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Abstract 

 

In recent years, resilience in fire has been recognised as a potential 

complement in risk assessments to achieve a more sustainable future. 

Robustness is a key component of resilience, in order to avoid the structure’s 

disproportionate failure to the original cause. The aim of this project is to 

develop an assessment methodology for the fire robustness of buildings, in the 

form of a risk index. The lack of available metrics, the relative immaturity of the 

discipline, rapid developments in the field of fire safety regulation, and issues 

around the potential liability of users and developers rendered this project a 

challenging endeavour.  

In the first part of this work, insurance rating methods were investigated. Their 

mechanics, development history, and impact are outlined, given their thematic 

relativity to the focus of this work. Fire risk indexing, which is a multi-attribute 

evaluation to produce a single ordinal measure of risk, and its existing body of 

knowledge was reviewed. This clarified issues of terminology and navigated 

concepts that up until now were convoluted, all in a harmonised body of work. 

Finally, modern fire risk indexing methods were presented in an exhaustive 

historical order, explaining the motivation for their creation, links with other 

methods, developmental tools used, along with their utility and impact. 

The dearth of information available in the published literature led to a series of 

interviews with past developers to address knowledge gaps and document 

unpublished findings. This is presented in a dedicated chapter. The review in 

the first part of this thesis, with the collation of the unpublished information, 

allowed for a historical highlighting of patterns and tendencies in the 

employment of fire risk indexing in fire safety, placing even this project within 

this pattern. This can inform practitioners and developers of potential pitfalls 

that have been repeated historically, yet remained unrecognised prior to this 

analysis. 
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In the last part of the work, tools from Decision Theory are explained and 

employed, expanding the existing scientific base of fire risk indexing 

approaches as it was suggested in existing works, but also highlighting their 

limitations. Prior to outlining an assessment methodology, a review of 

resilience and robustness is conducted, to link these concepts to the fire safety 

practice. A discussion on the practicalities of each available metric to quantify 

robustness is presented, supporting the developmental decisions of this work. 

Using these tools, a proposed fire robustness index structure is 

conceptualised, but the principles followed remain of value for building 

methods assessing any design objective that future developers would need to 

address. Following this approach is intended to improve the transparency of 

the decision-making in the design process, allow the comparison of different 

solutions, potentially reduce costs, and eventually lead to safer and more 

robust buildings while avoiding unintended consequences and pitfalls of the 

past. The assessment of a structure’s fire robustness through this method can 

facilitate an easier communication to stakeholders of different backgrounds, 

using this method as a means to promote fire safety in the design process. 
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Lay summary 

 

In recent years, resilience in fire, the ability of structures to bounce back after 

disruptive fire events, has been recognised as a potential complement in risk 

assessments to achieve a more sustainable future. Robustness, which is the 

ability of a structure to avoid disproportionate consequences, is a key 

component of resilience. The aim of this project is to develop an assessment 

methodology for the fire robustness of buildings, in the form of a risk index. 

The lack of available quantitative indicators, the relative immaturity of the fire 

safety engineering discipline, rapid developments in the field of fire safety 

regulation, and issues around the potential liability of users and developers 

rendered this project a challenging endeavour.  

In the first part of this work, insurance rating methods were investigated. Their 

mechanics, development history, and impact are outlined, given how they 

operate in a manner similar to a fire risk index. The literature and concepts 

around fire risk indexing, which is an evaluation of multiple attributes to 

produce a single measure of risk, were reviewed. This clarified issues of 

terminology and navigated concepts that up until now were unclear. Finally, 

modern fire risk indexing methods were presented in an exhaustive historical 

order, explaining the motivation for their creation, links with other methods, 

developmental tools used, along with their utility and impact. 

The lack of information available in the published literature led to a series of 

interviews with past developers to address knowledge gaps and document 

unpublished findings. The information so far collected allowed for a historical 

highlighting of patterns and tendencies in the employment of fire risk indexing 

in fire safety, placing even this project within this pattern. This can inform 

practitioners and developers of potential pitfalls that have been repeated 

historically. 

In the last part of this work, tools from Decision Theory are explained and 

employed, expanding the existing scientific base of fire risk indexing 
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approaches. Additionally, a review of resilience and robustness is conducted, 

to link these concepts to the fire safety practice. A discussion on the 

practicalities of each available metric to quantify robustness is presented, 

supporting the developmental decisions of this work. 

Finally, Using these tools, a proposed fire robustness index structure is 

conceptualised, but the principles followed remain of value for building 

methods assessing any design objective. Following this approach is intended 

to improve the transparency of the decision-making in the design process, 

allow the comparison of different solutions, potentially reduce costs, and 

eventually lead to safer and more robust buildings while avoiding unintended 

consequences and pitfalls of the past. The assessment of a structure’s fire 

robustness through this method can facilitate an easier communication to 

stakeholders of different backgrounds, using this method as a means to 

promote fire safety in the design process. 
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Chapter 1 Introduction 

1.1 Introduction 

In this first chapter, context and reasons for the formulation of this research 

topic are introduced. These intend to express the motivation for conducting the 

analysis through a PhD programme.  

The decisions behind the development of an index are explained. Clarifications 

on methodology, aims, and essential terminology are provided as the 

necessary information related to the study. Finally, an outline of the thesis 

structure and content is provided. 

1.2 Information on the project 

1.2.1 Background 

This project was conceptualised in 2016 during a meeting in Edinburgh, 

between academics from the Edinburgh Fire Research Centre and 

representatives from the Building Research Establishment (BRE). Selected 

minutes from the meeting are provided in Appendix A.  

In the discussions that took place, various aims that a ‘fire resilience’ 

methodology could achieve were brought upon. It is expected that the 

proliferation of such a method can lift the whole industry of fire engineering by 

formalising the process followed in professional practices, engaging 

stakeholders throughout the design process, increase the transparency of fire 

safety decision making and documentation, attracting the interest of both 

businesses and public society organisations, while showcasing the limits of 

existing knowledge. 

It was also clarified that life safety should be out of the scope of this 

methodology, given that there are the Building Act 1984 [1], the Building 

Regulations 2010 [2], the Regulatory Reform (Fire Safety) Order [3], and in the 

duration of this project the Fire Safety Act 2021 [4] was prepared, which 

address the requirements for the protection of life. This very existence of a 
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regulatory driver makes comparisons between a ‘fire resilience’ methodology 

and other sustainability assessment methodologies a bit more complicated. A 

structure that could be considered to be fire resilient, or fire robust, will not 

necessitate that the possible consequences of a fire event on life safety are 

acceptable – so specific care should be given to this intricacy. This was one of 

the pitfalls that occurred at the start of the 20th century with many deadly fires 

occurring in buildings that were considered of ‘fireproof’ construction; this topic 

is one of the many explored within this work. 

Once the methodology is finalised and rolled out, it was hoped that the 

subsequent data generation from assessments could facilitate a benchmarking 

of the method, for various building types, given that improvements in incidence 

reporting come along as well.  

Finally, such a method could showcase versatility and agility in incorporating 

new products and systems, by having a separate more demanding 

performance assessment of building products supporting the method. This 

could also lead to data generation providing insight on the totality of the product 

market, fostering a clearer understanding of the industry and cultivating the 

potential for better oversight, always on the assumption that such proprietary 

information is accessible. 

1.2.2 After initiation 

After the project was initiated by the student, during an initial literature review 

and communication with the industrial stakeholder (BRE) during the kick-off 

meeting, several issues in regard to the scientific background of rule-based 

guidance were recognised, which the desired methodology aimed to avoid 

reproducing. The project was also initiated at the time when the Hackitt review 

[5], [6] of the Building Regulations took place right after the Grenfell Tower fire, 

and the findings of those reports contributed in the shaping of the research 

direction. 

After a review on resilience and robustness metrics was conducted, it was 

found that the deterministic, probabilistic, and risk-based metrics available in 
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other engineering fields had conceptual limitations in their domain of 

application, and that the state of the art in fire safety engineering could not fully 

support such analyses by the broader workforce, since the field of resilience 

engineering was still at an infant stage in fire safety [7]. This review is provided 

in Appendix C of this work. It was chosen for this not to be a chapter, as it did 

not fit in the story progression of the research process; being provided as 

supportive material was deemed more appropriate. It was also acknowledged 

that the limited pool of practitioners capable of conducting state-of-the-art 

analyses in resilience engineering would lead to the limited application of the 

methodology – a development that was to be avoided. It was decided (with the 

industrial sponsor) that robustness should be prioritised instead of rapidity, 

because the response of the structure and preparations for the event come 

first against the resources available after an event and the speed with which 

the structure can be repaired. An analogy to a disruptive event happening and 

a toddler learning to walk, influenced by Henry Petroski [8], is that it is more 

important to learn how not to fall, rather than get yourself back up as quickly 

as possible. After all, “In time we walk without thinking and think without falling, 

but it is not so much that we have learned how to walk as we have learned not 

to fall”. 

These realisations led to a narrowing of the research focus in two ways, to limit 

the scope of the project to a feasible realm; initially, to focus on robustness, 

which is a component of resilience, and secondly, to explore the field of risk 

indexing [9] and how it can help build the method; it is versatile enough to 

produce the metrics ‘desired’, yet simple enough to be widely used in the 

industry.  

1.3 The research process 

The first step in any multicriteria decision analysis (MCDA) process is to define 

the decision problem. In order to define the decision problem of (ordinally) 

comparing (or construct an interval scale of) the robustness of alternative 

designs, it was first needed to understand the decision motivation of why there 

is a need to compare alternative designs, but that question had two branches 
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– what reasons and stimuli are there to highlight that need for a methodology 

and to what goal is it hoped to progress towards by conceptualising it? The 

answer to “what reasons and stimuli” is everything linked to the “need for this 

methodology” section which follows. The answer to “to what aim” is linked to 

the desired outcome and impact of this work. Somewhere between these two, 

the “how” also lies. Understanding why one wants to do something, can help 

them choose how to do it, and this in turn can direct the desired impact of the 

work. 

So throughout this research, there was a decision problem on the best way to 

define the decision problem, following a form of an iterative meta-process. This 

happened because the answers to “why” and “what for” were evolving while 

this research was conducted, and would eventually determine the definition of 

the decision problem that was the construction of a robustness index.  

By reviewing fire risk indexing, noting that a risk index [9] is where a multi-

attribute evaluation [10] is used to develop risk assessments and the results 

are aggregated into a single number, the research direction was clarified 

further and in more focus. Creating a fire risk index includes a process of 

scoring the causal, and mitigating, fire safety attributes – with the result being 

a rapid and relatively simple fire safety evaluation [11]. Given the lack of data 

in the appropriate format, formalised expert elicitation procedures are used to 

quantify parameters in these indices, and from that fact stem some of their 

limitations. 

Two reviews were essential; an understanding of fire risk indexing as an 

approach to the evaluation of fire safety, work which was published [12], and 

a review of all the indexing methods in fire safety, so that inferences could be 

made and repeated pitfalls avoided, presented as a poster at a conference 

[13]. By further looking into the historic origins of risk indexing, the 

development of insurance rating schedules was studied along with its impact 

on building practices across different countries – mainly the UK and the USA. 

There was also value found in communicating with past developers, so as to 

enhance any lessons learned that were not available in the literature and 
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methods’ documentation. These four working packages formed the initial main 

part of this thesis. 

By further looking into the theoretical background and historic origins of risk 

indexing, a link with systems theory, decision analysis, and specifically utility 

theory was recognised. Indexing employs the theoretical foundations of 

decision models, but their assumptions and limitations are not always explored 

and communicated, something that needed to be researched before outlining 

a fire robustness index.  

As this was an iterative process, with the findings of the reviews informing the 

direction of the following research, the “why?” and “what for?” as they are 

understood now are outlined in the following sub-sections. 

1.3.1 Need for an assessment methodology | need for research in the 

field 

One of the common topics in fire safety engineering is the origins of most rule-

based guidance and how these provisions can now be outdated, or 

unscientific, when compared to modern first-principles approaches [14], [15]. 

It could even be stated, at a stretch, that some of the requirements are now 

rendered irrational, for example the 2.5 minutes rule for evacuation flow time, 

or the maximum 20m fire tended reversing distance [16]. This has led to a 

bipolar situation in fire safety, either through a first principles approach which 

is constrained by the competence of the designer and the ‘expertise 

asymmetry’ of the reviewing authority [17], or by the constraint of “the 

incoherent agglomeration [of] safety standards known as building codes” in the 

US [18], or rule-based guidance in the UK. Any approach that can potentially 

be placed between those two poles, like fire risk indexing [9], is worth 

researching. 

A rational approach is one where normative processes are followed, so no 

biases are affecting the process of making decisions (in this case about fire 

safety provisions), and transparency of cause and effect actions is guaranteed. 

Such rational solutions are hard to conceptualise for two reasons; the 
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complexity of the problem and the vagueness (or fuzziness) of the concepts 

involved [19]. One way to deal with the complexity factor is to break down the 

problem into its elements through the employment of a multi-attribute structure. 

It follows that any formalised approaches from other disciplines that could 

facilitate that are worth exploring to meet the need of “rationalising fire safety”. 

Past experience can also be motivating. In the insurance world, schedule 

rating, an indexing-like approach to calculating premiums, was mainly used by 

the insurance industry as a surrogate measure to compensate for the 

unregulated construction practices in the USA. That is why the process was 

considered “a public benefit, tending toward the reduction of the annual fire 

waste and to the prevention of loss of life and property by fire” [20]. Similarly, 

recent experience on the impact of sustainability rating schemes (like 

BREEAM or LEED) can cultivate a climate in which a labelling system for 

performance leads to increased performance. An indexing method can give 

the impression that it has the potential to be for the “public benefit”, hence why 

it was an idea to be explored. The opposite can also happen, through 

unintended consequences, which is another aspect explored in this thesis. 

1.3.2 Desired aims of the robustness methodology 

Henry Petroski, in his book “To engineer is human” [8] focused on the material 

and mechanical aspects of failures – things that were wrong in the final design. 

Twenty five years later, in his ‘sequel’ book, “To forgive design” [21], Petroski 

took a step back to achieve a broader perspective in order to identify additional 

causes of failures, that implicitly affect the design process. That way, he 

managed to “provide insights into the complexities of design and its aftermath, 

which involve matters of use, abuse, and regulation of the artifactual systems 

that populate our built environment”.  

When thinking on this distinction, it was desired by the author that the 

robustness index methodology produced through this research stands 

somewhere in between the focus of these two books. It cannot predict nor 

prevent all kinds of failure for a fire safety design by looking into material and 

mechanical aspects and prescribing ‘correct’ solutions. Similarly, the 
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methodology in itself cannot dictate how it is used, abused, nor employed to 

regulate ‘the artifactual systems that populate our built environment’, thus 

avoiding the implicit effect of the design process on engineering failures. What 

this (and any well-thought of) methodology is aimed to assist designers with, 

is two-fold yet partial in both. One is to offer the designer a set of 

comprehensible guidelines based on the fire safety knowledge that could be 

digested and incorporated in these 3.5 years of research, so that they can have 

an extra ‘arrow in their quiver’ to guide their thought process, document the 

design procedure, communicate their decisions in a simple manner, or 

superficially compare designs. The other is for the methodology to wedge in 

the design process in an attempt to promote the fire safety aspects of design, 

when they are not brought forward for regulatory, industrial, or cultural reasons 

– it is not intended to be a regulatory mechanism, but its desired purpose is to 

use the appeal of an oversimplifying single number, in order to be used widely, 

and in that process evoking the regulatory demands and professional 

competence of designers by relying on them to quantify that single number. 

A precursor to what is now known as performance-based design, or a first 

principles approach, used to be known as the ‘systems approach’ to fire safety. 

Despite its enormous potential, it was highlighted by its promoters to not be 

perceived as “a universal panacea for fire protection problems”, but as a useful 

addition in the problem-solving frame of reference for designers [22]. The 

impact of a ‘systems approach’ on fire risk indexing is also touched upon. 

To build on the latter two points, when this complexity of the fire evaluation 

process is elucidated through such an approach, it should still not be hoped to 

replace a thorough analysis of the functional requirements expected of a 

building to satisfy, but be “a simple evaluative process that will give a coarse 

fire risk classification to the building and that will identify the contributions to 

fire safety of all components in a building”, as the Edinburgh points scheme – 

one of the first indexing methods – did [23]. By using such an evaluation tool it 

will be easier for people to disseminate their analysis results, “either to make 

better decisions or in order to argue some case before the decisions are made” 

[24]. This last statement highlights both the potential of a semi-quantitative 
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methodology for constructive contribution or misuse in the design process. It 

does not change the fact however, that an easily communicable result 

increases the involvement of stakeholders and gets “people to pay attention to 

results” [24]. 

After reviewing the available literature and scientific tools, these are the “why” 

and “what for”. 

1.4 Regulatory domain in the UK and ranking approaches 

The building regulations in the UK are statutory instruments with the goal to 

ensure public safety to the level of what is societally acceptable, by the 

implementation of certain policies through legislation. For a building to be 

constructed, it first needs to be approved by the respective authority.  

Expectations and guidance are set out in the Building Act 1984 [1] and the 

Building Regulations 2010 [2]. If a design satisfies the functional requirements 

that are set out in the regulations, then it is considered compliant with them. 

There is additionally the option to make use of prescriptive specifications which 

are set in a series of 16 Approved Documents in the form of rule-based 

guidance. These provide technical guidance but are not legally binding in 

regard to the ways and means of meeting the functional requirements. 

Approved Document A [25] covers the structural aspects of the design, along 

with structural robustness requirements, and Approved Document B (ADB) 

[26], [27] refers to the fire safety of buildings. As it is described in the 2020 

version of ADB: 

“Although approved documents cover common building situations, 

compliance with the guidance set out in the approved documents does not 

provide a guarantee of compliance with the requirements of the regulations 

because the approved documents cannot cater for all circumstances, variations 

and innovations. Those with responsibility for meeting the requirements of the 

regulations will need to consider for themselves whether following the guidance 

in the approved documents is likely to meet those requirements in the particular 

circumstances of their case”. 



 Introduction  

9 
 

There is a number of available frameworks coming into action depending on 

the stage of a building’s development (plan, design, construction, occupation), 

or on the case of refurbishments and change of use. There is also the option 

of designing a building using the appropriate British [28]–[30] or European 

Standards [31], [32] for the structural fire design, while achieving regulatory 

compliance for the UK. 

The objective of the regulations is primarily the safety of the occupants, 

persons in the vicinity of the buildings, and the avoidance of conflagrations by 

limiting building to building fire spread (“for the purpose of securing reasonable 

standards of health and safety for persons in or about buildings”, clause 8 of 

the Building Regulations 2010 [2]). However, they do not take into account 

issues of reparability, sustainability, mission continuity, or heritage protection 

[33].  

Any professional willing to construct a building asks for a planning permission 

from the Local Planning Authority, which once granted leads to the binary 

choice of hiring an Approved Inspector or going through a Local Authority 

Building Control office for the approval of the design, inspection of building 

works, and the final issue of the completion certificate [5]. 

Historically, most of the reviews, changes and updates in the regulatory 

frameworks were triggered by major fire events whose investigation 

highlighted omissions, inadequacies, and room for misinterpretation. The 

analysis and understanding of the involved factors in these cases led to new 

prescriptive requirements in the regulations [34], [35]. This development is 

realised in response to respective social needs of the times, thus the basic 

level of fire safety alters considerably with respect to time [36]. As Spinardi [35] 

stated “regulations have often emerged as piecemeal responses to particular 

fire disasters, building up over the years into a comprehensive set of 

necessarily approximate buildings codes that prescribe rules and guidelines 

according to the type, location, occupancy, and use of buildings”. This whole 

response was subsequently termed as the “stable-door approach” [37]. 
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In relation to this work, the above text is indicative of the impossibility that a 

voluntary indexing scheme can be an instrument to indicate regulatory 

compliance, an analysis which shaped the desired aims for this methodology. 

1.5 Outline of thesis chapters and appendices 

An outline of each chapter is provided in this section. 

1.5.1 Chapter 1 – Introduction 

In this first chapter, context and reasons for the formulation of this research 

topic are introduced. These intend to express the motivation for conducting the 

analysis through a PhD programme.  

The decisions behind the development of an index are explained. Clarifications 

on methodology, aims, and essential terminology are provided as the 

necessary information related to the study. Finally, an outline of the thesis 

structure and content is made available. 

1.5.2 Chapter 2 – Insurance rating schedules 

The story of insurance rate scheduling is provided, showcasing the 

developmental process followed over decades while also linking its practical 

relatedness to fire risk indexing. This chapter is a comprehensive collation of 

all the scheduling methods available and their description, along with any 

future evaluation of their utility and impact. Cases when unintended 

consequences occurred due to overreliance (or unquestioned belief) on a 

rating schedule are explored and discussed. 

1.5.3 Chapter 3 – Tactics, objectives, and choices; building a fire risk 

index 

A thorough literature review of fire risk indexing was undertaken in order to 

elucidate key issues that are interlocked in multiple layers of complexity formed 

over decades. These are clarified to encourage an understanding of the basis 

around the concepts employed, and issues around the “use of language” are 

explored, setting a common terminology to be used. 
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Any available information in the documentation of the development of existing 

methods was analysed in order to map out the possible ways, along with any 

of their implications, that are used to: (i) identify the fire safety attributes to be 

evaluated, (ii) quantify their relative importance, and (iii) calculate the final 

index through different mathematical approaches. It is shown how the 

development and operation of indexing methods are entangled with issues of 

reliable expert elicitation (from the developers’ point) and professional 

competence (from the user’s end point). 

The findings of this chapter have also been published in a journal paper [12]. 

1.5.4 Chapter 4 – Modern fire indexing methods 

A timeline of fire risk indexing methods’ appearances follows, to provide insight 

into the background motivation, impact, and drive for action in each case. The 

aim is to present collated up to date information on each method as well as 

ease the navigation through the large amount of literature available.  

The findings of this chapter have partially been published in a conference 

paper [13]. 

1.5.5 Chapter 5 – The oscillatory interest on fire risk indexing 

This chapter utilises the findings from the previous three chapters to reveal 

patterns in the emergence of indexing tools. These patterns are affected by an 

interplay with the regulation of fire safety. The narrative once again begins at 

the Great Fire of London and there are two waves of modern indexing 

recognised, that coincide with a peak in indexing interest. There is also a 

common thematic outlined, that of the emergence of indexing methods after 

great fire catastrophes, to prioritise assessments or refurbishments.  

1.5.6 Chapter 6 – Upward over the senpai mountain 

Looking at existing work, it was most notably found that a substantial number 

of fire indexing methods fall into disuse once their initial aim is served; showing 

that the longevity of a method is limited by the context of its creation. Since the 

available documentation is focused on the development of a method, and not 
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its implementation, it was deemed essential to contact developers of existing 

methods that are still active in the field in order to elicit information unavailable 

in the reports. The findings from such communications are presented in this 

chapter. 

1.5.7 Chapter 7 – Deciding to build an index 

The objectives strived to be achieved through the employment of the index, 

along with the UK regulatory requirements that are expected to be satisfied by 

designers are presented. The theoretical link of indexing with decision theory 

is established, the implications of the model used are explained, and the 

limitations of the current methodology are outlined on a scientific basis.  

1.5.8 Chapter 8 – Conclusions and further work 

This final chapter will provide the reader with an overview of all the work 

conducted to produce the final method, with a detailed presentation of it 

available in the appendices section. Possibilities for future research will be 

explored, as well as the feasibility of a software version for the indexing 

method. A description of how the method could be expanded to other building 

uses and types will be presented. 

1.5.9 Appendices section 

1.5.9.1 Appendix A – Selected minutes from the BRE project 

conceptualisation meeting 

Minutes and notes of three working groups that discussed the 

conceptualisation of the project are presented in this Appendix, for reasons of 

completeness and transparency. 

1.5.9.2 Appendix B – Illustrative examples of indexing methods 

The technical nuances of the mechanics upon which fire risk indexing is based 

are presented, along with their improvements through time, through a series 

of illustrative examples. Benefits and drawbacks of each approach are 

discussed. This appendix is complementary to Chapter 3. 
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1.5.9.3 Appendix C – Fire resilience and fire robustness 

In this appendix, the terms of resilience and robustness are explained. A 

progression of the available metrics and their sophistication is outlined, 

whether it is deterministic, probabilistic, or risk-based. Unresolved debates on 

fundamental concepts are discussed. Previous attempts to employ these 

metrics in the fire safety domain are outlined and the latest research is 

presented.  

This review is not exhaustive, but conducted to a point that highlights the 

tensions and open issues in this field, and how these affected the progression 

of this research. 

1.5.9.4 Appendix D – Building a robustness index 

In this appendix, the process of building a robustness index is outlined. This is 

a complementary part of Chapter 8, but it was decided for this process to be 

disentangled from the review of its theoretical underpinnings.  

The generation of attributes, their structure, and their quantification are 

presented in this appendix. This is not aimed to be a ready-to-use index, but 

an outlining of the process followed to showcase the implementation of this 

thesis’ findings. 

1.6 Conclusions 

In this introductory chapter, the background information on the project is 

presented, along with how that interacted with findings once the research was 

initiated. The main decisions that shaped the research direction are presented 

and explained, along with some information on the regulation of fire safety in 

the UK. Finally, an outline of the structure of this thesis is provided, with an 

overview of the contents of each chapter.  
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Chapter 2 Insurance rating schedules 

“Begin at the beginning," the King said, very gravely, "and go on till you 

come to the end: then stop.” 

― Lewis Carroll, Alice in Wonderland 

2.1 Preface 

In the spring and summer of 1665, an outbreak of Bubonic Plague – the Black 

Death – spread from parish to parish and killed 15% of London’s population. 

With the hope for a better year, 1666 followed. On Sunday the 2nd September 

1666, the “Lord’s day”, a fire started in King’s bakery in Pudding Lane near 

London Bridge. The owner, Thomas Farynor, allegedly extinguished the fire, 

yet by 1 am, a few hours later, the structure was alight. When the sleep of Sir 

Thomas Bludworth was interrupted by news of the fire, given that at the time 

he was Lord Mayor of London, he dismissed the event with the phrase “Pish! 

A woman might piss it out!”. It is no surprise that with such an approach he 

was soon relieved by the Duke of York due to his incompetence to deal with 

the situation, which evolved into a destructive city conflagration [38]. 

Samuel Pepys’s diary records the event [39]. From his records, the story goes 

as such: 

“(Lord’s day). Some of our mayds sitting up late last night to get things 

ready against our feast to-day, Jane called us up about three in the morning, to 

tell us of a great fire they saw in the City. So I rose and slipped on my 

nightgowne, and went to her window, and thought it to be on the backside of 

Marke-lane at the farthest; but, being unused to such fires as followed, I thought 

it far enough off; and so went to bed again and to sleep. About seven rose again 

to dress myself, and there looked out at the window, and saw the fire not so 

much as it was and further off.”  

However, later in the day the fire spread uncontrollably, following a very dry 

summer, which gave the impression that “every thing, after so long a drought, 

proving combustible, even the very stones of churches”. A day later Samuel 
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Pepys was woken up to secure his belongings and evacuate, but did not 

remove his nightgown again, for reasons of hurriedness: 

“About four o’clock in the morning, my Lady Batten sent me a cart to 

carry away all my money, and plate, and best things, to Sir W. Rider’s at 

Bednall-greene. Which I did riding myself in my night-gowne in the cart;” 

The rest of the things that could not be salvaged, but were of value, were buried 

in dug pits in the garden. As the process is outlined: 

“Sir W. Batten not knowing how to remove his wine, did dig a pit in the 

garden, and laid it in there; and I took the opportunity of laying all the papers of 

my office that I could not otherwise dispose of. And in the evening Sir W. Pen 

and I did dig another, and put our wine in it; and I my Parmazan cheese, as well 

as my wine and some other things” 

The development of how the first prescriptive statutes came in place to ensure 

an improved rebuilding of London through stone or brick walls, larger 

separation distances, and other measures has been mentioned in other 

publications [14], [35], [40]–[42]. The main objective of these rules was the 

elimination of city-wide conflagrations, not the eradication of building fires (nor, 

apparently, the preservation of cheese). “The sole object of building 

regulations is to ensure public health and safety – they are not concerned with 

economic loss of the building or contents” [43]. This burden was taken up by 

insurance companies, and this parallel story of how fire insurance arose out of 

the Great Fire of London is one rarely told alongside the other one, of the first 

regulations. 

While insurance history has been its own separate area of study, it is highly 

relevant to the subject of this thesis. The question of insurance premiums 

requires ‘discrimination’ between buildings in terms of risk (and what protective 

approaches should be followed); this is intimately linked to the idea of indexing. 

Any study of fire indexing must therefore first address the insurance industry. 
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2.2 A review on the insurance rating schedules – the birth of 

rating 

2.2.1 Conception of building classes for insurance 

Given the low loss of life during the Great Fire of London, the lesson learned 

was primarily a financial one. So arose the first fire insurance office – to protect 

owners from the fire loss. The first record of such a practice is from 1681, by 

the Fire Office set up by Dr Nicholas Barbon [44], [45], who organised the first 

fire brigade in London to “protect the property of those insured by the Office, 

thus preventing losses which the Office would be called upon to pay” [46]. 

To ensure that this business remained profitable, the office needed some kind 

of costing method; a rating approach. Given that, at the time (apart from marine 

insurance [47]), buildings were the only property insured [45], [48], there were 

no other fields from which to draw inspiration. The first, elementary method of 

rating was by classification of buildings into groups and defining their 

respective flat/average rates for premiums. The premiums were proportional 

to the rental values, implicitly acknowledging the overall value of the property.  

This led to the concept of building classes. It started with two such classes in 

England, the brick or stone buildings and the wooden buildings. Insuring a brick 

or stone building would cost the owner 2 shillings and 6 pence (2 s. 6 d.) for 

each annual pound (£) of rent. If the building was wooden, then the amount 

was double [48], [49]. This practice slightly changed in 1700, and the building 

value was directly cited as the criterion for the premium [44]. In 1706, the option 

to insure contents was made available by Povey, reported by Hardy [45]; this 

was charged at the same rate for the building in which the contents were 

housed [44]. The next step was to classify risks of contents, and in 1714, the 

Union Fire Office, defined categories of risk. These were: common, hazardous, 

and doubly hazardous [44], [48]. The same practice for the Sun Fire Office is 

dated at 1727, a “crude division which lasted until well into the 19th century” 

[47]. 
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This is the process that led to the creation of class rates. To briefly explain the 

terms as they are perceived now, “a rate is the amount charged for insuring 

$100 of property for one year” [20] and as Watts [50] has described, “class 

rates apply to all properties that fall within a given category or classification”. It 

has been described as “nothing more than a rough grouping of the different 

classes. When the class to which a risk belonged was determined it naturally 

fell into that class and its rate was ready for it. There was no distinction 

between risks of the same class because of individual merits or demerits” [44]. 

This is how fire insurance came to be, and how initially buildings were 

separated into classes which were charged different rates, based on their 

expected fire performance. Further on this distinction, it was later found, and 

added in the analysis, that the building contents played a role. This, now being 

an additional factor to consider, was accounted for with an additional charge 

in the premiums. 

The story continued in the Unites States of America, with the first insurance 

organisation in the nation being the Philadelphia Contributionship founded in 

1752 [44]. This is also seconded by Hexamer [20] who referred to Philadelphia 

as “the home of the first fire insurance company organized in this country”. The 

first recorded deviation from flat rates is mentioned by Hess [51], in 1782, with 

the following story of the Green Tree Company, also confirmed by Hardy [45]: 

“In 1782 the single company then doing business suddenly decided to 

prohibit the insurance of houses “having a tree or trees planted before them.” 

This was either due to the fact that shade trees interfered with the fire-fighters in 

case of fire, or to the danger from lightning, which was considered increased by 

these trees. This action resulted in the formation of a new insurance company by 

those that had trees planted in front of their houses. This company, of course, 

also carried insurance on houses without trees, and the hazard of the shade 

trees was covered by a higher rate”.  

This outlines another step in the discrimination of risks for buildings, from an 

insurance perspective. Going beyond construction or occupancy, the 

insurance rate now depends upon another factor of risk; the presence of a tree.  
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This idea was built upon at end of the eighteenth century. Riegel [44] places 

this about 1795, and Dunbar [48] pins it on 1798 as to when a Massachusetts 

company came up with an expanded classification of buildings into six groups. 

This was based on the type of construction, roof, and walls along with an 

additional contents classification separating them into hazardous and non-

hazardous [48]. In 1826, the first cooperative approach from insurance 

companies is mentioned, when they agreed upon a common building 

classification system of eight options, and a system of classifying the content 

into four groups. This expansion of the analysis through the addition of 

attributes to be evaluated is noted as an evolutionary step. 

2.2.2 Logging of loss experience 

In Great Britain in 1833 the majority of the private, insurance managed fire 

brigades, were consolidated into the London Fire Engine Establishment. 

James Braidwood was called upon to lead this establishment, after a 

successful tenure in organising and optimising the Edinburgh Fire Brigade. 

Braidwood initiated the recording statistics on a wider level. The insurance 

companies made use of these representative statistics because they allowed 

the value of “the insurance to the insured or its risk to the insurer” to be rightly 

known, reducing uncertainty and economising the rate levels [52].  

In the US, individual companies started between 1835 and 1866 logging their 

experience on the classes that were large in numbers, making correlations on 

their classifications of risks [48]. This allowed them to derive “some information 

relative to the necessary rates upon such classes”. At the same time, the 

“Philadelphia Board of Fire Underwriters” was established and, through its 

activity, rates were decided upon the basis of differences in fire hazard, with 

these differences being “determined by the general experience of the 

companies, which were members of the organisation” [20]. Dunbar [44] 

comments however, that due to the nature of deriving those rates upon the 

judgement of committees, that they could not be uniform. When the National 

Board of Fire Underwriters (NBFU) was organised in 1866, its plan was to 

standardise rate making across the country; it’s story is well documented by 
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Riegel [53]. This idea found strong opposition from local offices who were 

opposed to any attempt to centralise the rate levels. The attempts were 

abandoned by 1875 [44], [54]. The details of this story are documented by 

Hardy [45]. Dunbar’s [44] interpretation was that opposition arose from “local 

resentment of what appeared to be arbitrary authority exercised by a foreign 

and unsympathetic jurisdiction”.  

So at this point the attempts are not focused on expanding the attributes to be 

evaluated in a building, but on linking the insurance rates of each building to 

their expected fire performance, as this was perceived by proxy through the 

logged financial losses. However, different political and organisational tensions 

did not always make this possible. 

Despite the apparent existence of logged loss experience, the industry did not 

operate in such an ideal way. This was highlighted by Dean in his 1900 book 

“The rationale of fire rates” [55]. There it is stated that “in the old days, when 

there was no competition, each company could fix its own price, and the 

margin of profit between cost and rate was so wide as to leave room for guess-

work”. This is verified later by Riegel [54]. This practice led to a lot of public 

disregard and sometimes the rates even had to be regulated centrally on a 

state level, from a public that was “blindly seeking relief”, striking at the 

companies “in forms of adverse legislation” [56]. In some cases “criticisms of 

methods employed have been so severe as to induce several states to endow 

the commonwealth with the power to fix the price to be paid for insurance” [48], 

[57]. This is shown in a statement by Dean [55]: 

“In this unavoidable uniformity or fixity of rate there is a superficial 

resemblance to the artificial and purely arbitrary prices established by 

monopolies”. 

Philadelphia was one of the places where rating approaches were allegedly 

being pioneered. An instant that showcases that is the publication of the 

‘ground-breaking’ list of “Classes of Hazard and Rates of Premium for 

Insurance Against Loss or Damage by Fire in the City and County of 

Philadelphia” by its local Board of Fire Underwriters. It was recognised that, 
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even for this leading approach at the time, “this list could not have been 

expected to be a marvel in conception and results, it was the beginning of rate 

making on a sound fundamental principle, which has been maintained up to 

the present”, and that principle is “the rate of the building was based on 

construction, material of construction, use of building or occupancy, location, 

height and depth” [20]. In light of those developments, it is apparent that, even 

when logged, rate levels were not linked to the losses. Despite that, Riegel [48] 

reports how: 

“Each company jealously guarded the results shown by its records and 

considered them as a part of its stock in trade, indicating the classes of risks 

which had proved profitable in the past and serving as a guide for future”. 

The usefulness and impact of safekeeping loss experience is not clear, as 

Dean [55] argued that it is not accurate to assign rates based on data from a 

single state, and a single company; a nationwide intercompany pool should be 

used to define representative trends. This argument was also made by 

Hexamer [20]. Surprisingly, this was the argument that fed the opposition to 

nationwide rate control by NBFU, that “rates made in a given section of the 

country for other sections would be made without a full understanding of local 

conditions” [44]. However, if local conditions are not representative enough for 

the definition of rates (as Dean argued), and any attempt to harmonising the 

process was met with disdain then the that industry would be in deadlock and 

would arbitrarily set rates. 

The problem was later exacerbated, for reasons explained in the next sub-

section, and the usefulness of logging loss experience in classes for rate 

making ceased to exist, mainly because the industrial revolution rendered the 

contemporary classification system inappropriate [44], [48]. This is best 

exhibited by the emergence of the “omnibus”, or simply multiple occupancy 

buildings that defied current classification [44]. Today, when class rates do not 

apply, then insurers calculate and use specific rates, through the application 

of a rating schedule [50].  



Developing a fire robustness index for the built environment 

22 

The reason why this story is of use to thesis is because through this process 

of creating schedules, the problem of determining a commonly accepted 

“standard building” in terms of risk was established, usually through the proxy 

of financial viability through reduced fire losses. Through this story, the 

conceptualisation and various treatments of a “benchmark building” can be 

tracked in time, through its corresponding metric of the “basis rate”, and 

provide insight for a problem still not perfectly solved. 

2.2.3 The emergence of rating schedules 

In 1839 New York City, a tariff of rates was documented that contained 

deficiency charges and that is considered the beginning of modern schedule 

rating [44]. However, it was also found that “‘the first real schedule’ was 

devised in 1868 and that a great development in schedules had taken place 

by 1890” [48], but no further description or sources are provided. ‘Tariff’ is a 

term often referred to British practice, whereas ‘schedule’ is more frequently 

used to refer to North American practice. The terminology accepted in Britain 

for tariff was “a classified list or scale of charges made in any private or public 

business, as a hotel tariff or a railroad tariff” [47]. In other, more detailed, works, 

Dunbar [44] mentions that schedule rating originated in assessing the risk of 

cotton mills in England and was brought to the US at the same time around 

1850. Hardy [45] pins the origin to a tariff of fire rates for woollen mills in 1848. 

In a later publication Hardy places its emergence in Manchester in 1842 [58]. 

A related analysis specifically on cotton mills is documented by Kitchin [59]. 

It is the deduction of the author, that the “first real schedule” Riegel was 

referring to, originated to a booklet published in 1857 by the Philadelphia Board 

of Fire Underwriters, which was using their aforementioned list of local hazard 

classes, employing another principle of breaking down the assessment in two 

parts – one part the building and another its contents. This booklet was 

updated in 1867 (a year very close to the previously cited 1868) with increased 

detail in the description of risks to be accounted for [20].  

The author considers this is a key moment in the story of indexing, because 

as the manufacturing industry was revolutionised, the classification system 
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was outdated and not fit-for-purpose, so the need for any quantification of the 

risk that facilitated premium calculation was essential for the financial survival 

of the insurance industry.  

Hess has described the objective of schedule rating as “to make rates that will 

measure the fire hazard” [51]. Meyer [60], when reviewing Dean’s books [55], 

[61], opened with the phrase that “fire insurance has been characterized as a 

magnificent system of guess-work”, yet a balancing comment on scheduling 

by Riegel [48] is that: 

“This has been called ’guesswork‘ but it is as far from that as from 

science. It would be more accurate to call the schedule process one of 

’estimation’”. 

The underlying motivation for the conceptualisation of rating schedules for the 

determination of the relative fire hazard, and respectively the appropriate 

specific rate, has three dimensions. One of them is the technological 

improvement, indicated by phrases which inform us that “the nineteenth 

century was prolific in inventions which radically altered industrial and trade 

conditions” and shown in figures that Riegel [48] provided: 

“From 1836 to 1867 the number of patents issued annually in the United 

States increased from 109 to 13,026. The alterations thus brought about created 

a multiplicity of hazards which made the old classification ideas almost useless 

for the purpose of rating”. 

A consequence of that (communicated through a phrase that, for the present 

author, carries a timeless message) was the implication of the introduction of 

new materials and ideas into the built environment. Again from Riegel [48] we 

learn that: 

“Modern conditions made the classification method of rating increasingly 

difficult. With increased knowledge and accessibility of material, building 

construction became more varied and to place a building in a definite class 

became a more difficult problem”. 

The other root cause has been presented in the previous paragraph, and as it 

was already mentioned, “both premium rates and losses were almost if not 
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entirely independent variables” [48]. The public’s response to that can be 

shown by statements from Dean [61] that “the public contention that rates are 

made ‘by guess and begad’ is susceptible of proof from the documentary 

evidence contained in our own tariffs”. So instead of the logged experience 

informing the rating practice by adjusting rates for classes that were costly in 

terms of insurance, the available statistics showed that there was no 

correlation between classes (that costed a lot to an insurance company) and 

the charged rate.  

The last dimension to the problem had to do with the property inspectors and 

the repeatability of the rates they provided. Dean [55] was an advocate on rate 

determination based on property type and hazard (physical influences), 

regardless of ownership (personal influences). Related to that, Riegel [48] 

reports that: 

“For some time rates were adapted to conditions through the medium of 

inspectors. But since the judgments of individual inspectors varied and no 

evidence of the justice of a rate thus made ever existed, not to mention that the 

same inspector would often rate the same hazard differently at two different 

times, individual judgment was superseded by a system based on combined 

judgment, now designated the ’schedule‘ system”. 

This is also mentioned by Hexamer [20] who wrote about the apparent 

necessity “of better and more complete methods of rating” since “rates on 

special risks were promulgated under the direction of rating committees for 

some time” and that resulted in the creation of various different schedules for 

different classes of manufacture. 

Years later, the motivation was phrased as “it has been said that schedule 

rating owes its birth to the endeavor to arrive at the first rate in some way that 

can be explained and the attempt to establish a standard measure of fire 

hazard which can be seen, handled, discussed and understood” [44].  

The author would like to highlight that from this phrase it is shown that the 

insurance industry was trying for many years but could not answer the question 

“what is profitable?”. It is fundamentally a discussion about acceptability 
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criteria that could not be defined, even though the “acceptable” scenario was 

a “standard building”, and its performance was measured in [objective] 

monetary terms – not [of subjective value] human lives or casualties per year. 

That first such generally accepted system, which defined a “standard building”, 

with widespread use is the “Standard Universal Schedule for Rating Mercantile 

Risks” [62], attributed mainly to the work of F.C. Moore.  

2.2.4 Standard Universal Schedule for Rating Mercantile Risks 

The first mention of the schedule can be found in 1893, in articles of “The 

Chronicle” [63], a weekly insurance journal. Two editions of the schedule have 

been located in the literature, one published in 1896 [62] and a collation 

released in 1902 [64]. The next year, 1903, Moore [65] released a book with 

guidance on all the necessary information insurers needed to assess building 

risk, while also presenting examples of employing that knowledge on the 

schedule’s implementation. Even if the schedule was considered easy to 

employ, one still needed to read a book of 850 pages. 

Hexamer [20] recounts the story behind the development of the Universal 

Schedule. In 1891, a committee of 37 members was assigned to form a 

schedule that addressed “the desirability of a uniform system of rating 

mercantile risks in different sections of the country on a like basis”. This group, 

now called “The Universal Schedule Committee” [59] also consulted with 

selected co-operating committees from underwriter’s associations that had 

experience in rate making. One of them was the Philadelphia one, and 

Hexamer further notes how the terms “susceptibility”, “ignitibility”, and 

“combustibility” that were adopted in the Universal Schedule to assess the 

contents’ risk, were originally conceptualised in the Philadelphia hazard list, 

showcasing the links in this joint effort.  

This wasn’t an easy task, and in the words of Moore [65] “I undertook to 

prepare a schedule for rating mercantile risks. […] After working assiduously 

upon the task I abandoned it, believing it impossible of accomplishment”, with 

another remark on the enormity of the undertaking being “No one man or, for 
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that matter, no thirty-seven men, could have supplied the knowledge and 

statistics necessary for the accomplishment of the task” – however, the 

schedule was prepared. This is a recurring comment, as Hexamer put it when 

he wanted to “call attention in a general way to the great amount of detail work 

and investigation necessary to produce even approximately correct ratings” 

[20]. 

The final committee report on the schedule’s development, when it was 

completed in 1893 [59], included a statement, found in Hexamer [20], by its 

chair F.C. Moore: 

“Schedule rating is a specific, accurate measure from the viewpoint of 

advantage or disadvantage, by a scale of insurance rates or prices, for every 

feature of a building and its contents of […] in fact, every consideration which an 

ideal underwriter supposedly possessed of the knowledge and experience 

combined of all engaged in the business would take into account in fixing a rate”. 

The fundamental idea of the schedule is that “The rate of a standard building 

in a standard city located anywhere, should be the same”. This is a key-

moment towards addressing the question of the “benchmark” building. 

The schedule defined a basis rate (of 25 cents in US dollars per $100 of 

insured property) for the aforementioned “standard building in a standard city”. 

This number was arbitrary based on a combination of judgement, or more 

eloquently put, a consensus of opinions [48]. It was calculated through analysis 

of 5 year-long data, with the aim to allow for a moderate profit of no more than 

5% (acceptability criterion), and something the public should find reasonable 

(societally acceptable) [64]. From this starting point, inferiorities and 

superiorities of the assessed building to the “standard building” are accounted 

for, through monetary additions in the rate for deficiencies in protection, and 

deductions for any reductions in the hazard [64]. The monetary values are 

derived based on their relative importance to the integrity of the entire building. 

Finally, some percentage deductions would be made to the final rate to 

account for generic improvements that would reduce the hazard. 



 Insurance rating schedules  

27 
 

For the assessment to happen, a standard city also had to be described, along 

with a list of the kind of street dimensions, water system, building laws, 

capability of fire department, etc. that were expected of it. That was the “City 

Schedule to Ascertain the Key-Rate” included in the Universal Schedule. Then 

the same happened for the standard building in terms of construction and fire 

protection details. An example application of rating “a non-fireproof brick 

building with one tenant who is a wholesale dealer in drugs” is reproduced from 

Hardy et al. [66] and shown in Table 2.1 below: 

Table 2.1 Example of the Universal Mercantile Schedule 

Key rate for city: 0.10 

Floors, single: 0.05 
Wood ceiling finish: 0.07 
Wooden side wall finish: 0.08 
Floor openings, stairs only: 0.075 
Skylight, non-standard: 0.15 
Electric lighting: 0.01 
Stoves for heating purposes: 0.01 
Sub-standard chimney: 0.06 
Unprotected metal columns: 0.10 

Total: 0.705 

Charge for hazard: 0.125 
Total: 0.83 
Deduct for fire escapes 2% or: 0.017 
Remainder: 0.813 
Add for exposure: 0.05 
Total: 0.863 
Deduct 15% because insurance equal to 80% of the value is 
carried: 

0.129 

Final Rate on Building: 0.734 

Key rate for contents: 0.769 
Susceptibility charge contents: 0.563 
The stock above and below grade floor: 0.07 

Total: 1.402 

Deduct for fire escapes 2% or: 0.028 
Remainder: 1.374 
Add for exposure: 0.06 

Total: 1.434 

Deduct, because insurance equal to 80% of the value is 
carried, 7.5% or : 

0.108 

Final Rate on Contents: 1.326 
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The deductions for “insurance equal to 80% of the value is carried” is a feature 

of co-insurance, an insurance policy where the insured becomes the insurer in 

part [45], [55] unrelated to this work. 

2.2.5 Criticism on the Universal Schedule 

One of the major sources of criticism for the Universal Schedule was its 

reliance on “professional” judgement, since all of the values are estimates 

based on limited data. This schedule (nor any of its adaptations) did not “made 

any attempt to justify their results by statistics” [48]. The schedule was not 

adaptable to changing conditions [48], such as new information on loss ratios, 

thus lacking in stability rendering it inconsistent as time progressed. Dean [61] 

has extensively criticised the Universal Schedule. When it comes to the 

definition of the basis rate, he has stated that: 

“We say that each individual rate is the sum of a basis rate combined 

with certain charges and credits, but cannot show whether this basis rate is 

relatively correct when compared with others, nor can we show that the charges 

and credits which permeate many classes are consistently imposed upon each 

class for treating certain features of risk”.  

So yet again “the insured could not be shown how [their] rate was arrived at” 

[54]. Another source of criticism was that the mathematical functions between 

aspects of risk which were “seemingly related” were additions and 

subtractions, so they were treated as independent [48]. This led to bold 

statements and arguments in the press presented below. Dean [61] 

considered the approach non-scientific due to the arbitrariness of the basis 

rate and the unestablished relations between hazard factors (or in the 

terminology of modern work, attributes). He came to the conclusion that “it may 

be truthfully said that the Universal Schedule makes a clean sweep of the twin 

functions of intelligence - classification and reasoning”. 

In the press, heated debates took place in “The Chronicle” [63], a weekly 

insurance journal, with a sample text with criticism on the inability of the 

schedule to eliminate personal influences being: 

“But the authors of the universal mercantile schedule calmly inform local 
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agents and others that if the schedule, when applied regularly, does not produce 

’key rates‘ according with their ideas, they may add or subtract, and otherwise 

expand or contract charges or allowances, until they get ’key rates‘ that do suit 

their notions. And if other items do not have their approval they may introduce all 

the variations they desire. Thus is science once more subordinated to whim and 

self-interest”. 

Or comments on the competence of the users and the “fundamentals” of the 

fire science at the time: 

“Many of the deficiencies in the ill-fated ’universal‘ schedule are charged 

’rather from their character as ignitives than combustives.’ No schedule that 

confuses ignitibility with combustibility can long endure. Scientific schedule-

raters who have failed to note the distinction between liability to ignition and the 

tendency to burn after ignition - combustive quality - have not done their full 

duty”. 

Such remarks led to further discussion and accusations of Moore’s “vilification” 

by the journal, to which the journal defensively responded that “Mr Moore may 

know who his friends really are” and can “rate their loyalty by any schedule he 

pleases” [63].  

The author has also noticed that the method’s developers have not (in all 

cases) incorporated building deficiencies which are hard to inspect and 

investigate, such as fire stops in concealed spaces and partitions. Moore 

presents this as a necessary practicality [64].  

Riegel [48] mentions how the schedule was seldomly applied as published, but 

it had a profound influence on the creation of other schedules for other 

occupancies, through a list found in his PhD thesis [53]. This happened 

because “it was not copyrighted and changes could be made by local bodies” 

[58]. Despite its shortcomings, it is considered a major step in schedule rating, 

mainly because it was the first one to be so widely used and accepted in the 

US, providing a commonly acceptable list of classifications and “standardising” 

the calculations of rates. But it was also important because, from the process 

of criticising it evolved new and better schedules, such as the “Analytic System 



Developing a fire robustness index for the built environment 

30 

for the Measurement of Relative Fire Hazard for Mercantile Classes” [67], also 

known as Dean Schedule. 

Finally, even though a heavy critic of the schedule himself, Dean [55] has 

stated that:  

“There is no evidence that the people who are constantly carping at the 

injustice of fire insurance rates ever made a rate or saw one made, or even 

suspected that it could not be made by the same easy mental process through 

which they make assertions”. 

2.2.6 The creation of the Analytic (Dean) Schedule 

A.F. Dean’s preparatory work provided the theoretical background that 

explained and supported most of the developmental decisions of the Analytic 

Schedule. In his book, “The Rationale of Fire Rates” [55], the processes of 

rating and established practices are presented to highlight their shortcomings, 

and how this affects the social responsibility insurance companies ought to 

have. In the same book, he proposed two draft occupancy specific schedules 

for open criticism and further development.  

In his next book, “Fire Rating as a Science” [61], he attempts to initiate a 

discussion on the potential of fire rating to be studied as a science, and not 

guess-work or estimation processes. His intent was to take a step back and 

analyse the practices of the field, something he considered was neglected 

since: 

“Fire underwriters are a busy tribe. Too deeply engrossed in the immense 

and constantly accumulating details of their business to generalize upon the 

methods of reasoning they employ, and too busy to heed the generalizations of 

others, they have allowed the spirit of adventure to elbow the spirit of research 

into the background”. 

This redefinition of the field’s practices was of crucial importance to him, linked 

with the insurance industry’s future: 

“The final solution of this problem is pregnant with fate to the future of the 

industry, for upon this solution depends whether it shall ultimately take its place 
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among the honored social forces of the future, or forever remain one of the 

discredited manifestations of civilization which are endured because they cannot 

be cured. If fire-rating can be made a science, there is but one right thing to do, 

and that is to make it a science at any cost”. 

He presented collated data on fire losses and the progress of rate levels over 

time, showcasing that their movement is identical. Every year the fire losses 

increased in a state, the rate levels followed. His argument was that this 

“motion wave” could be averaged and the basis rate could be projected onto it 

so that reasonable profitability of insurance companies could be guaranteed in 

the long term, without overburdening the clients with unreasonable rates. This 

is best summarised in his words that “The bone of contention between the 

public and rating associations may be stated in a nutshell in the question; Shall 

the fire tax be apportioned by chance or by system?”.  

With that background analysis, he developed a system seemingly similar to 

the structure of the Universal Schedule yet which “presented a better 

formulated analysis of hazard and a concentration of judgment at one basic 

point instead of at many points” [48]. The mechanism that allowed this was 

that “instead of stating the charge or credit for each analyzed part of risk as a 

fixed sum, unrelated and independent, it should appear in the tariff as a ratio 

or percentage of a common standard which, through the trade usage, has 

come to be known as the basis rate” [44]. That again means that the 

benchmark was set around the logic that if every building matched “the 

standard”, the economical viability of insurance companies would be 

guaranteed. This time however the expected performance of the building 

would be more accurately and realistically taken into consideration in the rating 

process, by accounting for interactions between the “attributes”. 

Additionally, if the schedule needed to be updated, only the basis rate would 

change and the rest would remain unaltered, because all the “attributes” were 

conceptualised in percentage form on the basis rate. At the same time, this 

addressed the issue of the system relations (what in the terminology of modern 

work is called “attribute interaction”). Another benefit of this approach is that it 

finally provided a rationale for the basis rates to be calculated through the 
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averaging of the recorded losses over a long time period, contributing to the 

argumentation against any arbitrary setting of rates, either from the state due 

to public pressure for reduced premiums, or insurance companies due to the 

inexistence of a transparent and trustworthy system.  

Finally, another novelty of the schedule was that it addressed exposure 

hazards from nearby buildings, through an analysis dependent on the class of 

the city where the building is located, the construction of the outer walls, and 

the distance between the buildings [51]. If a building was surrounded with high 

risk buildings, its rate would be higher than if not surrounded at all. 

This new schedule aimed to address two problems. Hess [51] mentions how 

“The average life of schedules in the past has not been more than five years” 

because as Dean [61] put it “we have been floundering about in the vain 

attempt to adapt an inflexible system to flexible conditions”. Dean [67] was also 

the first one to speak of the longevity of the methods, characteristically through 

the following phrase: 

“Unfortunately many of the tariffs constructed in the past have refused to 

work, and that none of them has worked satisfactorily for any length of time is 

shown by the unending succession of new tariffs with potentialities for good or 

evil which no man can foresee”. 

This is another key point, because every rating schedule up to that moment, 

even though it had an organisation to support it and was needed as a tool, 

failed to serve its purpose and fell in disuse; a pattern recognised in modern 

fire indexing methods too.  

2.2.7 Perceived benefits of schedules 

Dunbar [44] considers that the use of the early schedules did not allow a just 

definition of rates between different industries, which were not directly in 

competition, but at least allowed all the clients in the same fields to be treated 

with consistency. According to Riegel [48], the benefits from the employment 

of the early schedules were three: 

1. Attempted an analysis of fire hazard into its component parts, 
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2. Diminished the probability of personal biases and expediency, thus 

overlooking defects of good features, 

3. A combination of judgements defined the core charges of schedules, 

minimising potential errors by individual inspector estimates. 

An indirect benefit of the schedules was the methodological treatment of the 

risk assessment process, which eventually improved the building stock and 

reduced the amount of fire losses. In the words of Dunbar [44] “the purpose of 

the deficiency charges in the schedules is to encourage the removal of defects 

by making it to the financial interest of the assured to correct them”. That way, 

many properties became profitable for the insurers in much lower rates than 

before, explained through examples by Hexamer [20]. A characteristic quote 

is from Crosby [56] who after presenting case studies concluded that “profit is 

made in eliminating the causes of fires, increasing facilities for extinguishing 

the same, and not in advancing rates”. However, there is an ethical side to it, 

in the words of the Joint Legislative Committee of the Senate and Assembly of 

the State of New York cited by Dunbar [44]: 

“To be driven to an interest in fire prevention only indirectly because of its 

effect upon [the insured’s] premiums is not praiseworthy when there are direct 

ways toward the same end, the enactment, for instance, of proper building laws, 

the creating of offices for inspecting risks and for a general surveillance over 

conditions looking toward fire prevention, not to speak of greater individual 

carefulness”. 

Moore considers that the Universal Mercantile Schedule even as a collection 

of classes and hazards can act as a great help, “if only as a check upon 

memory and judgement of all features of construction or extinction, some of 

which would certainly be overlooked by any other process” [64]. Also, by 

setting the bar of the “standard building” high, they intended to encourage 

“proper construction” and better inspections.  

