the importance of assessing the condition of fire extinguishers
and utilizing smart sensors which can constantly monitor the state of the fire systems. These
solutions can significantly improve the efficiency of fire detection and evacuation in
buildings. There has been significant contributions to improving the safety and efficiency
of fire detection and evacuation in buildings. However, there is still room for further
research and development in this area. Future studies should focus on developing more
advanced and innovative solutions to improve the safety and efficiency of fire detection

and evacuation in buildings.

2.7 Discussion
Different strategies and methods were proposed, and a great number of factors were

identified which has an impact on the evacuation in high-rise buildings. Many different
options were explored through the help of real-life evacuation drills and computer
modelling and simulations. There are many factors which influence the evacuation such as
the occupant behavior and demographics also have a critical impact on the evacuation time.
The higher up the occupants are the more difficult it is for them to evacuate as there are

more chances of fatigue which will lower their movement speed.
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Other factors which came with height were in some cases the location of fire alarm was
not appropriate causing some to not hear the fire alarm at all whiles for other it was too
loud that they could not communicate with the fire fighters or hear them and had to move
to some other location. This can be a problem for disabled people since they cannot move
easily. More studies are trying to push for the use of elevators for emergency evacuation
since for very tall buildings it is not feasible to use the stairs for exit (Ding et al., 2021).
Building occupants having training for fire emergency evacuation was deemed to be very

important in lowering the evacuation time as well.

Evacuation simulations are also quite popular nowadays since there is enough appropriate
data currently available about the estimated evacuation times, but the existing research
related to simulation is not accurate when you compare it with actual real life evacuation
results. This is mainly because the simulation fails to take into accounts factors such as
psychological state of occupants as well as their familiarity with the surrounding

environment.

Another factor that is important in emergency evacuation is the social relationship among
the groups which the simulation does not take into account for. Therefore, more future
research can be done on simulations taking into the human behaviors as well as comparing
It with real life results. Additional rising research area is allowing high-rise buildings to
use elevators for evacuation, since it significantly lowers the evacuation time especially for

the people occupying the upper area of the building. The main thing which can be
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concluded from the previous work is that each and every high-rise building is different,

and the physical environment plays an important role in the evacuation.

2.8 Passive and active fire protection measures in high-rise buildings
Passive and active fire protection measures play crucial roles in high-rise residential

buildings. These measures can ensure the safety of occupants during emergency fire
evacuation and can significantly reduce occupants’ evacuation time. The literature
discussed passive and active fire protection measures that can be implemented in high-rise
building and how they these measures will help in reducing the evacuation time.

Passive Fire Protection Measures include:

e Fire-Rated Construction: High-rise buildings are constructed with fire-resistant
materials, such as fire-rated walls, floors, and doors. These elements help contain the
fire and prevent its spread, providing additional time for evacuation.

e Compartmentalization: Building compartments are designed in order to separate
different areas, limiting the spread of fire, smoke, and toxic gases. Compartmentation
delays fire progression, allowing occupants to evacuate safely.

e Fire Doors: Fire-rated doors are installed in emergency staircases. These doors are
designed to withstand fire and smoke for a specified period usually 1 or 2 hours
depending on the type of building.

e Fire-resistant Glazing: Windows and glass partitions can be made fire-resistant,

reducing the risk of fire spread and protecting escape routes.
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Smoke Control Systems: High-rise buildings employ smoke control systems, including
smoke dampers, smoke exhaust systems, and pressurization systems. These systems
help limit smoke accumulation and maintain tenable conditions in escape routes.

Evacuation Signage: Clear and visible evacuation signage provides guidance to

occupants, helping them locate exits and evacuation routes quickly and effectively.

The Saudi building code requires the implementation of passive fire protection measures
according to the classification of the building. For residential occupancies group R-2,
the SBC provides guidelines and requirements related to fire safety, such as means of
egress, fire-resistant construction materials, fire alarm systems, and fire suppression
systems. These requirements vary depending on factors like building height, occupancy
load, and the number of dwelling units. Compliance with these requirements is essential

for obtaining permits, certifications, and insurance coverage.

Active Fire Protection Measures include:

Fire Sprinkler Systems: Sprinkler systems are highly effective in controlling and

suppressing fires. They activate automatically upon detecting heat, reducing fire intensity

and providing additional time for evacuation.

Fire Alarm Systems: Early detection of fires through fire alarm systems is crucial for rapid

evacuation. These systems trigger audible and visual alarms, alerting occupants to the

presence of a fire.
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Emergency Lighting: Adequate emergency lighting systems ensure that escape routes
remain well-lit during power failures or low visibility conditions, facilitating safe
evacuation.

Public Address Systems: Clear and intelligible public address systems can be used to relay
emergency messages and instructions to occupants, directing them to evacuate in an orderly
manner.

Pressurized Stairwells: High-rise buildings may employ pressurization systems in
stairwells to maintain smoke-free evacuation routes, enhancing occupant safety during
evacuation.

The combination of passive and active fire protection measures in high-rise residential
buildings is essential to minimize the spread of fire, control smoke, and provide safe
evacuation paths for occupants. Building codes and regulations often mandate the
implementation of these measures to ensure the highest level of safety. Having proper fire
emergency systems can aid in minimizing the evacuation time in high-rise residential

buildings.
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CHAPTER 3

EVACUATION MODELLING

3.1 Introduction
3.1.1 Autodesk Revit

Revit is a software tool used in architecture, engineering, and construction (AEC)
industries for building information modeling (BIM). It allows users to create intelligent 3D
models of buildings and structures with various components such as walls, floors, roofs,
doors, windows, and more. Revit is designed to streamline the entire process of building

design and construction.

It enables AEC professionals to work collaboratively on a single, shared platform. The
software also provides a range of features, such as modeling tools, annotations, schedules,
and visualizations, that can help users to make informed decisions about the design,
construction, and maintenance of buildings. Revit allows users to create and modify
designs in real-time, and automatically updates all relevant components, schedules, and
documentation. It also supports interoperability with other software tools, such as
AutoCAD, Navisworks, and SketchUp.

Revit is a powerful tool that helps AEC professionals to create, manage, and share

intelligent 3D models of buildings and structures.

