
 

 

 

 

HOST UNIVERSITY: Ghent University, Belgium 

FACULTY: Faculty of Engineering and Architecture 

DEPARTMENT: Department of Flow, Heat and Combustion Mechanics 

Academic Year 2018-2019 

 

 

Risk Acceptance in Fire Safety Engineering: Development of Reference 

Case Studies  

 

 

Ayyappa Thejus Mohan 

 

 

Promoters: Prof. dr. ir. Robby Caspeele, Prof. dr. ir. Ruben Van Coile 

 

 

Master Thesis submitted in the Erasmus+ Study Programme  

International Master of Science in Fire Safety Engineering 

 



i 

 

Disclaimer  

This thesis is submitted in partial fulfillment of the requirements for the degree of                               

The International Master of Science in Fire Safety Engineering (IMFSE). This thesis has never 

been submitted for any degree or examination to any other University/programme. The author 

declares that this thesis is original work except where stated. This declaration constitutes an 

assertion that full and accurate references and citations have been included for all material, 

directly included and indirectly contributing to the thesis. The author gives permission to make 

this master thesis available for consultation and to copy parts of this master thesis for personal 

use. In the case of any other use, the limitations of the copyright have to be respected, in 

particular with regard to the obligation to state expressly the source when quoting results from 

this master thesis. The thesis supervisor must be informed when data or results are used. 

Read and approved  

 

 

Ayyappa Thejus Mohan 

28th April 2019 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ii 

 

Abstract  

Traditional deterministic fire engineering builds on the collective experience of the fire safety 

profession, obtained through a continuous process of trial and error. For uncommon fire safety 

designs, probabilistic risk assessment (PRA) is a necessary methodology to demonstrate 

adequate safety. Guidance on the application of probabilistic methods to fire engineering can 

be found in the UK PD 7974-7:2019. But there are no reference case studies demonstrating a 

structured application of the probabilistic methods to fire engineering design. At the same time, 

there is no guidance on defining the risk tolerability limits for a building project through 

stakeholder communications in PD 7974-7:2019.  

Aiming to clarify these aspects, PD 7974-7:2019 is explored and a literature review of risk 

acceptance in fire safety engineering is performed. In the context of fire safety engineering, the 

literature review indicates that there are no established risk tolerability criteria in the building 

sector when compared to the industrial and transportation sectors. Through literature review 

and carefully analysing public reaction on past fire incidents, the important risk perception 

factors that need to be considered in fire safety engineering specific to the built environment 

are identified. Acknowledging that what need to be considered in setting risk tolerability 

criteria for a specific project in the built environment, a risk tolerability framework is proposed. 

Also, a methodology is developed to demonstrate structured application of the probabilistic 

methods to fire engineering design. This methodology together with the proposed risk 

tolerability framework, incorporating the feedback of fire safety professionals, is demonstrated 

through three case studies. These case studies can serve as a reference to practicing fire safety 

engineers. Moreover, the risk tolerability framework provides a clear guidance to fire safety 

engineers and authorities to establish a risk tolerability criterion for a specific project in the 

built environment acknowledging the public risk perception.  
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സംഗ്രഹം 

പരമ്പരാഗതമായ ഫയർ എൻജിനീയറിങ് അഗ്നിശമന സുരക്ഷാ വിഭാഗത്തിന്ററ 
മുൻകാല അനുഭവറത്ത അടിസ്ഥാനമാക്കിയാണ് രൂപകല്പന ചൈതിട്ടുള്ളത്. 
അസാധാരണമായ അഗ്നിസുരക്ഷാ സംവിധാനങ്ങൾക്കായി, മതിയായ സുരക്ഷ 
റതളിയിക്കുന്നതിനുള്ള ഒരു രീതിയാണ് പ്പാബബിലിറ്റി റിസ്ക് വിലയിരുത്തൽ 
(പിആർഎ). ഈ രീതികൾ ്പപയാഗിക്കുന്നതിനുള്ള മാർഗനിർപേശം ്ബിട്ടീഷ് 
പി.ഡി. 7974-7: 2019 ൽ ്പതിപാേിച്ചിട്ടുണ്ട്. എന്നാൽ ഇതിന്ററ ഘടനാപരമായ  
്പപയാഗറത്ത പറ്റി പഠനങ്ങൾ ഒന്നുംതറന്ന പൂർവ ചവഞ്ജാനിക 
അവപലാകനത്തിൽ കാണുവാൻ സാധിക്കുന്നിലല. അപത സമയം, PD 7974-7: 2019ൽ 
റകട്ടിട ഉടമകളുറട ആശയവിനിമയത്തിലൂറട ഒരു റകട്ടിടനിർമ്മാണത്തിന്ററ 
പരിമിതമായ പരിമിതി നിർണയിക്കുന്നതിൽ മാർഗനിർപേശമിലല. 

ഈ വശങ്ങൾ പൂണ്ണമായും വയക്തമാക്കുവാൻ സാധിക്കുന്ന വിധത്തിൽ,                                 

PD 7974-7: 2019 പരയപവക്ഷണവും ഫയർ സുരക്ഷാ എൻജിനീയറിങ്ങിൽ 
അപകടസാദ്ധ്യതയുള്ള ഒരു പൂർവ ചവഞ്ജാനിക അവപലാകനം നടത്തി ഒരു 
പുതിയ രീതി ആവിഷ്കരിക്കുവാൻ ഉപേശിച്ചാണ് ഈ സംരംഭം. വയവസായ പമഖല 

ആയും ഗതാഗത പമഖല ആയും താരതമയറെടുത്തുപമ്പാൾ, റകട്ടിട നിർമ്മാണ 
പമഖലയിൽ നിർണായകമായ അപകടസാധയതയുള്ള മാനേണ്ഡങ്ങൾ വിരളം. പൂർവ 
ചവഞ്ജാനിക അവപലാകനത്തിൽ നിന്നും മുൻകാല തീപിടുത്ത 
സംഭവങ്ങറളക്കുറിച്ചുള്ള    വിദ്ഗ്ധരുറട ്പതികരണത്തിൽ നിന്നും അഗ്നിസുരക്ഷാ 

സംവിധാന മാനേണ്ഡങ്ങൾ    തിരിച്ചറിഞ്ഞിട്ടുണ്ട്. അ്പകാരം നിർമാണ പമഖലയിൽ 
റിസ്ക് പടാളറബിലിറ്റി ഇതിപനാറടാെം നിർപേശിക്കുന്നു. ഫയർ എൻജിനീയറിങ്ങ് 
ഡിചസൻ പനരിടുന്ന പ്പാബബിലിസ്റ്റി് രീതികളുറട ഘടനാപരമായ ഒരു 
രീതിശാസ്ക്തം വികസിെിറച്ചടുത്ത് മൂന്ന് ്പപയാഗിക പഠനത്തിലൂറട ഇതിന്ററ 
നിജസ്ഥിതി ഈ ്പബന്ധത്തിൽ ഉറെുവരുത്തുന്നു. ഈ റിസ്ക് പടാളറലിറ്റി 
റ്ഫയിംവർക്ക് റപാതു അപകടസാധയതയുള്ള നിർേിഷ്ട പദ്ധ്തിക്ക് അപകടസാദ്ധ്യത 
ഉറൊക്കാനുള്ള മാനേണ്ഡം ഉറൊക്കാൻ സുരക്ഷാ എഞ്ചിനീയർമാറരയും 
അധികാരികറളയും വയക്തമായ മാർഗനിർപേശം നൽകുന്നു. 
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1 Introduction 
 

This chapter provides an introduction by highlighting the background of the probabilistic risk 

assessment (PRA) to fire safety engineering in buildings. This chapter also provides a 

description of research focus revealing the problems that need to be addressed in PRA in the 

context of fire safety engineering, the aims and objectives of the dissertation, the methods used 

to achieve the aims and objectives, and the structure of the dissertation.   

1.1 Background 

A look into the history of fire safety clearly reveals that lessons learnt from past fire incidents 

played a major role in the development of fire safety engineering [1,2]. In the United Kingdom 

(UK), even though, for example, attempts were made in 12th century to legislate for fire safety 

in London, The Great Fire of London in 1666 resulted in the adoption of The Rebuilding of 

London Act 1666 [3]. With the advent of new technologies, humans improved the standard of 

living which introduced more hazards. In order to deal with these hazards and enforce 

minimum standards of construction, safety and performance of buildings, approved documents 

and guides were implemented under the Building Act 1984. Accordingly, different fire safety 

design approaches were developed to limit the fire risk in buildings and to ensure safety of 

people, property and environment. The traditional fire safety design approach involves the use 

of prescriptive guidelines which is widely applicable to common buildings [3–5].  

However, with the increasing complexities of the project, the ‘adequate level of safety’ when 

applying prescriptive rules becomes questionable since the buildings falls outside the relevant 

field of application of the prescriptive guidance [5]. Furthermore, the prescriptive guidance is 

developed in a reactive manner and hence does not necessarily take into account the rare events 

which can occur in the future [5]. In addition to these, the advances in computational fluid 

dynamics and new construction products into the built environment enhanced the move 

towards the Performance Based Design (PBD). It is important to note that the traditional PBD 

approach is deterministic and the treatment of risk is qualitative. Therefore, one of the common 

characteristics of the prescriptive and performance based design is that the probability that the 

design does not meet the fire safety objective(s) is not explicitly evaluated [5]. Furthermore, 

the attainment of an ‘adequate level of safety’ is based on collective experience of the 

profession. The necessity to demonstrate the attainment of ‘adequate level of safety’ led to the 

application of probabilistic methods in fire safety engineering, which is commonly accepted as 

a tool for PBD [5]. Even though, this method was considered in nuclear industries and other 

process industries earlier, the King Cross underground station fire at London in 1987 raised 

questions on dealing with the stochastic nature of fire [1] which emphasized the call for 

probabilistic risk assessment in the built environment. The need to understand the realistic 

responses of buildings in fire led to the development of the UK Published Document series           

PD 7974, of which Part 7 (PD 7974-7:2003 Application of fire safety engineering principles to 

the design of buildings – Part 7: Probabilistic risk assessment [6]) provides guidance on the 
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application of Probabilistic Risk Assessment (PRA) for fire safety engineering in buildings 

[6,7].   

1.2 Research Focus 

The interest created amongst the fire safety professionals and research community on 

demonstrating ‘adequate level of safety’ for unique building designs with the use of PRA 

promoted in-depth study on this topic. Nevertheless the position of PRA in the design process, 

the relationship between different acceptance concepts and the responsibilities of the designer 

remained unclear in PD 7974-7:2003 [5]. Similarly, recent studies indicates that the limited 

application of PRA in fire safety engineering is due to the lack of data related to real structures 

subjected to real fires [7]. Also, the data to perform PRA in the 2003 version of the published 

document is between the period 1966 and 1987. Although PD 7974-7:2003 [6] is revised 

recently, only the unclear aspects mentioned above are addressed in detail and the data to 

perform PRA has only been partially updated. At the same time, the PD 7974-7:2019 [8] 

focusses on high level principles and does not include reference examples demonstrating 

application of the principles to practicing fire safety engineers.  

PD 7974-7:2019 [8] puts a lot of emphasis on acceptability and tolerability of risk in built 

environment. Still the question on setting risk acceptability and tolerability criteria for a project 

in built environment is unexplored. On the other hand, in the industrial sector (nuclear and 

process industries) countries like the United Kingdom and the Netherlands have taken large 

efforts to address risk criteria [9,10]. However, the importance of research in the topic of 

tolerable and acceptable criteria for fire risk in buildings becomes more visible when other 

researchers highlight the need to focus on this topic. Olsson [11] points out that the lack of 

established acceptable fire risk criteria makes it difficult for the designer to determine whether 

his building is safe or not. Similarly Meacham [12] mentions that the regulatory and design 

communities are struggling with the concept of “acceptable risk”. Besides Hopkin et al. [5,13] 

feels that foundations upon which the adequacy of design is accepted is crudest.  

These problems could be addressed by concentrating more into the risk acceptability and 

tolerability in fire safety engineering. Therefore, a major focus of this research will centralize 

on the topic of tolerable and acceptable risks for fire risk in buildings which is explicitly 

discussed in chapter 3. There are few questions to be raised to delve into these topics. What is 

risk and how to measure it? What is ‘adequate safety’? Is there a difference between tolerable 

and acceptable risks? How are the risk acceptance criteria in industrial sector set up in different 

countries over the world? What are the difficulties involved in the current methods of setting 

up the risk acceptance criteria? Is risk perception a significant topic to be considered as far as 

risk acceptability and tolerability is concerned? Will the tolerable risk be the same for a hospital 

and an office building? Finding answers to these questions by critical evaluation of the relevant 

literature is vital to develop a risk tolerability framework. However, a framework developed 

for risk tolerability is incomplete without demonstrating their applicability through reference 

examples.  
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1.3 Aims and Objectives 

The overall aim of this dissertation is to develop peer-reviewed and documented case studies 

applying probabilistic methods to fire engineering design as per the PD 7974-7:2019 [8]. The 

following objectives have been identified of paramount importance in helping to achieve the 

aforementioned aim:  

1. Study of PD 7974-7:2019 and literature review of risk acceptance in fire safety 

engineering. 

2. Development of a framework for setting risk tolerability and broadly acceptable limit 

for projects in the built environment. 

3. Development of case studies by structured application of probabilistic methods in 

accordance with the PD 7974-7:2019 and the developed risk tolerability criteria.  

4. Presentation and discussion of developed risk tolerability framework and case studies 

to stakeholders.  

5. Updating methodology, cases and report in function of stakeholder feedback. 

Identification of caveats in the methodology.  

In order to understand the concepts of probabilistic methods in fire safety engineering and also 

answer the different questions that were raised previously, objective 1 focuses on studying              

PD 7974-7:2019 and performing a critical literature review on risk acceptance in fire safety 

engineering. The knowledge gained on the topic is then utilized to achieve the second objective 

of developing a framework for setting broadly acceptable and maximum tolerable risk criteria 

for projects in the built environment. The suggested framework is subsequently employed to 

accomplish the third objective of developing case studies. Finally, objectives 4 and 5 will be 

achieved by presenting and discussing the developed case studies with the fire safety 

professionals for their feedback as well as to identify the caveats in the methodologies adopted. 

1.4 Methodology  

In order to accomplish the aims and objectives of the dissertation, the methodology as depicted 

in Figure 1.1 is followed.  

  

Figure 1.1: Flow chart describing methodology for the dissertation 

In order to obtain an idea of PRA in fire safety engineering, the PD 7974-7:2019 is explored. 

With the background knowledge gained from PD 7974-7:2019, a literature review is carried 

Presentation 
and discussion 

with 
stakeholders

Development 
of Case 
Studies 
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Tolerability 
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Literature 
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out focusing on understanding the risk acceptance criteria in fire safety engineering. For this, 

different text books, journal papers, conference proceedings, course presentations on various 

topics relevant to the risk acceptance are explored. Such a critical analysis helps to understand 

the different aspects to be considered while setting risk acceptance criteria and its associated 

problems. With these inputs, a risk tolerability criteria framework is developed specifically for 

the built environment. Incorporating the principles mentioned in the PD 7974-7:2019 and the 

developed risk tolerability criteria framework, three case studies of different occupancy types 

are developed. Data, for instance for evacuation, which are unavailable in PD 7974-7:2019 and 

PD 7974-7:2003 are taken from relevant literature. Also, the two-zone model B-RISK is used 

for the case studies. Similarly, for a case study evacuation simulation software Pathfinder is 

used. The developed case studies and proposed risk tolerability framework are discussed with 

the fire safety professionals for their feedback. Also, the caveats in the methodologies are 

identified. According to their feedback, necessary changes are made in the case studies.  

1.5 Structure of Dissertation  

Development of peer-reviewed and documented case studies applying probabilistic methods to 

fire engineering design as per the revised PD 7974-7:2019 need a systematic approach 

involving a discussion of various topics through literature review. A flowchart describing the 

structure of this master thesis is given in Figure 1.2. 

Chapter 1 – Introduction  

Chapter 2 – PD 7974-7:2019 and Concepts of Risk 

This chapter introduces the concepts of risk and emphasize the importance of probabilistic 

approach in fire safety engineering. The basis of PD 7974-7:2019 and the need for developing 

a risk tolerability framework for projects in the built environment are highlighted. Accordingly, 

risk perception and its importance in fire safety engineering are looked into. Moreover, the 

various risk perception factors that need to be considered from the perspective of society are 

discussed. Next, the focus moves on to risk aversion and how it is being considered currently 

in setting risk acceptability and tolerability criteria in general. Finally, the ethical aspects in 

fire risk assessment are discussed. 

Chapter 3 – Risk Tolerability Framework 

This chapter looks into the proposed framework for setting de minimis limit and tolerability 

limit for a project in the built environment. However, at first the acceptability and tolerability 

of risks are discussed. Challenges involved in setting up de minimis limits and tolerability limits 

of risk are then explored. Accordingly, different risk control approaches as well as risk models 

putting emphasis on the individual and societal risks are focused. Referring to all these 

discussions, a risk tolerability framework employing a step by step procedure in setting                      

de minimis limit and tolerability limit for a project in the built environment is proposed. Finally, 

the feedback from the fire safety professionals on the developed risk tolerability framework are 

presented.   
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Figure 1.2: Flowchart describing the structure of the dissertation 
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Chapter 4 – Case Studies 

This chapter is devoted for the case studies developed applying the principles of PD 7974-

7:2019 and the proposed risk tolerability framework. As a starting point, a methodology is 

presented for the application of the principles of PD 7974-7:2019. This methodology is then 

followed in three different case studies – office building, night club (Annexure A) and indoor 

kids play area (Annexure B). Stakeholder feedbacks are also presented.    

Chapter 5 – Conclusion  

This section will revisit the dissertation objectives and summarize the important outcomes of 

this dissertation. Recommendation for future work are then discussed. Most importantly, the 

contribution of this work in the field of probabilistic risk assessment in fire safety engineering, 

specifically to the built environment are clarified.  
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2 PD 7974-7:2019 and Concepts of Risk 
 

In order to reach a point to develop case studies applying the principles of PD 7974-7:2019, it 

is critical to study this published document and realize where further research is necessary and 

what are the important factors to be considered as far as the term ‘risk’ is concerned. This 

chapter aims to understand the term ‘risk’, the difference between probabilistic and 

deterministic approach, the core concepts of PD 7974-7:2019 and the topics which require 

further research, different factors which are relevant to risk tolerability: risk perception, risk 

aversion and the ethical aspects of fire risk assessment. Better understanding of these topics of 

PRA by a critical evaluation of the relevant literature helps to develop the building blocks of a 

risk tolerability framework.  

Figure 2.1: Flow chart highlighting the structure of chapter 2   

2.1 Concepts of Risk 

So far, the term ‘risk’ is frequently used in the discussions. But, what does the term ‘risk’ really 

mean? How is it measured? All these are explored in this section.  

The term ‘risk’ is defined in different ways and an universal definition of risk is absent 

[5,14,15]. The meaning of the term risk differs from person to person. This means a layman 

will define risk entirely in a different way when compared to a risk professional [16,17]. Also, 

the term differs according to the context of the risk problem that is being addressed [12]. In the 

context of fire safety engineering, the outcome of PRA will not be fruitful if the stakeholders 

involved in the project interpret the term ‘risk’ differently. Therefore, it is supreme to have a 

clear understanding of the term ‘risk’. As far as engineering applications are concerned, risk 

can be defined as a ‘function of the probabilities and consequences of a set of undesired events’ 

[5,18]. Moreover, this definition has the benefit of brevity. For more clarity, one should 

understand that hazard is a ‘source of danger’ [19] which can cause harm to people, property 

and environment. But, the likelihood of occurrence of hazard is uncertain i.e. whether it leads 

to negative consequences or not. This uncertainty is in principle quantified by probability.  

From another point of view on defining ‘risk’, Meacham [12] suggests that other key factors 

relevant to risk, in the context of fire safety engineering, need to be considered and proposed 

the following definition for risk:  

‘‘the possibility of an unwanted outcome in an uncertain situation, where the possibility of the 

unwanted outcome is a function of three factors: loss or harm to something that is valued 

(consequence), the event or hazard that may occasion the loss or harm (scenario), and a 

judgement about the likelihood that the loss or harm will occur (probability).’’   

Concepts of Risk
Probabilistic 

Approach in Fire 
Safety Engineering

PD 7974-7:2019 Risk Perception Risk Aversion
Ethical Aspects in Fire 

Risk Assessment
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Although Meacham asserts that this definition of risk accommodates key factors like the 

differences in risk perception, social and cultural experience, uncertainty and variability along 

with the other common factors (scenario, consequence and probability), such factors are not 

reflected in the definition unless it is clearly specified. In short, it could be argued that if 

Meacham’s definition and the definition of risk in engineering applications are presented to 

stakeholders without further explanation, it makes no difference between the former and latter 

definitions. In fact, the key factors mentioned by Meacham need to be highlighted while 

framing the risk tolerability and acceptability criteria for a project.  