All of this would (allegedly) lead to: rational levels of rates; reduced reliance on 

local fire department capabilities; elimination of rate-wars between companies; 

and prevention of opposition from policy holders and legislators, since it was 
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known that “legislators could not be convinced of the honesty of the 

underwriters” [54]. 

The Analytic System was adopted in the middle west US, while the Universal 

continued to be applied in the east US in modified form [54] and they became 

part of the education curriculum for insurers [45], [59]. This was the story of 

how primitive forms of indexing emerged, initially by assessing a few attributes 

and creating classes of buildings, and later by expanding the attribute list and 

the ways they were evaluated to produce sophisticated schedules. The impact 

of financial and socio-political drivers in the development of insurance rating 

was outlined, along with the need to strive for increased scientific and technical 

soundness in each developmental step. 

2.2.8 The emergence of the National Fire Protection Association 

(NFPA) 

The Analytic Schedule marked a distinct advance in the theory of rating [51]. 

Despite that, by 1911, statistics only accounted for the average loss ratio and 

the average rate collected per State and that didn’t allow analysis by 

classification of risks so the accuracy of the available schedules remained 

limited [48]. 

One of the reasons why schedules were not easily adopted was because of 

the variations in construction practices attributed to the varying requirements 

of different states. Dunbar has described how: 

“The making of schedules is an exceedingly difficult undertaking in this 

particular country. The schedule maker is confronted not only by the problems 

inherent in the analyses of fire hazard, but [their] difficulties are greatly increased 

by the fact that we have forty eight different sovereignties, each equipped with its 

peculiar laws, seldom found in harmony with those of other States”. 

As it has been mentioned, the local underwriter boards were initially organised 

with the intention to standardise the rating process, but this attempt failed by 

1875 [45]. Eventually, they evolved and their scope enlarged to become 

technical bureaus which advised owners, builders, architects, and legislators 
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[20]. In an attempt to achieve nationwide uniformity in requirements, various 

rating boards met in 1895 New York [68] to decide on common rules for 

automatic sprinklers, and from this meeting emerged the “National Fire 

Protection Association” (NFPA) [20]. Engineers would formulate standardised 

requirements, and the NBFU would promote them as the uniformly accepted 

standard throughout the country [20]. So their character became “educational 

and technical” [53]. 

This is supported by the shift in members of NFPA. In 1900, active membership 

consisted of Stock Fire Insurance Organisations and associate membership 

consisted of individuals in the fire insurance business – however it was 

explicitly included in the objectives of the Association not to “consider the 

subjects of insurance rates” [56]. During the early years of the NFPA, 

membership was only open to Stock Fire Insurance Organisations [69]. By 

1914, the membership pool diversified, noted because “the Association's 

membership is composed of architects, builders, merchants, manufacturers, 

warehousemen, engineers, fire marshals, fire wardens, fire chiefs, electricians, 

credit men, bankers, insurance agents and inspectors, Boards of Trade, 

Chambers of Commerce, Public Libraries and many other organizations, 

individuals, firms and corporations” [68]. This change in membership was 

driven by the interest from non-insurance groups to be involved, which was 

made possible by a revision of the Articles of the Association in 1904 at the 

Eighth Annual Meeting [69]. 

NFPA committees comprised of consulting engineers who devoted their time 

voluntarily, and to expand and support the work they were doing “the National 

Board of Fire Underwriters maintained an underwriters' laboratory, a 

corporation formed by the NBFU in 1902 [53], where tests of materials and 

devices designed for better construction and protection of property are made” 

[20].  

The value of the volunteers’ contribution has been expressed in the following 

statement [68]: 

“There is no public effort in the history of the nation to which there has 
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been so freely given over so long a period so much of expert thought and 

painstaking technical investigation as to the National Fire Protection 

Association”. 

The Association’s function was double; one to create the standards for best 

practice along with the supporting research, and the other to educate the 

people employing those standards, while reminding them of the economic 

impact non conformity would incur due to fire losses [68].  

2.2.9 NBFU schedule for the grading of cities and towns 

In the Universal Schedule [62], [64], the definition of a “standard city” was 

provided and used in the rating process – a feat that the Analytic Schedule 

employed as well. This means that both systems had a sub-schedule for 

grading cities, in order to measure divergences from the “standard city”. 

However, since the methods were not universally accepted in every state of 

the US, the NBFU commenced work to create a “Standard Schedule for 

Grading Cities and Towns” [70], so that it may be used by all rating 

organisations, thus improving the consistency of the produced rates. The 

schedule appears similar in structure and operation to the city grading process 

included in the Universal Schedule. 

The proposed schedule was published in 1915 as a proposal to be 

implemented, evaluated, and further expanded if needed, which was prepared 

by the engineers of National Board of Fire Underwriters [71]. Its first accepted 

version was released in 1916 [70], it was updated in 1922 [72], and its latest 

version is from 1956 [73]. Timewise, the schedule’s initial release was a 

response to major city conflagrations in the USA, namely the 1906 San 

Francisco Earthquake and Fire, and the 1904 Great Baltimore Fire [74], 

because these indicated that fire defences of cities varied in the nation. 

The novelty of this method is that it assigned points of deficiency, instead of 

monetary charges, based on the evaluation of 131 attributes, on a city level. 

The focus was on the water supply system, the capabilities of the local fire 

department, fire alarms and communication systems in place, local police 

enforcement, spatial layout, building laws in place, adverse weather 
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conditions, and more. The classification (ranking) was organised around those 

points of deficiency, with 0 points describing the best, and 5000 points 

describing the worst scenario, with intermediate classifications. 

In some cases, a percentage of deficiency of an attribute is used as the metric 

to assign points. In those cases, a graduated scale is used to assign the final 

deficiency points; this was provided in tabular form. This approach appears to 

have been employed in order to address the law of diminishing returns; another 

novelty of the system.  

For example, if an attribute is deficient from the optimal (0%) by 10% (when 

the measurement is set in that way), then it is assigned 10 points of deficiency. 

However, particular attributes could be weighted more heavily. For example, if 

an attribute was found to be 100% deficient, this could be made to correspond 

to any number of points (e.g. 250 points). This meant that if such an attribute 

was found to be only 90% deficient – this could be scaled to assigned 220 

points of deficiency. This follows the logic that “a deficiency of 10 per cent in 

good or moderately good conditions has less actual effect than where 

conditions are poor” [71]. 

Similarly, the developers realised that some of the attributes could interact. For 

example, “A good water supply in connection with a poor fire department, or 

vice versa, is of less value than if both are good”. This was facilitated by 

classifying their divergence and assigning additional penalising points for 

increasing divergence.  

This schedule was a prerequisite for any successful attempt in harmonising 

the municipality rating in future insurance rating schedules. 

2.2.10 The L&L schedule 

In 1915, a new schedule was created, the “L. & L. Rating System”, the work of 

A. E. Larter and W. S. Lemmon [75]. Its aim was to address the problem that 

“unequal results were being secured in different parts of the country on similar 

risks” [58]. It followed the principles and combined elements from the Universal 

and Analytic schedules, but its main novelty was to use the (now) available 
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technical standardisation, mostly attributed to the work of NFPA, in rating 

calculations and the aforementioned NBFU’s system for the grading of 

municipalities. In their words, part of the motivation was “to result in a positive 

reduction in the individual and the conflagration hazard, and to correct 

divergencies in rates frequently found to exist in different localities although 

the conditions may be similar” [76]. This was now part of a more coordinated 

approach, building on existing work, to harmonise insurance rating. 

It should be noted that G.W. Babb, who was a member of the L. & L. 

committee, was also a member of the Universal Schedule committee. 

Similarly, they analysed the loss data from 1871 to 1914, and the benchmark 

was set “That rates should be adjusted upon a general level which will produce 

an average loss ratio, exclusive of large conflagration losses, of not exceeding 

50% of the premiums” [76]. 

It economised the calculation process by defining two new factors to rating 

schedules. The first one was called the “Burning Degree” and was a multiplier. 

It classified the structure as either non-fireproof brick, fireproof, frame and 

miscellaneous construction. The other key factor in the calculations, was the 

“Floor Resistance Value”, which was a divisor and was “determined by the 

number and character of the floors, together with their floor opening 

protection” [76].  

Once the burning degree and floor resistance factors were calculated, tables 

provided initial charges for the various combinations of occupancies, floor 

areas, and ignition hazards. These initial charges were multiplied by the 

burning degree factor and divided by the floor resistance value to arrive at the 

final charge for the asset [48].  

Hardy [58], ten years after L. & L.’s release, mentions that the field experience 

with the schedule was limited, and only one US province used it – this province 

however provided excellent feedback. This is certified by Ketcham and Kirk 

who stated that “The Larter and Lemmon System contained many excellent 

thoughts upon the subject, but it was not workable and has been supplanted 

by the Analytic” [77]. 
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2.2.11 The NBFU Actuarial Bureau and the Experience Grading and 

Rating Schedule 

While the L. & L. schedule was being orchestrated, new developments were 

brewing on the NBFU front. Due to the lack of uniformity in technical 

requirements throughout the US, and the inability of both the Universal and 

Analytic schedules to be calibrated with statistics, the insurance community 

demanded (most notably at the Annual Conventions of Insurance 

Commissioners) the recording of detailed statistics. This could also be 

attributed to pressure from the public, expressed in statements as [48]: 

“The public appears to refuse to be satisfied by the experience, 

judgment, or whatever it may be termed, of underwriters, however experienced 

or expert they may be or however logical their reasoning. Nothing less than 

figures will satisfy it”. 

That resulted in the NBFU creating in 1914 the “Actuarial Bureau of the 

National Board of Fire Underwriters”, from now referred to as the Actuarial 

Bureau [53], [75]. Back in 1900, Dean [55] considered it a “crying need” of the 

insurance industry that records were kept by a national agency. This was now 

feasible, because it had “been made possible by the recent invention of 

wonderful machinery devised for statistical purposes” [44] that enabled 

analyses from the Actuarial Bureau. The purpose of this bureau was the 

enabling of insurance companies to centrally submit and record their 

“underwriting experience” [75]. This was orchestrated with the ultimate goal of 

developing a rating schedule based on the total experience of the industry. 

That is why submission of work was open to “all fire insurance companies of 

every kind, and includes in its membership not only the National Board 

companies, but non-Board companies and mutuals” [53].  

Rasbash [78], Watts [50], and Rasbash et al. [79] have repeatedly clarified that 

modern insurance schedules base their values on loss experience – this is the 

birth of systemising this practice. 

The Actuarial Bureau’s logging work commenced in 1915 [53]. That is 80 years 

later from 1835 where the first companies individually started logging their 
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losses for the various available classes [48]. The author finds it notable how 

long it took for that agreement to be achieved for this joint effort to commence 

but would also like to raise the attention to a quote in the early paragraphs 

describing the zealousness with which companies were keeping their records 

confidential.  

Still however, there were people in favour of “expert judgement” who were 

opposing such attempts. This is brought forward by Dunbar [44]: 

“It has long been, and still is, argued with much force by some fire 

underwriters of distinction, that actual experience is not a safe guide in the 

making of rates, and that the collection of data by the Actuarial Bureau of the 

National Board can have no value aside from demonstrating that it is valueless”. 

Dunbar, though, did not take a side but advised patience to judge the project 

on its results. He was convinced that in any case, some form of judgement will 

always be necessary because “no system of rate making can ever dispense 

with underwriting judgment as a prime factor in a company's success”, putting 

more weight in the rate makers competence. The reason why schedules could 

not be relying completely on statistics is best described in the words of Dean, 

presented by Riegel [48]: 

“Statistics can never give us the slightest clue as to the adequacy of 

these charges or credits. The causes of most fires cannot be ascertained […] An 

instant's thought will show that we are forever precluded from obtaining through 

classified statistics the contribution of such factors as area, height, wall 

thickness, floor-way openings… or any other of the features of hazard 

enumerated in a modern tariff”. 

However, Dean [61] believed that at least an analysis of average losses and 

premiums per state on a nationwide pool was vital in the determination of 

equitable and more accurate rates. So in principle, based on a common 

classification system it would be possible to determine the average rate of fire 

loss for each classification, but as the individual sources of risk (attributes) in 

each classification differ widely one from another, this rate would not be of any 

use for the conventional rating purposes [77]. The aim for collecting all these 
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statistics, now in a standardised manner, was so that they could be used in a 

new system, one that would finally define its rates based on data and not 

judgement. Its creator, E.G. Richards, described it as “diametrically different 

from all other systems” [77] and named it “The Experience Rating and Grading 

Schedule” [80]. It should again be noted that Richards was also part of the 

Universal Schedule Committee [64].  

Initially, Richards was against the potential use of statistics in the derivation of 

rates, as he held the belief that “combined classified experience would have 

little or no value in the making of rates” [77]. However, after studying the issue 

over a summer, he became convinced that “a well-arranged classification 

system if thus extended would furnish the long-sought key to the problem of 

rate-making from underwriting experience in a manner scientifically correct. I 

was nevertheless confident that without such extension, combined classified 

experience would have little practical value.” [77].  

The motivation for creating yet another schedule remains the same as with all 

the previous cases. The existing available methods were considered 

complicated and only few people understood them, the potential for rates 

based on statistics would now convince authorities of the system’s sound base 

aiming to minimise state interference in fire insurance rating, it would now be 

possible to incorporate more flexible state legislation that increases or 

decreases rates through the use of state key-rates calculated through the new 

method, and be universal in its application throughout the nation [77].  

One of its advantages towards that aim is that the schedule employed a 

standardised occupancy classification system, one defined by the NBFU. 

Similarly, it also used the aforementioned “Standard Schedule for Grading 

Cities and Towns” [70]. The schedule created three definitions of factors; 

inherent hazard, internal exposure, and external exposure. These were 

organised and analysed in cards (or tables). They were also divided to provide 

data based on the municipality’s grade, according to the NBFU’s grading 

system. The inherent hazard depended on the construction type and the nature 

of the contents. External exposure depended on other buildings nearby. 
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Internal exposure depended on other types of tenant occupancies in the 

building [54].  

This process allowed the calculation of the rate that would cover the losses of 

the insurance company. By analysing the statistics, Richards calculated the 

operating expenses insurance companies have, while adding 5% on top for 

profit, and the final rate was calculated for a building representative of the 

whole US [80].  

This rate was then adjusted to the state where the building was located, by 

taking the ratio of the average rate of the state with the average rate of the 

nation. If the state recorded increased losses, then the rate would be higher 

than the average, and vice versa [48], [54]. This way, a balance was struck, 

that the representative rate was derived from nationwide statistics (and 

sometimes Canadian companies’ contribution), but the final rate was 

correlated to the loss experience of any given state.  

Hardy [58] mentioned that the system has not been used, even after its final 

revision in 1921 by Richards [81]. Ketcham and Kirk had their doubts about 

the applicability of the schedule without heavy modifications because “the data 

required is too unwieldy” [77].  

A fitting, closing statement by Hardy [58] in his review is that “the last word has 

not been spoken and probably not an unsafe prophecy to make that the time 

will come when the present methods of rating will be wholly discarded and 

newer and simpler ones developed and put into use”. 

This brings the history of building rating schedules to a thematic close, since 

no fresh information can be found in the literature after that about their use and 

impact. However, there is some noteworthy (for this thesis) information in the 

literature when it comes to city grading schedules, presented in the following 

section. 
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2.2.12 Development of the NFBU schedule into the Insurance Services 

Office’s schedule 

In 1934, the Public Administration Service in Chicago, issued a study to look 

into the link between the fire insurance classification of the cities, and their 

respective losses [82]. The public officials felt they were at a crossroads, 

because if they reduced expenditure on the fire defences in order to lower 

taxes, that would lead to a lowering of the city’s classification under the NBFU 

Grading Schedule, which meant an increase in insurance premiums – the 

classification of a city was the primary basis for calculating rates. However, it 

was also remarked that “the actual business of fixing base rates has been 

something of a mystery to the average official and taxpayer”, and the fact that 

bureaus did not reveal their data did not help.  

The study was conducted by Stone [82], who analysed data from 43 cities and 

found little to no relation between the classification assigned by the NBFU and 

the fire losses of those cities. It was noted how municipalities were focusing on 

improving the water supply and their fire departments, since those were heavily 

weighted in the calculation of the city’s class under the schedule – at the same 

time cities with better building laws and structural conditions achieved a lower 

classification, but in most cases performed better when judging by the losses. 

This was also attributed to public perception, as “it is natural for city officials to 

improve the water supply and fire department at the expense of other 

defences, as these two have more popular appeal”.  

This analysis is of import because it is an evaluation of the accuracy, impact, 

effectiveness, and unintended consequences of a grading scheme through 

application in real life. The “Standard Schedule for Grading Cities and Towns” 

had been in use for approximately twenty years on a nationwide scale. Yet it 

was concluded that there was a “lack of relationship between losses, 

frequencies of fires, and the classification of cities” and from a financial 

perspective there was the indication that “further improvement in the fire 

department and water supply will bring less return on the investment than 

money spent in other directions” [82]. It should be reminded here that the last 
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version of the city grading schedule was published in 1956 [73] with little core 

changes, whereas Stone’s report was published in 1934.  

For unknown reasons, in 1971 “several insurance groups, including former 

state insurance rating bureaus, NBFU, and other similar entities, merged to 

form the Insurance Services Office” [74]. Its impact and activities are 

mentioned in a report by the US Department of Commerce in 1978 [83] and a 

quote is provided: 

“For years fire chiefs and local governments have been listening to one 

outside voice telling them how to improve their fire services. That outside voice 

has been the score their community receives on the Grading Schedule of the 

Insurance Services Office. The Grading Schedule was devised as a tool to assist 

in setting fire insurance rates for each community. It was not intended as a guide 

to fire protection decisions, although circumstances have invited that kind of 

use”. 

The analysis presented in the report recognised a tendency that increased 

needs in fire protection are met with an emphasis on improving municipal 

suppression mechanisms, rather than an overall prevention and mitigation of 

fire injuries and losses. This trend was explained by the National Commission 

on Fire Prevention as a culture of treating “fire suppression as being fire 

protection”, when instead only a careful system planning process would be 

able to achieve the best balance between costs and fire protection needs [83].  

The Insurance Services Office (ISO) is a subsidiary of Verisk Analytics, and 

provides “statistical, actuarial, underwriting and claims data” [74]. ISO 

assesses the fire protection capabilities in municipalities all over the US by 

applying their Fire Suppression Rating Schedule (FSRS) to come up with “a 

numerical grading called the Public Protection Classification (PPC®)” [84], [85] 

from 1 to 10 (best to worst). Through a separate assessment, ISO can evaluate 

for a particular municipality the building codes in effect and their enforcement, 

to come up with a grading called The Building Code Effectiveness Grading 

Schedule (BCEGS®) [84]. The results of these classifications can be sold to 
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insurance companies so they can adjust their rates when insuring their clients’ 

properties [86].  

The author would like to note that those are two groups of attributes the NBFU 

“Standard Schedule for Grading Cities and Towns” was evaluating in a single 

assessment, amongst with other groups. At this point, it should also be noted 

that an early conceptualisation of the practice has been found in 1902 by 

Moore [64]: 

“One of the most practical, experienced and successful underwriters of 

this country, lately suggested the advisability of forming a Stock Company to rate 

the entire country on the basis of the Universal Schedule, and sell the rates to 

Insurance Companies, making charges, as do the Mercantile Agencies, for 

specific rating slips and further detailed information. His argument was that no 

Company could afford to be without such information, and that agreements to 

get the rates would practically be a logical and inevitable sequence of the plan: 

if, indeed, he argued, any agreements would be necessary, in view of the fact 

that most of the present rate cutting grows out of honest ignorance as to what 

the faults of risks are and what their rates ought to be”. 

Similarly, Verisk has a schedule for individual commercial properties, the 

Specific Commercial Property Evaluation Schedule (SCOPES) [87], that takes 

into account the above gradings combined with building-specific factors, such 

as construction type, occupancy hazards, protection systems, and exposure 

types. 

A detailed description of the schedules and their mechanics is not possible, 

since they are not publicly available and could not be sourced by the author. 

A report from 2010 presented an analysis of whether a local Fire and Rescue 

Department should carry on with its ISO re-assessment [88], exploring whether 

the local community was to benefit through lower insurance rates, because 

“some insurance companies have discontinued purchasing ISO data and using 

it to calculate rates. Instead of using a theoretical risk evaluation they have 

opted for a system where they use the actual loss within a zip code. (This 

includes all losses due to fire, flood, lightening, hail, etc.)” [86]. One of the 
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report’s recommendations was to not proceed with the evaluation since “the 

ISO process is outdated and hasn’t kept up with modern technology and 

means of department’s capabilities” [88]. Similar approaches led ISO to update 

the schedule in 2012 [89] by conducting “extensive actuarial and statistical 

modelling analyses”. 

2.2.13 Concluding remarks on schedule rating 

The literature is rich on the topic of insurance rating schedules and this was a 

collated review of its history. For a historical review of fire insurance before the 

Great Fire of London, the reader is advised to read the “Essentials of the fire 

insurance business - A text book for men and women” by Ketcham and Kirk 

[77]. A detailed, chronological description of rating has been presented by 

Forbush in a series of Lectures on Fire Insurance conducted by the Insurance 

Library Association of Boston [49]. For further reading on the issue 

comprehensive work is presented by Hardy in his book “The making of the fire 

insurance rate” [58].  

Finally, a report on Municipal Fire Administration in 1956 [90] presents in which 

states the Universal Schedule is used in the east and the Analytic in the west. 

As far as it is known to the author, there is a record from 1963 [91] that Dean’s 

Analytic Schedule was still in use in many parts of the US and Watts [50] 

verifies that indeed the Dean schedule is predominantly used across the US. 

Nelson [92] provided some information about how the insurance industry had 

extensive infrastructure to support the implementation of the method, and that 

the Fire Protection Engineering degree at the Illinois Institute of Technology 

was part of that domain. He states that the system was used until the 1970s 

for the calculation of premiums, and thought that: 

“If Dean were alive and active today, I believe he would replace his broad 

narrative descriptions with material properties, calculations of fire growth, and 

response of protection equipment to produce deterministically based rates”. 

This is also coinciding with the time that the programme at the Illinois Institute 

of Technology was discontinued, and as Watts’ notes “these events 

chronologically parallel a shift in firesafety responsibility from the insurance 
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industry to the building and construction industry and a resurgence of new 

developments in fire science” [93]. 

This review shows the proliferation of schedules (and ideas for schedules) from 

1668 to 1963. However, schedules ceased to be of such interest in later years 

– as is evidenced by the scarcity in literature. It is the author’s opinion that the 

lack of interest is related to the rise, after the Second World War, in “fireproof” 

construction of steel and reinforced concrete. Similarly fire safety research was 

intensified [94] and fire resistance testing was standardised [95]. These 

developments allowed for a more effective approach for tackling the subject 

through a different approach; the approach of prescriptive regulations. This 

opinion aligns with the prophetic statement that “while, however, we are waiting 

for the time when we shall be far sighted and intelligent enough to attack [the 

fire] problem directly, we must recognize that we have, in the operation of 

schedule rating, an immensely important and effective instrument for this 

purpose” [44]. This could also be highlighted as the first indirect appreciation 

of schedule rating as a heuristic process, where heuristics are procedures that, 

in the absence of a formal underlying physical theory, provide a practical 

approach to solving problems [11]. 

Dean opened his book “Fire Rating as a Science” [61] stating that “to determine 

the real relation between fire-rating and science is the problem of problems in 

fire insurance”. From this review, it can be deduced that the link between (fire) 

science and rating/scheduling/grading is still not established – that is why 

indexing is still considered a heuristic approach.  

The Analytic system’s principles were used by Bailey for the determination of 

non-biased rates in other fields of insurance [96], and a machine learning 

approach has been recently utilised in Korea to assist in the calculation of 

insurance premiums [97]. More information on sophisticated tools, like Utility 

Theory, used in insurance nowadays can be found in Ramachandran [98]. 
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2.2.14 Rating in the United Kingdom 

From the review conducted so far, it should be evident to the reader that the 

“golden era” of rating schedules was from 1850 to 1925, and geographically 

limited to North America. The literature does not provide information for the 

schedules after that time, and it is not clear to the author why. In England, a 

simpler system based on the first classifications was used. This was called a 

differential rating [59]. Hardy [45] pinpointed its origin in “the difference of rate 

between the brick and stone and the wooden building was the crude beginning 

of the present minute system of differential rating”. 

This differential rating method was the original basis of the tariff method, which 

first is noted in 1794 for cotton mills [47]. Of course, depending on the type of 

building and its function, different tariffs were used, specific for this use and 

area, or even neighbourhood. For the case of mercantile insurance in London, 

where mercantile is referred to anything “belonging to merchants or their 

trade”, the progression and history are well documented [47].  

Godwin [99], when referring to the uncertainty in the nature of fire insurance 

claimed that “a potato grower is much more likely to arrive at a correct estimate 

of his cost price than is an insurer”. The classification system was used in the 

UK in general, with differential rating or tariffs being issued only for specific 

(usually industrial or mercantile) occupancies. However, such graded practice 

was considered “rather the exception than the rule” at the time of 1930 where 

the ‘rule-of-thumb’ still governed much of the rating in the UK [100]. Any 

developments in tariff making that occurred with cooperation of companies 

(and thus being representative) were thanks to the creation of the Fire Offices’ 

Committee, first formed in 1858. 

Gamble describes how the fire insurance companies operated and 

collaborated over the years, and gives a brief overview of the stamp duty on 

fire policies, which originated in 1694 under William and Mary [101]. Of 

particular relevance to this work is the outlining of five standards (Ia, Ib, II, III, 

IV) which fire insurance companies use to calculate discounts on insurance 

premiums [102]. These standards prescribe building materials, dimensions, 
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and practices upon which the insurance business was operated, and an 

excerpt of their descriptions is provided in Table 2.2 below: 

Table 2.2 Example of classifying construction under UK tarriffs.  

Standard Ib Standard II Standard III 

The Standard Ib 
requires that buildings 
be not more than 80 
feet in height and cubic 
contents of any one 
compartment not to 
exceed 60,000 cubic 
feet. 

  

Walls to be of brick, 
terra-cotta, or concrete, 
and not less than 13 
inches thick, but if plain 
concrete, not less than 
20 inches. 

Ditto, but not less than 
13 inches thick. 

Solid brick, masonry 
and/or concrete devoid 
of cavity, but no less 
than 13 inches thick. 

Partitions to be of 
incombustible material, 
excepting only office 
enclosures which are to 
be of hard non-resinous 
wood 

Ditto, but partitions of 
metal lathing and 
plaster on wood frame 
allowed. 

 

All flues to have 
brickwork not less than 
9 inches thick towards 
the interior, and no 
woodwork to rest in or 
be plugged into the 
brickwork of any flue. 

Ditto, but if rendered 
with 1 inch cement, 
brickwork may be 4.5 
inches. 

 

Openings in external 
walls not to exceed half 
the area of any storey. 

Ditto.  

 
This practice carried on until late in the 20th century, and with fire safety 

engineering being established as a discipline, Langdon-Thomas [103] provides 

some context into the interaction of a building designer and an insurer, and the 

potential additional requirements of the latter. The insurance focus is on the 

avoidance of fire spread within structures in the same lot, irrespective of 

neighbouring structures, while ensuring stability for fire-fighting operations and 

the repairability of the structure. Finally, the aforementioned five standards of 
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construction are referred to in this work [104] as well as being the “Rules of the 

Fire Offices’ Committee for standards of construction”, which date back to 1959 

but were not able to be sourced by the author. These are outlined as I-V 

however, without the subdivision of class I to Ia and Ib, as it was shown in 

Gamble [102]. 

As a last comment, it was clarified that discounts in the rates for a better 

building Class, or active measures can be provided, but these are not 

cumulative, but are instead “taken off one after the other from the premiums 

that remain after previous discounts have been allowed” which is in essence 

the mechanics of the Analytic Schedule by Dean [67]. 

2.3 Discussion 

From this review, a few patterns emerge which are of relevance to the present 

work.  

Insurance rating started very simple, almost prescriptive. It then evolved by 

increasing the attributes, and became more ‘scientific’ because the openness 

and debate on the schedules allowed their proliferation and improvement. 

Ultimately it reached a level where, from the initial perspective it could almost 

be considered “performance-based” scheduling (to frame it within a 

contemporary paradigm of language).  

The issue of component interaction seems to have troubled schedule 

developers. It was part of the debate that made scheduling more ‘scientific’. It 

was addressed in a few different ways (Dean multiplying the factors, NBFU 

city schedule providing tables of diminished returns and penalising 

divergences in parameters) but even that did not ensure that the schedule was 

‘modelling’ realistically and accurately. Managing to treat interactions does not 

mean one has managed to represent the system. 

Schedules kept on being created and modified. Once the remit that created 

the schedules was changed, then they had to be updated. It is a bit like today’s 

modern standards, that by the time they are prepared, reviewed, and published 

they are already outdated. 
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Another pattern that emerges is that of unintended consequences:  

1. The building stock improved because inspectors had a resource they 

could rely on to be informed and do their work systematically, so they 

could spot and eradicate bad building practice. Losses were therefore 

reduced because of the insurer’s taking a building inspection role (and 

having a schedule like the ADB of the times), rather than because the 

schedule blindly highlighted best practice. Thus, the schedule was the 

catalyst in the enforcement, not the enforcement per se. 

2. Communities started planning using the city schedule, but it was not a 

design resource. It was created to rate the city so the insurers would 

apply an extra charge in locations that were more likely to experience 

conflagrations. The moment they started using this outside its scope, 

and someone cross-checked, the abnormality was proven. 

Another pattern is associated with the recording of statistics. Either due to 

technological, or organisational constraints, statistics were not available in the 

form that insurance offices could use them. This led to massive projects (like 

the NBFU one) that were eventually never properly field applied. This raises 

questions even today about (1) the harmonisation of fire statistics to have a 

representative sample (an insurance company working in many countries) and 

(2) the type of statistics that is recorded and how that matches with the factors 

that are graded for insurance purposes (once again, Dean was prophetic: “An 

instant's thought will show that we are forever precluded from obtaining 

through classified statistics the contribution of such factors as area, height, wall 

thickness, floor-way openings… or any other of the features of hazard 

enumerated in a modern tariff”). 

A further pattern that emerges, and has proved particularly challenging for the 

author is the absence of the literature on topic. The above review was made 

possible only due to the relatively recent digitalisation of these resources. The 

academic literature of fire safety does not cover the issue further, and 

commercially sensitive information is not available. This renders a more 

thorough look for the more recent years impossible at time of writing.  
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This review therefore fills a gap in the fire safety literature. Only Watts and 

Nelson had mentioned insurance schedules as a precursor to fire risk indexing 

in a few sentences. This coverage for the discipline has now been expanded. 

2.4 Conclusions 

The existence and usability of insurance rating schedules had been briefly 

touched upon in the modern fire safety literature. The review conducted in this 

chapter made it possible to showcase that the intuitiveness of indexing was 

prevalent in insurance practitioners ever since the Great Fire of London in 

1666. By following this story, and how the rating schedules evolved over the 

years along with construction practices and regulatory domains in different 

continents and countries, it becomes evident that the same limitations emerge 

again and again. Schedules, this primitive form of indexing, cannot follow 

constructional developments, ensure that they will not be misused, and 

guarantee the financial viability of insurance companies.  

Attempts to use statistics to calibrate schedules and their efficacy (or lack 

thereof) are presented as well – this issue appears unresolved today to the 

knowledge of the author. Through these endeavours it was shown that other 

efforts towards the standardisation of construction practices and materials, the 

production of technical standards, and scientific research that informs 

regulations can be more effective in reducing the impact of fires.  

This documentation filled a gap in the historic literature that allowed the 

recognition of a pattern in the research trends around fire risk indexing – this 

is explored further in Chapter 5. This analysis also allowed the full exposition 

of both the positive and negative aspects of insurance rating of the times. 

Judgements were rarely made and any criticism was limited by the dearth of 

available information. This chapter is a comprehensive collation of all the 

scheduling methods available and their description, along with any future 

evaluation of their utility and impact. Cases when unintended consequences 

occurred due to overreliance (or unquestioned belief) on a rating schedule are 

explored and discussed.  
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Chapter 3 Tactics, objectives, and choices: 

Building a fire risk index 

3.1 Introduction 

This work summarises the key points that can be drawn from the extensive 

body of literature associated with fire risk indexing methods. A comprehensive 

definition of fire risk indexing is provided and the sometimes opaque 

mechanics of indexing are described. Issues arising from fire risk indexing 

methods are explored, and the variety of terminology associated with this 

approach is clarified. It is also explored how the development and operation of 

indexing methods are entangled with issues of reliable expert elicitation and 

professional competence of the end user. It emerges that the greater the 

complexity of a method, the more the workings of the method become 

obfuscated. This creates an inherent tension between the simplicity of the 

method and its transparency to the users – an issue the developers of fire risk 

indices ought to address from an early point. 

This chapter is based on the journal paper “Tactics, Objectives, and Choices: 

Building a Fire Risk Index” [12]. Some sections have been expanded to provide 

some additional detail, and make this an exhaustive review of the topic, while 

Appendix B has been prepared to support the reader in providing all the 

technical background that is relevant to the issues discussed. 

3.2 Fire risk indexing 

Fire risk indexing (FRI) methods are heuristic models of fire safety. Heuristics 

are procedures that, in the absence of a formal underlying physical theory, 

provide a practical approach to solving problems [11], and are typically defined 

as efficient rules or procedures for converting complex problems into simpler 

ones [105]. Heuristic methods refer to problem solving that employs a practical 

method that is not guaranteed to be optimal or perfect, but is instead 

considered (by the method’s designers) sufficient for reaching an immediate 

goal. Heuristics are defined as “relatively simple rules of thumb which can be 
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applied to complex decisions where not all information is known, that can result 

in a suitable response” [106]. Heuristic methods are therefore an attempt to 

facilitate the process of making the best decision about how to respond to a 

problem – while simultaneously acknowledging that the problem has not been 

perfectly solved [107]. An example of such a heuristic method is the Glasgow 

Coma Scale [79], which is widely used by medical professionals for the 

evaluation of head injuries. It assigns points to three tests: eye, verbal, and 

motor responses. Based on the final score, inferences can be made on the 

patient’s state of consciousness.  

In the context of fire safety in buildings, the objective of a heuristic method is 

typically to make decisions about the fire safety measures that should be 

included within a building – often with the aim of deploying limited resources 

to maximum effect. These fire safety evaluation systems have been referred 

to by various names such as risk ranking, risk rating, index systems, scoring, 

point schemes, and numerical grading [9]. In building design there are many 

parameters that may affect the overall safety; different environments may pose 

different risks, and different fire safety precautions may be deployed to mitigate 

these. Fire safety in buildings is therefore a problem that requires multiple 

attributes to be evaluated.  

A risk index [9], [107] is where a multi-attribute evaluation [10] is used to 

develop risk assessments and the results are aggregated into a single number. 

The process of creating a fire risk index must include a process of scoring the 

causal, and mitigating, fire safety attributes – with the result being a rapid and 

relatively simple fire safety evaluation [11]. The scoring process is typically 

undertaken by allocation of points to each attribute. The foundation of any fire 

risk index is therefore a points system. These have been applied to a variety 

of hazards and risk assessment projects to reduce fire safety costs [108], set 

priorities [109], compare design alternatives [110], and facilitate the use of 

technical information. A recent example is the use of a points system by the 

local authorities to address issues of building decay in Hong-Kong high-rises 

by prioritising which buildings are in need of fire safety improvements [111].  
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Indexing methods provide an approach that, during the development of a tool, 

can circumvent complex scientific principles of theoretical and empirical 

models, in order to aid decision making on the less than perfect circumstances 

found in real world applications [9]. It follows that once a points system is 

created, then it is (relatively) easy to use. For example, the Fire Safety 

Evaluation System (FSES) [108] allows an individual to undertake a survey of 

health care facilities and whether they comply with the Life Safety Code (NFPA 

101), now incorporated into NFPA 101A [112], by grading the various fire 

safety components and comparing them to a set benchmark. 

However, an indexing method is rapid because much of the thought and 

judgement that would be required in a conventional engineering analysis has 

already been undertaken a-priori by the designer(s) of the method. Creating 

the points system therefore requires the method’s designer to assign values 

(and possibly a weighting) to a selection of fire safety attributes. This can be 

totally arbitrary, but given the proliferation of risk indices, a series of systematic 

approaches have been deployed in order to assign a weighting. In most of the 

cases, this has included a group of ‘experts’ in the field – and the group have 

defined the weighting based on the group’s collective professional judgement 

and experience. The attributes that the group are required to weigh can include 

policies, objectives, strategies, and the components that make a contribution 

[113]; these can represent both positive and negative fire safety features. By 

assigning grades on which a calculation is then performed, it is possible to 

arrive at a single value or index in order to obtain relative, yet comparative, 

levels of fire safety [79], [114]. 

Fire risk indexing methods have most often been developed with the purpose 

of simplifying the risk assessment process for a specific type of building, with 

their major advantage probably being their simplicity [115]. Due to the relative 

rapidity with which an index can be generated, FRI methods are considered to 

be very cost-effective tools [79]. The use of such a method can help 

practitioners decide when a more detailed quantitative analysis may be 

necessary [116]. A standardised procedure may be of particular advantage 

where an organisation is intending to assess a large number of similar 
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properties [109], [117]. For example, a rating scheme was used for a 

systematic survey of 25 historic buildings in Portugal after a major 

conflagration of 18 buildings [118]. On a larger scale, risk indices have been 

repeatedly used for the monitoring of wildfire risk. This has been done with the 

integration of multiple variables (either dynamic or static) in a single system 

using remote sensing tools [119]. In the domain of building fires, rating forms 

were used for the assessment of Wildland Urban Interface (WUI) fire risk, such 

as “NFPA 224 - Fire Protection and Prevention for Summer Homes in Forested 

Areas”, which was created in 1935 and now is incorporated in NFPA 1144 

[120]. Taking both into account, a combination of WUI fires and remote sensing 

techniques has been employed in an index in Norway [121]. 

To assist any assessment procedure, it is possible that the underlying 

calculations of a fire risk index can be programmed to produce a software. If 

aspects of a building’s fire safety measures are linked to costs (e.g. cost per 

linear meter of fire resisting construction), then the software can be 

programmed to rapidly iterate alternative fire safety measures that achieve the 

same overall index, but by different means – this process can be used to 

minimise the cost for a predetermined safety level [122]. 

This chapter presents a review of the underlying mechanics of existing 

indexing methodologies in an attempt to build on the knowledge base from 

previously developed indices. To ensure clarity within the review, issues 

around the inconsistent use of language within the literature studied is first 

explored; the terminology used is defined. The connection between the 

mechanics of a method and expert elicitation procedures is then explored, 

along with its implications. Finally, the topic of the competence of the end user 

is brought forward and discussed in the context of how anticipated user 

competence can affect the development of a method.  

The motivation for this work is to understand whether FRI can be used as a 

means to motivate stakeholders to exceed the regulatory minimum for the 

purposes of achieving more resilient assets. To explore if FRI can provide the 

supporting metrics, a review and relevant work by Watts [11], [9], [10] was 
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used as a starting point for this study as this work led him to the formulation of 

specific criteria [115] that provided guidance of good practice for future 

developers. Building on Watts’ work, this chapter aims to provide a review of 

the issues around FRI methodologies with the aim of providing original and 

necessary information for the development of any future indexing tool. 

3.3 Use of language and difficulties regarding terminology 

In undertaking this review, it has been found that the terminology has 

fluctuated throughout the years. The author has encountered different phrases 

in the literature to describe the same notion. Strongly linked with indexing are 

the words ‘rational’, ‘system’, and their derivatives. The first mention is found 

in the Fire Grading of Building reports where it is worded that “any rational 

system of fire grading should provide a combination of active and passive 

defence in proper balance to meet the fire hazard in each case” [123]. This 

terminology is also used by Watts in his PhD Thesis “A theoretical 

rationalization of a goal-oriented systems approach to building fire safety” 

[124]. Malhotra also called for “a more rational approach to fire safety” [125], 

[126]. 

Copping [127] has referred to indexing as a ‘rationalised systematic 

approach’ to fire safety meaning “the use of qualitative descriptions of events, 

techniques and processes to which are attached numerical values assigned 

by a group of experts”, listed as one option of analytical approaches to fire risk 

assessment. Shields [128] attributes the first mention of this term to Marchant, 

while highlighting some confusion in the terminology across the literature. Idris 

[129] however has simply referred to ‘the Systematic Approach’, with the 

author’s estimate on its origin being the phrasing of the criteria for fire risk 

ranking as “to elicit subjective values systematically” [115].  

Beard [130] was the first to introduce the concept of a systemic approach in 

fire safety by calling for a guiding structure (methodology) of a dynamic nature 

to support analyses. However, a systemic approach is not the same as a 

systematic approach as “the word 'systematic' may be thought of as implying 

'methodical' or 'tidy'”; in this context, 'systemic' implies the capability to see the 
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'dynamic wholeness' in a situation. This description was later used by Shields 

[131] who described a points scheme as a “product of a framework which 

constitutes a systemic approach to fire safety evaluation”. Watts [132] has 

also used the term when he stated that “fire-risk indexing is a systemic 

approach to code equivalency”. Copping [127] has used the term ‘systemic’ 

as well stating that his work “promulgates a systemic approach to fire safety, 

in which a holistic philosophy is adopted”.  

This phenomenon has been observed in another publication for the terms 

‘model’ and ‘scheme’ by Shields and Silcock [128], who made a review of the 

terminology which they considered “necessary since the current interest of the 

authors is in the development of a method of evaluating the provision of fire 

safety in buildings”. Similarly, the present author thought it useful to touch upon 

the same issue, since it was found that confusion remains around terminology 

relating to FRI.  

Throughout this work, differences in terminology made it difficult to compare 

methods since in the literature there are occasionally different words used to 

describe the same notion. It would therefore be helpful throughout the next 

paragraphs to determine and define the terms that will be used in this work, 

the same way it was done by some developers to present their works [10], 

[133], [134]. 

According to Watts [10], fire safety attributes “provide a means of evaluating 

goal achievements” and practically identify the ingredients of fire safety. 

Depending on the conceptualisation of the method’s structure, these attributes 

can be grouped according to appropriate hierarchical levels or purpose groups, 

which are then named correspondingly. 

3.4 The core of indexing 

The practical necessity of trying to assess multifaceted fire risks in a variety of 

building types has led to the creation of several FRI methods, with Watts [50] 

having referred to a generalised procedure in the ranking of fire safety as 

follows: 
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1. Identify hierarchical levels of fire safety specification, 

2. Specify items comprising each level, 

3. Construct and assign values to matrices of each sequential pair of 

levels, 

4. Combine (multiply) matrices to yield importance ranking of items, 

5. Verify the results. 

Based on this procedure, there are a number of fundamental concepts which 

must underlie any such scheme. To promote best practice, Watts [135] also 

introduced ten criteria as “a step towards a protocol for development and 

evaluation of ranking approaches”. Their titles are drawn from the original and 

a more detailed description can be found in Appendix B, and are:  

1. Development and implementation of the method should be thoroughly 

documented according to standard procedures, 

2. Partition the universe rather than select from it, 

3. Parameters should represent the most frequent fire scenarios, 

4. Provide operational definitions of parameters, 

5. Elicit subjective values systematically, 

6. Parameter values should be maintainable, 

7. Treat parameter interaction consistently, 

8. State the linearity assumption, 

9. Describe fire risk by a single indicator, 

10. Validate results. 

To expand the generalised procedure rule for non-hierarchical models, the 

author consolidated these concepts into three key decisions or judgements 

that the developer of any FRI must make in order to create their scheme. The 

judgements are as follows: 
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1. Attribute identification – a decision must be made about which fire safety 

attributes are going to be evaluated by the fire risk index.  

2. Attribute weighting – a decision must be made about the use of relative 

weights for each attribute or the group in which they belong, along with 

which weighting method is used. 

3. Index calculation – a decision must be made about the mathematical 

functions (or calculation style) used to calculate the final index based 

on the attributes chosen, and each attribute’s relative weighting 

produced.  

The development of a scheme in these three stages requires some form of 

communication between the developers and the group of people that is being 

advised upon, usually called ‘expert group’ or ‘expert panel’. There are different 

protocols and forms for that communication, and they can alter throughout the 

different phases of development. The prevalent approach used is the Delphi 

method, and the expert group is referred to as a ‘Delphi panel’ [108], [109], 

[131], [134]. These communication issues will be discussed in detail in section 

3.5. Irrespective of the decision-making process, the categories of decisions 

that must be made are universal and are described in the following 

subsections. 

3.4.1 Attribute identification 

The choice of attributes is one of the “least well established procedures in fire 

risk ranking” [135] and Watts’ criterion 2 refers to this process. Three possible 

ways of choosing the attributes to be evaluated have been observed in the 

literature [136], [137]. These are as follows:  

1) An arbitrary definition and choice of the attributes by the developers 

[138];  

2) the attributes are derived based on components from the corresponding 

prescriptive rule-based guidance [137]; and  
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3) some combination of both of these – whereby an initial list of attributes 

is populated based on rule-based guidance, and this is subsequently 

refined by asking an expert group whether attributes should be included 

[109].  

3.4.2 Attribute weighting 

3.4.2.1 The fire safety hierarchy 

Once the attributes have been identified, it is necessary to assign weightings 

to these. It can be possible that each attribute is given an equal weighting. 

However, it is also common for some attributes to be assigned a greater 

weighting (and thus more importance in the overall index). The arrangement 

of attributes and the assignment of weightings requires a structure known as 

a ‘hierarchy’. In fire safety, this originated in the work by Marchant [109], when 

the expert panel was asked to consider an ‘orbital hierarchy of levels of fire 

safety’. By conceptualising the orbital positioning of levels containing 

attributes, shown in Figure 3.1, the question “attribute relative importance for 

what?” could be formulated. Soja [139], then presented the hierarchy in a tree 

form. The levels, which in order of importance were policy, objectives, tactics, 

components, and sub-components, are shown in Table 3.1. Together, Shields 

[131] characterised these hierarchies as a “finite ordered family of collections”. 

In other publications, it is referred to as a framework [113] and a model [131]. 
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Figure 3.1 Orbital hierarchy of levels, taken from Marchant [109] 

Shields and Silcock [113], influenced by Saaty’s work [140] which conceived 

any system in terms of ‘structure’ and ‘function’, described how “a hierarchy 

may be considered as a representation of the formal properties and inter-

relationships of the components [attributes in the terminology in this work] of 

the system which facilitates the study of the functional interactions of its 

components [attributes] and their impacts upon the entire system”.  

When the structure of the method is chosen to be a hierarchy, with an example 

hierarchy shown in Figure 3.2, then the terminology of those different levels 

needs to be defined. 

 

Figure 3.2 A simple fire safety hierarchy 
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Throughout this work, for consistency reasons, the attributes will be termed 

based on the level they belong in accordance with Table 3.1 – words in italics 

are any alternative terms found in the fire risk indexing literature. 

Table 3.1 Terminology of attributes based on their hierarchical levels (adapted from 
Soja [139] and Marchant [109]). 

Level Term | Variants 

1 Policy 
2 Objectives 
3 Tactics | Strategies 
4 Components | Parameters | Factors | Variables | Elements 

5 
Sub-components | Sub-parameters | Sub-factors | Sub-
variables | Sub-elements 

6 Survey items 

 
These terms have been defined in the work of Marchant [109], in the context 

of indexing, as: 

• Policy; course or general plan of action adopted by a government, party, 

or person, to achieve security against fire and its effects, 

• Objectives; specific goals to be achieved, 

• Tactics; independent fire safety alternatives, each of which contributes 

wholly or partly to the fulfilment of the fire safety objectives, 

• Components; major parts of fire safety as defined in conventional fire 

codes and standards, 

• Sub-components; essential parts of components which can be readily 

identified. 

As a side note, it should be observed however that this terminology does not 

necessarily match modern vocabulary on fire risk management and 

assessment, as it is used in BS ISO 31000:2018 [141] and BS EN IEC 

31010:2019 [142] respectively, both supported by PD ISO Guide 73:2009 

[143]. In the latter document, the relevant terms (reproduced from the original) 

are defined as: 

• risk; effect of uncertainty on objectives, 

• risk management; coordinated activities to direct and control an 

organization with regard to risk, 
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• risk management policy; statement of the overall intentions and 

direction of an organization related to risk management, 

• risk criteria; terms of reference against which the significance of a risk 

is evaluated. 

In regards to the developmental processes of indexing, the terms are: 

• risk assessment; overall process of risk identification, risk analysis and 

risk evaluation, 

• risk identification; process of finding, recognizing and describing risks, 

• risk analysis; process to comprehend the nature of risk and to determine 

the level of risk, 

• risk evaluation; process of comparing the results of risk analysis with 

risk criteria to determine whether the risk and/or its magnitude is 

acceptable or tolerable. 

These, generally, correspond to the method of developing an index to follow a 

risk assessment process, by having the risk identification to correspond to the 

attribute identification, risk analysis to attribute weighting, and risk evaluation 

to the index calculation. 

Back to the topic of structuring attributes, the purpose of the hierarchical model 

is to relate the attributes to the agreed and stated policy [131]. This can be 

done by establishing relations, or interactions, between the attributes in the 

various levels of the hierarchy. 

Shields [131] has defined an interaction “as the contribution in terms of relative 

importance of an element [attribute] in a collection to an element [attribute] in 

a collection at the next higher level in the hierarchy, to the achievement of a 

specific aim”. So the weights of attribute relative importance are a means to 

quantify these interactions and contributions. The matter of interactions can be 

quite confusing, because they can refer to three different notions, which in this 

work are termed by the author as:  

1. The ‘vertical’ interaction between attributes in different hierarchical 

levels – as it is described in the definition above (e.g. the relative 
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importance of one component to the attainment of a specific tactic or 

the overall policy) – this is in the method development phase; 

2. The ‘horizontal’ interaction between attributes on the same hierarchical 

level, that affects their performance. When taken into consideration, it 

alters the quantified result of the ‘vertical’ interactions a component can 

have – this is also in the method development phase; 

3. The ‘functional’ interaction that arises from the grading of a component, 

and whether its less than perfect performance can diminish the grade 

of another component respectively – method application phase. 

How each of these affects a hierarchical model are extensively shown in the 

illustrative examples in Appendix B.  

Within a hierarchy, there are four weighting methods used in fire safety 

engineering (FSE). Some have been presented by Donegan [19] and are 

summarised herein. The four methods are: Edinburgh Cross-Impact Analysis 

(the Edinburgh model); Hierarchical Cross-Impact Analysis (HCIA) 

Methodology; The Analytical Hierarchy Process (AHP); and Reliability Interval 

Method [136]. 

Each of these weighting methods have some common concepts. In each case, 

to achieve a mathematical formulation of the hierarchy, each parameter is 

represented by a matrix, known as a consequence, or effectiveness matrix. 

Based on the three-level hierarchy conceptualised already, the basic matrix 

types needed are the following: the ‘tactics-to-objectives matrix’ (T/O) and the 

‘objectives-to-policy matrix’ (O/P). The matrix product T/O × O/P yields a 

‘components-to-policy’ vector that, when normalised, gives the desired 

prioritisation weights in percentage form. This is what Watts [50] considers a 

‘mathematical manipulation’ and includes the use of a weighting method. To 

populate these matrices, judgements must be made by the expert panel in 

order to assign values of importance. This expert elicitation process requires 

the choice of a communication protocol, which must then be integrated into the 

method. 
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These weights, or values of importance, are assigned on a scale. There are 

several different ways in which attributes can be scaled [19]. Those of interest 

here are as follows: 

• Ordinal Scale: The ordinal scale ranks each attribute or orders them. 

However, proportion is not necessarily maintained. 

• Interval Scale: More mathematically tractable and of greater 

importance in quantitative assessments, the interval scale is a 

continuous scale between two points. Relative difference is maintained; 

that is, equal intervals of the scale have the same meaning. 

• Ratio Scale: The ratio scale is an interval scale with the absolute zero 

property; in other words, one end is fixed so that the values on it are 

absolute rather than relative. 

In hierarchical point schemes, it is usual that the ordinal scale is used.  

3.4.2.2 Other forms of weighing the impact of attributes 

In the case of the FSES, the experts provided the available attribute grades in 

predetermined ranges, on an interval scale, with some of the grades being 

negative numbers as well. If for example the riskiest case for an attribute was 

graded with -3 and its safest with +9, then the range is 12. The range of each 

attribute could be an indicator of its relative importance in the collection of all 

the attributes chosen. 

This last realisation has been used by Watts and Kaplan [144] in a form of 

reverse engineering [117], to elicit implicit relative weights using the attribute 

grade’s range from three different US codes [145]. Similarly, it has been used 

by Chow [137] to compare the relative importance of attribute groups in point 

schemes as a verification argument. Then Wong and Lau [111] used the 

weighting sets of previous methods [137], [146] to calculate the relative 

importance of corresponding attribute groups. 

In grading schemes, like the Gretener method [138], relative weightings are 

not explicitly used. This is the case because when grading attributes, an 
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interval scale is used instead of an ordinal one. Since relative difference is 

maintained, there is not a need for weightings. If an attribute has a bigger 

impact than another, then the developers have already accounted for that by 

allocating a larger numerical grade in the range for these cases. This will be 

showcased in the respective illustrative example within Appendix B, but the 

reader is also directed to Kaiser [147] for a presentation of the mechanics. 

The case is very similar for insurance rating schedules. The attributes are listed 

and in case of deficiencies assigned a monetary value to be summed to the 

overall insurance rate, thus operating on a ratio scale. The impact of the 

attribute is solely dependent on the value it was assigned by the developers. 

In all those cases the final grades to be picked by the users are produced 

through a working group of experts and intense fine-tuning of the methods. 

3.4.3 Index calculation 

The calculation of an index can occur once the weighting of each attribute (wi) 

has been determined by the method’s designer, and the score (xi) has been 

chosen by the user – where subscript i represents each individual attribute. 

For building fire safety indexing, there are several methods of calculation. 

These were described by Sugahara [148], who categorised them into different 

styles as follows: 

1. Additive style. Component grades (xi) are multiplied by their weight (wi) 

and summed to produce a score. The calculation of the index in the 

Edinburgh model (as per the example above) is of this nature. This is 

notated as ∑𝑤𝑖 × 𝑥𝑖; 

2. Multiplicative style. Component values are multiplied in order to reach 

a final score. Multiplying probabilities in event tree analyses falls in that 

category. Notated as ∏𝑥𝑖
𝑤𝑖; 

3. Divisional style. Where a ratio of values calculates an index. The basic 

formula of the Gretener method operates in that fashion, to assess the 
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efficacy of countermeasures against possible fire hazards. Notated as 

∏𝑥𝑖
𝑤𝑖 ∏𝑥

𝑗

𝑤𝑗⁄ ;  

4. Vector style. Where the absolute impact of the grade is accounted for. 

However this method is of limited use in FSE, only found in Sugahara 

[148]. Notated as (∑(𝑤𝑖 × 𝑥𝑖)
2)

1
2⁄  ; 

5. Mixed style. Any combination between the basic four styles. 

Each of these styles have different implications for the indexing method [135]. 

Watts [50] noted that “the implication of addition is that there is no interaction 

among the fire safety parameters” and that “multiplication implicitly suggests 

these factors are interdependent”. This has similarly been brought up by 

DeSmet [149], when addressing a misconception of his method, FRAME, as a 

points scheme. In the method’s technical reference guide it can be found that 

“the essential difference between FRAME and point systems is that point 

systems combine the weighed parameters [attributes] in a sum, where FRAME 

(and Gretener) combine [attributes] weighed in a product, which corresponds 

with the probabilistic basis of event networks”. Finally, Dean [61] has 

extensively remarked on how rating schedules “ought to be an instrumentality 

for establishing intelligent coexistent relations” (referring to the treatment of 

‘functional’ interactions between attributes), however this cannot be addressed 

entirely with “the purely mechanical functions of addition and subtraction”. 

The differences between styles are better illustrated through the following 

Figure 3.3 and Figure 3.4. Figure 3.3 is adapted from Sugahara [148] and 

shows the result depending on the choice of style that is achieved for two 

parameters; for illustrative reasons of simplicity the parameters are conceived 

as supplementary to add to the same number (for a sum of 1, if Ai=0.4 then 

Aj=0.6), the same way it was presented at the original publication. 



 Tactics, objectives, and choices: Building a fire risk index  

69 
 

 

Figure 3.3 The characteristics of each formula at a certain Ai, recreated from 
Sugahara [148] 

In Figure 3.4 the concept has been expanded by the author in a three 

dimensional graph to cover for all the possible user-assigned grade 

combinations. Here it can be seen that the lines of Figure 3.3 are represented 

in their respective colours at the intersection of each surface and the plane that 

is defined as x+y=1. This figure comes to show the vast differences that can 

occur for any combination of attributes, depending on the choice of the 

calculation style. 
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Figure 3.4 The calculations styles plotted in three dimensions; the lines highlight the 
result for supplementary attribute grades  

It follows that the choice about how to treat attribute interactions is not limited 

to aspects of the weighting process, but is interdependent on the choice of the 

above calculating styles too, so that it eventually influences the shaping of the 

overall method structure as well. That is why three different illustrative 

examples are presented in Appendix B – to showcase the three most widely 

used ways of structuring attributes and combining the calculation styles to 

arrive at a result. 