3.1.2 Pathfinder

Pathfinder is a software tool that is used for simulating the movement of people during a
fire emergency evacuation. It is specifically designed to aid in the evacuation planning
process by providing a visual representation of how people will move through a building

in the event of an emergency. The software uses advanced algorithms to simulate the
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behavior of people during an evacuation, considering factors such as the building layout,
exits’ locations, and the behavior of individuals in emergency situations. It can model
various evacuation scenarios and provide insights into the movement of people, congestion

points, and evacuation times.

Pathfinder offers a user-friendly graphical user interface that allows users to create and edit
models of buildings, define occupant properties, and simulate the movement of people
during an evacuation. It also provides a range of output options, such as 2D and 3D

visualizations, time-to-evacuation statistics, and evacuation route analysis.

Occupant properties such as the walking speed of occupants can be defined based on
different factors such as age, gender, or mobility impairment. The number of occupants per
unit area, which affects the congestion levels and movement patterns can also be defined.
The physical dimensions of occupants can be assigned, which impact their ability to

navigate through spaces and passageways.

Overall, Pathfinder is a tool which enables engineers and building designers to optimize
evacuation plans by providing accurate and reliable simulations of occupant behavior
during an emergency. Designers can identify potential bottlenecks and evacuation hazards
and make informed decisions to improve the safety of the building occupants.

This study utilized the student version of Pathfinder version 2023.2.0816. Pathfinder offers
compatibility with various 3D modeling and simulation software through industry-standard
file formats and plugins, assisting in data exchange for comprehensive evacuation analysis.
Pathfinder runs on Windows operating systems and requires at least 4GB RAM to run

smoothly.
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3.1.3 PyroSim
PyroSim is a computational fluid dynamics (CFD) software that allows users to create

complex fire simulations for engineering and safety analysis purposes. It is developed and
distributed by Thunderhead Engineering, a company that specializes in software for fire

and smoke modeling.

With PyroSim, users can create 3D models of buildings, structures, and other objects, and
simulate the behavior of fires within those environments. The software uses advanced
algorithms to calculate the flow of heat, smoke, and gases, as well as the spread of flames

and combustion reactions.

PyroSim is commonly used in a variety of industries, including architecture, engineering,
and construction, as well as by architects, fire safety professionals, and regulatory agencies.
It allows users to analyze fire risks, develop fire protection strategies, and evaluate the

performance of fire protection systems.

In this study PyroSim will be used to see the effect of smoke propagation on the evacuation
time of the occupants. As smoke can decrease the visibility and make the evacuation

process difficult.

3.2 Case Study Building Selection as per Saudi Building Code

To select a case study building, local high-rise residential buildings were examined which

could be compared with the Saudi building code. The high-rise residential building selected
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for the case study is located in Khobar, Saudi Arabia and was constructed in 2012. The
building is often referred to as “Suwaiket Tower” or “Dhahran Tower” (Figure 6). It is the
tallest building in the eastern province with a height of over 100 meters. The building has

46 floors and comprising of 291 luxurious apartments.
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Figure 6 (a) Exterior view of the selected building in real life and (b) 3D render of building]

3.2.1 Discussion of the Saudi building code

In the Saudi Building Code (SBC), the use and occupancy classification of residential
buildings is categorized under Group R. Group R pertains to residential occupancies,
including single-family dwellings, multi-family dwellings, apartments, and other similar
residential buildings. The SBC provides guidelines and requirements for ensuring the
safety and functionality of these residential occupancies. Buildings in the Residential group
R-2 contain sleeping units or more than two dwelling units with occupants who are

generally permanent. The occupants will have a good understanding of their surroundings.
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The SBC emphasizes the importance of fire safety and the protection of occupants within
residential buildings. While the code does not provide specific details on the classification
of Group R occupancies into subgroups such as R-1, R-2, or R-3, it sets forth general
requirements that apply to residential occupancies. Key considerations and requirements

related to residential occupancies in the SBC include:

Means of Egress: The SBC mandates proper design and provision of means of egress
systems, including safe and unobstructed paths of travel, stairways, corridors, and exits.

These elements ensure the safe evacuation of occupants during emergencies.

Fire-Rated Construction: The SBC outlines requirements for fire-resistant construction
materials, including fire-rated walls, floors, and doors. These measures help contain the

spread of fire and provide a level of protection to occupants and property.

Fire Alarm Systems: The SBC may require the installation of fire alarm systems to provide
early detection and warning of fire incidents within residential buildings. The specific
requirements for fire alarm systems may vary depending on factors such as building size

and occupancy load.

Fire Suppression Systems: Depending on the size and type of residential occupancy, the
SBC may require the installation of fire suppression systems such as automatic sprinklers
or other suitable fire suppression measures. These systems help control and extinguish

fires, enhancing occupant safety.
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Ventilation and Smoke Control: The SBC may include provisions for proper ventilation
systems within residential buildings to ensure adequate air quality and smoke control in

the event of a fire.

3.2.2 Egress requirements for R-2 occupancies

The SBC adopts a performance-based approach rather than a prescriptive approach,
focusing on general fire safety principles and requirements for buildings. The design of
egress is based on the occupant load which can be calculated from table 1004.1.2 provided
in the SBC. The table specifies that the floor area in square meters per occupant is 19 gross
for residential buildings. The floor area of the typical floors for the selected case study
building is 1,850m?. This means that the maximum occupancy for each floor is 99
occupants. Further, the SBC provides details to calculate the egress width based on the
occupants served. The case study building is equipped with a sprinkler system. Thus, the
occupant load is multiplied by 5.1, which gives a total of 505mm width. Furthermore, the
SBC provides a factor of 7.5mm per occupant, which could be used to determine the total

width of the egress, which comes out to be 743mm.

Although the calculated width for the means of egress was 743mm, section 1009.3 in SBC
specifies that the clear width between handrails should be 1200mm. This does not include
buildings which are equipped with automatic sprinkler systems. The selected case study

building has sprinkler system installed so this does not apply to this building.

The SBC also provides the minimum number of exits required as per occupant load (Table
4). Furthermore, the travel distance to the nearest exit is also mentioned. For buildings with
sprinkler system, the maximum allowed travel distance is 76.2 meters from the furthers

point (Table 5).
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Table 2 Minimum number of exits required as per SBC

MINIMUM NUMBER OF EXITS FOR OCCUPANT LOAD

OCCUPANT LOAD

MINIMUM NUMBER OF EXITS

1-500 2
501-1,000 3
More than 1,000 4

Table 3 Maximum allowed travel distance as per SBC

EXIT ACCESS TRAVEL DISTANCE

OCCUPANCY

WITHOUT SPRINKLER
SYSTEM (meters)

WITH SPRINKLER
SYSTEM (meters)

R — Residential

61

76.2

The size of doors is also mentioned in the SBC section 1010.1.1, which is based on the
occupant load. The minimum clear width required for the doors is 800mm and the height

of the doors should not be less than 2000mm. The minimum corridor width was also

specified where it should not exceed 1100mm for group R-2 occupancies.

