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Abstract:

 Static information found in current building design guidance documents is not adequate to achieve efficient safety and security in public buildings during emergencies. There is a need to consider space characteristics and dynamic information related to building use, behavior and movement of users in various circumstances, as well as their interactions with each other and with their immediate environment. This paper explores the building design issues associated with safety and security and focuses on the exit preferences of building occupants during emergency evacuations. Exit preferences of users in public buildings were investigated using two types of case studies: Observation Case Studies (OCS) and Simulation Case Studies (SCS). The findings from the associated questionnaires and logistic analysis of the OCS data showed that “distance” and “familiarity” with the building were the two most important factors for exit preference in office buildings. It was also found that imbalanced use of exit doors considerably increases the evacuation time. Finally, further research study opportunities are discussed. SCS underscored the difference between evacuation assumptions in current building guidance compared with the results of real life experiments.
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1. Introduction

The consequences of recent extreme events such as natural disasters and terrorist attacks have raised awareness of the importance of building design associated with safety and security. It has become clear that building design needs to broaden its focus on improving safety of the building occupants during extreme events in addition to construction system design, material use; heating, ventilation and air conditioning (HVAC) design, and layout and circulation design [1]. Minimizing the impacts of emergencies is not limited to minimizing the damage to the physical structure of the buildings. Safety of building occupants is the most vital point. Therefore safe building design needs to consider needs, requirements and the cognitive abilities of occupants related to vision, sound, heat and haptic senses because it is highly dependent on characteristics of the users and their interaction with the building. Even the occupants with special needs should be considered during building and evacuation design [2,3]. Within this context, the management of building occupants, sheltering and evacuation during emergency events are important. It is important to consider the design process as a whole to ensure a safe and secure building that:


	-

	Controls building access;



	-

	Prevents targeting occupants;



	-

	Integrates visual and audio notifications;



	-

	Enables efficient evacuation.





Such a design approach covers the three main areas of building layout and circulation design namely:


	Means of ingress;


	Circulation;


	Means of egress.




These design aspects need to be investigated and considered carefully with appropriate design information and guidelines to improve safety in the built environment. Considering and identifying hazard resistance methods for various natural and human-induced events should be an integral part of the design projects [4]. Evacuation modeling software simulate circulation and evacuation under different conditions and different behaviors of evacuees. Different design or environmental conditions can be created with evacuation modeling software (such as different building designs with different numbers of doors at different locations or simulation of fire at various locations). The recent developments in evacuation modeling software also enable the integration of various behaviors of people with changing characteristics or level of awareness such as simulation of populations with different/similar age groups, physical abilities and sex. The properties of the people, environmental factors and doors are modified to simulate these conditions and characteristics for the building simulations.

Previous research conducted at Loughborough University was focused on the modeling of crowd movement to improve the design of sport stadia and schools, and demonstrated the importance of capturing dynamic information related to crowd movement on the design of such spaces [5,6]. The research on which this paper is based is concerned with the design of buildings for the safety of users in emergency events and builds on the above work to establish the scope for enhancing safety through the improved design of the built environment to better cope with extreme events. It also seeks to study evacuations in order to develop new design guidelines to enhance the safety of occupants. The focus of the research presented here was on the exit preferences of building occupants. This paper summarizes the methodology and presents the findings from two case studies—Observation Case Studies (OCS) and Simulation Case Studies (SCS)—conducted on three office buildings. The use of computer assisted evacuation modeling to identify the differences between the assumptions in current building guidance and real life circumstances was highlighted via SCS.



2. Building Design for the Safety of Users during Emergencies

Inadequate built environment design and crowd management can lead to loss of life and injury in public spaces [7]. However, it is not possible to define the boundaries in building design because it depends on the context and the purpose of the design [8]. Human behaviors during building evacuation such as congestions, herding, panic, ignorance of guidance or variations in route and exit preferences based on the level of familiarity with the building are challenges to design a fixed guidance system for safe building design and they are effective issues to improve safety in buildings [9].