3.4.4 Fundamental example of an indexing approach 

To further elucidate the basic concepts in indexing, an example that follows 

the most commonly used hierarchical approach [113] is illustrated with a 

conceptual hierarchical three-level tree as in Figure 3.2.  

The numbers used to populate the matrices in this example are illustrative, 

arbitrary, and have been based on the ordinal scale. First, the tactics-to-

objectives matrix is formulated by employing the expert group and asking them 
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to answer the question (on an ordinal scale of 0 to 5) “how important x-tactic 

is to y-objective?”. Its relative contribution is also calculated in another 

equivalent matrix – the one that will be used in the mathematical calculations 

– by dividing the attribute’s number of importance with the maximum number 

it could have been allocated. Rows represent the tactics, columns the 

objectives, so that (for example): 

𝑇/𝑂 = [
5 2
2 5
5 1

] ≍ [
1.0 0.4
0.4 1.0
1.0 0.2

] 

The same process is followed for the next level of the hierarchy, which is “How 

important x-objective is to y-policy?”. Rows represent the objectives, columns 

the policy, so that: 

𝑂/𝑃 = [
5
2
] ≍ [

1.0
0.4

] 

and their product yields a tactics-to-policy vector: 

𝑇/𝑃 = [
29
20
27

] ≍ [
1.16
0.80
1.08

] 

This, when normalised, gives the desired prioritisation weights in percentage 

form. For example, the importance of Fire Control (Tactic 2) to Fire Safety 

(Policy) is: 

20

(29 + 20 + 27)
=

0.80

(1.16 + 0.80 + 1.08)
= 0.2632 = 26.32% 

Similarly, the percentage contribution of each tactic is calculated with Ignition 

Prevention at 38.16%, Fire Control at 26.32%, and Means of Egress at 

35.52%. However, since the range of the original matrix grading is coarse, 

these are usually rounded to single figures to simplify the calculations and to 

represent a warranted number of significant figures [109]. 

This is the simplest approach for ranking attributes. In some cases, statistics, 

experimental results, or case studies have been provided by the developers to 

the panel members to be taken into account in the weighting process. This 
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approach has been expanded with additional features that led to the 

formulation of individual methods with their own benefits and flaws. Their 

technicalities are discussed in Appendix B, but their implications on the 

operation and perception of an indexing method are deemed of essence to the 

author, and are discussed within this chapter. 

Once the method’s designers determine the relative weights, then the method 

is ready to be applied. The developers provide users with working sheets that 

contain only the lowest level attributes (i.e. the tactics). Users then assign a 

building specific grade to each attribute based on their own judgement if no 

further guidance is provided (e.g. if the ignition prevention measures are 

perceived to be excellent, then a score of 5 might be assigned). In the example 

used above, if all of the tactics receive the maximum grade of 5, then the 

assessment will yield a result of 500 points. This result can be normalised if 

the developers desire to present it in percentage form. The following table 

shows the process for the above example, if the user/assessor provides 

assessment grades for each tactic. The tactics’ grades are multiplied with the 

corresponding percentage contribution and the final assessment is as shown 

in Table 3.2. Based on this final score, inferences can be made about the fire 

safety provisions of the building being surveyed.  

Table 3.2 Calculation process and final result for the hierarchical example. 

Tactic 
Assessment 

grade 
Percentage 
contribution 

Final Result 

Ignition 
Prevention 

4 38% 152 

Fire Control 5 26% 130 
Means of Egress 2 36% 72 

  Sum 354/500 

 
This is how the calculation works with the relative contribution matrices and 

the approach described above assumes that attributes are independent.  

To account for the possibility of interactions between attributes in a hierarchical 

structure (e.g. that poor fire control measures may increase the importance of 

means of egress) various authors have sought and incorporated this concept 

into their methods using ‘parameter interaction’. Another important question 
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that developers attempted to answer was “what is an acceptable score?”. In 

the interest of brevity, this and expanded concepts are presented in Appendix 

B and the reader is encouraged to read that Appendix in conjunction with this 

chapter. 

3.4.5 Discussion 

The previous subsections have described the conceptual and mathematical 

structure for any indexing method – and each of the key methods that are used 

in the field of FSE. What emerges is, at its core, a simple concept. However, 

layers of complexity are overlaid onto this simplicity. In each case the 

complexity is introduced in order to correct for a perceived failing that is 

inherent to the more simple method. For example, the idea that fire safety 

attributes are not independent is a simple concept to grasp, but the approach 

by which a method’s designer might choose to incorporate this can become 

unwieldy as they are scaled across many attributes through ‘vertical’, 

‘horizontal’, and ‘functional’ interactions. Furthermore, any attempt to address 

obvious problems with a simple model frequently introduces new, less self-

evident problems of their own. For example, while a method’s designers might 

be unanimous that two parameters should be considered to interact, the 

relative importance of this interaction (when compared to other parameters) 

may be the subject of disagreement. Thus, the addition of complexity has the 

tendency to create the appearance of ‘solving’ problems where, in fact, it may 

simply bury a new set of issues so deeply within the workings of a method that 

it becomes difficult (even for a reviewer) to fully untangle these. On reviewing 

these methods, it emerges that the more complexity is added to the method, 

the more the successful application of this method becomes obfuscated. 

Similarly, it should be noted that all of these concepts are usually hidden from 

the user of the method. Indeed, as previously discussed, one of the major 

advantages of FRI is the simplicity of the method for the practitioner. Thus, by 

design, it is seldom that the user is exposed to the underlying mechanisms of 

the method they use, and even more rare that they understand their 

implications.  
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The utility of any method is closely linked to the perception of the final index. 

Some may regard an indexing method as a well organised structuring of the 

risk assessment process; others may see the final index as a panacea that a 

building is ‘adequate’ when it achieves an acceptable score – if an acceptable 

score limit is set by the designers. There are inherent dangers in such views – 

a lesson to be learnt by the fate of the Edinburgh model, which was 

superseded because “the arbitrary interaction between factors could lead to 

an acceptable risk score and an inadequate fire strategy” [150].  

Conversely, there are documented cases in the development of the NFPA’s 

Fire Safety Evaluation System where a design could be compliant with the 

prescriptive Life Safety Code, but fail to meet the minimum score of the rating 

schedule [108]. This is an inherent challenge with any method that presents a 

single pre-defined acceptability criterion. According to a report that reviews risk 

assessment methods [151], “not all ranking methods include a basic level for 

a satisfactory protection, but give only a relative position as situation A is 

better/ worse/ equivalent to situation B. This can be an advantage for the user 

[who] can define [their] own level of protection, but in practice, most 

inexperienced users want that an expert system gives them a clue on ‘what is 

good enough’”. Similarly, Hultquist and Karlsson [152] have found that “it is 

quite possible [to] achieve a good index rating by giving some parameters a 

very bad rating and other parameters extremely good rating. In spite of the 

good index rating, the resulting building design may be totally unacceptable or 

absurd from a fire safety point of view”. This is linked with issues of ethics and 

competence of the method’s user, which will be partly explored in the following 

sections 3.5.5 and 3.5.6. Still, it would be suitable to draw a corollary with the 

quote by Bullock and Monaghan [153], which states that “the ethical imperative 

on a competent professional fire engineer is to ensure that anything that he or 

she is submitting for said approval passes his or her own test of adequacy”. 

The review presented in this section therefore shows that there is a tension 

inherent to the mechanistic operation and deployment of any FRI method. A 

simple method has many flaws and these can lead users to inadvertently 

produce a ‘good’ rating for a ‘bad’ building. Correcting these flaws requires 
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complexity to be added to the method and can prevent inexperienced users 

from inadvertently producing an ‘incorrect’ result. However, added complexity 

has two consequences – 1) that the workings of the method become so 

complicated that additional flaws are added that are difficult to understand and 

evaluate; 2) the elimination of the ‘incorrect’ result leads users to regard to 

method as a fire safety panacea – rather than a structured risk assessment. 

3.5 Expert elicitation in fire risk indexing 

3.5.1 The Delphi method 

The first recorded experiment in the use of an expert consensus for predictive 

purposes was reported in 1950 by Kaplan et al. [154] which aimed to 

investigate certain aspects of the use of expert opinion in policy making. The 

process was formalised and named during “Project DELPHI”, a project 

conducted by the RAND Corporation in the 1960s. The aim of the project was 

“to apply expert opinion to the selection, from the viewpoint of a Soviet strategic 

planner, of an optimal U.S. industrial target system and to the estimation of the 

number of A-bombs required to reduce the munitions output by a prescribed 

amount” [155]. The motivation to follow through with this process is that the 

alternative would require an unmanageable computational load, instilled with 

subjective decisions as well.  

During this project the technique was called the DELPHI method, and its object 

was to obtain the most reliable consensus of opinion from a group of experts 

by a series of intensive questionnaires interspersed with controlled opinion 

feedback [155]. The scientific basis of Delphi as a new epistemological 

approach to the inexact sciences (such as medicine, engineering, or most of 

the social sciences), describing the systematic employment of expert 

judgement as a methodological innovation, can be found in a RAND 

Corporation report from 1959 [156]. Then came a published Delphi study called 

Report on a Long-Range Forecast [157] in 1964 which was also included in 

the book Social Technology [158] and led to the breakthrough of Delphi [159]. 

The technique has since then been extensively employed and modified [160], 
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[161], with several reviews of bibliography published, and it is thoroughly 

presented by Linstone and Turroff [162] where the official definition is: 

“Delphi may be characterized as a method for structuring a group 

communication process so that the process is effective in allowing a group of 

individuals, as a whole, to deal with a complex problem”. 

The core structure of the (classical) Delphi method is a series of questionnaires 

that are designed by the experimenters, and are answered anonymously in 

numerical or literal format by a group of responders (usually considered 

‘experts’). Between every round, controlled feedback is provided, usually in a 

result summary form so that the group members can comment on the 

responses or the summarised results, with the aim of fostering convergence. 

That is why the responders have the option to alter their answers and the 

process is iterated until consensus – or a level of response stability – has been 

achieved [155].  

This approach was followed to avoid some shortcomings of traditional panel 

meetings where some dominant individuals could disrupt the process, 

personal biases were hard to limit, and there was group pressure to conform 

in the attainment of consensus [131]. 

Gupta and Clarke [160] have noticed that practitioners are often willing, and 

sometimes even eager, to modify the original Delphi method. This has led to 

many variations and their conclusion is that some modifications are useful, yet 

others are random and undermine both the quality and credibility of the 

technique [163]. Every variation usually has its own title, but in this work a 

broad categorisation of 4 different types will be adopted, as presented by 

Zolingen and Klaassen [164] with their different traits and steps. These types 

are: 

Classical or traditional: This was the first version of the method systemised 

by Dalkey and Helmer [155] and was described above.  

Policy: This variation is widely used in the social sciences for social and 

political issues. The aim is not consensus, but to facilitate a structured public 
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dialogue to obtain as many divergent opinions as possible and generate policy 

alternatives. It is an iterative process with feedback as well, but it can have 

selective anonymity of the participants, with polarised group responses and 

the existence of structured conflict in physical meetings. In this case data and 

facts are no longer the central concern, but rather ideas; this led Rauch [165] 

to state that the responders are no longer ‘experts’ but lobbyists who try to 

favour and advertise their respective opinions. 

Decision: The aim of this type is decision making, rather than forecasting 

future estimations. That is why “a decision Delphi deals not with experts or 

lobbyists, but recruits its panellists only with regard to their actual position in 

the decision-making hierarchy” [165]. The process is similar to the classical 

Delphi, with the difference being it’s quasi-anonymous – meaning that the 

responders are known by name to everybody, but the individual answers 

provided remain anonymous – a variation that led to increased participation 

[164].  

Group Delphi/Expert workshop: This type was developed by Webler et al. 

[166] with the aim to achieve fast results while reducing uncertainty over 

certain risks. The variation from the classical Delphi is that there is a physical 

group meeting and the discussion of the issues in separate alternating small 

groups.  

The method has been the subject of extensive research and experimentation. 

Advantages and disadvantages have been discussed by Rowe [167] and 

Woudenberg [168]. When it comes to its internal and external validity, the latter 

concluded that factors such as “the skills of the group leader, the motivation of 

the participants, the quality of the instruction and the like seem to determine 

the external validity of a future forecasting method”.  

3.5.2 Delphi use in fire safety engineering 

3.5.2.1 Employment of Delphi in the development of methods 

The available literature in FSE suggests that experts are typically assembled 

in the form of a ‘expert’ group or panel that follows some variation of the Delphi 



Developing a fire robustness index for the built environment 

78 

method [19], [50], [131], [134], [169]. The Delphi method was first employed in 

FSE by Nelson and Shibe [108] in the 1980s. Similarly, it was used by 

Marchant for the development of the Edinburgh Model [109], [170] and by 

Shields et al. [171] for the evaluation of dwellings. Later Stollard et al. [172] 

used it for the development of a points scheme to calculate running costs in 

hospitals. A well-documented use of the method can be found in Karlsson and 

Larsson [134].  

In regards to Delphi use outside FRI but in FSE, Harmathy [173] considered 

the Delphi method to be a complement to research and believed that the 

provision of fire safety is an ideal area for application of the method; he 

subsequently used the Delphi method for the generation of supplementary 

data in the development of a tool to make decisions about how to ‘trade-off’ 

fire safety measures [174]. One of the crucial advice he had to give however, 

to avoid group attrition, follows [175]: 

“It is often a prerequisite to a successful Delphi exercise that the 

members of the group be paid for their services. If some kind of an incentive 

does not exist, the enthusiasm of the members may wane with the passing of 

time, and the exercise may end in fiasco”. 

A comparison with other fire risk analysis methodologies found that systems 

developed with the Delphi approach were more comprehensible in addressing 

an analysis throughout the various stages of a building fire [148]. It was also 

used for the categorisation of fire safety management components in order of 

importance by Baker et al. [176]. 

3.5.2.2 Review and critique of Delphi applications in fire safety engineering 

When reviewing the employment of the method in FSE, Shields [131] identified 

cases where anonymity was not ensured and face-to-face discussion between 

the ‘experts’ occurred. Shields noted that in FSE there had been many 

deviations from the classical approach, mostly due to the fact that “Delphi 

administrators participate as Delphi Group members, act as members of 

advisory and vetting committees and engage in face-to-face meetings”. He 

noted that “all such actions are in conflict with the precept of anonymity”, but 
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that these deviations were “apparently acceptable [to the method’s designers] 

on the basis of procedural expediency”. In another publication, Shields et al. 

[169] stated that “the ‘modified’ Delphi process maintained anonymity of 

response, i.e. ‘secret ballot’ but introduced confrontation to expedite 

convergence”). He finally judged that “the validity of the conclusions and output 

information of any studies obtained using variations of the Delphi procedures 

must therefore be called into question”.  

At the time of their review, Shields et al. [169] recognised some methodological 

issues to be addressed with the use of a Delphi Panel. Problems that had been 

encountered in FSE were associated with choice of experts, group attrition, 

anonymity, scale use, and the objective evaluation of consensus. Marchant 

[177] addressed some of these issues following the rationale that “it might be 

accepted generally that fire safety engineering is too complex for the opinion 

of one expert to be valid”, so multiple experts of different background are 

needed, yet that leads to different levels of confidence when answering the 

questionnaires. He noted that “if the experts’ common knowledge base is [the 

reason] for the anonymity, then anonymity should not be preserved when a 

group of heterogeneous expertise is employed, in order to conduct meetings 

which would facilitate a ‘group education to achieve a degree of common 

understanding’”.  

Shields [131] expanded on this discussion and explored the use of ‘conviction 

weightings’ in the matrix population process. That is, every panel member 

would also submit a grade from 0 to 5 that would signify their conviction – or 

certainty regarding their expertise – of their evaluations on each whole matrix. 

This could then facilitate the calculation of more ‘accurate’, weighted relative 

weightings that were a ‘truer’ representation of the members’ varying 

expertise. Tangential to this concept and a theoretical improvement is Cooke’s 

method, which has been used outside FRI, but still in a FSE context [178]. 

Following this method, the expert group members are ‘calibrated’ before the 

elicitation exercise by answering to questions to which the answers are known. 

Depending on the level of accuracy of their answers, their expertise – or 

predictive capability – is evaluated and used to weigh their answers. 



Developing a fire robustness index for the built environment 

80 

3.5.2.3 Evaluation of consensus 

In regards to the objective evaluation of consensus, Marchant [177] also 

argued for “more mathematical rigour to support this topic” [179]. Shields [131] 

used the mean, median, and interquartile ranges of responses to assess the 

consensus of the panel’s submissions, but such a statistical analysis is very 

sensitive to the group’s size and unreliable when group attrition is significant. 

Karlsson followed a similar approach where a histogram was used as a profile 

of the responses, using the “current statistical measures of central tendency 

and dispersion” [179]. As an example, the acceptability criteria for consensus 

in this work were [180]: 

“The average value was accepted as the final grade if the first quartile 

was not lower than one grading step and the third quartile was not higher than 

one grading step, compared to the median value”. 

Dodd and Donegan [179], [181] attempted to address Marchant’s call for 

mathematical rigour by creating some new consensus measurement tools. 

They clarified the concepts by defining consensus as “some measure of the 

divergence of opinion” [134], with the level of consensus required in every case 

to be “dependent on the nature of the problem” [179], and can be differentiated 

into comparative and definitive. When each member of an ‘expert’ panel is 

asked to provide an individual ranking of attributes, then evaluating agreement 

of the responses falls into the domain of comparative consensus (common 

when employing the AHP). When the members are asked to grade the 

importance of attributes, and once the responses are satisfactory so that a 

value is decided upon and the final ranking is calculated, then the intermediate 

process of choosing if a value is representative enough and what this value is 

before the calculation, falls in the domain of definitive consensus (common in 

ECIA and HCIA). It is not resolved which approach is more sound [181]. In 

some cases the ‘elusive’ consensus [182] was replaced with the more ‘readily 

achievable’ stability of responses – however, it should be noted here that 

conformity does not necessitate consensus, which was one of the typical panel 

issues that led to the emergence of Delphi as a communication protocol.  
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The AHP, another weighting method, allows for a measurement of the 

comparative consensus [179]. To address issues of definitive consensus 

evaluation in ECIA or HCIA, Dodd and Donegan came up with the concept of 

‘neighbourhood consensus’ [179]. Using this approach, a range of possible 

values and not a focal point is assigned by the ‘expert’, and this when 

processed returns an opinion profile with peaks around points of maximum 

concentration of opinion. The mathematical analysis returns the focal point of 

the peak to be used in the weighting method, and a measure of consensus 

around that value. The acceptability limits for this value depend on the nature 

of the problem [182], are defined by the developers, and are called the 

‘consensus domain’. This approach is independent of the ‘expert’ group’s size, 

“resolves the controversy regarding the mean versus the median as a measure 

of consensus” [181], and is limited to comparisons of up to ten issues for 

practical reasons. They later came up with the notion of ‘compound consensus’ 

[181] to evaluate the comparative consensus of different expert elicitation 

rounds. So neighbourhood consensus could be used to facilitate a ranking with 

acceptable response agreement, and compound consensus could be used to 

analyse the agreement of the rankings in-between rounds. However, Karlsson 

and Larsson [134] considered that “the measure of consensus will always be 

subjective since the choice of mathematical method and choice of limiting 

values will always be a subjective choice”. 

3.5.3 Selection of experts 

The general simplistic term is that “an expert is regarded as one practiced or 

skilful within the area of consideration” [169]. When forming steering or ‘expert’ 

groups, such subjective definitions may easily lead to a selection bias, thus 

increasing the chances that a group of ‘experts’ will be set up that is not 

representative of all ‘experts’ in the field of the problem involved [164]. This 

becomes even more complicated, if one takes into account the fact that in the 

first Delphi exercise where ‘experts’ were consulted in a group “it was found 

that confidence in prediction does not necessarily show a correlation with 

success in prediction” [154], which could be interpreted as a foretelling of the 

Dunning-Krueger effect [183], a stark reminder that “people think they know 
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more than they really know and are surprised far too often” [19], with such 

errors and biases being highly significant in subjective assessments “even for 

– in fact particularly for – experts” [184].  

As a result, it was observed that developers of indexing schemes choose 

‘experts’ with a pattern, even though expertise is not clearly defined. This 

pattern of selecting ‘experts’ was mentioned by Shields et al. [169] and 

originally presented by Rowe et al. [167] as: 

1. Persons who are involved in the general area of study and possess 

some minimum formal criteria, e.g. membership of a professional body. 

2. Persons who are known by the researcher. 

3. Persons who by reputation are informally known by the researcher. 

4. Persons who are readily available or can be pressed into service. 

Ironically, this observed pattern was used as a guide when selecting members 

of an expert panel by Idris [129] “for these studies, the group members involved 

were selected from the following: 

• Government officials, 

• Persons who are known to the researcher, 

• Persons who are readily available for service, 

• Professional associates.” 

The developers of various methods have over the years discussed the key 

issues associated with the choice of experts. Shields [131], perhaps 

suggesting some cynicism about the expertness of his expert panel, employed 

a “randomly selected group of final year honours students from the Faculty of 

Science and Technology in the University of Ulster […] to make similar value 

judgements as the current Delphi group”. He evaluated the reproducibility of 

the result between the ‘experts’ and the students. The comparison of the 

results between the two groups showed minor deviations, so the conclusion 

was that the results could “tentatively support the hypothesis that, given a 
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collection of issues, bounded informational sources and well defined 

procedures, the expertness of group members is not an issue”. Shields 

suggested that group membership may be determined on the basis of “an 

awareness of the various issues being considered rather than any particular 

expertise”.  

However, this awareness may alter heavily for differing technical backgrounds. 

This was observed in two recorded cases (to the author’s knowledge) where 

the different groups produced different results. One case was briefly reported 

by Lo [146] who compared the results of two ‘expert’ groups of different 

backgrounds and found that “the background of the experts may affect the 

weightings. Another set of weightings was obtained from a panel of building 

services engineers […]. Accordingly, further studies on the selection of experts 

should be carried out”. Lo et al. [185] have presented in detail the differences 

of the expert input in another publication. Similarly, Ibrahim et al. [186] 

compared three different groups on how they perceived the importance of four 

attributes and the results differed significantly.  

This might be because “the expertness of group members comes into 

prominence in the realm of decision making in a fuzzy environment, i.e. 

information is ill-defined, sparse or non-existent”. In these cases the required 

skills of analysis and synthesis which are necessary for the derivation of 

information given the ‘fuzzy’ circumstances, are usually in the possession of 

an expert [131]. Both cases highlight the need to evaluate the consistency of 

an expert group and robust procedures in place for the selection of ‘experts’ – 

quite what these procedures should be, though, remains undefined. 

3.5.4 Remarks on Delphi input combined with prioritisation methods 

From the hierarchical illustrative example, it has been exhibited how many 

issues are affecting the soundness of the procedure. Firstly, “it is questionable 

if any small team of assessors would have sufficient total experience to 

generate an opinion which could be deemed reliable with a high degree of 

confidence” [182]. Even if that ‘small team’ could be identified, agreed to 

cooperate and contribute, had no attrition in the elicitation rounds, then it would 
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still need to consense in its combined responses. Issues around the 

quantification of consensus were brought forward in subsection 3.5.2.3. Even 

if a quantitative indicator of consensus was deemed appropriate and the 

panel’s response acceptable from an agreement point of view, then this input 

would have to be consistent, and that falls into the domain of consistency which 

was also touched upon.  

It can be quite challenging for all of these conditions to be met in a procedure 

that is bounded by time and resources, such as a PhD research project. Such 

a case can be found in Shields [131] when “the difficulties experienced by the 

Delphi Group which were characterised by the variability in the responses 

obtained, convinced the author that elicitation of Delphi Group opinion to the 

assignment of such values by mailing was not an efficient, effective or 

appropriate methodology”. This led the developer to not ask for the ‘expert’ 

panel’s additional input in the population of the sequential perturber matrices 

when using the HCIA, neither when quantifying the floating norm that the 

scheme introduced. There is also the case that an acceptable consensus can 

be achieved from the early rounds, but the results are too “flat”, as it has been 

noted in Karlsson and Larsson [134] – adjusting for that was unexpected. This 

was attributed to the order that the questions were posed to the panel and was 

addressed in future elicitation rounds when “the Delphi panel was encouraged 

to assign weights in a different order than had been done”. 

This approach however raises questions about the overall procedure since 

“there is the concomitant psychological impact on scoring that results from the 

manner in which a question is posed” [19] since there have been 

experimentally noted cases around the existence of “interpersonal differences 

in the interpretation of verbal statements, which complicates the use of such 

statements in preference elicitation” [187]. Apart from interpersonal 

differences, “it is clearly imperative that all ambiguity be eliminated from the 

individual scores. Although there is an implicit assumption that all points on the 

scale are equally likely, this may not be the case and indeed it could be argued 

that, for example, the mere inclusion of particular issues indicates that they are 

likely to have the positive scores associated with a definite viewpoint and that 
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0 is therefore less likely than other scores” [182]. Such remarks highlight again 

“the conflict between mathematics and psychology” [188]. 

An example of this is exhibited below. If four numbers are assumed as A=20, 

B=5, C=2, and D=1, then up to a point there is an inherent inadequacy in 

expressing their quantified ranking through linguistic terms which follow the 

style of “much more important than” (4-5), “more important than” (3-4), “of 

equal importance” (2.5), etc – a similar approach applies to the Saaty scale 

used in AHP. This is a shortcoming that should be recognised in the treatment 

of the final results, irrespective of the approach followed. Moreover, it has been 

mostly brought forward as an issue related with AHP’s scale of ratios and its 

lack of a zero value, as one of the reasons why “the results obtained from the 

methodology are on a relative rather than an absolute scale” [188]. However, 

it should be reminded to the reader that the employment of such methods is 

happening to create a pool of information as a necessity “on an issue that 

usually is poorly analysed and researched” [189].  

As a final comment by the author, the quantification of relative weights through 

expert elicitation has been described in literature as a daunting task, and it 

remains unanswered whether the value of indexing methods is because the 

question of “how much does this attribute impacts the overall policy” is 

addressed, or because the process of “how does this attribute affect the overall 

policy” is indirectly initiated. This issue around the utility of the process, which 

is considered to be concept-dependent on the eventual implementation of the 

tool, was raised by Donegan et al. [190] when “assuming that a priority vector 

can be arrived at, the fundamental and as yet unanswered question is not with 

regard to its existence, but with regard to its significance in the field of 

application”. 

3.5.5 User expertise 

The design of any indexing method requires judgements and decisions to be 

made by a group of ‘experts’, while also the user (i.e. the person undertaking 

the grading on a real building) plays a critical role in the final score generated 
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by the method. The expertise of the user has therefore also been of concern 

to the developers of indices. 

Kinsey et al. [106] believe that if “a fire engineer is lacking in-depth technical 

expertise or experience about a given subject, they may rely on fire codes for 

guidance, potentially without a complete awareness of any underlying basis or 

assumptions for the guidance”. However, Abrahams and Stollard [191] stated 

that for a reliable analysis to be conducted “it will be necessary to know not 

only the contents of the legislation and guidance, but also the basis on which 

these documents were developed”. This is relevant to the statement that “Fire 

engineers need to understand what the codes are effectively saying in 

engineering terms and, equally to understand the flaws in the codes or those 

parts that are not based on scientific or engineering principles” [16]. Watts [18] 

has recognised the “incoherent agglomeration [of] safety standards known as 

building codes” as a significant constraint in the promotion of fire safety, citing 

Emmons [192] who subjected some of the requirements to scientific scrutiny 

and found them unnecessarily overbearing. It would be ideal if such knowledge 

could be fostered from the education level, as the phenomenon is touched 

upon in a proposal for a model curriculum in FSE where it is mentioned that 

“standards should never be introduced without an evaluation of the 

engineering and scientific background” [193].  

These quotes are of relevance, because when Hultquist and Karlsson [152] 

were evaluating an indexing method against another more sophisticated one, 

they reported that “during the work it has also become clear that the method 

can be misused, if an engineer consciously wishes to misuse it”. This was 

foretold by Dodd and Donegan [182] who recognised “the danger lying in the 

extreme case of higher graded components have their maximum values and 

lower components receive a zero value for the sake of simplicity and haste”. 

While developing a ranking scheme, Purt [194] stated that “we aimed for 

simplicity, because not everyone working in fire protection has the time to do 

exercises in higher mathematics”. Nonetheless, when Law [195] was 

considering what constitutes a fire safety engineer, she brought up the point 
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that a fire safety engineer “must understand how to measure and quantify fire 

phenomena and fire safety”. 

This discussion is of interest, because indexing methods tend to remove most 

of the responsibility for defining adequacy (or otherwise) from the user to the 

developer of the method [180]. This raises a question of liability with regard to 

the responsibility for the use of a method. Does liability rest with the user, or 

the developer, or some combination of both? This question is significant, 

because even when using prescriptive guidance there is the “perception in the 

construction community that achieving fire safety is more about achieving ‘ticks 

in boxes’ rather than a clear motivation to ensure a coherent and balanced 

engineered design” [16]. 

One could argue that an indexing method is a (possible) heuristic solution to 

that lack of competence. Nevertheless, it is vital to acknowledge that 

“heuristics may not be appropriate if used outside of the intended set of 

scenarios, placing greater importance on the pattern matching capability of the 

individual and the quality of the information available” otherwise systematic 

errors can unintentionally be produced [106]. 

From the review of the existing methods [13], it was found that competence is 

removed from the individual in some cases, since virtually anyone could 

conduct an evaluation by assigning grades (correct or not) and come up with 

a score. It is therefore up to the developer to either carry responsibility for, or 

disclaim, the results of the method’s application. Taking into account that 

indexing mechanics stem from multi-attribute evaluation [10], a thematic 

explored in Chapter 7, there is the view by Stam [196] in multi-attribute decision 

making that “a decision support system is supposed to support the decision-

making process, expanding the decision maker’s habitual domain of thinking 

and facilitating a better understanding of the decision problem at hand, but not 

to prescribe decisions”. 

Most developers of indexing methods made the assumption that the evaluators 

will be capable and competent people, in the hope that they will use the 

indexing method as a tool to guide an assessment, and not as proof that a 



Developing a fire robustness index for the built environment 

88 

random (and possibly irrational) design passes a predetermined score. 

However, safety checks can be introduced, an example being the FSES for 

health care facilities [108] which had four different parameter checks, because 

the developers accounted for the possibility of disguising a critical element’s 

absence when rewarding redundant systems.  

Similarly, in another, hierarchical model, Shields [131] formulated the concept 

of component basal norm scores, in order to identify components that fall to an 

unacceptable minimum that cannot be compensated by other better graded 

features, thus defining a more strict domain of equivalency which limited the 

freedom of the evaluator to misuse the method. Additionally, the components 

could be organised into clusters [131] and define cluster-specific acceptability 

scores [190], and not one final universal score to be checked. 

In each case, there appears to be an inherent tension within the development 

of any method. Complexity is often added to methods in an attempt to prevent 

the misuse of the index, since it should be also noted that “fire risk indexing 

has an appeal to administrators charged with risk management decision 

making responsibilities but who may be unfamiliar with the details and 

mechanics of the fire risk assessment process” and such a simplified approach 

has an appeal to “a broad class of users including architects, building officials, 

and property managers” [18]. However, the introduction of such complexity 

risks enabling use of the method by those who may not fit the developer’s 

definition of a ‘competent’ person – thereby increasing the potential for any 

method to be misused or regarded as a fire safety ‘panacea’, when it should 

not [22], [197].  

3.5.6 Remarks on expertise 

Ramachandran and Charters [150] elaborated extensively on the merits and 

demerits of point schemes, focusing on demerits. They have criticised the 

reliance on expert judgement, because, amongst other reasons, “there is room 

for argument and serious disagreement between people in the determination 

of points or ratings for different factors enhancing or reducing fire risk”.  
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This, however, is the case for rule-based guidance as well since “it is 

recognised that much of the technical content of fire regulations has been 

introduced on the advice of committees or groups of experts. [Expert 

judgement] is the principle vehicle for the production of fire regulations, codes 

and standards, based on the consensus of committees” [131]. Similarly, 

Magnusson et al. [193] stated that for prescribed standards and regulations “in 

most cases, the methodology does not arise from scientific principles, but from 

a consensus process based on technical judgement and experience”. 

However, this common aspect with indexing has not been a cause for such 

criticism on prescriptive guidance in the literature.  

Quintiere [198], in the preface of his book “Fundamentals of Fire Phenomena” 

stated that “standards have been generally established by committees under 

public consensus, albeit with special interests, and their shortcomings are not 

understood by the general public at large” and that “those that have expertise 

in fire standards readily know that the standards have little, if any, technical 

bases”. An example of this is a commentary by Wickström [199] about a 

‘fabulous factor’ that was chosen for calibration purposes so that “the 

temperatures calculated in steel sections are not dramatically changed from 

the ENV to the EN” – introducing arbitrary fudge factors in-between technical 

standards for specialist design. 

However, Shields [131] argued that if regulations have so far been successful, 

when properly implemented, then the opinions of experts are vindicated and 

somehow valid. In this respect, the contrary opinion is the strong warning 

provided by Spinardi et al. [37], namely that “the fact that major fire disasters 

are rare does not mean that buildings are inherently safe from fire; it may rather 

mean that latent weaknesses can lie dormant for many years until a particular 

chain of events occurs”.  

3.6 Conclusions 

Researchers and practitioners have developed dozens of modern fire risk 

indexing schemes since the 1980s. These schemes have proved to be a 

potentially useful approach under certain circumstances. Although each index 
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is different, there are common components that every method must have, and 

common decisions that the developer(s) of each method has to make. In 

summary, the fire safety attributes to be evaluated must be recognised and 

chosen, their relative weighting must be defined, and a final index calculation 

procedure has to be orchestrated.  

In reviewing the literature on this topic key tensions emerged about how, in 

order to tackle the perceived failings of simplified methods, additional layers of 

complexity are added that can address those failings. These layers increase 

the sophistication of the methods’ workings and it has been found that this 

increased sophistication makes it harder for developers (or users) to assess 

the efficacy of a method. Sophistication also distances the user from the 

mechanics of the method they employ, sometimes leading users to perceive a 

fire risk index as a panacea with an ‘infallible’ result.  

The competence of the users of fire risk indices is not adequately defined in 

the field, yet it has shown that this can have a significant impact on the 

employment and results of a method. The first impression is that FRI can allow 

people with limited knowledge to conduct evaluations, however this raises 

troubling questions about who is responsible for the output of the method. Do 

the method’s designers retain some level of responsibility for how their 

methods are applied, or can they shift all responsibility on to the user?  

Finally, it has been found that during the design of a method there is a similar 

lack of definition about what an ‘expert’ is, how to select a group of ‘experts’, 

and how to guarantee objectivity in procedures of expert elicitation. 

It is concluded that at each stage of the design and implementation of a fire 

risk index there are a series of decisions to be made by the method’s 

developers. It is unavoidable that these decisions will have an impact on the 

results of a method – and it seems impossible for the developer to remove 

themselves from the process in order to achieve a method that is ‘independent’ 

from its creating mind. Method developers must choose how they will select 

the attributes to be evaluated, and if those attributes should have a different 

relative importance. They must then decide how this relative importance will 
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be quantified, and how they will treat any interaction between the attributes 

they chose. They must decide whether ‘experts’ are to be employed and 

decide how to select these experts. Who can be ‘pressed into service’? Finally, 

they must make a statement about the necessary competence of the people 

using the method. 

Through reviewing the implementation of existing methods, it is considered 

feasible that FRI can provide the metrics to build a method that assesses 

aspects of fire resilience in building design. The corresponding attributes could 

be recognised, their relative weightings could be quantified if the developers 

find utility in them, and then a final score could be calculated. However, each 

of these decisions requires some level of compromise to be made: a complex 

method lacks transparency, can be perceived as a panacea, but can 

compensate for competency deficiency in the user; a simple method is 

transparent, can easily give an erroneous, non-repeatable, and non-

reproducible result, but is less likely to be mistaken for an infallible multi-

objective fire safety assessment method.  

If the method can be used by an unregulated user group, it is highly beneficial 

for it to remain simple. If there is some level of control (and trust) on the 

competence (and ethics) of the end user, additional layers of complexity to 

improve the accuracy could be a sensible step. In summary, though, it is 

impossible for the developers to cater for all scenarios and cases – thus the 

value to be found in a method’s transparency should not be underestimated. 

A relatively simple index can allow users to comprehend the mechanics of the 

method and thus recognise its shortcomings – and avoid using it as a panacea. 

If a method’s shortcomings are obvious to an engaged user then this serves 

to demonstrate that the individual has thought critically about the various fire 

safety attributes and their potential interactions within a building. In making 

such a critique, a user would have exhibited a level of competence that might 

justify their use of a more complex (and accurate) method. Ironically, if a user 

does not recognise the shortcomings of a method, then this is, perhaps, an 

indication that they are not competent to use it. Ultimately, it is up to the 
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method’s developers to decide which aspects of a method they value most – 

and knowingly accept the compromise of this choice.  
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Chapter 4 Modern fire risk indexing methods 

4.1 Introduction 

The previous chapter has explained the conceptual underpinnings of indexing. 

Necessarily, this has included description of the key literature and many of the 

methods that have been developed. However, in order to articulate and focus 

on the key concepts, the previous chapter also ignores much of the remaining 

relevant literature. This chapter provides a more encyclopaedic approach to 

the methods themselves. 

A timeline of the methods’ appearances is presented, to provide insight into 

the background motivation, impact, and drive for changes of each case. The 

aim is to present up to date information on each method, a collation of the 

literature (with citations in a form that can be tracked by library staff, resolving 

one of the challenges faced during this project), as well as ease the navigation 

through categorisation of the topics in the large amount of information 

available.  

It is acknowledged by the author that some methods are presented in quite 

some detail. The rationale for this presentation is that when the research 

project was at its initiation, the large number of methods and the different 

versions of the same method made it harder to navigate them. Encountering a 

method in isolation, and with no knowledge of other similar methods, made it 

harder to judge its significance and novelty – hence the value is twofold: 

present a method in all its detail so that it is properly presented to readers that 

do not have access to the sources, while juxtaposing the similarities or 

differences of each method through the availability of that detail. Additionally, 

some of the official documentation of these methods is not in English, and had 

to be approximately translated to be reviewed, making this chapter a good 

opportunity to collate all the information available.  

This review aims to present the methods chronologically and render the reader 

adept in each method and their form so that they become adequately familiar 

with the methods in order to better understand the concepts discussed in the 
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following Chapter 5. A focus was given to methods that are hard to source or 

are not well documented; methods that are more recent and well covered in 

the literature are presented through an overview of their background. 

To avoid overloading the reader with formulae and descriptions of parameters 

(which are deemed helpful to be included because they indicate at the remit 

and analysis domain of each method), these are placed in coloured frames, 

which indicate those as supplementary, or secondary, information. For a 

complete reading of this chapter, they can potentially be neglected; they can 

be of value when diving into the workings of a particular method. 

Finally, an overview table of all methods is provided that compares (when 

possible) the sources used for the derivation of attributes, the communication 

protocol employed for the expert panel (when that existed), the weighting 

method used, the calculation procedure, and the design objectives analysed. 

4.2 Fire risk indexing methods 

4.2.1 GB Home Office – Manual of safety requirements in theatres and 

other places of public entertainment 

In the literature, this work is cited as “1935, Fire Prevention Panel, Report on 

Means of Escape from Fire”. However, under that title it was not possible to be 

tracked in any library. The described method was found in the Home Office’s 

“Manual of safety requirements in theatres and other places of public 

entertainment” [200] and this will be treated as the document supporting this 

method. 

At the time, the proposed plans for a project were submitted to the local 

authority under the building acts and byelaws. However, for public 

entertainment occupancies, a licencing authority had to approve the final 

building as well. This manual intended to provide guidance to architects and 

builders in the design stage, so even if they had the local authority’s approval, 

they would avoid the need for alterations or additions at later stages in order 

to get approval from the licensing authority (which in some cases could be 

the same with the mentioned local building authority) [200]. 
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In 1935, this manual presented new methods that used algebraic expressions 

to arrive at solutions for the critical components of escape routes [114]. The 

scheme used eight variables to support a simple calculation that enabled the 

adequacy (in terms of width and number) of escape routes to be assessed, 

with the aim of giving “the building designer flexibility in the selection of safety 

components that could be brought together to form an appropriate means of 

escape” [201]. According to Copping [127], this was one of the first “wise men” 

approach, which he defined as “the acquisition of expert knowledge through 

an informal gathering of experts”. Malhotra [202], reflecting on this method, 

considered the use of experts representing all of the involved interests, sitting 

around a table and discussing the values to be attached and then arriving at 

the average consensus, innovative at the time. The Building Industries 

National Council (BINC), which was an advisory committee on the UK Building 

Acts and Bylaws in 1945, considered that “this report was of considerable 

interest and value as new methods for arriving at the number of exits and 

widths of stair cases in a building were set forth for the first time”. This is 

verified by Malhotra, who described it as “the first attempt at the quantification 

of hazard and safety provisions […] to assess the adequacy of means of 

escape”. 

The method evaluated only for life safety, providing a disclaimer that the advice 

available “should in all cases be looked upon as the minimum compatible with 

safety” so that “everyone can be got out of the building quickly without risk of 

panic or loss of life”. To complement the calculation, a “standard unit of width” 

was adopted for use in the manual, corresponding to 22 inches (55.88 

centimetres) and classes of building construction were defined using the 

British Standard Definition for Fire Resistance of Buildings and Structures, No. 

476 of 1932 as: 

“Class A” buildings are those which are of fire-resisting construction 

throughout. “Class C” includes those buildings which, owing to their construction 

or situation, constitute a definitely dangerous risk. Between these two extremes 

fall “Class B” buildings, a large class which will generally answer the description 

“ordinary” or “brick and joisted construction.” 
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The method was comprised of two formulae. One for the calculation of the 

necessary units of exit width, and one for the number of minimum available 

exits. The description here is identical from the original. The first one is: 

 𝐴 =
𝑍 ∙ (𝐹𝑙𝑜𝑜𝑟 𝑎𝑟𝑒𝑎 𝑖𝑛 𝑠𝑞𝑢𝑎𝑟𝑒 𝑓𝑒𝑒𝑡)

𝐸 ∙ 𝐵 ∙ 𝐶 ∙ 𝐷
 Equation 4.1 

 
Where:  

A: the number exits,  

B:  related to the class of building,  

C: related to the arrangement and protection of stairs,  

D:  the “exposure hazard”,  

E:  a height factor, 

Z: the class of building.  

And the second formula that determined the number of exits was: 

 𝑁 =
𝐴

4
+ 1 Equation 4.2 

 
Where:  

N: the number of exits required,  

A: is the number of units of exit width required, as determined by 

the use of the first formula.  

Full definitions for both of these formulae are given in the following Table 4.1. 

Table 4.1 A breakdown of the parameters and their calculation for the Home Office’s 
Manual of safety requirements in theatres and other places of public entertainment 

For the first formula: 

A: the number of units of exit width required 

One unit is 22 inches 

Exits should be in multiples of this width, with no exit less than two units in 

width. 

For existing buildings: 

Doors 40 to 55 inches wide count as 2 units 

Doors 56 to 75 inches wide count as 3 units 
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Doors 76 to 100 inches wide count as 4 units 

Doors 101 to 125 inches wide count as 5 units 

B: construction of buildings 

Class A – B=6 

Class B – B=5 

Class C – B=3 

C: arrangement and protection of stairs 

For places not more than 21 inches above or below ground level – C=6 

Stairs from places on a single floor not more than 5 feet above or below 

ground level – C=5 

Enclosed stairs from circle or gallery or stairs leading down to vestibule or 

direct to open air – C=4 

Stairs from circle or gallery unprotected and coming down into main floor 

of building. (Note -In such cases the exits from ground floor must be of 

sufficient width to handle persons from circle or gallery) – C=3 

D: exposure hazard 

Places of public assembly will usually be rated as Medium Hazard 

This factor for High Hazard is provided to cover a situation where exposure 

hazard may be serious (a list with high risk neighbouring premises was 

provided) 

High Hazard – D=1 

Medium Hazard – D=2 

E: a factor dependent upon height of floor above or below ground level 

Each circle, balcony or tier to be considered separately. If height or depth 

is intermediate, take nearest figure; when height is precisely midway 

between two values, take the lower value of the factor. Height above 

ground level is to be taken as mean height of a circle, gallery, etc. 

Where height = 80 feet “E” = 260 

Where height = 70 feet “E” = 280 

Where height = 60 feet “E” = 310 

Where height = 50 feet “E” = 340 

Where height = 40 feet “E” = 370 

Where height = 30 feet “E” = 400 

Where height = 20 feet “E” = 440 

Where height = 10 feet “E” = 470 

At ground level “E” = 500 

Where depth = 5 feet “E” = 470 

Where depth = 10 feet “E” = 440 
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Where depth = 15 feet “E” = 370 

Where depth = 29 feet “E” = 340 

Z: class of user of building 

User for closely seated audience – Z=50 

User as dance hall, restaurant, etc – Z=30 

Note: when a fraction of 0.3 or over results, take next higher whole number; when a fraction 
less than 0.3 results, take next lower number. 

Note: when a fraction of 0.5 or over results, take next higher whole number; when a fraction 
less than 0.5 results, take next lower number. 

However, the application of this approach could be overridden by the following prescriptive 
requirement clause: 

Requirement 13. 

(a) In buildings of “Class A” or “Class B” construction in which more than 80 
persons are accommodated at or about ground level, and in buildings of “Class C” 
construction in which more than 50 persons are so accommodated, the minimum 
number of exits to be provided shall be two. 

(b) Two exits at least shall be provided from any circle or gallery 
accommodating more than 60 persons in a building of “Class A’’ or “Class B " 
construction, or more than 45 persons in a building of “Class C" construction. In a 
building of “Class C " construction, where more than one exit is required from a circle 
or gallery, two stairways shall be available between the circle or gallery and ground 
level. 

 
Copping [127] mentions that the 1935 report was used to generate legislation 

and minimum acceptable standards for means of escape, possibly referring to 

the report’s impact on the local London Bylaws of 1938. Since fatal fires kept 

on occurring, the “Fire Prevention Panel’s report” was followed by the 1945 

report from BINC “Report on Means of Escape in case of Fire” [203], a title 

similar to the miscited report. BINC’s report took a direction towards a more 

prescriptive approach “with a view to formulating recommendations which 

could reasonably form the basis of legislation, so that eventually there should 

be general regulations for the whole country as to means of escape 

enforceable by law”. Some of these recommendations can be found in modern 

UK rule-based guidance [204], [205]. 

In 1984, Malhotra [202] revisited the 1935 “Means of Escape” edition in chapter 

4 of his report, and proposed a similar approach. He proposed this as an 

interim solution to provide a basis for a future analytically based system for the 

design of escape routes that could quantify the various factors and their 

interactions. 
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4.2.2 NFPA 224 - Fire Protection and Prevention for Summer Homes in 

Forested Areas 

In the USA, during the same time as the “Report on means of escape from 

fire”, the standard NFPA 224 Fire Protection and Prevention for Summer 

Homes in Forested Areas was created in 1935 [206]. It included a hazard rating 

point scheme to present minimum planning criteria for the protection of life and 

property from wildfire. After numerous revisions and updates throughout the 

century, it was renumbered NFPA 299 and named Standard for Protection of 

Life and Property from Wildfire [207], and the “index” was named “wildland fire 

risk and hazard severity assessment form”. This was superseded in 2002 and 

incorporated in NFPA 1144 - Standard for Reducing Structure Ignition Hazards 

from Wildland Fire [206] to bring it into sequence with other Forest and Rural 

Committee documents. There it can be found phrased as a “modified rating 

form”. 

4.2.3 Italian Circular 91 

In 1961, the Italian Ministry of Interior, judged that with the ever-increasing use 

of steel as a construction material, guidelines were necessary for designers so 

they could ensure structural stability in the event of a fire. Studies were 

conducted by a special Commission of the National Research Council, which 

resulted in the Ministry preparing its own scheme that employed a concept of 

classifying buildings using an evaluation index [208]. The scheme followed the 

regulatory fundamental criterion that the structure must withstand burnout, 

along with the assumption that the duration of effective fire resistance of an 

element subjected to a real fire is, in any case, greater than the duration of 

resistance determined by performing a test in a furnace with an equivalent 

temperature curve and with the same fire load [209].  

The calculation procedure for this method involves an evaluation index which 

is determined by taking into account the height of the building, its usage, 

distance to exits, the presence of a general signalling system, sprinkler 

systems, and other factors that are accepted parameters in fire safety [208]. 

This is happening with the allocation by the user of prescribed points provided 
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in tables, points that corresponded to the systems in place. The evaluation 

index allows the specification of a coefficient which is then multiplied by the 

fire load and the result indicates the necessary equivalent fire resistance. This 

shows that the fire load was taken as the principal indicator of the possible fire 

severity.  

This calculation was formulated with the aim of providing designers with the 

necessary tools to establish a relationship between real fires and furnace tests, 

while also standardising the specifications and facilities appropriate for the 

conduction of these furnace tests [209]. 

4.2.4 Gretener Method and its derivatives 

4.2.4.1 Gretener Method 

To the author’s knowledge, the Gretener method is the first rating scheme, and 

its derivatives are some of the most widely used schemes in Europe. In 1960 

Max Gretener, Director of the Swiss Fire Protection Association (Brand-

Verhutungs-Dienst für Industrie und Gewerbe BDV) started to study 

possibilities of calculating the fire risk in industrial premises and his method 

was published in 1965 focusing on the needs of fire insurance companies 

[210]. Risk is defined as the product of the probability of an event happening 

with its corresponding consequences. Gretener took that principle and in 

analogy developed the fundamental idea of the method [211] that the ratio of 

the hazard factor (potential hazard) and the fire protection factor (protective 

measures) is taken as a measure of expected fire risk. Factors are calculated 

by multiplying the values of each corresponding attribute, found in tables. 

The first version of this method was presented by Gretener in 1968, named as 

“Attempt to calculate the fire risk of industrial and other objects” [138] (in 

German). The reference event of this comparative calculation method was a 

fire compartment area of 1200 m2 with a medium fire load (500 - 1000 MJ/m2) 

[212]. 

An updated version of this method is introduced in “A method of estimating fire 

hazards and protection measures” in 1973 by Burgi [213] (in German), and 
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later presented (in English) by Kaiser (1980) [214]. According to Malhotra 

[202], Gretener’s method has many similarities with the BINC approach [203]. 

This similarity can potentially be seen by the structure of the following formula: 

 𝑅𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 =
𝑃 ∙ 𝐴

𝑀
 Equation 4.3 

 
Where: 

Rcalculated: risk coefficient 

P:   potential danger 

A:   risk of activation 

M:   fire protection measures 

Information on the detailed calculation of these factors is presented in Table 

4.2 below: 
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Table 4.2 A breakdown of the parameters and their calculation for the first version of 
the Gretener method 

For the first formula: 

A is comprised of one subjective and one objective component. These are not probability 
values, but sums of further subjective sub-components that are extracted from provided 
tables depending on the fire safety management and activities in the building. 

𝐴𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑣 + 𝐴𝑝 

With the subjective component being: 

𝐴𝑣 = 1 + ∑𝑎𝑣𝑒 + ∑𝑎𝑣𝑡 + ∑𝑎𝑣𝑠 

And the objective component being: 

𝐴𝑝 = ∑𝑎𝑝𝑒 + ∑𝑎𝑝𝑡 + ∑ 𝑎𝑝𝑠 

M is calculated to account for all the available protection measures, and is calculated with 
the following formula: 

𝑀 = 1 +
𝑚

𝑘𝑚

 

Where m is the value extracted from a table (in terms of points from another point system 
study on the effectiveness of fire protection measure combinations, which is cited in the 
original report) and km is the correction factor to fudge the result to match the scheme’s 
values. 

Then Gretener broke down the potential danger parameter P into the product of its 
components: 

𝑃 = 𝑄 ∙ 𝐶 ∙ 𝐽 ∙ 𝐹 ∙ 𝐾 ∙ 𝐷 ∙ 𝑉 

Where: 

Q: fuel load 

C: combustibility, or flammability, or burning behaviour of the fuel load 

J: building factors (such as fire resistance of construction elements, relative window 

area, number of floors, size of fire compartments, etc) 

F: production of smoke (fogging) 

K: content of corrosive agents in the smoke 

D: vulnerability of non-combustible content to fire 

V: value density factor (sum insured per unit area) 

All of these factors have a similar way of calculation as A above, mainly by extracting 
tabularised values for each sub-factor. 

 
Once a value for Rcalculated is available, then Gretener thought that it could be 

compared to values generated by buildings that were conceived to be “safe”, 
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thus setting an implicit acceptability level. A lower ratio value is better, and it is 

now known by its global safety factor γfire where: 

 𝛾𝑓𝑖𝑟𝑒 =
𝑅𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑

𝑅𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑
≥ 1 Equation 4.4 

 
The method does not evaluate scenarios nor analyses events, but simply 

grades the elements of a building and their performance. It is stressed out that 

the factors are not based on statistics, but are empirical values provided by the 

developer [214]. In 1968 it was proposed to enlarge the scope of the method 

and to use it for specifying the most suitable fire protection measures [210]. It 

has been described in various levels of detail in other works [50], [115], [116], 

[180], [210], [215]–[218].  

While reviewing the method, Rasbash et al. stated that “the underlying logic 

for determining most of the component values is not apparent from the 

documentation” [7]. Ramachandran and Charters [150], considered a 

disadvantage of Gretener that “the basic equations are dimensionally 

meaningless” and similarly Watts [50] has indicated that “as with most other 

schedule approaches, the values for these individual factors are not based on 

statistics but are empirical figures resulting from a comparison of analyses of 

fire risks for which fire protection measures are either common or required by 

law”.  

4.2.4.2 Update of the Gretener Method by Burgi 

Burgi [213] updated the calculation of M with a simpler approach by redefining 

its formula: 

 𝑀 = 𝑁 ∙ 𝑆 ∙ 𝐹 Equation 4.5 

 
So that the original expression becomes: 

 𝑅 =
𝑃 ∙ 𝐴

𝑁 ∙ 𝑆 ∙ 𝐹
 Equation 4.6 

 
Where:  
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N:  refers to standard measures, 

S:  refers to special measures, 

F: is the fire resistance of the building. 

Then these would be broken down to several, “measurable” components, and 

the calculation proceeded as before. The reformulation occurred to address 

for “strength and distance away of the fire brigade, existence of a sprinkler 

system, existence of a fire detection system, fire resistance of the building” 

[214]. 

Burgi also conceptualised the expression B for the fire hazard (potential 

losses) as: 

 𝐵 =
𝑃

𝑀
 Equation 4.7 

 
So the original formula becomes: 

 𝑅 =
𝑃 ∙ 𝐴

𝑁 ∙ 𝑆 ∙ 𝐹
=

𝑃 ∙ 𝐴

𝑀
= 𝐵 ∙ 𝐴 Equation 4.8 

 
Burgi was the first one to mention the calculation of B as an entity and propose 

maximum allowed values for it as an acceptability criterion through the 

calculation of Bmax. The calculation of Bmax revolved around the limit of 1.3 for 

the acceptable risk value, which was increased or decreased slightly according 

to the occupancy and building characteristics case.  

This is also the version of the formula that is most commonly encountered in 

modern literature that refers to the Gretener Method. 

4.2.4.3 EURALARM and CEA derivatives 

At the same time in the US, the decision tree approach was widely used, which 

is described by Malhotra [202] as “another type of logic tree”. At every tree 

level decisions are made on alternatives available and in this way “complex 

decisions can be broken down into simpler sub-components to any level of 

detail”. By attaching probabilities to each step, then the overall probability of 

the event can be established. By 1980, the Gretener method had become 
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widely recognised, and was considered that “in a way has become the 

European counterpart of the American decision-tree-approach” [220].  

What follows are some other schemes that are based upon the Gretener 

model. First came a tool by the European Fire Alarm Manufacturers 

Association (EURALARM) for the evaluation of the fire risk as a basis for 

planning automatic fire protection systems by Purt [194]. Purt broke down the 

coefficients for risk into two separate parameters, one for the building (as an 

asset) risk and one for the building’s content risk. The details of that 

decomposition are shown in Table 4.3 below: 

Table 4.3 A breakdown of the parameters and their calculation for the EURALARM 
(or Purt) method 

The method’s two main formulae are: 

𝐺𝑅 =
(𝑄𝑚𝐶 + 𝑄𝑖) ∙ 𝐵𝐿

𝑊𝑅𝑖

 

GR: building risk 

Qm: mobile/content fire load  

C: combustibility 

Qi: stationary fire load – inherent in building materials and construction 

B: fire sector size 

L: extinguishing delay – time for the fire brigade to reach the scene. 

W: fire resistance (phrased as resistivity) 

Ri: risk reduction factor addressing management issues 

𝐼𝑅 = 𝐻𝐷𝐹 

IR: content risk 

H: danger to human beings 

D: danger to property 

F: danger of smoke formation 

 
It also provided the user with graphs that indicated the most suitable (active) 

protection measures or warning systems depending on the two risk 

coefficients, but also a graph that set out acceptability criteria for the 

combination of the two risk values. In its presenting publication [194], the 

method was still a proposal at a conceptual stage.  
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Then the European Insurance Committee (CEA, Comité Européen des 

Assurances) adopted the Gretener studies as a basis for its further work on 

the objectification of fire risk assessment by forming “a technical sub-

committee to study the relative fire protection values of automatic sprinkler 

systems and automatic fire detection and alarm installations”, presented by 

Wessels [220]. They assumed some of the Gretener coefficients to be 1, and 

proposed new adapted values available in tables. 