To apprehend how risk is measured, it is good to touch up on the definition of risk stated by 

Kaplan and Garrick [19]: 

“Risk is equal to the triplet (si, pi,, ci) where si is the ith scenario, pi is the probability of that 

scenario, and ci is the consequence of the ith scenario, i = 1,2,…N” 

In an extensive PRA, all possible scenarios, their probability of occurrences and consequences 

will be accounted. If each of these scenarios are arranged in the increasing severity of their 

consequences and plotted against the cumulative probabilities, a risk curve as illustrated in 

Figure 2.2 is obtained. In simple terms, risk curves deliver a graph depicting the measure of 

risk.  

 

 

 

 

 

 

 

Figure 2.2: Illustration of Risk Curve 

Generally, risk is mentioned in terms of frequency of occurrence of an event instead of the 

probability of an event. As shown in Figure 2.2 it is a common practice to visualize risk curves 

in log-log scale. The horizontal axis denotes the consequence severity while the vertical axis 

denotes the probability of exceedance. Since there could be occurrences of many rare events 

with widespread consequences (i.e. for instance low frequency of occurrence and large number 

of fatalities) in engineering systems, the only practical way to incorporate them in risk curves 

is by using logarithmic scales [20]. The risk curves benefit in evaluating the estimated risks, 

communicating them to stakeholders and for decision-making.  
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From these discussions it is clear that the two significant components of risk are probabilities 

and consequences of a set of undesired events. Therefore, definition of risk for the engineering 

applications is used in this study.  

2.2 Probabilistic Approach in Fire Safety Engineering 

Probabilistic risk assessment (PRA) is also known as Quantitative Risk Assessment (QRA) 

[14,21]. In general, PRA involves studies where objective is to generate a measure of risk [6]. 

Even though the basic methods of PRA originated in the aerospace program in 1960s, the first 

modern study of PRA is considered to be in the nuclear industry [21]. In building sectors, the 

need to shift towards a goal-oriented approach was realized so as to deal with the development 

of technologies, new materials of constructions and innovative building designs. This resulted 

in the adoption of performance-based design approach (PBD) which gave designers more 

flexibility and facilitated innovation in building designs without compromising safety. 

However, the traditional PBD approach is deterministic and the treatment of risk is                  

qualitative [5].  

Before going into further topics, a clear distinction between deterministic and probabilistic 

approaches in fire safety engineering is necessary. This difference is explained taking an 

example of an office building. Firstly, in deterministic fire safety engineering approach, a worst 

credible scenario is considered. For example, peak heat release rate (HRR) considered in small 

office rooms are found to be 5MW [22,23]. It is important to note that even small smoldering 

fires, which has low HRR, can be hazardous to the occupants of the building during evacuation. 

Thus, it seems that the worst credible scenario considered for a deterministic fire safety 

engineering approach need not be the worst-case scenario and other possible scenarios which 

can have high consequences are left out. Secondly, in deterministic approaches it is generally 

assumed that the smoke heat extraction system or sprinkler system installed in the building 

works without any failure. Thus, the reliability of the systems is not being accounted in 

deterministic approaches. Thirdly, it is considered that fire grows once the ignition of a 

combustible material occurs in the office. The possibility of an occupant trying to extinguish 

fire manually, at the initial stages of fire development, is not being considered. Fourthly, the 

uncertainties are not explicitly considered in deterministic approaches (safety factors are used). 

For instance, a safety factor of 2 is frequently used in egress analysis [24,25]. Finally, in 

deterministic approaches it is difficult to rank various design options. When there are two 

design options for the office building satisfying the performance criteria, say smoke heat 

control system and sprinkler system, then the preference between the two options will be 

determined by the factors like costs, aesthetics, ease of maintenance etc. [5].  

On the other hand, probabilistic fire safety engineering approach considers all possible 

scenarios, their consequences and likelihood of occurrences. It makes use of the tools like fault 

tree analysis (FTA) and event tree analysis (ETA) which helps to analyze the cause of a failure 

and its consequences if a failure occurs. In short, FTA and ETA helps to analyze probabilities 

and risk. For example, in the office building, the scenarios involving fire in office building 

during day, night, weekend, weekdays etc. can be considered in one go. Where as in 

deterministic analysis, the scenario considered for analysis will be during the peak working 
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hours where the office building has maximum number of occupants. Since risk is explicitly 

estimated and evaluated in probabilistic approaches, the failure of fire protection systems, the 

chances of manual extinguishment of fire at its initial stages, uncertainties (described through 

random variables by their probability distributions), ranking of design options and economies 

in designs are handled to an extent. Therefore, it is clear that in probabilistic fire safety 

engineering approach the probability that the design does not meet the fire safety objective(s) 

is explicitly evaluated [5]. Moreover, PRA can be applied to all aspects of fire safety 

engineering for all building types and designs [6].  

2.3 PD 7974-7:2019 

Guidance on the application of probabilistic methods to fire engineering can be found in the 

UK PD 7974-7:2003 [6]. But this published document lacked the clarity on the position of PRA 

in the design process, the relationship between different acceptance concepts and the 

responsibilities of the designer. Recently, this published document is revised placing special 

emphasis on these issues. The PD 7974-7:2019 focusses on high level principles and attempts 

to provide a clear guidance on PRA in built environment which is evident from the consolidated 

flow chart for a design through PRA (Figure 2.3).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Consolidated flow chart for a design through PRA  

(reproduced from PD 7974-7:2019 [8]) 

 



11 

 

The hierarchy of risk acceptance concepts and the designer responsibility as a function of the 

applied acceptance concept is clearly explained in this published document.  

Likewise, PD 7974-7:2019 provides a conceptual visualization of the broadly acceptable and 

tolerable limits which is depicted through a generalized frequency-consequence (FC) diagram 

(Figure 2.4), an example of a risk curve as discussed in the previous section. An explicit 

discussion on acceptable and tolerable risks is provided in chapter 3.  

Figure 2.4: Generalized frequency- consequence (FC) diagram with indication of tolerability 

limit and de minimis limit (reproduced from PD 7974-7:2019 [8]) 

To understand the concept of the generalized FC diagram, it is essential to point out that zero 

fire risk is something unrealistic [5,26]. Therefore, final design adopted for a building project 

necessarily includes a residual risk [5,27]. In risk evaluation process, to know whether the 

residual risk is acceptable, tolerable or unacceptable, three different regions are demarcated as 

shown in Figure 2.4: de minimis region, As Low As Reasonably Practicable (ALARP) region 

and intolerable region. These regions are based on the concept of UK Health and Safety 

Executive (HSE) framework for the tolerability of risk [28]. If the estimated risk falls below 

the de minimis limit, a concept which was derived from a legal principle by risk professionals 

in early 1980s [26], design is considered acceptable without further justification. In UK HSE 

terminology, de minimis region is known as ‘broadly acceptable region’[28]. But defining 

acceptable residual risk is challenging due to the involvement of uncertainty and subjectivity 

[5,29].  At the same time, the decision to accept risk has a cost/benefit character [30]. PD 7974-

7:2019 [8] defines tolerability limit as follows: “the combinations of possible consequences 

and associated occurrence frequencies which are at the limit of societal acceptance.” The 

region between tolerability limit and de minimis limit is known as ALARP where risk reduction 

measures need to be taken to reduce risks to As Low As Reasonably Practicable i.e. the residual 
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risks are acceptable if further risk reduction is impractical or if its cost is grossly 

disproportionate to the improved gain. Figure 2.5 is just for an illustration purpose so as to 

communicate the general concept of gross disproportion and is not in agreement with                        

PD 7974-7:2019.   

Figure 2.5: An illustration of the concept of Gross Disproportion in the view of ALARP 

(adapted from [31]) 

In addition, the risks falling in the intolerable region (also known as ‘unacceptable region’ as 

per UK HSE [28]) cannot be tolerated irrespective of the associated benefits [5]. Nevertheless, 

these limits are not explicitly mentioned in PD 7974-7:2019. For instance, PD 7974-7:2019  

specifically mentions that risk acceptance criteria need to be defined through stakeholder 

consultations. Similar is the case with setting up the individual tolerability limit and societal 

tolerability limits when the fire safety goal is life safety. Thus there is a lack of guidance on 

defining the risk tolerability limits for a building project through stakeholder communications. 

On the other hand, acceptability and tolerability criteria specified in Annex A of PD 7974-

7:2019 [8] is based on tolerability of risk from nuclear power stations [32]. So, the question is 

whether it is valid for a building project? This motivates to raise further questions on this 

context: What are the steps to be followed to set risk tolerability criteria for a building project? 

What are the different factors to be considered in that process? Why is the tolerability limit and 

the de minimis limit depicted in Figure 2.4 a curve, when the UK HSE limits are a line? Why 

not use the maximum tolerable limits and broadly acceptable limits specified for land use 

planning near industrial premises? To answer these questions, it is important to delve into 

relevant topics related to risk. 

In short, a great significance is provided on risk tolerability and acceptability in                                

PD 7974-7:2019. But it lacks an appropriate guidance on setting these limits for a project 

through stakeholder consultations. In addition, the revised document touches upon risk 

perception and psychological factors, but fails to explicitly mention which factors are relevant 

when defining risk tolerability criteria. Such omissions create confusion and mislead 

stakeholders while setting up risk tolerability limit for a project in the built environment. For 

instance, whether a hospital and an office building can have the same risk tolerability limit? 

Nevertheless, it is clear that the fire safety engineering practices develops from the lessons 

learned from past incidents. Accordingly, a lack of clarity in setting up the tolerability limits 
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and broadly acceptable limits of risk for a project becomes a significant point of discussion 

when an incident occurs in future. Therefore, being proactive and developing a risk tolerability 

framework for a project in the built environment will benefit both the fire safety community as 

well as the society.   

2.4 Risk Perception 

Why is risk perception significant in fire safety engineering? In the context of fire safety 

engineering, for any building project, achieving an ‘adequate level of safety’ by fulfilling the 

public mandate is paramount. In order to accomplish this objective, social perceptions of risk 

need to be accounted [33]. Therefore, understanding risk and how it is perceived by the experts 

as well as the public is a crucial part of risk assessment and decision making. But it is interesting 

to note that the experts and the public perceive a risk differently [33–37]. For example, deadly 

nuclear power accidents occurred in different parts of the world have created fear in the minds 

of the people and they react vigorously against locating a nuclear power plant near a society 

despite the safety assurances of the experts. The anti-nuclear protest at the Kudankulam nuclear 

power plant in India is a perfect example of this [38]. Accordingly, measure of risk involves 

two components: first the calculation of risk based on the statistical data and experience of the 

experts and second rely on the perceptions of the experts assessing the risk. As a result, 

subjective judgement (experts or public) is an indispensable part of risk assessment. However, 

a decision made for managing a risk can be problematic if the judgements are faulty [37].  

So, what is risk perception? According to Wachinger, G., et al. [39], risk perception denotes 

‘the process of collecting, selecting and interpreting signals about uncertain impacts of events, 

activities or technologies’. It is clear from this definition that risk perception involves 

subjective assessment of the probability of an undesired event and the magnitude of its 

consequences [36,40,41]. Thus, risk perception seems to have two dimensions: cognitive 

dimension and emotional dimension [41]. Cognitive dimension is related to the depth and 

understanding of an individual, a group or society about risk while emotional dimension is 

related to their feeling about risk [41].  

Risk perception is an essential point for research and two approaches dominate them: 

psychological approach and sociological approach. Psychological approaches focuses on the 

unique and subjective qualities of risk perception [34,42] whereas sociological approaches 

focuses on the risk perception variables that emphasize on the social experiences and 

consequences of risk [43]. An important outcome of the sociological approach in risk 

perception is the cultural theory which highlighted risk perception has its origin in cultural 

factors [42]. In any case, studies concentrating on cultural theories has diminished amid the 

most recent years [42]. On the other hand, the vast majority of the speculations pursue the 

psychometric way to deal with risk perception, which focuses on the emotional dimension of 

risk perception [34,36,42]. From the perspective of fire safety engineering, it is vital to 

comprehend the manner in which individuals make judgements about risk. When lay people 

are asked to evaluate risks, since they do not have much statistical evidence, they usually rely 

on what they can imagine and recall about the risk in question from their past experiences [37]. 
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Therefore, it is critical to address Heuristic-Systematic Model (HSM), a theory of information 

processing developed by Shelly Chaiken [44]. At the point when individuals are compelled to 

make decisions, they can process the data either heuristically or systematically. In heuristic 

information processing, individuals rely on general rules, stereotypes and shortcuts to make 

judgements [45] whereas in systematic information processing more effort will be put forward 

by individuals in understanding the information and making a judgement [36]. As a result, 

heuristics are valuable tools for decision-making if adequate data about probabilities or other 

resources are unavailable [36]. Few important types of heuristics related to risk perception in 

the outlook of fire safety engineering are presented in Table 2.1.  

Sl. 

No. 

Type of 

Heuristics 

Description Examples highlighting its relevance 

in Fire Safety Engineering  

1 Availability Individuals see an 

occurrence of an event 

more likely if it is easy 

for them to recall or 

imagine [46].  

Aftermaths of Grenfell tower fire in 

London, UK in the year 2017: people 

living in similar high-rise buildings 

felt they are at more risk since such 

incidents are more likely to occur at 

their premises [47]. The media also 

focused a lot on the Grenfell tower fire 

and this induced people to imagine 

such incidents more often.    

2 Representativeness Individuals use this 

heuristic when a 

judgement needs to be 

made and uncertainty 

remains about the 

probability of 

occurrence of an event. 

This involves assessing 

similar objects [48].  

Individuals can judge all high-rise 

buildings are unsafe in London after 

the Grenfell Tower fire incident.    

3 Proximity ‘Tendency to judge 

probabilities by 

monitoring the spatial, 

temporal, or conceptual 

distance to a target’ 

[49]. 

In the wake of Grenfell tower fire, few 

people raised questions about  the 

occurrence of fire in their residential 

high-rise building and whether they 

will be able to evacuate safely through 

the single evacuation staircase [47]. 

Grenfell tower only had a single 

staircase for evacuation. The close 

proximity of similar situation in the 

buildings occupied by people makes 

them to raise such questions.   

Table 2.1: Few important types of heuristics related to risk perception in the outlook of fire 

safety engineering 
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All these heuristics types are focusing on the ‘likelihood of occurrence of events’ component 

of risk. Research also indicates that people are more concerned with the ‘consequence of event’ 

than the other component of risk [37]. For instance, there were many incidents of façade fires 

in high-rise buildings around the world. However, in most of these incidents, there were no 

fatalities. But large fatalities in Grenfell tower fire made it different.  

In order to explore the qualitative characteristics of risk, psychometric methods were employed 

[34,37]. Similarly surveys and experiments have uncovered that risk perception is affected by 

a progression of properties of risk source or the risk situation [43]. In the context of building 

fire safety engineering, apart from the different type of heuristics mentioned in Table 2.1, the 

most important qualitative characteristics [12] and their direction of influence on risk 

perception are discussed below.  

• Service of the building under normal/emergency conditions and importance of building 

Importance of a building is critical since it has an influence in the direction of influence on risk 

perception. For instance, the devastating fire at Brazil’s National Museum in September 2018 

resulted in an ‘incalculable loss’ and public expressed immense anger [50]. This indicates that 

more the importance of a building, less is the risk tolerance. Similar is the case with the 

buildings which are important to deal with emergencies. For example, Miryang hospital fire 

with 37 fatalities in South Korea in January 2018, swelled public anger and criticisms [51,52].  

• Occupancy - vulnerable groups 

As per National Fire Protection Association (NFPA), vulnerable groups or individuals includes 

children, the elderly or those with a disability [53]. However, a better description is given in 

official Norwegian documents: ‘vulnerability is described as related to factors such as old age, 

reduced mobility or cognitive abilities, mental health problems, and substance abuse’ [54]. For 

buildings which are specifically built for the vulnerable groups, the society tolerate less risks. 

This is clearly visible from the two fire incidents that occurred in March 2018: one which killed 

25 drug rehabilitation patients in Baku, Azerbaijan [55] and the other which killed 64 people, 

mostly kids, in Russia Kemerovo fire [56]. But the interesting fact is that when a fire incident 

results in fatalities of people in different age groups, the society puts more focus on the total 

number of fatalities rather than the number of vulnerable groups who died in the incident. This 

is evident from the Grenfell Tower fire where society placed more importance on the number 

of fatalities irrespective of the age groups. Thus, in this case, the number of vulnerable groups 

who lost their lives became trivial.  

• Sleeping risk 

Studies indicate that sleep is a major risk factor for dying in a fire [57]. Sleeping risk is involved 

in residential buildings, hotels, accommodation buildings for students etc. Therefore, while 

designing such buildings, it is important to realize that the society tolerate less risks even if the 

occupants are familiar with the layout of the building. It is evident from the public reaction of 

Grenfell tower fire in June 2017, in London [58].  
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• Potential for catastrophe (dread) and possibility to evacuate 

For instance, there have been catastrophic tunnel fires in the past. It is important to note that 

tunnels are difficult to access during rescue operations. Also, the enclosed nature of the tunnel 

structure enhances rapid increase in temperature in case of a fire. Moreover, evacuating tunnels 

during a fire occurrence is a difficult and time-consuming task [59,60]. It is true that public do 

not tolerate high risks in such premises which is evident from the public response after the 

Mont Blanc tunnel fire in 1999 [61]. Therefore, the risk tolerances in occupancies involving 

potential for catastrophe and difficulties in evacuation should be less. In developed countries, 

the aftermath of Grenfell Tower fire in London remains in the mind of society and hence high-

rise buildings also need to be given a special care with this regard. Similarly, special attention 

needs to be given for buildings near industrial premises and other hazardous installations and 

warehouses.     

• Familiarity 

Familiar layout of a building makes it easier for the occupants to know the risks and evacuate 

in case of an emergency. This is true in the case of office buildings where the employees are 

aware of the layout of the building. However, there can be visitors in these premises who are 

unfamiliar with the building layout. Therefore, evacuation of an office in case of a fire also 

depends on the fire safety management as well as the safety culture of the organization. Similar 

is the case with residential buildings where people are familiar with the layout. However, the 

possibility of new occupants in a building and visitors cannot be ruled out. From the perspective 

of society, the occupants of these building are considered to be familiar with the layout. On the 

other hand, occupants of the public buildings such as shopping malls, auditoriums etc. are 

unfamiliar with the building layout. As such, society tolerate less risks in such premises.  

• Trust 

‘Lack of trust’ is a significant factor which has an influence on the societal risk perception. At 

the same time, it is easy to destroy the trust, while to re-build them it takes a longer time [34]. 

In risk assessment the direct consequences of fire incidents are mostly focused i.e. number of 

fatalities, property loss etc. However, there are many indirect consequences associated with a 

fire incident among which ‘trust’ is a highlighting one. Therefore, trust-destroying events 

includes the building fire incidents. Here, the society losses trust on the government, authorities 

of the country controlling and regulating the building projects and also on the building 

development groups (owners). This is evident especially from the outcome of Grenfell Tower 

Fire [58]. In such cases the society do not tolerate much risks. Even though studies have not 

carried out in the context of fire safety engineering in built environment to understand the 

relevance of trust on the perceived risk and acceptance, studies have been carried out in nuclear 

power industries. For example, a study conducted to analyze the impact of trust on the 

perceived risk and acceptance of nuclear power energy [62] developed a causal model of trust 

as shown in Figure 2.6. This study indicated that trust directly influenced the perceived risk 
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and acceptance of nuclear power. Also, the study highlighted that the government should have 

a structured framework for regulation as a part of its risk management and communication 

endeavors. This is due to the fact that the trust in regulation is seen to be more critical to explain 

risk perception and risk acceptance than the trust in government.  

Research also indicates that factors such as voluntariness and artificiality of risk influence the 

risk perception. But, in the context of fire safety engineering in a built environment, these 

factors are debatable topics. For instance, according to Starr [63] public seems to accept risks 

from voluntary activities more readily than from the involuntary activities. The distinction is 

as follows:  in voluntary activities the individuals can use their own system to evaluate their 

experiences while in the involuntary activities the options and criteria for individuals are 

determined by a controlling body [63]. 

Figure 2.6: Causal model of trust (reproduced from [62]) 

In that case occupants in high-rise residential buildings, offices, hospitals, shopping mall etc. 

are considered to be involuntary activities because a controlling body such as a governmental 

authority comes into picture who frames the regulations for the building sector. On the other 

hand, from an individual’s perspective it can be voluntary. For example, a person who visits a 

crowded night club, a family who lives in a building with combustible external cladding (as 

monthly rent is less and the workplace is close to the building). At the same time, are kids 

visiting an indoor play area considered voluntary? Do they really use their own value system? 