Direction of swing is also mentioned in section 1010.1.2.1 where the doors are required to

swing in the direction of egress travel where the occupant load is 50 or more.
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Table 4 Minimum corridor width as per SBC 801

3.3 Case Study Building Modelling

OCCUPANCY MINIMUM WIDTH (mm)
Any facilities not listed below 1100
Access to and utilization of mechanical, pluming or 600
electrical systems or equipment
With an occupant load of less than 50 900
Withing a dwelling unit 900
In Group E with a corridor having an occupant load of
1800
100 or more
In corridors and areas serving stretcher traffic in
occupancies where patients receive outpatient medical 1800
care that cause the patient to be incapable of self-
preservation
Group I-2 in areas where required for bed movement 2400

As-built drawings of the building were obtained (Figure 11), and the building was modelled

using Autodesk Revit (Figure 13). Each typical floor had 8 apartments as shown in (Figure

14).

The building components modelled were only the fire escape stairs, floors, fire exits and

walls of the building. The model was subsequently imported into Pathfinder (Figure 10)

using the IFC file format in order to run the simulations. The building was also compared

with the Saudi building code to see its compliance to the code (Table 6). From the
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comparison it was observed that the building satisfied most the code requirements, except

for the staircase width where the requirement was 1100mm.

Table 5 Comparison of the Case study building with the Saudi building code

Egress code requirements vs Selected case study building
Specification Saudi Building Code Existing SBC
P Requirement building Reference
L 1005.2,
Egress stairs width 1100mm 1000mm 1009.3
Number of exits 2 2 Table 8.18.1
Exit A(.:CESS Travel 76.2 (meters) 46 (meters) Table 8.15.1
Distance
Clear width of doors 800mm 1000mm 1010.1.1
Minimum corridor width 1100mm 2000mm 1020.2
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Figure 8 Ground Floor plan of the building
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Figure 9 3D view of the building in Revit
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Figure 10 Zones inside the typical floor plan
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Figure 11 Imported model of the building in Pathfinder

Three separate case studies were conducted, where the width of the fire exit stairs (Figure

11) was changed in order to see the difference in the total evacuation time.
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Figure 12 As Built drawing of the stairs for Case Study 1

92



The case study calculated the evacuation time for maximum occupancy as well as at 60%

occupancy which is the most likely scenario as it is shown in Table 8.

Table 6 Distribution of occupants across the floors

Assuming 60%

Floor Level Maximum Occupancy ScCUpancy
Ground Floor 20 12
Mezzanine Floor 35 21
3rd Floor — 5th Floor 60 (20 on each floor) 36
6th Floor — 17th Floor 384 (32 on each floor) 231
18th Floor — 45th Floor 896 (32 on each floor) 538

Roof Floor 5 3

Total 1400 841

The primary exits were located at the entrance of the building as shown in Figure 12, while
the blue dots represent the occupants’. The main door had a width of 1.8 meters while the
other 2 door on either side had a width of 1.0 meters. There was an additional emergency

exit with a width of 1.4 meters located on the west side of the building.
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Primary Emergency Exit

Secondary Emergency Exit

Figure 13 Emergency Exit Locations on the Ground Floor Plan|
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3.4 Pathfinder Evacuation Simulation Input

In order to perform the evacuation simulation, occupants (agents) need to be added on each
floor. Occupants need to be assigned their movement speed. Occupants are assigned to
each floor based on maximum occupancy of the building as well as assuming 60% of
occupancy, which can be seen in Table 2. The occupants profile has to be selected for the
evacuation simulation. Pathfinder allows the selection of pathway the occupants should
take as well as defining the occupants’ movement speed and their physical properties
Figure 18. In this study the occupants were simply asked to go to the nearest exit. A study
was conducted by (Almejmaj and Meacham, 2014), to collect the walking speed based on
gender in Saudi Arabia. The study indicated that males have a movement speed of 1.05m/s
while females have a movement speed of 0.90m/s when wearing the traditional clothes
worn in Saudi Arabia. This data was adopted for this simulation modelling and occupants

are assigned their movement speed based on their gender.

Pathfinder allows for more detailed occupant modelling such as adding an acceleration
time, slow factor, social distancing Figure 19, these factors was not modified and taken as
defaults. Occupants’ behavior can also be assigned such as adding a delay time before they
start their evacuation as well as asking them to go to a specific exit or follow a group of
occupants Figure 20. For this study, only the movement speed was assigned to the

occupants’ and as for their behavior they were asked to go to any nearest exit.
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Figure 14 Characteristics input options for the occupants in Pathfinder
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3.5 PyroSim Evacuation Simulation Input

PyroSim offers a wide range of parameters and settings that can be adjusted to create
detailed and accurate fire simulations. Some of the key parameters available in PyroSim
include adding material properties such as thermal conductivity, specific heat, and density
of building materials that influence fire behavior and spread. Parameters related to the
ventilation system, such as airflows, ducts, fans, and openings. Fire sources can be
simulated, their size and location can be modified along with their fire growth rate and the
heat release rate (HRR). Smoke production rate and characteristics, such as the yield,
visibility, and density of smoke can also be specified. Environmental settings can also be
set such as the ambient temperature, pressure, and relative humidity (Figure 24). PyroSim
requires specifying a mesh which is a three-dimensional computational grid or mesh that
is used to separate the geometry of a building or structure for fire simulation purposes. The
mesh divides the space within the building into small elements or cells, allowing for the
calculation of fire and smoke behavior based on various parameters. The mesh is composed
of individual cells. Smaller cell sizes result in a more detailed and accurate representation
of the geometry but require more computational resources and will increase the simulation
time. The cell size selected for the mesh in this study is 0.7m in X, Y and Z direction
(Figure 21). For this study we will take the default available fire which has a heat release
rate of 1000.0 kW/m2 (Figure 23). The fire source for the case study was done on the ground
floor, as it is the most critical part of the building and can significantly impact the
evacuation by blocking the stairways with smoke. The study assumes for the case study
that it is a fire caused by electrical short circuit as it is the most common type of fire in

residential building according to the statistics published by the ministry of civil defense of
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Saudi Arabia Table 9. Other common causes of fire in residential building include stove

combustion and irresponsible behavior.