4.2.4.4 E.R.I.C. Method (Evaluation du Risque d'Incendie par le Calcul) 

The Gretener method was originally made for the calculation of property risk. 

However, when some fires occurred in France that had fatalities but only minor 

property damage, the need was identified for a similar approach based on life 

safety considerations [114]. In 1979, M. Sarat and D. Cluzel developed such a 

variant, aimed at life safety [217]. Their method was called E.R.I.C. (Evaluation 

du Risque d'Incendie par le Calcul) [221]. It distinguishes between the 

objectives of life safety and property protection and provides a calculation 

method of assessing the residual risk related to these [114]. The complete 

breakdown of the parameters is shown in Table 4.4 that follows. 

Table 4.4 A breakdown of the parameters and their calculation for the E.R.I.C 
method 

The calculation method follows the outlined procedure below, taken from Shields and 
Silcock [114]. First, a formula to calculate the (required) time for evacuation is provided: 

𝑇𝑒𝑣 =
𝑃

𝐿𝑒 ∙ 𝐶𝑐

+
𝐿ℎ

𝑉
 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) 

Where: 

P: the number of persons to be evacuated 

Le: number of escape routes and combined length of stairs and corridors (m) 

Cc: co-efficient for circulation (persons per meter per second) 

Lh: total distance of travel to a place of safety (m) 

V: the average velocity of persons (ms-1) 

The results from this equation could be used to judge if the egress provisions were 
adequate, depending on the rules the designer would like to impose. 

Then the risk to people (life safety) is assessed from the following equation: 

𝑃1 = 𝐸 ∙ 𝑓 ∙ 𝑖 ∙ 𝑟 ∙ 𝑐 

Where: 
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P1: assessed risk to people 

E: co-efficient for total evacuation time 

f: an assessment of smoke density in the occupied space 

i: co-efficient for the toxicity of fire gasses 

r: the probability of the realisation of the risk, i.e. the occurrence of the unwanted 

event 

c: co-efficient of risk associated with the combustibles in the building 

The risk to property is assessed with the use of another equation: 

𝑃2 = 𝑞 ∙ 𝑒 ∙ 𝑔 ∙ 𝑓 ∙ 𝑘 ∙ 𝑎 ∙ 𝑐 

Where: 

q: co-efficient related to the mobile fire load (kJm-2) 

e: co-efficient which relates the height of the building, location of spaces above and 

below ground and expected fire loss 

f: co-efficient for hazards associated with smoke 

k: co-efficient which combines the toxic and corrosive products of combustion 

a: co-efficient related to the occupancy of the building 

c: co-efficient which represents the capability and burning rates of the fuel 

g: co-efficient which relates spatial geometry to expected fire loss 

The generic formula for the protective measures is: 

𝑀 = 𝑆 ∙ 𝑇 ∙ 𝐸 ∙ 𝐷𝐹 ∙ 𝐹 

Where: 

S: co-efficient which represents the availability of water for firefighting, the quality 

of installation and pump capacity 

T: co-efficient which combines the elapsed times for detection and communication 

E: co-efficient which represents various methods of extinction provided 

DF: co-efficient related to smoke control 

F: co-efficient which combines the fire resistance of components and 

compartmentation 

Every co-efficient and parameter had its respective table that provided its values for every 
case. For the protective measures different tables were used for life safety and property 
protection, thus providing a different result, indicated through the denominators of LS for life 
safety and PP for property protection. 

The measure of the residual risk was calculated as a ratio of the risk factor over the 
protective measures: 

𝑅𝐿𝑆 =
𝑃𝐿𝑆

𝑀𝐿𝑆

 

And 

𝑅𝑃𝑃 =
𝑃𝑃𝑃

𝑀𝑃𝑃
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This distinction for property protection and life safety was made because 

designers, architects, builders, and control offices “sadly only followed the rule-

based regulations to the letter, often forgetting the objectives underlying those” 

[221]. Based on this observation they explored the possibility of a future 

guidance document that was no longer based “to the letter” rules, but on a 

more in-depth analysis. The more in-depth analysis was intended to be based 

on an indexing method and tables were provided that guided the user in the 

assignment of parameter values. The approach allowed a recommended 

desirable factor (grade) for the building to be formed, which represented an 

approximation of a risk level.  

The link between every factor is shown in Figure 4.1, taken from Shields and 

Silcock [114] – the similarity to an events tree analysis should be noted. 
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Figure 4.1 The conceptual structure of the E.R.I.C. method, taken from Shields and 
Silcock [114]. 

When ERIC was reviewed by Benjamin [222] it was stated there is no 

indication of the base from which the factor values were derived, while Shields 

and Silcock judged it as an empirical technique that “related good and bad 

factors which contribute to the residual risk associated with fire” [13]. The first 

comment is of the same nature as Rasbash’s et al. [219] remark on Gretener 

method, that the method’s documentation does not provide insight into how 

these values were produced. 

4.2.4.5 SIA 81 

In 1984 the Fire Risk Evaluation Method, also known as SIA DOC 81, was 

published [210]. This, also, was derived from Gretener’s work [211]. The 

original method presented in ‘68 was completely revised by 1984 by a project 
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team consisting of members from the VKF (Association of Monopolistic State 

Insurance Companies), the BVD (representing industry and the private fire 

insurance companies), and the Swiss Association of Engineers and Architects 

SIA. This project team adapted the method to national and international 

knowledge and experience. The most significant addition was an annex in 

tabular form, that provided information on the mobile fire load of nearly 600 

different occupancies, and specified some additional fire characteristics such 

as ignitability, smoke production, and production of corrosive agents - 

emphasis was given to making the method easy to use by insurance 

specialists, engineers, and architects [210]. A statistical analysis in Switzerland 

compared the losses from some major fire events with the building’s rating, 

and indicated a correlation between the two, in the sense that the loss 

decreases linearly with an increase of the safety factor γfire [210]. Similarly, 

Rasbash [78] compared the values employed for different factors in the 

Gretener method with UK statistical estimates of the financial loss or savings 

associated, with that comparison indicating that the expected annual financial 

loss was proportional to the square of the Gretener R value.  

The main formula remained essentially the same, but some factors were 

restructured or renamed. These nuances are shown in Table 4.5 below: 
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Table 4.5 A breakdown of the parameters and their calculation for the SIA 81 
method 

The main formula remained as: 

𝑅 = 𝐵 ∙ 𝐴 =
𝑃 ∙ 𝐴

𝑀
 

Where: 

A representing the probability of fire occurrence 

B representing the expected amount of losses 

M representing the protective measures 

Through that revision, the conceptualisation of the safety factor γfire emerged as: 

𝛾𝑓𝑖𝑟𝑒 =
𝑅𝑢

𝑅
=

𝑅𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑

𝑅𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑

≥ 1 

In the new structure of the method, one risk factor (R) is still calculated, but different 
acceptable values are compared for the protection of people and the protection of property. 
For property protection the formula is: 

𝑅𝑢,𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 = 𝑅𝑛 = 1.3 

However, for the protection of people (life safety) another extra factor is employed, that is 
pH,E, which depends on the mobility and the floor location of the tenants. Then the 
acceptable risk value for life safety is calculated through: 

𝑅𝑢,𝑝𝑒𝑜𝑝𝑙𝑒 = 𝑅𝑛 ∙ 𝑝𝐻,𝐸 

Similarly, the structure of the basic formula evolved, so that: 

𝑅 = 𝐵 ∙ 𝐴 =
𝑃

𝑀
∙ 𝐴 =

𝑃

𝑁 ∙ 𝑆 ∙ 𝐹
∙ 𝐴 =

𝑞 ∙ c ∙ r ∙ k ∙ i ∙ e ∙ g

𝑁 ∙ 𝑆 ∙ 𝐹
∙ 𝐴 

Where: 

R: risk factor 

B: fire hazard 

A: probability of fire occurrence, risk of activation  

P: potential hazard 

q: mobile fire load 

c: flammability of contents 

r: smoke production 

k: content of corrosive agents in the smoke 

i: fire load in building construction 

e: storey location and height 

g: compartment size and ratio between length and width 

M: applied fire protection measures 

N: normal measures 

S: special measures 

F: fire resistance of the structure’s elements 

The values for each parameter were provided in the corresponding tables of the method. 
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4.2.4.6 VKF Method 

In 2003, a change in the fire regulations, along with the fact that many 

parameter values no longer corresponded to the real conditions, led the VKF 

board to set up a working group with the task of revising the method again, in 

order to adapt it to up to date requirements and to simplify it as far as possible 

[212]. In general, when collecting the new fire load data, it was found that there 

was a significant increase in fire loads compared to the data collected in the 

1970’s, accounted to the introduction of new materials in the market [223], 

which vindicated the drive for the update [212]. The corresponding sub-

component values were reviewed and adjusted with new surveys conducted 

by Köhler et al. [224], and the VKF method "Assessment of fire compartment 

sizes" [212] was published to be used as a guide for safety analyses in 

industrial, commercial, and office buildings. The new formulae are shown in 

Table 4.6. 

Table 4.6 A breakdown of the parameters and their calculation for the VKF method 

The VKF method’s new formula was: 

𝑅𝑒 = 𝐵 ∙ 𝐴 =
𝑃

𝑀
∙ 𝐴 =

𝑃

𝑁 ∙ 𝑇
∙ 𝐴 =

(𝑞 ∙ c ∙ r) ∙ (i ∙ g)

𝑁 ∙ 𝑇
∙ 𝐴 

Where: 

Re: risk factor 

B: fire hazard 

A: probability of fire occurrence, risk of activation  

M: applied fire protection measures 

N: normal measures 

T: technical measures (detection and automatic suppression) 

P: potential hazard 

Dangers from building content: 

q: mobile fire load 

c: flammability and burning rate of the mobile fire load 

r: risk of smoke – smoke hazard 

Dangers from the building: 

i: fire load inherent in the structure 

g: compartment area 
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In this new (and final) version the use of the method for life safety was limited 

to occupancies of industrial, commercial, and office (open-plan) buildings. It 

was not applicable for shops, accommodation and healthcare, nor assembly 

buildings. So only one risk factor, Ra, can be used to assess both life safety 

and property protection whose minimum acceptable value became 1.0. 

Eventually, this was checked through the γ coefficient: 

 𝛾 =
𝑅𝑎

𝑅𝑒
≥ 1 Equation 4.9 

 
The method "Assessment of fire compartment sizes" [212] was suspended in 

Germany and Austria by the Technical Commission VKF as of 1 January 2015, 

with the introduction of the new fire protection regulations that introduced core 

changes in the reference building of 1200 m2 [223].  

4.2.4.7 Fire Risk Assessment Method for Engineering (FRAME) by DeSmet 

Gretener method provided the base for the development of the Fire Risk 

Assessment Method for Engineering (FRAME) by DeSmet [217]. De Smet 

used the Gretener method for design purposes in 1975; yet he recognised 

some drawbacks that could be improved [9]. It is mentioned how some of the 

tables were not easy to acquire and not “fine-tuned” enough to be used as an 

engineering guideline. The steps in the calculations were sometimes too large, 

giving different results by different persons on the same job due to guesswork. 

Even after the 1981 revised version came out with added refinements to 

account for the last findings in the field, De Smet considers that “some 

shortcomings of the original method remained and some were even 

enhanced”.  

However, he found many positive elements in the method which he utilised in 

his own tool, FRAME as a programme only suitable for use by “a person skilled 

in fire protection as a complement and support of their professional judgement 

formed through learning and experience” [225]. Across the literature, Gretener 

and FRAME can be found categorised as point schemes, yet De Smet [217] 

considers that the essential difference between FRAME and point systems is 
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that “point systems combine the weighed parameters in a sum, where FRAME 

(and Gretener) combine the parameters in a product, which corresponds with 

the probabilistic basis of event networks”. Watts [50] and Malhotra [202] have 

accounted the choice between summation or multiplication to depend on the 

treating of interactions between the parameters, and in what way that is 

accounted for during the partitioning of the system.  

When FRAME was used for a comparison with a statistical analysis by BRE 

[226], there was some difficulty encountered in relating the FRAME risk scores 

to absolute risk levels for different occupancies. De Smet has provided his 

explanation on those issues and objections to the BRE analysis method in a 

separate report [225]. 

4.2.4.8 Influence on engineering standards 

The Gretener approach served as the basis for the Austrian standards TRVB 

A-100 and TRVBA-126 [227] while it is also comparable with the German 

guidance DIN 18230, with the latter one having a lot in common with FRAME, 

although their purpose and focus are considered different by De Smet [217]. 

Gretener method has also been incorporated as an alternative means of 

evaluation in Brazilian legislation, through the use of a different global safety 

factor defined by a national committee [227]. To complement this process, a 

variation was developed by Silva and Coelho Filho [227] by employing “an 

analytical form of calculation in order to eliminate troublesome and unrealistic 

discontinuities created by a tabular method”. Some case studies were 

presented in which compliance was evaluated using the original method [228], 

yet it is unclear whether the analysis was for life safety equivalency or historical 

property protection, objectives that the original Gretener/Burgi method does 

not address explicitly. 

4.2.4.9 Application in Portugal and comparison with FRAME - The ARICA 

Method 

Gretener method has been used in a systematic survey of buildings in Lisbon 

following the 1988 Chiado fire, to highlight areas of risk in need of improvement 
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[229]. Similarly, Gretener and FRAME have been employed simultaneously in 

other places of Portugal for the evaluation of town historic centres [230], where 

it was found that when it came to life safety, Gretener acceptable solutions 

were not enough to obtain the desired safety level when using the FRAME 

method – explained by the fact that the Gretener method is sensitive to 

changes in water supply and compartment conditions while the FRAME 

method is sensitive to area changes that benefit small buildings.  

One Portuguese method, ARICA [231], was developed based on Gretener “to 

evaluate the fire safety of individual buildings using as reference the 

requirements of the Portuguese regulation for fire safety” [232]. Both methods 

were used for the creation of a risk map in Coimbra, where 60% of the buildings 

were found acceptable under Gretener, while ARICA indicated none 

acceptable [233]. Another application on a larger scale with a modified, simpler 

version of ARICA, was integrated with a Geographic Information System (GIS) 

towards a risk mitigation attempt at an urban scale [234] . 

4.2.4.10 Influence on other methods 

The Gretener method and its derivatives have heavily influenced the shaping 

of new methods. One of them was created in Serbia and is presented by 

Nikolić [235], which is a simplified approach similar to the Purt method. Another 

is the MESERI method [236], created in Spain in 1978 [237] for analysing the 

risk in industrial buildings. 

Another is an Anglo-Polish method [238], influenced by the mechanics of the 

Gretener method [239], but its attributes are based on the British Standard 

Specification PAS 911 [240]. An example of its application in a power plant can 

be found in another publication [241], with another exhibiting how assessments 

like these allegedly lead to a more sustainable design by including economic, 

environmental, and social factors [242]. As it is usually the case with these 

methods, the documentation is unclear about the origin of the numbers. 
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4.2.5 Fire Safety Evaluation System – NFPA 101A 

4.2.5.1 Fire Safety Evaluation System 

In 1975, the Department of Health, Education and Welfare (HEW), and the 

Center for Fire Research in the National Bureau of Standards (NBS) in the US, 

initiated jointly a five-year programme led by H.E. Nelson and A.J. Shibe, to 

develop a methodology that assesses the equivalency of a system towards 

specific fire safety requirements. Irwin A. Benjamin and Harry Shoub of NBS 

originally did early conceptual work on the system years ago [243] which was 

presented to Nelson and Shibe in 1975 [208]. In Morehart’s words, FSES had 

“Harold Nelson as the Midwife. If I had to venture who was the father of the 

FSES, I would guess Irwin Benjamin. The mother was Jeff Shibe” [92].  

This scheme was intended to evaluate whether an asset was equivalent to the 

minimum life safety provisions prescribed by the Life Safety Code 101-1973. 

NFPA 101 provided prescribed solutions for fire safety, but also allowed 

equivalent ones. However, it didn’t define alternative solutions nor provided a 

mechanism for evaluating equivalence. Equivalency allows the risk and safety 

factors to be balanced using the NFPA Code as the norm [114]. The method 

was later incorporated in NFPA 101A, Guide on Alternative Approaches to Life 

Safety [244]. 

The same philosophy was followed to develop tools for other premises as well 

[50], such as multifamily housing [245], board and care homes [246], national 

park service overnight accommodation [247], detention and correctional 

facilities [248], underground coal mines [249], and finally office and laboratory 

buildings [250]; the latter one was the base for the approach adopted in the 

evaluation of business occupancies in Chapter 8 of NFPA 101A [244], [251].  

The contribution of this endeavour was the novel concept of grading the 

various code components, in a way that made possible to assess all their 

possible combinations and the eventual overall compliance of the design with 

regard to the level of safety achieved. Additionally, the developers took into 

account that by rewarding redundant systems there is an inherent danger of 
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disguising a critical element’s absence. To account for that, they established a 

redundancy assessment on the basis of an in-depth coverage of the principal 

fire safety components laid out in the codes. It is of particular interest that the 

developers highlighted two cases where it is possible for a building to explicitly 

comply with the Life Safety Code, but fail to meet the minimum requirements 

of the FSES [108] due to very high risk factors that require compensation – a 

feature not explicitly addressed in the Life Safety Code.  

One of the main reasons behind its success at the time, was that the system 

was programmed into a software that produced the available combinations for 

retrofits [243]. This calculated the least-cost option, which could theoretically 

be up to 50% less than the prescriptive solution’s cost [122], but since it could 

be argued that the overall least-cost solution could be inappropriate from a 

design point of view, engineering judgement was used to match retrofit 

packages across all of the building’s fire zones [41] while also providing the 

user with means of incorporating non-construction costs (operating, 

maintenance, insurance, or “down time”) into their decision [253]. The 

Department of Health Care Financing Administration estimated a $1 billion 

savings through use of the FSES considering “the nationwide implications of 

this new system are dramatic” [243]. More information on its use can be found 

in papers presented by Morehard and Faulstich in a workshop organised by 

the National Research Council in 1987 [92]. 

4.2.5.2 Review process and incorporation into NFPA 101A 

The FSES for all occupancies has been incorporated in NFPA 101A Alternative 

Approaches to Life Safety. NFPA 101A is reviewed every three years to follow 

up with changes in the Life Safety Code. In 2014, a working group was formed 

to investigate whether the system is still valid after the numerous Life Safety 

Code revisions [254]. The driving thought was that the acceptable risk 30 years 

later may not be the same as what was found acceptable in the 1970s Delphi 

Group assessment. The group proposed some alterations that would possibly 

improve clarity and the usefulness of the tool, along with the consideration of 

whether a new Delphi Group assessment should be performed to verify that 
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the acceptable risk levels have not changed due to recent trends in health care, 

but overall found that the FSES remains a valid tool. 

4.2.5.3 Derivative method in Algeria 

A spin-off attempt based on the FSES, was a method for the fire safety 

evaluation of museums in Algeria by Ait Mohamed [255] in 1990. The same 

concept was applied using the Life Safety Code for Public Assemblies and a 

“small fire protection engineering group”, with a series of field tests in Algiers. 

The method comes with a disclaimer that “the results are expressed in 

equivalency to the level of safety achieved by the life safety code, and should 

not be constructed as a measure of total or absolute fire safety” under the 

admission that the Life Safety Code represents a consensus view by 

knowledgeable professionals of the minimum safety standard safeguard the 

public from fire. 

4.2.6 Points scheme to evaluate fire safety in hospitals (Edinburgh 

Model) 

At a similar time in the UK, while attempting to apply to hospitals the relevant 

parts of the Fire Precautions Act 1971 through a trial survey of 365 hospitals 

in 1976, because of the building stock’s old age, diminished state and 

variability in design, the need to develop an evaluation scheme arose; a 

scheme that would consistently identify those areas that fell below an 

acceptable standard and were of greatest risk, so as to enable the available 

finances to be used to the greatest benefit. This situation led the UK 

Department of Health and Social Security (DHSS) to sponsor the development 

of an evaluation method by the Department of Fire Safety Engineering at the 

University of Edinburgh. The project was carried through from 1979 to 1982 

and was coordinated by Dr Eric Marchant [109], [170]. 

The initial work on developing an evaluation system for UK hospitals included 

several applications of the NFPA’s scheme to hospitals in the UK. However, 

when applying the NFPA method to the Edinburgh hospitals, it was found that 

none of these buildings would comply with the Life Safety Code; this was due 
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to differences in the spatial design between the US and the UK, along with the 

much older age of the UK building stock and the changing of construction 

standards since the construction of the buildings. The results of this trial 

application have been presented separately by Marchant [256]. Thus, there 

was a need for a wholly new system, one more suitable to the conditions in 

which it would be applied.  

The resulting method established a hierarchy of different levels between the 

desired policies, objectives, strategies, and fire safety components, so it 

became known as the hierarchical approach to fire safety evaluation, or the 

Edinburgh Model. This conceptualisation had a significant influence on the 

structure of future methods. A number of field trials were conducted to make 

adjustments and demonstrate the usability of the scheme. Its application, 

impact, and incorporation into the Health Technical Memorandum 86 are 

presented by Stollard [191], while it is also reported that a similar scheme had 

been adopted in Australia to form part of the accreditation system for hospitals 

in New South Wales during the same time [256], but that could not be sourced 

by the author. The hierarchy concept was used for further analysis by Hinks 

[257] in a more complex system for life safety analysis, still employing a Delphi 

panel. 

Ramachandran and Charters [258] report that “the method was superseded in 

1994, because the arbitrary interaction between factors could lead to an 

acceptable risk score and an inadequate fire strategy”. 

The same approach was used a few years later by Idris [259] for his PhD 

project, supervised by Marchant. It was focused on educational facilities in 

Malaysia [260]. 

4.2.7 Points scheme for Dwellings in Northern Ireland 

In 1983, a pilot study in the form of an MSc dissertation was undertaken by 

T.J. Shields to consider the application of the Edinburgh Model to dwellings in 

Northern Ireland. The methodology followed in the pilot study was essentially 

the one developed by Marchant [109].  
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This later became a PhD research project [131], with additional considerations 

on the group’s size and consistency and a method of evaluating fire safety in 

dwellings was eventually developed [171]. This new method was not design 

oriented, yet intended to provide uniformity in the fire safety assessment of 

existing dwellings [261]. Specifically, it sought to help housing authorities 

assess which dwellings fell below an acceptable standard of fire safety and to 

indicate how cost-effective improvements might be made [114].  

The process is very well documented in the PhD Thesis [131] and tracks all 

the stages of the method’s development, along with any implications 

encountered along the way. Shields was the first to investigate the utility of the 

AHP in points schemes, while Dodd and Donegan [262] later formulated a 

modification of the AHP to be used in FSE. In this study the notion of 

component basal scores, which depict maximum acceptable component 

deficiencies, was introduced along with the concept of the floating norm to 

allow application in a wide range of dwelling types [171]. Field trials and 

repeatability tests were conducted to refine the method. 

Tangentially to that, Marchant published an assessment scheme for Houses 

in Multiple Occupation (HMO) [263]. In this scheme “combinations of the 

number of people, the height of the building and the geometrical complexity of 

the building (especially the escape route) give a positive selection of the 

components of fire technology that could be appropriate to secure adequate 

life safety” [201]. 

4.2.8 Assembly buildings 

After a deadly fire at the Stardust nightclub in Dublin in 1981 a Public Inquiry 

followed [264]. In the recommendations (Appendix 9), a list of quantified criteria 

for fire protection in assembly buildings was published, which was a points 

scheme that constructed a matrix of nine variables. Based on the score, 

inferences could be made for the risk to life in other similar buildings. 

Malhotra [126] recognised the potential for serious life loss in these 

occupancies and asked for a more rational approach to fire safety. The basic 
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premise was “to identify the potential fire hazard and those components of fire 

safety which could reduce this hazard, and to match one with the other if 

possible in a quantified form”, by first stating the objectives in a quantified form 

and then quantifying both the extent of the hazard and the effectiveness of all 

those fire safety measures, in order to make judgements. At the time, 

insufficient data were available to materialise this, but nevertheless it was “felt 

desirable to initiate a system which could be improved upon with experience” 

since immediate action was needed and more reliance was placed on available 

practical experience rather than exact scientific data. 

The suggested system was an adjusted version of the original points scheme 

for assembly buildings, calculating the scores for the Stardust incident and 

exhibiting inadequate fire safety. 

Shields et al. [265] suggested an hierarchical structure for public assembly 

buildings as an exercise to prove the utility of the process, so the results 

obtained were not offered as a basis for an evaluation scheme at that stage, 

but exhibited the potential of the approach for this occupancy type. 

4.2.9 Hierarchical approach for historic buildings 

A similar approach with the aforementioned assembly buildings is followed by 

Silcock et al. [266] as a suggested tool for both legislators and decision makers 

in regards to historic buildings. In this conceptual proposal the novel 

suggestion is that a Delphi panel will refine the method’s structure, and the 

assessing engineer will assign case-specific weightings using the AHP, as a 

way to account for the specificity of each historical building. This can be done 

expediently through a software developed, yet requires a high degree of 

engineering skill. The system was not tested in practice.  

4.2.10 Welsh public sector dwelling scoring system 

The Welsh Office was concerned with the number of domestic fires and 

financed research to develop an assessment scheme for public sector 

housing, published in 1994 [267]. The aim was an easy-to-use booklet to assist 

the inspection process of existing dwellings to determine if they fell below a 
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predetermined standard, while also taking account input from the tenants 

[268]. The tenant checklist intended to raise their awareness about fire risks in 

their own homes. More information and an example can be found in Abrahams’ 

and Stollard’s “Fire from First Principles” [191]. It was not intended to be used 

as a precise, accurate tool, but relatively crude method of relative fire 

assessment of units and was restricted for low-rise single dwelling units [191], 

[267].  

4.2.11 The Central Office Fire Risk Assessment (COFRA) Methodology  

Before 1996, several incidents in telecommunications equipment facilities had 

shown the potential impact of even a small fire on the community such facilities 

serve, highlighting the fact that conformance with fire safety code requirements 

did not adequately address the susceptibility of critical equipment or service 

continuity [269]. This led to the development of a fire risk ranking method, using 

the Edinburgh hierarchical approach, for the assessment of telecommunication 

offices [270] both in terms of "network integrity" and "personnel safety". To the 

authors’ knowledge, this was the first time decision tables were conceptualised 

for use in a fire risk index, to simplify the grading of components in all their 

possible combinations [271].  

4.2.12 Historic Fire Risk Index (HFRI) 

Another application of the hierarchical approach is an index for historic 

buildings in the US, developed by Kaplan and Watts [117], [272], taking into 

account the cultural significance of assets. The idea was that there are 

appropriate intermediate levels of safety between the stringent requirements 

for new construction and the minimum requirements for existing buildings that 

are not undergoing any alterations or change of use [132]. This tool, named 

Historic Fire Risk Index (HFRI), facilitated the necessary assessments to 

support the rehabilitation of existing buildings while preserving assets of 

cultural value from fire. The HFRI was designed to be employed by a 

professional familiar with architectural and fire safety features [272]. It was well 

documented with the aim to encourage more formal structured approaches to 

the development of future indices. 
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A similar framework to assess compliance of alternative rehabilitation designs 

in heritage buildings was developed and field tested in 2018 in Canada by Lee 

[273]. 

4.2.13 Fire(SEPC) [Fire Safety Evaluation Procedure for the Property 

Protection of Parish Churches] 

A review of statistics by the UK’s Ecclesiastical Insurance Group (EIG) in 1994 

[274] recognised the complexity of fire safety in Anglican churches and found 

that to that date there wasn’t a full assessment of fire safety facilities in those 

churches. It was also highlighted that “the provision of adequate and 

appropriate fire-safety in ecclesiastical buildings will not be achieved by 

adherence to codes but by careful analysis of individual, identified risks and by 

a flexible and sensitive approach taken by those responsible” and this analysis 

provided useful information to direct future research. 

Such research was Copping’s PhD project [127]. A high level of fire incidents 

raised concern among insurers of ecclesiastical estates and the Church of 

England management, regarding the vulnerability of the fabric and content of 

churches to fire [275]. The resulting method, Fire(SEPC) was developed as a 

decision making tool that aimed to aid the custodians of parish churches in 

evaluating the existing fire safety provisions and in gauging the cost of 

upgrading fire safety for property protection exclusively [276], making 

decisions based on a systematic evaluation rather than the advice of others 

[275]. It is an integrated life and property fire safety assessment, while also 

unique in its evaluation configuration in that the ‘acceptable level’ of fire safety 

is dependent upon the vulnerability of the fabric and contents of individual 

churches, while satisfying the requirements of the UK Fire Precautions 

Regulations 1999 [277]. It grades components and makes a comparison of two 

scores, the existing fire safety and the vulnerability to fire, to reach a final 

assessment on a premise. This is the first time that two different outcomes of 

a points scheme are compared against another to judge acceptability, rather 

than having a single numerical outcome that is compared to a norm. 
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4.2.14 Hong Kong Mandatory Building Inspection Scheme (MBIS) and 

applications 

In 1997, discussions arose about an inspection scheme for existing high-rises 

in Hong Kong to address the problem of building decay; that would later be 

known as the Mandatory Building Inspection Scheme (MBIS) [278]. To 

address the issue of priority setting, a review of the available methods was 

conducted [279], and based on the findings the views of experts and 

professionals were sought [280], thus a fire safety assessment system for 

existing buildings was developed and proposed by Lo [281] for use in the fire 

safety aspect of the MBIS. Issues that arose during the inspection stage are 

discussed in a following publication [282].  

This method was developed at the same time with a preliminary field survey 

assigning points on fire safety aspects in 37 existing high-rises by Chow [283]. 

Later, the latter was extended into a more detailed 15-point fire safety ranking 

system (EB-FSRS), which was proposed to investigate how far the fire safety 

provisions in those existing buildings deviate from the expectations of new 

codes [284]. The system was then compared [284] with the aforementioned 

system by Lo [281] and the NFPA FSES for business occupancies [244]. 

Another FSE checklist, with no relative weighting of attributes, was developed 

and applied afterwards in Hong Kong by Wong [111], evaluating 122 old high-

rise buildings and deeming 95% of them as unsatisfactory in terms of life 

safety, facilitating an improvement programme. Finally, the MBIS was officially 

introduced in 2011 and fully implemented in 2012 [278]. 

4.2.15 Fire Risk Index Method – Multi-storey Apartment Buildings 

(FRIM-MAB) 

In 1993 the Nordic Wood programme was initiated by the Nordic countries and 

industrial partners with the aim of establishing the position of wood as a 

construction material [180]. One of the aims was to develop construction 

methodologies that seriously diminish the fire risk in timber-frame multi-storey 

buildings, thus serving the objective of increasing the use of wood-based 

products [285]. Industry and authorities found it necessary to develop a simple 
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technique to evaluate fire risk in timber frame buildings. Lund University in 

Sweden had the objective of producing a practical semi-quantitative index 

method, because as the project team judged, the only method that is simple to 

use and at the same time takes account of the many different objectives and 

parameters that constitute building fire safety is an index method. The aim was 

to have a tool that can compare risk levels between buildings with combustible 

and non-combustible structural elements. Its development and application 

process is extremely well documented [152], [180], [218], [285]–[288]. 

It should be noted that the method was evaluated against another reliable and 

established risk analysis method (Lund University’s Quantitative Risk Analysis) 

for the life safety objective, which according to the project manager, Bjorn 

Karlsson, seemed to work reasonably well [152].  

FRIM-MAB provided the basis for an index of building envelopes for Wildland 

Urban Interface fires in Norway [289], and was used for a sensitivity analysis 

to compare the choice of timber as a structural material in Iceland [290]. 

4.2.16 FireScore 

Some major Wildland Urban Interface (WUI) fires in Norway increased the 

focus on exterior fire protection of buildings and motivated the work on a design 

tool to verify that protection performance of buildings. International standards, 

such as the NFPA 1144 [206] were reviewed for possible use in that new 

method, but “adapting regulations and risk tools in Nordic countries from the 

US is not necessarily a good approach, since vegetation fuels, the climate and 

the occurrences of such events are different” [289].  

Also, other types of risk assessment tools were reviewed but none of these 

tools took into account a building’s response to exterior fire exposure. So, 

following FRIM-MAB’s example, elements were identified, sorted, ranked, and 

weighed. The method operates in two distinct parts: “the first gives an 

indication of the exposure severity and the second indicates the robustness of 

the fire protective envelope. The ratio of resistance to exposure gives a total 

risk score to a building”. It is aimed to be used on a large scale, with the 
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expectation that any experience gained can be stored in a virtual bank for later 

use or statistical evaluations. 

4.2.17 MEREDICTE© 

After 2006, the Spanish Technical Building Code (CTE) allowed for 

performance-based designs as an alternative solution to the prescriptive 

guidance which was in onliness until then. The description was limited to 

accepting a design as long as it justified that the intended building met the 

basic requirements of the CTE in the sense that its provisions were at least 

equivalent to those that would be obtained by the application of the prescriptive 

guidance; yet did not provide any other guidance as to how that could be 

achieved. To mitigate this shortcoming, it was considered potentially useful by 

the developers to have a tool for fire risk assessment that could assess 

different design solutions and thus would guide the designer and the building 

control authority over the viability of any Performance Based Design project 

[291].  

A fire risk evaluation method based on the Spanish Building Code was 

developed to allow those comparisons and ease the work of designers and the 

Authorities Having Jurisdiction (AHJ’s), called MEREDICTE© [292]. The initial 

thought to adopt an existing method was discarded because it was considered 

that the acceptable risk had changed since their development (Gretener 1965, 

Purt 1971, ERIC 1977) and the developers desired the referenced safety level 

to be that of the Spanish Code. The new method though followed the same 

principles by assessing the compliance of the six functional requirements 

through comparison of the risk level and protection measures respectively 

[291]. 

The high number of parameters that are accounted for offers “a high 

completeness and confidence in the results” obtained but “it must be 

understood that these are indicative results, not in any case claiming to 

become substitute for regulation” [291]. The formulation coefficients and the 

values of the main and secondary parameters have been attributed based on 

statistics, the CTE requirements, and the developers’ expert judgment, and 
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then were evaluated by a mathematical Monte Carlo sensitivity analysis along 

with about thirty representative case studies. An example can be found in 

Iglesias [293]. 

The method was designed only for life safety, not for the protection of property, 

or the goods inside the building, or continuity in the provision of services. The 

proper application of MEREDICTE© requires adequate training and 

experience in fire safety engineering and building fire risk assessment [292]. 

The method is recognised by the CTE and now it is increasingly common for 

AHJ’s to request an evaluation with MEREDICTE © as another element in 

decision making [294]. 

4.2.18 NFPA EFFECT™ 

Due to a number of fires in high rise buildings with combustible wall insulation 

on their external wall system, AHJ’s were seeking a risk informed methodology 

to assist their assessments so that they can prioritise inspections and any 

necessary remediation efforts. This need was addressed by an NFPA project 

in 2018 which produced a qualitative risk ranking methodology for existing 

buildings, NFPA EFFECT™ – it is focused on life safety and was developed 

based on engineering judgment and the available literature [295]. The 

assessment takes place in two tiers of increasing complexity, with an indication 

of the need for a third tier assessment conducted by a team of specialist 

engineers. After 18 months of use, it was reported that the biggest user group 

had been consultant engineers and not AHJ’s as intended, accounted to the 

significant amount of detailed information required in order to get a reliable 

assessment [296].  

4.2.19 FLAME (Fire Risk Assessment Method for Enterprises) 

FLAME [297] is an indexing method developed in Italy. It was inspired and 

based on the Gretener method and FRAME, but the factors have been 

adjusted to comport with Italian prescriptive requirements. The main motivation 

for creating the method was to provide engineers with a screening tool to track 
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the impact of changes, but that takes into account aspects of occurrence 

probability and consequence at an initial design stage. 

The method combines hard and soft factors (structural and management 

parameters) to describe the risk level for property protection. It also uses the 

concepts of Available Safe Egress Time (ASET) and Required Safe Egress 

Time (RSET) to assess life safety. This is notable because it highlights a move 

to merge PBD outcomes with indexing concepts. It can be implemented for 

most occupancies, and in the original publications results from health-care 

facilities are presented [298]. 

4.2.20 Other methods 

There are a number of other methods that have been located as part of this 

work, but briefly mentioned in this chapter in the interests of (long lost) brevity. 

These are a scoring method for the calculation of fire risk in Malaysian heritage 

buildings [299], a system for existing multi-purpose hotel buildings [300], 

karaoke establishments [301], [302], the VALERIE project for civil buildings in 

Italy [303], a fire risk index for Taiwanese small scale hospitals [304], a ranking 

system for student housing facilities [305], an index method intended to 

standardise insurance ratings in assembly buildings [306], marketplace 

buildings [307], a conceptual outline of a Building Fire and Life Safety Rating 

(BFLSR) originating in Australia [308], [309], a computerised index for use in 

Serbia [310], an index for the garment industry [311] and a rating system for 

commercial high rises [312], both in Bangladesh.  

Watts [50] presents the use of indices in chemical plants, starting with the Dow 

Fire and Explosion Index [313], which was used as a screening tool to assess 

which existing plant sections needed further evaluation of safety. This index 

was later used to develop the Mond Index [314], which was aimed to be used 

at the design stage of chemical plants, as a proactive step in optimising the 

design process. Both of these, influenced an attempt to develop a new, more 

detailed index, the Safety Weighted Hazard Index (SWeHI) by Khan et al. 

[315]. 
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Around 1990 another points scheme was developed in the UK, yet not for 

buildings, but canals. This was part of a proactive research programme by 

British Waterways to prioritise improvements in order to avoid future accidents. 

The background motivation and the attributes assessed are presented by 

Abrahams and Stollard [191]. 

A Fire and Life Safety Assessment and Indexing Methodology (FLAIM) was 

developed in the US as part of a PhD programme by Gale [316], which was 

focused on offshore production platforms. This was further developed and 

tested by Hee et al. [317] and named FLAIM II, which also provided details 

about the selection and training processes of assessors.  

Outside fire risk indexing, but of related mechanics, are a resilience index by 

FM Global [318] that annually evaluates countries and regions to rank them in 

regards to how resilient an environment they provide to businesses. The 

Underwriters Laboratories had a similar safety index to assess the societal 

influences on unintentional death and injury [319]. It uses widely acceptable 

composite indicators have to rank country performance and in that way be 

used as a source of information for policy makers [320], but was discontinued 

in 2020 [321]. Another tool is FireCARES [322], that uses big data to come up 

with a performance score for fire departments and evaluate whether that 

matches a community’s risk levels and needs [323], in order to assist decision 

makers in the deployment of resources [324]. 

Finally, a method that provides guidance to designers in conducting 

engineering assessments was developed by DBI in Denmark [325]. There are 

no prescribed weights or points, but it is up to the designers to estimate the 

likelihood and possible consequences of deviations in design solutions. In 

principle, it allows the indexing of the various scenarios and their comparison 

to the prescriptive solution. Despite the heavy reliance on engineering 

judgement, it can provide a pathway for equivalency calculations. A separate 

document provided worked examples that showcase the use of the method 

[326]. 
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4.3 Comparative Analysis of the developmental processes 

As discussed in Chapter 3, to compare the different approaches that have 

been taken by the above methods, the key core aspects that must be included 

within an indexing method have been analysed. That is, each method must: 

• Identify the parameters to be included within the indexing approach; 

• Assign weightings to those parameters; and 

• Calculate an overall index. 

This has been presented partially in another publication [327], and the 

mechanics of each step have been presented in detail in Chapter 3. Here, a 

tabular summary of all the methods and the approached followed is presented 

in Table 4.7 in terms of the key approaches taken. 

Table 4.7 Overview of fire risk indexing methods and their delopmental processes 
followed 

Method Parameters Protocol Weights Calculation Objectives 

Means of escape 
(UK) 

[i] Working group - analytical LS 

Circular 91 [209] [i] Working group - analytical LS 

Gretener/SIA 81 
[213] 

[i] Working group - [a] PP 

EURALARM [194] [i] Working group - [a] PP 

ERIC [221] [i] Working group - [a] LS+PP 

CEA [220] [i] Working group - [a] PP 

FRAME [217] [i] Developer - analytical LS+PP+MC 

FSES (Healthcare) 
[108] 

[ii] Delphi (8+21) - [a] LS 

Edinburgh Model 
[109] 

[ii] Delphi (21) ECIA [b] (0 to 5) LS+PP 

Assembly buildings 
[126] 

[i] Arbitrarily - analytical LS 

Dwellings (N. 
Ireland) [131] 

[i] 
Delphi 

(17~30) 
HCIA [b] (0 to 5) LS 

Assembly hierarchy 
[265] 

[ii] 
Delphi and 
AHP (16) 

- [b] (0 to 5) LS 

Dwellings (Wales) 
[267] 

[ii] 
Αdvisory 
group (6) 

- [b] LS 
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COFRA [270] [i] 
Delphi and 

AHP (8) 
- 

[b] (decision 
tables) 

LS+MC 

HFRI [272] [ii] 
Αdvisory 
group (2) 

- 
[b] (decision 

tables) 
LS 

Fire(SEPC) [127] [i] 
In-house 
Delphi (7) 

ECIA [a] LS+PP 

Existing buildings HK 
[281] 

[ii] (30) AHP [b] LS 

EB-FSRS. [284] [ii] No weighting - [c] LS 

Old high-rises in HK 
[111] 

[ii] 
Using other 

methods 
- [b] (0 to 100) LS 

FRIM-MAB [287] [ii] Delphi (20) ECIA 
[b] (decision 

tables) 
LS+PP 

MEREDICTE [292] [ii] 
Sensitivity 
analysis 

- analytical LS 

Heritage buildings 
[299] 

[ii] AHP AHP [b] (1 to 10) LS 

Hotel buildings [300] [ii] Delphi (50) AHP [b] (1 to 100) LS 

Karaoke 
establishments [301] 

[ii] Working group - [c] LS 

VALERIE [303] [ii] 
Working 
groups 

AHP [b] LS 

Assembly 
Occupancies [306] 

[ii] Delphi AHP [b] LS 

Marketplace [307] [ii] Unspecified LS 

Dhaka high-rises 
[312] 

[ii] Developer - [b] LS 

Small scale hospitals 
[304] 

[ii] 
Delphi and 
AHP (10) 

AHP [b] (0 to 5) LS 

Student housing 
[305] 

[ii] (8) AHP [b] (1 to 5) LS 

Canadian heritage 
[273] 

[ii] Developer - [b] LS 

EFFECT™ [295] [ii] Working group AHP Qualitative LS 

FLAME [297] [ii] Developer - [a] + analytical LS+PP+MC 

 
[i] Professional experience 
[ii] Using codes, regulations, reports, and previous methods to derive 
parameters along with an expert group to refine them 
[a] Comparing risk factors with fire safety provisions 
[b] Multiplication of relative weighting and component grade to compute a final 
score 
[c] Making compliance checks and assigning a point 
Objectives: Life Safety (LS), Property (or contents) Protection (PP), Mission 
Continuity (MC) 
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ECIA: Edinburgh Cross Impact Analysis 
HCIA: Hierarchical Cross Impact Analysis 
AHP: Analytic Hierarchy Process 
 
This table, complemented with the concepts discussed in Chapter 3, can assist 

in reviewing the progression in developmental tools over the course of method 

creation, along with an estimation of the most frequently employed 

approaches. 

4.4 Conclusions 

In this Chapter, a timeline of fire risk indexing methods is provided, shedding 

light onto the background motivation, impact, and drive for updates in indexing 

methods. 

The first indexing method, facilitating the calculation of egress means, is 

presented as the starting point of modern fire risk indexing methods. Then this 

approach is further developed, and the work focuses on the evolution of the 

Gretener method and its updates over cycles of approximately two decades, 

along with anu future methods it has influenced. 

The story of another well-known points scheme, the Fire Safety Evaluation 

System (incorporated into NFPA 101A) is also presented through a 

comprehensive review of its origins and updating procedure. Its impact on 

motivating the development of UK points schemes and the creation of the 

hierarchical approach in fire risk indexing is then discussed. Numerous 

methods that employed the hierarchical approach and their novelties are 

presented. The tendency to create risk indexing methods for prioritisation fire 

safety improvement works is a recurring point through these methods and will 

be discussed in Chapter 5. 

A large number of other indexing methods are presented to provide an 

exhaustive coverage of the topic. A focus was given to methods that are hard 

to source or are not well documented; methods that are more recent and well 

covered in the literature are presented through an overview of their 

background. 
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Finally, an overview table of all methods is provided that compares (when 

possible) the sources used for the derivation of attributes, the communication 

protocol employed for the expert panel (when that existed), the weighting 

method used, the calculation procedure, and the design objectives analysed. 

As a concluding remark, the information presented in this chapter is enhanced 

with background knowledge of Chapter 3, and is vital to the reader in 

discussing patterns in the emergence of indexing methods. This thematic is 

explored in Chapter 5. 
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Chapter 5 The oscillatory interest in fire risk 

indexing 

5.1 Introduction 

This chapter utilises the findings from the previous three chapters. It also 

selectively reiterates some selected content from that work, which when 

supplemented with background tangential historical facts becomes revealing 

of patterns in the emergence of indexing tools. These patterns are affected by 

an interplay with the regulation of fire safety. 

The narrative once again begins at the Great Fire of London but now is 

overarching all the developments and reaches modern day. There are two 

waves of modern indexing recognised, that coincide with a peak in indexing 

interest. There is also a common thematic outlined, that of the emergence of 

indexing methods after great fire catastrophes, to prioritise assessments or 

refurbishments.  

This work allowed the author to draw conclusions on how fire risk indexing is 

perceived by the different stakeholders that it influences, when and how it is 

used to facilitate any sort of certification, and how these lead to rises and falls 

in its developmental interest.  

5.2 The pattern 

This pattern of oscillatory interest is characterised by an environment of 

complacency when it comes to fire safety, rendering existing indexing methods 

irrelevant. At some point, this environment is altered with the introduction of 

new materials, products, systems, or technologies in the construction market 

that necessitate a change in the way that building practices are controlled. 

When these changes don’t happen in an appropriate and timely manner (which 

is usually complemented by the ignoring of cries for caution and proactive 

action), then it is frequent that a fire catastrophe occurs and this mobilises the 

industry for change in the established practice (updating of schedules, new 

indexing methods, or regulatory changes). However, the outcome of this 
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complacency can usually be a knowledge gap or industrial expertise loss on 

the ways to assess the introduced perturbations in the industry; this realisation 

forces decision makers and stakeholders to employ an indexing approach as 

a knee-jerk reaction of an initial assessment of a large building stock in a short 

time frame. This indexing approach is usually brought to life by prominent 

figures in the field, or ‘experts’. 

This is a rise in the interest on fire risk indexing which allows a rapid and 

approximate assessment of the new, unquantified attributes of the fire safety 

system that were introduced over this period of complacency. This also 

becomes a large scale experiment in terms of deploying an indexing method 

for use to a great extent. Once the knowledge gaps are filled and mechanisms 

placed to avoid a similar catastrophe, a new cycle of “complacency, 

destruction, prioritisation” comes into play. 

This pattern dissolves and overlaps into more frequent, and shorter in duration, 

time frames as the story progresses towards modern day. It should also be 

acknowledged how its focus variably shifts in terms of location (buildings in 

London), scale (city level, then to building level, then to constructional 

assembly level), and occupancy type (a method that can index many 

occupancies to a method that assesses a single, specific occupancy).  

5.3 The emergence of insurance and the fire mark 

In Chapter 2 the first need to index the expected performance of buildings, this 

time in terms of economic loss, was noted after the Great Fire of London in 

1666 [328]. The distinction between brick and stone or timber buildings and 

their respective costs in insurance rates are the birth of a classification in 

expected performance [48], [49]. 

In case of fire, the city militia would use hooks to take down houses and create 

barriers. In the Great Fire of London, they employed gunpowder to take down 

whole squares and create fire breaks, indicative at the scale of firefighting 

tactics at the time. When the Mayor was unable to deal with the situation, the 

Duke of York took over [39]. This highlights how this primitive form of 
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firefighting was a state response through the “armed forces”. Because the state 

organisation to address the situation was deemed insufficient by some, the 

private initiative of insurance arose. 

Insurance companies received payment in premiums, so that they could 

reinstate the loss to the owners in case of fire. One way for them to minimise 

that loss, was to maintain a private fire brigade, which would be called on 

scene to extinguish the fire, or ensure it does not spread beyond the building 

of origin [46]. Given how at the early times there was no street numbering in 

London [329], a form to recognise the insured buildings had to be devised. This 

led every insurance company to have its own Fire Mark. This metal plate, a 

form of plaque, was positioned on the façade of a building, in a place of good 

visibility and usually at the level of the second storey, so that the private fire 

brigades would quickly recognise their insured building stock. It follows that the 

Fire Mark can be perceived as one, primitive, form of building certification. This 

was granted after a building went through a rating, or indexing, process. This 

utility for certification arose after the catastrophic Great Fire of London. 

Once a fire alarm was raised, every private brigade would rush to the spot, 

check the existence and type of Fire Mark, and respond accordingly. They 

would either stay and suppress the fire, leave the site, or watch the brigade 

which had to minimise the losses and cheer or jeer them accordingly; the 

choice depended on the dynamics and relationships between the brigades and 

owning insurance companies [46]. In terms of the frequency of these choices, 

it is recorded that “those who controlled and worked the engines were oftener 

in antagonism with each other than acting in concert” [52].  

Usually, insurance companies would not cover a total loss, but only a portion 

of the content risk. This led the merchants and owners to insure fractions of 

their assets with multiple insurance companies; thus displaying multiple Fire 

Marks. This practice led to the increased cooperation between the private fire 

brigades. However, the efficacy of their approach is not guaranteed, since [52]: 

“Until the year 1833, not only the parish engines of the metropolis, 

numbering, as they did, about three hundred, but the engines also of the Fire 
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Insurance Companies, were comparatively inefficient and often out of order, 

while they were also under the most diverse, if not irresponsible management”, 

and that  

“As a rule, whatever water was thrown upon a burning building in was 

dashed against the walls, windows, and roof from the outside only, very little if 

any reaching the actual seat of the fire within”.  

This need for cooperation eventually led to the banding of eight insurance 

companies to form the London Fire-Engine Establishment in 1833, which was 

called to all fires of insured or uninsured buildings. As previously noted, James 

Braidwood was brought from Edinburgh to lead this Establishment. 

Braidwood’s experience in building construction allowed him an understanding 

of fire spread and the behaviour of structures in fire. It was this new position 

that allowed him to start the recording of detailed statistics which later 

insurance companies found insightful [52]. The organisation had, however, no 

preventive powers. This development rendered the Fire Mark now purely 

decorative and this is the first example of a building certification scheme being 

rendered meaningless due to a change in the environment – be it state 

legislation or organisational changes.  

5.4 The end of UK city conflagrations and the impact on 

indexing mechanics 

5.4.1 Conditions leading to the Tooley street fire 

The restrictions imposed on building construction by the 1667 Act for the 

Rebuilding of the City of London [330], [331], the city layout changes, along 

with building dimensions limits and materials enforced, prevented any 

significant future conflagrations. Further on that, the emergence of private fire 

brigades contributed to the practical elimination of building-to-building fire 

spread, delimiting the loss to the building of origin. The restructuring and 

organisation of the London Fire-Engine Establishment by James Braidwood, 

along with his lobbying for regulating building construction [52], led in a short 

time to the confinement of fires to the compartment of origin. With the new 
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statistics now available, it was shown that fire losses were on a decline and 

the situation was much improving. Such a condition is a typical precursor to a 

fall in the interest levels on indexing performance. 

This led to an industry-wide complacency in terms of assessing the insured 

risk, which is assumed by the author to be the explanation behind the limited 

interest in sophisticated schedules in the UK, when compared to the US. 

Gamble [101] provides some annual income tables that indicate to the levels 

of profitability the insurance companies had until World War I, which was 

commensurate with the increasing level of economic activity, followed by the 

comment that “fire insurance companies have long since passed out of the 

category of benevolent societies, and are now vast financial organisations, 

supporting an army of officials”. He specifically referred to the insurance of 

dwellings as a safe and low cost option for the insurance companies, because 

the individual risks are low and there is no need for the “expensive technical 

classification”. This observation bodes well with quotes in Chapter 2 that 

insisted how profit is made when the fire losses, and respectively the insurance 

ratings, are kept low. 

This period was quite stable in terms of scheduling developments. Large fires 

did not occur and that allowed for business to flourish in every aspect. This is 

typical of periods that in this work are considered to have a fall in the interest 

on fire risk indexing, or at the time, insurance scheduling. 

It was the Tooley Street fire, at the Cotton’s Wharf on June 22nd, 1861, that led 

to a reorganisation of insurance in London. The build-up to the conditions that 

led to the Tooley Street fire are well documented in a historical review by the 

Insurance Institute of London [47], namely some Acts of Parliament that 

encouraged the tobacco trade, leading to a modernisation of the warehousing 

system, and the extension of the list of ‘public sufferance wharves’ – wharves 

that were allowed to operate while remaining outside the jurisdiction, and its 

inspections, of the Port of London Authority.  

Braidwood had also been worried by the proliferation of the so called 

‘Manchester’, or piece goods, warehouses, which were exempted and not 
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regulated under the 1825 Metropolitan Building Act, and hence had ‘no need’ 

for party-walls and other precautions, along with no limits on their area or 

volume. He expected this practice to cease with the following Building Act, then 

under preparation, “unless its meaning be subverted by some such subterfuge 

as destroyed the efficiency of the last one”. Braidwood considered this practice 

a danger to the neighbourhood, reverting the progress made so far in delimiting 

fire spread, and argued that at the time there was no preventive power to 

control such a fire, should it occur. This was in accordance with his belief that 

“no preparations for contending with such fires will give anything like the 

security that judicious arrangements in the size and construction of buildings 

will do” [52]. It is indicative of his approach through his practice that he also 

“took great interest in the passing of Acts of Parliament for regulating buildings 

in the metropolis, was consulted by the framers of these Acts, and used his 

utmost influence to prevent the endangering a whole neighbourhood by the 

erection of monster warehouses for private profit”. Given the historical 

occurrence of the Tooley street fire, it follows that his calls for caution were not 

heeded. It is ironic in a very sad way that when attending this fire, a wall 

collapsed on him, and he perished. 

The Tooley street fire was considered to be the most important fire event after 

the Great Fire of London. One of the immediate responses to the fire was for 

the insurance companies to “relinquish the maintenance of the Fire Engine 

Establishment” [47], which was explained by the public’s attentions on the 

“necessary insufficiency of any private establishment for the general 

suppression of fires, and that has led to the legislation under which the Fire-

engine Establishment was, on the 1st of January [of the year 1866], taken over 

and extended by the Metropolitan Board of Works” [52]. From this point 

onwards, insurance companies detached from brigade intervention and dealt 

only with indemnity contracts. This also marks a point where fire suppression, 

once in the remit of the army, then of each insurance company, eventually 

becomes a state responsibility again. 
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5.4.2 Aftermath of the Tooley street fire in terms of insurance rating 

The Tooley street fire led to two realisations for the insurance industry. The 

first one is in regard to the monetary reserves for low probability/high 

consequence events because “it brought home to them the fact that it is not 

sufficient to be able to pay a reasonable return to shareholders, but it is 

absolutely necessary to create fire reserves to meet abnormal cases which will 

inevitably occur from time to time” [47]. The impact from the economic losses 

of this fire forced the amalgamation of many insurance offices so that they 

avoid closure. It also encouraged the already existing practice of re-insurance, 

the insuring of insurance companies [328].  

The second was the appreciation that the current tariff system in mercantile 

insurance had reached a level of maturity that called for an overhauling. This 

was not realised until the fire, which is a typical phenomenon pinpointing the 

trough in the oscillatory levels of interest. The fire provided the excuse for 

further developments in “discrimination in rating and conditions” [47]. However, 

the economic cooperation which was financially imposed on the offices led to 

a cooperation in the conception of the new tariff system. This also took place 

through the formation of the Warehouse Improvement and Wharf Committee 

on 14th August, 1861, 6 weeks after the fire. This committee appointed James 

Thomas Loveday as Surveyor “to act for the offices in common”, due to his 

experience gained when producing a classical work of London’s Waterside 

Surveys, him being perceived as an ‘expert’ on the topic. In this work, dated in 

1857, it was noted how hazardous goods were stored indiscriminately with 

non-hazardous good, along with the presence of other hazards – factors that 

could be foretelling of the Tooley street, or Cotton’s Wharf, fire.  

The Committee put in place an interim tariff until the new surveys were 

completed. As it is expected, the interim rates increased significantly to 

account for the excessive losses, considering that “the reaction of the offices 

following the fire was so extreme as to border on panic” [47]. This indicates 

that there was an ‘emotional’ aspect to rate making at the times as well. This 

increase led to “a storm of fury in the City. Some three hundred leading 
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merchants, brokers, bankers and warehouse keepers combined together to 

present a petition to the Lord Mayor which was couched in forthright language 

which could not be ignored” [47], and this was followed by the passing of a 

resolution to oppose the new rates by the lawful means available. This is very 

similar to the issues of state regulation of insurance rates that were noted in 

the US after every major conflagration [332]. 