If yes, the society can tolerate more risk as per the hypothesis of Starr. But in reality, will 

society accept the death of these kids in case of a fire in such premises? From this discussion 

it seems that the use of factor ‘voluntariness’ to express risk perception in the context of fire 

safety engineering in built environment is inappropriate.  

Similarly, artificiality of risk is also a debatable factor. All the built environment is man-made. 

Research has indicated that man-made disasters are not accepted by the society while natural 

disasters are accepted since they are uncontrollable [43]. Hence, the fires that have occurred in 

different built environment are man-made indicating that society have less tolerance to such 
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incidents. But the question is whether the risk perception of the society alter if a fire, leading 

to multiple fatalities, occurs in a building due to an earthquake?    

Perception of risk is also influenced by the media [41,64]. The influence of media can be related 

to the availability heuristics. Again there are other factors [41] which influence the public risk 

perception: amount of media coverage, frames used for describing risk, tone of media coverage, 

media sources and their trustworthiness, the way risks are presented. One might argue that 

these factors keep the Grenfell tower fire alive among the minds of public. However, in 

developing countries similar incidents become distant memories a week later [65]. 

Furthermore, studies have indicated that an individual’s judgement of risk have all the earmarks 

of being resistant to change from the media since individual experience is a more grounded 

factor [64].  

Another interesting factor which can be correlated to the influence of culture and beliefs to risk 

perception of society is psychophysical numbing [65]. Psychophysical numbing implies 

‘inability to appreciate losses of life as they become more catastrophic’[66]. In such situations 

where large numbers are presented (say for instance large number of fatalities) the emotional 

dimension of risk perception is not that significant. For example, in developing countries which 

are densely populated and occurrence of fire incidents are high, the frequent reporting of 

accidental deaths in media in a monotonous pattern diminishes the impact of fire risks among 

the public [65]. At the same time the culture and beliefs of the society imparts a new perspective 

to the risk. For instance, in India people believe in ‘karma’: get what you give. So, if people 

die in fire incidents, people might believe it is ‘fate’. In such situations, society accepts 

accidental deaths [65].    

In short, society always desire an adequate level of safety in the built environment - whether it 

be a shopping mall, airport, residential building, hospital, office, old age home, kids’ day care 

or university. When individuals visit or occupy any building, they expect it to be safe. The 

optimism bias also comes into picture i.e. in simple terms individuals believe ‘it won’t happen 

to me’. However, it is important to know that risk perception varies from country to country, 

region to region and people to people [65].  

In a nutshell, the most important risk perception factors that need to be considered for decision 

making from the perspective of fire safety engineering in the built environment are as follows:  

• Service of the building under normal/emergency conditions and importance of building, 

occupancy – vulnerable groups, sleeping risk, potential for catastrophe (dread) and 

possibility to evacuate, familiarity and trust.  

• Heuristics – availability, representativeness and proximity, focusing on the ‘likelihood of 

occurrence of events’ component of risk. However, these factors are closely related to 

‘trust’ which have an influence on the occurrence of an incident.  

On the other hand, there are other risk perception factors such as voluntariness and artificiality 

of risk, culture and beliefs which seems to be important in general but from the perspective of 

fire safety engineering in the built environment it can be considered as trivial. This is due to 
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the fact that few of these factors are debatable (voluntariness and artificiality of risk) whereas 

the others cannot be ethically justified (culture and beliefs). At the same time, perception of 

risk is also influenced by the media and is closely associated with the heuristics. This is further 

associated with the risk perception factor ‘trust’ as mentioned earlier.  

2.5 Risk Aversion 

As a matter of first importance, it is critical to comprehend that at present there is no accepted 

definition on the concept of risk aversion in general [67]. In the traditional fire safety design 

approaches, risks associated with rare high-consequence events are not explicitly considered 

[5]. At the same time, it is difficult to estimate risk of rare high-consequence events and hence 

the degree of uncertainty for such events in risk assessment will be greater [68]. From the 

outlook of society, a building fire resulting in 100 fatalities is often less tolerated by society 

compared to 100 separate building fires resulting one fatality in each incident [5,6,67,69,70]. 

It is interesting to note that in both cases the expected value given by the product of the 

associated frequency and consequence (scalar risk indicator) is the same. Hence, risk aversion 

envelops the events with same scalar risk indicator valued unequally [5]. It is also common that 

following a rare high-fatality building fire incident, the regulators are forced to over-commit 

societal resources, affecting the optimal way of their usage, for reasons distinctive to serving 

the society [70].  

In a decision-making process, the concept of risk aversion is often incorporated using risk 

aversion factors [70]. These factors are implicitly or explicitly used in setting up risk 

acceptance criteria. Faber et al. [70] points out the implicit use of risk aversion factors in the 

risk acceptability and tolerability criteria employed in FN diagrams. Here the tolerability limit 

and de minimis limit is modeled by a power law [70]:  

 𝐹(𝑁𝑃𝐸) = 𝑚𝑁𝑃𝐸
−𝑏 Equation 1 

where 𝐹(𝑁𝑃𝐸) denotes the maximum tolerable probability of occurrence in a defined time 

interval, 𝑁𝑃𝐸 indicates number of fatalities, m indicates maximum tolerated frequency for a 

single fatality and b represents risk aversion for large fatalities whose value varies from 1 to 2.  

Figure 2.7: Suggested societal risk criterion in terms of upper and lower FN curves for an 

underground bus terminal in Sweden (adapted from [71]) 
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For clarity, the factor b represents the steepness of the broadly acceptable and tolerable limits 

as shown in Figure 2.7. In Figure 2.7, the maximum tolerable limit line has a steepness b = 2 

(risk averse) while the broadly acceptable limit line has a steepness b = 1 (risk neutral). If no 

discrimination is made by the society between a risk of 1 fatality every year and a risk of 100 

fatalities every 100 years, then the situation is described as risk neutral [72]. For example, the 

UK risk acceptance and tolerable limit line have a slope b = 1 which was justified based on 

historical data [73]. On the other hand, b = 2 indicates that higher fatalities are tolerated less 

frequently and thus it is termed as risk averse. For instance, Netherlands has adopted a slope             

b = 2 for tolerability bounds [9,21].  

However, it is imperative to take note of Sunstein’s [74] statement that real risk aversion does 

not exist since investments made on rare incidents with high consequences could be better 

utilized elsewhere, thus saving more lives. This is based on the fact that steeper the slope of 

the line, more stringent risk controls (more resources) are needed to reduce the risk. Therefore, 

even though a broadly acceptable limit line having a steepness b = 1 is called “risk neutral”, 

but any qualitative distinction between events in function of their severity is a manifestation of 

“risk aversion”. Only ALARP (without gross disproportion) is real “risk neutral”. Similarly, 

Pate-Cornell [75] asserts that decision makers are commonly risk-averse and averse to 

epistemic uncertainties. Epistemic uncertainty highlights that little is known about the rare 

events with high consequences. Hence, spending more resources to reduce risks which are well 

known is more fruitful in the perspective of economic efficiency of public protection measures.  

On the other hand, the explicit use of risk aversion factors is noticeable in the field of technical 

risk assessment [70]. Here the total risk R is calculated directly as follows:  

 
𝑅 =  ∑ 𝑝𝑖

𝑛

𝑖=1

𝑁𝑃𝐸,𝑖𝜑(𝑁𝑃𝐸,𝑖) 
 

Equation 2 

where 𝑝𝑖 is the probability of occurrence of the event i with number of potentially endangered 

people 𝑁𝑃𝐸 and 𝜑 is an aversion factor which is a function of 𝑁𝑃𝐸.  

However, the errors presented by the utilization of the risk aversion factors, either implicit or 

explicit, are obscure [70]. On the other hand, studies additionally suggests that the introduction 

of risk aversion factors distorts the link between the risk indicator and the consequence 

probability density function [5]. Moreover, studies reveals that for a decision-maker who does 

not have fully risk neutral position, in principle, only risk curves can transfer the required 

information [5].  

In this regard recognizing both the benefit of scalar risk indicators in risk communication [76] 

and the ethical inclination for a risk neutral evaluation, a compromise is sought to allow the 

use of a risk neutral scalar risk-indicator [5]. It is important to note that the tolerability limit 

recognizes societal aversion to rare high-consequence events as well as to frequent low-

consequences events. On the other hand, ALARP does not take into account any possible risk 

aversion. Therefore, following the existing risk engineering practices [9] the maximum 

tolerable limit and broadly acceptable limits of risk as shown in Figure 2.7 can be defined.   
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2.6 Ethical Aspects in Fire Risk Assessment 

Ethics are concerned with distinguishing between what actions are “right” and “wrong” and 

what values are “good” and “bad” [77]. Similar is the case with the risk acceptance criteria 

which helps to distinguish between “right” and “wrong” [77].  

In PRA, the probability of occurrence of a scenario and its consequences are considered. Thus, 

focusing the consequences of a fire incident, the ethical theory of consequentialism can be 

applied to the risk acceptance criteria. One form of consequentialism is utilitarianism which is 

based on the principle of utility [78]. Any actions which give greater happiness than pain are 

morally good for utilitarians [79]. In this regard ALARP principle can be considered as having 

a basis of utilitarianism [77]. On the other hand, deontology, another important ethical theory, 

focuses on moral duties [80] and risk acceptance criteria based on this ethics looks into the 

duty to protect e.g. the public and the environment to risk [77]. Vanem [77] highlights various 

principles for establishing risk acceptance criteria among which the combination of absolute 

probabilistic risk criteria (do not consider cost associated with mitigating the risk) together with 

ALARP principle (consider both risk levels and cost associated with mitigating the risk) is 

commonly used in PRA. Furthermore, Vanem [77] stresses that the principles employed for 

establishing risk acceptance criteria and the risk acceptance criteria themselves should be 

justifiable by ethical theories.  

For clarity, the Grenfell Tower fire incident can be related to the ethical aspects. Madden [81] 

quoted “increasingly it seems that the tower’s largely working-class residents had been living 

with a level of deadly risk that would never have been tolerated for their wealthier neighbours 

in the Royal Borough of Kensington and Chelsea.” This statement clearly indicates an uneven 

and unequal urbanization today. The occupants of the buildings had even voiced their 

complaints on the fire safety issues to the authority which went unheard [82]. At the same time, 

the building renovation focused more on the aesthetics and cost reduction than ensuring safety 

of the occupants of the building. It is also unclear whether all residents were aware of 

combustible property of the external cladding after renovation. Therefore, one cannot argue 

that the occupants tolerated the risks. It is evident that both utilitarian or deontologist cannot 

accept this incident. The Grenfell Tower fire clearly emphasizes the significance of ethics and 

professionalism in the built environment.   

In short, establishing risk acceptance criteria depends on the legal framework of the society 

and different legal framework might yield different criteria [83]. However, it is paramount to 

understand that establishing risk acceptance criteria should not be solely predicated on the 

scientific evidence. Considerations should be also given to social and ethical aspects while 

setting risk acceptance criteria. At the same time, a decision-making process should be 

transparent and also ought to be clear who are responsible when things turn out badly.    
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3 Risk Tolerability Framework 
 

This chapter looks into the development of a framework for setting tolerability limit and 

broadly acceptable risk for a specific project in built environment.  

Figure 3.1: Flow chart highlighting the structure of chapter 3   

The chapter begins with a discussion on the concept of risk acceptability and tolerability criteria 

in risk assessment. Later, the discussion touches up on different risk control approaches widely 

used in the European Union (EU). Then the two main risk measures for loss of life – individual 

risk and societal risk are explored. A small discussion is made on the current methods of setting 

risk acceptance criteria. Next, by identifying common aspects of risk criteria established in 

different countries and taking into account the different factors of risk discussed in chapter 2, 

a framework for setting de minimis limit and risk tolerability limit for a project in built 

environment is proposed. Finally, the feedback on the proposed framework from fire safety 

professionals is presented.  

3.1 Acceptability and Tolerability of Risks 

Zero risk is something unrealistic [5,26]. For example, if one feels driving a car involves huge 

risk and plans to walk, there are risks of getting injured from slips, trips and falls. Similarly, 

wearing a seat belt does not mean that one will not have fatal injuries in a car accident. 

However, it can reduce the consequences or harm to the person to an extent. Considering all 

these scenarios, there are plenty of cars being driven by people in the world. This implies that 

the residual risks are being tolerated by the people taking into account the benefits. This 

example, raises the question what are acceptable and tolerable risks? 

‘Acceptability’ and ‘tolerability’ are two different terms [32]. Many attempts have been made 

by researchers to define acceptable risk, but none of these definitions are complete [84]. 

However, UK HSE [32] clarifies that for a risk to be ‘acceptable’ for purposes of life or work, 

people are prepared to accept it without any specific risk management options [29]. On the 

other hand tolerable risk define the level of risk society is prepared to live with so as to secure 

certain benefits provided that the risk is monitored and risk management options are taken to 

reduce it [29,32]. Some researchers argue that there is no such thing as acceptable risk [19,84]. 

This is because of its very nature risk should always be rejected and it is only the benefits that 

makes people to tolerate certain risks [85]. Again, few researchers emphasize that what is 

acceptable risk depends on who is accepting it, in which way and when [29,86]. Therefore, it 

is important to differentiate between various terms of acceptance highlighted by Bell et al. [29] 

which is given in Table 3.1. However, it is important to note that all these terms are not constant 

Acceptability and Tolerability 
of Risks

De minimis limit and 
Tolerability limit

Framework for Risk 
Acceptability and Tolerability 

Stakeholder Feedback
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with time. As in the case of the risk perception, these terms of acceptance changes with time 

among the public.   

Sl. 

No: 

Terms of Acceptance Description 

1 Individual acceptance The acceptance of a specific person, investigated by non-

aggregated quantitative or qualitative methods. 

2 Aggregated-individual 

acceptance  

The mean value of multiple individual acceptances. 

3 System-internal 

acceptance  

The communicated acceptance of a specific social system 

(e.g. stakeholders, scientists or relevant people). 

4 Societal acceptance The acceptance of society as a whole. 

5 Expert acceptance Experts define what an individual and society is willing to 

accept 

Table 3.1: Various terms of acceptance highlighted by Bell et al. [29] 

But what is the significance of risk acceptance criteria in risk assessment? In the previous 

example of driving a car, if a driver does not know the speed limit on a highway, how can he 

evaluate whether he is exceeding the speed limits? Similarly, if there are no risk acceptance 

criteria, it is difficult to know whether the estimated risks in a risk assessment are high or 

whether it is required to reduce them by introducing sufficient measures. Thus, risk acceptance 

criteria help to translate numerical estimates (e.g. 10-4 per year) into value judgements                  

(e.g. unacceptable risk) which can help in the decision-making process. Also, risk acceptance 

criteria helps to rank risks when two or more options are available to implement something 

(e.g. design options, fire protection systems to be provided etc.). In the absence of risk 

acceptance criteria, there is high chance that the worst-case scenarios with very low probability 

will be considered for decision making [87]. At the same time, in such case it often results in 

misapplication of resources on rare high-consequence scenarios than frequent low 

consequences scenarios. Figure 3.2 illustrates the significance of risk acceptability and 

tolerability criteria in decision making.  

Figure 3.2: Significance of risk acceptability and tolerability criteria in decision making 
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The estimated risk in a risk assessment is compared with the risk acceptability and tolerability 

criteria which can be termed as risk evaluation criteria. This is done to determine whether the 

estimated risk is acceptable or tolerable. A cost-benefit analysis needs to be performed to 

demonstrate ALARP when the estimated risk falls in the tolerable region. Accordingly, a 

decision maker can make a decision.  

According to PD 7974-7:2019 [8] the fundamental basis underlying the definition of 

acceptance criteria for fire safety is as follows: 

“The acceptance criteria aim to maximize societal welfare through a balancing of risks across 

domains, while acknowledging societal risk preferences. Applied to the fire safety objective of 

life safety, the acceptance criteria aim to maximize the number of lives saved across domains, 

under a constraint of societal tolerability.” 

There are different PRA acceptance criteria to demonstrate adequate safety, illustrated in 

Figure 3.3, which is discussed in detail in PD 7974-7:2019 (also see [5]). 

Figure 3.3: Flowchart to determine the applicable PRA acceptance criteria for demonstrating 

adequate safety (adapted from [8]) 

3.1.1 Challenges involved in setting up broadly acceptable limits and maximum 

tolerable limits of risk 

In Figure 2.4, the idea of tolerability limit and acceptability limit is introduced using different 

regions in a generalized frequency-consequence (FC) diagram where the term de minimis is 
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presented. The concept of ‘de minimis risk’ is derived from this legal principle by risk 

professionals in early 1980s to consider trivial and non-trivial risks in risk assessment [26]. As 

mentioned before, if the estimated risk of a hazard exceeds the de minimis level, it requires 

further investigation and if it falls below de minimis level, it is excluded from further 

consideration. By doing so, more attention can be given to the non-trivial risks than trivial risks 

which also ensures better resource allocation. However, setting a de minimis level is not an 

easy task. Selecting a de minimis level need to consider societal concerns, risk perceptions, the 

nature of the risk, the applicable regulations, stakeholder consultations etc. which is clearly 

evident in the current de minimis criteria set by different countries of the world [9,26]. At the 

same time, there is no universally accepted de minimis level [88]. But is the perception and 

acceptance of the threatened population taken into account while setting a de minimis in risk 

assessment? Bell et al. [29] points out that it is not being considered at present. Similarly, 

studies also indicate that defining acceptable safe level involves uncertainty and subjectivity 

[5] since acceptable residual risk is not constant over time among stakeholders. Furthermore, 

M. Peterson [89] argues that negligible risk is vague implying that there is no sharp boundary 

between negligible and non-negligible risks. In risk assessments for process industries, 

building sectors etc. de minimis is considered under the specific-number view. i.e. a risk R can 

be considered de minimis if probability of R falls below a certain number N (example 10-6). 

Here the de minimis is identified by a specific number N and hence termed specific-number 

view. Again, questions can be raised why 10-6 and not 1.001 x 10-6 which is hard to give an 

exact answer. Moreover, questions can be also raised in the perspective of fire risk assessment. 

For instance, if the probability of occurrence of a fire in a building annually leading to one 

death is 10-6 and the probability of occurrence of a fire in another building annually leading to 

100 deaths is 10-8, are the risk same? Mathematically, risk is the same. This clearly indicates 

that when the fire incidents involve large fatalities, the de minimis becomes questionable.    

On the other hand, Fischhoff et al. [88] asserts that acceptable risk problem can be viewed as a 

decision problem. Accordingly, they highlight five critical generic intricacies that exist for 

resolving acceptable risk problems which Meachem [12] have related to fire safety engineering                  

(Figure 3.4).  

 

 

 

 

 

 

 

Figure 3.4: Intricacies that exist for resolving acceptable risk problems (adopted from [12])  
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3.2 De minimis limit and Tolerability limit 

3.2.1 Risk Control Approaches 

There are mainly three risk control approaches (Figure 3.5) widely used in the EU [68].  

 

 

 

 

Figure 3.5: Three risk control approaches widely used in the EU [68] 

In the goal-setting risk-based approach, the safety goal is specified and the means of 

accomplishing the goal is not stated. This approach is widely followed in the United Kingdom 

(UK) where the ALARP need to be demonstrated i.e. risk need to be reduced to as low as 

reasonably practicable. The main idea is that in the UK, tolerability limits are not used as a 

means to control the risk [68]. Thus, in the UK the risk criteria are the starting point of 

discussion between different stakeholders involved in a project [90]. Similar goal-setting risk-

based approach is partially followed in the Netherlands where the risk in the tolerable region 

need to be reduced to a level As Low As Reasonably Achievable (ALARA). In the prescriptive 

risk based approach, which is followed in the Hungary and Czech Republic, a prescribed 

maximum level of risk is used for risk control [68]. Here some form of risk reduction is 

suggested but not necessarily enforced. Finally, in the prescriptive consequence-based 

approach the set level of consequence is used for risk control which is followed in the France. 

At the same time, Germany set no risk outside the facility boundary. Different risk control 

approach are existing since there are differences in the philosophy behind the legislative 

systems in different countries (for instance, the UK has “common law” system while the 

Netherlands has “Napoleonic law” system) as a result of which seemingly different or similar 

metrics can work out completely differently [90]. However, Trbojevic [68] suggests that the 

countries where safety regulators lack the know-how to impose goal-setting approach, could 

adopt the prescriptive approach.  

3.2.2 Risk Models 

Having defined risk and how it is being measured in the previous chapter, the question remains 

on how it is being used to indicate risks to people. Therefore, the outcomes of probabilistic risk 

assessment are expressed by means of individual risk and societal risk.  