Moreover, it is not possible to consider and satisfy safety and security requirements of all types of extreme events for building design. However, as Glover [10] claimed, protection against an abnormal set of events can often provide a level of protection against some other sets of abnormal events. Fulfillment of building code requirements in the design process is not an assurance to efficient functioning in real life daily use and emergency situations [11]. Moreover, current building design guidance (codes, standards, etc.) include false assumptions on the behavior of people and present static building information that highlight only some of the safety issues. As such, they need to be revised to include the dynamic information that can guide designers in their design process by reflecting the real life circumstances. Observations of crowd dynamics during extreme events can provide clues about the failures found both in the design of the built environment and the management of venues and social events. Observation of occupant behavior during fire escape and application of fire safety measures can facilitate safety of building occupants during an extreme event. For instance dividing the building into compartments of manageable risks by isolating and limiting fire as a design strategy for fire safety can provide safe areas, routes and exits [4]. A logical and systematic way of defining possible safety problems and how to avoid them can improve building design to prevent catastrophes with severe consequences. Building occupants can have a significant influence on the design definition as the ones who use and interact with the space. In this context, building design requires a user-centered approach where user needs and safety issues are considered together with ergonomics and dimensional requirements.

Each person perceives the space, behaves, interacts and makes decisions for way finding, navigation or evacuation within his/her own perspective. Nguyen et al. [12] define behavior as the response to stimulation from the environment of the individual, group, or crowd. Understanding the behavior of individuals is essential before investigating and defining factors affecting crowd behavior and movement. The behavior of a person is characterized by his or her actions and reactions under specific circumstances. The behavior of groups may show different characteristics according to the interactions with the space and other people. In crowded public spaces, people are highly affected by one another’s behavior. Moreover, the behavior of people during emergencies differs from that under normal conditions because new and unique situations arise in case of an emergency where previous actions and interactions will no longer work with other people and the physical environment [13,14]. Crowd management, as a systematic approach to control the behavior of large groups of people for safety and security, helps in the planning, organization, guidance and evaluation activities considering crowd dynamics.

Crowd management can benefit from research on crowd characteristics related to behavior in order to develop guidance for fast and effective evacuation processes. The four interacting elements that need to be considered to minimize injuries and death during crowd situations are defined as: time, space, information, and energy [15]. Fruin defined time as the crowding period; space as the size and layout of the occupied area; information as the perceptions of the people in the crowd to take some group action; and energy as the pressures created by the mass of people that can cause accidents and death. Within this context, crowd management considers the facility, size, and behavior of the crowd, means and routes of entrance and exits, communication, jamming and queuing.

The fundamental principle for safety in buildings is to ensure that the occupants in a building are safe during emergency events as well as normal conditions. It is important to provide the opportunity for the occupants to move to a safe area, either inside or outside the building before the environment becomes hazardous. The design of the means of egress is defined by the number and location of exit routes and doors that ensure safe and continuous flow without any obstructions. Exit doors include both the doors used in natural conditions and the emergency exits used during an emergency event. The evacuation process is dependent on the performance of the exits. This refers to how well the exits enable speedy evacuations by facilitating the efficient flow of people. It is influenced by a number of factors related to the characteristics of both the building and the building occupants. These can be summarized as:


	People flow rate;


	Door dimensions;


	Visibility of the exits;


	Door condition (open or closed);


	Building geometry;


	Obstacles on the way to exits (furniture, columns, etc.);


	Circulation routes;


	Signage.




People heavily rely on their own personal experiences in decision making. As Benthorn and Frantzich [16] stated, people’s behavior is related to the schemata in their mind that maps how different facilities are organized in specific situations. This prior knowledge and instant perceptions merge to help them to make decisions when they face an unexpected event. In case of an emergency, they have to choose their exit route and door to leave the area that is exposed to danger. People’s exit choice depends on the following factors [17,18,19]:


	Familiarity with the exit door;


	Distance to the exit;


	Visibility of the exit door;


	Signage;


	Movement of other people;


	Orientation of the fire marshals;


	Obstacles on the exit route;


	Queuing in front of the doors.




The design of buildings can be improved to mitigate the impacts of emergencies on people if these factors are investigated in detail to develop guidelines for design solutions for different types of buildings, circumstances and emergency events. Over-reliance on standards may limit the designers’ ability to fully express their design ideas or develop better design solutions for particular cases. It can also dissuade them from searching and developing a deeper understanding of safety issues that may be specific to their design. This over-reliance may also create a danger by limiting their responsibility, causing inefficiency by letting them avoid some design issues because they are not stated in standards or codes of practice [8].