Table 7 The causes of fire in different types of buildings for the year 1439 AH (2018) from the Ministry of Civil
Defensé
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Figure 17 Mesh and Cell size selection in PyroSim
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Figure 18 Building model in PyroSim with generated
mesh of 0.7m in 3 directions
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Figure 19 Adding a fire source in PyroSim with the heat release properties|
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Figure 20 Adding a fire source in PyroSim with the heat release properties

3.6 Simulation Scenarios

First the existing building was modelled exactly as it is from the obtained as-built drawings.
Then based on the building occupancy the evacuation will be simulated to see the

evacuation time for 60% occupancy as well as for full occupancy.

Once the two simulations are done, the width of the run will be increased by .25cm

and.50cm respectively and simulation will be carried out again to see the impact of

increasing the width of the run.

100



Other parameters which will be investigated include the location of stairs as well as the
number of stairs present inside the building for evacuation. Then the buildings exit doors

width will also be increased to see if it has an impact on the evacuation time and efficiency.

As for PyroSim simulation, a fire will be created at the ground floor to see the spread of
the smoke. Although fire should not be allowed to enter the staircases, we will assume the
worst-case scenario where it does enter the egress to see how fast it spread inside the
building. An evacuation simulation with both Pathfinder and PyroSim will be carried out

for 5 floors to see the impact of smoke on the evacuation time.
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CHAPTER 4

RESULTS & DISCUSSION

4.1 Pathfinder simulation results for staircase width

Two separate evacuation simulations were carried out based on the occupancy of the
building as shown in table 10 and 11 respectively. In the first case study with the existing
design of the emergency stairs, it takes approximately 15:09 minutes for complete
evacuation of the building considering an occupancy of 60%. While increasing the width
of the run by .25m and .50m did not provide any significant improvements in the overall
evacuation time. The same simulation done on fully occupied building showed that an
increase in the run by .50m could reduce the evacuation time by 3 minutes approximately
as it can be seen in figures 10 and 11. As per the Saudi building code, the minimum

requirement of the width run is 12100mm.

Table 8 Simulation of Occupant Evacuation (60% occupancy)

Simulation No. Width of run Time for total evacuation
1 1.00m 909s (15:09 mins)
2 1.25m 901s (15:01 mins)
3 1.50m 856.5s (14:16 mins)
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Table 9 Simulation of Occupant Evacuation (Full occupancy)

Simulation No. Width of run Time for total evacuation
4 1.00m 1201s (20:01 mins)
5 1.25m 1097.0s (18:17mins)
6 1.50m 1008.8s (16:48 mins)

103



- i@ ™ -

Exited: 47 /841

Figure 21 Occupants evacuating from the building using stairs in Pathfinder for Case Study
1 with 60% occupancy

4.1.1 Pathfinder simulation results for staircase scenario 1

An additional staircase was added for egress at the right side of the building (Figure 26).

All three staircases had a run width of 1.00 meters. The simulation first was run with 60%

occupancy followed by full occupancy. The occupants’ movement speed was the same as

before where males had a movement speed of 1.05m/s and females with 0.90m/s. The

behavior input was also the same where occupants’ were directed to go to the nearest exit.

Table 10 Simulation of Occupant Evacuation with 3 stairs

S'm:lljtlon Width of run Occupancy Time for total evacuation
7 1.00m 60% (841) 900.0s (15:00 mins)
8 1.00m 100% (1400) 1155.0s (19:15mins)
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Figure 22 Additional staircase added to the original building layout
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Figure 24 Flow rates for the fire exit doors for Simulation 7
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Figure 23 Flow rates for the fire exit doors for Simulation 8
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The flow rates for the emergency doors were averaging around 0.6 persons/s for both the
simulations 7 & 8. The main door which had a width of 1.8 meters was the most used until
the last occupant exited the building while the second most common used door was door
located at the other side of the building. The other two doors with a width of 1 meter which
were located next to the primary exit door of 1.8 meters. Therefore, it makes sense that
during the start occupants were opting to use the other doors available to exit the building

but as time went by and the occupant load decreased, they stopped using it.

4.1.2 Simulation results of staircase scenario 2
The layout of staircases in this scenario was modified where the 2 emergency exits were

located further from each other.

Table 11 Table Simulation of Occupant Evacuation with 2 stairs at a distance

Slmlslljtlon Width of run Occupancy Time for total evacuation
9 1.00m 60% (841) 1042.3s (17:23 mins)
10 1.00m 100% (1400) 1606.5s (26:46mins)
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Figure 25 2 staircases were located at a distance to each other]
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Figure 27 Flow rates for the fire exit doors for Simulation 10
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4.1.3 Simulation results of staircase scenario 3
The layout of staircases in this scenario was modified where the 2 emergency exits were

located at the edges of the building. This type of egress will not be influenced by smoke as

the stairways are outside the building.

Figure 28 2 staircases located at the edges of the building

Table 12 Simulation of Occupant Evacuation with 2 stairs at edges

Slm;?tlon Width of run Occupancy Time for total evacuation
11 1.00m 60% (841) 993.35 (16:33 mins)
12 1.00m 100% (1400) 1456.2s (24:16mins)
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4.1.4 Simulation results of staircase scenario 4
The layout of the plan was modified to assign every 2 apartments with 1 emergency egress.

The typical floor plan layout has 8 apartments therefore, 4 egress routes were added as

shown in figure 33.

Figure 29 4 staircases located at the four sides of the building

Table 13 Simulation of Occupant Evacuation with 4 stairs

Slmll\JII:tlon Width of run Occupancy Time for total evacuation
13 1.00m 60% (841) 745.2s (12:25 mins)
14 1.00m 100% (1400) 772.6s (16:12mins)
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4.1.5 Simulation results of staircase scenario 5
In the original plan of the building, the core was located at the center, and the stairs were

next to each other. For this scenario the stairs were kept at the left and right side of the
building to see if it has an impact on the evacuation time. Additionally, the width of the

corridors was increased by 1 meter.