3.2.2.1 Individual risk 

Individual risk is defined as the risk to a person in the vicinity of a hazard [9]. The UK HSE 

[91] defines individual risk as follows: “the likelihood that a particular person in some fixed 

relation to a hazard (e.g. at a particular location, level of vulnerability, protection and escape) 

might sustain a specified level of harm.” In other words, from fire safety engineering point of 

• Goal Setting Risk Based 
Approach

• Prescriptive Risk Based 
Approach

• Prescriptive Consequence Based 
Approach

Risk Control 
Approaches
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view in built environment, individual risk can be considered as the risk to an individual who 

may be at any point in the impact zone of a fire incident. For example, if a fire occurs in a 

particular floor of high-rise office building, individual risk can be considered as the risk to an 

individual at the remotest point of that office floor to evacuate to a safe location. In the same 

example, if a disabled person is present in that office floor, then the risk to that individual 

irrespective of his location on that floor will be considered since the level of vulnerability is 

high for that individual. Therefore, individual risk is independent of the population size of 

exposed to an incident i.e. in the example of the fire in an office building floor, individual risk 

is not influenced by the number of people present at that moment of fire. But it is important to 

note that likely overcrowding at the exits need to be taken into account for evacuation 

calculations. Hence, the significant aspect of the individual risk is that it is concerned of an 

identifiable person or a specific group (e.g. a named individual, a hypothetical (idealized) 

person, or a community residing in a particular geographical location [5]). Accordingly, the 

individual risk can be either location specific or person specific [8].  

According to Frantzich [92] if an occupant is inside a building, he or she will be subjected to 

risk in terms of the hazard frequency. Therefore, the individual risk (IR) for each scenario can 

be determined using the following equation:  

 IR =  ∑ 𝑝𝑖 for all i in which 𝑐𝑖 > 0 Equation 3 

where 𝑝𝑖 is the probability of sub scenario i occurring. Here 𝑐𝑖 > 0, implies that if consequences 

𝑐𝑖 = 0, there is no risk.  

The currently established individual risk criteria in the UK, the Netherlands, Czech Republic 

and Hungary is given in Table 3.2 (for more details refer [68]).  

Individual 

Risk per 

Annum 

UK Netherlands Hungary Czech 

Republic 

10-3 Intolerable risk 

for workers 

- - - 

10-4 Intolerable risk 

for members of 

the public 

- - - 

10-5 Risk to be 

reduced to 

ALARP 

Limit for existing 

installations, ALARA 

principle applies 

Upper 

limit 

Limit for 

existing 

installations 

10-6 Broadly level of 

acceptable risk 

Limit for new installations 

and general limit after 

2010; ALARA applies 

Lower 

limit 

Limit for new 

installations 

10-7 Negligible risk - - - 

10-8 - Negligible risk - - 

Table 3.2: Currently established individual risk criteria in few European countries                  

(reproduced from [68]) 
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3.2.2.2 Societal Risk 

Societal risk is defined as the relationship between frequency and the number of people 

suffering from a specified level of harm in a given population from the realization of specified 

hazards [93]. This indicates that societal risk is dependent on the population size exposed to 

an incident. Also, it is important to remember that society generally tends to be more concerned 

on incidents involving multiple fatalities. Such rare high fatality incidents might represent a 

small risk to an individual but still it will be considered as unacceptable [94].  

In general, for risk assessment, societal risk is expressed as the probability of exceedance (in 

one year) of a certain number of fatalities due to one event in a given population [18]. Thus, 

risk curves which was illustrated in Figure 2.2 can be used to depict the societal risk. In such 

case, the risk curve can be termed as FN curve (graphical representation of societal risk) since 

it shows the probability of exceedance of a certain number of fatalities on a log-log scale. 

Societal risk can be also represented numerically in the form of risk integral [91]. Since                      

PD 7974-7:2019 focuses on FN curves, which are widely used in risk assessment, the 

discussions in this study will focuses only on it. To delve more into FN curves, the risk 

acceptability limit of different countries (mentioned as ‘proof lines’ by Proske [95]) around the 

world illustrated in the book of Proske [95] is utilized and is shown in Figure 3.6. Here, the 

dray grey colored area indicates the acceptable region, light grey colored area indicates 

tolerable region and the white colored area indicates the unacceptable region of risk. Analyzing 

these proof lines highlight that they follow power-law (Equation 1) [70,95], risk aversion 

factors are considered (section 2.5) and minimum and maximum probability of exceedance of 

certain number of fatalities are proposed. So, the question is how are the risk acceptance criteria 

currently established? 

 

Figure 3.6: Proof line for FN diagrams (reproduced from [95], based on [96]) 
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Three fundamental principles are used to set risk acceptance criteria [97] which are illustrated 

in Figure 3.7. However, all these principles are used currently to set risk acceptance criteria. 

This ensures to an extent public participation in decision making process. For instance, a 

combination of these principles are used to derive target reliability values specified in                  

Annex B of Eurocode 0 [97].   

 

Figure 3.7: Three fundamental principles used to set risk acceptance criteria [97] 

To construct proof lines given in Figure 3.6, one of the two approaches can be followed [95]. 

The first approach involves choosing an anchor point i.e. frequency of a certain incident. 

Selection of this single point can be based on expert judgement or stakeholder consultation. 

For example, an anchor point selected as per UK HSE R2P2 [28] is (50,
1

5000
). This implies 

incidents resulting about at least 50 fatalities should not occur on average more than once every 

5000 years. Once this point is selected, the risk aversion factor needs to be decided i.e. the 

slope of the line as discussed in section 2.5. With these inputs, proof lines can be constructed 

after which the area of the diagram can be divided into several regions – unacceptable, tolerable 

and acceptable. In the second approach, two anchor points can be selected and a proof line can 

be constructed. The anchor points for proof lines in different countries are shown in Figure 3.8. 

 

Figure 3.8: Anchor points for proof lines in different countries (reproduced from [98]) 
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Nevertheless, PD 7974-7:2019 highlights that both individual risk and societal risk need to be 

considered applicable all the times. However, when the total number of occupants is low, then 

individual risk is expected to govern since actual calculations will indicate that generally in 

such cases societal risk is automatically fulfilled.   

The discussion on societal risks will be incomplete without highlighting the issues associated 

with the use of FN curves in risk assessment. Few studies point out the limitations of traditional 

approaches to risk determination and evaluation in engineering. Firstly, Murphy and Gardoni 

[99] highlights that FN curves normally considers only the focal consequences (consequences 

which are immediately visible) of hazard. This is true in the case of the fire risk assessments. 

Considering the case of the Grenfell tower fire, London the focal consequences were fatalities, 

property loss and the economic losses. This implies many of the auxiliary consequences are 

not considered in risk assessment. Again, auxiliary consequences can be classified as type I 

and type II [99]. Type I auxiliary consequences are the additional immediate impacts on 

individuals or systems whereas type II auxiliary consequences indicate broader indirect effects 

of such scenarios on the society. In the example of Grenfell tower fire, type I auxiliary 

consequences are the post-traumatic stress disorder (PTSD) of the two-third of the adult 

survivors [100]. On the other hand, an example for the type II auxiliary consequences in this 

case are the hundreds of people who had to move out from the adjacent buildings of Grenfell 

tower [101]. Such auxiliary consequences are rarely considered in a risk assessment. Secondly, 

the cost benefit analysis (CBA) that is normally performed in a risk assessment do not 

distinguish between the economically weaker sections and wealthy people of the society. The 

individuals with less income try to pay only less for avoiding a risk. Generalizing the concept 

of the willingness to pay based on the GDP do not account these aspects. Shildrick [58] clearly 

points out from the perspective of Grenfell Tower fire that the limited and sometimes unsafe 

housing conditions available to those with limited financial resources have been, at times, laid 

uncomfortably bare. Studies also indicate that in CBA the public opinion or participation is 

rarely taken into account and the analysis is being carried out by the experts [102]. Thirdly, 

when FN curves are used to evaluate estimated risk and communicate to the stakeholders, the 

horizontal axis of FN curves reads N which is the ‘number of fatalities’. For example, the 

ALARP principle was originally prepared by the UK HSE for nuclear industry where the 

number of fatalities in a nuclear disaster is most likely [85]. But in the building fire risk 

assessment, is it really the number of fatalities or the number of people who are exposed to 

untenable conditions in case of a fire in the building? An apt usage for better understanding 

will be the expected number of people who are exposed to untenable conditions in case of a 

fire in the building among the total occupants. Fourthly, the annual frequencies of different 

scenarios are considered in FN curves. Even though it is a preferred unit in FN curves to 

communicate with the stakeholders, in terms of the ‘life safety’ goal in fire safety engineering, 

it is more meaningful if the frequencies are measured in terms of the ‘hours of occupancy used.’ 

This is due to the fact that the probability of an accidental fire starting in a building also depends 

on the presence or absence of human sources (e.g. smoking) apart from the non-human sources 

(e.g. faulty electrical equipment) [1].  
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3.3 Framework for Risk Acceptability and Tolerability  

Aven and Vinnem [103] attempts to present and discuss a risk analysis regime without the use 

of risk acceptance criteria from the perspective of offshore oil and gas industry. These authors 

point out that the introduction of a pre-determined acceptance risk criteria makes stakeholders 

focus more on meeting these criteria rather than obtaining good cost-effective solutions and 

measures. At the same time, the risk analysis tools to evaluate risk in general do not have a 

sufficient precision level for such a mechanical use of criteria. This approach might be practical 

in oil and gas industry since the technologies as well as designs used are similar. Moreover, 

there are well defined prescriptive codes (e.g. API, ASTM etc.), standard operating procedures, 

safety training to employees and visitors entering the premises of these industries. However, 

such a risk analysis regime suggested by Aven and Vinnem cannot be generalized and adopted 

to the built environment since each building differs in design, material of construction, type of 

occupancy etc. Since PRA is a growing field in the built environment, the use of risk acceptance 

criteria and a framework to establish them is essential to utilize the full potential of 

performance-based fire safety design [104]. 

Based on the discussions presented in Chapter 2, it is clear that a framework for setting the              

de minimis limit and the tolerability limit for a specific project in the built environment should 

consider different risk perception factors relevant to fire safety engineering, risk aversion in 

terms of the steepness of proof lines and ethical aspects in fire risk assessment. At the same 

time, it is essential to understand the tolerability limit and de minimis limit established for 

different sectors in different countries for both individual risk and societal risk. This together 

with the knowledge on constructing the proof lines helps to develop a framework for setting 

and establishing de minimis limit and the tolerability limit for a specific project in the built 

environment. As such, a framework is suggested and illustrated in Figure 3.9.  

  

Figure 3.9: A suggested framework for setting de minimis limit and tolerability limit for a 

project in built environment 
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Step 1: Know the facility in question 

The first step is to understand the facility for which the PRA need to be carried out. Therefore, 

a building can be considered as a system with different components as indicated in Figure 3.10.  

   

 

 

 

 

 

 

 

Figure 3.10: Different components of a building that requires a clear understanding for 

probabilistic fire risk assessment 

Any issues or problems with any of these components of a building may lead to different kinds 

of consequences. For example, if fire detection system is not properly designed or fails to 

activate alarm and notify the occupants of a building in case of a fire, it can delay evacuation 

which can lead to number of fatalities or injuries. Therefore, understanding each of these 

components of a building helps to frame an entire spectrum of consequences which further aids 

to think about dealing with social aversion to high consequences events. This information needs 

to be captured in the risk curve. However, to start with, six important questions (given in                 

Figure 3.11) are developed based on the discussions presented in section  2.4, 2.5 and 2.6 of 

chapter 2. These questions need to be answered since they are critical in setting de minimis 

limit and tolerability limit for a project in built environment.  

  

Figure 3.11: Six important questions to answer for understanding the facility in question 

What is the type of occupancy? 
What service is provided by the 
building (normal and 
emergency)?

Who are exposed to the 
hazards? Any vulnerable 
population groups?

How many people are expected 
to be in the building?

Is the building occupied 24x7?

Are there any sleeping risks?
Are people familiar with the 
building layout?

Building

Material of 
construction

Occupant 
behaviour under 

normal and 
emergency 

conditions and 
occupancy type

Fire protection 
systems -

Active and 
Passive

Fire evacuation  

Building 
services                

Eg: gas pipings
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Step 2: Choose a method for setting de minimis limit and tolerability limit 

This step is incorporated in the framework foreseeing the future of PRA in fire safety 

engineering. Therefore, one of the four methods illustrated in Figure 3.12 can be utilized for 

setting de minimis limit and tolerability limit of risk for a project in the built environment.  

 

Figure 3.12: Different methods for setting risk acceptability and tolerability criterion 

At first, it can be checked if any international best practices are available for setting up the risk 

acceptability and tolerability criteria for fire safety. If yes, it can be adopted with caution. For 

example, the risk tolerability criteria developed in Japan should not be directly applied in the 

UK without understanding the assumptions and limitations. Therefore, in such case, the 

international best practice can be considered as a guidance and accordingly necessary 

modifications or similar methodologies can be adopted to frame risk tolerability criteria.  

In the absence of international best practices, the fire incident statistics can be utilized. This 

approach is followed by Wang et al. [105] to establish a fire societal risk criterion. However, 

availability of sufficient reliable data is a major issue. For example, Lundin [71] was unable to 

find sufficient comprehensive accident statistics for compressed natural gas (CNG) vehicles in 

an underground facility in order to quantify a safety target for an underground commuter bus 

terminal in Sweden. Moreover, use of statistical data can raise some issues. For instance, the 

results depend on the availability of fire incident statistics and the time period of data 

considered for the analysis [12]. To be clear on this, the data considered for the years 2015 to 

2018 will give a different answer than the data considered for the years 2000 to 2018. Similarly, 

the reliability of the data also influences the results. Moreover, if different stakeholders are 

involved in the risk decision making process, there can be differences in opinion on selecting 

the consequences to be considered for the analysis (e.g. fatalities, injuries, monetary terms of 

damages or environmental impacts). There can be also questions raised on whether to consider 

the building fires fatalities due to terrorist attack as in the case of World Trade Centre, USA in 

2001. Similar questions can be raised when choosing statistical data containing the Grenfell 
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Tower fire, UK. So, it is important to think whether it is really necessary to consider these 

statistical data when setting risk acceptability and tolerability criterion. It is clear from the 

public reaction that such incidents are not acceptable or tolerable. Therefore, making a 

distinction between ‘accepted’ and ‘unaccepted’ or ‘tolerable’ events in the fire incident 

statistics, especially from the perspective of the society, before utilizing the statistical data for 

setting risk tolerability limit is crucial.   

The next method is to utilize the risk acceptance criteria established for other facilities in other 

sectors. For example, to develop a quantitative acceptance criteria for underground bus 

terminal in Sweden, Lundin [71] considered a risk assessment for a Swedish modern road 

tunnel and another example related to the land-use planning and development adjacent to 

dangerous goods routes in Sweden. Then important factors affecting tolerated risk in society 

were compared between the bus terminal and the other two cases. But it is important to note 

that the fire dynamics, human behavior in fire and the potential for catastrophe affecting risk 

perception of people differs between the cases considered.  

The final method is developing a risk tolerability criterion directly through stakeholder 

consultation. This method is followed in the case studies demonstrated in this dissertation.  

Step 3: Consider different risk perception factors 

Different risk perception factors discussed in section 2.4 need to be considered in this step. 

Society does not tolerate high risks in occupancies where vulnerable population group reside. 

As a result, if a fire occurs in a hospital and results in 50 fatalities, society might raise a question 

why more fire safety measures were not implemented in such an occupancy. Hence, according 

to the type of occupancy considered, risk tolerance needs to be made stringent. Thus, the 

important risk perception factors to be considered and few examples of premises where 

stringent risk tolerance need to be considered are shown in Figure 3.13.  

 

Figure 3.13: Important risk perception factors and examples of premises where stringent risk 

tolerance needs to be considered 
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It is clear from Figure 3.13 that the risk tolerance for hospital buildings and office buildings 

differs. But the question is how do we consider these factors in setting the de minimis limit and 

tolerability limit? This can be done by introducing a point-based system which aids to select a 

risk aversion factor representing the steepness of proof lines. One should be cautious while 

selecting the steepness of proof lines. For example, the intolerable limit in the UK is 10-4 and 

when ALARP is strictly imposed, in reality the risk is well below the limit [68]. Therefore, 

selecting a steepness of 2 and imposing ALARP strictly will be challenging and at the same 

time it can result in ineffective utilization of the resources. Therefore, considering the ethical 

aspects of risk assessment, a steepness of 1 and 1.5 are suggested in this risk tolerability 

framework. Steepness of 1 corresponds to that of the UK HSE criterion whereas 1.5 

corresponds to the steepness set by Farmer [106] when the concept of proof lines were first 

introduced in risk assessment. Hence, for stringent risk tolerable criteria, it is suggested to use 

1.5 and for less stringent criteria a slope of 1 is suggested. Moreover, the equation used to 

construct proof lines considers negative slope. As a result, for stakeholder discussion it is 

necessary to select between 1 and 1.5 for the building under consideration.  

The point-based system as given in Table 3.3 considers different risk perception factors and a 

rating scale in which points vary from 0 to 1. For different occupancy types specified in table 

D1 of UK Approved Document B [107], the total points were evaluated. Accordingly, the 

minimum points obtained for residential buildings were found to be 3. Since the risk tolerance 

of residential buildings and office buildings are different, a total point of 3 is chosen as the 

baseline for the selection of risk aversion factor. Therefore, if the total points obtained during 

the evaluation is less than 3, a risk aversion factor of 1 is suggested. On the other hand, if total 

points obtained is equal to or greater than 3, a risk aversion factor of 1.5 is suggested.  

 

Table 3.3: Point-system to select risk aversion factor (steepness of proof lines) for a specific 

building 
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Studies indicate that wider tolerable region, where ALARP need to be demonstrated by CBA, 

maximize societal welfare [5] and thus can be applied to achieve different fire safety goals in 

fire safety engineering. But there are no defined procedures to mathematically represent the 

curve in log-log graph and construct the proof lines. An attempt made to mathematically 

represent the curve in log-log graph was not successful. On the other hand, if a decision is made 

to join two anchor points with a curve instead of a line, the width of the tolerable region will 

be affected by the subjectivity of the stakeholders. Hence, the traditional method of connecting 

the anchor points with a straight line is proposed. 

Step 4: Set de minimis limit and tolerability limit (Individual risk and Societal risk) 

This step can be done with or without the involvement of stakeholders. If the stakeholders are 

not involved, the engineering judgement and past experience of the designer can be used to set 

a criterion initially which can be discussed with the stakeholder for their acceptance in the later 

stage. However, it is highly recommended to involve stakeholders while setting up the criteria. 

The following four questions need to be answered before proceeding ahead.  

1. What are the maximum tolerable limits established in other sectors (transportation, 

industries etc.)?  

2. Should the unit of frequency of occurrence in FN curves defined in ‘per year’ or ‘hours 

occupancy used’? 

3. What is the risk aversion factor that need to be selected (steepness of proof lines)?   

4. In any case do you set a maximum number of people who can be exposed to untenable 

fire conditions considering risk aversion? 

The maximum tolerable limits (tolerability limit) and broadly acceptable limits (de minimis 

limit) established in other sectors (Figure 3.14 and Figure 3.15) can be used as a reference to 

select an anchor point. In the case of setting unit of frequency of occurrence in FN curves, 

either of the two, as mentioned in point 2 above, can be selected based on the stakeholder 

consultation. However, for clarity and stakeholder discussion, it is highly recommended to use 

the unit of frequency in FN curves as ‘per year’.  

Individual Risk  

The currently established individual risk criteria set by UK HSE for the members of the public 

(Table 3.2) is suggested for use. The same is also recommended in Table A.1 – Individual risk 

limits of PD 7974-7:2019 [8]. This is due to the fact that these limits were established taking 

into account the most difficult activities that can be controlled and also reflects the agreements 

reached at international level [28]. This is also evident from appendix 4 of UK HSE R2P2 

document [28]. Moreover, Focaracci [108] points out that from literature data for voluntary 

risks, statistical data record an annual individual risk between 10-4 and 10-5 whereas for 

involuntary risks it is between 10-6 and 10-8 annually.  
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Figure 3.14: Maximum tolerable limits (or tolerability limit) set in different sectors  

Figure 3.15: Broadly acceptable limits (or de minimis limit) set in different sectors 
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Societal Risk 

A flowchart illustrating the steps for setting up a societal risk criterion is shown in Figure 3.16. 

At first, through stakeholder consultation and considering the broadly acceptable limits 

established in other sectors, for 10 persons an acceptable frequency of exposure to untenable 

conditions is determined (F1). Thus, anchor point 1 is set. 