3. Research


3.1. Research Approach

This research was designed to investigate the building design issues to improve the safety of occupants during emergency events. The related objectives are to:


	Review requirements and procedures for crowd safety during emergencies, and current relevant building design information, guidelines and standards;


	Review people flow simulation tools and techniques to establish their suitability for use within the context of crowd modelling for emergency events;


	Customise a suitable evacuation modelling software and conduct scenario-based case studies;


	Define guidelines that specify improved designs that ensure better safety of users during emergency events within large public spaces.




Within this context, the mitigation of the impacts of terrorist attacks was investigated with a focus on the building evacuation processes. The main methods used in the research include: an extensive literature review for background information on safety, crowd behavior and building design issues associated with terrorist attacks and other emergencies; interviews with safety, security and building design experts; observation of crowd behavior, movement and evacuation patterns during real fire evacuation tests using video recorders and questionnaires; and computer modeling and simulations of evacuations using a evacuation modeling software. Figure 1 illustrates the stages of the study in detail.

Figure 1. Research methodology.
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3.2. The Case Studies


3.2.1. Observation Case Studies (OCS)

The purpose of the observation case studies (OCS) was to observe people’s exit choices during evacuations in office buildings. The objectives were to:


	Identify exit preferences during evacuations;


	Observe behavior during emergency events (in this case, a fire alarm);


	Identify the factors affecting the exit choice;


	Observe the evacuation time and factors that affects the evacuation time.




Two pilot OCS were conducted in public buildings at the Loughborough University campus before the main case studies. These pilot case studies identified and eliminated the deficiencies in management of the evacuation drills (such as location of cameras, defining the number of people to assist during the drill, etc.) to properly design the main OCS. The main OCS was conducted to collect data on the exit preferences of people in three office buildings with similar characteristics.

The OCS were conducted in the Research Hub of the School of Civil and Building Engineering at Loughborough University, office buildings of the consulting firm, Buro Happold, in Leeds and Glasgow. All OCS buildings had an open plan layout and more than one exit (3, 4, 2, respectively) to offer choices for the building occupants during the evacuation process. One of the exits was the main door used for entering and leaving the building in everyday use in each building and this door was assigned to be the familiar door for the case study analysis. The buildings were observed during annual fire evacuation drills using digital video recorders to capture people’s exit choices, their reactions when they first heard the alarm and the bottlenecks that occurred in or near the exits (Figure 2). The locations of the cameras were identified such that the flow of people to the exits in the whole space could be observed rather than just the exits. The occupants of the buildings were not informed about the fire drill. The evacuation drills were conducted in the afternoon during clear weather conditions. The number of people using each exit door was determined using tally counters during the evacuation drills to identify the popular exit preferences. The number of occupants that participated in the fire evacuation drills were 41, 97 and 86, respectively. Finally, a questionnaire was distributed to all evacuees to identify:

Figure 2. A snapshot from Observation Case Study (OCS) 1.
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	-

	Location of people in the building;



	-

	Exit choices;



	-

	Reasons for preferences;



	-

	Visibility and clarity of signs;



	-

	Orientation of people by the fire marshals.







In all OCS, the fire marshals played their role to reflect the situation that would occur during a real emergency case. It was anticipated and was supported by the results of the questionnaires that they did not have an influence on exit preference but on the pre-movement time; the time between the alarm and first movement to the exit doors. The only problem during the OCS was the low number of people responding to the questionnaires. Less than 70% of participants responded to the questionnaire. More responses from the evacuees would have given more dependable results.



3.2.2. Simulation Case Studies (SCS)

The Simulation Case Studies (SCS) were conducted to test various evacuation scenarios for the office buildings used in OCS. The purpose of the SCS was to investigate how the factors identified in OCS affect the evacuation and design process using evacuation modeling techniques. The objectives were to:


	Identify and validate the critical building design parameters that are important during emergency evacuations;


	Identify the changes required to building design guidelines and standards to improve the safety of users in emergencies;


	Identify the effect of exit choice on evacuation time.




The exit doors were not used equally in the OCS, there was a tendency to use the familiar door and this raised the question of how the evacuation time would change if the design of the building led people to use more doors. Each building was modeled after each OCS using building EXODUS—a evacuation modeling software developed by the Fire Safety Engineering Group at Greenwich University to simulate people-people, people-fire and people-structure interactions (Figure 3) [20,21]. It was used because it has a user friendly interface and it can import DXF files, which contain the geometry of the buildings. Moreover, it enables the user to create various scenarios by making changes to the properties of the people (sex, age, etc.), the speed of their movement in both horizontal and vertical flow, and the properties of exits (open, closed, main, alternative, etc.). However, more advanced visualization and faster rendering properties would have improved the quality of the simulation with building EXODUS.