Figure 30 2 staircases located at opposite of each other]

Table 14 Simulation of Occupant Evacuation with 2 stairs at opposite

Slm;ftlon Width of run Occupancy Time for total evacuation
15 1.00m 60% (841) 883.4s (14:43 mins)
16 1.00m 100% (1400) 1162.7 (19:22mins)
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4.1.6 Simulation results of staircase scenario 6
The scenario for this simulation involved selecting the minimum design requirements for

the egress set out by the SBC. The minimum requirements were adopted for the design as

mentioned in the SBC.

Table 15 Simulation of Occupant Evacuation with minimum design requirements

imulati _ : .
Slmﬁljtlon Width of run Occupancy Time for total evacuation

17 1.00m 60% (841) 1185.0s (19:45 mins)

18 1.00m 100% (1400) 1631.1s (27:11 mins)

4.1.7 Simulation results of staircase scenario 7
This scenario was run with the original design of the building. Only two occupants’ were

added in the simulation at the top floor to see the time for evacuation if no crowd is present.

The movement of the male occupant was set to 1.05m/s and for the female to 0.9m/s.

Table 16 Simulation of Occupant Evacuation with 2 Occupants

Slmlslljtlon Width of run Occupancy Time for total evacuation
19 1.00m 2 607.5s (10:07 mins)
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4.2 Pathfinder simulation results for building exit doors width

There are 4 main egress doors available for occupants to evacuate from. The width of the

exit doors was increased by 20% to see the impact on the total evacuation time. The

comparison will be made with simulation 7 and 8 since they had the fastest evacuation time

to further see the improvement which can be made.

Table 17 Modifying the door width for Full occupancy evacuation

Door No. | Original Width of Exit Door | Increased door width (20%)
Door 01 1.00m 1.20m
Door 02 1.80m 2.20m
Door 03 1.00m 1.20m
Door 04 1.40m 1.70m

Original evacuation time: 1155.0s (19:15mins)

Evacuation Time after modification: 1095.3s (18:15mins) (5%)

Table 18 Modifying the door width for 60% occupancy evacuation

Door No. | Original Width of Exit Door | Increased door width (20%)
Door 01 1.00m 1.20m
Door 02 1.80m 2.20m
Door 03 1.00m 1.20m
Door 04 1.40m 1.70m

Original evacuation time: 900.0s (15:00 mins)

Evacuation Time after modification: 875.5s (14:35mins) (2.7%)

Figure 31 Flow rates for the fire exit doors after increasing door width
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Results from the simulation indicate that increasing with width by 20% only improved the

evacuation time by 5%. The evacuation time was not reduced significantly with the

increase in the width of the doors. There was no major difference in the flow rate as it

remained close to 0.6 persons/s.
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Figure 32 Flow rates for the fire exit doors after increasing door width
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4.3 Pathfinder simulation results for egress doors width

In the original design of the building the egress door had a clear width of 1.00 meters. The
door size was changed and keeping the same original design of the staircase with 1.00-

meter width run to see the impact of the egress door width on the evacuation time.

Table 19 Modifying the egress door width for 60% occupancy evacuation

Width of Egress Door Evacuation Time Improvement
0.80m 1046s (17:26 mins) (-15%)
1.00m 909s (15:09 mins) -
1.20m 888s (14:48 mins) 2.3%
1.50m 833s (13:53 mins) 8.3%
2.00m 736s (12:16 mins) 19%

Original evacuation time: 909s (15:09 mins)

Table 20 Modifying the egress door width for Full occupancy evacuation

Width of Egress Door Evacuation Time Improvement
0.80m 1376s (22:56 mins) (-14%)
1.00m 1201s (20:01 mins) -
1.20m 1158s (19:18 mins) 3.5%
1.50m 1122s (18:42 mins) 6.5%
2.00m 1029s (17:09 mins) 14%

Original evacuation time: 1201.3s (20:01 mins)
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4.4 PyroSim smoke simulation results

A fire was created near the stairs on the ground floor to see the spread of smoke across the
building and through the staircases as shown in Figure 17. Since the maximum total
evacuation time of the occupants was 20 minutes, the fire and smoke propagation were also
done for 20 minutes to observes it’s spread across the building. Figures 18 and 19 show

the spread of fire after 3 minutes and 20 minutes respectively.

Figure 33 Fire Location and spread inside the building.
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Figure 34 Smoke diffusion after 3:00 minutes of fire

Figure 35 Smoke spread inside the building after
20:00 minutes of fire
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4.5 PyroSim integration with Pathfinder

The first 5 floors of the building were modelled in Revit and imported into PyroSim. The
reactions added were same as the case study where majority of the things were taken as
default settings. The fire was ignited on the ground floor to see the impact of the smoke on

the evacuation.

First the evacuation was carried out in Pathfinder for the 5 floors with an occupancy of 80
occupants. The movement speed was assigned 1.05m/s for males and 0.9m/s for females.
The occupants’ were assigned to go to the nearest exit. The pathfinder evacuation
simulation was completed, and occupants exited the building within 134.5 seconds that is

2 minutes and 15 seconds (Figure X).

Exited: 80 /80

Figure 36 Number of occupants exited in 134.5 seconds
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After completing the pathfinder simulation, PyroSim model was imported into the

pathfinder software to see the effect of smoke on the evacuation.

Simulation Parameters ot

Time Output Paths Behavior FDSData  Misc

Enable FDS Integration

Smokeview File: C:Wsers\Abdullah\Documents WFUPM M:
Data Source: PLOTID

Data Interval; 08B s

Temperature: Enabled

CO Volume Fraction: Enabled
CO2 Volume Fraction:  Emabled
02 Valume Fraction: Enabled
S0O0T Visibility: Enabled
FED Output: Enabled
NOTE: Dccupants outside FDS meshes will pause their FED calculation.

Hypoxia FED Threshold: | 19.5 %%

K. Cancel

Figure 37 FDS integration settings in Pathfinden
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Figure 39 Smoke spread inside the building in 30 seconds

Figure 38 Smoke spread inside the building within 2 minutes

During the simulation, the smoke was allowed to enter the emergency egress, which caused
the occupants at the upper floors to halt their evacuation which can be due to lack of
visibility. The smoke spread across the ground floor within the first 30 seconds (Figure 40)
and reached up to the 5th floor within 2 minutes (Figure 41). Only 12 occupants were able

to evacuate in 3 minutes, mainly those who were located on the ground floor. This shows
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that smoke entering the stairways is a critical issue and can significantly impact the

evacuation of the occupants’.