 

Figure 3.16: Flowchart illustrating the steps for setting up a societal risk criterion 

Using anchor point 1 and the selected risk aversion factor in step 3, the acceptable frequency 

for 1 person exposed to untenable conditions (m) can be determined using the following 

equation:  

 m = F1 x 10b  Equation 4 

   

Next, the maximum expected number of people exposed to untenable conditions (𝑁𝑃𝐸) can be 

set. This can be based on stakeholder discussions as well as from the statistics of maximum 

floor space factor seen in the occupancy under consideration. Thus, the accepted probability of 

occurrence in a defined time interval 𝐹(𝑁𝑃𝐸) can be determined using Equation 1. Thus, a line 

can be drawn from the point (1, m) passing through (10, F1) and connecting point                            

(𝑁𝑃𝐸, F(𝑁𝑃𝐸)). Next, a line is drawn vertically down from the point (𝑁𝑃𝐸, F(𝑁𝑃𝐸)) so as to meet 

the horizontal axis. This procedure is applicable for setting broadly acceptable limit as well as 

maximum tolerable limit. Thus, first maximum tolerable limit line can be constructed and then 

broadly acceptable limit line or vice-versa. As a result, different risk regions (acceptable, 

tolerable and unacceptable) can be created.  

Step 5: Stakeholder discussion 

Even if stakeholders are involved in the previous steps, it is very important to finally get their 

acceptance or confirmation on the set maximum tolerable and broadly acceptable limits for the 

building under consideration. This is due to the fact that there are differences in the perception 

of risk between experts and public. In order to ensure that all aspects are considered in setting 

the risk tolerability criteria and further to ensure that there is no disagreement on the set risk 

criteria, a stakeholder discussion is mandatory. In case of any disagreement, the risk perception 

factor needs to be discussed (step 3) and all subsequent steps need to be followed. Finally, the 

set broadly acceptable risk and maximum tolerable risk criteria can be established for the 

specific project when the stakeholders agree and approve.  
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However, it is important to take note of few issues when stakeholders are involved in setting                            

de minimis limit and tolerability limit for a project in the built environment. When a risk 

tolerability is defined through stakeholder consultation specific to a project, even in the case 

where two exact buildings are designed by two different consultants, the risk tolerability 

criterion established by each team might vary. Also, if the stakeholders involved in establishing 

risk tolerability limit are not serious and just adopt risk tolerability limit for a similar building 

blindly, the output of PRA need not be fruitful. Hence, it is recommended that the designer 

ensures that the stakeholders involved in the discussions are aware of the importance of 

different risk perception factors.  

3.4 Stakeholder Feedback 

The framework proposed for setting up the de minimis limit and tolerability limit of risk for a 

project in the built environment is mainly based on the literature review. Therefore, it is 

important to know whether the proposed framework can be practically implemented in an 

engineering project. Hence, as a part of stakeholder feedback, a recording of the presentation 

on this framework and its demonstration through a case study (office building) has been shared 

with fire safety professionals around the world. Moreover, it has been presented and discussed 

in person with few fire safety professionals [109,110]. The stakeholder feedback [109–115] 

helped to understand the limitations of the proposed framework from the practical point of 

view.   

Mostly all the fire safety professionals who provided a feedback on the proposed risk 

tolerability framework mentioned that getting a quantitative target values from ‘stakeholder 

consultation’ is very difficult. This is due to the fact that many stakeholders do not understand 

risk well enough to contribute in a meaningful way. For example, one of the fire safety 

professionals mentioned that if a question is asked to a stakeholder regarding the probability 

of one person dying in a given building a year, the answer is often zero. Accordingly, to get a 

non-risk-expert to agree to quantitative target values is essentially impossible in today’s 

landscape. Therefore, in reality, fire engineers end up defining the risk by themselves and 

justify why that is appropriate. On the other hand, another fire safety professional is of the 

opinion that if the proposed risk tolerability framework is established in real projects in a 

country, then every building will have different interpretation of acceptable societal risk.  

The fire safety professionals were also asked who are the ‘stakeholders’ that need to be 

involved in setting up the de minimis limit and risk tolerability limit according to the proposed 

risk tolerability framework. Accordingly, the following need to be considered as the 

stakeholders:  

• The local authority 

• Owners  

• Operators  

• Insurers  

• Occupants or users of the building 

• Fire Brigade 
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• Occupants of the adjacent properties who can be affected by a fire in the building under 

consideration  

However, in reality, the feedback also stressed that for some buildings such as offices, 

residential, commercial, retail and industrial buildings, when the design is developed, none of 

the occupants are involved or even known. Moreover, people with financial, professional and 

moral responsibility for the building, its design or the area within a building would be the ones 

highly involved and willing to decide what limits are acceptable to them.  
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4 Case Studies  
 

This chapter demonstrates a case study (other case studies are presented in Annexure A and 

Annexure B respectively) by structured application of probabilistic methods in accordance with 

the PD 7974-7:2019 and the proposed risk tolerability framework. A methodology is also 

developed for structured application of probabilistic methods.  

         

Figure 4.1: Flow chart highlighting the structure of chapter 4 

4.1 Methodology 

In order to have a structured application of probabilistic methods in fire safety engineering, 

developing a methodology which enables fire safety community to approach any project in the 

built environment is crucial. Based on a review of UK published document (PD 7974-7:2003 

[6] and PD 7974-7:2019 [8]) and further discussions with a fire safety professional [116], a 

well-structured novel methodology is developed and is illustrated in Figure 4.3.  

Step 1: Set fire safety goals, design objectives and performance indicators 

Once the project scope is clear, the first step is to set fire safety goals, design objectives and 

performance indicators through stakeholder consultation. It is important to understand the 

building characteristics before setting them. A description of these terms is given in Figure 4.2.  

 

Figure 4.2: Description on Fire Safety Goals, Design Objectives and Performance Indicators 

(based on [25,117]) 

However, this methodology is developed specifically for ‘life safety’ goal. Accordingly, 

necessary modifications need to be made in the proposed methodology to account for other fire 

safety goals.  

Methodology Case Study 1 - Office
Case Study 2 - Nightclub 

(Annexure A)
Case Study 3 - Indoor Children Play 

Area (Annexure B)
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Figure 4.3: Flowchart illustrating a methodology for structured application of probabilistic 

methods in fire safety engineering 
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Step 2: Set the risk tolerability limit and broadly acceptable limit (de minimis limit) 

The framework developed for setting risk tolerability limit and broadly acceptable limit for a 

specific project in the built environment as discussed in section 3.3 is adopted.  

Step 3: Select Design Fire - find ASET 

Next, the task is to determine Available Safe Egress Time (ASET) which is defined as 

‘calculated time available between ignition of a fire and the time at which tenability criteria 

are exceeded in a specific space in a building’ [118]. Data presented in Annex B (informative) 

of PD 7974-7:2019 [8] can be utilized as a starting point for ASET calculations. In addition, it 

is important to collect data through relevant literature specific to the type of occupancy being 

considered. For instance, statistical data on area of fire damage, fire growth rates, heat release 

rate per unit area (HRRPUA) etc. need to be collected for this purpose. Special care needs to 

be taken while selecting HRRPUA and hence it is recommended to refer [119]. These inputs 

help to select design fires. Accordingly, using a two-zone model or computational fluid 

dynamics (CFD) package, ASET can be determined.  

Step 4: Evacuation calculations – find RSET 

Required Safe Egress Time (RSET) is defined as ‘calculated time available between ignition 

of a fire and the time at which occupants in a specified space in a building are able to reach a 

place of safety’ [118]. To determine RSET, designer might require to delve into literature to 

collect details of occupant density distribution, movement speed of occupants, pre-movement 

time of occupants, alarm time as well as detection time specific to the type of occupancy 

considered. Moreover, the designer should have a clear idea of the floor plan of the building, 

evacuation routes, the width of the exits etc. The total evacuation time can be calculated either 

by hand calculation based on SFPE handbook guidelines [120] or using evacuation simulation 

software.   

Step 5: Identify the most conservative scenario 

In performance-based design, from a life safety point of view for a typical design to be 

considered acceptable, ASET ≥ RSET [25]. If this condition is not satisfied, the number of 

people who will be exposed to untenable conditions can be determined. The untenable 

condition is based on the set performance indicator. A scenario in which the maximum number 

of people who will be exposed to untenable conditions (considering the highest occupant 

density, alarm time, pre-movement time etc.) will be considered as the most conservative.  

Step 6: Event tree analysis (ETA) and FN curve 

Depending on the type of occupancy, PD 7974-7:2019 provides data on ignition frequency or 

information to calculate them. This can be used as a starting point of the event tree analysis 

and all the relevant possible events need to be accounted in an event tree. Accordingly, for the 

most conservative scenario, an event tree analysis can be performed. Figure 4.4 provides a 

general example of an event tree illustrating a range of outcomes resulting from an initiating 

event. Sometimes it is necessary to perform fault tree analysis (FTA) to determine the 
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probability of success or failure of a fire safety measure. In such cases, identifying the basic 

events and estimating the probabilities of basic events from statistical data or engineering 

judgement can help to determine the probability of success or failure of a fire safety measure, 

which is the top event. Figure 4.5 shows a fault tree created for determining the probability of 

failure of a fire protection system.  

 

Figure 4.4: Event tree analysis (reproduced from PD 7974:7-2019 [8]) 

 

Figure 4.5: Fault tree analysis of a failure of fire protection system (reproduced from [121]) 

Therefore, for different possible scenarios the frequency of occurrence of each scenario (f) and 

the number of occupants exposed to untenable conditions can be determined (N). Thus, by 

taking cumulative frequencies (F), a FN curve can be produced.   

Step 7: Evaluate the risk  

The established risk acceptability and tolerability criteria as per the proposed framework can 

be incorporated into the FN curves to evaluate the risk. Referring to Figure 3.3, if the estimated 

risk is found to be tolerable, an ALARP assessment need to be carried out. On the other hand, 

if the estimated risk is still unacceptable more details need to be incorporated in the event tree 

(step 5) and perform ASET-RSET analysis. For example, based on the results of one-way 

sensitivity analysis of RSET calculations, the most influencing parameter that have an effect 

on the expected number of people exposed to smoke (or defined performance indicator) can be 
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included in the event tree analysis. This is a cyclic process which need to be performed until 

the estimated risk (FN curve) falls in the tolerable region where ALARP assessment need to be 

performed (tolerable region) or estimated risk (FN curve) falls in de minimis region                    

(Figure 3.3). At this point, the individual risk can also be determined (Equation 3) and 

evaluated.  

Step 8: ALARP assessment 

As per PD 7974-7:2019 demonstrating ALARP through PRA in fire safety engineering is 

extremely important. Accordingly a design can be considered adequately safe when ALARP is 

demonstrated on the prerequisite of the spectrum of failure consequences (and their associated 

probabilities) being tolerable to a given society [122]. As illustrated in Figure 3.3, one of the 

three routes can be considered to demonstrate the attainment of ALARP. Considering the 

pitfalls of absolute acceptance criterion (AC3) and comparative acceptance criterion (AC5) of 

cost benefit analysis [5,122] ALARP acceptance criterion (AC4) is (typically) the most 

appropriate when developing general guidance [122].  

A general equation [5] that can be used to symbolically represent the ALARP principle 

considering the fact that beyond a certain point risk reduction measures are too expensive to 

implement is given as follows: 

 ∆𝐶

−∆𝑅𝐼
 ≤ 𝛼 

Equation 5 

where ∆𝐶 is the cost of investigated safety feature, ∆𝑅𝐼 is the associated change in a scalar risk 

indicator and 𝛼 is interpreted as a proportionality constant [5]. 

In the perspective of life safety goals, CBA considers ‘the value of human life’ to judge which 

life saving measures are economical [21]. However, this should not be interpreted as assigning 

a direct value on human life. Therefore, Life Quality Index (LQI), an index of societal welfare 

[122] and an internationally accepted method to determine the monetory value of a risk 

reduction to human life is adopted [8]. Based on this method, the amount society is willing to 

pay to avoid exposure to risk and save a life (SCCR1life - societal capacity to commit resources 

for risk reduction saving one statistical life) can be evaluated and further used as the 

proportionality constant 𝛼 of Equation 5. As per Table A.2 of PD 7974:7-2019 [8], in the UK 

SCCR1life is currently benchmarked as 2.6 million GBP (2.6 x 106 GBP). For example, if it 

needs to be checked and decided whether installing sprinkler system in a floor of a building is 

a relevant option to reduce the risk, the reliability data of sprinkler is incorporated in the event 

tree analysis and ∆𝑅𝐼 will be determined. Let ∆𝐶 be the installation and maintenance cost of 

sprinkler system in the floor of a building where the analysis is focused. Further analysis i.e. 

whether a specific type of a sprinkler system need to be installed or a smoke heat extraction 

system need to be installed etc. can be performed if the following condition is satisfied: 

 ∆𝐶 ≤ SCCR1life (−∆𝑅𝐼) Equation 6 

If the above condition is not satisfied, the design is already ALARP.  
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4.2 Case Study 1 – Office Building, UK 

An office building assumed to be located in England which is designed applying the guidance 

provided in BS 9999:2008 [123] is taken for the study. The building consists of eight floors 

where the floor to ceiling height is taken as 3.2 m, with storey-to-storey height of 3.4 m. The 

building is used as open-plan offices and consists of two stairs – central stairs and western 

stairs as shown in Figure 4.6. However, for PRA only sixth floor of the building is analyzed 

for which the net internal area (NIA) considered is 805 m2 and the exit width is 0.85 m.    

Figure 4.6: Floor plan of the sixth floor of office building considered for the study 

Step 1: Set fire safety goals, design objectives and performance indicators 

The fire safety goal, design objective and performance indicators are set for office building as 

shown in Figure 4.7. 

 

Figure 4.7: Fire safety goal, design objective and performance indicator for the office 

building case study 
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As per the Office for National Statistics (ONS) [124], UK the average man in England is                 

175.3 cm tall whereas the average woman in England is 161.6 cm tall. It is important to ensure 

that the occupants are not directly exposed to smoke. This can be done by keeping the smoke 

layer height above the head of the occupants. Considering this fact, this height is assumed to 

be 2 m above the floor level and is set as the performance indicator.  

Step 2: Set the risk tolerability limit and broadly acceptable limit 

Step by step procedure as indicated in Figure 3.9 (risk tolerability framework) is followed here.  

• Step 1: Know the facility in question 

Questions Comments 

• What is the occupancy type? 

• Service provided by the building? 

 

• Office (ADB Table D1 [107]) 

• Normal 

• Who are exposed to the hazards? 

Any vulnerable population 

groups? 

 

• There can be presence of disabled persons. But 

in general office buildings do not have 

vulnerable population groups.  

 

• How many people are expected to 

be in the building? 

 

• Only a particular floor is considered. Most 

conservative approach is to find the maximum 

number of people on this floor. From the 

literature review on the occupant density in 

office premises [125], a floor space factor of               

0.5 m2/person is found to be conservative. 

Accordingly, the maximum expected number of 

persons is 1610. 

 

• Is the building occupied 24x7? 

 

• No. Weekdays mainly with a 12 hrs. working 

time a day. 

 

• Are there any sleeping risks? 

 

• No 

• Are people familiar with the 

building layout? 

 

• In general, yes. But there can be visitors who 

might not be familiar with layout. However, in 

case of an emergency due to better fire safety 

management, they will be directed to a safe 

location by the employees.  

 

Table 4.1: Key questions answered for understanding the office building in question 

• Step 2: Choose a method for setting de minimis limit and tolerability limit 

Taking into account the limitations involved in other methods given in Figure 3.12, it is decided 

to set the de minimis limit and tolerability limit through stakeholder consultation.  
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• Step 3: Consider different risk perception factors 

Considering different risk perception factors applicable to fire safety engineering, it is 

important to choose a risk aversion factor (steepness of proof lines). Table 4.2 shows the point-

system analysis for office building to select risk aversion factor. It is clear that the steepness of 

proof line needs to be 1 for this office building. 

Risk Perception Factors Points Comments 

Service of building under 

normal and emergency 

conditions  

 

0 Service of building considered important in normal 

conditions as compared to a hospital building.  

Importance of building  

 

0.5 Medium importance since property protection and 

business continuity need to be considered from the 

perspective of fire safety goals.  

Vulnerable population group 

 

0 There can be presence of disabled persons. But in 

general office buildings do not have vulnerable 

population groups.  

Sleeping Risk 0 No sleeping risk involved.  

Potential for catastrophe and 

possibility to evacuate 

1 Considering the fact that it is a high-rise building, 

there is potential for catastrophe and difficulties to 

evacuate. 

Familiarity 0 In general, yes for office buildings.  

Trust 

 

0.5 In the wake of Grenfell Tower fire, the society 

losses trust on the government and authorities [58]. 

Thus, a moderate trust can be assigned.  

Total  2 Since total points is less than 3, the steepness of 

proof lines b = 1 

 

Table 4.2: Point-system analysis for office building to select risk aversion factor                     

(steepness of proof lines) 

• Step 4: Set de minimis limit and tolerability limit (Individual risk and Societal risk) 

Reference values for the individual tolerability limit and individual de minimis limit as 

mentioned in Table A.1 of PD 7974-7:2019 [8] is 10-4 per year and 10-6 per year respectively. 

This is set for the office building under consideration.     

For setting societal risk limits, the steps mentioned in Figure 3.16 can be used. Accordingly, 

anchor point 1 is to be set with stakeholder discussion. For the tolerability limit and de minimis 

limit, considering the fact that the occupancy type considered is office, a less stringent criteria 

can be set. Therefore, from Figure 3.14 and Figure 3.15 considering the UK HSE criteria, the 

following anchor points are set for the tolerability limit and de minimis limit respectively:               

(10, 10-3) and (10, 10-5). Table 4.3 follows the steps mentioned in Figure 3.16 to construct the 

proof lines. Accordingly, Figure 4.8 shows the proof lines for the office building.  
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Table 4.3: Tolerability limit and de minimis limit for office building 

 

Figure 4.8: Proof lines for the office building 

• Step 5: Stakeholder discussion 

Since this is a hypothetical case study, there are no stakeholders involved for discussion. 

However, in reality, for a similar case study, the following will be considered as the 

stakeholders: owner, operator, insurer, fire brigade, representatives of the occupants of the 

office building (for instance health and safety team of the organization) and representatives of 

the occupants of the adjacent properties. 

Step 3: Select Design Fire - find ASET 

To determine ASET, the two-zone model B-RISK is used. As a starting point, data provided in 

table A.6 – office buildings: frequency distribution of area damage (in terms of number of fires) 

of PD 7974-7:2003 [6] is utilized.  As per Eurocode EN 1991-1-2, 2002 [126] the suggested 

heat release rate per unit area (HRRPUA) for fuel-controlled fires for office occupancy is                  

250 kW/m2. Using the data for area of damage and HRRPUA, the heat release rate (HRR) is 

determined. Accordingly, for medium fire growth rate which is the typical fire growth rates for 

office occupancies [4], time taken for smoke layer to reach 2 m above the floor level is 

determined using B-RISK (Table 4.4).  
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Steps Tolerability Limit de-minimis Limit 

1 Anchor point: (10, 10-3) Anchor point: (10, 10-5) 

2 m = 10-3 x 101 = 10-2 per year   

Point 2: (1, 10-2) 

m = 10-5 x 101 = 10-4 per year   

Point 2: (1, 10-4) 

3 F(2000) = 10-2 x (2000)-1 = 5 x 10-6 per 

year 

Point 3: (2000, 5 x 10-6) 

F(1000) = 10-4 x (1000)-1 = 1 x 10-7 per 

year 

Point 3: (1000, 1 x 10-7) 
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Area of 

damage 

(m2) 

HRR  

(kW) 

HRR  

(MW) 

Probability 

(out of 1860 

fires) 

Time taken for 

smoke layer to 

reach 2 m above 

floor 

(min) 

Expected 

time1 for 

smoke to 

reach 2 m 

above floor 

(min) 

1 250 0.25 0.488 9.80 
5.95 

4 1000 1 0.204 5.73 

9 2250 2.25 0.077 5.58 

1.45 
19 4750 4.75 0.062 5.58 

49 12250 12.25 0.083 5.58 

99 24750 24.75 0.037 5.58 

Table 4.4: ASET for different area of damage in office floor 

Step 4: Evacuation calculations – find RSET 

RSET is determined employing the hydraulic model specified in SFPE Handbook of Fire 

Protection Engineering [120]. However, following assumptions are made in the evacuation 

calculations: 

• Evacuation is only considered from 6th floor of the office building. Evacuation from other 

floors are not considered.  

• For the initial assessment, one stair is discounted and only central stairs is available for 

evacuation. 

• Once occupants enter the staircase, they are considered to be safe.  

• Smoke detection system is provided in the building.  

• Occupants start egress approximately at the same time.  