Figure 3. 3D Representation of the Simulation Case Study (SCS) 1.
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The evacuation simulations of each building tested various scenarios where the use of familiar (main) door and alternative exit doors were different. The properties of the doors were also changed according to the simulation scenarios as follows:


	Scenario 1: The main door was closed but all other alternative exits were open


	Scenario 2: All the doors were active and open;


	Scenario 3: All alternative doors were closed and only the main door was open.








4. Analysis of the Results

The analysis of the pilot OCS questionnaires showed that the most important factors affecting the exit preference are “familiarity with the exits” (14%–18%) and the “perceived distance to the exits” (51%–57%). The results of the main OCS were in line with these findings and the main case study data enabled a more comprehensive analysis under the following three headings:


	-

	Analysis of the OCS questionnaires;



	-

	Logistic Regression Analysis of the data from OCS;



	-

	Findings from Simulation Case Studies.






4.1. Analysis of the Questionnaires

The first OCS was conducted in an open plan office with a square geometry. Three doors were located at the mid points of three sides of the square. The second OCS was conducted in a two storey open plan office building. The building also had a mezzanine floor which was connected to the main floor with two staircases. There were four staircases leading from the main floor to the outside: one main entrance door, one secondary door at the front of the building and two emergency exits at the rear of the building. The third OCS was conducted in a two storey open plan office building that has two mezzanine floors. There were two exits from the building: one main entrance door and one emergency exit at the cross end of the building. The responses to the questionnaires in the three OCS are presented below.


4.1.1. Familiarity with the Emergency Exits

The results of the questionnaires revealed that almost all of the building occupants were familiar with the emergency exits. Only a few respondents indicated that they were not aware of the existence of emergency exits in OCS 1 (16%) and OCS 2 (4%) (Figure 4).

Figure 4. Familiarity with the emergency exits.
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4.1.2. Awareness of the Emergency Signs

Most of the respondents were aware of the emergency signs in the building in all the OCS buildings and indicated that the emergency signs were clear. Figure 5 illustrates the percentages and response levels.

Figure 5. Clarity of the emergency signs.
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4.1.3. Orientation by the Fire Marshals

The fire marshals played their role during the fire evacuation tests in order to reflect the conditions in a real emergency situation. They warned people about the emergency and asked them to leave the building. More than 80% of the respondents indicated that they were not oriented to a specific door by the fire marshals in all case studies (Figure 6).

Figure 6. Orientation by the fire marshals.
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4.1.4. Exits that Were Used to Evacuate the Building

Each building had a different number of exits. The percentages of the use of main exits and alternative exits are illustrated for each building in Figure 7. Percentages of use of main exits were found to be 92%, 51% and 70%, respectively for the three cases (OCS1, OCS2 and OCS3), which are significantly higher than the percentage of use of alternative exits for all three cases. The main exit was the door that was routinely used in everyday life for entrance and exit in OCS1 and OCS3. The OCS2 building was a larger building and it had two doors routinely used for entrance and exit in everyday life.

Figure 7. Use of exits.
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4.1.5. Use of Unfamiliar Exits

The location of each respondent was marked on the building plan and the ratio of the distance to the nearest unfamiliar to familiar main exit (dU/dF) was calculated for each respondent. Figure 8 provides the graphical representation of the findings, showing the percentage likelihood of using unfamiliar exits in OCS2 and OCS3. It is clear from the graph that the use of unfamiliar exit decreases as the ratio of distance to unfamiliar door to the distance to the familiar door increases. In other words, it is more likely for one to choose the unfamiliar door if (s)he is standing closer to it. This also means that if one is equidistant to familiar and unfamiliar door, it is more likely for him/her to choose the familiar door.

Figure 8. Percentage likelihood of using unfamiliar exit.
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This graph does not include OCS1 because the case was not applicable since the unfamiliar doors were not used to evacuate the building except for two people. All the occupants preferred to use the main door, the familiar door that they always used to enter and leave the building in their daily routine although some of them were closer to the other alternative exits.