Eventually an agreement was made; the Wharf Committee would publish a list 

of requirements, and if these improvements were made in the wharves and 

public warehouses, then the building would be certified by an independent 

surveyor and be granted a lower rate. The list was published and reiterated 

existing rules on the limitation of compartment sizes, construction of party 

walls, existence of iron shutters, separation of hazardous contents, and 

provision of water supply amongst others. This led to extensive surveying 

attempts that facilitated the certification of buildings that adhered to the new 

insurance offices requirements. If they were not certified, they would have to 

pay the much higher rate. This practice, along with the extent of the surveys, 

led to the improvement of the building stock. However, some groups of 

merchants decided to set up their own insurance offices. 

Once again, the tendency to certify (or mark) a building that is found to be 

substandard after a period of complacency, using a scheduling approach, after 

a disruptive fire event, which was assumedly possible from a laxation in 

technical requirements, should be noted. 

5.4.3 Words of caution 

What also is of relevance, is that like with most historical fires, the Tooley 

Street fire and its aftermath had its own precursor. Braidwood [52], when 

heeding caution in the proliferation of piece goods warehouses, claimed that it 

“is very desirable that the metropolis should take warning by the experience of 

Liverpool, without going through the fiery ordeal which the latter city did”. The 

experience he is referring to, is the period from 1838 to 1843 where significant 

economic losses occurred in warehouse fires in Liverpool, which eventually 

led to a five-fold increase in insurance rates.  
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The inability of citizens to pay such premiums led to political pressure which 

materialised into Acts of Parliament that regulated the construction and layout 

of warehouses, both existing and new. This gave tenants the ability to withhold 

rent until the owners proceeded with the, now, legislated changes. It follows 

that once these improvements occurred the insurance rates returned to their 

previous acceptable levels [52]. This is very similar to what unfolded in London 

after the Tooley Street fire, only that the regulation happened through the 

interference of the Mayor, and the Wharf Committee’s actions. 

5.5 The pattern in North America, with a time lag 

In the US, a similar pattern with the London Mercantile Insurance occurred; 

this had the difference of some decades and was slightly more focused on 

indexing mechanics. There are periods where the current systems appear to 

be functioning adequately, and business is being conducted without 

disruptions. Then, either a change in construction practices, a change in rate 

levels in one state after a conflagration in another, or the public outcry for 

regulating rates in sensible levels cause the insurance world to regroup and 

revisit their scheduling approaches. 

An example of a change in construction practices is the existence of a tree 

around the building, and the need for a different rate to cater for such cases. 

This was one of the peaks in the interest of fire risk indexing (1850s). Once 

that is settled, there is little interest in detailed ratemaking, and later the debate 

revolves around the existence, and use of, statistics in the derivation of rates. 

This indicates at another interesting aspect of the problem, which is not why 

two different building have two different rates, but where the numbers to 

calculate these rates came from, marking another peak in the fire risk indexing 

interest.  

After extensive debate about the utility of statistics in the ability of insurance 

companies to draw conclusions (considering that the sample they had was not 

representative), another constructional driver occurred, which was the 

introduction of the omnibus building of multiple occupancies, and the 

proliferation of new building materials after the Industrial Revolution. By the 
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time statistics on classes provided enough experience and were appearing to 

indicate to some trends that could ensure the financial viability of the insurance 

companies, it was noted that buildings that fell within the same class had other 

additional factors that could affect their performance in fire. This is another 

clear example of a knowledge gap being created when the practice of 

construction ‘regulation’ (in whatever forms at the time) cannot keep up with 

technological developments. 

This increase in the factors of the assessment was initially indicated at wool 

mills in the UK, leading to the inception and use of the first tariff, which after its 

establishment and proliferation there it became a concept brought to North 

America. Again, a concept emerging in the UK finds extended use and is 

expanded in the US. The wool mill tariff transformed into an insurance rating 

schedule. The development of schedules in North America marks the peak of 

interest in methods to classify risks, and discriminate between buildings of 

differing safety provisions. It also marks the ‘childhood’ of what is now 

considered “fire risk indexing”. This would coincide with the publication of the 

Universal Mercantile Schedule, because it attempted to address both of the 

above issues; establish a basis rate derived from loss experience to explain 

where the numbers came from, and account for differing constructional 

arrangements within buildings of the same class. 

This moment in time (end of 19th century) is followed by smaller oscillations in 

the indexing interest motion wave, which now span a couple of years, rather 

than decades, as was the case until then. The debates between Moore and 

Dean are indicative of how the transparent and open criticism led to revisions 

and improvements of the available methods. Out of these efforts, attempts 

were made by the National Board of Fire Underwriters (NBFU) to record 

statistics, and create a schedule that matched them. Similarly, part of these 

efforts was the creation of the schedule to rate whole cities, using points.  

Following this peak, there is little interest in the literature about insurance rating 

schedules. Two worthy points are the evaluation of the NBFU city grading 

schedule, which appeared to be inaccurate in evaluating the fire performance 
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of a community. This study did not have a significant impact at the time, 

because there was apparently no longer any interest in these findings, but its 

essence was relevant decades later again when the City Schedule was 

incorporated into guides by ISO. Communities were considering not employing 

the schedule for an assessment, which necessitated hiring the services of the 

company, because they considered that the cost needed for upgrades would 

be more efficiently spent elsewhere; this however meant an increase in 

insurance rates (even though that was irrational) [88]. So once again, after a 

period of no interest in the city grading schedule, it became of focus once again 

years later when its impact started having financial consequences for some of 

its stakeholders.  

5.6 Differences of North America with England in insurance 

rating 

As it might be evident from the discussion above, comparisons could be made 

within the US and the UK in terms of their insurance operations. This has been 

also found in the existing literature and some brief mentions are presented 

herein. 

It is Dunbar’s [44] assumption that the increasing sophistication of schedules 

in the US when compared to England, is due to the fact that in England “their 

strictly enforced building laws take care of many defects in building 

construction which must, in the absence of such a condition in our country, be 

recognized by schedules”. This difference in rate levels is documented in 

numbers by Kitchin [59], showcasing the lower premiums in Great Britain. 

Dunbar spoke in general as well about Europe that “the reason their losses are 

so small is because they have legislated against fires instead of legislating 

against fire insurance companies”. The issue of the state regulating the 

practice of fire insurance has been the topic of an essay by Dean [332], who 

criticised it and deemed it an inefficient practice because the state had no 

experienced people in rate-making (a form of expertise asymmetry of the 

times), and the issue of measuring risk and quantifying an acceptable rate was 

still not solved.  
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Dunbar also noted that the insurance sector in the US, through schedule rating, 

“has convinced every legislative investigating committee (greatly to its 

surprise) that these charges really take the place of missing cogs in our 

governmental machinery. The companies have thus been performing functions 

purely governmental, and this has, naturally enough, led to resentment in some 

cases” – that is from the state towards insurance companies. This next section 

stays heavily quoted from Dunbar [44] in the hope of transmitting the original 

sentiment of the statements: 

 We have been so busy regulating the insurance business we have not 

had time to regulate the fire waste. They [UK] have directed their attention to the 

suppression of fires; we have spent our time discussing mere manifestations of a 

vital, economic problem, and instead of dealing with fundamentals, we 

experiment with legislation that operates not at all upon the cause, but only upon 

the manner of distributing an appalling waste. 

Dean [61], who appears to be one of the most prominent figures, and his work 

probably the most influential in the story of schedule rating in his attempt to 

make it a science, has on the same note put forward: 

Instead of trying to solve a mathematical equation by earnest study, they 

have permitted it to be dragged by conflicting interests into the arena of popular 

discussion where, as might be expected, with one hundred and fifty million 

dollars of annual spoils in sight, the voice of truth has been drowned out by a 

jargon of discordant opinion; one clamoring that fire-rating is a science, another 

that it is not and never can be, another, that it is of no consequence whether it is 

or is not, so long as it furnishes salaries, dividends, and commissions. 

Meanwhile, if their lives depended upon it, not one of the disputants could furnish 

an intelligent definition of science. 

There was a different treatment of ethics and professional competence 

between the two sides of the Atlantic Ocean, shown by the statement that “their 

[UK] laws fix the doctrine of personal responsibility, and we pass valued policy 

laws which encourage arson and reward the dishonest at the expense of the 

honest” [44]. 
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It is also noted how communication and cooperation between insurance 

companies occurred earlier in the UK, because of the Tooley street fire, with 

the Sun, Phoenix, and the Royal Exchange establishing communication and 

agreement in the management of fire rates for the wharves of London [47]. On 

the contrary, when the NBFU was initially formed to standardise rate making it 

met severe opposition by “hostile public and political opinion” [333] and had to 

eventually give up its efforts, until its re-emergence as an organisation with a 

different focus, having an “educational and technical” character [53]. 

In 1903, the Fire Prevention Committee organised the International Fire 

Prevention Congress in London. From the records of NFPA, a few remarks 

stand out that highlight the difference between the US and other countries such 

as the UK. Found in Bugbee [334], the NFPA conference delegates remarked 

that “While some seven hundred people attended the Congress, it was a great 

surprise to us that but a few delegates other than our own were of the 

insurance profession” and that “In Great Britain and on the Continent, chiefs of 

fire brigades, as well as municipal authorities, pay more attention to the 

question of fire prevention than in this country”. These comments validate the 

narrative about the different focus and motivation that separate stakeholders 

had in the promotion of fire safety, namely fire insurance companies in the US 

for loss prevention, and authorities and fire brigades in the UK for general 

safety.  

Eventually, when it comes to comparing the sophistication of schedule rating 

in the US, and tariff rating in the UK, that was best done by Godwin [99] in his 

1930 book on insurance by stating that tariff rating “occupies a midway point 

between the so-called ‘scientific’ method of rating adopted in the United States, 

in which every conceivable item of hazard is tabulated, and the old ‘rule-of-

thumb’ method of guessing at a rate and correcting it from time to time in the 

light of roughly estimated experience or in accordance with the pressure of 

competition” [100]. There it was verified that this ‘rule-of-thumb’ approach was 

the governing mode of rating in the UK, because it has its advantages, 

unscientific as it is, due to the realisation of the industry that “it is impossible to 

frame any ‘scientific’ scheme of rating which will fit all cases”. 
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When it comes to comparing the financial fire losses of Canada, the US, 

England, and Germany, Gamble provides tables that showcase how the 

European countries had much lower losses, and attributes this to the 

proliferation of wood as a construction material in North America [101]. 

Similarly, he commented that in European cities with historical centres “most 

old buildings are built of brick, stone, and timber, all of which are usually found 

in the locality in which they are erected; and, as the cost in those days was 

reasonable, plenty of material was used. This is especially true in regard to 

timber, much of which was from the hard wood trees”, which can be a reason 

why conflagrations did not happen at a scale as they did in North America 

[102]. 

This comparison is valuable in exhibiting that the building stock quality did not 

depend on the sophistication of the measurement of the fire risk (and the 

existence of any certification), nor was the level of the insurance rate 

motivation enough to promote a higher initial investment in the construction 

type and quality of the building. In countries that had older historical experience 

with conflagrations, and an older building stock made with materials that were 

‘more robust’ and cheaper at the time of construction, the financial losses were 

much lower and did not create crises in the insurance sector or confrontation 

with authorities as it happened in the US. 

5.7 National Building Code in the US 

5.7.1 Introduction 

However, it appears that a divergence occurred at the start of the 20th century 

regarding the approaches that the insurance industry followed. While there 

were people who advocated for making fire rating a science, and insisted on 

continued attempts to formalise it, there was another group which focused its 

energy and resources in the formation of the NFPA. While the importance of 

fire insurance as the only organisation, up to a point [335], that offered fire 

protection to its insured members has been documented by the insurance 

industry [336], NFPA’s approach was to reduce fire losses through technical 

excellence and education for best practice [68] – this is also why it was not 
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part of its mission to deal with the calculation of fire rates or insurance agents’ 

compensation [56]. Similar to Braidwood, they considered that standardising 

construction guidelines to follow best practice could bring the desired results, 

rather than finding ways to measure the risk of all possible variations. Found 

in Bubgee [334], this direction was clearly given in the 2nd NFPA Annual 

Meeting by Crosby who stated that: 

“In the poor construction of buildings lies the very foundation of our 

trouble and is to be found the direct cause of most large fires and conflagrations. 

If one defect alone - open communications between floors in mercantile and 

manufacturing buildings - could be eliminated, fire loss would be greatly reduced. 

In addition to unprotected vertical openings, badly arranged flues, poorly located 

heating apparatus, concealed spaces, and many other evils cause fires which 

could easily have been prevented, many of them at little or no expense to the 

owner, if taken into consideration by the architect in making his plans and 

specifications before the construction of the building. Can we not in some 

practical manner draw the attention of property owner, architect and builder to 

better practices?” 

Before that was realised however, the Manufacturing Mutual Companies (the 

Factory Mutuals) were having success in reducing fire losses since 1885 when 

they organised and standardised some of their practice. Since that threatened 

to remove all insurance contracts of this kind from stock underwriters, the latter 

were motivated to form NFPA to roll out their own standards and meet the 

Factory Mutual competition [334]. 

5.7.2 Harmonisation and attempts at regulation 

Additional motivation on the need of standardising the practice and technology 

of fire suppression is provided in a paper called “Fire inspection by the 

assured”, presented at an NFPA annual meeting [56]. There it is shown how, 

starting around 1885, a kind of ‘expertise asymmetry’ between manufacturers 

and inspectors was noted, because the tasks of an insurance inspector were 

relatively simple to conduct up to that point, checking only fire buckets, force 

pumps, and the general management and cleanliness. These tasks were 

eventually complicated by the introduction of complicated systems such as 
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“sprinklers, pipes, gate and check valves, alarm vales, dry valves, gages and 

tell-tales, gravity, pressure and priming tanks, pumps, hydrant and hose 

equipments, thermo-electric fire alarms, watch clocks, with numerous other 

apparatus”, which required engineering knowledge that the inspectors did not 

have. A potential option was to use a sophisticated ‘scheduling’ approach, by 

hiring an experienced inspector to analyse all elements of risk, but the rate 

charged was high enough to indicate at (the lack of) potential profitability and 

this path was avoided. The official suggestion was for insurance companies to 

render an employee responsible and urge their employers to grant them 

enforcement powers on the regular inspection and maintenance of these 

systems. This is another case where technological developments and low 

industrial expertise are factored together to push for changes in the field, but 

this time in a direction away from indexing. 

To harmonise the practice of automatic sprinkler installations, the first 

publication of the NFPA was named “Rules and Regulations of the National 

Board of Fire Underwriters for Sprinkler Equipments, Automatic and Open 

Systems”, later renamed as “Standard Rules and Requirements for Fire 

Protection, Sprinkler Equipments, Automatic and Open Systems” [68], now 

known as NFPA 13 [337]. The “National Electric Code” [338] was published in 

1897 by a group representing architectural, electrical, and insurance 

industries, but was eventually picked up by NFPA in 1911 [334], [335]. NFPA’s 

close cooperation with NBFU, with the latter conducting experiments in its 

facility that were used to inform NFPA’s standards, and those standards being 

accepted for official use by the NBFU in 1900 [56], led to the creation of the 

first model building code for the whole US in 1905 [339]. This is a period of 

increased activity in the production of codes and standards, instead of rating 

schedules. 

The desire for building codes, applied from a municipal level, was starting to 

get acknowledgment after big fires in the previous century; an example of that 

is that the NBFU threatened to halt insurance coverage in the whole city of 

Chicago, after its 1871 fire, which led the public officials in developing its 1875 

building code [335]. The 1905 first model code employed the available 
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experience from all available stakeholders at the time and merged many of the 

provisions that were found in tenement laws at the time. In its foreword [339], 

it is mentioned that “perfection has not been attained” in realising these 

suggestions, because of the potentially endless review process. It was hoped 

that the NBFU will follow the developments in building construction and adjust 

future versions of the code accordingly. However, Watts and Kaplan [335] 

mention that this model code was not widely accepted by cities, nor practically 

national in scope. It should be noted that F. C. Moore (of the Universal 

Schedule) contributed to the model code and is acknowledged for that. 

5.7.3 A ‘standard building’ 

Furthering this work, Ira Woolson was the chairman of the Committee on Fire-

Resistive Construction, which published in 1913 a report with “Specifications 

for construction of a standard building” [340]. These requirements were 

needed to outline a building of “the greatest fire-resistance”, irrespective of 

occupancy, which would safeguard the lives of the occupants, sustain burnout, 

and reduce fire damage to a minimum. This report is of interest to this work, 

because for the first time (to the author’s knowledge) it outlined a common 

testing procedure for constructional elements, and it highlighted the principle 

of compartmentation as an approach, in a language that is similar to modern 

‘functional requirements’. The definition of this standard building, which in the 

insurance world was defined through constructional specifications in all 

previous attempts (like the Universal Schedule [62]), and not expected 

performance, was: 

“The Committee defines a Standard Building as one in which the lives of 

the occupants are properly safeguarded against fire and panic; so designed and 

equipped, that damage resulting from exposure to fire from within or without, 

shall be reduced to a minimum; and capable of sustaining a complete burn-out of 

its contents without serious injury to its structural members. This Standard 

Building is intended to meet all such requirements when subjected to any 

condition of contents or occupancy, irrespective of location, or efficiency of 

municipal protection. The Committee is of the opinion that a building of this class 

should be planned, built and equipped to meet the following requirements :— 
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First—All material entering into its construction shall be incombustible, 

and all structural parts, such as walls, columns, floors and roofs shall be able to 

resist fire for at least four hours at an average temperature of 2,000 Fahr. without 

serious structural damage. 

Second—Ample and safe means of egress shall be provided for all 

occupants. 

Third—The building shall be so constructed that a fire will be confined to 

the space in which it originates, and the building be protected against exterior 

fire by approved doors and windows or other approved devices. 

Fourth—The building shall be equipped with such apparatus that a fire 

can be extinguished in its incipient stage”. 

The function of the building to limit fire spread through fire resistive partitions, 

namely the principle of compartmentation, was introduced in the 1915 edition 

of the National Building Code [341], according to Watts and Kaplan [335]. 

Similarly, the term “fireproofing” was defined, to refer to any material and 

construction that met the requirements of the specified fire test. Finally, 

irrespective of any specification, it was expected that “all work, whether 

fireproofing or construction, shall be installed under the constant supervision 

of a competent and reliable inspector” [340]. 

These attempts can also fit within the grander scheme of grading cities. 

Because most of the dwelling houses were outside the control of building 

ordinances, in 1916 the NBFU published a code of suggestions for dwelling 

houses [342] so that builders had some guidance. There, it is also declared 

how “Underwriters are considering plans for a scientific classification of cities 

according to their fire hazard and a grading of buildings based upon their 

location and construction. When this is accomplished, buildings of good 

construction will receive a deserved recognition which has hitherto been 

impossible”. This classification of cities started taking place at the same time, 

with the publication of Proposed Standard Schedule for Grading Cities and 

Towns [71], which marks another peak in interest. 
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5.7.4 Reduction of fire losses and fires in ‘fireproof’ construction 

The collective impact of those practices in the industry can be indicated at the 

financial figures on fire losses, for example of Michigan and New York, found 

in Baxter’s [333] thesis, who dropped way below the 40 year average right after 

1915. On a national level, this is also presented by Bugbee [334], who 

presented data until 1921 which indicated at the decreasing rate of the dollars 

of fire loss per the burnable value; a necessary normalisation that showed that 

despite the increasing absolute fire loss, when combined with the exponential 

increase in the total burnable value, progress was being made. What was not 

achieved financially through the sophistication of schedules, was eventually 

achieved with the regulation of building practice – an experience known from 

Europe. This is typical of falls in the interest on the topic of indexing. 

Of course, the proliferation of these rules and suggestions, which enabled the 

construction of fire resistant structures that were primarily aimed to minimise 

the financial fire losses, came with some unintended consequences. The 

Iriquois Theatre (1903) and Asch Building (1911) fires exhibited the potential 

for extreme life loss in buildings that were considered ‘of fireproof construction’. 

This is attributed to the overreliance, and respective illusion of safety, that 

people had on “fireproof” buildings through the NFPA report [343] covering the 

incident: 

“The superior character of the building construction apparently created 

overconfidence, which caused the absolute necessity for proper fire protection 

and ordinary precautions to be overlooked. The inflammable contents (including 

highly combustible scenery) of the fireproof building, without proper subdivision, 

are scarcely any safer as regards destruction by fire than if they were contained 

in a building of ordinary construction”. 

However, it was the death of 145 young women during the Triangle Shirtwaist 

fire that caused pressure through social movements for better working 

conditions, and in turn, safer structures [335]. Frances Perkins was the political 

figure leading that effort, and addressed the NFPA at its 17th annual meeting; 

this challenge led directly to the creation of a Safety to Life Committee [334]. 
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This marks “the transition of a regulatory philosophy focused on property 

protection to one that primarily addressed life safety” [335]. One of its first 

outputs was a new proposed standard on building exits in 1914 [334]. At the 

same time, the first non-insurance president of the NFPA took office, architect 

Robert Kohn [334].  

The 1904 Baltimore conflagration became a lesson in the performance of 

“fireproof” buildings. NFPA respondents visited the city shortly after the fire and 

inspected, analysed, and reported on the behaviour of buildings [344]. One of 

the main comments is that the term “fire-proof” is a misnomer and should not 

be used anymore, and the term “fire-resistive” should be preferred. It took 

many years for the industry to stop using the old term [334]. The report’s 

findings also showed that “many features and practices in the construction of 

fire-resistive buildings are faulty” and provided recommendations which 

shaped future NFPA documents. This was the first collaborative effort in 

learning from past failures – the other previous publication that informed 

insurance agents on the fire performance of buildings was Moore’s “Fire 

insurance and how to build” [65]. This is marking a slow shift from technical 

provisions and guidance being produced by engineers of an independent 

organisation, rather than insurers. 

Fires in fire resistive, or ‘fireproof’, buildings kept occurring, and they even had 

a significant financial impact on insurance companies, which was undesirable 

due to their expected and alleged excellent performance. Case studies of such 

fires and respective costs have been presented in a review by NFPA [345]. 

Then the First World War (WWI) occurred, and developments followed a 

relatively slower rate, given the different focus on resource allocation at the 

time. NFPA was active during this period, but not directly involved in the 

wartime effort [334]. The NBFU published a guide for building owners with 

simple guidance to safeguard the industry from fire, reduce the fire losses, and 

thus make more resources available for the war [346].  

All of the above was happening exactly at the same time that efforts to produce 

a scheduling system based on statistics. This historical procedure was 
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presented in detail through Chapter 2 on insurance rating. It is to be concluded 

from the aforementioned developments that the insurance offices ceased 

having such an active role in defining construction practices, and this role was 

taken on by NFPA and NBFU, which would explain the dearth of 

documentation and cessation of schedule development. This is another case 

of the interplay between indexing and the regulation of building practices. Once 

the bar of the regulatory minimum was raised, the existing insurance schedules 

became mainly irrelevant, and interest in further developing them fell. 

5.8 Residual use of indexing 

5.8.1 City grading schedule 

A very similar story, on a larger scale and of more extensive consequences, is 

the one on the “Standard Schedule for Grading Cities and Towns” [70]. The 

motivation of this work was to produce a common schedule to be applied 

wholly in the US for evaluating the class of the city, and this classification could 

then fit in in any scheduling approach for ratemaking. In 1902, the NBFU 

requested from NFPA “that the National Fire Protection Association appoint a 

committee to formulate standards of fire protection in cities and properly grade 

them so as to form a basis of rating” [334], and in the next year 

recommendations were made. F. M. Griswold is recognised as the ‘father’ of 

the schedule. The first publication is the 1915 proposed draft schedule [71], 

which was accepted a year later [70]. In the proposed draft version, the authors 

included the following phrase, which, in hindsight was very prophetic:  

“It is obvious that it would be unwise to promulgate this Schedule for use 

by rating organizations until it has been thoroughly tested by application to a 

large number of cities and towns having varying conditions as to all of the points 

of grading contemplated by the Schedule. In the absence of such thorough test, 

grave injustice might be done to a number of cities and towns”. 

Several more versions followed in 1917, 1922 [72], 1930, 1942, and 1956 [73]. 

Apart from a slight difference between the proposed schedule and the first 

accepted version (1915 and 1916 respectively), no alteration occurred in the 

relative weightings of the factor groups over the following versions. Tracking 
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the changes of the assignment of points within each group was requiring a 

level of detail beyond the practical scope of this work. 

The detailed story of this schedule has been presented in Chapter 2, however 

a few main points will be iterated herein. Almost 20 years after its rollout 

(1934), it wasn’t its parent organisation that checked the schedule, but a 

governmental organisation that conducted the analysis to evaluate whether a 

correlation existed between a municipality’s fire losses and its classification in 

the schedule; such correlation was not found [82]. The motivation for this 

analysis was the ‘deadlock’ that the authorities faced, because in order to lower 

the citizens’ taxes through minimising expenditure they would lower the city’s 

classification in the schedule, hence increasing the insurance premiums the 

citizens had to pay for their individual properties to a level much above the 

intended tax savings. This report highlighted the irrationality of the approach, 

but its impact at the time remains unknown to the author. 

Bugbee, in 1971, commented on the still widespread use of the schedule 

stating that “I doubt if many of our fire chief friends today know that the grading 

schedule with which they have lived for so many years was initiated by an 

NFPA committee” [334]. 

This method is of interest for the analysis of this chapter, because it is the first 

noted schedule that was used outside its intended purpose and context. It was 

first created as a standardised way to classify cities so that a consistent way 

of rating could be made possible. However, many years later it ended up being 

a tool in city planning and spending decisions, a function it was not intended 

to serve, potentially leading to a “grave injustice” to cities, towns, and their 

citizens. This marks a fall in the interest in indexing cities, once it was found 

that the method was not used as intended, and was not as accurate as it was 

perceived to be. 

5.8.2 Theatres and Assembly Halls 

Few developments occurred in the field of insurance scheduling during the 

1920-1930 decade. However, around 1935 there are publications, both in the 
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US [347] and the UK [200], that focus on the design of exits. A lot of questions 

that were raised around the motivation to use the “Manual of safety 

requirements in theatres and other places of public entertainment” [200], which 

was presented as an indexing method in Chapter 4, are answered when 

reviewing the “Design and Construction of Building Exits” [347]. In the latter, 

five different methods of calculating the necessary exit width are presented, 

namely [347]: 

1. The capacity method: ensuring that all the people in one floor can fit in 

an area of relative safety, usually that area being a protected stairwell, 

2. The flow method: ensuring that all people can evacuate the building with 

a certain flow in a given time, 

3. Combined method: a combination of the above attempting to address 

their respective shortcomings, 

4. Probability method: the first method that departs from the assumption 

of simultaneous evacuation, 

5. Floor-area method: a tabular method correlating floor areas with 

standard units of width for various occupancies. 

In general, it was found by the US work [347] that the last method is easy to 

use and gives reasonable results, which could explain its future proliferation. 

Due to the unique characteristic of the increased risk of collective panic in 

theatres and assembly halls, this occupancy “justifies separate treatment”, 

which could support why a different method, the combined one, was chosen 

as the suggested method for this specific occupancy in the UK [200]. The 

description of the combined method is reproduced from the original [347], 

because the language refers to many familiar concepts in fire risk indexing: 

“This method attempts to correct the defects of the capacity and flow 

methods through a formula intended to apply the flow method to low buildings 

and an increasing emphasis upon capacity until this controls in high buildings. 

The formula contains various factors involving such features as type of 

construction, enclosure of openings, hazard of occupancy, presence of 
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horizontal exits, etc., all of which affect the final result. 

The method offers a means by which definite relationships may be 

preserved between height, character of construction, and other features. It 

recognizes that people can file out rapidly in low buildings and cannot be 

expected to do so in high ones. And it effects a transition from one method to the 

other in a gradual and systematic manner. 

The results reached through application of this formula have never been 

entirely satisfactory even to its advocates. The relative weights assumed for the 

various factors are empirical. There is a constant increase in the aggregate 

stairway width throughout the building, as the building becomes higher, which is 

a principle whose necessity is doubted by many authorities. The results obtained 

in terms of stairway width, especially where fire towers, horizontal exits, and 

other features are not present, are very large in tall structures, causing 

disproportionate amount of space to be devoted to stairways as compared with 

usable floor areas”. 

This clearly describes a method that has a formula, takes multiple building 

attributes into consideration, the relative weights are empirical, yet the results 

follow a gradual and systematic manner; an indexing approach. This is the first 

time noted in the literature that an indexing approach is used for the 

assessment of life safety, and not property protection as was the case until 

then. Unfortunately for indexing, its application is short-lived and in 1945 the 

method is out of commission, in favour of a tabulated approach [348]. This also 

marks a case that the use of indexing was chosen to cater for a situation where 

limited knowledge was available, uncertainty governed the problem at hand, 

and a practical solution was sought; when there is no experience, an intuitive 

indexing method appears to be a “good-enough” approach as an interim 

solution. 

It should be noted that still in this work [347], the construction is described 

through three types, “Fire-resisting, ordinary, and combustible”, showing how 

fire resistance ratings had not made it into codified guidance yet. In the 

patterns shown through this chapter, this marks a 10-year cycle in the interest 
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of indexing methods, given how after this the matter was not picked up again. 

The next indexing method to arise, was the Gretener method in the 1960s. 

Another point to be made is also that evidence was found on the UK’s 

regulatory focus shift focus from property protection towards life safety; as it 

was phrased in the foreword of the Building Industries National Council report 

[348]: 

“The framing of recommendations in respect of means of escape as 

considered in the light of the danger to life arising from the outbreak of fire in a 

building is quite a different matter from the framing of codes of good building 

practice. Whilst the adoption of methods of building technique as set forth in the 

codes of good building practice may be advisable and even desirable in many 

cases, probably nobody except the owner and occupier of the building would be 

the loser if such methods were not adopted. In the case of fire, however, the 

safety of life is at stake, and it ought not in the public interest to be left to the 

decision of the building owner or his professional adviser as to whether or not 

the building is provided with the minimum requirements to ensure safety of life”. 

This shift is bringing the oscillations in interest closer together between the US 

and the UK.  

5.9 The provision of a metric; fire resistance 

Over the course of these three decades (1920-1950), significant work was 

being conducted to establish a standardised method of testing products and 

systems against fire, which was initiated back in 1900 with the work of the Fire 

Prevention Committee [349]. This also marks a clear distinction between the 

one direction (that authorities took) of standardising the construction practice 

and market, instead of the other direction (that insurance companies 

supported) that was focused in standardising the way that this field was 

assessed in economic terms for indemnity purposes.  

The concept of fire resistance and its history have been extensively covered in 

other works [349]–[352]; a dissection of it is not the focus of this chapter. It is 

related, however, because it facilitated a translation of the different building 

classes (fire resisting, ordinary, combustible – later becoming full, partial, and 
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temporary protection) into periods of fire resistance ratings, and the proxy 

allocation of contents (common, hazardous, doubly hazardous) to expected 

fire loads in different occupancies [353].  

This also coincided with a need to renew the building stock, and provide 

enough housing for everyone [354]. However, that housing needed to be of 

certain quality and safety, and to measure the efficiency of the chosen 

solutions through a grading of the system. This is when the first version of 

British Standard 476 [95] came in existence, which provided a classification of 

five grades (A, B, C, D and E) to describe the satisfactory function of building 

elements in a fire. However, there was no testing facility at the time, but the 

Fire Offices’ Committee (an insurance organisation formed from the 

coagulation of insurance companies) played a vital part in the establishment 

of the Fire Research Station, which allowed such testing to commence [355]. 

This now provided a framework that could address different types of 

construction, and new materials or products entering the market, through a 

proxy classification of their expected performance in fire [354]. This marks a 

rise in the interest of grading performance and indexing it; albeit this time with 

a regulatory focus. 

5.10 Shift to ‘irrational’ tables and occupancy classes 

Experience on buildings’ fire performance was further supported by the 

knowledge gained through World War II, with the role of organisations like 

NFPA [334], in weaponising fire. This has been documented in respective 

publications [356]. Similar endeavours in the UK led to the publishing of the 

Post-War Building Studies [94], [357]. The findings of these reports essentially 

solidified the approach that “buildings may be graded on the basis of their 

resistance to fire in relation to the fire load”, allowing the tabulation of deemed-

to-satisfy provisions for the various building types and occupancies. Upon this, 

future regulation and technical guidance was based [349]. 

This is related to this work, because the approach up to this point was to 

explicitly consider the hazards of the occupancy, and match them with a 

solution of graded “performance”. A building would have been considered of 
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fire-resisting (or of full protection), and depending on its contents (common), a 

balancing of protective measures (or adjusting of insurance rates) would occur. 

This process was structured, explicit, and transparent up to the point that the 

available (incomplete) knowledge and (insufficient) technical means of the time 

allowed. That is why material specifications and minimum thicknesses of 

elements [340] were prescribed up to that point to describe the type of 

construction [358]. This was later changed with the standardisation of the 

process to develop specifications for building construction [359] which allowed 

the linking of element thicknesses and protection to their expected 

performance in a fire test [360]. All the tables that had inches, now had hours 

in a standard furnace (a time rating). Similarly, surveys of fire loads in various 

occupancies allowed the classification of hazard based on occupancy [360].  

This change to rules and tabulated provisions essentially made this 

comparison implicit and prescribed, fundamentally changing the basis of fire 

safety evaluation from an indexing (scheduling) basis, to one of deemed-to-

satisfy provisions. The non-transparency of this route is what led later to calls 

for “rationalisation” of fire safety. This marks another fall in the interest of 

grading approaches for fire safety. 

This also marks the point of synchronised international cooperation (no time 

lags), and that fire safety developments now are more combined and 

geographically independent. 

5.11 The first wave of indexing – fire risk rating methods 

What in this work is named the ‘first wave of indexing’ begins with the Gretener 

method [138] around 1960. It was Malhotra [202] that highlighted how 

Gretener’s method had many similarities with the 1935 BINC approach [200]. 

The technical changes and the evolution of the Gretener method have been 

outlined in Chapter 4. However, here the influence it had on the industry and 

other methods is only discussed. 

Shortly after the Gretener method acquired widespread use in the insurance 

world, its principles appealed to other developers. It influenced the creation of 
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the Hollandic Purt method [361], the French ERIC method [362], the Belgian 

FRAME method [149], the Spanish MESERI method [236], [237], and the 

European Insurance Committee method [363]. This chain reaction marks a 

peak in the interest on fire risk indexing, through this rating format. Wessels 

characterised the ‘Gretener philosophy’ as the “European counterpart of the 

American ‘decision tree approach’” [363], indicating at a link of a systems 

approach mentality, which will be explored in the following section. However, 

the literature is ‘quiet’ on this topic after 1980, marking a fall in the interest 

around such schemes. 

5.12 The story of operations research from a FSE perspective 

The Second World War had another impact on indexing, this time more 

indirect. Watts [364] has recited the emergence of operations research and 

management science (OR/MS) during World War II (WW II) when “[t]he British 

government convened an interdisciplinary group of scientists to solve the 

problem of effective use of radar in the defence against air attack. While the 

technical feasibility of a radar system for detecting aircraft was acceptable, its 

operational achievements fell far short of requirements. Hence began research 

into the operational - as opposed to technical - aspects of the system”. In more 

detail, Jarrett [22] explains how “[u]ntil World War II, research and development 

efforts in science and engineering were confined largely to narrow and specific 

paths. Usually, only one or two parameters were considered at a time. World 

War II placed severe demands on technology, and signaled the full-fledged 

emergence of the systems philosophy, which, in contrast to the one- or two 

parameter approach, favors detailed investigation of greater numbers of 

parameters on a broad scale”. Once the documents were unclassified [365], 

Morse and Kimball published “Methods of Operations Research”, creating the 

field [366].  

This approach became known as operational research in the UK and 

operations research in North America. It has also been referred to as 

management science, systems analysis, decision science, and policy analysis. 

After WW II, in the 1950’s Cold War years “there was a popular spinoff of space 
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and defense research known as systems analysis. It developed more as a 

conceptual discipline rather than as a set of specific rules to follow. In the 

broadest sense systems analysis is simply the methodical study of an entity 

as a whole. Thus it is comprised of both systematic (methodical) and systemic 

(whole) concepts” [367]. Projects like RAND (from which the Delphi method 

emerged) were part of the creation of this discipline [368]. Also, the words 

systemic and systematic, which were discussed in the terminology section of 

Chapter 3, appear to have derived from systems analysis. 

The essence of the difference in this approach is that “[i]n science we search 

for a model to explain an unknown relationship. In systems analysis we take 

the best available descriptions of relationships and use them to solve 

problems. This invariably includes some ‘unscientific’ models” [367]. This could 

be considered a worthy trade-off in the attempt to look at the larger picture of 

the fire safety problem leading to the use of tools from OR/MS which “where 

designed to deal with large complex problems” [364], even though that 

perspective is too difficult. Attempts to include systems analysis tools in fire 

safety education have been documented by Watts [369]. 

Even though this occurrence is not directly related with a fire risk indexing 

method, it marks the process that contributed to the theoretical background 

and ‘scientific’ foundation for a more formalised approach to indexing. Fire 

safety is a challenging domain when it comes to modelling the whole system, 

which is why more practical approaches can appear appealing. However, it 

should be noted, in the words of Churchman [368] that: 

“The idea of a “systems approach” is both quite popular and quite 

unpopular. It's popular because it sounds good to say that the whole system is 

being considered, but it's quite unpopular because it sounds either like a lot of 

nonsense or else downright dangerous - so much evil can be created under the 

guise of serving the whole”. 

The development of these tools led to possible advances in fire safety 

evaluation, especially when calls for a “systems approach” were vocal in fire 

safety. This started with Jarrett in 1965 [22], and later by Nelson [370], [371] 
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and Watts [372]. It eventually led to the conceptualisation of the NFPA 550: 

Fire Safety Concepts Tree [373], which provided all the essential attributes for 

fire safety evaluation, the potential for trade-offs, and links that highlight the 

interdependency of some attributes; NFPA 550 influenced the structuring of 

many indexing methods, for example FRIM-MAB [189], [374] and FLAME 

[297]. The way that concepts of systems approach influenced building fire 

safety was also explored by Sugahara [375], who formalised the calculation 

methods found in Chapter 3. 

At this time arises another dichotomy in concepts, due to the unavailability of 

data for analyses. The systems approach is recognised as “the first broad-

based attempt in the USA fire safety community to move from prescriptive-

based codes to rational, engineering based fire safety in buildings”. This is why 

it is also characterised as a precursor of performance based design [376]; 

however due to the lack of the necessary data at the time it was impossible to 

model the whole system. This led to the separate development of tools that 

focused on evacuation, fire growth, smoke transport, structural behaviour, etc., 

that were conducted uncoupled. Another school of thought decided to keep 

the benefit of modelling the whole system, but compensate the lack of data 

with input of expert panels [11], [377], [378]. This led to the proliferation of the 

Delphi method for fire risk indexing, and what is named in this work, the 

‘second wave of indexing’! 

5.13 Second wave of indexing and the Delphi method 

It can appear confusing, but Bud Nelson held a duality in this dichotomy. He 

engineered approaches that were both ‘formalised’ and ‘empirical’. His work 

on the Goal-Oriented Firesafety Systems Approach, which ended up being 

known as the General Services Administration (GSA) Method [376], one of the 

first PBD approaches, is notable, has been covered elsewhere, and is not the 

focus of this work. However, Nelson was also the driving force behind the 

completion of the Fire Safety Evaluation System (FSES) in the 1980s [377]. 

This was the first method that (intuitively [376]) followed a ‘rational’ structure, 

attempted to model the fire safety system, but the numbers came from expert 
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elicitation procedures (for this case, a Delphi panel). The nature of the 

methodology allowed it to be repeated for the creation of similar assessments 

for many occupancies [379]–[384]. 

The FSES was the inspiration for the creation of the Edinburgh model in 1982 

[378], [385]. Notably, the developmental process was not ad-hoc and intuitive, 

as was with the FSES, but Watts contributed to the mathematical formulations 

[378] of the method using the tool of Cross Impact Analysis to derive the 

relative weights [19]. This was the initiation of a more ‘formalised’ and 

‘standardised’ procedural approach in the development of indexing methods. 

This was further developed by Shields et al. [34], [36], [131], [386] directly after 

the conclusion of the Edinburgh project, and the mathematical concepts were 

explored further by mathematicians Dodd and Donegan [179], [182], [188], 

[387]–[392]. Shields’ withdrawal from indexing method development marks the 

end of this ‘golden decade’ (1980-1990) that formalised and established point 

schemes in fire risk assessment and prioritisation. As it is the case, the interest 

was diminished for the following years. 

5.14 Formalisation and proliferation 

Then, less than a decade later, several projects emerged that could utilise a 

fire risk indexing toolset. Watts had set the theoretical background to formalise 

the approach on fire risk ranking through some key publications [10], [11], 

[135]. These also contributed to the inclusion of a chapter on “Fire Risk 

Ranking” in the SFPE Handbook of Fire Protection Engineering (first located 

in the 2nd edition of 1995 by the author) [393]. These publications supported 

the formalised development of some tools that intended to address issues that 

were not covered by existing guidance or tools.  

One project was driven by new design objectives outside life safety, such as 

the risk of business interruption in communication facilities [133], [394]. 

Similarly with the FSES, equivalency calculations for historical buildings in the 

US favoured the choice of an indexing solution [145]. Another was driven by 

the novelty of and uncertainty in evaluation around timber framed buildings, 

which favoured the choice of indexing to cater for an assessment of many 
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issues, in an easy way, for many buildings [374]. Finally, when a very large 

building stock had to be evaluated to prioritise remediation in Hong-Kong [146], 

and when a large number of historical buildings (parish churches) in the UK 

needed to be evaluated, an index was created [395]. All of these projects 

concluded around the year 2000, a decade later after the “golden decade” of 

indexing. 

There were many other works related with indexing in the following years, but 

they have been covered in detail through Chapter 4. After this ‘indexing boom’, 

the interest was mainly academic, or on a much smaller project scale. 

5.15 Indexing as a potential for hazard classification 

In 1973, the American Society for Testing and Materials (ASTM) took up the 

developing of fire hazard assessment and fire risk assessment standards. 

Under the direction of Irwin Benjamin (who conceptualised the FSES), a 

committee proceeded to develop ASTM E 931-85: Empirical Practice for 

Classification of Occupancies for Their Relative Fire Hazard to Life (with the 

1994 version only located by the author [396]).  

Given the lack, at the time, of quantified techniques to measure the fire hazard 

or conduct fire risk assessments, an empirical modified Delphi approach was 

chosen to produce the numerical output of the standard. This output facilitated 

a fire hazard rating calculation, much similar to that found within the FSES. 

The characteristic of interest in this approach is that it attempted to ‘rationalise’ 

the quantification of the level of hazard in various occupancies based on a 

number of attributes. This was acknowledged to be an interim tool while more 

sophisticated approaches were developed for fire hazard assessment, a 

repeated comment within indexing methods’ documentation. However, it did 

not progress further, since transcription errors in the numerical values were 

present in the first edition, and by the time a review was conducted to fix that 

an ASTM sub-committee decided to reject the changes and publish the 

classification system without any numerical values. This new standard was 

superseded as well in 1996, due to advances in hazard analysis and risk 

assessment procedures [397].  
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Within the narrative of this work, this was an attempt, at the height of “a 

systems approach” in the US, to deviate for the tabular ‘occupancy/safety 

provisions’ mentality and follow a more advanced and transparent approach. 

It should be noted that a form of indexing was chosen as the interim solution 

until more advanced options became available.  

5.16 Revival of Gretener 

The Gretener method has amassed something like a cult following which re-

emerged in the last years. Early after 2000, publications appear in the literature 

that take the ‘Gretener philosophy’ and employ it in modern conditions and 

practices. It initiated with the long term development of the ARICA method in 

Brazil and Portugal [231], [232], [398], MEREDICTE in Spain [399], then a 

variant was found in Serbia [235], the FLAME [297] method in Italy, along with 

the most recent various applications [241], [242] of an Anglo-Polish method 

[238], influenced by the mechanics of the Gretener method [239]. Most of these 

employ the Gretener principles to conduct equivalency calculations, or expand 

the objectives of a fire safety analysis, and their emergence during the past 

decade marks another peak in the interest on fire risk indexing.  

5.17 Indexing as a rapid approach after tragedies 

Another pattern noted in the literature, is the tendency to resort to an indexing 

approach to prioritise assessments, quantify deficiencies, or specify upgrades 

to building stock after significant fires.  

The first example of that is the “Manual of safety requirements in theatres and 

other places of public entertainment”, in 1935 [200]. In the introduction is 

clearly stated that experience from many fires in theatres internationally, and 

the following findings, alarmed the authorities about the level of safety in such 

buildings. The knowledge gained was incorporated in the manual, which was 

desired to be a tool for authorities and designers in specifying safety solutions 

in a consistent way across the country. So the manual was a response to 

disasters, and was used as an empirical solution to ameliorate the hazardous 

state that many assembly buildings may have been in, as well as to prevent 
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the erection of sub-standard buildings. It was also found alarming that “the 

absence of any uniform standard of safety throughout the country is the most 

noticeable feature of the situation” [200].  

It appears that the manual, for unknown reasons, did not have the desired 

effectiveness and in 1945 it was superseded with other recommendations 

which “could reasonably form the basis of legislation, so that eventually there 

should be general regulations for the whole country as to means of escape 

enforceable by law” [348]. This juxtaposes the ability of accurate measurement 

with the eventual enforcing of the findings, and which one of the two can have 

the most impactful contribution. It was judged at the time that it is more 

important to have simplified general rules ‘enforceable by law’ for the whole 

country, rather than having a flexible empirical tool with no legal basis in itself, 

but only in its users (the enforcement capabilities of Local Authorities). 

Similarly, the increased concern for structural collapse in case of fire, due to 

the increased use of (the then novel) steel construction in Italy in the 1960s led 

the authorities to issue an indexing tool that could assist designers in 

specifying fire resistance requirements. This filled the gap until more 

prescriptive rules came into force, by law [400]. 

After the 1981 Stardust fire in Ireland, the Inquiry that followed after the tragedy 

suggested a points scheme (termed model) to be used in “determining whether 

approval should be granted” for assembly buildings to operate [401]. Malhotra 

modified this points scheme, and expanded on it, in another publication [402]. 

In there, the scheme is applied for the Stardust case study in order to exhibit 

why the building was substandard. The thematic of this sub-section is 

excellently summarised in the phrase “If immediate action is needed in the 

present situation, then a great deal more reliance would need to be placed on 

available practical experience rather than exact scientific data. Such an 

approach may only be made through a points scheme […]”. 

Apart from using an indexing method to recognise building stock susceptible 

to a catastrophic event, the opposite has occurred in the literature as well; case 

studies of catastrophic fires were analysed to showcase the utility of an 
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indexing method after the fact. De Smet [149], the creator of FRAME, 

published a calculation workbook with 76 case studies. In this document [403], 

information was extracted from real fire reports to check the validity of FRAME, 

and the results were found, by the method’s developer, to be encouraging. 

Similarly with FRAME, the developers of MEREDICTE used the Windsor 

Tower case study in Madrid to exhibit the potential utility of the method [399].  

The Gretener method has also been used to systematically evaluate the safety 

level in a large building stock after a large fire. In 1988 the Chiado fire 

happened in Lisbon, and afterwards 200 buildings were surveyed; 25 of these 

surveys employed the Gretener method and the findings are presented by 

Valente [118]. 

Similarly, the need to address life safety and property protection for parish 

churches through an integrated approach led to the creation of Fire(SEPC) by 

Copping [404], [405]. This indexing approach was the way deemed best to 

provide custodians with an easy to use and repeatable tool to consistently 

evaluate a large building stock across England and Wales. 

Finally, after a number of high-profile façade fires after 2015, authorities started 

revisiting their building inventory to recognise buildings that might need 

remediation. NFPA EffectTM was developed to assist professionals in this 

process. Malhotra [402] was prophetic about the utility of indexing methods in 

cases of urgent action when there is a lack of data, which was a developmental 

decision for NFPA EffectTM because “there is limited test data or statistics to 

further inform a quantitative approach to risk ranking or scoring, a qualitative 

assessment is being utilized based on engineering judgement” [406]. So again 

it is noted that indexing is the quick intuitive response for risk prioritisation, 

sparked after major catastrophes. Having the same motivation, a public 

consultation was initiated in the UK to seek evidence and views on the various 

approaches to fire risk prioritisation in existing buildings [407], but the 

responses have not been published or collated at the time of this thesis being 

written.  
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5.18 New age for indexing 

Another potential outcome from major catastrophes is the public outcry, and 

the respective calls from a non-technical audience, for a certification in fire 

safety. There are two prime examples of that. One is the “European Fire Safety 

Community Flagship Project” to develop a “Fire Safety Rating Scheme in 

Buildings” [408], which initiated in 2020. Earlier before that, there was another, 

well documented call for the “Building – Fire and Life Safety Rating (B-FLSR)” 

by Francis [409], [410]. However, such calls can circumvent or obscure vital 

concepts, starting with the nature of fire safety evaluation (implicitly merging 

many design objectives in a single numerical outcome), along with the 

corresponding potential for social inequalities when outlining tranches of 

ratings (that is not clear if it is for life safety, property protection, or any other 

objective), or fundamental decisions about whose role it is to ensure the fire 

safety on a societal level (authorities or private initiatives for ensuring the 

marketability – or not – of certain building stock).  

The perceived need to expand design objectives beyond life safety, in order to 

ensure a resilient and sustainable environment, have led to research needs 

towards the potentiality of such approaches in fire safety. This PhD project was 

funded as part of these research attempts, and this is another indication of a 

peak in interest to quantify performance through indexing, given the reign of 

uncertainty and non-formalised approaches in the field to be analysed. 

5.19 Overview 

It is acknowledged that some of the information provided in this chapter has 

been presented already – it is felt however that the same information under a 

new light can provide a lot of insight into the role and impact indexing methods 

can have.  

By conducting this review, the usability of indexing methods can become 

evident, while showcasing that a method in itself is only a part of a much larger 

system in assessing and enforcing fire safety.  
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To assist the readers in navigating the main events, and their conceptual 

grouping in this chapter, Figure 5.1 is presented as a visual aid and cue for 

when revisiting this chapter. The geographic regions are presented in three 

different colours, key events are shown with dashed line leaders, the duration 

of interest is approximated through the form of a Gantt chart, and at the bottom 

of the figure the existence of interest or not on indexing methods is drawn. 

Local and global rises in the interest levels are now visualised.
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Figure 5.1 A schematic overview of the oscillatory interest in fire risk indexing 
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This figure is aimed to be a complement in elucidating the key points and 

events presented in this section of the work. 

5.20 Conclusions 

Through this historical review, it can be seen that the issue of classifying risks 

and their respective costs in fire emerged after the Great Fire of London in 

1666. The last two centuries shaped the industry, and provided numerous 

developments into insurance rating methods, which are considered a 

predecessor of fire risk indexing.  

These developments are characterised by periods of heightened activity and 

interest, each being usually followed by periods of quiescence, profitability, 

and complacency in the insurance and building industries. As technology and 

testing provisions improved, these oscillations started occurring in smaller 

periods of time. After a period of complacency, a catastrophic fire event can 

usually initiate another cycle of heightened interest, either in legislative 

overhauling, or insurance rating methods updating for avoiding property 

losses.  

The evolution of fire risk indexing is also presented in parallel with fire safety 

evaluation through the initiation of modern rule-based guidance, and how the 

latter came to be more widely used as an assessment option. This also 

occurred at a time when indexing was considered to be the future towards a 

more sophisticated fire safety evaluation by employing a “systems approach”, 

but the literature that shows this divergence in concepts is presented and 

commented upon; indexing remained in the empirical side whereas 

performance-based design was developed to address the more challenging 

issues of fire safety design. 

Finally, a distanced view is taken to present the overall timeline of modern fire 

risk indexing methods, and how one shaped the other, with time differences 

indicating how this was happening in an oscillatory manner as well. The use of 

indexing methods, some of which are calibrated against a specific code or 
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standard, to showcase the substandard state of buildings in which catastrophic 

fires occurred is also picked up as another by-pattern in this meta-synthesis.  

It is noted that regulatory enforcement and good building practices are vital 

factors in the prevention of significant fire events, as shown in the differences 

between the UK and the US, which make the appropriateness of specific 

methods for the quantification of insurance risk a secondary issue in the 

promotion of fire safety. 
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Chapter 6 Upward over the senpai mountain 

6.1 Introduction 

Building on the findings from the previous chapters, namely the lack of 

documentation and the pattern in the end-of-life in every method, it was 

deemed potentially insightful to contact some of the people involved in these 

projects and extract information that was never documented or available in the 

literature.  

This sub-project of the PhD initiated in January 2019 with in-person interviews 

and was planned to proceed that way. Given the restrictions imposed by the 

Covid-19 pandemic, the endeavour was postponed, and it was eventually 

decided to proceed with online interviews. In total, 8 interviews were conducted 

[411]–[418]. The conduction and processing of these were time and energy 

consuming for the author, but the findings and experience were deemed 

helpful. Some selected excerpts and findings are presented in this chapter with 

the aim to synthesise the commonalities that indicated a pattern into focused 

learning points. These are: 

• Philosophy of a method; 

• Utility of a method; 

• The misuse of methods; 

• The death of methods; 

• Users and expertise. 

In addition, for completeness and to fill holes in literature there are: 

• Dearth of documented information available; 

• Originators of ideas; 

• Technical aspects of a method; 

• The choice of experts. 
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It was found that the initial conclusions from the literature review were of the 

same nature with the ones through these interviews, and some technical 

questions were resolved. There is a common general understanding between 

developers of indexing methods regarding their purpose and utility, but that is 

not always equally obvious to the users of such methods. 

6.2 Methodology 

The aim of this sub-project was to provide some data sources that were not 

readily available. A research methodology was initially outlined, to clarify the 

principles and procedures that this scientific investigation would logically 

follow, acknowledging the fact that this would be in the form of qualitative 

research. 

There is some well-established literature that covers the principles of 

qualitative research, especially in the social sciences [419], [420]. One of the 

fundamental assumptions of this approach was that this would be interpretive 

research, attempting to understand and explore concepts around fire risk 

indexing through the understanding of other people and the meanings they 

assign to it. One person’s reality can be derived from different observations, 

perceptions, and experiences so that there is no ‘absolute truth’, but 

independent versions of it constructed from different social contexts [421]. This 

was taken into consideration in the collection, analysis, and compilation of 

these qualitative data. 

The selection of people to be interviewed was driven by their involvement in 

the development of notable indexing methods in the literature, methods that 

introduced novel approaches to indexing, or methods whose eventual impact 

was not covered in the reports. A number of people were approached by being 

requested to assist in this research project, where more information is required 

for the aforementioned reasons and provide any information they deem 

relevant, in the form of an interview. All the people who responded positively 

were eventually contacted to arrange an interview. These interviews were 

audio and/or video recorded with the consent of the interviewee. 
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Essential questioning took place through a mixture of face-to-face meetings, 

while it was possible, [411], [412], conference calls [413]–[417], and email 

correspondence [418]. Following the categorisation on verbal data dimensions 

by Gillham [422], which ranges from unstructured to structured questioning, a 

semi-structured approached was followed that initiated with some open 

questioning, which allowed the interviewer to probe and the interviewee to 

respond with freedom and spontaneity. This approach requires more time in 

interviews and subsequent analysis (transcription), while also demands 

additional effort from the interviewees. A very similar methodological approach 

has been followed by Wilkinson [423] in the fire engineering domain.  

Eventually, the findings of these interviews were collated thematically and 

were synthesised into the body of work that follows. 

6.3 Thematises 

Reflecting on and picking up from findings that arose from the journal 

publication and the work conducted to form the previous chapters, this chapter 

is broken down into thematises that have been commented upon by the people 

involved in these projects. These also fall within the remit of the findings of the 

work at the point that these interviews were conducted. 

6.3.1 Philosophy of a method 

A discussion was had with the interviewees about their perception of core 

issues that revolve around fire risk indexing; issues such as the practicalities 

of using a method, what a method is for, analysing the safety of human life, 

and using the outcome of a method. 

There was general agreement that when it comes to the purpose of a voluntary 

points scheme, there is always a place for it. It is essential, however, that this 

does not clash with regulatory provisions; this would be the case every time a 

points scheme would be used to conduct life safety analyses. Stollard [411] 

considers that the protection of life is ensured through the “legal codes which 

are mandatory and enforceable by law”. Additionally, by assessing life safety, 

one is implicitly or explicitly defining an acceptable level of life loss, which is 
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something that the discipline has not explicitly done. Anyone who develops an 

indexing method to assess life safety implicitly relates themselves with the 

respective liability, or in the least the reputational cost in case the method is 

not accurate.  

When people discuss on the potential of a certification scheme in fire, 

comparing it to sustainability rating schemes, they ignore a subtle difference 

between the two; sustainability rating schemes are not focused on health and 

safety [413], rather than on wellbeing [412]. In highly regulated countries like 

the UK, there is an argument to be made that there is not a voluntary scope to 

go beyond the regulatory minimum, especially by a non-governmental 

organisation passing judgments of what is acceptable in terms of death or 

injury; “if something needs to change, that's the regulator” [412] – these notions 

however are not widely discussed nor understood in the construction sector. 