The key evacuation calculation input parameters (occupant density, alarm time and pre-

evacuation time) for office occupancy are adopted from the literature [125].  

Table 4.5 shows the results of ASET-RSET analysis for the case where only the central 

staircase is available for evacuation. On the other hand, Table 4.6 shows the results of ASET-

RSET analysis for the case where both staircases are available for evacuation. By performing 

ASET-RSET analysis, the expected number of persons who will be exposed to smoke (N) can 

be determined.  

 

 

 

 

 

                                                      
1 For example, for area of damage of 1 m2 and 4 m2, expected time = (0.488 x 9.8) + (0.204 x 5.73) = 5.95 mins.   



51 

 

Sl. 

No 

Floor 

Space 

Factor 

(m2/p) 

No. of 

people 

Alarm 

time 

(min) 

Pre-

moveme

nt time 

(min) 

Total 

evacuation 

time – 

RSET 

(mins) 

Expected 

no. of people 

exposed to 

smoke - area 

of damage  

≤ 4 m2 

Expected no. 

of people 

exposed to 

smoke - area 

of damage  

> 4 m2 

1 101.50 8 0.50 0.00 0.85 0 0 

2 5.00 5.85 8 8 

3 1.16 2.01 0 8 

4 0.50 1610 0.50 0.00 38.57 1392 1569 

5 5.00 43.57 1606 1610 

6 1.16 39.74 1442 1610 

7 14.10 57 0.50 0.00 0.85 0 47 

8 5.00 5.85 56 57 

9 1.16 2.02 0 57 

Table 4.5: ASET-RSET analysis result - only central staircase available for evacuation – 

office 

Sl. 

No 

Floor 

Space 

Factor 

(m2/p) 

No. of 

people 

Alarm 

time 

(min) 

Pre-

moveme

nt time 

(min) 

Total 

evacuation 

time – 

RSET 

(mins) 

Expected 

no. of people 

exposed to 

smoke - area 

of damage  

≤ 4 m2 

Expected no. 

of people 

exposed to 

smoke - area 

of damage  

> 4 m2 

1 101.50 8 0.50 0.00 0.79 0 0 

2 5.00 5.79 8 8 

3 1.16 1.96 0 8 

4 0.50 1610 0.50 0.00 16.38 1174 1528 

5 5.00 21.38 1602 1610 

6 1.16 17.55 1274 1610 

7 14.10 57 0.50 0.00 0.79 0 21 

8 5.00 5.79 32 33 

9 1.16 1.96 0 33 

Table 4.6: ASET-RSET analysis result - 2 staircases available for evacuation - office 

Step 5: Identify the most conservative scenario 

The most conservative scenario is when the following conditions are satisfied:  

• Only central staircase available for evacuation  

• Floor space factor is 0.50 m2/person 

• Pre-movement time is 5 minutes 

Therefore, in Table 4.5 simulation 5 satisfies all these conditions and is considered as the most 

conservative scenario.  

Step 6 & 7: Event tree analysis (ETA) and FN curve, Risk evaluation  

For the conservative scenario identified in step 5, an event tree is created. The ignition 

frequency is calculated based on the data given in table A.3 – probability of fire starting within 
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given floor area for various types of occupancy of PD 7974-7:2003 [6]. Accordingly, FN curve 

is produced for the most conservative scenario as shown in Figure 4.9.  

 

Figure 4.9: FN curve for the most conservative scenario – office 

It is clear from Figure 4.9 that the estimated risk is not acceptable. Hence, as per the 

methodology given in Figure 4.3, it is important to add more details in the event tree. Therefore, 

it is important to know which are the parameters that can have an influence on the number of 

people exposed to smoke. For example, from Table 4.5 and Table 4.6, it is evident that area of 

damage, occupant density (floor space factor), pre-movement time and number of stairs 

available for evacuation have an influence on the number of people exposed to smoke. 

Accordingly, each of these details are included in the event tree till the point where FN curve 

falls in the tolerable region and ALARP can be demonstrated. The event tree developed for the 

office case study (floor 6) is given in Figure 4.10. The probabilities indicated in the branches 

of event tree is provided in Table 4.7.  

 

Figure 4.10: Event tree developed for the office building - floor 6 
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Particulars Value Reference/Comments 

Probability of fire occurring in the weekends 0.19 [127] 

Probability of fire occurring in the weekdays 0.81 

Probability of fire occurring during the day 0.69 

Probability of fire occurring during the night 0.31 

Probability of fire occurring for fires causing 

damage ≤ 4m2 

0.692 [6] 

Probability of fire occurring for fires causing 

damage > 4m2 

0.308 

Probability of successful extinguishment of 

fires by occupants 

0.71 [128] 

Probability of not successful extinguishment 

of fires by occupants 

0.29 

Probability of fire detection and alarm 

system failed to give an alarm 

0.11 [129] 

Probability that alarm time is not equal to 0 s 0.96 [130] 

Probability of having a floor space factor of 

0.50 m2/person 

0.00278 On monthly basis. Assumed party 

in the floor once in a month (30 

days), once in a day (24 hours) 

and 2 hours.  

Probability of having a floor space factor of 

101.50 m2/person 

0.5 Night time.  

Less people expected 

Probability of having a floor space factor of              

14 m2/person 

0.5 In the normal working hours, 

more people are expected. 

Probability of pre-movement time ≤ 1 min 0.59 [131] 

Probability of pre-movement time >1 min 0.41 

Probability of failure of sprinklers in office 

buildings 

 [6] 

Probability 2 exits available 0.98 Assumed since both stairs will be 

available due to good fire safety 

management. 

Probability only 1 available 0.02 

Table 4.7: Probabilities assigned at each branch of event tree - Office building (floor 6) 
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Changes in the FN curve when more details are added into the event tree can be seen in                  

Figure 4.11.  

 

Figure 4.11: FN curves for office building (floor 6) when more details are added to event tree 

When details related to area of fire damage is introduced in the event tree, FN curves goes 

down. When occupant density data is included in the event tree, more step formations in FN 

curve is visible. On the other hand, when pre-movement time is included in event tree, no 

significant change is seen in the FN curve. But when western stairs are also available for 

evacuation, it can be seen that more step formations occur in the FN curve. Finally, when the 

reliability of sprinkler data is introduced, a small portion of FN curve falls in the tolerable 

region (case 6). Thus, ALARP need to be demonstrated. At the same time, the person-specific 

individual risk for a hypothetical person is determined for the case 6 considering the occupancy 

patterns using Equation 3. The hypothetical person is assumed to be located at the farthest point 

of the compartment and is the last person to exit the door. The person-specific individual risk 

is found to be 8.33 x 10-6 per year which is in the tolerable region of risk.  

Step 8: ALARP assessment 

From the event tree, summing up the product of each scenario frequencies and the 

corresponding expected number of people exposed to smoke, the expected risk is determined. 

The expected risk in the absence of sprinkler system in the 6th floor of the office building is 

2.36 x 10-3 per year. In the presence of a sprinkler system, the expected risk is 2.36 x 10-4 per 

year. Therefore, the residual risk (−∆𝑅𝐼) if the sprinkler is installed is 2.12 x 10-3 per year.  

If both the cost of installation of sprinkler system and its maintenance is known for a single 

floor of the building (∆𝐶) then Equation 6 can be used as shown below.  

SCCR1life (−∆𝑅𝐼) = (2.26 million GBP per year) x (2.12 x 10-3 per year) = 5510 GBP per year 

for a floor. 

If ∆𝐶 ≤ 5510 GBP per year, then it is necessary to install the sprinklers. However, further 

analysis can be done such as whether a specific type of a sprinkler system need to be installed 

or a smoke heat extraction system need to be installed etc. On the other hand, if ∆𝐶 > 5510 
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GBP per year, then it is not necessary to install the sprinklers since the original design is already 

ALARP.  

 

Figure 4.12: PRA for the 6th floor of the office building in a nut shell 

4.3 Stakeholder feedback on suggested methodology  

This office building case study demonstrating the methodology developed for the structured 

application of probabilistic methods in accordance with PD 7974-7:2019 has been presented in 

the Fire Forum Congress 2018 held at Brussels, Belgium [132]. Later the same has been 

discussed with IMFSE graduates [110,133] who are currently working as Fire Safety Engineer 

in Belgium.  

The suggested methodology has been well received by the stakeholders who attended the Fire 

Forum Congress 2018. However, discussion of the case studies with fire safety engineers 

helped to clarify as well as improve the initial case studies [110,133].  
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5 Conclusion  

 

This section will revisit the dissertation objectives and summarizes the important outcomes of 

this dissertation. Recommendation for future work is then discussed. Most importantly, the 

contribution of this work in the field of PRA in fire safety engineering, specifically to the built 

environment are clarified.  

5.1 Dissertation Objectives: Outcomes and Conclusions 

• Objective 1: Study of PD 7974-7:2019 and literature review of risk acceptance in fire 

safety engineering 

It is evident from the study of PD 7974-7:2019 that it focusses on high level principles and that 

it attempts to provide a clear guidance on PRA in the built environment. At the same time, the 

hierarchy of risk acceptance concepts and the designer responsibility as a function of the 

applied acceptance concept is clearly explained in PD 7974-7:2019. Moreover, a great 

significance is provided on risk tolerability and acceptability. But it lacks an appropriate 

guidance on setting these limits for a project through stakeholder consultations. In addition, 

this published document touches upon risk perception and psychological factors, but fails to 

explicitly mention which factors are relevant when defining risk tolerability and acceptability 

criteria. Also, there are no reference examples demonstrating application of the principles 

highlighted in this published document to practicing fire safety engineers.  

On the other hand, from the literature review on risk acceptance in fire safety engineering it is 

clear that there are no established risk criteria in the building sector when compared to the 

industrial sectors and transportation sectors. Furthermore, the challenges involved in setting up 

de minimis limits and the issues associated with the use of FN curves in risk assessment has 

been identified. A look into the risk perception in fire safety engineering indicates that 

voluntariness and artificiality of risk, culture and beliefs can be considered as trivial. This is 

due to the fact that few of the factors are debatable (voluntariness and artificiality of risk) and 

others cannot be ethically justified (culture and beliefs).  

The main conclusion that can be drawn from this part of the study is that there should be a clear 

guidance on setting the de minimis and risk tolerability limit for a specific project in the built 

environment. The guidance should include relevant risk perception factors that need to be 

considered while setting up risk tolerability criteria. Moreover, it is also important to 

accommodate these risk perception factors in the risk tolerability criteria by adopting risk 

aversion factors. Lack of a clear guidance on these aspects make it difficult for the designer as 

well as the approver to determine whether a designed building is safe or not. Furthermore, 

reference case studies demonstrating application of the principles highlighted in PD 7974-

7:2019 to practicing fire safety engineers are highly recommended.  
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• Objective 2: Development of a framework for setting risk tolerability and broadly 

acceptable limit for projects in the built environment 

Based on the literature review on different aspects of fire safety engineering relevant to PRA 

in the built environment (risk perception, risk aversion, ethics, tolerability and de minimis limit 

established in different sectors), a risk tolerability framework is developed. This framework 

provides a step by step procedure to establish risk tolerability limits and broadly acceptable 

limits for a project in the built environment acknowledging the public risk perception. To 

incorporate different risk perception factors while setting risk tolerability limit, a point system 

is introduced which links the risk aversion factors. A clear guidance on constructing the proof 

lines are also included in this framework. It is also important to stress that this framework is 

developed foreseeing the future developments in the field of PRA in built environment. 

Therefore, it can be concluded that the use of this proposed risk tolerability framework takes a 

step towards providing a clear guidance for the designer as well as the approver to determine 

whether a designed building is safe or not. However, the conclusion has to be viewed in terms 

of a caveat. Firstly, the proposed risk tolerability framework looks only on the life safety goal 

of fire safety engineering. Secondly, there is no clear guidance on where individual risk is a 

more stringent requirement than the societal risk.  

• Objective 3: Development of case studies by structured application of probabilistic 

methods in accordance with the PD 7974-7:2019 and the developed risk tolerability 

criteria 

A proposed risk tolerability framework remains incomplete unless it is demonstrated through 

a case study. Similar is the case with the high-level principles presented in PD 7974-7:2019. 

Therefore, as a starting point, a methodology to utilize the probabilistic methods in a structured 

manner is developed based on the study of published document and discussion with a fire safety 

professional [116]. This methodology is further demonstrated in three different case studies – 

office building, night club and indoor kids play area. Therefore, a clear demonstration of the 

risk tolerability framework and application of the principles highlighted in PD 7974-7:2019 to 

practicing fire safety engineers is presented through different case studies. However, these case 

studies have some limitations. Firstly, the data considered for the case studies is not specific to 

the UK. Fire statistics of USA is also adopted in the study. Furthermore, at certain points, 

reasonable assumptions are made on probabilities. Secondly, all three case studies focus only 

on the life safety goal of fire safety engineering.  

• Objective 4: Presentation and discussion of developed risk tolerability framework and 

case studies to stakeholders 

As a starting point, a case study (office building, UK) demonstrating the methodology 

developed for the structured application of probabilistic methods in accordance with                               

PD 7974-7:2019 has been presented in the Fire Forum Congress 2018 held at Brussels, Belgium 

[132]. Later the same has been discussed with an IMFSE graduate [133] who is currently 

working as Fire Safety Engineer in Belgium. For the proposed risk tolerability framework, as 

a part of stakeholder feedback, a recording of the presentation on this framework and its 
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demonstration through a case study (office building) has been shared with fire safety 

professionals around the world. Moreover, it has been presented and discussed in person with 

few fire safety professionals [109,110]. 

• Objective 5: Updating methodology, cases and report in function of stakeholder 

feedback. Identification of caveats in the methodology 

The methodology developed for the structured application of probabilistic methods in 

accordance with PD 7974-7:2019 was well received by the stakeholders who attended the Fire 

Forum Congress 2018. However, discussion of the case studies with fire safety engineers 

helped to clarify as well as improve the initial case studies [110,133].  

On the other hand, for the proposed risk tolerability framework the stakeholder feedback [109–

115] helped to understand its limitations from the practical point of view. At the same time, 

stakeholder feedback also helped to figure out who are the stakeholders that need to be involved 

in setting risk tolerability criteria for a project in the built environment. It is evident from the 

stakeholders’ feedback that getting a quantitative target values from ‘stakeholder consultation’ 

is very difficult. This is due to the fact that many stakeholders do not understand risk well 

enough to contribute in a meaningful way.  

The following people can be involved in setting up the de minimis limit and risk tolerability 

limit according to the proposed risk tolerability framework: 

▪ The local authority 

▪ Owners  

▪ Operators  

▪ Insurers  

▪ Occupants or users of the building 

▪ Fire Brigade 

▪ Occupants of the adjacent properties who can be affected by a fire in the building under 

consideration  

Therefore, to conclude the methodology developed for the structured application of 

probabilistic methods in accordance with PD 7974-7:2019 can be adopted in reality. On the 

other hand, realizing the fact that getting a quantitative target values from ‘stakeholder 

consultation’ is very difficult, the proposed framework can be well utilized by the fire safety 

engineers and authorities to set the risk tolerability criteria for a project in the built 

environment. This is due to the fact that an explicit consideration on various societal risk 

perception factors are incorporated in the proposed framework. However, it needs to be ensured 

that an objective, diligent and competent fire safety professional considering the spectrum of 

possible consequences (and their associated probabilities) associated with the design (to be 

acceptable to normal societal stakeholders) [5] is involved in setting up of the de minimis limit 

and risk tolerability limit for a specific project in the built environment. Accordingly, adopting 

the proposed risk tolerability framework, associations like Society of Fire Protection Engineers 

(SFPE) or Institution of Fire Engineers (IFE) can propose and establish the de minimis limit 
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and tolerability limit for common buildings. However, for uncommon fire safety designs the 

de minimis limit and tolerability limit can be established specific to the building where the risk 

tolerability criteria established for common buildings can be used as a reference. Moreover, the 

use of the proposed risk tolerability framework will ease stakeholder communications and 

enhance their understanding on the set risk tolerability criteria.  

5.2 Further Study  

Further study could focus on areas that were touched on only briefly in this dissertation. For 

example, to offer an improved understanding on individual risk in the built environment, it 

would be fruitful to look into the determination of individual risk in building fire safety 

engineering. This will help to understand where individual risk is a more stringent requirement 

compared to societal risk. For example, in one family dwelling, individual risk is expected to 

be dominant. From the feedback of the stakeholders on the proposed risk tolerability limit, it is 

clear that determination of individual risk in the built environment can be explored if risk 

professionals in the insurance industry are involved in further studies. This is due to the fact 

that the fire, property and personal insurance coverages premiums are all based on acceptable 

and tolerable risks. 

On the other hand, the study conducted in this dissertation focuses on the life safety goal of fire 

safety engineering. Similar case studies or same case studies can be extended to incorporate 

other fire safety goals like property protection, environment protection and business continuity. 

This will help the practicing fire safety engineers to perform PRA incorporating other fire 

safety goals.  

5.3 Contribution to Knowledge 

To date, in the context of PRA, the work produced by other researchers has concentrated more 

on the industrial sector than the building sector. However, in the building sector, researchers 

delve into the aspects of fire risk, fire risk acceptance criteria, risk perception and decision 

making. In that context, the importance of this work, compared to what has been produced 

hitherto, is that this study provides a clear guidance on setting de minimis limit and risk 

tolerability limit for a specific project in the built environment. Moreover, the important public 

risk perception factors in fire safety engineering has been identified based on explicit literature 

review and analyzing the reaction of public during past fire incidents. Furthermore, these 

factors have been incorporated into the risk tolerability framework with the help of risk 

aversion factors. Accordingly, a clear method to construct proof lines has been presented. 

Therefore, in the context of PD 7974-7:2019, this work will take a step towards providing an 

appropriate guidance on setting the de minimis limit and tolerability limit for a project in the 

built environment through stakeholder consultations. On the other hand, the study also presents 

different case studies following a well-structured methodology to apply probabilistic methods 

in accordance with the PD 7974-7:2019. 
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This dissertation will contribute to the field of PRA in fire safety engineering, specifically to 

the built environment in a number of important ways:  

• Demonstration of the high-level principles involved in the PD 7974-7:2019 through 

reference case studies following a well-structured methodology will benefit the 

practicing fire safety engineers and the regulatory authorities in understanding the 

concepts and also in implementing these principles in reality. 

• The critical evaluation of the relevant literature can enlighten fire safety community 

with the difficulties existing in the topic of risk acceptance in fire safety engineering. 

This can also motivate further studies in this field. 

• A well-defined approach to set risk tolerability limit and de minimis limit for a project 

will be beneficial for the stakeholders involved in a project. This will also guide the 

stakeholders to consider different aspects (especially the public risk perception) while 

setting such criteria for a project in the built environment.  

• Adopting the proposed risk tolerability framework, associations like Society of Fire 

Protection Engineers (SFPE) or Institution of Fire Engineers (IFE), UK can propose 

and establish the de minimis limit and tolerability limit for common buildings. 

• For uncommon fire safety designs the de minimis limit and tolerability limit can be 

established specific to the building where the risk tolerability criteria established for 

common buildings can be used as a reference.  

• The use of the proposed risk tolerability framework will ease stakeholder 

communications and enhance their understanding on the set risk tolerability criteria. 
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Annexure A – Case Study 2 – Nightclub, UK 

A nightclub assumed to be located in England is considered for the study. It is expected to be 

operational only during Friday, Saturday and Sunday from 18:00 hrs. to 03:00 hrs. The 

nightclub consists of a bar counter and a dance floor as shown in Figure A.1. The entrance door 

is 1.8 m wide and the emergency exit is 1 m wide. The building elements are constructed with 

concrete. However, to attenuate the noise, polyurethane (PU) foam is planned to be used on the 

walls of dance floor as indicated in Figure A.1. The floor to ceiling height is taken as 3 m. 

 

Figure A.1: Floor plan of the nightclub considered for the study 

Step 1: Set fire safety goals, design objectives and performance indicators 

The fire safety goal, design objective and performance indicator set for this case study is the 

same as in the office building case study (Figure 4.7).  

Step 2: Set the risk tolerability limit and broadly acceptable limit 

Step by step procedure as indicated in Figure 3.9 (risk tolerability framework) is followed here.  

• Step 1: Know the facility in question 

The key questions to understand the nightclub in question is discussed in Table A.1. 

• Step 2: Choose a method for setting de minimis limit and tolerability limit 

Taking into account the limitations involved in other methods given in Figure 3.12, it is decided 

to set the de minimis limit and tolerability limit through stakeholder consultation.  
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• Step 3: Consider different risk perception factors 

Considering different risk perception factors applicable to fire safety engineering, it is 

important to choose a risk aversion factor (steepness of proof lines). Table A.2 shows the point-

system analysis for the nightclub to select risk aversion factor. It is clear that the steepness of 

proof line needs to be 1.5 for the nightclub under consideration. 