4.6 Discussion

4.6.1 Pathfinder Evacuation
Increasing the width of emergency stairs can have significant benefits for emergency

evacuations, such as increasing the capacity of the stairway to accommodate more people
and reducing the likelihood of overcrowding, tripping, or falling. The evacuation time with
the original design of the building with 60% occupancy was 15:09 minutes. However the
design of the stairs was not complying with the Saudi building code as the minimum
required width has to be 1100mm. Increasing the width of the stairs to comply with the
SBC did not have a significant impact on the reduction of the evacuation time. Although
when the simulation was done for full occupancy, the results indicate that an increase in
.5m of stairs run width can potentially lower the evacuation time by 4 minutes. However,
there are costs associated with widening emergency stairs, such as the cost of materials,

labor, and potential disruption to the building's structure.

Simulation for scenario 1 was done by adding an additional egress stair in the building
layout, the third staircase did not have a major impact on the evacuation time as the overall
evacuation time was reduced by less than 5%. The staircase did not provide any value as

only a few occupants’ used the egress who were close to it.
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Simulation results for the 2" scenario where the two staircases were placed further from
each other had a negative impact on the overall evacuation time. The evacuation time was
increased for the original building layout with 60% occupancy by 2 minutes and 6 minutes
for full occupancy. The last scenario where the emergency stairs were placed at the edges
had a better evacuation efficiency than the 2" scenario but still worse than the original
simulation. The time for evacuation for full occupancy was more by 4 minutes and for 60%
occupancy by 1 minute.

The simulation results indicate that adding additional egress was not beneficial, whereas
widening emergency stairs can be a worthwhile investment for buildings with high
occupancy and frequent evacuations. The cost of widening the stairs should be weighed
against the potential benefits in terms of increased safety and improved evacuation times.
Building owners and facility managers should consult with experts in building design and

safety to determine the best course of action for their specific building and needs.

There are other factors which still must be considered such as the pre-evacuation time. This
is the time which the occupants take before actually beginning their evacuation. The delay
could be attributed to either investigating the authenticity of the fire incident or being in a
state of unconsciousness. In a survey conducted by (Almejmaj and Meacham, 2014) the
mean delay time was 90 seconds with a deviation of 30 seconds.

In high-rise buildings, it is important to have a plan in place for pre-evacuation, to ensure
that everyone knows what to do in case of an emergency, and to minimize pre-evacuation
delays. Authorities and building management should have effective communication

channels and systems in place to alert people of an emergency, assess the situation, and
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give clear and concise instructions for evacuation. By minimizing pre-evacuation delays
and having effective evacuation plans in place, people can increase their chances of

evacuating safely and efficiently during an emergency.

Crowdedness during emergency evacuation is a significant concern, as it can lead to delays,
confusion, and potential safety hazards. When a large number of people are trying to
evacuate a building or area at the same time, the flow of movement can be slowed or even
come to a complete stop, resulting in potentially dangerous situations such as stampedes
or overcrowding in certain areas. From the results of the simulation, the stairs didn’t get
crowded by the occupants and the flow was smooth. This can be due to the fact that there
are 2 separate stairs cases present for emergency evacuation which reduces the
crowdedness. Although in real life there can be problems of crowdedness due to human

behavior during emergency scenarios.

One more factor which can affect the accuracy of the simulation is the running speed of
the occupants. Some occupants might move faster than usual while others might slow
down. Fatigue will also come into play especially for those occupants who occupy the
higher floors of the building. Wider doors allow for a greater flow capacity, enabling more
individuals to evacuate quickly. In contrast, narrow doors can restrict the flow and slow

down the evacuation process, potentially leading to congestion and delays.

Results from increasing the building exit doors width were also not significant. As an

increase in 20% of the door width resulted in an increase of only 5% in the overall
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evacuation time. The width of egress doors was also increased to see the impact on the
evacuation time. Doubling the width of the egress door improved the evacuation time by
19% for 60% occupancy and by 14% for full occupancy. This is logical as the width of

egress doors directly affects the flow capacity.

The flow rates for all the simulations were constant at around 0.65 persons/m. Increasing
the building exit door did not improve the flow rate. A study done by (Gwynne et al., 2009)
observed an average of 0.77 persons/s flow rate for occupants during an emergency
evacuation. Similarly, (Fang et al., 2010) conducted an experiment to analyze the flow
rates of the occupants’. The average flow rate of occupants’ was 1.25m/s. If we compare
the previous data, the flow rate of the case study building seems to be low. There can be
many reasons for this, such as the occupant density and crowdedness along with their
movement speed. After running all the simulations (Table 23), the original design of the
building seemed to be optimum. The increase in number of stairs did not significantly
improve the evacuation time and would seem waste of space any money for the building

designers and owners.

Additional simulation scenarios were carried out to see the variation of evacuation time
with the increase in the number of occupants (Figure 44). It was observed the that the
evacuation time increases with the number of occupants’ added, however there was not
much difference between an occupancy of 1000 and 1400. The occupants’ were distributed
evenly on each floor according to the occupant load for each floor and after 1400 occupants

were added, all the floors had an equal number of occupants. The simulation was carried
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out for occupancies of 1600, 1800 and 2000. The occupants’ were distributed from top to

bottom by adding 20 occupants on each floor. This resulted in the increase in the evacuation

time significantly as more occupant’s were added.

Table 21 Simulations of Staircase design scenarios with 60% occupancy

Simulation Design Width of _Evacua_ltion Improvement

No. run Time (minutes)

1 Original plan 1.00m 15:09 -

2 Original plan 1.25m 15:01 .08%
3 Original plan 1.50m 14:16 5.8%
7 3 Stairs 1.00m 15:00 0.1%
9 2 Stairs at distance 1.00m 17:23 (-14.7%)
11 2 Stairs external 1.00m 16:33 (-9.24%)
13 4 Stairs 1.00m 12:25 18%
5| fedoongorwian | 10| 14| 20
17 2 Stairs minimum design 1.00m 19:45 (-30%)
19 Only 1 occupant 1.00m 10:07 33%

The Saudi building code currently provides basic guidelines and limitations, which limits

the improvement opportunity for the overall safety of the building. Architects and fire

safety engineers can further study other important details such as the design of stairs and

the optimum door width which results in a lower evacuation time.
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Figure 40 Variation of Evacuation Time with the number of Occupants

4.6.2 PyroSim Smoke Simulation
Smoke can have a significant impact on evacuation time in a fire emergency. Smoke is a

major contributor to fire-related deaths and injuries, as it can impair visibility and

breathing, making it difficult for people to navigate their way to safety.