4.1.6. Reasons for Exit Preferences

Figure 9 includes the list of reasons for exit preferences listed in the questionnaire and illustrates the percentages for each OCS. The results of the questionnaires revealed that the “perceived distance” or proximity to the exit was the main factor affecting exit preference in all three cases (27%, 48%, and 57%).

Figure 9. Reasons for exit preferences.
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The other two most important factors for OCS1, OCS2 and OCS3, respectively are: “following other people” (26%, 16%, 14%) and “familiarity” (9%, 13%, 18%).

“Following emergency signs” and “visibility” factors were the next most important factors. The percentages for the other factors in the list are very low. “Crowding in front of the doors”, “obstacles” and “orientation by the marshals” were not even chosen as a reason for exit preference by any respondent in OCS III. A few “other reasons” which were not listed in the questionnaire were indicated by some of the respondents as “external view” through the glass surface on one of the doors, knowing a “locked door” from previous experience, and “need to get goods/coats/etc.” before leaving.





4.1.7. Bottleneck Problems

There was a significant bottleneck problem in OCS1 where almost all occupants preferred to use the main door to evacuate the building. Thirty-two percent of the respondents indicated that they faced a bottleneck which occurred at the staircase that was connected to the main door. The office area that was used for OCS1 was located on the first floor. The bottleneck problem was exacerbated when the people from the ground floor started to join the evacuee queue flowing down from the OCS area.

In OCS2, 23% of the respondents indicated that they faced a bottleneck at the bottom of the staircase leading to the main door (Figure 10).

Figure 10. Bottleneck in the Buro Happold Leeds Office.
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There was no significant bottleneck problem in OCS3. Only 7% of the respondents indicated that there was a bottleneck in front of one of the alternative exits located at the rear of the building during the evacuation process.






4.2. Logistic Regression Analysis

In addition to the percentage calculations of the data collected from the questionnaires, Logistic Regression Analysis was used to build a statistical model of the exit preferences of building occupants using the distance data and the factors identified in the questionnaire. Logistic regression is a statistical analysis approach which is used to analyse the data to predict a non-quantitative (categorical) variable from a set of independent variables. The principle of the logistic regression model is to link the occurrence or non-occurrence of an event to independent variables [22]. The non-quantitative data (such as yes/no, male/female, accepting/not accepting) is defined by assigning 0–1 as positive and negative values. For example, in this case, one of the independent variables is not quantitative, “being familiar to exit doors”, and it is coded as 1 and “not being familiar with the exits” is coded as 0. The objective was to find out the “likelihood of choosing (familiar) main doors” during evacuations. In a similar manner, 1 is assigned for “preferring familiar door”, and 0 is assigned for “not preferring familiar exit” for the dependent variable. The probabilities can be defined in terms of:



p    the probability of choosing the (familiar) main door;










1-p   the probability of not choosing the (familiar) main door.










(probability of choosing an alternative door)








The equation of the model would be as below, where Y represents the independent variables, and x represents the constant value for each variable.



Ln(ODDS) = eta = x0 + x1Y1 + x2Y2 +…+ xnYn








Then, the equation in this case would be:



eta = x1 + x2R + x3F + x3FD + x3FO + x3O








where R = dU/dF (ratio of distance to the unfamiliar door to the distance to the familiar door); F = familiarity; FD = perceived distance; FO = following other people; O = other.
The model can be used to predict the odds that a subject will choose the main exit with given familiarity factor by the following formula:



ODDS1 = Exp (eta) = e x0 + x1Y1 + x2Y2+…+xnYn








Finally, the following equation is used to convert the ODDS to probabilities:



p = exp(eta)/(1 + exp(eta))








The results of the logistic regression analysis conducted in SPSS for the three cases supported the findings from the questionnaires explained above in Section 4.1, as well as previous findings from the pilot case studies. The two variables that are significantly important to build the statistical model were found to be the “ratio of the distance to unfamiliar exit to distance to familiar exit” (R) and the “familiarity with the exits” (F). First, the analysis was conducted using all the factors that were listed in the questionnaires. However, the outputs of the logistic regression analysis showed that all factors are not significantly important. The factors associated with “perceived distance”, “following other people”, “visibility of the doors”, “crowd in front of the door”, “emergency signs”, “obstacles” and “orientation by the marshals” are not found to be significant at the 90% or higher confidence level in the logistic regression analysis (p greater or equal to 0.10). Therefore, a second analysis was conducted by removing these variables from the analysis data input set and the equation was simplified as:



eta = x1 + x2R + x3F








The output of this final logistic regression analysis shows the results of fitting a logistic regression model to describe the relationship between exit preference and the two independent variables: distance ratio and familiarity. The equations of the fitted models for the three cases were found to be:



OCS1: eta = 1.45599 + 1.52012 × R − 2.73862 × F










OCS2: eta = 2.70009 + 4.41501 × R − 6.41942 × F










OCS3: eta = −4.27446 + 8.61295 × R + 0.451994 × F








These equations mean that when the familiarity level and the ratio are substituted in the ratio, the equations will give the likelihood of choosing the familiar door. Familiarity as a qualitative independent variable is coded by 1 and 0 as familiar and unfamiliar. For instance, if one is familiar with the exits (coded as 1) and (s)he is standing closer to the unfamiliar exit (at a 1/2 ratio of distance to unfamiliar/distance to familiar) in OCS1, (s)he is 0.59 as likely to decide to choose the familiar main door and there is a 37% probability that people will decide to use the main door, as derived from the equations below:



eta = 1.45599 + 1.52012 × (0.5) − 2.73862 × 1










ODDS = Exp (eta) = e 1.45599 + 1.52012 × (0.5) - 2.73862 × 1 = 0.59










p = exp(eta)/(1 + exp(eta)) = 0.59/1 + 0.59 = 0.37








With a similar approach, the probability to choose the familiar door is 18% in OCS2 and 62% in OCS3. The average of the probability results obtained from various case studies can give an average result for different R and familiarity levels. Table 1 illustrates the results and averages for different standing points for the three case studies in this research.

Table 1. Sample findings for different standing points and level of familiarity.


	Familiarity with the exits ( F). 1 = familiar; 0 = unfamiliar
	Distance ratios ( R) dU/dF
	CASE STUDY I Research Hub
	CASE STUDY II BH Leeds
	CASE STUDY III BH Glasgow
	Average





	1
	1/2
	37
	18
	62
	39%



	1
	1/1
	56
	68
	99
	74%



	1
	2/1
	85
	99
	100
	95%



	0
	1/2
	90
	99
	51
	80%



	0
	1/1
	95
	100
	99
	98%



	0
	2/1
	99
	100
	100
	97%








Table 2 illustrates Analysis of Deviance results for the three OCS. Because the p-values for the models are less than 0.01 in all three cases, there is a statistically significant relationship between the variables at the 99% confidence level in all cases. In addition, the p-values for the residuals are greater than 0.10, indicating that the models are not significantly worse than the best possible model for the data at the 90% or higher confidence level.


Table 2. Analysis of deviance.



	
Source

	
OCS I

	
OCS II

	
OCS III




	
Deviance

	
Df

	
p-value

	
Deviance

	
Df

	
p-value

	
Deviance

	
Df

	
p-value






	
Model

	
20.8457

	
2

	
0.0000

	
55.9578

	
2

	
0.0000

	
14.8426

	
2

	
0.0006




	
Residual

	
70.0231

	
75

	
0.6409

	
18.828

	
51

	
1.0000

	
12.0779

	
17

	
0.7954




	
Total (corr.)

	
90.8688

	
77

	

	
74.7858

	
53

	

	
26.9205

	
19

	









In determining whether the model can be simplified, the highest p-value for the likelihood ratio tests was observed. It is found to be 0.0009, belonging to ratio of distance to unfamiliar to the distance to familiar exit (R) in OCS1, 0.0005 belonging to familiarity (F) in OCS2 and 0.0159 again belonging to familiarity (F) in OCS3 (Table 3). Because the p-values are less than 0.01 in all cases, these variables are statistically significant at the 99% confidence level and there is no need to remove any variables from the model.


Table 3. Likelihood ratio test.



	
Source

	
OCS I

	
OCS II

	
OCS III




	
Chi-square

	
Df

	
p-value

	
Chi-square

	
Df

	
p-value

	
Chi-square

	
Df

	
p-value






	
R

	
11.1095

	
1

	
0.0009

	
34.6392

	
1

	
0.0000

	
14.8426

	
1

	
0.0001




	
F

	
11.62.97

	
1

	
0.0006

	
11.9639

	
1

	
0.0005

	
5.81548

	
1

	
0.00159















The Chi-square Goodness of Fit Test determines whether the logistic function adequately fits the observed data. The p-value for the three cases was found to be 0.1982826, 0.132819, and 0.515845 respectively. There is no reason to reject the adequacy of the fitted model at the 90% or higher confidence level because the p-values are greater than 0.10.