Questions Comments 

• What is the occupancy type? 

• Service provided by the building? 

• Assembly and recreation (ADB Table D1 [107]) 

• Normal 

• Who are exposed to the hazards? 

Any vulnerable population 

groups? 

• Yes. Mostly youngsters will be visiting the 

nightclub. It is also important to note that people 

can be under the influence of alcohol.  

• How many people are expected to 

be in the building? 

 

• Fire investigation report of past nightclub fire 

incidents (Table A.5) were used to find the most 

conservative occupant density. Accordingly, it 

was found that a floor space factor of                           

0.33 m2/person is the most conservative. Thus, 

for the nightclub in question, a maximum of 637 

persons are considered.  

• Is the building occupied 24x7? • No. Only on Friday, Saturday and Sunday for               

9 hours (from 18:00 hrs. to 03:00 hrs.) 

• Are there any sleeping risks? • No 

• Are people familiar with the 

building layout? 

 

• No 

 

Table A.1: Key questions answered for understanding the nightclub in question 

• Step 4: Set de minimis limit and tolerability limit (Individual risk and Societal risk) 

Reference values for the individual tolerability limit and individual de minimis limit as 

mentioned in Table A.1 of PD 7974-7:2019 [8] is 10-4 per year and 10-6 per year respectively. 

This is set for the nightclub under consideration.     

For setting societal risk limits, the steps mentioned in Figure 3.16 can be used. Accordingly, 

anchor point 1 is to be set with stakeholder discussion. For the tolerability limit and de minimis 

limit, considering the fact that the occupancy is a nightclub with vulnerable population, a 

stringent criterion can be set. Therefore, from Figure 3.14 and Figure 3.15 considering the 

Hong Kong criteria, the following anchor points were set for the tolerability limit and                           

de minimis limit respectively: (10, 10-4) and (10, 10-6). Table A.3 follows the steps mentioned 

in Figure 3.16 to construct the proof lines. Accordingly, Figure A.2 shows the proof lines for 

the nightclub under consideration. 
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Risk Perception Factors Points Comments 

Service of building under 

normal and emergency 

conditions  

0 Service of building considered important in normal 

conditions as compared to a hospital building.  

Importance of building  

 

0.5 Medium importance since property protection and 

business continuity need to be considered from the 

perspective of fire safety goals.  

Vulnerable population 

group 

1 To be conservative, mostly vulnerable population is 

considered.  

Sleeping Risk 

 

0 No sleeping risk involved.  

Potential for catastrophe 

and possibility to 

evacuate 

1 Considering the past nightclub fire incidents.    

Familiarity 1 Occupants are not familiar with the building layout.   

Trust 

 

0.5 In the wake of Grenfell Tower fire, the society losses 

trust on the government and authorities [58]. Thus, a 

moderate trust can be assigned.  

Total  4 Since total points is more than 3, the steepness of 

proof lines b = 1.5 

Table A.2: Point-system analysis for nightclub to select risk aversion factor                     

(steepness of proof lines) 

Steps Tolerability Limit de-minimis Limit 

1 Anchor point: (10, 10-4) Anchor point: (10, 10-6) 

2 m = 10-4 x 101.5 = 3.16 x 10-3 per year   

Point 2: (1, 3.16 x 10-3) 

m = 10-6 x 101.5 = 3.16 x 10-5 per year   

Point 2: (1, 3.16 x 10-5) 

3 F(700) = (3.16 x 10-3) x (700)-1.5                        

= 1.71 x 10-7 per year 

Point 3: (700, 1.71 x 10-7) 

F(700) = (3.16 x 10-5) x (700)-1.5                                    

= 1.71 x 10-9 per year 

Point 3: (700, 1.71 x 10-9) 

 

Table A.3: Tolerability limit and de minimis limit for the nightclub under consideration 

 

  Figure A.2: Proof lines for the nightclub under consideration 
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• Step 5: Stakeholder discussion 

Since this is a hypothetical case study, there are no stakeholders involved for discussion. 

However, in reality, for a similar case study, the following will be considered as the 

stakeholders: owner, operator, insurer, fire brigade, representatives of the occupants of the 

night club (for instance the student association members of the nearby university) and 

representatives of the occupants of the adjacent properties. 

Step 3: Select Design Fire - find ASET 

To determine ASET the two-zone model B-RISK is used. As a starting point, data provided in 

table A.5 – area damage and percentage of fires for each category of fire spread (pubs, clubs, 

restaurants – all areas) of PD 7974-7:2003 [6] is utilized.  As per Eurocode EN 1991-1-2, 2002 

[126] the suggested heat release rate per unit area (HRRPUA) for fuel-controlled fires for 

theatre (cinema) occupancy is 500 kW/m2. Due to the lack of data on the HRRPUA for 

nightclub and acknowledging the fact that a theatre contains similar materials for sound 

proofing as in a nightclub, HRRPUA for theatre is selected. Using the data for area of damage 

and HRRPUA, the heat release rate (HRR) is determined. Accordingly, for an ultra-fast fire 

growth rate (when non-fire retardant PU foam is used which is evident from past nightclub 

fires) and slow fire growth rate (when fire retardant PU foam is used [134]) time taken for 

smoke layer to reach 2 m above the floor level is determined (Table A.4) using B-RISK.  

 

Fire 

Growth 

Rate 

Area of 

damage 

(m2) 

HRR  

(kW) 

HRR  

(MW) 

Time taken for 

smoke layer to 

reach 2 m above 

floor 

(min) 

 

 

Remarks 

Ultrafast 1 500 0.50 1.70 - 

2 1000 1.00 1.42 - 

15 7500 7.50 1.40 Flashover at            

3.3 minutes 24 12000 12.00 1.40 

101 50500 50.50 1.40 

Slow 1 500 0.50 4.45 - 

2 1000 1.00 4.45 - 

15 7500 7.50 4.45 - 

24 12000 12.00 4.45 - 

101 50500 50.50 4.45 - 

Table A.4: ASET for different area of damage in nightclub under consideration 

Step 4: Evacuation calculations – find RSET 

RSET was determined employing the hydraulic model specified in SFPE Handbook of Fire 

Protection Engineering [120]. However, following assumptions are made in the evacuation 

calculations: 

• One exit is discounted and only main exit is available for evacuation. 

• Once occupants pass through the exit, they are considered to be safe.  

• Smoke detection system (an advanced multi-criteria detector) is provided.  
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• Occupants start egress approximately at the same time.  

The key evacuation calculation input parameters (occupant density, detection time, alarm time 

and pre-evacuation time) for nightclub are adopted from the past nightclub fire investigation 

reports (Table A.5). 

Table A.6 (slow fire growth rate) and Table A.7 (ultra-fast fire growth rate) shows the results 

of ASET-RSET analysis for the case where only the main entrance is available for evacuation. 

By performing ASET-RSET analysis, the expected number of persons who will be exposed to 

smoke (N) can be determined.  

Step 5: Identify the most conservative scenario 

The most conservative scenario is when the following conditions are satisfied:  

• Only one exit is available for evacuation  

• Fire growth rate is ultra-fast.  

• Floor space factor is 0.33 m2/person 

• Detection time is 20 seconds (0.33 mins) 

• Alarm time is 71 seconds (1.18 mins) 

• Pre-movement time is 150 seconds (2.5 mins) 

Therefore, in Table A.7, simulation 12 satisfies all these conditions and is considered to be the 

most conservative scenario.  

Step 6 & 7: Event tree analysis (ETA) and FN curve, Risk evaluation  

For the conservative scenario identified in step 5, an event tree is created. The ignition 

frequency is calculated based on the data given in table B.2 – overall probability of fire starting 

in various types of occupancy of PD 7974-7:2019 [8]. Accordingly, FN curve is produced for 

the most conservative scenario as shown in Figure A.3.  

 

Figure A.3: FN curve for the most conservative scenario – Nightclub 
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It is clear from the Figure A.3 that the estimated risk is not acceptable. Hence, as per the 

methodology given in Figure 4.3, it is important to add more details in the event tree till a point 

where the risk can be tolerated demonstrating ALARP. Therefore, it is important to know 

which are the parameters that have an influence on the number of people exposed to smoke. 

For example, from Table A.6 and Table A.7, it is evident that area of damage, occupant density 

(floor space factor), pre-movement time and fire growth rate have an influence on the number 

of people exposed to smoke. Accordingly, each of these details are included in the event tree 

till the point where FN curve falls in the tolerable region and ALARP can be demonstrated. 

The event tree developed for the nightclub case study is given in Figure A.4. The probabilities 

indicated in the branches of event tree is discussed in Table A.8.  

 

Figure A.4: Event tree developed for the nightclub case study 

Changes in the FN curve when more details are added into the event tree can be seen in                   

Figure A.5.  

 

Figure A.5: FN curves for nightclub when more details are added to event tree 
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Since the expected risk falls in the tolerable region when more details are added to the event 

tree, it is important to demonstrate ALARP. At the same time, the person-specific individual 

risk for a hypothetical person is determined for the case 6 considering the occupancy patterns 

using Equation 3. The hypothetical person is assumed to be located at the farthest point of the 

compartment and is the last person to exit the door. The person-specific individual risk is found 

to be 1.35 x 10-6 per year which is in the tolerable region of risk. 

Step 8: ALARP assessment 

From the event tree, summing up the product of each scenario frequencies and the 

corresponding expected number of people exposed to smoke, the expected risk is determined. 

The expected risk in the absence of sprinkler system in the nightclub is 1.78 x 10-3 per year. In 

the presence of a sprinkler system, the expected risk is 1.42 x 10-4 per year. Therefore, the 

residual risk (−∆𝑅𝐼) if the sprinkler is installed is 1.64 x 10-3 per year.  

If both the cost of installation of sprinkler system and its maintenance is known (∆𝐶) then 

Equation 6 can be used to demonstrate ALARP. In this case,  

SCCR1life (−∆𝑅𝐼) = (2.26 million GBP per year) x (1.64 x 10-3 per year) = 4250 GBP per year 

for a floor. 

If ∆𝐶 ≤ 4250 GBP per year, then it is necessary to install the sprinklers. However, further 

analysis can be done such as whether a specific type of a sprinkler system need to be installed 

or a smoke heat extraction system need to be installed etc. On the other hand, if ∆𝐶 > 4250 

GBP per year, then it is not necessary to install the sprinklers since the original design is already 

ALARP.  

 

Figure A.6: PRA for the nightclub in a nutshell 
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Table A.5 provides the details of past night clubs fires so as to determine the occupant density during overcrowding and other evacuation time 

related parameters. Table A.6 and Table A.7 provides results of ASET-RSET analysis performed for the nightclub case study.  

Sl. 

No. 

Incident Location Year No. of 

people 

Conservative 

value for 

calculation – 

no. of people 

Area 

(m2) 

Max. 

capacity 

Floor space 

factor 

(m2/person) 

% 

exceedance 

than max. 

capacity 

Fatalities Detection 

time (s) 

Alarm 

time 

(s) 

Pre-

movement 

time (s) 

Reference 

1 Kiss Brazil 2013 1200-

1300 

1300 615 700 0.47 85.71 230 - - - [135,136] 

2 Lame 

Horse Club 

Russia 2009 > 200 

and 

280 

invited 

for 

party 

300 500 450 1.67 33.33 156 - - - [136] 

3 Santika Thailand 2009 1000-

1200 

1200 1683 - - - 67 - - - [136,137] 

4 Lund Scotland, 

UK 

2009 400 - - - - - - - 71 150 [136] 

5 República 

Cromañón 

Argentina 2004 2811-

3000 

3000 - 1031 - - 193 - - - [136] 

6 The Station USA 2003 455 455 412 - 0.91 - 100 10 to 20 

(human 

detection) 

40 18, 24, 30, 

41 

[136,138] 

7 Fine Line 

Music Café 

USA  2003 120 - - - - - 0 - - - [136] 

8 La Goajira Venezuela 2002 400 400 - - - - 47 - - - [136] 

9 Gothenburg 

Dancehall 

Sweden 1998 400 400 215 150 0.54 62.50 - - - - [139] 

10 Beverly 

Hills 

Supper 

club 

USA 1977 2400-

2800 

2800 - - - - 165 - - - [140] 

11 Cocoanut 

Grove 

USA 1942 1000 1000 335 600 0.33 66.67 492 - - - [140] 

12 Rhythm 

club 

USA 1940 700 700 425 - 0.61 - 207 - - - [140] 

Table A.5: Analysis of past nightclub fire incidents 
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Sl. 

No 

Floor 

Space 

Factor 

(m2/p) 

No. of 

people 

Detection 

time 

(min) 

Alarm 

time 

(min) 

Pre-

movement 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(mins) 

Expected 

no. of 

people 

exposed to 

smoke - 

area of 

damage  

≤ 1 m2 

Expected 

no. of 

people 

exposed to 

smoke - 

area of 

damage  

> 1 m2 

1 0.33 637 0.16 0.66 0.30 7.35 249 249 

2 0.52 7.57 274 275 

3 2.5 9.55 506 507 

4 1.18 0.30 7.87 309 310 

5 0.52 8.09 335 335 

6 2.5 10.07 567 567 

7 0.33 0.66 0.30 7.52 269 269 

8 0.52 7.74 294 294 

9 2.5 9.72 526 526 

10 1.18 0.30 8.04 329 329 

11 0.52 8.25 354 355 

12 2.5 10.24 586 587 

13 0.85 248 0.16 0.66 0.30 3.47 0 0 

14 0.52 3.69 0 0 

15 2.5 5.67 118 118 

16 1.18 0.30 3.99 0 0 

17 0.52 4.21 0 0 

18 2.5 6.19 178 178 

19 0.33 0.66 0.30 3.64 0 0 

20 0.52 3.86 0 0 

21 2.5 5.84 137 137 

22 1.18 0.30 4.16 0 0 

23 0.52 4.37 0 0 

24 2.5 6.36 197 198 

25 2 105 0.16 0.66 0.30 2.20 0 0 

26 0.52 2.42 0 0 

27 2.5 4.40 0 0 

28 1.18 0.30 2.72 0 0 

29 0.52 2.94 0 0 

30 2.5 4.92 35 35 

31 0.33 0.66 0.30 2.37 0 0 

32 0.52 2.59 0 0 

33 2.5 4.57 1 1 

34 1.18 0.30 2.89 0 0 

35 0.52 3.10 0 0 

36 2.5 5.09 55 55 

Table A.6: ASET-RSET analysis result – Slow fire growth rate - only main entrance 

available for evacuation - Nightclub 
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Sl. 

No 

Floor 

Space 

Factor 

(m2/p) 

No. of 

people 

Detect

ion 

time 

(min) 

Alarm 

time 

(min) 

Pre-

moveme

nt time 

(min) 

Total 

evacuation 

time – 

RSET 

(mins) 

Expected 

no. of people 

exposed to 

smoke - area 

of damage  

≤ 1 m2 

Expected no. 

of people 

exposed to 

smoke - area 

of damage  

> 1 m2 

1 0.33 637 0.16 0.66 0.30 7.35 571 606 

2 0.52 7.57 596 632 

3 2.5 9.55 637 637 

4 1.18 0.30 7.87 631 637 

5 0.52 8.09 637 637 

6 2.5 10.07 637 637 

7 0.33 0.66 0.30 7.52 590 626 

8 0.52 7.74 616 637 

9 2.5 9.72 637 637 

10 1.18 0.30 8.04 637 637 

11 0.52 8.25 637 637 

12 2.5 10.24 637 637 

13 0.85 248 0.16 0.66 0.30 3.47 182 217 

14 0.52 3.69 207 243 

15 2.5 5.67 248 637 

16 1.18 0.30 3.99 242 637 

17 0.52 4.21 248 637 

18 2.5 6.19 248 637 

19 0.33 0.66 0.30 3.64 201 237 

20 0.52 3.86 227 248 

21 2.5 5.84 248 248 

22 1.18 0.30 4.16 248 248 

23 0.52 4.37 248 248 

24 2.5 6.36 248 248 

25 2 105 0.16 0.66 0.30 2.20 39 74 

26 0.52 2.42 64 100 

27 2.5 4.40 105 105 

28 1.18 0.30 2.72 99 105 

29 0.52 2.94 105 105 

30 2.5 4.92 105 105 

31 0.33 0.66 0.30 2.37 58 94 

32 0.52 2.59 84 105 

33 2.5 4.57 105 105 

34 1.18 0.30 2.89 105 105 

35 0.52 3.10 105 105 

36 2.5 5.09 105 105 

Table A.7: ASET-RSET analysis result – Ultrafast fire growth rate – only main entrance 

available for evacuation – Nightclub 
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Probabilities assigned at each branch of event tree developed for night club case study as given 

in Figure A.4 is provided in Table A.8. 

Particulars Value Reference/Comments 

Probability of fire occurring in the weekends 0.95 [141] 

Probability of fire occurring in the weekdays 0.05 

Probability of fire occurring during the day 0.46 

Probability of fire occurring during the night 0.54 

Probability of fire occurring for fires causing 

damage ≤ 1 m2 

0.26 Table A.5 [6] 

Probability of fire occurring for fires causing 

damage > 1 m2 

0.74 

Probability of successful extinguishment of fires 

by occupants 

0.71 [128] 

Probability of not successful extinguishment of 

fires by occupants 

0.29 

Probability of fire detection fails 0.1 Table A.17 [6] 

Probability of failure of alarm box, wiring and 

sounders 

0.03 Table A.17 [6] 

Probability of having a floor space factor of              

0.33 m2/person 

0.0347 Overcrowding assumes to 

happen 5 times a year 

(Halloween day, private 

events, new year, club 

promotion) i.e. 45 hrs. out of 

1296 hrs. club operates in a 

year.  

Probability of having a floor space factor of               

0.85 m2/person 

0.78 Night club will not be 

always crowded. Thus, it is 

expected that 78% of the 

time, a floor space factor of 

0.85 m2/person can occur.   

Probability of having a floor space factor of 2 

m2/person 

0.185 Assumed since the chance 

of having a floor space 

factor of 2 m2/person is not 

that likely compared to             

0.85 m2/person. 

Probability of pre-movement time ≤ 30 s 0.4 Based on the past nightclub 

fire incidents   Probability of pre-movement time > 30 s 0.6 

Probability of ultra-fast fire growth rate with fire 

retardant PU foam 

0.01 Assumed based on [134] 

Probability of slow fire growth rate with fire 

retardant PU foam 

0.99 

Probability of failure of sprinklers in nightclubs  0.08 Table B.1 – PD 7974:7-

2019 [8] 

Table A.8: Probabilities assigned at each branch of event tree – Nightclub 
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Annexure B – Case Study 3 - Indoor kids play area, UK   

An indoor kids’ play area assumed to be located in England is considered for the study. The 

indoor kids play area for the children aged between 3 years and 12 years is expected to be 

operational every day from 10:00 hrs. to 18:00 hrs. The entrance door and emergency exit as 

shown in Figure B.1 is 1.2 m wide respectively. The play area consists of a play structure which 

is 2.6 m high with various slides, tunnels and ball shooting arena. Apart from parents there are 

some staffs to take care of the children in the play area. The floor to ceiling height is taken as 

4 m. The building elements are constructed with concrete. Fire detection (smoke detectors) and 

alarm systems are provided in the building.  

Figure B.1: Floor plan of indoor kids play area considered for the study 

Step 1: Set fire safety goals, design objectives and performance indicators 

The fire safety goal, design objective and performance indicators are set for indoor kids play 

area as shown in Figure B.2. 

The indoor play structure is 2.6 m high. Considering the fact that kids will be present at these 

heights when a fire breaks out, the performance indicator is set such that the occupants need to 

escape before the smoke free layer height from the floor level reduces to 2.8 m.  
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Figure B.2: Fire safety goal, design objective and performance indicator for the indoor kids 

play area case study 

Step 2: Set the risk tolerability limit and broadly acceptable limit 

• Step 1: Know the facility in question 

Step by step procedure as indicated in Figure 3.9 (risk tolerability framework) is followed here. 

Table B.1 provides answers for the key questions so as to understand the indoor kids play area 

in question. 

Questions Comments 

• What is the occupancy type? 

• Service provided by the building? 

 

• Assembly and recreation (ADB Table D1 [107]) 

• Normal 

• Who are exposed to the hazards? 

Any vulnerable population 

groups? 

 

• Yes. Kids are considered as vulnerable 

population. Parents who accompany the kids and 

the staffs who will be taking care of kids in the 

play area will be exposed to the hazards. 

 

• How many people are expected to 

be in the building? 

 

• Since data pertaining to floor space factor of 

indoor kids play area is unavailable, Table C1 – 

floor space factors of ADB [107] is utilized. 