When smoke is present, it can reduce visibility and make it difficult for people to see escape
routes and obstacles in their path. This can slow down evacuation time as people move
more cautiously and may need to feel their way around to avoid tripping or falling. Smoke
can also make it difficult for occupants to breathe. If people are struggling to breathe, they
may move more slowly and be less able to assist others, which can further delay evacuation

efforts.

Furthermore, smoke can create confusion and panic, leading to a breakdown in orderly

evacuation procedures. People may become disoriented or unsure of where to go, or they
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may be tempted to take shortcuts that put them at greater risk. Panic can also lead to
congestion and bottlenecks, making it more difficult for people to escape quickly. It is
important for facility managers and occupants to have a clear plan in place for dealing with
smoke, including measures such as smoke alarms, ventilation systems, and evacuation

procedures, to minimize the risk of smoke-related injuries and fatalities.

A fire source was created on the ground floor of the building to access how smoke
propagates through the building. Within 3 minutes of the start of the fire, the ground floor
and the first floor were fully occupied by smoke as it can be seen in Figure 18. The
simulation was run for 20 minutes (Figure 19) as this was the longest time which was
needed for occupants to evacuate the building completely. The results indicate that
approximately half of the building was filled with smoke and the upper floors had a few
particles of smoke as well. While smoke simulation is a powerful tool for improving fire
safety and evacuation planning, there are some challenges associated with this technology.
PyroSim integration with Pathfinder displayed how smoke can be detrimental if it enters
the staircases. Smoke can hinder occupants’ evacuation and can put their lives at risk by

exposing them to toxic gases and fumes.

The behavior of smoke can vary greatly depending on factors such as the location of the
fire, the source of fire, and the materials used in the construction of the building. It can be
difficult to accurately model all of these variables and account for their impact on smoke

movement. This study does not focus on the interaction of fire with the building materials.
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What is beneficial from the simulation is the time it takes for the smoke to spread and how
it can be mitigated or managed. Ventilation systems can help to manage smoke by
removing it from the building and providing fresh air for occupants to breathe. Fire safety
engineers and architects should consider the placement and capacity of ventilation systems

to ensure that they can effectively manage smoke in different emergency scenarios.

Additionally, evacuation routes should be designed to minimize the exposure of occupants
to smoke. For example, stairwells should be located away from the source of the fire to
reduce the amount of smoke that occupants must navigate. In this case study building, both
the stairs are next to each other, and it the fire source is close to the stairs then it can be
extremely dangerous as it can completely block the escape route.

4.6.3 Smoke control systems

Smoke control systems are crucial in ensuring the safety of occupants’ during an
emergency fire. One important aspect of these systems is preventing smoke from entering
the stairwells, as they serve as vital evacuation routes in high-rise buildings. Smoke-free
stairs help maintain visibility, reduce the risk of smoke inhalation, and facilitate safe
evacuation. There are several ways to control the smoke from entering the egress. The most
commonly used is pressurization systems. This system uses mechanical means to maintain
a higher air pressure inside the stairways compared to adjacent spaces. By creating a
pressure difference, these systems prevent smoke from infiltrating the stairways.
Pressurization can be achieved by using fans or blowers that introduce fresh air into the

stairways, pushing out any smoke attempting to enter the space.
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Another approach to smoke control involves the use of exhaust systems. These systems
remove smoke from the stairs by creating a negative pressure differential. The stairways
are maintained at a lower pressure compared to the nearby spaces, causing smoke to be
drawn out of the stairs and expelled through dedicated exhaust outlets. Smoke curtains or
doors can also be used which act as a physical barrier. These are designed to prevent smoke
from migrating into the stairways. These barriers are typically deployed automatically in
response to smoke detection or fire alarm signals. They can be made of fire-rated materials
and are installed at the entrances to the stairways. When activated, smoke curtains or doors

descend or close, creating a barrier that hinders smoke movement.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Answering the research questions

5.1.1 Factors pertaining to emergency evacuation in high-rise buildings
Emergency evacuation in high-rise residential buildings presents unique challenges due to

the height of the building, the number of occupants, and the complexity of the building
layout. The key factors to consider when planning for emergency evacuation in high-rise

residential buildings are as follows:

Building design and layout: The design and layout of the building can greatly impact
evacuation times and efficiency. Factors such as the number and location of egress, the
width and capacity of the stairs, the location of fire alarms and emergency exits, and the

use of fire-resistant materials can all influence the effectiveness of evacuation.

Occupant awareness and education: Occupants of high-rise residential buildings should
be aware of emergency procedures and evacuation plans. This may include information on
how to safely evacuate the building, where to go once outside, and how to communicate

with emergency responders.

Fire detection and suppression systems: Early detection of a fire can greatly reduce the

time available for occupants to evacuate the building. Smoke detectors and fire alarms
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should be installed throughout the building, and suppression systems such as sprinklers can

help to contain and extinguish fires before they spread and cause problems.

Emergency response procedures: Effective emergency response procedures are critical
for ensuring the safety of building occupants during a fire emergency. The facility
management team should have a clear plan for responding to emergencies, including
procedures for notifying occupants, coordinating with emergency responders, and

managing the evacuation process.

Accessibility and mobility issues: During an emergency evacuation, occupants who have
disabilities or mobility issues may need special assistance due to accessibility and mobility
issues. Procedures should be in place for the facility management team to assist and

accommaodate the needs of these occupants.

Communication and coordination: Improved evacuation efficiency can be achieved
through effective communication and coordination among building users. Procedures
should be in place for the facility management team to communicate with occupants during

emergencies and coordinate with emergency responders.

These are some of the key factors to consider when planning for emergency evacuation in
high-rise residential buildings. By carefully accounting for these factors, facility managers,
fire safety engineers and architects can develop effective emergency evacuation plans and

improve overall building safety.

132



5.1.2 How do the occupants in different facilities behave during emergency
evacuations?
Occupants’ behavior is critical during emergency evacuations. Occupants behave

differently depending on their environment and the type of building they are occupying.
Residential building occupants will be more aware of the building layout as compared to a
public space. In public spaces such as shopping malls or stadiums, occupants may not be
familiar with the emergency procedures and may be disoriented by the unfamiliar
surroundings and panic. This can lead to confusion and delays in the evacuation process.