4.3. Findings from the Simulation Case Studies

The three observed buildings were modelled in building EXODUS to conduct simulations of the three evacuation scenarios explained in Section 3.2.2 where the use of familiar and unfamiliar doors differs. Figure 11 illustrates the 2D representation of the model of the second case study building. All three simulations were conducted with the same number of people and the following occupant characteristics were assigned in the simulations based on the office occupant characteristics defined in PD7974 “The application of fire safety engineering principles to fire safety design of buildings: Part 6”:

Figure 11. Case study II model in 2D.
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	-

	The response time after the emergency alarm was identified as 30–90 s;



	-

	Fast walk speed was identified as 1.2 m/c;



	-

	Stair down speed was identified as 0.8 m/s.





The results of the three simulations for each building are presented in Table 4. In Scenario 1, the main door was blocked to eliminate the familiarity factor in exit use. In Scenario 2, the assumption made by the current building guidance was simulated where there is an equally balanced use of all available exits during an evacuation test (PD7974, 2004). Scenario 3 simulates the user behavior in a real evacuation test conducted in the OCS1, which was an extreme case where all building occupants preferred to use the familiar (main) door to evacuate the building, ignoring the other alternative exits. The difference in evacuation times of Scenarios 1 and 2 is not significant with a few seconds change for all three buildings. However, the difference in evacuation times of Scenarios 2 and 3 are high in all three cases (21 s, 19 s, 40 s) demonstrating that the evacuation time can increase 20%–21% if there is not an equally balanced use of exits.

Table 4. Evacuation times for each simulation scenario.


	Buildings
	Scenario 1 (Main door blocked, all occupants use the alternative nearest exit)
	Scenario 2 (All exits are open and there is an equally balanced use of exits)
	Scenario 3 (All occupants use only the main door)
	Increase (Scenario 2 to Scenario 3)





	Building I
	109 s
	107 s
	128 s
	21%



	Building II
	110 s
	109 s
	128 s
	20%



	Building III
	195 s
	192 s
	232 s
	21%












These results highlight that the assumption of equally balanced use of exits in current building guidance can lead to insufficient and unsafe designs that consider incorrectly predicted evacuation times.



4.4. Evaluation of the Results

Efficient design of the evacuation routes and exits can help to decrease the evacuation time by providing clear and short routes and by minimizing the bottlenecks. In this way, we can increase the number of people saved in extreme events. Performance of evacuation is highly dependent on the behavior and preferences of occupants during the emergency event. Within this context, the study started with the identification of the factors affecting the exit preferences of people during emergency events via literature review and OCS. It was found that the exit preferences of people are influenced by various factors related to interactions of people with other people and their immediate environment. The results of the OCS showed that:


	There is not an equally balanced use of exit doors during emergency evacuations;


	The two factors that are most important in exit preference are “distance” and “familiarity” with the exits;


	The likelihood of use of familiar exits decreases as the ratio of distance to unfamiliar exit to familiar exit increase, in other words, people are more likely to use the unfamiliar exit if they are standing close to it;


	If one is standing equidistant to familiar and unfamiliar exit, it is more likely for him/her to choose the familiar door.




The logistic regression analysis, which was conducted to build a statistical model identified “familiarity” and “distance” as the most important factors affecting the exit preferences in all the case studies. The other factors such as “perceived distance”, “following other people”, “visibility of the doors”, “crowd in front of the door”, “emergency signs”, “obstacles” and “orientation by the marshals” are not found to be particularly important in the analysis due to the characteristics of the participants and building use. The visual space and perceived space are different concepts. Perceived distance for each person in space can change with many factors such as geometry and obstacles on the way when compared with the measured real distance especially when we consider exit preference for large public buildings where all occupants are not familiar with the building. However, in our cases, the buildings were not very large and all the participants in the evacuation drills were everyday users of the buildings, so they all already knew the location of all exit doors, and they all had an idea and experience in terms of perceived distance to all exit doors from wherever they stand. This is the reason why perceived distance, visibility and signage were not particularly important in exit preference. Pauls [23] also stated that population characteristics and routine building use should be considered in the design of means of egress.