These values are usually very conservative [142]. 

Therefore, a floor space factor of 0.5 m2/person 

corresponding to amusement arcade or assembly 

hall is chosen. Accordingly, a maximum of 320 

people is expected in the building.  

  

• Is the building occupied 24x7? 

 

• No.  

 

• Are there any sleeping risks? 

 

• No 

• Are people familiar with the 

building layout? 

 

• No  

 

Table B.1: Key questions answered for understanding the indoor kids play area in question 
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• Step 2: Choose a method for setting de minimis limit and tolerability limit 

Taking into account the limitations involved in other methods given in Figure 3.12, it is decided 

to set the de minimis limit and tolerability limit through stakeholder consultation.  

• Step 3: Consider different risk perception factors 

Considering different risk perception factors applicable to fire safety engineering, it is 

important to choose a risk aversion factor (steepness of proof lines). Table B.2 shows the point-

system analysis for the nightclub to select risk aversion factor. It is clear that the steepness of 

proof line needs to be 1.5 for the indoor kids play area under consideration. 

Risk Perception Factors Points Comments 

Service of building under 

normal and emergency 

conditions  

 

0 Service of building considered important in normal 

conditions as compared to a hospital building.  

Importance of building  

 

0.5 Medium importance since property protection and 

business continuity need to be considered from the 

perspective of fire safety goals.  

 

Vulnerable population group 

 

1 Yes. Kids aged 3 years and 12 years.  

Sleeping Risk 

 

0 No sleeping risk involved.  

Potential for catastrophe and 

possibility to evacuate 

 

1 Considering the fact that parents try to take their 

kids from the play area before they evacuate can 

result in delays. Therefore, there is a potential for 

catastrophe.  

   

Familiarity 

 

1 Occupants will be unfamiliar with the building 

layout.  

  

Trust 

 

0.5 In the wake of Grenfell Tower fire, the society 

losses trust on the government and authorities [58]. 

Thus, a moderate trust can be assigned.  

 

Total  4 Since total points is more than 3, the steepness 

of proof lines b = 1.5 

 

Table B.2: Point-system analysis for indoor kids play area to select risk aversion factor                     

(steepness of proof lines) 

• Step 4: Set de minimis limit and tolerability limit (Individual risk and Societal risk) 

Reference values for the individual tolerability limit and individual de minimis limit as 

mentioned in Table A.1 of PD 7974-7:2019 [8] is 10-4 per year and 10-6 per year respectively. 

This is set for the indoor kids play area building under consideration. For setting societal risk 

limits, the steps mentioned in Figure 3.16 can be used. Accordingly, anchor point 1 is to be set 
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with stakeholder discussion. For the tolerability limit and de minimis limit, considering the fact 

that the occupancy type considered is an indoor kids’ play area (vulnerable population), a 

stringent criterion can be set. Therefore, from Figure 3.14 and Figure 3.15 considering the 

Hong Kong tolerability limit, an anchor point (10, 10-4) is set for the tolerability limit. 

Similarly, considering the Sweden underground bus station de-minimis criteria an anchor point 

(10, 10-7) is set as the de minimis limit. Table B.3 follows the steps mentioned in Figure 3.16 

to construct the proof lines. Accordingly, Figure B.4 shows the proof lines for the indoor kids 

play area building.     

Steps Tolerability Limit de-minimis Limit 

1 Anchor point: (10, 10-4) Anchor point: (10, 10-7) 

2 m = 10-4 x 101.5 = 3.16 x 10-3 per year   

Point 2: (1, 3.16 x 10-3) 

m = 10-7 x 101.5 = 3.16 x 10-6 per year   

Point 2: (1, 3.16 x 10-6) 

3 F(600) = (3.16 x 10-3) x (600)-1.5                       

= 2.15 x 10-7 per year 

Point 3: (600, 2.15 x 10-7) 

F(600) = (3.16 x 10-6) x (600)-1.5                                      

= 2.15 x 10-10 per year 

Point 3: (600, 2.15 x 10-10) 

 

Figure B.3: Tolerability limit and de minimis limit for indoor kids play area building 

 

Figure B.4: Proof lines for the indoor kids play area building 

• Step 5: Stakeholder discussion 

Since this is a hypothetical case study, there are no stakeholders involved for discussion. 

However, in reality, for a similar project, the following will be considered as the stakeholders: 

owner, operator, insurer, fire brigade, representatives of the occupants of the indoor kids play 

area (for instance the community association of the nearby residential area) and representatives 

of the occupants of the adjacent properties. 

Step 3: Select Design Fire - find ASET 

To determine ASET, the two-zone model B-RISK is used. Since statistical data pertaining to 

area of damage of indoor kids play area is unavailable, the area of damage is assumed. For 

HRRPUA, the ‘general’ recommended values for use in fire safety design provided by 

Fleischmann [143] is referred. Accordingly, from a maximum HRRPUA range, 262 kW/m2 is 

selected for the indoor kids play area. Comparing with the range of potential values of 
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HRRPUA for shops and offices [119], the selected HRRPUA value for the indoor kids play 

area is reasonable.  Using the data for area of damage and HRRPUA, the heat release rate 

(HRR) is determined. Accordingly, for fast fire growth rate (if the materials of play structure 

are not fire retardant) and slow fire growth rate (if the materials of play structure are fire 

retardant), time taken for smoke layer to reach 2.8 m above the floor level is determined using 

B-RISK. Table B.3 to Table B.6 provides the ASET for different cases (in the absence and 

presence of ceiling vents - natural ventilation). The ceiling vents are expected to operate once 

smoke detection system activates. Therefore, to be conservative, a delay of 30 s is incorporated 

in B-RISK for the opening of the smoke vents.   

Step 4: Evacuation calculations – find RSET 

RSET is determined employing evacuation simulation software Pathfinder version 

2018:3.0730. However, following assumptions are made in the evacuation calculations: 

• Initially one exit is discounted and only main exit is available for evacuation. 

• Once occupants pass through the exit, they are considered to be safe.  

The key evacuation calculation input parameters (alarm time and pre-evacuation time) for 

indoor kids play area are adopted from the study conducted on evacuation of children focusing 

on daycare centers and elementary schools [144]. The input data for evacuation simulations are 

given in Table B.7.  

Table B.8 to Table B.15 provides the results of ASET-RSET analysis for the following cases: 

Fire growth rate 2 exits available for 

evacuation? 

✓- 2 exits available 

for evacuation 

 - 1 exit available 

for evacuation 

Ceiling vents 

available? 

 

✓ - Yes 

 - No  

Reference table in 

Annex B 

Fast   Table B.8 

✓  Table B.9 

 ✓ Table B.10 

✓ ✓ Table B.11 

Slow   Table B.12 

✓  Table B.13 

 ✓ Table B.14 

✓ ✓ Table B.15 

 

Step 5: Identify the most conservative scenario 

The most conservative scenario is when the following conditions are satisfied:  

• Only one exit is available for evacuation and no ceiling vents available 

• Floor space factor is 0.50 m2/person 

• Area of damage more than 1 m2 and fast fire growth rate  
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Therefore, from Table B.8 simulation 1 satisfies all these conditions and is considered as the 

most conservative scenario.  

Step 6 & 7: Event tree analysis (ETA) and FN curve, Risk evaluation  

For the conservative scenario identified in step 5, an event tree is created. The ignition 

frequency is calculated based on the data given in table A.3 – probability of fire starting within 

given floor area for various types of occupancy of PD 7974-7:2003 [6]. However, the ignition 

frequency considered in this case study is that of the school since occupants involves both 

adults and kids. Accordingly, FN curve is produced for the most conservative scenario as 

shown in Figure B.5.  

 

Figure B.5: FN curve for the most conservative scenario – Indoor kids play area 

It is clear from the Figure B.5 that the estimated risk is not acceptable. Hence, as per the 

methodology given in Figure 4.3, it is important to add more details in the event tree. Therefore, 

it is important to know which are the parameters that can have an influence on the number of 

people exposed to smoke. For example, from Table B.8 to Table B.15, it is evident that area of 

damage, occupant density (floor space factor), area of damage, fire growth rate, number of 

exits available for evacuation and the presence of ceiling vents have an influence on the number 

of people exposed to smoke. Accordingly, each of these details are included in the event tree 

till the point FN curve falls in the tolerable region and ALARP can be demonstrated. The event 

tree developed for the indoor kids play area case study is given in Figure B.6. The probabilities 

indicated in the branches of event tree is discussed in Table B.16.  

 

Figure B.6: Event tree developed for the indoor kids play area building  
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Changes in the FN curve when more details are added into the event tree can be seen in                     

Figure B.7.  

 

Figure B.7: FN curves for indoor kids play area when more details are added to event tree 

Since the expected risk falls in the broadly acceptable region, AC2 de minimis acceptance 

criterion applies. At the same time, the person-specific individual risk for a hypothetical person 

is determined for the case 6 considering the occupancy patterns using Equation 3. The 

hypothetical person is assumed to be located at the farthest point of the compartment and is the 

last person to exit the door. The person-specific individual risk is found to be 1.12 x 10-9 per 

year which is in the de minimis region. 

Step 8: ALARP assessment 

In this case, it is not a requirement to demonstrate ALARP since the design is in the de minimis 

zone of the FN diagram. However, to illustrate the output of Equation 6, ALARP assessment 

is performed.  

From the event tree, summing up the product of each scenario frequencies and the 

corresponding expected number of people exposed to smoke, the expected risk is determined. 

The expected risk in the absence of ceiling vents in the indoor kids play area is                                       

2.47 x 10-5 per year. In the presence of ceiling vents and its successful operation, the expected 

risk is 3.59 x 10-8 per year. Therefore, the residual risk (−∆𝑅𝐼) if the ceiling vents are installed 

is 2.46 x 10-5 per year.  

If both the cost of installation of ceiling vents and its maintenance is known (∆𝐶) then                   

Equation 6 can be used to demonstrate ALARP. In this case,  

SCCR1life (−∆𝑅𝐼) = (2.26 million GBP per year) x (2.46 x 10-5 per year) = 64.00 GBP per year 

Since ∆𝐶 > 64.00 GBP per year, it is not necessary to install the ceiling vents which will open 

once smoke detection system activates. This is due to the fact that the design is already ALARP. 

However, if the owner wants to include the ceiling vents even after knowing the investment to 
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be made (and also that it is not mandatory as per the ALARP assessment), it can be included 

in the design.   

 

Figure B.8: PRA for the indoor kids play area in a nutshell 

ASET analysis performed for different area of damage in the indoor kids play area provided 

one exit door is open and ceiling smoke vents are not available is given in Table B.3. 

 

Fire 

Growth 

Rate 

Area of 

damage 

(m2) 

HRR  

(kW) 

HRR  

(MW) 

Time taken for 

smoke layer to 

reach 2.8 m 

above floor 

(min) 

 

 

Remarks 

Fast 1 262 0.262 2.27 - 

2 524 0.524 1.98 - 

5 1310 1.310 1.97 4.7 mins. 

Ventilation limit 

3.6 MW 
20 5240 5.240 1.97 

100 26200 26.200 1.97 

Slow 1 262 0.262 3.97 - 

2 524 0.524 3.97 - 

5 1310 1.310 3.97 - 

20 5240 5.240 3.97 - 

100 26200 26.200 3.97 - 

Table B.3: ASET for different area of damage in the indoor kids play area – without vents at 

the ceiling – 1 door open 

ASET analysis performed for different area of damage in the indoor kids play area provided 

one exit door is open and ceiling smoke vents are available is given in Table B.4.  
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Fire 

Growth 

Rate 

Area of 

damage 

(m2) 

HRR  

(kW) 

HRR  

(MW) 

Time taken for 

smoke layer to 

reach 2.8 m 

above floor 

(min) 

 

 

Remarks 

Fast 1 262 0.262 - Smoke free layer 

height of 3.1 m 

from floor 
2 524 0.524 - 

5 1310 1.310 2.85 - 

20 5240 5.240 2.85 - 

100 26200 26.200 2.85 
8.4 mins - 

flashover 

Slow 1 262 0.262 - Smoke free layer 

height of 3.1 m 

from floor 
2 524 0.524 

- 

5 1310 1.310 9.28 - 

20 5240 5.240 9.28 - 

100 26200 26.200 9.28 - 

Table B.4: ASET for different area of damage in the indoor kids play area – with vents at the 

ceiling (2m2 ceiling vent2 – total opening area) – 1 door open 

ASET analysis performed for different area of damage in the indoor kids play area provided 

two exit doors are open and ceiling smoke vents are unavailable is given in Table B.5. 

 

Fire 

Growth 

Rate 

Area of 

damage 

(m2) 

HRR  

(kW) 

HRR  

(MW) 

Time taken for 

smoke layer to 

reach 2.8 m 

above floor 

(min) 

 

 

Remarks 

Fast 1 262 0.262 2.27 - 

2 524 0.524 1.98 - 

5 1310 1.310 1.97 4.7 mins. 

Ventilation limit 

3.6 MW 
20 5240 5.240 1.97 

100 26200 26.200 1.97 

Slow 1 262 0.262 3.97 - 

2 524 0.524 3.97 - 

5 1310 1.310 3.97 - 

20 5240 5.240 3.97 - 

100 26200 26.200 3.97 - 

Table B.5: ASET for different area of damage in the indoor kids play area – without vents at 

the ceiling – 2 doors open 

ASET analysis performed for different area of damage in the indoor kids play area provided 

two exit doors are open and ceiling smoke vents are available is given in Table B.6. 

                                                      
2 2 m2 ceiling vent provided since it is seen from the zone modeling that it can maintain a smoke free layer height 

of at least 3.1 m from the floor level. 
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Fire 

Growth 

Rate 

Area of 

damage 

(m2) 

HRR  

(kW) 

HRR  

(MW) 

Time taken for 

smoke layer to 

reach 2.8 m 

above floor 

(min) 

 

 

Remarks 

Fast 1 262 0.262 - Smoke free layer 

height of 3.2 m 

from floor 
2 524 0.524 - 

5 1310 1.310 2.93 - 

20 5240 5.240 2.93 - 

100 26200 26.200 2.93 
8.7 mins - 

flashover 

Slow 1 262 0.262 - Smoke free layer 

height of 3.2 m 

from floor 
2 524 0.524 

- 

5 1310 1.310 9.83 - 

20 5240 5.240 9.83 - 

100 26200 26.200 9.83 - 

Table B.6: ASET for different area of damage in the indoor kids play area – with vents at the 

ceiling (2m2 ceiling vent – total opening area) – 2 doors open 

The input parameters for the evacuation simulations performed using Pathfinder for the indoor 

kids play area case study is provided in Table B.7. 

Category 

of people 

Particulars Distribution 

type 

Minimum 

value 

Maximum 

value 

Reference 

Adults Movement 

speed 

Uniform 0.5 m/s 1.7 m/s [145] 

Diameter 0.45 m 0.50 m [146] 

Height 1.39 m 2.13 m [147] 

Kids ≤ 9 

years old 

Movement 

speed 

Uniform 0.42 m/s 1.36 m/s [144] 

Diameter 0.38 m 0.43 m [146] 

Height 0.87 m 1.28 m [147] 

Delay time 10 s 222 s [144] 

Kids > 9 

years old 

Movement 

speed 

Uniform 0.6 m/s 2 m/s [145] 

Diameter 0.30 m 0.34 m [146] 

Height 1.33 m 1.49 m [147] 

Delay time 10 s  114 s  [144] 

Table B.7: Input details for the evacuation simulations - Indoor kids play area 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a fast fire growth, only one exit available for evacuation and ceiling smoke vents are 

unavailable is provided in Table B.8.  



92 

 

Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.423 7.8 374 396 

0.8 337 5.2 191 215 

2.0 135 4.3 28 30 

Table B.8: Only 1 exit available for evacuation and no ceiling vents available -                                 

Fast fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a fast fire growth, two exits are available for evacuation and ceiling smoke vents are 

unavailable is provided in Table B.9.  

Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 4.5 202 242 

0.8 337 4.4 58 78 

2.0 135 4.3 27 30 

Table B.9: 2 exits available for evacuation and no ceiling vents available -                                         

Fast fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a fast fire growth, only one exit is available for evacuation and ceiling smoke vents are 

available is provided in Table B.10.  

Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 7.8 0 325 

0.8 337 5.2 0 147 

2.0 135 4.3 0 16 

Table B.10: Only 1 exit available for evacuation and ceiling vents available -                                 

Fast fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a fast fire growth, two exits are available for evacuation and ceiling smoke vents are 

available is provided in Table B.11.  

                                                      
3 A conservative value assumed considering the height from floor and roof of the indoor kids play area building 
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Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 4.5 0 104 

0.8 337 4.4 0 41 

2.0 135 4.3 0 13 

Table B.11: 2 exits available for evacuation and ceiling vents available - Fast fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a slow fire growth, only one exit available for evacuation and ceiling smoke vents are 

unavailable is provided in Table B.12.  

Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 7.8 244 244 

0.8 337 5.2 55 55 

2.0 135 4.3 8 8 

Table B.12: Only 1 exit available for evacuation and no ceiling vents available -                                 

Slow fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a slow fire growth, two exits are available for evacuation and ceiling smoke vents are 

unavailable is provided in Table B.13.  

Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 4.5 10 10 

0.8 337 4.4 7 7 

2.0 135 4.3 2 2 

Table B.13: 2 exits available for evacuation and no ceiling vents available -                                         

Slow fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a slow fire growth, only one exit is available for evacuation and ceiling smoke vents 

are available is provided in Table B.14.  
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Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 7.8 0 0 

0.8 337 5.2 0 0 

2.0 135 4.3 0 0 

Table B.14: Only 1 exit available for evacuation and ceiling vents available -                                 

Slow fire growth rate 

Results of ASET-RSET analysis performed for the indoor kids play area case study provided 

there is a slow fire growth, two exits are available for evacuation and ceiling smoke vents are 

available is provided in Table B.15.  

Floor 

space 

factor 

(m2/p) 

Total 

number 

of 

people 

Detection 

time 

(min) 

Total 

evacuation 

time – 

RSET 

(min) 

Expected number 

of people exposed 

to smoke – area of 

damage ≤ 1 m2 

Expected number of 

people exposed to 

smoke – area of 

damage > 1 m2 

0.5 540 0.42 4.5 0 0 

0.8 337 4.4 0 0 

2.0 135 4.3 0 0 

Table B.15: 2 exits available for evacuation and ceiling vents available - Slow fire growth 

rate 
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Probabilities assigned at each branch of event tree developed for indoor kids play area case 

study as given in Figure B.6 is provided in Table B.16. 

Particulars Value Reference/Comments 

Probability of fire occurring in the 

weekends 

0.3 A comparison was made to the fires in 

schools as per NFPA fire statistics [148]. 

However, the probability of fire occurrence 

on weekends was less since schools are not 

working on weekends. But in this case, 

people are expected to be present in the 

weekend. Therefore, a probability of fire 

occurring in the weekend is assigned 0.3. 

Probability of fire occurring in the 

weekdays 

0.7 

Probability of fire occurring during 

the day 

0.45 

Probability of fire occurring during 

the night 

0.55 

Probability of fire occurring for fires 

causing damage ≤ 1 m2 

0.58 [148] 

Probability of fire occurring for fires 

causing damage > 1 m2 

0.42 

Probability of successful 

extinguishment of fires by occupants 

0.799 [149] 

Probability of not successful 

extinguishment of fires by occupants 

0.201 

Probability of fire detection fails 0.1 Table A.17 [6] 

Probability of failure of alarm box, 

wiring and sounders 

0.03 Table A.17 [6] 

Probability of having a floor space 

factor of 0.5 m2/person 

0.0298 Overcrowding assumed to happen 10 times 

a year (especially during festive seasons 

and vacations) i.e. 80 hrs. out of 2688 hrs. 

of operation of indoor kids play area.  

Probability of having a floor space 

factor of 0.80 m2/person 

0.3 Night club will not be always crowded. 

Thus, it is expected that 30% of the time, a 

floor space factor of 0.80 m2/person can 

occur, especially in holidays and weekends.   

Probability of having a floor space 

factor of 2 m2/person 

0.67 Assumed since the chance of having a floor 

space factor of 2 m2/person is likely 

(especially in weekdays) compared to               

0.80 m2/person. 

Probability of fast fire growth rate 

with fire retardant kids play structure  

0.01 Assumed since the likelihood of having a 

fast fire growth on a fire-retardant material 

is very low.   Probability of slow fire growth rate 

with fire retardant kids play structure  

0.99 

Probability of failure of smoke vent  0.1 Table A.17 [6] 

Probability of having 2 exits 0.8 Assumed 

Probability of having only 1 exit 0.2 Since the other door is behind, the chance 

of being locked need to be accounted. 

Table B.16: Probabilities assigned at each branch of event tree – Indoor kids play area 