Similarly, it is considered the case that only assets that have been designed to 

achieve a certain environmental performance go through a voluntary 

certification process, because there is no utility in advertising mediocre or low 

performance through a certification scheme – there is prior control on certifying 

or not. This should also be considered for the potential of a certification scheme 

for fire; which buildings would go through this process and whether 

stakeholders would be willing to advertise that the building could be a total loss 

in case of a fire. And finally, it should be acknowledged that with the uncertainty 

involved in human (risky) behaviour, the certification is only accurate and 

valuable the day it’s done [411], and future activities that diverge from the 

assumptions of the method could undermine the validity of its outcome. An 

example of that is shown in the following story [411]: 

“I remember one building that was meant to be a school and the teachers 

association began to run beer festivals in the central hall. Now it was totally safe 

as a school, it was totally unsafe as a venue for beer festivals. So just getting the 

building assigned is meaningless unless you know what’s going on inside. And it 

was only unsafe for the beer festival on the 24 hours it was used for that, and 

then it was safe again!”. 
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This distinction on the assuredness of using point schemes for property 

protection instead of life safety could explain the proliferation of insurance 

rating schedules, when compared to the success (or lack thereof) of indexing 

schemes for life safety. Because insurance rating schedules are for property 

protection, or mission continuity, that would allow some scope for a potential 

certification scheme, which has to explicitly state that it measures property 

protection and not life safety. It follows that it was suggested to avoid putting 

every point into a single melting pot and assume that the single number that 

comes out in the end holds some value about the separate objectives; the 

analysis needs to be kept separate, in the opinion of one interviewee [411]. 

There is also another implication for the process of developing an indexing 

method. In Chapter 2 it was recognised that one of the sources for fire safety 

attributes has been rule-based guidance. If this guidance is aimed to ensure 

life safety, then these attributes will not be exhaustive for the property 

protection objective, and the developers need to be aware of that and adjust 

their attribute pool accordingly [411]. If they choose to rely on an expert panel 

for that, then it will still need to be in a structured manner where the ‘skeleton’ 

of the structure in the process is outlined by the developers; the expert panel 

is there to produce estimates of information that is not available, not guide the 

project [411].  

So overall, it was advised that design objectives are explicitly stated, 

individually evaluated and treated with additional caution when it comes to 

outlining acceptability levels on life safety. The general state of the building 

stock to be evaluated is of relevance, the bounds of occupant behaviour should 

be able to be predicted with a degree of confidence, and the sources of 

attributes should extracted from guidance documents that address the 

appropriate design objective. 

Karlsson [413] is of the mind that any engineering tool can only address part 

of the whole analysis. Even with sophisticated modelling and specific first 

principles approaches one is only “looking at a little part of fire safety”, hence 

the shift in philosophy when employing an indexing method is in expanding 
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that domain of the analysis by including factors that some of these more 

complicated approaches could not address (such as maintenance, or the 

existence of voids). Additionally, like other engineering applications, the 

uncertainty is such that by increasing the sophistication of the analysis does 

not necessarily provide the analyst with a more exact answer – sometimes 

“there isn’t an exact answer”. This constraint, along with the knowledge-gaps 

and the sponsor’s desire for a ‘simple’ methodology, led Karlsson to the 

indexing solution. However, once indexing was chosen, it was also decided 

that the only way to “really keep confidence is that everything was 

documented”, so that the method was see-through for what it was.  

Pérez-Martin [418] is of the mind that every engineering tool, not just 

evaluation methods that index performance, is not the end but “only the means 

for a technician to judge a design based on a more widely informed qualified 

criterion”. Milke [417] also considers this a basic tenet of fire safety, that 

whatever can be done to motivate people to look at fire safety in the design 

process can only be beneficial – even if that is a ‘score’ or an ‘effectiveness 

statement’ to help communicate performance. That is why, the experience in 

the sustainability sector has shown that best practice is most effectively 

promoted by focusing on the process rather than the outcome, for two reasons; 

one is the uncertainty and vagueness of the concepts involved, which renders 

any moulding through a quantification of performance an activity of eluding the 

problem’s complexity, and the other is that if sectoral cultural change is the 

drive, then that cannot happen by prescribing performance within the very 

narrow bands of exemplar buildings and exemplar solutions [417]. In the latter 

case, any constructed scale to measure performance is usually reached by the 

sector soon and becomes the desired ‘norm’, leading developers to update the 

method and extend the scale, which is essentially what is causing the loss of 

comparability within the analyses. The author would like to comment and heed 

caution for the cases when the motivation for placing a top-end product is to 

achieve a good rating, instead of thinking what the contribution of its function 

is in the performance of a building and why it is needed to be placed there or 

not, shifts the focus from the process to the outcome, which is the final rating, 
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and such behaviour can be slightly irrational. So a vital question the developers 

need to clearly be able to address before they begin is “why are you doing 

this?”. The motivation and end goal will drive developmental decisions, and 

experience of unintended consequences will assist developers in preventing 

them through the method. 

This highlights a common position between developers that indexing tools are 

insightful because they attempt to model the whole fire safety system, but their 

value lies in them being used by cognisant practitioners who focus on the 

process rather than the outcomes of an indexing method. 

6.3.2 Utility of a method 

This section explores the utility, the desired usefulness, that each method 

aimed to have when it was developed, and briefly touching upon for which 

region in the world a method could be developed. 

6.3.2.1 Utility for the users 

Karlsson considered that indexing as a solution was necessary and “also was 

the right type of methodology at that time” due to the knowledge gap about this 

specific type of buildings. Once the discipline acquired enough experience with 

this type of construction to define new guidance and rules, then perhaps the 

method was no longer needed but definitely “it served its purpose at the time” 

[413]. It was deemed a very useful tool, because it reminded users of all the 

details that needed careful addressing in timber-based construction, being a 

construction form that they did not have extensive experience on. This 

tendency of the user to employ the method as a reminder of all the parameters 

that need to be looked into is deemed to be one of its greatest uses [413]. 

Similarly, exactly the same motivation (knowledge-gap) was behind NFPA 

EFFECTTM, but for a different end-use. The desired utility of NFPA EFFECTTM 

was to prioritise assessments and inspections on existing buildings based on 

the risk of external fire spread – this was also needed to be done very quickly, 

so this ‘ranking’ approach in tiers was employed [415]. So again it is noted that 
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indexing comes into play when there is a knowledge gap and rough 

comparisons need to be made quickly. 

This also raised the comment that unless it is explicitly stated, a method like 

NFPA EFFECTTM cannot be a design tool. Providing a means for the risk 

assessment of a large volume of buildings, however insightful in its content, 

cannot substitute proper design guidance if that is missing. Comparing risk 

levels through a proxy number (or tranche) in an indexing method does not 

necessarily direct at best or acceptable practice – to provide design guidance 

you have to “step into a different route” [415]. 

There is an argument to be made here however (by the author and not a 

specific interviewee), that if there is no design guidance, and if there is a 

knowledge gap in the constructional practices, then this cannot be filled with 

an indexing method that provides rough assessments about very specific 

aspects of buildings (either specific constructional assemblies irrespective of 

other building aspects, like facades, or very specific occupancies with specific 

loadbearing systems, like timber framed buildings). It could be argued that if 

there is a knowledge gap then more research should be conducted so that 

appropriate design guidance can be developed. If engineers do not know 

where the level of safety of their designs lies (either implicitly or explicitly), then 

perhaps this design should not be realised until this answer can be addressed. 

Experience has shown that when these designs are realised, and catastrophes 

happen, then there are calls for an indexing method to prioritise the 

assessment and rehabilitation process of these buildings constructed with 

these designs. 

The developer of MEREDICTE © 1.0 has also received some feedback of a 

variety [418]. People that tend to be highly specialised in fire safety are 

suspicious of such evaluation methods due to their subjective nature. Other 

people have been very appreciative of the provision of a means to address 

alternative solutions and the ability to communicate aspects of risk to other 

stakeholders that do not have a technical background. The latter comment has 

been received from the users of ARICA as well [416]. The users were satisfied 
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with the existence of an option to run equivalency calculations, because the 

alternative was cost-prohibitive compliance with the latest, stricter provisions. 

Finally, one of the comments that serve a key message for this chapter is the 

realisation by Karlsson that using an indexing method “is not about the number 

– it’s about the process of remembering all the little things that you have to 

remember” [4]. This was also independently commented upon by Yates [412] 

on BREEAM, for the sustainability rating of buildings, who stated that “a key 

part of what BREEAM is about is making people think about things”; they show 

how they think about it, how they considered it in a robust process, and 

eventually document it and take responsibility for it – ideally the measure 

reached should be the outcome of that process.  

A common pattern in most of these methods is the option to find them in a 

software version. This can make their application quicker, and easier to log. 

Karlsson [4] programmed the method in a spreadsheet format. NFPA 

EFFECTTM was made available through a webpage [415]. MEREDICTE © 1.0 

was rolled out through a company as a software [418]. ARICA was initially 

automated through a spreadsheet that incorporated macros, but this caused 

issues of compatibility and is now turned into a software. The main benefit of 

the software is that the analysis file will be a text file which should solve issues 

of compatibility [416]. This computerisation of indexing methods can speed up 

the process of the analysis through drop-down lists and the automatic 

conduction of the calculations, an option which appears to be attractive to 

users. 

6.3.2.2 Utility for an organisation or Authority Having Jurisdiction 

An indexing method can have utility for an organisation too, if it is the one that 

is rolling it out to its potential users. An example of this is LNEC (Laboratório 

Nacional de Engenharia Civil) in Portugal. The Gretener method was approved 

by the ministry as an appropriate method to run equivalency calculations for 

buildings that were built before 2008, when the new Building Code came in 

effect. ARICA was developed by LNEC as a more accurate and 

comprehensive method for the Portuguese reality, and was approved to be 
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used by engineers to prove that a refurbishment design of an existing building 

built before 2008, which now doesn’t meet the requirements of the new 

Building Code can still be realised by compensating in other aspects; their 

degree measured through ARICA [416]. That is why it is explicitly to be used 

for existing buildings, to make checking by AHJ’s easier, and it is not to be 

used as a design tool for new buildings – this is the remit of the new Building 

Code. Finally, there is also utility in having an indexing method that can be 

coded into a software, because submission files can be more easily checked 

digitally by the AHJ’s. 

An observation and assumption made here by the author is that such methods 

have utility for organisations in countries where there is a less pronounced 

need for specialised fire safety engineering services. This can lead to an 

inexistence of expertise in (local or national) AHJ’s to review equivalency 

calculations made from first principles or using sophisticated models, or it can 

even be the case that the majority of engineers that take a refurbishment 

project through the approval process do not have the appropriate background 

to conduct such analyses. This can be why a highly specialised team, within 

an organisation that operates on a national level, produces an indexing method 

which operates in a very specific domain and can allow both the engineers to 

produce equivalent designs, but also allow the AHJ’s to check that such 

designs should be approved. 

A very similar case was observed in Spain with MEREDICTE © 1.0. Its 

developer has been working for the Madrid City Council, as a building control 

authority officer. In their work it has occurred that instead of needing a method 

to prove that an existing building can be equivalent to a new-built, the need 

arose for a method to prove that a Performance Based Design (PBD) solution 

is equivalent to that of the CTE (Spanish Technical Code) [418]. AHJ’s in Spain 

were familiar with the Gretener method with its “clear and analytical way” of 

quantifying the risk levels in a building. Due to its limitations in focusing only 

on property protection, and not life safety, Pérez-Martin produced 

MEREDICTE © 1.0 to expand the factors analysed, include life safety, adopt 

a global instead of a partial view in the analysis, and base it on the CTE. This 
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allowed his organisation to conduct independent checks of equivalent 

solutions in a methodological way [418], through the indexing method 

MEREDICTE © 1.0. 

Yates [412] touched upon a long running debate as to what form of certification 

label is most effective and to what aim. Depending on the targeted audience 

of stakeholders, different forms of ‘labels’ can serve the same aim. When 

BREEAM was initiated, it did not incorporate a scoring system or relative 

weights, but it was a framework that guaranteed a process of incorporating 

sustainability aspects into the chosen solution; going through the process was 

labelling enough. Once the stakeholder pool was expanded, the scoring 

system was introduced for streamlining communication attempts on the 

outcomes of this process to other non-technical parties. Both ways can have 

their utility, but it needs to be borne in mind by developers which choice is 

compatible with the aims they set for their method. 

6.3.2.3 Spatiotemporal utility 

An out of context use of an indexing method could not be limited to deviating 

from the occupancy class, but also to regional area, or even timeframe. Safety 

attitudes on what is societally acceptable, in terms of life or even property loss, 

change over time, and there should be serious consideration if and how an 

indexing method can do that. If one assigns a grade on the outside of a 

building, and it is an acceptable “B” in the 1970s, this could be unacceptable 

in the 2020 timeframe [417]. 

It was also noted how the Gretener method was used for equivalency 

calculations in Spain [418] and Portugal [416], even though it originates in 

1970’s Switzerland, where constructional practices may have changed over 

time, or where different from the start due to regional constraints.  

NFPA EFFECTTM was aimed to be used globally, and it has been deemed a 

successful aim supported by the statistics of its use. Some consultancy 

companies with international offices have also employed it in their work [415]. 
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This marks this method as a case where, potentially due to its very focused 

domain on facades, was successful in this developmental aim. 

Stollard [411] mentioned that the method for Design to Reduce Operational 

Costs (DROC) for hospitals was used in Ireland, outside the UK where it was 

developed, as an independent assessment against the closure of a hospital. It 

is assumed however that the building stock is similar, so that this assessment 

was of value. 

6.3.3 The misuse of a method 

In previous chapters, the issue of potential misuse of an indexing method was 

raised. Each interviewee was probed about this possibility in the methods they 

were involved in. 

6.3.3.1 With intention to mislead 

Stollard suggested that before building any indexing method, a vital question 

to be set is “Who is going to use this?” [411]. The answer to this question can 

help the developers, amongst other things such as the method complexity, in 

managing their expectations about potential misuse and lead them when 

making developmental decisions about ‘fool-proofing’ the method. 

Karlsson [413] did an exercise to explore whether the method could be 

misused, which led to the respective comment in the official reports that such 

misuse was possible. The motivation behind this exercise was to see what 

happens when you “have an unreasonably unsafe building but [are] trying to 

make it safe by increasing maintenance or something like that”, since the 

method does not distinguish between ‘hard’ and ‘soft’ factors, as they were 

defined in Chapter 3. This led to the realisation that “if people want to cheat 

they can cheat […] but that’s like in any engineering methodology I guess”. 

The same comment was received by Messerschmidt [415], based to the 

inability of the developers to fully monitor how a method is exactly being used 

in all its steps by the users, and that is always a risk in these cases. If the user 

has a good understanding of the underlying mechanics of the indexing method, 

then they can navigate the assessment in a potentially favourable way for 
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another objective. Even without a comprehensive understanding of the 

mechanics, “nobody prevents you from running the same building 100 times 

and then you can figure out well, this is where the weak spots are so people 

can choose not to be honest on the weak spot; that's their choice, then […] we 

can't prevent that”. 

Again, this was highlighted similarly as an issue by Pérez-Martin [418] for 

MEREDICTE © 1.0 who deemed it vital to consider the limitations of each fire 

risk assessment method “in order to not draw erroneous conclusions” because 

“ultimately it is a tool and it depends on how you use it”. He confirmed that 

people have tried to misuse the method, in a very similar way as with other 

tools in fire safety engineering “such as evacuation or fire simulation; 

sometimes the designer knows where [they] want to go and skilfully manipulate 

the input data to achieve that result”. The suggested safeguard against such 

attempts is that all PBD projects have the review of an AHJ, or even better an 

additional third-party review.  

Potential misuse was not noted with ARICA, however every design analysed 

with the method goes through AHJ review, and any eventual liability rests with 

the engineer submitting the design [416]. 

The same issue was also raised in the sustainability sector [412] and this is 

the reason why there are built-in safety nets within BREEAM – to avoid 

potential misuse of the certification scheme. However, it can be the case that 

a very good rating in factors irrelevant to energy performance can lead to a 

good BREEAM rating, for an asset that would have a not so good EPC (Energy 

Performance Certificate) rating. This can appear counterintuitive but is 

nevertheless possible because of the different scope within those two 

assessments and the focus each designer might have.  

So overall, there is consensus that an indexing method can, and probably will, 

be misused by some users. What is important for developers is to understand 

the role and impact of ‘hard’ and ‘soft’ factors in the analysis. 
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6.3.3.2 By using a method out of context 

Stollard [411] brought forward two examples of using an indexing method out 

of context. The first one was from a professional who took the Edinburgh model 

and used it to assess the fire risk of ambulance stations. When confronted 

about a section that analysed the number of patients, that person replied that 

they “count the ambulances”, which is obviously a violation of the method’s 

fundamental assumptions. The other example was about the DROC project; 

the method was initially developed to assist designers in producing hospitals 

that were less costly to operate. Later, people took this scheme’s outcome and 

used it in estate planning as an additional factor when making decisions on 

closing hospitals. This last example does not necessarily constitute misuse, 

given how the validity of the result is not questioned, but is an interesting 

example of unintended consequences that an easy-to-use tool can have.  

Messerschmidt [415] was very clear about the context of NFPA EFFECTTM. It 

was assumed that, given the lack of design guidance, one could use the 

method (which was designed for the prioritisation of inspections) as a design 

tool for an external wall assembly – one that would not raise concern through 

the method. This would of course be questionable practice because “you don't 

want people to start designing based on something that was not meant for 

designing” [415]. Eventually, design is a decision-making process, and the 

decisions involved need to be made by the designer, not by the method for a 

“designer”.  

Karlsson [413] outlined another example of taking a method out of context by 

using a sustainability rating scheme in a different country than the one it was 

developed in. If one analyses a country house in Iceland with a method that 

was developed in the UK, then a potentially unrealistic outcome is produced. 

Iceland does not have a railway network, which is considered one of the most 

environmentally friendly means of transport, and that leads the assessment to 

subtract points from that house even though that option was never even 

possible in the new country. If there is an abundant source of water nearby 

(like a glacier), then no matter how much water the house saves does not really 
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make a difference because there is no water shortage in Iceland and it would 

just run down to the sea – this however is not depicted in the method and the 

building suffers in points from excessive water use. Finally, another aspect is 

that if the house is using geothermal energy for heating, then it does not get 

any extra points, but suffers in points because it might not have any solar 

panels. This case, however much exaggerated, is indicative of the potential 

inaccuracies that occur when a method is used out of its original context, when 

the users’ awareness and understanding are lacking. 

When it comes to a fire risk indexing method, Karlsson [413] was once asked 

to employ FRIM-MAB on an office building in order to get some indication on 

the relative performance of different design options. This is an exercise that 

could be done only with a lot of caution in mind, because the safety systems 

in place are different than on a building with sleeping occupants. Since the 

fundamental assumptions upon which the method was built are violated, the 

assessment loses any absolute meaning. That is why he considered this a 

limitation of indexing methods – they cannot and should not be taken to be 

applied out of context. Such a method is “good for its exact purpose” and the 

satisfaction of their intended use has to be always kept in mind. Any expansion 

should be conducted with immense scepticism [413]. 

Watts [414] considers that this phenomenon is exacerbated by the lack of 

documentation, which should however be there to justify the origin of the 

numbers used in indexing methods. When probed about the use of the 

Gretener method in buildings of occupancies other than industrial, for 

objectives other than property protection, he stated that “I think that's typical of 

most of what we might call fire risk indexes. People latch on to the concept and 

they say ‘oh, this is good, we can compare things, all we need are some 

numbers. Well, here's a number. Here's a number. And I think it should be this’. 

And so you get a process that is not very transparent. It's transparent in that it 

tells you which things are involved, but it's not transparent in the sense of what 

the levels of importance are – or at least how they how they were determined”.  
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It is therefore suggested that only through user competence, awareness, and 

ethics can the issue be fully addressed. Until mechanisms are in place that can 

guarantee who uses the method and for what purpose, developers can only 

be explicit, within the method documentation, on their expectations of user 

knowledge, method limitations, and potential liabilities. 

6.3.4 The death of a method 

One of the most highlighted findings of Chapter 2 and Chapter 3 was the fact 

that indexing methods have a life cycle, and unless updated, they end up being 

disused. This topic was discussed with the interviewees in order to see what 

followed in their career once the respective project was completed, what 

changes in the environment may have affected the utility of the method, or 

what are the developmental thoughts and decisions being made in terms of 

updating a method. 

6.3.4.1 Impact on building stock 

Stollard’s [411] experience is that the Edinburgh model, initially, was not used 

extensively. After he moved on to a different institution, an attempt was made 

to provide training and organise courses on using the method, and this led to 

an increase in uptake of its use. That is how the NHS realised its utility and 

commissioned them to incorporate it in a public guide – taking the tool which 

was developed to prioritise fire safety upgrades in existing wards and using it 

as a guide for a risk assessment that people could use, filling a need that arose 

from the fact that there was no mandatory standard in law in place for this 

specific old building stock. So this led to its overall impact and use; serving its 

purpose at the time. An additional reason why it was superseded years later is 

that the building stock that the method was aimed to analyse did not exist 

anymore in the domain of the NHS; it was either demolished or sold to the 

private sector. In other, future projects where the same tools were used, a 

change in organisational management gave a different direction that did not 

utilise the work already done, meaning the discontinuation of an indexing 

method for risk assessment [411]. 
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On the contrary to the building stock becoming inexistent, which renders a 

method unserviceable, the opposite can also have the same effect. Karlsson 

[413] mentioned that when the method was created, this form of construction 

was unusual. But in the 20 years that have passed since, there have been 

hundreds of buildings like these, and it became such a commonplace solution 

that practitioners no longer need a method to show them what is important in 

assessing and detailing – “it was needed at that point, I think it’s not needed 

that much anymore”. 

6.3.4.2 Software versions 

In the official reports of FRIM-MAB, it was advertised that a website was built 

to support the method. However this is no longer online. Similarly, the 

spreadsheet version of the method could not be sourced because of 

incompatibility issues in the newer versions of the software. Changes in the 

website coding language and compatibility issues in spreadsheet software led 

to the emergence of bugs in the automated versions of the method, and since 

the project had ended these required the personal time of the developers. 

However, the reality for the developers was that “after a few years I went on to 

do other things, I couldn’t be bothered with this” [413]. 

Cases where software versions of indexing methods are still available have 

the commonality that a large organisation is supporting the upkeep of websites 

or technical support. Examples of that are NFPA EFFECTTM, which is 

supported by the NFPA technical network [415]; MEREDICTE © 1.0 , whose 

rights were transferred to a company that supports its upkeep [418]; and 

ARICA, which like NFPA, utilises LNEC’s capabilities to continuously support 

the method [416]. 

6.3.4.3 Adapting a method to changing conditions 

Another challenge to the continuous existence of an indexing method, is its 

ability to adapt to changing conditions, and this sub-thematic was explored in 

the interviews. 
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Karlsson’s [413] view is that if an indexing method needs to be updated to 

address new practice, then a repeat of the original process is the only reliable 

way of doing it. It is possible to add some parameters, or conduct minor 

changes to values so that the method remains operational, “but that’s 

cheating”, because the reputation and reliability of indexing methods stems 

from “this religious adherence to the methodology” of being transparent and 

typical with the Delphi panel.  

Watts [414] was a member of the committee on NFPA 101A, which used the 

Fire Safety Evaluation System (FSES). This was reviewed every 3 years, as 

with every NFPA standard, and updates were made when needed. From the 

developmental stage of the method, Nelson had created some software that 

could analyse all the possible impacts a numerical change in one of the 

parameters could bring, and whether these changes ensured the adherence 

of the FSES to the Life Safety Code. Such tools are key in ensuring a 

consistent, thoughtful, and smooth updating process of an indexing method. 

In some cases, future updates as a process could be made easier if thought is 

given at the development stage, as was done with the FSES. NFPA EFFECTTM 

was commissioned and prepared in a relatively very short time in order to 

address that urgent need for prioritisation of façade inspections – resources 

were not allocated for the potentiality of updating the method [415]. 

Watts [414] is under the impression that if any indexing method that is based 

on rule-based guidance, or a prescriptive statute, and at any point ends up 

contradicting these provisions, as it happened with the Edinburgh model 

before it was superseded, then the whole process comes into question 

because “people don't know where the numbers are coming from and then if 

they find a glitch someplace then it's wrong” – leading to the method being 

completely dropped as an endeavour. This lack of motivation is enough to 

reiterate a cycle of producing a new method to address a new challenge years 

later. 

ARICA is currently being updated to incorporate feedback from its existing use, 

but also to be benchmarked to technical standards outside Portugal (e.g. BS 
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9999). However, this technical support and updating process requires 5 people 

working full-time on it [416].  

These ‘changing conditions’ can also be a change in the rule-based guidance 

upon which an indexing method was based on. An example of that is the new 

version of MEREDICTE © 1.0, which was initiated from a 2019 change in the 

Spanish Building Code to address issues of fire spread through façades. This 

was the catalyst for Pérez-Martin to initiate an updating process, which would 

address this “regulatory modification; incorporate advanced solutions 

contemplated in the most prestigious building codes and international 

standards; incorporate improvements that have occurred in the state of the art 

in fire safety; incorporate lessons learned from claims that have occurred at 

the national and international level; reduce limitations, possible 

inconsistencies, and introduce improvements based on experience in the use 

of MEREDICTE © 1.0 during all these years”. It should be noted however that 

this process occurred in the personal time of the developer, now outside the 

scope of a PhD project. This revision of MEREDICTE © 1.0 has resulted in 

MEREDICTE © 2.0 which is currently being assessed by the ministry to 

become a recognised document, appropriating it to be used for equivalency 

calculations, a process very similar to ARICA’s accreditation by the national 

ministry. 

These changing conditions can also be an expansion in the objectives a 

method evaluates against. For example, a method like MEREDICTE © 2.0 

could potentially address issues of mission continuity or environmental 

protection, yet that would require even more resources and time from the 

developers side even when the intention is there [418]. As shown in the 

previous paragraph, this expansion is not a realistic expectation at the time for 

any of the available methods. This regresses the argument back to the 

observation that continuous support from an organisation is needed for an 

indexing method to remain operational, be updated, and evolve. 
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6.3.4.4 Methods of updating 

From the available experience, it is clear that the only way that a method can 

be updated is through a philosophy of ‘overhauling’. Feedback is received by 

users, changes occur in the technical requirements, developments happen in 

the industry, and a process of updating is initiated and ends with the publication 

of a ‘new version’ of a method. This is why some methods come with a date 

next to their name, or a version control number (ARICA 2019, MEREDICTE © 

2.0, BREEAM 2018).  

However, an implication of any updating process is that the direct comparability 

of the result is lost between assets analysed with different versions of the 

method. This should not be a case for methods that facilitate equivalency 

calculations, as this is a proxy quantification of the acceptable safety levels at 

the time. However, when the outcome of an indexing method, a score, is used 

to motivate increased performance through comparative competition, then that 

functionality is lost through the updating process and that is something the 

developers need to be aware of. 

Given however the possibility, and now reality, of an indexing method being 

rolled out in software format, Yates [412] explored the idea of updating an 

indexing method in the same way that a computer software is updated; in small 

batches of streamlined evolutionary changes. The experience with BREEAM 

has shown that the updating process can be very demanding, so this shift 

could make the operational requirements of updating much more manageable 

for both developers and users, rendering it an idea worth exploring in future 

projects. 

6.3.4.5 Methods not being used at all 

There is a number of methods or projects that never managed to even get 

practical use in the industry. A few of the latter insurance rating schemes [76], 

[80], or the Purt method [361], are examples of this group. This was the same 

fate for the project on Fire Safety Effectiveness Statements [424] – the official 

justification is that liability issues were an obstacle in its practical application 
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as a concept. Milke [417] was queried on that but could not pinpoint a specific 

cause or reason that would explain fully why the project did not move further 

forward. An hypothesis, when juxtaposing the effectiveness statements with 

the FSES of the National Bureau of Standards (NBS), is that the FSES was 

much more specific in its occupancy evaluations, a bit more quantified, and 

was tied to existing code requirements, all of them being factors that added to 

its utility and reliability. This was not the case with the effectiveness statements 

project. It should also be noted that each method was supported by a different 

organisation – the effectiveness statements programme was facilitated by the 

US Fire Administration, a relatively young body that did not get the budget it 

was intended to get [425], whereas the FSES was supported by NBS, a much 

more established body in the research domain. 

It could also be the case that these methods were a very specific part of a 

research project, and once that was completed then the developers moved on. 

This has been repeatedly the case with the Edinburgh model [378] (until it 

became a content for courses), Shields’ PhD project on dwellings [36], 

Karlsson’s FRIM-MAB [374], Copping’s PhD thesis [395], and the list goes on. 

The only constant presence in the academic literature on the issue has been 

Watts, and he attributes this to the motivation and the driver; whereas for 

others the goal was to complete the project that addresses a particular task, 

for Watts the goal was to find better ways to “solve fire safety problems by 

incorporating aspects of decision analysis”, fuelled by his interest in both 

decision analysis and fire safety [414]. This followed a reverse process; the 

tool (inspired from decision analysis) was already available, and applications 

were sought in fire safety to explore its utility, rather than having a problem to 

be addressed and finding that indexing tools can be the most appropriate 

solution in a given frame. 

6.3.4.6 Summation 

In this sub-section, a crucial observation of the literature was discussed; the 

death of methods. It was found how a method can fall out of use if there are 

no relevant buildings (from its developmental domain) left to be analysed, or if 
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the uncertainty of evaluating some construction practices (which led to the 

need for the method) is resolved, and more simple, rule-based approaches 

prevail. 

It was also mentioned that methods fall out of favour if the software that 

supports them is no longer easy or available to use, highlighting the need for 

maintenance. This can be taken into account at an early stage in the project of 

developing a method, not only to allocate the appropriate resources, but to 

also shape the method’s structure in a way that is mouldable to receive 

updates in the future.  

Finally, a contextual understanding of the environment that the method is 

intended to be applied is crucial to ensure its successful rollout, given how 

some methods were never used at all. 

6.3.5 Users and expertise 

This section is dedicated on how each interviewee perceives issues mainly 

around user expertise. 

There was a source of confusion for the author in Karlsson’s work; in the initial 

reports it was outlined that it was intended for the method to be used by people 

that didn’t necessarily have a deeper knowledge of fire safety engineering. In 

latter reports, the users were intended to have at least some engineering 

background. Karlsson [413] clarified that these two statements are similar but 

were made from a different standpoint. It was clear from the start that the 

method should not be used by any layperson, but it should be an engineer or 

an architect. However, what was clarified is that they didn’t necessarily need 

to know how to set up Computational Fluid Dynamics (CFD) or evacuation 

models, just have some appreciation of fire safety as a design aspect. 

Eventually most of the people that used the method and contacted Karlsson 

were some fire safety engineering designers from different design companies, 

and they described the method a great first approach, because once they had 

a basic idea they could go through the method to remind them “of all the little 

things [one] would have to think about” [413]. 
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NFPA EFFECTTM was structured in different tiers of complexity. The second 

tier was intended for more experienced users, and some feedback was 

received on that, reported in a publication on the method [426]. Messerschmidt 

[415] verified that these comments were received, and commented that 

“everybody wants answers, they want them quickly, and they don't want to 

have to be fire risk experts in order to get to that answer and to use that tool”. 

It is very important to note however that there is a very hard balance to be 

struck between method complexity and expertise requirements to operate the 

method because “if you leave out an important part of the picture because it's 

too complicated for most users then you are potentially not addressing that 

risk” and the utility of the method comes into question. There is, therefore, 

always a point where the quality of the outcome determines the intensity of the 

process required to get that outcome; if one desires a certain quality of results 

then there is no way they can do it with less in the process. It was suggested 

that instead of oversimplification, further training and education of the users 

should be pursued. This should come along with explanations of what is asked 

and why it is being asked, supporting a basic understanding that will make the 

implementation of the method easier, and the method more effective – 

simplification would increase the chances of errors creeping in in the analysis 

[415]. 

MEREDICTE © 1.0 has been mainly used by engineers and some architects. 

The impression so far has been that the method has assisted these 

professionals in expanding their knowledge on the risks that a building might 

face and what options are available in protective measures [418]. This 

observation bodes along with the comment in the literature by Watts [9] that 

fire risk indexing has allowed people who are not extremely familiar with fire 

safety to expand their understanding on it and facilitate some initial analyses.  

The general view therefore is that a fire indexing method is best used by 

someone with an engineering background, ideally a fire safety engineer. The 

use of these methods by people unfamiliar with fire safety should only be done 

for initial screening analyses, and with an awareness on the users’ side of the 
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proportion between the energy put in an analysis, and the quality output of that 

analysis. 

6.3.6 Dearth of documented information available 

A common pattern that has been touched upon in previous chapters, is the 

dearth of official and comprehensive documentation on the processes involved 

around the creation of an indexing method. Stollard [411] verified that after the 

work on the Edinburgh model in the 1980s, some developments had 

happened, using the same tools for other organisations, but a lot of that isn’t 

written up because they contain commercially sensitive information. If a 

researcher that was involved in an indexing scheme moved on to private 

practice and used such tools, these would not be documented or made 

available to the academic community.  

Similarly, when talking with some developers of past methods, namely Stollard 

[411], Milke [417] and Watts [414] (both on a project 40 years ago), and 

Karlsson [413] (on a project 20 years ago), a common observation was that a 

lot of years have passed by and it is hard to either recall the memorised 

information related to this topic, acquire any hard copies, or establish access 

to digital files that have compatibility issues. A recommendation to future 

developers would be to keep an academic diary [411], “write down everything” 

[413], publish at least an internal progress report without external peer-review 

(like a Fire Research Note, even though these were at least internally peer-

reviewed), and a reiteration of Watts’ criterion on documentation [135].  

Of the developers contacted, Karlsson [413] and Messerschmidt [415] were 

involved in projects that were well documented, a potential influence of Watts’ 

[414] work on the issue and providing early advice on their projects. However, 

the author would like to note that it was extremely hard to source old works 

related to some of the methods analysed. Reasons for this were the fact that 

some citations did not even remotely correspond to library catalogue entries, 

the limited extend of digitised material, the unwillingness of libraries in other 

continents to facilitate Interlibrary Loans, and finally the Covid-19 pandemic 

which put barriers in physically visiting libraries for manual searches. 
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Finally, when Watts was asked to comment on the original documentation, but 

also on the derivatives of the Gretener method he stated that “they play with 

the numbers, but they don't tell you how they play with a number” [414], 

showcasing that even in cases where documentation is available, it does not 

necessarily mean that the underlying assumptions and workings of a method 

are transparent. 

6.3.7 Originators of ideas 

The literature of fire risk indexing can also have some gaps on the origins of 

an idea. Sometimes it is hard to pinpoint which person was the one driving the 

development, and some questions were raised when the author attempted to 

pinpoint the origin, motivation, and circumstances of some methods’ birth. 

Insurance rating schedules and the Gretener method were deemed to be in 

the distant past, and no links could be established with people that their work 

relates to this method, or who were involved in the development process. The 

suspected origin of other methods is outlined in the following sub-sections. 

6.3.7.1 Fire Safety Evaluation System 

When it comes to the FSES, Watts is one of the people who were involved in 

the respective NFPA Committee, once the FSES became an NFPA Standard. 

In Chapter 4, there was some potential adversity raised in professional 

magazines regarding to whom should the credit for the FSES be attributed to; 

Bud Nelson, or Irwin Benjamin. This was a question raised to Watts [414], and 

in his understanding it is that the original idea was Irwin Benjamin’s, who was 

more of a scientist than an engineer. However, Benjamin had Bud Nelson 

working for him who had a very imaginative ability to conceive of ways to deal 

with fire safety problems. At some point the production was turned over to Bud 

Nelson, who formed the Delphi panel and orchestrated the construction of the 

FSES. At its core, the issue is not really of importance, because as Watts put 

it “I don't think Irwin Benjamin could have done it and I don't know that Bud 

Nelson would have thought of it” [414] – the author wanted however to provide 

any clarification possible on the literature hints of 40 years ago.  
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6.3.7.2 Fire Safety Effectiveness Statements 

However, when it comes to another project, the study on Fire Safety 

Effectiveness Statements (also FSES as an acronym, but in this work the 

acronym will be used to refer to the Fire Safety Evaluation System), the trail is 

not so clear. The importance of this project is that it was potentially (as far as 

the author could locate) the first governmental suggestion for a certification on 

the fire safety of buildings. It was deemed, therefore, potentially insightful for 

the scope of this PhD project to recognise which was the person, their 

background, and their motivation behind this official recommendation in the 

report ‘America Burning’.  

After contacting Watts [414] and Milke [417], there is still no clear link. When 

‘America Burning’ came out, both of them were studying and could not be 

involved in the work of that report. Milke [417] considers that in the committee 

that produced the report were people from the then NBS, now National Institute 

of Standards and Technology (NIST), which could potentially be a link. This is 

an assumption based on the potential conceptual discussions that may have 

been going on at the time which eventually led to the creation of the FSES.  

The author would like to note however that in the professional staff list of 

‘America Burning’ were the names of Edward K. Budnick and J. Thomas 

Hughes. Budnick was then placed at the General Services Administration 

(GSA), which was developing alternative approaches (other than rule-based) 

to fire safety evaluation by employing a systems approach though the use of 

systems theory tools. Hughes was then at the Naval Ship Engineering Center, 

which in the previous years had commissioned a feasibility study to develop a 

tool to analyse investments in loss-prevention activities, using tools that 

brought a semblance to risk indexing [427]. In the future, while working for 

Hughes Associates, Budnick would co-author work with Watts on assessing 

the mission continuity of communication facilities through indexing tools [133], 

[394], [428]. These are light indications of fire risk indexing elements within 

their expertise that could hint at their input then in ‘America Burning’. The 

author would like to express some reservation and caution in the above 
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assumptions, that were outlined with the aim to probe any readers with 

potential knowledge to comment upon it. 

Irrespective of that, according to Milke [417], it was Watts who submitted a 

proposal to conduct, and eventually ran, the study on Fire Safety Effectiveness 

Statements in an attempt to explore what the recommendation indicated at. 

John Bryan was overlooking the project, while Brannigan and Dardis worked 

on the respective appendices [417]. Bud Nelson was in the process of finalising 

the FSES at NBS at the time, and the research team was in contact with him 

[417]. Given the limited time and considering the quite extensive scope of the 

undertaking, the study was able to recognise the key life safety parameters 

involved in a potential assessment, analyse existing methods on their potential 

to facilitate such a quantification, explore ways to present the results and their 

meaning or utility, and investigate legalistic issues of liability. Admittedly by 

Watts [414], the study was done with the concept of fire risk indexing in mind. 

The author considers this to be a systematic study of the concepts involved 

(as this thesis aims to be), rather than a method developed on an ad-hoc 

manner, as was the case so far. 

6.3.7.3 Edinburgh model 

Watts’ undergraduate studies on fire protection engineering were on an 

insurance industry scholarship, a link which led to him working initially in this 

industry as a graduate. There he was exposed to the data processing 

departments, which caused an interest and led to his further studies. 

Circumstances at the post-graduate level led to his exposure in operations 

research (OR). Applications of OR in the business and commercial world did 

not exhaustively involve hard data yet, but nonetheless led to analyses 

supporting decisions – Watts [414] wanted to explore the implementation of 

this concept in the fire safety domain. While he was aware of and fascinated 

by the development of the FSES, he was not directly involved in it. To expand 

on the ‘intuitive’ nature of the FSES, the opportunity arose to employ OR 

concepts during his sabbatical at the University of Edinburgh.  
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A UK National Health Service (NHS) staff member became aware of the utility 

that the FSES had in the US domain [414]. They, through the Department of 

Health and Social Security (DHSS), were the ones that commissioned 

Marchant at the University of Edinburgh to build a new method with a British 

document as a norm, to account for the UK building stock. This coincided with 

Watts’ sabbatical in Edinburgh, and while there he set up the first part of the 

method. The tool employed in this first part of the method “was something that 

I had picked up in grad school on decision analysis” that provided “a way to 

put together the attributes in their importance” [414]. The method Watts 

employed is assumed to be a variant of Cross-Impact Analysis [142], [429]. 

However, Watts was not in contact with Stollard at any point [411], [414]. 

Stollard picked up where Watts left the project. Ed Soja was the person 

involved in the project during that gap [411], but a contact could not be 

established.  

Stollard joined the project in 1981 [411]. He was provided with the matrix 

calculations, which produced the percentage contribution of each component. 

He then proceeded with the preparation of the evaluation sheets, the 

conduction of the repeatability trials, revising the method according to the 

feedback received, and finally publishing the results in a peer-reviewed journal. 

On reflection, it was a self-driven approach where a lot of hard, pragmatic 

decisions had to be made, because the main drive was to eventually produce 

“a workable tool that was repeatable, and which enabled semi-skilled people 

to assess hospital wards and determine which ones needed to be improved 

first” [411], avoiding any claims of scientific ingenuity because in his opinion 

“the numbers mean nothing” [411]. 

6.3.7.4 Fire Risk Assessment Method for Multi-Storey Timber Framed 

Apartment Buildings 

With the Fire Risk Assessment Method for Multi-Storey Apartment Buildings 

(FRIM-MAB), the interest in its conception doesn’t lie with the technicalities of 

indexing, but with the choice of indexing as a solution in itself. When the project 

was initiated, the aim was to investigate potential ways that a comparison can 
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be made between concrete and timber framed buildings. There was extensive 

experience in the design of concrete buildings, but a method was needed to 

indicate in a quantified way how much compensation was needed in safety 

measures when the structure was timber framed [413].  

If someone took the PBD route, just “simply” employing a CFD model or other 

sophisticated analyses, they might miss out on subtle details (like the impact 

of penetrations, roof ventilation, etc.) that are not easily quantifiable but are 

known to have an impact. Such an analysis would also take a long time and 

the number of buildings that needed analysis was vast. Finally, it was hard to 

get repeatable results between different “hot-shot” designers. That led the 

project sponsor (Nordic Wood) to outline the desired functionalities of a method 

to do that; these were simplicity, repeatability, comprehensiveness, and 

rapidity of the assessment by any good designer with some knowledge of fire 

safety. Indexing was deemed the only way to go in a day and check (or 

compare) the most important aspects of the fire safety of a building [413]. 

Magnusson and Rantatalo did the scope study, where the available 

methodologies were analysed on their suitability of these desired 

functionalities. Because the feasibility study found that even complicated 

methodologies had ‘voids’, it was better to go for something simple. Once the 

conceptual index of the pre-study indicated the potential of indexing for this 

project, Nordic Wood expanded it and Karlsson prepared the application and 

became the project manager to run it [413]. To ensure that the method was 

comprehensive in its coverage of safety aspects, they got a Delphi panel to 

decide “what is everything?” and how important is each of these? “So that was 

kinda the only realistic choice at that time” [413] and the rest of the 

developments are very well documented in the official reports and publications 

on the method. 

6.3.7.5 MEREDICTE © 1.0 

Designers and Authorities Having Jurisdiction (AHJ) in Spain had been 

exposed to the Gretener method through insurance companies. The Spanish 

Technical Building Code (CTE), along with the Spanish Building Regulations, 
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enable the use of PBD solutions. Unfortunately, it is only phrased in a single 

article that, in essence, the designer may propose alternative performance 

solutions as long as they prove that the level of performance of the alternative 

design is as or more secure than the prescriptive design, without any further 

guidance. This created an unmet need to be able to compare and contrast the 

level of safety between a design produced through performance concepts and 

one through rule-based guidance.  

Pérez-Martin is an AHJ official, and through this position was exposed to the 

study of building safety from a global perspective through a large number of 

heterogeneous projects, and eventually to that need of the building safety 

sector to have a powerful, simple, transparent analytical tool to evaluate the 

level of protection and risk in buildings. MEREDICTE © 1.0 was developed as 

a methodology that could do this comparative analysis [418]. 

This was done through a PhD project. The Gretener method, the ERIC method 

and especially the FRAME method were studied to be expanded into what 

came to be as MEREDICTE © 1.0. The principles in ISO 23932 for fire risk 

assessment were used as well. There was however no link with the MESERI 

method [418]. 

It should be noted that MEREDICTE © 1.0 is not a design-tool per se – it is a 

tool that AHJ’s can use to easily check that the level of safety of a completed 

design is equivalent to that of the rule-based guidance. This was done with the 

aim to promote the use of PBD by making its independent checking easier.  

6.3.7.6 The term of “fire risk indexing” 

In the literature review of this work, it was also noted how the terms regarding 

fire risk indexing were evolving over time. Some clarity has been provided by 

Watts [414] on the issue.  

When the Fire Safety Effectiveness Statements project was initiated, “at that 

time we were not calling it indexing”, but the chosen terms was fire safety 

evaluation. In later publications it was called ‘fire risk ranking’ [135], [393], and 

other authors called it ‘rating techniques’ [363], or ‘points scheme’ [378], [385]. 
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However, “it wasn't until I hooked on to the concept of indexing and saw how 

prevalent it was in the world and made the association with financial indexes 

which have been going on forever and are worshipped that I thought: well, 

indexing is what it is” [414]. The term was ‘officially’ introduced in the 3rd Edition 

of the SFPE Handbook for Fire Protection Engineering [430]. 

When it comes to the link of the word “system” and indexing, Milke [417] has 

clarified that “in the early 70s there were discussions about the ‘performance 

based’ or ‘systems approach’ and trying to develop a framework for analysis” 

which led to a few attempts, but “the lack of data became a constraint”. That is 

where indexing came in play, as an attempt to model the whole ‘system’ using 

expert knowledge that would circumvent the unavailability of data, and this is 

how the link in the terminology was created. After some time, once fire related 

data and the fire calculations capabilities caught up, PBD was proliferated for 

the domains of the ‘system’ that could be modelled with what data was made 

available, and indexing was solidified as the term related purely to methods as 

they are described in Chapter 4. 

6.3.7.7 Developers in contact with each other 

Another brief point that potentially emerges out of the limited documentation 

available is that developers tend to establish communication links. This is 

initially shown by the communication between Watts and Milke with Bud 

Nelson at NBS [417]. Similarly, the project team had “discussions with Dr. 

Walter Lindenmann of the BVD-SPI, Zurich” which “aided in understanding the 

application of the Gretener method, but not the rationale of its development” 

[424]. Eric Marchant was consulted on this project as well, even though his 

involvement in points schemes is uncertain at the time [417]. Finally, Milke 

made a trip to the National Research Council (NRC) of Canada, to meet the 

people and discuss with them on a Canadian matrix method [417]. 

Unfortunately, this resource could not be located by the author even when 

contacting the NRC and NFPA libraries. 

Shields was an MSc student at the time that Stollard was working on the 

Edinburgh model [411]. His MSc thesis was a pre-study to what came to be 
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his PhD project, on the evaluation of dwellings. Karlsson had external advisors 

to the FRIM-MAB project, namely Watts and Shields [413] who advised on the 

procedure – this shows the positive impact that utilising lessons from past 

experiences can have towards the success of a method. 

Pérez-Martin [418] was in contact with DeSmet, the creator of FRAME, 

establishing a continuity and knowledge transfer in the expertise of building 

these kind of rating schedules. 

So overall, almost every developer came in contact with previous developers 

to receive formal and informal insights on best practice. 

6.3.8 Technical aspects of a method 

Linked to the dearth of documentation, some questions were left unanswered 

on some developmental decisions. The developers interviewed covered some 

of those. 

When it comes to the Edinburgh model, Stollard [411] made some comments 

on the path taken and its implications. The choice of Delphi was dictated to 

Stollard and still today he is “not certain Delphi is perfect, but it does enable 

you to take a complex problem, which can’t be solved by one individual, and 

get a pragmatic solution” [411]. The problem at the time, and arguably still 

today, is that the whole fire safety system cannot be accurately mapped, due 

to its enormity. The choice of Delphi is an admission of that fact, which allows 

one to move forward and proceed with more crude solutions, which can be a 

great achievement if they achieve repeatability and consistency for a given 

goal in a specific domain. That is why numerical precision within a points 

scheme can be a potential pitfall – developers should keep in mind that the 

numbers are crude subjective estimations and treat the outcome as such too. 

This impression is similar with past methods that their documentation was not 

able to be sourced. When Watts [414] was asked about his experience 

analysing them, he considered them to be ad-hoc approaches to fire safety 

evaluation, not following any formal research mode. It was an empirical way of 
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putting factors together that were considered to have an impact towards an 

objective “and come up with something”.  

This inability to map, or model, the fire safety system, is what also makes the 

employment of statistics a troublesome endeavour; only odd single fragmented 

pieces of evidence are available, and in that form their utility in the overall 

method can be questioned, potentially confusing users and developers if their 

superficial precision is not acknowledged [411]. This was also discussed with 

Milke [417], who at the time of conducting the study on effectiveness 

statements, the possibility of using statistics was explored. The impression at 

the time was that “the data was fairly sparse; to be polite”. Messerschmidt [415] 

was of a similar mind, and considered that at the moment the discipline does 

not have the detailed information to “do a quantitative risk assessment of these 

[external wall] systems as they stand” through an indexing method that uses 

statistics. 

Sometimes, the choice of how many, or even which parameters to include, can 

be influenced by non-technical aspects. The 20 parameters of the Edinburgh 

model were such to keep the total to “a round number” [411]. However, it is 

always critical to get the quality of the people around the table. But in future 

projects as well, when the technical assessment addressed issues of staffing 

levels, then organisational pressures from the contractor affected the chosen 

solution due to the immense cost implications [411], transgressing the 

discussions into the political rather than technical domain, as with the Fire 

Safety Effectiveness Statements project. 

When it comes to some general suggestions, Stollard expressed his views that 

the hazards and the precautions should be kept as separate entities in the 

evaluation, so that they can be compared and that “any final analysis must 

have two variables in it otherwise it becomes nonsense” [411]. When a method 

is assessing more than one objectives, then trading it all down into a single 

number renders the analysis confusing or even misleading – evaluations 

should be made on the basis of the separate objectives to support decision 

making. And finally, visualisation of results does not necessitate utility in 
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communicating them [411]. Graphs that are illustrating “levels” of performance 

without a prior clarification of what the limitations of these assessments can be 

misleading to the untrained user and stakeholder – this can be a potential path 

for misuse of the method. That is why it is crucial for the developers to have in 

mind the potential users from the start of the project and adjust the complexity 

of the method accordingly, to avoid masking as sophisticated something that 

it is not [411]. 

It is mentioned in the official reports, that the FRIM-MAB project took longer 

than expected; Karlsson [413] was questioned on that and whether the choice 

of Delphi as a methodological solution had an impact on that, but his response 

was that it was just a case of underestimating the workload of a project and 

the delay could not be pinpointed specifically on the Delphi panel iterations. It 

was also noted, that at the time FRIM-MAB was being developed, more 

‘sophisticated’ approaches in matrix calculations were available, as shown in 

Appendix B. Karlsson made a conscious decision to use the simplest approach 

possible because he wanted to avoid “to try to get more exactness out of 

something that is inherently perhaps a bit fuzzy” because it would potentially 

“have fuzzed the methodology and I wasn’t sure it would come out with any 

more exact” [413]. 

Finally for FRIM-MAB, it was discussed that any indexing method which is 

based on rule-based guidance is exposed to the risk of relying on and recycling 

‘magic numbers’. The case with this method was the choice to consider the 

8m separation distance to be equivalent to a fire wall; the choice of 8m for this 

is based on the Nordic guidance and was reproduced through the indexing 

method [413]. The same issue was raised with Pérez-Martin [418], who had 

the same experience in Spain when working with the regulator analysing some 

of the code requirements. In these analyses, “many magic numbers have been 

detected”, such as the maximum area of a fire sector, or defining fire resistance 

requirements for doors in respect to their surrounding structure. The finding of 

Pérez-Martin is that a compromise had to be made in choosing these numbers, 

that seemed at the time “judicious to the legislator”. However, once that value 

is chosen, rarely is it ever again revisited for reconsideration, and is 
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successively carried on as it is in future revisions. Pérez-Martin’s experience 

in the preparation of MEREDICTE © 1.0 is that similar compromises had to be 

made in developing the method, when using threshold values that are based 

on the code requirements. 

Cordeiro [416] clarified a lot of technical things about ARICA, because all the 

official documentation is not in English. It was verified that ARICA is empirical 

and based on experience; CFD modelling or sensitivity analyses were not 

conducted to fine-tune the values in the method. This method has utilised the 

concept of ‘component basal norms’, to ensure a minimum level of 

performance and to avoid misusing it to produce an irrational technical 

solution.  

A similar discussion on methodological rigour was had with Yates [412] on the 

relative weightings of BREEAM. Any kind of group that can provide input to 

pairing studies that produce weightings adds to the credibility of the process, 

but the input remains subjective, and as such is “at the end of the day much 

open to criticism” [412]. This is why careful thought needs to be conducted by 

the ‘controlling mind’ of the development process – with methods that have an 

extensive domain, such as BREEAM, it is more important to have separate 

groups for each sub-domain, than compare the domains between them. This 

helps facilitate better the expertise of each member within their domain and 

probably avoids the pitfall of a flat consensus, or a consensus focused on the 

middle value, which was noted in FRIM-MAB and led to repeats of the Delphi 

iterations. This could also be why some certification schemes do not have 

relative weightings at all, because it still remains debateable “as to which is the 

better way of doing actions” [412]. 

6.3.9 The choice of experts 

The developers contacted provided some insight on the process of choosing 

‘experts’. Karlsson suggested the avoidance of randomly choosing the 

‘experts’, but seeking out people that are “prepared to put down time” [413]. 

Line managers or an engineering society can provide insight and suggestions 
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on which people can be constructive to the process [411], but also provide 

another contact to apply pressure and avoid group attrition. 

The choice can also be affected by the development stage of a method. If the 

method is “a clean sheet of paper”, then the experience from BREEAM is that 

a wide variety of stakeholders is needed to capture the appropriate coverage 

of an assessment. This can include designers, developers, the supply chain, 

or external consultants. Once a method has been defined and rolled out, then 

the choice of ‘experts’ can differ for the updating process. If the developers 

have experience, they can selectively consult with professionals on specific 

aspects of the method. But most importantly, it is encouraged to include the 

people that are actually going to use the method and their work will be affected 

by it [412]. 

Watts additionally has claimed that when one constructs a Delphi panel, a very 

crucial thing is the education beforehand to bring everyone to the same, or a 

similar, level of understanding. If there are people specialising on the 

occupancy and not fire safety, and people specialising on fire safety but not 

the activities in a specific occupancy, then these people need to achieve a 

common understanding that will be crucial for issues of achieving consensus 

and stability in the process [414].  

6.4 Conclusions 

In this chapter qualitative research work which was motivated by the lack of 

documentation and the pattern of disuse in the end-of-life in most methods is 

presented. The methodology for the generation of qualitative data in the form 

of interviews is outlined and how the interviewees were selected is discussed. 

The main thematises are summarised herein. The analysis initiates with the 

philosophy of a method, and how it is a potential pitfall to have a voluntary 

indexing scheme that assesses life safety when there are regulatory drivers 

for that. It is repeatedly mentioned that an indexing method is only a tool for a 

designer; a means and not the end. This highlights the need for a developer to 
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be clear from the initiation of the project about what the motivation and aims 

are, which will guide developmental decisions. 

An indexing method can be helpful as a form of quantified checklist for novel 

types of construction but can be rendered irrelevant once design guidance 

catches up. This has the implication that indexing methods developed explicitly 

for prioritisation purposes cannot fill a void in design guidance. Indexing 

methods are very useful for equivalency calculations in cases where any other 

approach would be cost-prohibitive or there is a lack of specialist workforce, 

and their usefulness is maximised through their computerisation. 

There is consensus between the interviewees that methods can be misused 

when their workings are manipulated to produce a result favourable to a 

specific objective, and nothing can replace independent checking and peer-

review. Methods can also be used out of context, or on a time and building 

stock that has evolved considerably since the conception of the method. It is 

eventually an issue of competence and ethics of the designer to avoid any 

misuse of the method and it is practically impossible for a developer to 

completely “fool-proof” a method. 

The reasons on why methods fall in disuse can vary, from methods that are 

not used anymore because the building stock they analyse can render them 

irrelevant, the support for the method by the developers ceases, the allocation 

(or lack thereof) of resources for updates, developmental decisions to ease (or 

complicate) any updating process, or when the (regulatory or guidance) 

provisions on which a method was benchmarked against are updated. It was 

recognised as key that a large organisation supports an indexing method so 

that it is kept in use; any updating however introduces implications about the 

comparability of results from different versions of the method. It’s also 

discussed how some methods were never used at all. 

Concerns regarding the appropriate user expertise were discussed, and it was 

highlighted that an engineering background is necessary. The education of 

users is a preferrable route to the oversimplification of a method. There have 
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also been noted cases where an indexing method facilitated some educating 

of users that were engineers, but not familiar with fire safety design processes. 

Potential reasons for the lack of documentation on method development were 

explored, but it should also be noted that documentation does not necessitate 

transparency. Further on that, clarifications are provided on the origins of ideas 

and developmental novelties on some fire risk indexing methods, along with 

its terminology as well. For a full coverage, technical aspects and questions on 

various methods were addressed by their developers. 

Concluding, this work package provided additional information which was so 

far not available, by generating qualitative data through interviews. The 

conduction and processing of these were time and energy consuming. Initial 

conclusions from the literature review were validated through these interviews, 

and some remaining questions were resolved. There is a common general 

understanding between developers of indexing methods regarding their 

purpose and utility, but that is not always equally obvious to the users of such 

methods. 