The three logistic regression model equations presented the odds and probabilities for each case. Ratio of distance to unfamiliar door to the distance to familiar door (R) was used to define the distance factor. Substitution of various familiarity level and R input gave the percentage of evacuees that would use the familiar exit. It was observed that the average of the probability of choosing the main familiar door increases at points closer to the familiar exits (Table 1).

In this study, all the buildings were open plan office buildings with one or two levels. It is possible to get more reliable average results by conducting the logistic regression analysis for a greater number of case studies. Moreover, it is possible to obtain more specific results for different building types with different functions (schools, shopping centers, schools, etc.), different geometries (circular, rectangular, etc.), different size of buildings (buildings with 1–2 levels, high rise buildings, etc.), or for any other classifications. These classified results obtained from various case studies can be a guide to architects and designers, enabling them to compare the possible outcomes from their design solutions. The evacuation modeling software can be a useful tool to test their own design solutions to achieve the best working solution to increase safety in the building, during the building design process.

Within this context, the research continued with SCS to identify how exit preference can change the evacuation time based on familiarity factor. Three scenarios were simulated using the evacuation modeling software building EXODUS and the evacuation times were compared for the cases of equally balanced and unbalanced use of exits. The people were oriented to the nearest exits in evacuation modeling simulations to achieve equally balanced use of exits and to other door(s) by blocking doors. The blocked door(s) in the simulations represent the unused door(s) which may be a result of a hazard, fire and/or obstruction near the door(s), or personal rejection in real life. The findings from SCS emphasized that:


	The evacuation time in case of imbalanced use of exits is hugely different from the case of equally balanced use of exits, which was assumed in the current building guidance;


	The average increase in evacuation time for imbalanced use of exits compared to the equally balanced use of exits was found to be 20%.




This fact is not considered in the current building codes, standards and guidelines although awareness and control of the evacuation time is vital. The assumption of equally balanced use of exits in current building guidance can lead to insufficient and unsafe designs that consider incorrectly predicted evacuation times.




5. Conclusions and Further Research

This study is a contribution to the ongoing efforts on mitigating the impacts of extreme events such as terrorist attacks. The research is an investigation of safe building design to improve current building guidance. The paper summarized the literature review on building design issues relative to people’s behavior and exit preferences during building evacuations. Logistic regression analysis was used to develop an approach to find probabilities for exit preference under different circumstances based on distance and familiarity. Then, case study buildings were modeled and various evacuation scenarios were simulated to test how the use of a different number of exits would change the evacuation time using the evacuation modeling software building EXODUS. The results of this research highlight the following:


	-

	Factors other than “distance” and “familiarity with the exits” (such as emergency signs, visibility, following other people), were not found to be significant in the statistical analysis;



	-

	There is not an equally balanced use of exits during the evacuation process;



	-

	The imbalanced use of exits increases the evacuation time;



	-

	There is a need to revise the current building design guidance to encourage designers to use dynamic information based on user behavior in emergency situations.





The findings of this research can be of immense benefit to architects, designers, engineers, construction experts and regulatory bodies in ensuring increased awareness of the lack of knowledge on emergencies and dynamic information, and defining deficiencies and failures in current standards or the development of new ones.

The results of this research can also help modeling and simulation researchers and developers in expanding developments in evacuation modeling and simulation tools based on the definition of new requirements in the application area covered by this research. The computer is a significant and functional tool for the simulation of people movement and interactions [7]. These simulations have the potential to help in testing design solutions, in order to better control fatalities in the built environment and create safer built environments.

Various solutions in ingress and egress design (such as providing sufficient number and location of doors, orienting people in circulation with building design, attractive exit doors or designing a solution to familiarize building occupants with the building and exit doors) can be tested in further research studies to decrease evacuation time and facilitate and enhance safety and security during evacuation. In this research, less than 70% of the number of participants responded to the questionnaire in observation case studies. A more quantitative approach is needed to capture and integrate dynamic information in design process with more observation-based case studies and research to keep design information up-to-date within changing circumstances in people and their environment. The findings of this research can be supported via more evacuation case studies with quantified approaches to produce proposals for developing new and/or revising current building design guidelines. Moreover, other building design issues that conflict with real life situations need to be identified in current building guidelines in order to design and conduct further research to capture dynamic information that can guide the designers, architects and engineers in emergency design.
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