Occupants in office buildings are often familiar with the layout of the building and might

have participated in emergency fire drills beforehand.

It is important for facility managers to be aware of the potential behaviors and needs of
occupants in different types of facilities during emergency evacuations. By understanding
how occupants are likely to behave and what their needs may be, fire safety engineers and
architects can develop more effective emergency plans and procedures to ensure the safety

of all occupants.

5.1.3 What are the inherent limitations in BIM-based simulation for occupant
evacuation?
BIM is a powerful tool which can aid in planning and preparing for emergency situations.

But there are still some limitations with BIM such as the accuracy of the BIM models itself.
The quality and accuracy of the model depends on the data input which can affect the
simulation results. Developing a BIM model for a building can be time-consuming and
costly. In addition, running simulations using the model can also be time-consuming and

may require specialized software and hardware. BIM based models cannot simulate
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occupant behavior and often have to make assumptions. This can lead to inaccuracy of the

simulation results.

BIM-based simulations are based on pre-defined data, and thus it can be difficult to capture
real-time data during an actual emergency. This means that the simulation may not
accurately reflect the actual conditions of the emergency, which can impact the accuracy
of the results. Although BIM-based simulations can model basic smoke and fire dynamics,
they may not be able to accurately predict the complex interactions between smoke, fire,
and the building environment. This can impact the accuracy of the simulation and limit its

usefulness in evaluating fire and smoke dynamics.

5.1.4. What are the future research directions for utilizing smart fire
detection and evacuation methods and systems in buildings?
There are several future research directions for utilizing smart fire detection systems and

evacuation methods in buildings. First would be the integration of IoT devices such as
sensors, cameras, and smart building systems to enhance the effectiveness of fire detection
and evacuation methods. Future research could focus on developing new ways to integrate
these devices into existing systems and identifying the most effective ways to use these

devices in emergency situations.

Real time data processing is also very beneficial in the domain of fire evacuation. By
analyzing data in real-time, machine learning and artificial intelligence technologies can
enhance fire detection and evacuation methods and provide automated responses to

emergency situations directly to the occupants’ mobile phones.
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Virtual reality and simulation technologies can also be used to create immersive and
interactive training programs for emergency responders and building occupants. Future
research could focus on developing new training programs that utilize these technologies
to enhance the effectiveness of emergency response and evacuation methods. The facility
management team of the facility can collect occupant data and run simulations to see the

interaction of the occupants with the surroundings.

Lastly, integrating smart fire detection and evacuation systems with existing emergency
response systems such as 911 call centers and fire safety team can help to improve the
response time and effectiveness of emergency services. Future research may focus on
developing new ways to integrate these systems and improving communication and

coordination between the building occupants and the fire safety team.

5.2 Conclusion and recommendations for future work

In conclusion, occupant evacuation in high-rise buildings is a complex and challenging
process that requires careful planning, design, and execution. Evacuating a large number
of people quickly and safely in an emergency situation is a critical concern for building

owners, managers, and occupants.

Simulation tools such as PyroSim and Pathfinder can be useful in assessing the

effectiveness of evacuation plans and identifying potential hazards and bottlenecks. These

software tools allow fire safety engineers and architects to visualize and analyze evacuation
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scenarios and make informed decisions about building design, layout, and emergency

preparedness.

For this case study building, the evacuation time is long, and it can be dangerous to
evacuate for occupants living on the higher floors. Smoke should not be allowed to enter
the emergency stairs as it’s the only way to escape from the building. As seen in the
simulation, if smoke enters the egress, it can completely stop the evacuation process and
put the occupants’ lives at risk. Design of ventilation systems is critical in high-rise

buildings and must be paid attention to.

The staircase location and design of the original case study building was adequate when
compared to other scenarios which did not improve the evacuation efficiency significantly
to warrant a change in design. Therefore, it is recommended that the emergency stairs be
located close to each other for buildings which have a similar layout to the case study
building studied. Although when the width of the egress door was modified there was an
improvement in the evacuation time which shows the importance of having a wider door.
This will aid in reducing the crowdedness at the doors and will ease the flow of evacuation.

Other evacuation simulation software can be used to verify the accuracy of the results.

The building was also not complying 100% with the Saudi building code as the egress

width of the staircase should be a minimum of 1100mm according to the occupancy load.
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Using open stairs at the edges of the buildings can be considered for high-rise buildings as
smoke can be avoided by using this type of egress. But from the simulation results, the
evacuation time was increased as occupants’ had to travel longer distances. It is
recommended to have at least 1 open stairways in case of smoke entering the stairways

which will block the evacuation means.

Research in recent times has been pushing for the use of elevators during fire emergencies.
This matter is difficult to implement in high-rise buildings as the lift will keep stopping
frequently which might reduce the efficiency of the evacuation. It is recommended that
after every 10 floors a refuge floor be labelled in order for elevators to be used only on
these specific floors during emergencies and it will only stop on these certain floors. By
doing this it can reduce the time wasted by opening and the closing of the door on each

floor thus improving the evacuation efficiency.

Implementing a proper communication and notification systems can quickly and
effectively alert occupants in the event of an emergency. This may include text message
alerts, sirens, or other notification systems. This will help the occupants in making their
decision faster weather they want to evacuate or not. This will assist in reducing the pre-

evacuation time resulting in a faster evacuation.

Furthermore, to ensure the safety of occupants in high-rise buildings, it is important to have
a comprehensive evacuation plan in place that includes clear evacuation routes, adequate
signage, and regular training and evacuation drills. The facility manager must also ensure

that the building's fire safety systems, such as smoke detectors, alarms, and sprinklers, are
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regularly maintained and tested. A well-designed and well-executed evacuation plan, along
with the use of simulation tools, can greatly enhance the safety and security of occupants

in high-rise buildings.

Future work can focus on implementing a proper system and framework for utilizing
elevators during emergency fire evacuations. Further study can be done on the impact of
the building materials selection and it’s interaction with fire and smoke. New technologies
are also present such as smart systems which can help occupants navigate during their
evacuation by providing evacuation instructions on their phone devices helping in reducing

the overall evacuation time.

Further research can be done on studying the impact of building materials selection and

how fire can spread inside the buildings which can affect the occupant’s evacuation.
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