With this chapter, a conceptual arc is coming to a close, which is how fire risk 

indexing operates and is perceived. The generation of this knowledge was 

deemed vital to anyone with a desire to understand the process of developing 

an index, anyone reviewing the implementation of indices, and any person with 

a wish to employ the use of an index responsibly. 
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Chapter 7 Deciding to build an index 

7.1 Introduction 

This chapter is conceptualised around two aims. One is to present the 

background of sophisticated approaches for decision making, and how fire risk 

indexing as it is known is violating fundamental assumptions of these methods, 

allowing for a comparison of results and why results from fire risk indexing 

methods should not be blindly relied upon. The other aim is to outline a 

structure and measurement philosophy for a fire risk index that has been 

enriched by the findings of the first review.  

The interest for decision theory emerged from the following description of fire 

risk indexing by Watts [18]: 

“Fire risk indexing is an aggregation of system variables into a single 

index to reflect an ordinal evaluation of fire safety in a building. The approach 

uses many tools and techniques of OR/MS [operations research/management 

science], including decision analysis, Delphi, multiattribute evaluation, analytic 

hierarchic process (AHP), scaling techniques, utility theory, hierarchical 

methods, decision tables, and careful thought”  

There are a lot of keywords, and many concepts to unpack in this quote. The 

Delphi and AHP methods, along with decision tables, have been analysed in 

Chapter 3 and Appendix B of this thesis. Of interest in this chapter are the 

scaling techniques (to quantify attributes), evaluation of multiple attributes, and 

the employment of utility theory. It was unclear from the available literature 

how these were incorporated in concepts and practices of modern fire risk 

indexing, hence the perceived need to present them and clarify these concepts 

in this chapter.  

There are some aspects in making a decision that need to be acknowledged, 

phrased as “the legs of the stool are the three elements of any decision: what 

you can do (your alternatives); what you know (the information you have); and 

what you want (your preferences)” [431]. What can be done is the 

conceptualisation of an index similar to the ones that have already been 



Developing a fire robustness index for the built environment 

214 

developed, what is known already by the reviews that were conducted in this 

thesis and the available knowledge to be used in shaping an index, and what 

is wanted is the transparent outlining of a developmental process that will be 

explained in this work. The preference in developing an index is in giving any 

developer the understanding and tools to shape their own tool for their 

purposes, so in that they can acknowledge the potential and limitations of what 

they created.  

There is a fine distinction between the concept of ‘decision’ and the concept of 

‘outcome’ [431]; good decisions usually, but not always, lead to good 

outcomes. A good decision, in the face of uncertainty or incomplete 

information, may lead to a bad outcome. It is the role of the decision analyst 

and the decision maker to ensure that all that was possible was done in taking 

everything into consideration in a formalised way and making a good decision. 

It is the role of the engineer to ensure that this decision can only lead to 

acceptable outcomes. 

As it was put by von Winterfeldt and Edwards [432], when explaining the 

fundamental concepts of multiattribute utility theory, they are “not crucial to 

someone who wants to understand ideas and apply them, though [are] crucial 

for justifying them”. In justifying the developmental decisions of a fire 

robustness index, and highlighting the origins of its conceptually theoretic 

limitations, the history of decision analysis is presented, the basic concepts 

and their essence outlined, and an illustrative index in Appendix D is then 

created inspired by them. 

7.2 Decision analysis 

7.2.1 Historical aspects 

7.2.1.1 The story from a fire safety engineering perspective 

The development of operations research and management science (OR/MS) 

during World War II, the emergence of decision analysis as a field, and their 

impact in the assessment of fire safety have been covered in Chapter 5 of this 

thesis.  
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Focusing on the theoretical basis of decision analysis, the context of its 

development – outside fire safety engineering – is touched in the following 

sections, providing an outline on the context and capabilities of this scientific 

field. By understanding these, it can be explored if and how they can be 

adapted in a constructive form to expand the current fire risk indexing 

approach.  

7.2.1.2 The story from a general perspective 

If the objective of an analysis is to rank various alternatives (e.g. nuclear waste 

facilities [433], or fire safety designs), in ordinal or interval measurement, then 

there are some techniques which can facilitate that. Traditionally, in decision 

analysis, “value is typically a transformation (which may be linear) on some 

physical scale” [432], like a currency if a monetary-based technique is 

employed [434]. The concept of ‘value’ is used for decisions under certainty, 

where the outcomes are known beforehand [435]. In other words, the data are 

known deterministically and there are no considerations of chance or 

uncertainty [19]. By comparing sure costs and guaranteed returns, the ‘best’ 

option can be chosen. 

There are however cases where there is decision making under risk, meaning 

that the available data are described statistically, so chance is involved in the 

form of known probabilities or odds [19]. This case is termed as such, because 

risk is considered to arise from the imperfect information that may be available, 

because there arises a probability “of an adverse deviation from a desired 

outcome that is expected or hoped for” [436]. A widely known approach are 

logic trees (fault, success, and decision trees) which provide “a graphic as well 

as an analytical tool to compare systematically the effectiveness of different 

fire protection measures and their combinations” [98] using probabilities of 

events combined with monetary costs. Using this tool, the expected monetary 

value (EMV) can be used as an “index” to rank alternatives. 

However, this approach is very sensitive to the probabilities attached in every 

branch of the trees and the amounts of fire loss at the consequence level [98]. 

These values are usually derived from recorded statistics on fire events. By 
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using probability theory from mathematics, distributions can be fitted on the 

data that facilitate the logic tree calculations. It might sometimes be the case 

that these numbers (probabilities and losses) are not available or reliable – 

meaning that the probability distributions of the datasets are unknown or 

cannot be determined [19]. In cases like these, which are called decision 

making under uncertainty, there is no control over the decision outcome and 

even the range of the results can be known only after the decision has been 

made [435]. For the analysis to proceed, assessments on the likelihood of 

events are made by the analyst, and then “an expert is consulted or a sample 

of observations collected in order to confirm or revise the initial assessment” 

[98]. Apart from the subjective assessments of fire safety engineers, other 

sources of data that can be used for a statistical inference, using the Bayes 

theorem, are experimental results and simulation outputs from mathematical 

models. The Bayes theorem is a mathematical formulation in probability theory 

that allows an existing estimation of an initial event’s probability to be updated 

in light of new information, using the conditional probability of a subsequent 

event which is related to the initial one.  

This raises another discussion in decision theory, where there are two distinct 

schools of probabilists - the frequentists and the subjectivists. The following 

definitions are directly extracted from Donegan [19]: 

• The frequentists believe that probability can only have meaning in the 

context of an infinitely repeatable experiment, in which the probability of 

an event A, namely P(A), is taken to be its long-run relative frequency 

of occurrence in repeated trials of the experiment – termed objective 

probability; 

• The subjectivists associate probability not with the system under 

observation, but with the observer of that system identifying probability 

as the degree or strength of belief that the system will adopt a certain 

state – termed subjective probability. 

The frequentists are also termed as objectivists in the literature. In a decision 

theory context, subjective probability can be termed as Bayesian probability. 
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This distinction in decision making under certainty, risk, and uncertainty was 

proliferated by Luce and Raiffa [437]. Noonan and Fitzgerald [438] first 

discussed the role of subjective probabilities in fire risk management studies. 

In the story of systems analysis, it was highlighted that such an analysis can 

be a useful approach when studying ‘complex’ systems. A characteristic of 

complex systems is their high order, where “‘order’ of a system refers to the 

number of state variables that define the system” [18]. Usually all these 

‘variables’, or attributes, of a system cannot be quantified in probabilistic and 

monetary terms, so the logic tree approach is of limited use. It can even be the 

case that some attributes which are known to have an influence on the system 

performance and the decision between alternatives, were unquantifiable or 

qualitative. This is what brings the decision context into the decision-making 

under uncertainty domain. 

It should also be noted that the above approaches are ‘risk-neutral’ in ranking 

the alternatives, which means that the decision maker is indifferent towards 

risk. It might be that the decision maker is keen to avoid risks (risk-averse) or 

be one of the people who may prefer to take risks (risk-seeking) [439]. In order 

to capture this kind of aspects, which means to measure preferences, the 

concept of utility was utilised, utility functions were formulated to quantify utility, 

and Utility Theory was formalised to theoreticise the involved concepts. 

7.2.1.3 The story from a decision analyst’s perspective 

Utility is practically a further transformation on the aforementioned value, which 

makes it possible to take into account attitudes towards risk through their 

numerical representation [432]. How that happens will be explained in further 

sections, but before that some historical context is provided in the hope to 

assist the reader comprehend the concepts involved, indicate their origins in 

business, and clarify their developmental assumptions to avoid reproducing 

any existing confusion on the terms. 

The words value and utility have a long history spanning 400 years, one that 

von Winterfeldt and Edwards explicitly ignored mentioning in a chapter 
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dedicated to the history of the field [440]. Details on the story of value from an 

economists’ point of view, and the confusing distinction of ‘value in use’ and 

‘value in exchange’ by Adam Smith from his writings in 1776, and how this 

influenced future economists can be found in Black [441]. Utility is used as a 

term to “explain the phenomenon of value” and is a subjective term, quite 

synonymous with ‘desiredness’. Practically it is a number that attempts to 

measure the attractiveness of an outcome. However there was a big debate 

about whether utility can be measured ordinally or cardinally (using an interval 

scale), involving also the corresponding feasibility of interpersonal utility 

comparisons, so the concept of cardinal utility was abandoned and 

disregarded by economists [365], [441]. 

Utility theory however, has become a standalone subject in decision theory 

[442] and historically originates from Daniel Bernoulli in 1738 who found a 

solution to the St. Petersburg paradox [443] and then tried to explain the 

choices of investors amongst risky options, to understand cases when they 

went against the principle of expected profit maximisation [435]. The answer 

to this was that it was not the expected monetary value that drove the decision 

making process, but the expected usage that the person making the decision 

could make of the monetary reward – its utility. It was recognised that there is 

a point after which any additional rewards can provide only a marginal benefit 

to a person, therefore conceptualising what decision theorists and economists 

refer to as ‘decreasing marginal utility’ [444], [445]. 

Even though it influenced theoreticians, it was not used in the economics of 

risk decision making at the time. Similarly, Ramsey and de Finetti in the 1930’s 

were the first ones that delved into the concept of subjective probabilities and 

their “lines of thought were essentially ignored at the time but became 

important stimuli to later thinkers” [440]. This is also verified by Clemen [446], 

who recited that the axioms of expected utility and the concept of subjective 

probability were first mentioned by Ramsey [447] “but the world appears to 

have ignored him”. Instead, von Neumann and Morgenstern [448] are 

considered to have established the field, by publishing “Theory of Games and 
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Economic Behaviour” in 1944, which by pioneering Game Theory, also 

axiomatised choice behaviour for the maximisation of expected utility.  

This is where the modern history of decision theory starts, a by-product of von 

Neumann and Morgenstern’s “rehabilitation of cardinal or interval-scale utility, 

done mostly in an appendix in the 1947 volume” [440]. But their book, even 

though it became a major focus on academic studies, it had limited impact on 

applications. It was Savage [449], heavily influenced by Ramsey and de Finetti, 

who provided the subjectivist probabilistic additions that allowed operational 

use of the ideas, based on the robust structure that Game Theory provided, 

and “placed the combination of subjective probability and utility theory on a 

firm axiomatic basis” [365].  

A very good illustrative summary of this divide in decision making between 

economists and decision theorists is presented by von Winterfeldt and 

Edwards [440]: 

“Economists have in a sense turned their backs on the intellectual 

consequences of cardinally measurable utility. Welfare economists of the 

present day, for example, debate with decision analysts about how to assess the 

value of some socially important development, like a public park or clean air. 

Welfare economists want to measure that value in dollars, using observed 

willingness to pay as a basis for the measurements. Decision analysts see 

numerous problems in this, primarily that it ignores nonmarket effects. They 

would much prefer to measure value as a utility, in just the contemporary version 

of the von Neumann-Morgenstern sense. This is the intellectual partition that 

divides cost-benefit analysis from decision analysis”. 

There were numerous other publications as well, which played their role in the 

conceptualisation of Utility Theory but will not be presented here for reasons 

of brevity. These can be found in dedicated book chapters [365], [431], [440], 

[450]. 

With all of these developments, the mathematics to model complex systems 

under uncertainty were formalised, utility theory could be combined with them 

to incorporate risk preferences, and OR/MS from WW II had showcased the 
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usefulness of modelling complex systems [365]. This led to the emergence of 

decision analysis as a discipline, a term coined by Howard [451] – who was 

very close to calling it “decision engineering” but considered the latter too 

manipulative in spite of it being more descriptive [431]. 

Decision analysis is defined as:  

“Decision analysis is a logical procedure for the balancing of the factors 

that influence a decision. The procedure incorporates uncertainties, values, and 

preferences in a basic structure that models the decision. Typically, it includes 

technical, marketing, competitive, and environmental factors. The essence of the 

procedure is the construction of a structural model of the decision in a form 

suitable for computation and manipulation; the realization of this model is often a 

set of computer programs”. 

Howard Raiffa got involved in operations research while working as an 

operational researcher when a mathematics graduate [450]. This experience 

introduced him to the treatment of complex problems that were ill-formed and 

ill-structured at the time. While working in various academic positions and 

publishing his work, he was one of the prominent researchers in decision 

analysis along with Edwards and Howard [440]. Howard and Edwards were 

interested in the aspects that studied the psychology and behaviour of 

decision-making, while Raiffa in the underlying mathematics. The first two are 

considered to have established the field, but its proliferation is attributed to 

Raiffa who reached a wider audience, initially with his book “Decision Analysis 

1968” [452]. He too became a combatant subjectivist because he found that 

“the frequency-based material on inference was not so much wrong but largely 

irrelevant for decisional purposes” [23]. This is very similar thinking to Howard’s 

who stated that “a probability reflects a person’s knowledge (or equivalently 

ignorance) about some uncertain distinction. People think that probabilities can 

be found in data, but they cannot. Only a person can assign a probability, 

taking into account any data or other knowledge available” [431]. 

Raiffa was invited at RAND over the summer of 1964, to collaborate on their 

methodology used, where he found that “not enough attention was given to the 
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recognition of competing, interrelated objectives of the analysis, and this 

resulted in a misspecification of the objective function to optimize” [450]. That 

work led to a publication of a RAND report [453] where the notions of 

preferential and utility independence were first introduced. These concepts 

were expanded through the doctoral research of Ralph Keeney [454] and 

eventually together they published the book “Decisions with multiple 

objectives: preferences and value trade-offs” [455], [456], which was the 

breakthrough in assisting decision makers in real life undertake complex multi-

criteria tasks [434]. Raiffa proliferated the use of decision trees and hierarchies 

for structuring decision problems [365], [440]. This bridging of the 

mathematical tools with guidelines to include multiple attributes in real-world 

applications practically developed the field of multi-attribute utility theory 

(MAUT). 

Keeny and Raifa’s MAUT is “well-regarded and effective” [434], and “the most 

thoroughly justified method” [457] but in its original form it’s complex and 

usually the decision analyst has to be a specialist employed on a big project, 

rather than a non-specialist on trivial tasks. That’s why simplifications of the 

method have evolved. One of them is multi-attribute value theory (MAVT) 

[458], and SMART (with its improvements SMARTER and SMARTS [459]) by 

Edwards [24], [460]. To showcase how the principles of the method were 

abstracted to form new, simpler, and easier to use approaches, the 

fundamental ideas will be presented here conceptually.  

It should be noted that this is not a full coverage of the history nor underlying 

theory of the topic. Key developments are selectively presented in this chapter 

to provide the background necessary to support any comments and 

judgements made through this research attempt. 

7.2.2 The fundamentals of utility theory 

7.2.2.1 The case of one attribute 

To start simple, consider that a decision maker has to make a choice between 

several alternatives A1, A2, …, An, and the difference in these alternatives can 
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be described from a single attribute x. If the outcomes are known beforehand, 

which means that the decision is being made under certainty, then based on 

value outcomes the ranking of alternatives can proceed. If, however, the risk 

preferences of the decision maker are to be included, then a utility function 

U(x) has to be constructed that calculates the utility of each alternative. 

In this case, U(x) is the utility function that links the attribute’s value x with its 

utility in the decision context. It is the role of the decision analyst to construct 

this utility function. This is happening by the decision analyst asking the 

decision maker questions about various decision situations and alternatives. 

From the elicited answers the analyst is extracting information (in the form of 

subjective probabilities) that allows the calculation of scaling factors that 

quantify the utility function U(x) for that attribute. Basically, they create the 

formula in a form that is graphically shown below. Three different forms of a 

utility function are shown in Figure 7.1. This general concept can be found in 

Clemen [439] and Jordaan [461]. 

 

Figure 7.1 The three different forms of a utility function. 
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The concave curve represents a risk-averse approach, the convex a risk-prone 

approach, and the linear a risk-neutral approach [439]. 

Once the function is constructed, the utilities can be calculated. If for two 

scenarios A and B: 

𝑈𝐴 ≥ 𝑈𝐵 

Then it can be said that choice A has greater utility than choice B and it would 

make sense to be chosen between the two. 

A point of discussion is that while utility describes the desirability of an 

alternative, it does not necessarily point to its choice because that could also 

depend on other acceptability criteria. Taking, for example, the risk-averse 

curve in the figure above, the UA might be slightly higher than UB, but xA can 

be considerably higher than xB. It might as well be the case that the decision 

maker is not willing to choose alternative A because they might be happy with 

what they get from alternative B either way – this process however shows them 

and makes them recognise that indeed, alternative A is more desirable, but 

not necessarily practicable to them. If a risk-prone curve is followed, then for a 

small change in value xi, quite a larger increase follows in utility – this can 

again be indicative for going a step further in the cost of the alternative chosen. 

If, however, the outcomes are not known, therefore the decision is being made 

under uncertainty, then for the case of one attribute [462], the utility of a choice 

A with probability distribution of fA(x) is: 

 �̅�𝐴 = ∫𝑈(𝑥𝐴)𝑓𝐴(𝑥)𝑑𝑥 Equation 7.1 

 
Again for a decision based on one attribute, the utility of a choice B with 

probability distribution of fB(x) is: 

 �̅�𝐵 = ∫𝑈(𝑥𝐵)𝑓𝐵(𝑥)𝑑𝑥 Equation 7.2 

 
If the probability distributions of the outcomes are known from data, then they 

can be used to provide a more ‘certain’ decision environment. If not, the 
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decision maker can construct their own subjective probability distribution [463]. 

The difference in probability distributions can be like the ones shown in Figure 

7.2.  

  

Figure 7.2 Two illustrative probability distrubutions, A and B; adapted by Keeney 
and Raiffa [463]  

So if the result is: 

�̅�𝐴 ≥ �̅�𝐵 

Then again it can be said that choice A has greater utility than choice B and it 

would be the rational option to be chosen between the two. 

The essence of this approach is that by going through the process to ask the 

decision maker about hypothetical risky alternatives and have them choose 

between them, a numerical formulation of their risk preference is possible 

through the attribute utility function. So, decision making under risk has been 

formalised and incorporated into the process. By including the probabilistic 

distribution of the attribute’s value in the utility calculation then the uncertainty 

inherent in the problem is accounted. Therefore, the overall utility is calculated 

as an aggregation of the risk preference and the uncertainty at hand.  

P

x

A: fA(x)1

0

B: fB(x)
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7.2.2.2 Axioms of expected utility 

There are some assumptions that this approach is based on and make this 

conceptualisation of utility theory possible. These assumptions are termed 

axioms of expected utility and cover the issue of addressing preferences with 

consistency. These are [446]: 

1. Ordering and transitivity; Ordering refers to the ability to establish 

preference or indifference between two alternatives A and B – it can 

also be termed as comparability. Transitivity refers to the ability that if A 

is preferred to B and B to C, then this preference is transitive and A is 

preferred to C. 

2. Reduction of compound uncertain events; The indifference of the 

decision maker between a complicated mixture of gambles and the 

breaking down of it into simple uncertain events using probability 

manipulations. 

3. Continuity; The decision maker can assign a subjective probability to a 

gamble of two outcomes, one that returns something and one that 

returns nothing, and that probability will make the gamble indifferent to 

another certain outcome of a lower return.  

4. Substitutability; The indifference of the decision maker to substituting 

an uncertain event A with any other uncertain event that is judged its 

equivalent. 

5. Monotonicity; The decision maker prefers the gamble with the highest 

probability of winning, when the outcomes of the available gambles are 

equivalent. 

6. Invariance; The information adequate to quantify a decision maker’s 

preference is only the potential consequences and their associated 

probabilities. 

7. Finiteness; Consequences are quantified and cannot be infinite in 

value. 



Developing a fire robustness index for the built environment 

226 

These have also been presented as rules for clear thinking. However, there is 

a lot of debate regarding their accuracy and usefulness, because some people 

think that the violation of these axioms is inescapable. This originates from 

cognitive biases in human decision making, which will be briefly touched upon 

in a following sub-section. 

7.2.2.3 The case of multiple attributes – independence conditions 

For the case of multiple attributes, if x is a decision that can be evaluated based 

on n attributes, with x1, x2, …, xn, the corresponding attribute values of the 

scenario analysed, then x=[x1, x2, …, xn]. In that case the final utility function 

U(x) for the outcome x is: 

 𝑈(𝑥) = 𝑈(𝑥1, 𝑥2, … , 𝑥𝑛) Equation 7.3 

 
These functions are multidimensional if the argument is a vector, or 

unidimensional if the argument is a scalar. The ability to break down, or 

decompose, the utility function U(x) is called by some separability [464] and 

the aim of separating them into sub-functions is to decrease their 

dimensionality [465], making the function workable and the problem practically 

solvable. 

For separability to be possible, there are a few assumptions that need to be 

satisfied – some conditions. These are called the independence conditions and 

have to do with “how the preferences interact among the attributes” [464]. 

Therefore, if these conditions are satisfied, the n-attribute utility function can 

be transformed into a collection of n in number, one-attribute utility functions, 

which officially are called conditional utility functions [465], with the use of 

some scaling constants kj, for j=1, 2, …, r, so that: 

 
𝑈(𝑥1, 𝑥2, … , 𝑥𝑛)

= 𝑓[𝑈1(𝑥1), 𝑈2(𝑥2), … , 𝑈𝑛(𝑥𝑛), 𝑘1, 𝑘2, … , 𝑘𝑟] 
Equation 7.4 

 
In that form it can now be feasible to quantify the scaling constants through 

comparison of preference cases and make it workable for real-life problems. 

Each conditional utility function could have its own risk preference form, as 
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shown in Figure 7.1 for the case of one attribute already. The first of them is 

the condition of preferential independence. An attribute x1 is considered 

preferentially independent of x2 if preferences for specific outcomes of x1 do 

not depend on the level of attribute x2 [466]. The phrase ‘specific outcomes’ is 

highlighting that the decision is being made under certainty – the possible 

outcomes of x2 are known. If the reverse can be said for the two attributes, that 

preferences for specific outcomes of x1 do not depend on the level of attribute 

x2, then those two attributes are mutually preferentially independent. 

If this condition is satisfied, then the utility function can be broken down into its 

multilinear form, but only for cases under certainty. If there are cases under 

uncertainty, then a stronger condition is needed, called utility independence. 

An attribute x1 is considered utility independent of x2 if preferences for 

uncertain outcomes of x1 do not depend on the level of attribute x2 [465]. The 

phrase “uncertain outcomes” is highlighting that the decision is being made 

under uncertainty – the possible outcomes of x2 are unknown. If all the 

attributes are mutually utility independent, then the utility function can be 

broken down into its multilinear form. That way, uncertainty is incorporated on 

the level of the attribute utility functions. 

It should be raised at this early point that “one of the most difficult and subtlest 

concepts in multiattribute utility theory is the notion of interaction among 

attributes” [464]. It can be very hard to model and capture the interactions in 

complex multi-attribute systems. The multilinear function is the generic form of 

a utility function that can be used and can cover for cases that there is some 

sort of interaction between the attributes, but it is limited in extend [464]. So for 

the attributes x1, x2, …, xn, with n≥2, only if xi is utility independent of xj for all 

i≠j then the multilinear utility function can be used [467]. It should be noted that 

there is no mutual independence at this point. The multilinear function is a 

generalisation, or combination of both the additive and multiplicative functions 

for the case of more than two attributes, but the latter two will be presented in 

further sections. Its generic formula is: 
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𝑈(𝑥1, 𝑥2, … , 𝑥𝑛)

= ∑𝑘𝑖𝑈𝑖(𝑥𝑖)

𝑛

𝑖=1

+ ∑∑𝑘𝑖𝑗𝑈𝑖(𝑥𝑖)𝑈𝑗(𝑥𝑗)

𝑗>1

𝑛

𝑖=1

+ ∑∑∑𝑘𝑖𝑗𝑙𝑈𝑖(𝑥𝑖)𝑈𝑗(𝑥𝑗)𝑈𝑙(𝑥𝑙)

𝑙>1𝑗>1

𝑛

𝑖=1

+ ⋯

+ 𝑘123…𝑛𝑈1(𝑥1)𝑈2(𝑥2)…𝑈𝑛(𝑥𝑛) 

Equation 7.5 

 
Where: 

• U(x1, x2, …, xn) is normalised for 0 and 1, 

• Ui(xi) is a conditional utility function on xi normalised for u(x-)=0 and 

u(x+)=1, 

• k are scaling constants, 

However, since this can appear unwieldy, it will simply be presented for the 

case of two attributes, in its bilinear form [465]: 

 
𝑈(𝑥1, 𝑥2) = 𝑘1𝑈1(𝑥1) + 𝑘2𝑈2(𝑥2)

+ 𝑘12𝑈1(𝑥1)𝑈2(𝑥2) 
Equation 7.6 

 
If there is mutual utility independence, then k1+k2+k12=1 so the bilinear form is 

presented simply as: 

 
𝑈(𝑥1, 𝑥2) = 𝑘1𝑈1(𝑥1) + 𝑘2𝑈2(𝑥2) + (1

− 𝑘1 − 𝑘2)𝑈1(𝑥1)𝑈2(𝑥2) 
Equation 7.7 

 
If however there is mutual utility independence for multiple attributes, then 

∑ 𝑘𝑖 = 1𝑛
𝑖=1 , which means that “the strength of all interactions among criteria is 

the same” [468] and the multilinear model can take a simpler form, one called 

the multiplicative model, presented here with its variations. In its compact form 

it is: 
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1 + 𝑘𝑈(𝑥1, 𝑥2, … , 𝑥𝑛)

= ∏[𝑘𝑘𝑖𝑈𝑖(𝑥𝑖) + 1]

𝑛

𝑖=1

 
Equation 7.8 

 
Where k is a non-zero solution to the equation: 

 1 + 𝑘 = ∏[1 + 𝑘𝑘𝑖]

𝑛

𝑖=1

 Equation 7.9 

 
The ki is the scaling constant mentioned above, and is calculated as “the utility 

of an outcome having the best level on attribute xi and worst on all others” [464] 

so that for example: 

 𝑈(𝑥1
−, … , 𝑥𝑖−1

− , 𝑥𝑖
+, 𝑥𝑖+1

− , … , 𝑥𝑛
−) = 𝑘𝑖 Equation 7.10 

 
Where 𝑥𝑖

+represents the most preferred outcome for attribute i, and 𝑥𝑖
− 

represents the least preferred outcome. 

However, von Winterfeldt and Edwards consider that if presented in its 

extensive form then “it clarifies the (limited) potential for interactions” [469], 

where the extensive format is: 

 

𝑈(𝑥1, 𝑥2, … , 𝑥𝑛)

= ∑𝑘𝑖𝑈𝑖(𝑥𝑖)

𝑛

𝑖=1

+ ∑𝑘𝑘𝑖𝑘𝑗𝑈𝑖(𝑥𝑖)𝑈𝑗(𝑥𝑗)

𝑖<𝑗

+ ∑ 𝑘𝑘𝑖𝑘𝑗𝑘𝑙𝑈𝑖(𝑥𝑖)𝑈𝑗(𝑥𝑗)𝑈𝑚(𝑥𝑚)

𝑖<𝑗<𝑚

+ ⋯

+ 𝑤𝑛−1 ∏𝑘𝑘𝑖𝑈𝑖(𝑥𝑖)

𝑛

𝑖=1

 

Equation 7.11 

 
If k≠0, then the compact form presented above can be derived. If k=0 then this 

implies that there is an extra condition present. This is the additive 

independence condition, which is even stronger than utility independence. It 

can be described best through the comparison of two lotteries A and B shown 

in tree format in Figure 7.3 below: 
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Figure 7.3 Two lotteries considered for the additive independence of two attributes. 

Where A has two outcomes, one (𝑥1
−, 𝑥2

−) with probability 0.5, and (𝑥1
+, 𝑥2

+) the 

other with probability 0.5. Similarly, B has two outcomes, one (𝑥1
−, 𝑥2

+) with 

probability 0.5, and (𝑥1
+, 𝑥2

−) the other with probability 0.5. These two lotteries 

provide the best result for each attribute separately with the same probability 

0.5, but as a total result they are different. Lottery A provides the purely best 

or totally worst outcomes together, whereas the result of lottery B can only 

provide a mixture between the two. 

If the decision maker is indifferent between the two lotteries A and B, because 

when focused on one attribute the probability of the best and worst outcome is 

the same (0.5), then preference for that one attribute is independent of the 

level of the other attribute (which practically is utility independence) 

irrespective of the lottery as a whole (extra condition that leads to additivity), 

and each attribute’s level can simply be added to calculate an overall utility 

[468]. To put simply, “changes in lotteries in one attribute do not affect 

preferences for lotteries in the other attribute” [464].  

(0.5)

(0.5)

(0.5)

(0.5)

A

B
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If that condition holds, the additive utility function (also known as additive 

model) can be used to calculate the overall utility of an alternative. This is of 

the form: 

 

𝑈(𝑥1, 𝑥2, … , 𝑥𝑛)

= 𝑘1𝑈1(𝑥1) + 𝑘2𝑈2(𝑥2) + ⋯

+ 𝑘𝑛𝑈𝑛(𝑥𝑛) 

Equation 7.12 

 
Or in a sum format: 

 𝑈(𝑥1, 𝑥2, … , 𝑥𝑛) = ∑𝑘𝑖𝑈𝑖(𝑥𝑖)

𝑛

𝑖

 Equation 7.13 

 
Where k1, k2, …, kn are scaling factors. Their aim is to facilitate the 

quantification of the final utility function. They have been referred to as ‘relative 

weights’ or ‘relative importance’ of attributes. Keeney and Raiffa [465] however 

are not in favour of such statements, since “it is not clear how we would 

precisely define the concept that one attribute is more important than another”. 

These scaling factors can however be used to explain preference between the 

levels of value changes in attributes if the questions are contextually asked, 

but not necessarily trade-offs, as it has been claimed [458].  

It should be noted that due to its strict nature, additive independence is a 

symmetric relation, meaning that if x1 is additive independent of x2, then x2 is 

additive independent of x1, so they are mutually additive independent. Utility 

and preferential independence are not symmetric relations, and each 

attribute’s independence has to be evaluated separately to conclude any 

mutual independence [467]. 

For the case of two attributes, the additive utility function becomes: 

 𝑈(𝑥1, 𝑥2) = 𝑘1𝑈1(𝑥1) + 𝑘2𝑈2(𝑥2) Equation 7.14 

 
Since x1 and x2 are mutually additive independent, then k1+k2=1. The 

implication of the additive model is that it does not take into account any 
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interaction between the attributes [464], and that shouldn’t be an issue if the 

additive independence condition assumption holds.  

For further insight into the above concepts, French [470] summarises the 

axiomatic mathematics underlying decision theory. 

7.2.2.4 Discussion on Utility Theory 

What is becoming increasingly evident, is that these assumptions are very hard 

to hold in the case of multiple attributes. Ramachandran [471] has indicated 

an application of Utility Theory to fire safety, by taking into consideration one 

attribute with two potential values; the existence of fixed suppression or not. 

When considering typical applications of fire risk indices, the attribute number 

can vary from 5 to 20 or more attributes; independence conditions have never 

been explicitly referred to and the linear additive model is assumed to be 

adequate arbitrarily. This does not mean that the index is not accurate or 

useful, but it raises issues regarding the accuracy of and dependency on the 

index’s outcome.  

This was recognised in the field of Decision Analysis, when von Winderfeldt 

and Edwards [432] found indications that additive independence does not 

usually hold, but the additive model is “is reasonable for most situations under 

conditions of certainty” [464] and when multiple attributes are a necessary part 

of the analysis then it can be useful as a “rough-cut approximation” depending 

on whether considering interactions is critical to the decision at hand or not. 

The main take-away from the experience of this field is that the objective is not 

to build the perfect decision model, but to “to arrive at a decision model that 

explicates the complex parts in a way that the decision maker can choose from 

the alternatives with insight and understanding” [472] – it is the decision maker 

who chooses, not the model.  

7.2.3 Multi-attribute Value Theory 

Utility Theory is inherently complex – a necessity in providing a solution to the 

problems it attempts to address. When making decisions under uncertainty, 

then the concept of cardinal utility has to be employed. This ensures that the 
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decision maker’s preferences in terms of risk are quantified through the risk 

profile, and that way the utility of an outcome can be calculated over a 

probability distribution. This covers the full range of potential outcomes and 

what that would mean to the decision maker. That way the available 

alternatives are not only rank-ordered, but the changes in utility measurements 

can be directly compared because every value is aggregated to its utility. This 

level of complexity might not always be needed in every decision context.  

For cases of decision making under certainty, ordinal utility functions can be 

used. These are also named value functions and facilitate only the rank-

ordering of sure outcomes according to a decision-maker’s preferences. This 

approach sacrifices the potential for numerical comparisons of cardinal utility 

in favour of a more simplified process in building the decision model. 

There appears to be some confusion in the literature regarding this last topic 

however. Belton and Stewart [473] describe a version of value theory which 

they term ‘value measurement theory’. In this approach, which is often wrongly 

coined similar to utility theory, value functions are constructed but there are 

two key differences:  

• uncertainty is not taken into account because the outcomes considered 

are deterministic, 

• utility functions are not constructed to capture the decision maker’s 

attitude towards risk. 

The devolution of utility theory to value measurement theory was made 

possible by adhering only to the axioms of transitivity and comparability [458]. 

What brings value measurement theory between value theory and utility theory 

in terms of quantification, is the calculation of relative weights for each 

attribute. This can happen with a variety of methods, as it was briefly touched 

upon in Chapter 3 and Appendix B; however weight elicitation is a field in itself 

and numerous methods exist with their own benefits and shortcomings, with 

some examples and comparisons available in other disciplines [474], [475] 
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while also for fire safety the Edinburgh model has been compared to the 

Analytic Hierarchy Process [188].  

This calculation of weights allows the quantification of the decision-maker’s 

preference between attributes in a way that is easier than calculating the 

scaling factors (ki) that were presented in utility theory. The physical meaning 

of that is that for two attributes that have the same value, their contribution will 

be different depending on the relative weight, in a manner that is analogous to 

the decision-maker’s preference. The ratio of their weights will indicate the 

decision-maker’s preference of one attribute over the other. This approach is 

essentially the same with fire risk indexing and will be used in the outlining of 

the robustness index in this work.  

7.2.4 Structuring a model 

7.2.4.1 Guidance 

The previous section dealt with the mechanistic aspects, the underlying cogs 

in a decision model. However, as it was shown for fire risk indexing in Chapter 

3, the procedure is more generalised than this. Before any utility function is 

created, the decision alternatives have to be brought forward, the attributes 

that impact the decision outcome have to be recognised, and the structure of 

the decision model has to be outlined. 

In the literature of decision theory, there was limited attention to the issue, so 

no structured guidance was provided on these tasks, evident in a quote from 

Raiffa [450]: 

“I completely missed the boat when I published Decision Analysis (Raiffa 

1968). I was so enamored of the power and elegance of the more mathematical 

aspects of this emerging field that I ignored the nonmathematical underpinnings: 

how to identify a problem or opportunity to be analyzed, how to specify the 

objectives of concern, and how to generate the alternatives to be analyzed. All 

this was given short shrift. All that nonmathematical starting stuff was ignored”. 

Raiffa [452] had shown how to use tree structures – or a hierarchy – when 

choosing amongst alternatives [431]. Keeney and Raiffa [476] dedicated a 
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chapter trying to provide guidelines for the recognition and structuring of 

objectives but they viewed their work “[…] as far from complete. It would be 

erroneous to assume that any of our suggestions can replace serious thinking 

and resourcefulness”.  

This was recognised by Buede [477], who considered that the process of 

structuring objectives and attributes to address a decision problem is “more art 

than science”. At the time when MAUT was being developed, no universally 

accepted definitions for the terms ‘objectives’, ‘goal’, and ‘attribute’ were 

available in the field [476]. It will be helpful to summarise the literature findings 

here, in order to be consistent in the use of the terms throughout.  

7.2.4.2 Objectives 

The literature does not have an official definition, but similar descriptions have 

been found. Keeney and Raiffa [476] consider that an objective is a general 

indication of the ‘direction’ “in which we should strive to do better”, which was 

intermittently rephrased by Buede [477] as “the preferred direction of 

movement”. It is a “statement of something that one desires to achieve” [478] 

and should capture why someone is interested in making a decision [479] 

because without objectives there is no context to tell which alternative would 

be better [480].  

Keeney [478] further expanded on the concept and explained how objectives 

are characterised by “three features: a decision context, an object, and a 

direction of preference”. The setting in which a decision occurs is called its 

decision context [480]. For example, and for the purposes of this work in the 

building industry, the objective is fire resilience. Based on these three features, 

the decision context is set in the built environment, the object is resilience (in 

the case of fire), and the direction of movement is that resilient, rather than 

vulnerable, buildings are desired.  

What Keeney and Raiffa [476] originally described as “a broad overall 

objective” and “more detailed objectives, lower-level objectives” have now 

come to be known as fundamental objectives and means objectives 
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respectively [458], [478], [479], [481]–[483]. Fundamental objectives focus on 

the ends of a decision making process, whereas means objectives are the 

methods employed to achieve these ends [483]. One can break down a means 

objective into several other lower-level means objectives [476]. After thinking 

about objectives and breaking them down as needed, it might be possible, and 

desirable, associating an attribute (which is measurable) to a means objective. 

Attributes are covered later on in this section.  

Keeney [478] considers that the distinction between a fundamental or means 

objective depends on the context of the decision, since they are not absolute 

concepts. For example, in a given decision context of an organisation intending 

to build a method to support a certification process for buildings, the 

fundamental objective can be to increase a building’s resilience to a fire event 

– then a means objective can be to increase the robustness of buildings, as 

per the relationship between resilience and robustness outlined in Appendix 

C. However, a governmental department might have as a fundamental 

objective to improve fire safety in the built environment, in which context 

improving building resilience can be recognised as a means objective now. 

This comes to show that the labelling of objectives is dependent on the 

decision context and scope.  

The differentiation between objectives can proceed further, by conceptualising 

strategic objectives and process objectives [479]. If an organisation is facing 

strategic decisions, then the objectives on the top level are strategic objectives 

and are influenced by all the decisions the organisation is making over time. 

The process objectives were conceptualised to cater for cases that reflect how 

a decision is made, rather than what decision is made – meaning they focus 

on the process (hence the onomatology) rather than the quantification of the 

consequence of a decision alternative [482].  

According to Clemen [481], fundamental objectives, when broken down, can 

be organised in a hierarchy where the top levels present general (fundamental) 

objectives, whereas the lower levels present the important elements of these 

fundamental objectives. Edwards and Newman [24], when visualising a 
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hierarchy through a hierarchical tree, they used the term ‘branches’ of the tree 

to refer to the fundamental and means objectives, and the term ‘twigs’ to refer 

to the lowest level, the attributes. 

Means objectives and the ends to them, however, are better organised into 

networks. These can be in the form of influence diagrams [481], or means-end 

networks [482]. The key-difference is that in the hierarchy, fundamental 

objectives are presented in their separate branches and twigs in single 

connections which group their elements in the hierarchical tree, whereas each 

means objective, in a means-end network, can be linked with multiple higher-

level objectives if they have an influence over them.  

This difference is exhibited through the following illustrative example. A 

simplified approach to smoke control is employed to showcase the two tools. 

In Figure 7.4, a hierarchy that outlines the fundamental objective of providing 

“safe means of escape” is shown, focusing on a “smoke free staircase” and 

ignoring any other potential means-objectives related to the fundamental 

objective. Then the hierarchy branches out further down into separate means 

objectives, namely “smoke seals on doors”, “fire suppression”, and “smoke 

control system”.  

 

Figure 7.4 Safe means of escape indicative hierarchy 

It is very clear and easy to visualise the key means-objectives and their ends 

(e.g. “automatic” and/or “fire brigade” in “fire suppression”) that would affect an 

outcome on satisfying the objective of providing safe means of escape. 
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Interactions, unfortunately, are not possible to illustrate. This is more 

appropriately illustrated through influence diagrams, such as the one shown in 

Figure 7.5, for the same fundamental objective as the tree above. 

In a circle is the fundamental objective, whereas in dashed rectangles are the 

means objectives. In rhombi are the ends of the objectives, and their potential 

outcomes can be presented as well (along with their associated probabilities, 

known or estimated). This is not standardised notation, but can vary depending 

on the context and application. 

 

Figure 7.5 Safe means of escape indicative influence diagram 

Any interaction between ends is indicated through dashed lines, with an arrow 

showing the relationship and dependency of that interaction. This can make it 

much easier to think through the potential impacts of a decision from one end 

to another, something that was not possible to be visualised through the 

hierarchy. 

For example, the choice of installing and specifying a pressurisation system is 

affected by the existence of smoke seals on the fire doors – these will 

determine the amount of leakage and the eventual need for capacity in the 

system. This is shown through an arrow in the influence diagram. Similarly, 

assumptions regarding the operation of a fixed suppression system (and its 

impact on fire growth, and hence, volume of smoke production) can be 
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acknowledged through the same visual relationship. Finally, the nature of fire 

brigade operations can affect the number of doors that will be open when 

firefighting, and that in turn influences the amount of leakage through open 

doors that the pressurisation system can cope with. By constructing such 

influence diagrams, a lot of insight can be produced regarding associated 

probabilities of failure, dependencies between objective ends, and eventually 

suspected single-point failures that are deemed unacceptable. An example of 

that would be the assumption that a fixed suppression system will always 

activate and operate successfully, and based on that assumption taking for 

granted that the fire service will initiate operations in a way that the 

pressurisation system has been designed for and can cope with. If any of these 

does not happen, then it is highly probable that the means of escape will not 

be safe. Such a thought process is not easily facilitated through a hierarchy 

and comes to show the limitations when the linear additive model is employed. 

However, there are differences in the nature of judgements necessary to 

construct these structures. In general, a hierarchy that shows what is important 

requires value judgements, whereas networks that indicate how to achieve a 

higher-level objective require technical and factual knowledge [484].  

It is Clemen’s [481] view that networks are much more useful in communicating 

links and causal relationships of attributes to specific objectives than 

hierarchies. A hierarchical tree is ideal in capturing the complexity and detail 

of a decision situation, which is why it should be preferred for modelling the 

process and facilitating the calculations. This is in agreement with the revised 

findings of von Winterfeldt and Edwards, when reflecting upon their past work, 

that “the function of communicating a tree is separated from that of running it 

as a model” [482].  

Clemen [480] also considers that “[a]n objective is a specific thing that you 

want to achieve”, but how specific that is depends on its level in the hierarchy. 

Specificity progresses along the lowering of levels. If a certain level of 

specificity is reached, it might be possible for an objective to have a desired 

level of achievement defined; that is termed as a goal [476] and “is the 



Developing a fire robustness index for the built environment 

240 

threshold of achievement either reached or not reached” [477]. It follows then 

that it is different from an objective, in the sense that an objective could be 

conceptualised as unattainable, to capture the essence that the decision 

maker should always strive to do better, and that ‘better’ is always possible. 

For that reason, objectives are preferred to goals for evaluating alternatives 

[476]. An example of that could be that the fundamental objective is the 

minimisation of risk in buildings, which can never be eradicated completely, 

only lowered – the goal would be to maintain the number of deaths or monetary 

losses below a set threshold which is defined by the acceptability criteria set. 

Further on that, Keeney [484] has described the concepts of ‘guidelines’ and 

‘constraints’. A constraint is a standard set by an entity which serves to 

preclude some alternatives from consideration early on in the process. An 

example of that in fire safety is the UK ban on combustible materials on exterior 

wall systems of some buildings over 18m in height; this is a standard set by a 

regulatory authority which eliminates some alternatives to be considered as 

part of a technical solution in building design. A guideline is less definitive than 

a constraint, but it can strongly indicate objectives or alternatives that should 

be considered. An example of that is the drive to achieve net-zero and reduce 

the embodied carbon in the building stock, motivated by sustainability aims – 

it may not dictate available alternatives, but it is hinting towards specific 

solutions that are considered superior in achieving this specific objective.  

Finally, Keeney [484] considers that fundamental objectives need to have nine 

desirable properties and should be:  

1. Essential, capturing the essential reason for interest in the decision 

situation; 

2. Controllable, able to address through the attributes all the potential 

consequences that are related to it;  

3. Complete, capturing all aspects of the consequences brought on by the 

decision alternatives; 
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4. Measurable, providing the ability to quantify the measurement of 

objectives to a satisfying degree; 

5. Operational, being easy to handle related to the domain of the decision 

being made; 

6. Decomposable, so that aspects of it can be considered independently 

of other consequences addressed through other objectives; 

7. Nonredundant, avoiding any double-counting; 

8. Concise, minimising the necessary number of objectives and reducing 

the information collective efforts; 

9. Understandable, being able to be communicated and understood by all 

individuals involved in the decision process. 

These properties can also be found in the literature as ones to be desirable 

from a set of attributes [458], [476]. If these properties are achieved, then the 

measurement of objectives is proceeded through attributes. This quantification 

is what eventually allows for the creation of a value model. 

7.2.4.3 Attributes 

To quantify levels of an objective, in order to compare the achievement of 

objectives or assess the satisfaction of goals if they exist, the use of a suitable 

measurement scale is needed [479]; that scale is called the objective’s 

attribute scale, or simply attribute [481]. Attributes indicate the degree that 

each alternative option meets the objectives [476]. There is no consensus on 

the definition of an attribute, and others may refer to it as a measure of 

effectiveness, measure of performance, or criterion [485].  

What is essential though is that attributes are placed at the bottom of the 

hierarchy, and are the vehicle to quantify decision alternatives. A scalar 

attribute is one measured with a scalar quantity, whereas a vector attribute is 

the composite of multiple scalar attributes [476]. There are three different types 

of attributes: natural, constructed, and proxy [481], [485]. Natural attributes are 

the most easily and accurately measured, based on a single existing natural 
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numerical scale, like meters or a monetary value. Constructed and proxy 

attributes were initially considered subjective attribute scales [476], because it 

can be harder to quantify them. Keeney later disregarded this categorisations 

because “the use of any attribute, even a natural attribute, requires subjective 

judgment” [485]. Constructed attributes are developed specifically for a given 

decision context, when no natural attributes are available, for example if there 

is a need to measure something that is subjective, like the prestige of a 

company, or incorporates many natural attributes, like the economic health of 

a country. Over time and proliferation, some constructed attributes can be used 

in other decision contexts as natural attributes, like the gross national product 

(GNP) concept or some financial indices. The same could be argued has 

happened for the concept of fire resistance [349], which was created as a 

constructed attribute, should be treated as a proxy attribute due to its 

limitations, and professionals that lack understanding of its underpinnings are 

treating it as a natural attribute. Finally, proxy attributes are employed when 

neither natural nor constructed attributes are possible or available for use. A 

proxy attribute can be a natural attribute in some other decision context, but if 

it is not fully addressing the fulfilment of a means objective, but only is 

tangentially and indirectly related to it, then it can be used as a form of indirect 

measurement of some aspects of the objective. For example, the loadbearing 

capacity of an element in a fire will be dependent upon the heat transfer 

processes which will be defined, amongst numerous factors, by the fire load, 

ventilation conditions, geometry, and nature of the compartment; once its cross 

section is heated sufficiently to reduce the material properties and render the 

element incapable of bearing the designed loads, then failure will occur. The 

fire resistance concept has facilitated a ranking of alternative construction 

assemblies by (disputedly) standardising these heat transfer conditions in a 

furnace and aggregating all of these uncertain and variable conditions into one 

single proxy metric or minutes in a furnace following a standard temperature-

time curve. A simpler to illustrate proxy metric is the flow velocity requirement 

in smoke control systems, to account for the pressure differential (ΔP) needed 
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to be generated (which is the natural attribute), because the latter is harder to 

measure and quantify. 

Similar with the objectives, and as an extension of them, attributes have some 

desirable properties as well. In the initial work of Keeney and Raiffa [476], 

attributes were deemed useful to a decision maker if they were comprehensive 

and measurable. Comprehensiveness refers to the ability of an attribute to 

depict accurately its association and impact on the quantification of an 

objective – it follows that the three aforementioned types of attributes are 

varying in levels of comprehensiveness. Measurability refers to two things; 

initially whether a probability distribution can be assigned to the attribute’s 

values for the options available, and if not whether a single point value can be 

assigned for each option, and secondly whether these values of the attribute 

can be associated with a utility value through a utility function, capturing the 

decision maker’s risk attitude. 

In future work [485], Keeney broke down comprehensiveness into 

understandability and operationality. Understandability focuses on the passing 

down of information, by ensuring that there is no loss of information from a 

person assigning an attribute level to a person interpreting that level and 

describing the consequence to an objective; this concept is vital in the 

repeatability of a model. Operationality refers to the original description of 

assigning a probability distribution to measure the possible consequences on 

an objective and associating a utility value for value judgements. 

Finally, a set of attributes that has been chosen to represent and quantify a 

means objective is not unique. Depending on the decision context, another set 

of attributes could be more suitable for representing the satisfaction of that 

means objective, even if it is phrased in the same way, because the focus of 

the analysis is different. The same exhibition of non-uniqueness can also occur 

if there is probabilistic dependence between the attributes, so a different 

formulation of them might depict the degree of contributing to an objective in a 

way equally satisfactory to an original formulation of an attribute set. 
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7.2.4.4 Approaches to structuring hierarchical structures 

There are two schools of thought in approaching the task of populating the 

value tree structure. One is called the analytic, or top-down approach, and the 

other is called the synthetic, or bottom-up approach [484], [486]. As it is the 

case in a discipline with multifaceted terminology, the terms specification 

method and means-end method have also respectively been used to describe 

these approaches [477]. 

The first one, top-down, is more objective focused. The analyst initiates the 

process of recognising what are the important aspects of the problem and 

decision to be made, how these are expressed through fundamental and 

means objectives, and then proceeds to think of how these objectives can be 

fulfilled and which are the factors that affect them. That is why the specification 

process is described as “breaking the ultimate objective into its parts” [477], 

starting with the ultimate values and objectives that will define the decision 

outcome. 

The second one, bottom-up, is more attribute focused. This process initiates 

by thinking the characteristics that can affect the decision situation, the 

practical things that matter in choosing between the alternatives; the attributes. 

This will allow the recognition of all the decision aspects, and then synthesising 

them to group the higher order objectives, leading to the final hierarchy [477].  

Either approach has its benefits, and there is no ‘right’ way of constructing a 

hierarchical structure [458], as it is accepted that “structuring is still an art, not 

an algorithm” [440]. It is recognised that the process best be iterative [477], 

and both methods can be used at different stages or in conjunction to ensure 

that the most appropriate tree has been structured [486]. Constructing two 

different trees, one with each approach, comparing them and then combining 

them is also suggested as a practice [458], because it’s easier to recognise 

redundant elements than missing ones [487]. 

There is also a debate about how the choice of a structuring method may 

affect, or indicate at, the perspective that a person might have in approaching 
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a decision problem. In general terms, the top-down approach has been linked 

with what was coined by Keeney as ‘value-focused thinking’ [487], and the 

bottom-up approach has been associated with the so called ‘alternative-

focused thinking’ [483]. This rationale is based on the opinion that by limiting 

the process in only analysing the available alternatives can lead to a very 

restricting environment – however, if one focuses on their core values, all their 

objectives taken together which comprise their values and define what is 

important to the decision maker [480], then they can be more creative in 

recognising decision opportunities and options beyond the available 

alternatives that might not be recognisable through a limited alternative-based 

perspective [483], [487]. The debate is not settled, but Belton [458] considers 

that this distinction is very simplistic and not of essence when viewing those 

two approaches as complementary.  

A corollary of this argument in fire safety could be the approach that the 

discipline has in the evolution of guidance and regulations. It could be argued 

that the functional approach that the UK implemented in 1984 is a value-

focused thinking mentality, starting at higher level objectives and allowing the 

design team to specify which attributes satisfy these requirements. In contrast 

to that, prescriptive regulation through Deemed-to-Satisfy clauses is more of 

an alternative-focused thinking approach – the alternatives in this case being 

the respective causes of catastrophic fire events which have been historically 

prescribed to be avoided. The prevention of similar future catastrophes is done 

reactively by adding rules (attribute constraints) that safeguard against such 

events; the disaster-driven progress of fire safety [17]. 

7.2.4.5 Stopping the structuring process 

Finally, the literature has also touched the issue of terminating the structuring 

process. It is, again, a non-prescriptive approach that depends upon the 

judgement of the analyst. Some of the notions that need to be considered are 

included in this section for guidance. Initially, care should be given about 

expanding the hierarchy both horizontally and vertically [476]. In general, the 

usefulness of this approach is in identifying attributes that fully capture how 
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much an objective is achieved through the chosen ones within the decision 

context [484]. If the decision analyst and maker consider that these have been 

included, then it can be a sign that the process can move forward. Another 

check and potential sign of completeness is whether the collection of attributes 

is satisfying the desirable properties, as they were outlined in the previous sub-

section.  

An iterative approach is also considered a potential, in which the process is 

carried on to the numerical calculations of the model because only through 

them can sometimes issues with the structure be recognised. In that case, 

‘pruning the tree’ might be an option, but it should be kept in mind that some 

attributes may appear unimportant in isolation but important in their respective 

group [476]. 

7.2.4.6 Quantifying attribute scales 

One of the benefits, and complications, of decision analysis is that it can take 

into account attributes that are not measured in the same way; they are non-

commensurate. In order for these measurements to be incorporated and 

aggregated through one model the input has to be usually normalised. 

Normalisation is most frequently done through a function, that corresponds the 

attribute’s levels into values of 0 to 1 [10]. This can be done through functions, 

and the most common is the linear approach. Attributes can have a beneficial 

impact or a detrimental impact on an objective [18]. As in previous sections, 

𝑥𝑖
+represents the most preferred outcome for attribute i, and 𝑥𝑖

− represents the 

least preferred outcome, then the normalised value Vi of a beneficial attribute 

i with a level xi is: 

 𝑉𝑖 =
𝑥𝑖 − 𝑥−

𝑥+ − 𝑥−
 Equation 7.15 

 
The result will be of 0 ≤ Vi ≤ 1, indicating a more favourable impact as Vi 

approaches 1. Reciprocally, the linear function for a detrimental attribute i is: 

 𝑉𝑖 =
𝑥+ − 𝑥𝑖

𝑥+ − 𝑥−
 Equation 7.16 
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The result will be of 0 ≤ Vi ≤ 1, adjusted to be consistent with beneficial 

attributes, indicating at a more favourable impact as Vi approaches 1.  

It is of course possible that custom functions are used that are non-linear, or 

non-monotonic. This has also led to the development of software for these 

purposes [458]. In the case of bi-modal behaviour, the analyst should consider 

breaking down the attribute into its beneficial and detrimental parts if possible 

[485].  

If risk preferences are to be taken into account, then this value is transformed 

into the decision maker’s utility through a utility function. If not, value theory is 

used, not taking into account preferences. Belton [458] has outlined a 

disagreement in the literature regarding the linearity assumption – one side 

argues that if a problem is well-structured and analysed then all scales should 

be tending to be linear, however another side illustrated through experimental 

simulations that these assumptions do not always hold and over-simplifying a 

problem through inappropriate use of linear scales can lead to unreliable 

results. 

This normalisation process can have a few pitfalls when it is considered 

together with the relative weights. If the measures of the available attributes 

change, by recognising a new alternative that has an attribute level outside of 

the maximum or minimum that was used for the normalisation of the values, 

then the relative weight of that attribute should change accordingly to maintain 

congruence [24]. This can happen if the normalisation method was ‘internal’, 

using only data from the problem at hand. If global data are available, outside 

the case study, then an ‘external’ normalisation method can be employed 

[488]. There is no experience in the fire safety discipline regarding that, but in 

the field of Life Cycle Analyses this topic has been recognised and attempted 

to be addressed by Norris [488]. There is no one solution, but awareness of 

the issue is key so that the decision process remains consistent to avoid 

nonsensical results. 
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7.2.4.7 Calculation of the model 

Depending on the levels that the structure is comprised of, different 

approaches can be more effective. 

If there are only two levels in the hierarchy, a consequence table [434], [482] 

or matrix [481], or decision matrix [489], or performance matrix [434], or 

effectiveness matrix can be formulated. This concept was extensively 

presented in Chapter 3 of this thesis. Every row describes and attribute and 

every column describes how that attribute is contributing to that objective.  

However, if there are multiple levels with different attributes contributing to the 

various objectives, then a representation through a value or decision tree, a 

hierarchical tree, is considered more suitable [481]. Both methods can address 

the same issues, but this distinction was made to avoid filling a consequence 

table with zero values. An example of the linear algebra related to calculating 

multiple levels through matrix multiplication has been presented in the 

Edinburgh model [378]. If a value tree is chosen, then one level and multi-level 

calculus related to its quantification has been presented by von Winterfeldt and 

Edwards [490].  

These are the most common referred to methods and approaches, but there 

are more which are outside the scope of this work. This chapter cannot be 

exhaustive, but intends to outline the basic principles and options that 

showcase the functionality and limitations of this approach. Other decision 

tools for calculating models analytically have been presented by von 

Winterfeldt and Edwards [482] and are grouped according to their scope: 

• Evaluation problems: 

o Means-ends networks 

o Objectives hierarchies 

o Consequence tables 
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• Decision problems under uncertainty 

o Decision trees 

o Influence diagrams 

• Probabilistic inference problems 

o Event trees 

o Fault trees 

o Belief networks 

These were presented for reasons of completeness but will not be analysed 

further. 

7.2.4.8 Sensitivity analyses 

Belton considers that even when the outputs of a model appear sensible, a 

wise check would be to do a sensitivity analysis and check the robustness of 

the preferred option [458]. This is described as the process that “consists of 

changing some of the numbers that went into the initial MAUT analysis and 

doing it over again to see if the conclusions change, and if so, by how much” 

[24] – the focus should initially be on the relative weights. 

If this process hints that small changes in relative weights change the preferred 

outcome, then this should be investigated further by the analyst and decision 

maker to ensure why that is and think further on their decision process. 

7.2.4.9 Decision making and cognitive biases 

Decision making as a process, can be described through three different 

perspectives: normative, descriptive, or prescriptive [491]. The normative 

approach originates from studies on the rules on the behaviour of individuals. 

It aims to explain how decisions should be made in a completely rational way, 

and Game Theory provided the mathematical background for such analyses 

[448]. However, it was later found that humans do not make decisions in a fully 

rational way, so studies were conducted to monitor and explain such “irrational” 

patterns, which led to the descriptive perspective on decision making [492]. 
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Finally, researchers attempted to combine the findings from both schools of 

thought in order to improve any decision making process [493]. 

The human brain cannot explicitly deal with the complexity of every day 

decision making, and for that reason it has created some unconscious 

routines, quite primitive from a cognitive perspective, which are known as 

heuristics [472]. This is the focus of behavioural science in cognitive 

psychology, and it was initiated by Tversky and Kahneman [494], [495]. 

Cognitive biases are beyond the scope of this work – they have been touched 

upon in the fire engineering domain by Kinsey et al. [496] 

Utility and value theory are tools for normative decision making [472]. This is 

indicative that they are not exhaustive or fully capture the complexity of human 

decision-making – their concepts however can be beneficial in progressing the 

state of fire risk indexing [10]. This is an indication that his work is not 

exhaustive, but a necessary step in proliferating the concepts involved and 

synchronising the fields of fire risk indexing with decision analysis. 

7.2.5 Building an index 

Building on the notions and concepts outlined in this chapter, an illustrative 

index is presented in Appendix D. It is strongly recommended to not use that 

index as a template for a robustness index – it has not been peer-reviewed, 

field-tested, nor fine-tuned. This is highlighted so that it is not treated as a 

completely developed index. It is presented in this thesis to showcase how the 

concepts presented in this chapter can help formalise and enrich the field of 

fire risk indexing. 

7.3 Conclusions 

This chapter has presented a very brief history of Decision Theory and 

Decision Analysis. Their reliance on strict mathematical principles and the 

initial applications which were irrelevant to engineering, let alone fire safety, 

indicate at the potential for further work in bringing those two disciplines 

together in terms of terminology and tools. Similarly, the timeline and rate of 
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developments in Decision Analysis is also of interest, showcasing how this is 

still an evolving discipline that is not always in sync with fire safety engineering. 

Given the intellectual and theoretical relationship of early indexing approaches 

and the more formalised approaches available in Decision Analysis, a 

presentation of the flagship multi-attribute utility theory is made herein. The 

basic workings are outlined, but most importantly their necessary underlying 

assumptions are attempted to be explained. The derivation of the linear 

additive model, the most common way of calculating fire risk indices, is 

presented, along with its conditions – this brings forward its limitations and 

explains why fire risk indices cannot very accurately represent the fire safety 

system in their present form (if ever).  

The available guidance in Decision Theory on how to structure decision 

models, link objectives, recognise attributes and quantify their scales is 

reviewed and some conceptual examples are presented. This is done on the 

basis of providing the reader with the material that was used to understand the 

processes involved in structuring a fire risk indexing method.  

When it comes to evaluating the suitability and usefulness of applying concepts 

from Decision Theory to fire risk indexing, then two things are of note, because 

the concepts are attempting to address the same issue. Firstly, that the 

available guidance in the field of Decision Theory on structuring a model can 

be extremely beneficial for any developer of an indexing method. Secondly, 

that by understanding the key underpinnings of the mathematical formulations 

it can be shown why the fundamental assumptions do not hold, due to the non-

independence of attributes in fire safety, and any result should be heavily 

scrutinised on its claims to meaning and accuracy. In simpler terms, an 

indexing method cannot make decisions for you. 

On this basis, an incomplete conceptual fire robustness index is presented in 

Appendix D as a complement to this chapter, the attributes outlined, and the 

scales quantified. This is done to exhibit potential improvements to existing 

practice in fire risk indexing that were made possible by utilising the findings of 
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previous chapters and enriching the approach with concepts from Decision 

Analysis.  

This robustness index, which is disentangled from a fire risk assessment 

process, is not meant to be used as it is. The main aim of this work was to 

navigate all the concepts involved in the development of an index, highlight 

what the limitations are, and act as a guide for anyone wanting to build an 

index method. This index is an oversimplified approach to analysing fire safety, 

with its perceived benefits lying in the illustrative ease to present different 

levels of fire performance to stakeholders outside fire safety, so that design 

choices are more easily communicated. 

The numerous limitations of this approach lie in these over simplifications, 

necessary to build a tool that is understandable and easy to use. However, 

more sophisticated approaches and their place in the fire safety design 

process also need to be considered. Finally, a quote by Howard [431] on the 

tendency of people to rely on simplified approaches is relevant in highlighting 

this, presented here in the hope of alarming anyone who wants to build a 

simple method that can make decisions for them or others. 

“Why, then, do inferior processes find favor with decision makers? The 

answer is that they do not force you to think very hard or to think in new ways. 

Because we rarely find epistemic probability in our educational system, even in 

engineering, medical, and business schools, it is not surprising that people 

generally find it challenging to follow the dictum of Maxwell [leadership is 

influence]. In decision making, as in many other pursuits, you have a choice of 

doing something the easy way or the right way, and you will reap the 

consequences”.  
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Chapter 8 Conclusions and future work 

8.1 Introduction 

In concluding this thesis, it is considered of value by the author to recap on the 

major findings and their perceived meaning and importance. 

To anyone who practises in the field of fire safety, it is becoming increasingly 

clear – bordering on the self-evident – that fire is an issue that spans multiple 

disciplines and its impact on society is multifaceted. This is one of the drives 

behind calls towards a holistic view to fire safety, hoping to bridge such gaps 

and attempt to address every aspect of the system analysed. The fact that 

these aspects cannot be explicitly analysed adequately by a decently enough 

inert mass of the discipline’s pool of practitioners, either quantitatively or 

qualitatively, is both indicative of the limitations of the now ‘stale’ rule-based 

guidance and the additional steps necessary to evolve and adjust more 

sophisticated approaches to fire safety evaluation. 

Irrespective of these limitations, the need to create means and drivers that 

push the construction industry towards best practice that ensures an 

adequately resilient built environment remains. In a sense of self-fulfilling 

prophecy, it was shown in this work that every time there is a need for evolving 

fire safety evaluation – either in terms of sophistication, inclusion of additional 

novel metrics, or expansion of design objectives – some sort of fire risk 

indexing approach is the first intuitive move followed by the relevant authorities 

or stakeholders. It is (now) no surprise that indexing was the suggested 

approach to be investigated at the conceptualisation of this project by the 

industrial sponsor, unaware of this pattern at the time. Acknowledging this 

pattern is something that was not found in the academic or commercial 

literature, and potentially remained unvoiced in the collective industrial 

experience.  

The need for a resilience assessment in fire safety is perceived as strong in 

some stakeholders in fire safety, and will only be more prevalent in the 

challenging years ahead in terms of climate change, the impact of pushing 
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towards ‘net-zero’ on construction practices, but also of the constant drive for 

innovation in a financially competitive industry. In that environment, calls for 

certification schemes for buildings in fire have been increasingly vocal. The 

findings of this thesis can assist potential developers achieve a clearer 

understanding of the concepts involved in the development of indices, what 

their outcome means, what the potential pitfalls are, and what best practice 

looks like. Similarly, the same findings can act as a support in arguing to 

protect consumers, academics, and users of these methods from the potential 

misuse of indices. The motivation for misuse can be financial gain by 

commercialising an (ineffective and intransparent) index that ‘rates’ buildings, 

a calibration of an index to provide ‘good’ results only by employing specific 

heavily rated technical solutions that serve a specific business interest, the 

establishing of a practice in equivalency calculations through indexing because 

it simplifies key-concepts that are hard to address in other ways, or in the least 

harming case provide researchers with an avenue for producing seemingly 

original methods of alleged usability, but when these are dissected can turn 

out to be a recycling of concepts with no original contribution, fathomed to 

achieve publication goals.  

These key impressions stem from the work conducted through the chapters of 

this thesis, and the main points are iterated herein. 

8.2 Main points emerging from this work 

8.2.1 The pros and cons 

It was deemed productive to outline the benefits and drawbacks of indexing in 

a summary way. With these in mind, valuable concepts present in all the areas 

researched during this work will hopefully be evident to the reader. 

Advantages of fire risk indexing: 

• Simplicity; fire risk indices are simple to use, making them an easy and 

attractive approach for fire risk evaluation. 
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• Rapidity of analysis; fire risk indices do not take a lot of time to produce 

an outcome, making them sometimes a necessary approach for the fire 

risk evaluation of a large building stock in the interest of time. 

• Transparency; fire risk indices make it easy to document which values 

were chosen to “quantify” the performance of a building and how these 

impact the final score. 

• Rationality; a fire risk index attempts to model the whole fire safety 

system in a way that follows “cause and effect”, disengaging potentially 

from established practice that may be inert and biased.  

• Reproducibility and repeatability; a well-developed index will produce 

the same score when used numerous times on the same building, and 

two different users will arrive at the same outcome – this is not always 

the case with other engineering tools. 

• Ease of communication; a fire risk index can make the communication 

of fire safety concepts easier and the design process more 

approachable to stakeholders not familiar with fire safety, eventually 

promoting it. 

Disadvantages of fire risk indexing: 

• Simplicity; fire risk indexing is not the most sophisticated tool that fire 

safety engineers have available, and may not be appropriate for some 

analyses that require a certain level of depth. 

• Rapidity of analysis; fire risk indexing may render the design process 

superficial if attribute grades are unthoughtfully traded and manipulated 

to achieve a certain score – the rapidity with which outcomes can be 

produced may lead to an overproduction of design alternatives and 

scores that will disillusion the direction, diligence, and eventual 

efficiency of a user’s tasks. 

• Transparency; especially for developers, but also for cognisant users, 

fire risk indexing brings to the forefront the limitations of current 

approaches in fire safety engineering, namely quantifying levels of 

performance in certain attributes, accurately mapping their interactions, 
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and reliably aggregating them into a single metric. Thus, each 

developmental process is becoming self-defeating, or the attempt is 

easily attacked by reviewers – this may mean that useful processes and 

analyses are not eventually followed and produced. 

• Rationality; indexing method outcomes may contradict established rule-

based guidance, because a different process was followed by each 

approach – this however may contradict perceived “truths” and inert 

practices of the discipline, and indexing is disregarded because of its 

immaturity when compared to the status quo. This is negative because 

eventually indexing is not used and the option of bringing to life 

alternative approaches is not materialised. 

• Reproducibility and repeatability; if an indexing method is falsely 

considered to be repeatable, then a client may ask for numerous 

evaluations until they get an answer that suits their agenda and this will 

be hard to dispute by anyone other than professionals who have an 

understanding of the underlying mechanics. 

• Ease of communication; there are cases where complexity is 

unavoidable, and the use of a simplifying indexing language may render 

the level of discussion at an inadequate default to capture nuances that 

are not covered in the indexing method.  

Being the two sides of the same coin, it is always for developers to decide what 

their method is for and who it should be used for, and for users to know what 

a method can or cannot do for them. 

8.2.2 Insurance rating schedules 

The existence and usability of insurance rating schedules had been briefly 

touched upon in the modern fire safety literature. However, apart from a few 

citations of which some could not be traced by library staff, no other sources 

were available, presented, or analysed. Most of the insurance related literature 

is also covered by intellectual property restrictions. With recent digitalisation 

efforts, some publications that date at the start of the 20th century were made 
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available in the public domain. This made it possible to review them and gain 

an understanding of the history of insurance rating schedules for the first time.  

The review conducted in Chapter 2 finally made it possible to showcase that 

the intuitiveness of indexing was prevalent in insurance practitioners ever 

since the Great Fire of London in 1666. By following this story, and how the 

rating schedules evolved over the years along with construction practices and 

regulatory domains in different continents and countries, it becomes evident 

that the same limitations emerge again and again. Schedules, this primitive 

form of indexing, cannot follow constructional developments, ensure that they 

will not be misused, and guarantee the financial viability of insurance 

companies.  

Attempts to use statistics to calibrate schedules and their efficacy (or lack 

thereof) are presented as well – this issue appears unresolved today to the 

knowledge of the author. Through these endeavours it was shown that other 

efforts towards the standardisation of construction practices and materials, the 

production of technical standards, and scientific research that informs 

regulations can be more effective in reducing the impact of fires. Rating was 

focused on measuring the risk of what was already decided to be built or in 

place already and charging the according premium – its potential to drive best 

constructional practice was limited because the developers who were dictating 

the quality of construction had no financial interest in reduced insurance 

premiums, only the owners did. In contrast, in a very generalised trend, when 

developers were forced to follow good practice through the enforcement of 

constructional standards and regulations, fire losses were driven down. 

This documentation filled a gap in the historic literature that allowed the 

recognition of a pattern in the research trends around fire risk indexing – this 

was explored later, in Chapter 5. This analysis also allowed the full exposition 

of both the positive and negative aspects of insurance rating of the times. 

Judgements were rarely made and any criticism was limited by the dearth of 

available information – Chapter 2 is a foundation upon which further historical 
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research can be conducted once more documentation from later times 

becomes available. 

8.2.3 The essentials of indexing 

Through Chapter 3, which was based on a journal publication [12], the main 

findings from reviewing modern fire risk indexing methods are presented. 

Illustrative examples which are essential in elucidating concepts that remained 

nebulous to the uninitiated are presented in the complementary Appendix B. 

This chapter comes in to expand on Watts’ SFPE Handbook of Fire Protection 

Engineering chapter on Fire Risk Indexing [9] – instead of the known indexing 

methods and their applications, the key concepts become the sole focus.  

The limitations of scaling attributes and aggregating the results through 

different formulas are discussed. The ordinal, instead of interval, treatment of 

performance metrics is a key assumption from which most of the limitations 

emerge – this however is also the benefit of indexing because it allows a rough 

quantification of attributes that are qualitative or lack a formalised 

quantification.  

The issue of expert elicitation, mainly through the process around defining and 

choosing ‘experts’ is studied. Different protocols are presented, and how these 

can affect the eventual participation or attrition of ‘experts’ against the reliability 

and objectivity of their eventual input are discussed. In most cases, the 

tendency to include ‘bodies’ that can be “pressed into service” is noted, 

focusing on producing any kind of input in numbers in order to produce a result 

which gains its credibility by the people and the communication protocol, rather 

than the essence of the work conducted. 

Similarly, user competence is a key issue in fire risk indexing. It can be 

appealing to delegate responsibility and decision-making centrally to the 

creator of an indexing method through user-friendliness and prescription of 

acceptable levels. However, this brings forward two schools of thought; the 

one that sees the indexing method as a tool provided by the developer to the 

user to assist any evaluation process, and the other which treats the user as a 
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tool who delivers the application of the indexing method for an organisation 

and its purposes. 

There are no clear answers to these issues, hence why they remain 

unresolved still, but their acknowledgment is a solution in itself. This is made 

available through this work because it highlights and distinguishes the context 

dependence in making decisions, along with their potential impact, when 

producing (or using) an indexing method.  

8.2.4 Modern fire indexing methods 

The process in producing the findings of Chapter 3 on the key concepts of 

indexing necessarily included the reviewing of all the available indexing 

methods that could be sourced. A different outcome of this process was the 

production of a chronological taxonomy of all the available indexing methods, 

making this a near-exhaustive review.  

In the exposition of this large number of methods a few things can now be 

made visible: 

1. the potential influence that a method had on another, in terms of 

development impacts,  

2. the participation of the same developer in different methods, through 

the same or differing roles, following a migratory process, and 

3. a quantitative overview of the communication protocols, calculation 

methods, and number of ‘experts’ employed in the development of each 

method. 

However, it was deemed crucial that this is not a review for the sake of a review 

that satisfies the compulsive impulses of the author, but an exposition of 

contributions that can now be studied in the same body of work through the 

lens of the insights produced in the previous chapter. The acknowledgment of 

these concepts can allow a critical appraisal of the contributions each method 

made and their potential role within the story arc of fire risk indexing. 
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It is through this review that it is clearly shown how methods ‘die’ after they 

serve their initial purpose, or the context within which they were created 

becomes irrelevant. This was a realisation that fundamentally changed the 

course of this work; if the same process in developing a method was followed, 

the same outcome would have been achieved, and this was not desired. 

8.2.5 The constant presence of an oscillation 

The divergence from insurance rating schedules to centrally standardised 

construction practices was noted in Chapter 2. However, when this schism is 

combined with the review of all the available indexing methods on a bigger 

timeline, then a new pattern emerges; that of the knee-jerk reaction to employ 

indexing methods every time established concepts cease to work efficiently, 

usually exhibited through a fire disaster.  

In the face of an urgent need for assessment methods, usually with the aim of 

prioritisation, in a highly uncertain environment due to the evolution of 

construction practices that remained unmonitored, indexing is noted to have a 

constant role. A repeated rise and fall in the research and applied interest on 

fire risk indexing is recognised, with its cycles reducing in periods as the years 

go by.  

The main pattern is that rule-based guidance (along with standardised testing) 

cannot cope for all changes and developments due to their non-explicit 

assessment of performance, which eventually allows divergent practices to 

prevail, and these eventually lead to fire disasters. Such was the case with the 

extensive loss of life in what were perceived to be “fire-proof buildings” in the 

1930s but allowed the spread of smoke that proved fatal to occupants.  

While sophisticated approaches from first principles can potentially address 

some of these issues, there is a lack of data or raw knowledge to have a timely 

contribution in addressing this issue at the time it happens. In the duration it 

takes for these tools to be used and provide insights for next steps, indexing 

is the approach that can provide rough approximations through expert 

estimations that fill this information gap in the short-term. This is what makes 
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indexing a very useful tool – the ability to model the whole fire safety system 

through expert elicitation – but is also what should always be communicated 

so that all the limitations are acknowledged.  

Finally, it is notable to the author that indexing always forms part of an attempt 

to “rationalise” fire safety, because it clearly (and in - however simple -  

numerical terms) takes the user through a process of knowingly balancing 

causal and mitigating factors of risk. This is the indeed the same process that 

occurs in the background of rule-based guidance, but the regulators’ rationale 

is lost through the codification of knowledge, allowing for ambiguous 

interpretations by users as new technologies emerge. It is the author’s intent, 

through the synthesis and analysis in this work, to introduce a shift in paradigm; 

instead of indexing being used to rationalise fire safety, as was the case so far, 

it is argued that it must be used to rationalise its users, hence fire safety 

practitioners.  

8.2.6 What one cannot say in papers 

Early in the project it was realised that there was very limited information 

available on the path a method took after it was developed and published. 

Reports or publications were not available that described how a method was 

received or applied, apart from a very few cases, like NFPA 101A. This 

motivated the author to contact developers of indexing methods that were still 

available and willing to discuss these various aspects of indexing. 

The findings from a series of eight interviews are presented in Chapter 6. The 

main comments received are related to why there is no such information 

available, which is also linked with the fact that indexing methods serve their 

purpose and then “they die”. Being part of piecemeal research efforts, the 

developers usually move on to the next thing and the experience from using 

an indexing method is not communicated, because this is rarely a project 

objective. Some clarifications were also received about ideas that originated 

from specific people, when that was unclear in the literature, aiming to reduce 

any unclarity on this issue.  
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It was surprisingly found that developers of indexing methods were always in 

contact with each other, as one moved on from another project and someone 

else years later took on the development of an index. A constant presence in 

that ‘movement and time’ is Jack Watts, who was always considered to be the 

most experienced and helpful person to contact and ask for advice on indexing. 

One of the major conclusions from these discussions is the fact that after many 

years most of the developers reach the same conclusion; it is not the outcome 

number that matters but the fact that an index allows you to take a different 

approach to fire safety than following rules. It is the process that a designer (or 

user) is taking when employing an indexing method that forces good 

professionals to think about many design aspects and possible variations in a 

more structured way – the numbers are just making it look ‘sexy’. This is 

essentially where the utility of a method stems from.  

Further utility to other stakeholders is also discussed, essentially in large 

projects that aim on the prioritisation of building stock inspections. Along with 

that, experience in misusing the method is documented officially for the first 

time, but it is recognised that incompetence or intentional misorientation of the 

authorities or clients is a professional ethics flaw that can occur when any 

design tool is employed. The ethics of the users and the importance of peer-

review and critical appraisal of indexing outcomes cannot be overstated.  

In terms of further work, Jim Shields, Wan-ki Chow, Alexander Copping, and 

Gregory Harrington were not able to be contacted – these are people 

recognised to potentially be able to offer significant insights into the 

development and use of indexing methods. 

8.2.7 One has to decide 

The work of Jack Watts on fire risk indexing was essentially a recognition of 

the potential to implement tools from other disciplines in fire safety – the 

ultimate goal of that would be the evolution of assessment beyond rule-based 

guidance and codes. One of these disciplines was operations research, which 

developed into management science, with a spin-off being systems theory. 
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The generation of the mathematical background to weigh probabilities and 

outcomes with a focus on decision-making through Game Theory led to the 

tangential emergence of Utility Theory. Watts recognised the same potential 

again when this last discipline evolved into Decision Analysis, which applied 

the findings of Decision Theory to real-world problems; fire safety decision 

making could be one of these problems. However, his work remained at that 

conceptual stage of suggestions. 

Building on Watts’ work, Chapter 7 is dedicated in that passing of the baton 

and exploring how concepts from Decision Analysis can be relevant and 

utilised in fire safety. This necessitates a brief historical review, so that the 

reader understands how these concepts emerged, how they were used and 

by whom, and what their limitations are. Essentially a higher level of 

sophistication is brought by the modelling of uncertainty and the inclusion of 

risk appetites in the calculation process – this calculation refers to preference 

between decision alternatives.  

This field is still evolving and Utility Theory applied to problems with multiple 

attributes is only one of the available tools of the discipline to provide decision 

aids. A future project in a fire safety domain could be the review of Decision 

Theory from a fire safety perspective – already some literature exists in other 

engineering applications. Additionally, Decision Theory has provided some 

more clear guidance on choosing attributes and models to quantify 

preferences of decision makers. These are reviewed and presented herein as 

the latest available guidance to assist potential indexing method developers. 

One of the most important findings from this review is that the use of the linear 

additive model, the aggregation of all the attributes’ grades into a final score 

by addition, is explicitly presented with all its underpinning assumptions – 

certain independence conditions between attributes need to be recognised for 

it to have any accuracy. This is never discussed or acknowledged in the 

development of existing indexing methods, which is why their accuracy is 

always derived by proxy, like experience in using it with no documented 
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failings, or evaluation through other more sophisticated methods as suggested 

by Watts.  

Conceptually related to fire risk indexing, one of the benefits of multi-attribute 

utility theory is the ability to quantify the utility (or value when it is more 

simplified) that alternatives have to a decision maker, especially when these 

attributes have no natural scale or are hard to measure (like choosing a car 

based on various colours). It adds to the decision completeness to consider 

these attributes in a formalised and explicit way, but it also should be noted 

that the aggregation of dissimilar metrics can invalidate the eventual result 

when that is considered as anything else other than preference. That is why 

conducting fire risk assessments through a model for utility measurements can 

lead to nonsensical results and is a matter that should be studied further to 

even explore if it is possible. Fire safety is a health and safety issue and there 

is a responsibility of any developer in producing methods that outline their 

limitations and are not presented as a panacea to the complexity of fire safety. 

All of these concepts and findings are used to outline the structure and metrics 

or a robustness index in Appendix D. This is not a finalised method, but a 

conceptual suggestion. The creation of an index is a research and 

development application – this work addressed the research part on the 

developmental processes and the development process is outside the scope 

of this research work. 

Selected attributes and their measurement scales are presented. The 

independence conditions necessary for the reliable use of the linear additive 

model are not satisfied, which renders any result an approximation of 

preference. Other models to model interactions are presented as well, but their 

application necessitates subjective estimations on the level of interactions, 

something which is outwith the competence and expertise of the author and 

would require a multi-actor organisation for input. 

This indicative method captures aspects of robustness of a structure in fire by 

focusing on the ability of a structure to contain a fire without losing its function. 

Ideally that would mean that burnout is achieved, with no fire spread beyond 
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the compartment of origin, and without undermining the structural stability of 

the structure. This is studied through the performance of structural, external, 

and internal elements. Grade functions are created and their form is plotted to 

showcase the “rewarding philosophy” in terms of points. This is an expansion 

of decision tables, essentially visualising their values so that the underlying 

rationale of quantification is explicit in its arbitrariness.  

It is aimed that the process followed, rather than the outcome produced in this 

work are taken to assist future aspiring developers of indexing methods.  

8.2.8 Lack of a robust approach to resilience 

The aim of this project was to develop a fire resilience assessment 

methodology for the built environment. It was explained how the need to focus 

the scope restricted the project into the domain of robustness. However, it was 

deemed conceptually constructive to review the literature of resilience to 

ensure that all the available lessons learned are taken into consideration. 

Appendix C is providing all that information. This is not a dedicated chapter 

because it was desired to be presented outside the story arc of fire risk 

indexing, as a tangential issue only related to this thesis’ conceptualisation. It 

initiates with a review of available definitions and metrics of resilience, honing 

onto the engineering domain. It is widely recognised that this is a relatively new 

research focus, with no generalised consensus on the concepts involved and 

their potential structure or interactions. Quantifying resilience has proven to be 

a very daunting and challenging task, with a risk-based approach been 

suggested as the most appropriate one. Findings and tools from research 

projects in earthquake engineering that initiated 20 years ago are only now 

starting to be utilised in more formalised assessments of fire resilience, which 

was made possible by the nature of earthquake design and the ability to model 

a whole structure, along with the collection of some relevant statistics on repair 

costs and rebuilding times. This has led to the creation of certification schemes 

that essentially prescribe explicit performance to produce a ranking. 
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Robustness, a component of resilience, is usually the focus of structural 

engineers in buildings. Again, it is a nebulous concept that is hard to codify, 

and even harder to quantify. Major efforts occurred in the past 20 years to 

quantify robustness, but the concepts involved are technically and theoretically 

demanding, which prohibits a larger-scale application of robustness 

quantification. It was found that there is still no consensus on how to approach 

the issue, whether with an energy-based approach, a prescription approach, 

or a risk-based approach. Views exist that a risk-based approach might not 

capture the full picture because some event probabilities are hard to quantify, 

and sometimes the acceptability levels are set on a consequence basis 

irrespective of the associated probabilities of these events happening – an 

issue of the public’s risk perception. 

Finally, current approaches to resilience and robustness in fire are presented 

and discussed. Major and promising steps have been taken in the past 10 

years in that direction, but there are many limitations to be overcome yet, 

namely a definition of fragility curves to map structural responses to intensity 

measures, a disentanglement from the concept of fire resistance as a metric 

of structural performance, computational capabilities for advanced modelling 

of the system, and knowledge generation to fill in research gaps needed for 

first principles approaches. This should be highlighted, because modern 

capabilities with performance-based design can give the false impression that 

fire safety has reached a sophistication in its quantification that is adequate for 

a resilience assessment, when that is not completely true. 

This review comes to show that resilience is such a complex concept in 

general, that when combined with the uncertainty associated to fire 

performance it becomes a practically impossible problem to solve in the 

domain of a PhD project. Projects with a focus on resilience were mostly 

successful when they were backed by a large organisation or government, 

when they had political backing and funding for many years – the prevailing 

approach so far has been piecemeal research projects which proved helpful 

but inadequate to address the whole issue. This should be kept in mind for 

future research attempts. 
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8.2.9 Suggested commandments 

Similar to Watts’ criteria for fire risk ranking, this is a list with the distillations of 

the main findings of the work: 

• If unsure, don’t do it. 

• The motivation for developing an indexing method should be carefully 

thought of and clear to the developers before any attempts initiate. 

• Make sure you have read the available reviews or detailed literature 

before making up your mind. 

• The attributes chosen have to be relevant and without bias. 

• The utility of relative weights should be explored, and whether these are 

quantified to facilitate trade-offs or to hint at aspects of the analysis that 

should just be of more focus and with an onus. 

• The calculation model should be as accurate as the intended end-use 

of the outcome. 

• It should be acknowledged when there are cases that uncertainty 

dominates and precludes any meaningful assessment. 

• It is suggested that absolute control in the application of the method 

remains in the developers. Unintended consequences in the use of 

indexing methods stem when their outcome is exploited by people who 

do not understand its meaning and limitations. 

• It is a very consuming and resource intensive process to keep an 

indexing method updated and relevant to be used, essentially 

necessitating the backing of a large organisation.  

• If unsure, don’t do it! 

Following these commandments does not absolve any developer from the 

responsibility related to creating something that can cause crises, or worse 

give the false impression of addressing an issue by avoiding the complexity of 
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its concepts (not its calculation) and causing complacency which shifts the 

focus away from solving this issue in a proper way. 

8.3 Conclusions 

Fire risk indexing has potential. To understand whether that potential is 

constructive or destructive, this work reviewed anything that could potentially 

be sourced in the time of this project. Starting from early historical roots, 

patterns are recognised and the utility of indexing is outlined. Seemingly 

unrelated works and independent projects are distilled together through a 

meta-synthesis to provide insights into the key concepts involved in fire risk 

indexing. This can now assist interested parties in understanding and 

navigating any complexity without having to come to the same conclusions 

through a painstaking review of indexing methods. This is now also considered 

the basis upon which further insights can be added through future research. 

Knowledge and information gaps were attempted to be addressed by 

conducting interviews with past developers; these verified initial assumptions 

and impressions that were hinted in the original works.  

Definitions and metrics of resilience and robustness were provided, through a 

review of the state that these research domains are now in. Limitations in 

quantifying resilience in fire were discussed, one of the drivers for exploring 

the possibility of indexing as a more practical approach. 

All of the above are combined and merged with concepts from Decision Theory 

to put forward a suggestion for a fire robustness index. This makes it possible 

for any aspiring developer to treat this thesis as a manual in building indexing 

methods.  

 

  



 References  

269 
 

References 

[1] Building Act 1984. 1984, p. 136. [Online]. Available: 
https://www.legislation.gov.uk/ukpga/1984/55 

[2] The Building Regulations 2010, vol. No. 2214. 2010. [Online]. Available: 
https://www.legislation.gov.uk/uksi/2010/2214/pdfs/uksi_20102214_en.pdf 

[3] Statutory Instruments, The Regulatory Reform (Fire Safety) Order 2005. 2005, 
p. 65. [Online]. Available: 
https://www.legislation.gov.uk/uksi/2005/1541/pdfs/uksi_20051541_en.pdf 

[4] Statutory Instruments, Fire Safety Act 2021. 2021, p. 3. [Online]. Available: 
https://www.legislation.gov.uk/ukpga/2021/24/enacted/data.pdf 

[5] J. Hackitt, “Building a Safer Future - Independent Review of Building 
Regulations and Fire Safety: Interim Report,” Cm 9551, Dec. 2017. [Online]. 
Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/668747/Independent_Review_of_Building_Regulations_and_
Fire_Safety.pdf 

[6] J. Hackitt, “Building a Safer Future - Independent Review of Building 
Regulations and Fire Safety: Final Report,” Cm 9607, May 2018. [Online]. 
Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/707785/Building_a_Safer_Future_-_web.pdf 

[7] M. Manes, D. Lange, and D. Rush, “Resilience, fire and the UK Codes and 
Standards. Where are they and where could they go?,” Indoor Built Environ., p. 
22, Feb. 2022, doi: 10.1177/1420326X211054423. 

[8] H. Petroski, To Engineer is Human: The Role of Failure in Successful Design. 
Vintage Books, 1992. 

[9] J. M. Watts, “Chapter 82 - Fire Risk Indexing,” in SFPE Handbook of Fire 
Protection Engineering, Fifth Edition, Ed. Morgan J. Hurley., Springer, New 
York, NY, 2016, pp. 3158–3185. 

[10] J. M. Watts, “Fire Risk Assessment Using Multiattribute Evaluation,” in IAFFS 
5th International Symposium, 1997, vol. 5, pp. 679–690. doi: 
10.3801/IAFSS.FSS.5-679. 

[11] J. M. Watts, “Fire Risk Rating Schedules,” in Fire Hazard and Fire Risk 
Assessment, Philadelphia: American Society for Testing and Materials, 1992, 
pp. 24–34. 

[12] V. Koutsomarkos, D. Rush, G. Jomaas, and A. Law, “Tactics, objectives, and 
choices: Building a fire risk index,” Fire Saf. J., vol. 119, p. 103241, Jan. 2021, 
doi: 10.1016/j.firesaf.2020.103241. 

[13] V. Koutsomarkos, D. Rush, G. Jomaas, and A. Law, “Comparative Analysis Of 
Fire Indexing Methodologies,” in Interlam 2019, Royal Holloway, University of 
London, UK, Jul. 2019, vol. 2, pp. 1647–1659. 

[14] M. Law and P. Beever, “Magic numbers and golden rules,” Fire Technol., vol. 
31, no. 1, pp. 77–83, Feb. 1995, doi: 10.1007/BF01305269. 



Developing a fire robustness index for the built environment 

270 

[15] D. Hopkin, E. O’Loughlin, P. Kotsovinos, and L. Bisby, “Fire resistance: 
Prescriptive guidance as a panacea?,” Building Engineer, no. December 2014, 
pp. 20–22, Dec. 2014. Accessed: Feb. 15, 2022. [Online]. Available: 
https://hopkin-
sfe.weebly.com/uploads/6/5/9/3/65931027/cabe_december_2014_pp20-22.pdf 

[16] M. Bullock and A. Monaghan, “Code compliance or fire engineering for life 
safety design - have we moved on?,” Int. Fire Prof., no. 8, pp. 25–28, Apr. 2014. 

[17] G. Spinardi, L. Bisby, and J. Torero, “A Review of Sociological Issues in Fire 
Safety Regulation,” Fire Technol., vol. 53, no. 3, pp. 1011–1037, 2017, doi: 
10.1007/s10694-016-0615-1. 

[18] J. M. Watts, “Operations Research and Management Science in Fire Safety,” in 
Wiley Encyclopedia of Operations Research and Management Science, 
American Cancer Society, 2011. doi: 10.1002/9780470400531.eorms0594. 

[19] H. A. Donegan, “Chapter 77 - Decision Analysis,” in SFPE Handbook of Fire 
Protection Engineering, Fifth Edition, Ed. Morgan J. Hurley., Springer, New 
York, NY, 2016, pp. 3048–3072. 

[20] C. A. Hexamer, “Fire Insurance-Rates and Schedule Rating,” Ann. Am. Acad. 
Pol. Soc. Sci., vol. 26, pp. 211–223, 1905, Accessed: Mar. 20, 2020. [Online]. 
Available: www.jstor.org/stable/1011014 

[21] H. Petroski, To Forgive Design: Understanding Failure. Harvard University 
Press, 2012. Accessed: Jan. 26, 2021. [Online]. Available: 
http://www.jstor.org/stable/j.ctt2jbqv9 

[22] H. F. Jarrett, “Part I The systems approach—An overview,” Fire Technol., vol. 1, 
no. 3, pp. 182–187, Aug. 1965, doi: 10.1007/BF02588527. 

[23] E. W. Marchant, “A simple approach to evaluation and equivalence,” in 
Engineering Fire Safety in the Process of Building Design, University of Ulster, 
Sep. 1993. 

[24] W. Edwards, J. R. Newman, K. Snapper, and D. A. Seaver, Multiattribute 
evaluation. Beverly Hills, California, US: SAGE, 1982. 

[25] Approved Document A: Structure. HM Goverment, 2013. Accessed: Oct. 21, 
2019. [Online]. Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/429060/BR_PDF_AD_A_2013.pdf 

[26] Approved Document B - Volume 1: Dwellings. HM Government, 2019. [Online]. 
Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/937931/ADB_Vol1_Dwellings_2019_edition_inc_2020_amen
dments.pdf 

[27] Approved Document B - Volume 2: Buildings other than dwellings. HM 
Government, 2019. [Online]. Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/937932/ADB_Vol2_Buildings_other_than_dwellings_2019_ed
ition_inc_2020_amendments.pdf 

[28] British Standards Institution (BSI), BS 9999:2017 - Fire safety in the design, 
management and use of buildings - Code of practice. British Standards 
Institution (BSI), 2017. [Online]. Available: https://bsol-bsigroup-



 References  

271 
 

com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030353
758 

[29] British Standards Institution (BSI), BS 9991:2015 - Fire safety in the design, 
management and use of residential buildings - Code of practice. British 
Standards Institution (BSI), 2015. [Online]. Available: https://bsol-bsigroup-
com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030353
758 

[30] British Standards Institution (BSI), BS 7974:2019 - Application of fire safety 
engineering principles to the design of buildings - Code of practice. British 
Standards Institution (BSI), 2019. [Online]. Available: https://bsol-bsigroup-
com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030353
758 

[31] British Standards Institution (BSI), BS EN 1990:2002+A1:2005 - Eurocode - 
Basis of structural design. British Standards Institution (BSI), 2002. [Online]. 
Available: https://bsol-bsigroup-
com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030227
154 

[32] British Standards Institution (BSI), NA to BS EN 1990:2002+A1:2005 - UK 
National Annex for Eurocode - Basis of structural design. British Standards 
Institution (BSI), 2004. [Online]. Available: https://bsol-bsigroup-
com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030145
246 

[33] D. Rasbash, G. Ramachandran, B. Kandola, J. Watts, and M. Law, Evaluation of 
fire safety. John Wiley & Sons, Ltd, 2004. [Online]. Available: DOI: 
10.1002/0470020083 

[34] J. Shields and G. Silcock, “An application of the hierarchical approach to fire 
safety,” Fire Saf. J., vol. 11, no. 3, pp. 235–242, Dec. 1986, doi: 10.1016/0379-
7112(86)90066-4. 

[35] G. Spinardi, “Fire safety regulation: Prescription, performance, and 
professionalism,” Fire Saf. J., vol. 80, pp. 83–88, 2016, doi: 
10.1016/j.firesaf.2015.11.012. 

[36] T. J. Shields, G. W. H. Silcock, and H. A. Donegan, “The development of a fire 
safety evaluation points scheme for dwellings. Part I - some theoretical 
considerations,” Fire Saf. J., vol. 15, no. 4, pp. 313–324, 1989. 

[37] G. Spinardi, J. Baker, and L. Bisby, “Post construction fire safety regulation in 
England: shutting the door before the horse has bolted,” Policy Pract. Health 
Saf., vol. 17, no. 2, pp. 133–145, Apr. 2019, doi: 
10.1080/14773996.2019.1591040. 

[38] “Great Fire of London 1666,” Historic UK. https://www.historic-
uk.com/HistoryUK/HistoryofEngland/The-Great-Fire-of-London/ (accessed Jun. 
14, 2022). 

[39] “Diary entries from September 1666 (The Diary of Samuel Pepys),” The Diary of 
Samuel Pepys. https://www.pepysdiary.com/diary/1666/09/ (accessed Jul. 19, 
2021). 

[40] T. J. Shields and G. W. H. Silcock, Buildings and Fire, 1st ed. Longman 
Scientific & Technical, 1987. 



Developing a fire robustness index for the built environment 

272 

[41] P. J. Wilkinson, J. L. D. Glockling, N. M. Bouchlaghem, and K. D. Ruikar, “A 
historic perspective of fire engineering in the UK,” J. Appl. Fire Sci., vol. 21, no. 
1, 2012. 

[42] M. Law, “Fire safety design practises in the United Kingdom - New Building 
Regulations,” presented at the Fire Safety Design in the 21st Century, 
Worcester, Massachusetts, USA, May 1991, pp. 228–235. 

[43] G. M. E. Cooke, “Problems in the development and application of new 
technologies for fire grading of buildings,” Fire Prev. Sci. Technol., vol. 12, pp. 
4–16, Jul. 1975. 

[44] W. F. Dunbar, The value of schedule rating in securing equitable fire insurance 
rates. Columbia, S.C.: State Company, 1916. [Online]. Available: 
//catalog.hathitrust.org/Record/100108038 

[45] Walter. Lindner and E. Rochie. Hardy, Modern Business - Insurance and real 
estate, vol. 8. New York: Alexander Hamilton Institute, 1914. [Online]. Available: 
//catalog.hathitrust.org/Record/001129351 

[46] P. R. Lyons, Fire in America! Boston, MA: National Fire Protection Association, 
1976. 

[47] Historic Records Working Party and The Insurance Institute of London, 
“Development of mercantile fire insurance in the City of London,” Insurance 
Institute of London, London, H.R.2, 1962. 

[48] R. Riegel, “Problems of Fire Insurance Ratemaking,” Ann. Am. Acad. Pol. Soc. 
Sci., vol. 70, pp. 199–219, 1917, Accessed: Mar. 20, 2020. [Online]. Available: 
www.jstor.org/stable/1013602 

[49] Insurance Library Association of Boston., Lectures on fire insurance; being the 
substance of lectures given before the evening classes in fire insurance 
conducted by the Insurance Library Association of Boston during the fall and 
winter of nineteen hundred and eleven and twelve. Boston: Insurance Library 
Association of America, 1912. [Online]. Available: 
//catalog.hathitrust.org/Record/006274530 

[50] J. M. Watts, “Chapter 82 - Fire Risk Indexing,” in SFPE Handbook of Fire 
Protection Engineering, Fifth Edition., Springer, New York, NY, 2016, pp. 3158–
3185. 

[51] H. M. Hess, Philosophy and methods of operation of the analytic system for the 
measurement of relative fire hazard (mercantile classes) papers read before the 
Fire Insurance Club of Chicago, 1908-1909. Chicago, 1909. [Online]. Available: 
//catalog.hathitrust.org/Record/007706003 

[52] J. Braidwood, Fire prevention and fire extinction. London: Bell & Daldy, 1866. 

[53] R. Riegel, Fire underwriters’ association in the United States. New York: The 
Chronicle Co., ltd., 1916. [Online]. Available: 
//catalog.hathitrust.org/Record/006565500 

[54] R. Riegel, “Fire Insurance Rates: Problems of Cooperation, Classification, 
Regulation,” Q. J. Econ., vol. 30, no. 4, pp. 704–737, 1916, doi: 
10.2307/1884240. 

[55] A. F. Dean, The rationale of fire rates; a study of the personal influences 
affecting fire insurance cost. Chicago: J. M. Murphy, 1900. [Online]. Available: 
//catalog.hathitrust.org/Record/012453979 



 References  

273 
 

[56] National Fire Protection Association., Proceedings of annual meeting., vol. 4. 
Boston., 1900. Accessed: Mar. 21, 2020. [Online]. Available: 
https://catalog.hathitrust.org/Record/000531613 

[57] R. Riegel, “The Regulation of Fire Insurance Rates,” Ann. Am. Acad. Pol. Soc. 
Sci., vol. 130, pp. 114–120, 1927, Accessed: Mar. 22, 2020. [Online]. Available: 
www.jstor.org/stable/1016409 

[58] E. R. Hardy, The making of the fire insurance rate; a treatise on past and 
present methods of calculating premium rates. Chicago, New York: The 
Spectator Company, 1926. [Online]. Available: 
//catalog.hathitrust.org/Record/006565392 

[59] F. H. Kitchin, The principles and finance of fire insurance. London, 1904. 
[Online]. Available: //catalog.hathitrust.org/Record/012453488 

[60] B. H. Meyer, “Book Review: The Rationale of Fire Rates. A. F. Dean Fire-Rating 
as a Science. A. F. Dean,” J. Polit. Econ., vol. 10, no. 1, pp. 143–148, Dec. 
1901, doi: 10.1086/250816. 

[61] A. F. Dean, Fire-rating as a science. Chicago: J. M. Murphy, 1901. [Online]. 
Available: //catalog.hathitrust.org/Record/006565391 

[62] F. C. Moore, J. A. Silvey, G. W. Babb, and E. G. Richards, Standard universal 
schedule for rating mercantile risks: January 1896. New York, 1896. [Online]. 
Available: //catalog.hathitrust.org/Record/008685937 

[63] The Chronicle: a weekly journal, devoted to the interests of insurance, 
manufacturers and real estate, vol. 51. Chicago: John J. W. O’Donoghue, 1893. 
[Online]. Available: //catalog.hathitrust.org/Record/100433318 

[64] F. C. Moore, J. A. Silvey, G. W. Babb, and E. G. Richards, Standard universal 
schedule for rating mercantile risks. New York, 1902. [Online]. Available: 
//catalog.hathitrust.org/Record/006528542 

[65] F. C. Moore, Fire insurance and how to build;combining also a guide to 
insurance agents respecting fire prevention and extinction, special features of 
manufacturing risks, writing of policies, adjustment of losses, etc., etc. New 
York, 1903. [Online]. Available: http://hdl.handle.net/2027/nyp.33433075943989 

[66] E. R. Hardy, B. D. Mudgett, G. F. Michelbacher, and S. S. Huebner, Insurance, 
19 vols. New York: Alexander Hamilton institute, 1919. [Online]. Available: 
//catalog.hathitrust.org/Record/012290734 

[67] A. F. Dean, Analytic system for the measurement of relative fire hazard 
(mercantile classes) ... Chicago, 1906. [Online]. Available: 
//catalog.hathitrust.org/Record/008691752 

[68] National Fire Protection Association., The story of the National fire protection 
association and list of its publications ... Boston, 1914. Accessed: Mar. 21, 2020. 
[Online]. Available: https://catalog.hathitrust.org/Record/001177664 

[69] C. C. Grant, “NFPA History.” https://www.nfpa.org/About-NFPA/NFPA-
overview/History-of-NFPA (accessed Jul. 23, 2021). 

[70] National Board of Fire Underwriters., Standard schedule for grading cities and 
towns of the United States with reference to their fire defenses and physical 
conditions. New York: National Board of Fire Underwriters, 1916. [Online]. 
Available: //catalog.hathitrust.org/Record/008680437 



Developing a fire robustness index for the built environment 

274 

[71] National Board of Fire Underwriters, Proposed Standard Schedule for Grading 
Cities and Towns of the United States with Reference to their Fire Defenses and 
Physical Conditions. New York: National Board of Fire Underwriters, 1915. 
[Online]. Available: 
https://babel.hathitrust.org/cgi/pt?id=nyp.33433075947113&view=1up&seq=7 

[72] National Board of Fire Underwriters., Standard schedule for grading cities and 
towns of the United States with reference to their fire defenses and physical 
conditions. New York: National board of fire underwriters, 1922. [Online]. 
Available: //catalog.hathitrust.org/Record/012304442 

[73] National Board of Fire Underwriters., Standard schedule for grading cities and 
towns of the United States: with reference to their fire defenses and physical 
conditions. New York: National Board of Fire Underwriters, 1956. [Online]. 
Available: //catalog.hathitrust.org/Record/003101661 

[74] United States Fire Administration:, “Coffee Break Training: Administration: The 
Insurance Services Office: What is the Insurance Services Office? Part 1,” 
United States Fire Administration, Coffee Break Training - Fire Protection Series 
FP-2014-50, Dec. 2014. Accessed: Mar. 24, 2020. [Online]. Available: 
https://www.hsdl.org/?view&did=760981 

[75] Cyclopedia of insurance in the United States. Patterson, N.J., 1924. [Online]. 
Available: //catalog.hathitrust.org/Record/010047098 

[76] A. E. Larter and W. S. Lemmon, The L. & L. rating system, designed to effect 
standardization of fire insurance rating. New York, 1917. [Online]. Available: 
//catalog.hathitrust.org/Record/012411100 

[77] E. A. Ketcham and M. Ketcham-Kirk, Essentials of the fire insurance business; a 
text book for men and women engaged in the fire insurance business. 
Springfield, S.D: Self-published, 1922. [Online]. Available: 
http://hdl.handle.net/2027/uiug.30112049837138 

[78] D. J. Rasbash, “Criteria for acceptability for use with quantitative approaches to 
fire safety,” Fire Saf. J., vol. 8, no. 2, pp. 141–158, Jan. 1985, doi: 
10.1016/0379-7112(85)90052-9. 

[79] D. Rasbash, G. Ramachandran, B. Kandola, J. Watts, and M. Law, “Chapter 13 
- Point Systems - A Single Index,” in Evaluation of fire safety, John Wiley & 
Sons, Ltd, 2004, pp. 363–390. doi: 10.1002/0470020083. 

[80] E. G. Richards, The experience grading and rating schedule; designed to be a 
United States standard for measuring fire insurance costs based upon combined   
experience averages. New York: National Board of Fire Underwriters, 1915. 
Accessed: Mar. 18, 2020. [Online]. Available: 
https://catalog.hathitrust.org/Record/008521772 

[81] E. G. Richards, The experience grading and rating schedule; a system of fire 
insurance rate-making based on average fire costs. New York: Van Nostrand, 
1921. [Online]. Available: //catalog.hathitrust.org/Record/008521773 

[82] H. A. Stone, Fire insurance classification of cities and fire losses; the need for an 
improved measuring schedule for fire protection. Chicago, Ill.: Public 
administration service, 1934. [Online]. Available: 
//catalog.hathitrust.org/Record/002093334 

[83] Office of the Oklahoma State Fire Marshar and Mission Research Corporation, 
A basic guide for fire prevention and control master planning. Washington: Dept. 



 References  

275 
 

of Commerce, National Fire Prevention and Control Administration, National Fire 
Safety and Research Office, 1978. [Online]. Available: 
//catalog.hathitrust.org/Record/000387272 

[84] “Obtaining FSRS and BCEGS® Documents | Documents,” ISO Mitigation. 
https://www.isomitigation.com/documents/obtaining-fsrs-and-bcegs-documents/ 
(accessed Mar. 24, 2020). 

[85] D. Gage, “The Iso’s Public Protection Classification Program,” Fire Eng., vol. 
157, no. 1, pp. 130–131, Jan. 2004, Accessed: Mar. 24, 2020. [Online]. 
Available: 
http://search.ebscohost.com/login.aspx?direct=true&db=a9h&AN=12159889&sit
e=ehost-live 

[86] “Agenda of County Commission in Ellis County Kansas.” Ellis County Kansas, 
Sep. 03, 2013. [Online]. Available: 
https://www.ellisco.net/Archive.aspx?AMID=35 

[87] “Commercial Property On-Site Surveys for Rating,” Verisk. 
https://www.verisk.com/insurance/products/onsite-surveys-inspections/surveys-
for-rating/ (accessed Mar. 24, 2020). 

[88] C. T. Griffith, “Is an ISO Rating Process Appropriate for the Roanoke County 
Fire and Rescue Department at this Time?,” Aug. 2010, Accessed: Mar. 18, 
2020. [Online]. Available: https://www.hsdl.org/?abstract&did= 

[89] “ISO Files Revisions to Fire Suppression Rating Schedule and Public Protection 
Classification Structure,” Verisk. https://www.verisk.com/archived/2013/iso-files-
revisions-to-fire-suppression-rating-schedule-and-public-protection-
classification-structure/ (accessed Mar. 24, 2020). 

[90] Chicago. Institute for Training in Municipal Administration, Municipal fire 
administration. Chicago: Published for Institute for Training in Municipal 
Administration by International City Managers’ Association, 1956. [Online]. 
Available: //catalog.hathitrust.org/Record/002019333 

[91] R. Bailey, “Insurance Rates with Minimum Bias,” in Proceeding of the Casualty 
Actuarial Society, May 1963, vol. L, pp. 4–11. [Online]. Available: 
https://www.casact.org/pubs/proceed/proceed63/ 

[92] National Research Council, Report from the 1987 Workshop on Analytical 
Methods for Designing Buildings for Fire Safety. Washington, DC: The National 
Academies Press, 1988. doi: 10.17226/19114. 

[93] J. M. Watts, “An educational opportunity,” Fire Technol., vol. 23, no. 4, pp. 265–
266, Nov. 1987, doi: 10.1007/BF01040583. 

[94] Joint Committee of the building research board of the department of scientific & 
industrial research and The fire office’s committee, “Fire Grading of Buildings - 
Part I - General Principles and structural precautions,” HMSO - Ministry of 
Works, London, Post-war building studies 20, 1946. 

[95] British Standards Institution (BSI), BS 476:1932 - Fire-resistance, 
incombustibility and non-inflammability of building materials and structures. 
British Standards Institution (BSI), 1932. [Online]. Available: 
https://shop.bsigroup.com/products/fire-resistance-incombustibility-and-non-
inflammability-of-building-materials-and-structures/details 



Developing a fire robustness index for the built environment 

276 

[96] S. J. Mildenhall, “Bailey–Simon Method,” in Encyclopedia of Actuarial Science, 
American Cancer Society, 2006. doi: 10.1002/9780470012505.tab002. 

[97] M.-Y. Choi and S. Jun, “Fire Risk Assessment Models Using Statistical Machine 
Learning and Optimized Risk Indexing,” Appl. Sci., vol. 10, no. 12, Art. no. 12, 
Jan. 2020, doi: 10.3390/app10124199. 

[98] G. Ramachandran, The economics of fire protection. London: E & FN Spon, 
1998, p. Accessed: Sep. 22, 2020. [Online]. Available: 
http://capitadiscovery.co.uk/dmu/items/533882 

[99] F. Godwin, The principles and practice of fire insurance in the United Kingdom, 
3rd ed. London: Sir Isaac Pitman & Sons, Ltd., 1930. 

[100] F. Godwin, “Chapter III - Rating and Average,” in The principles and practice 
of fire insurance in the United Kingdom, 3rd ed., London: Sir Isaac Pitman & 
Sons, Ltd., 1930, pp. 56–65. 

[101] S. G. Gamble, “Chapter VII - Insurance,” in A practical treatise on outbreaks 
of fire, Third., London: C. Griffin and Co., 1941, pp. 216–223. 

[102] S. G. Gamble, “Chapter XVIII - The construction of buildings from a fireman’s 
point of view,” in A practical treatise on outbreaks of fire, Third., London: C. 
Griffin and Co., 1941, pp. 216–223. 

[103] G. J. Langdon-Thomas, Fire Safety in Buildings; Principles and Practise. 
London, UK: Adan & Charles Black, 1972. 

[104] G. J. Langdon-Thomas, “Chapter 7 - Fire and Insurance,” in Fire Safety in 
Buildings; Principles and Practise, London, UK: Adan & Charles Black, 1972, 
pp. 209–218. 

[105] S. P. Hey, “Heuristics and Meta-heuristics in Scientific Judgement,” Br. J. 
Philos. Sci., vol. 67, no. 2, pp. 471–495, Jun. 2016, doi: 10.1093/bjps/axu045. 

[106] M. Kinsey, M. Kinateder, and S. Gwynne, “Burning Biases: Mitigating 
Cognitive Biases In Fire Engineering,” in Interlam 2019, Royal Holloway, 
University of London, UK, Jul. 2019, vol. 2, pp. 1882–1890. 

[107] J. M. Watts, “Index Approach to Quantifying Fire Risk,” in SFPE Symposium 
on Risk, Uncertainty, and Reliability in Fire Protection Engineering, Bethesda, 
MD, May 1999, pp. 39–41. 

[108] H. E. Nelson and A. J. Shibe, “NBSIR 78-1555: A system for fire safety 
evaluation of Health Care Facilities,” Center for Fire Research, National 
Engineering Laboratory, National Bureau of Standards, U.S. Department of 
Commerce Washington, D.C. 20234, Washington, D.C., Internal Report, Nov. 
1978. 

[109] E. W. Marchant, “Fire Safety Evaluation (Points) Scheme for Patient Areas 
within Hospitals: A Report on its Origins and Development Sponsored by the 
DHSS,” University of Edinburgh, Department of Fire Safety Engineering, Jun. 
1982. 

[110] B. Karlsson, B. Tomasson, and V. Stenstad, “Using a Fire Risk Index Method 
for Multi-Storey Apartment Buildings in the Design Process.,” in Reaching New 
Horizons. Performance-Based Codes and Fire Safety Design Methods, 6th 
International Conference., Tokyo, Japan, Jun. 2006, pp. 1–12. 



 References  

277 
 

[111] L. T. Wong and S. W. Lau, “A Fire Safety Evaluation System for Prioritizing 
Fire Improvements in Old High-rise Buildings in Hong Kong,” Fire Technol., vol. 
43, no. 3, pp. 233–249, Sep. 2007, doi: 10.1007/s10694-007-0014-8. 

[112] National Fire Protection Association, “NFPA 101A - Guide on Alternative 
Approaches to Life Safety.” National Fire Protection Association, 2019. [Online]. 
Available: https://www.nfpa.org/codes-and-standards/all-codes-and-
standards/list-of-codes-and-standards/detail?code=101A 

[113] J. Shields and G. Silcock, “An application of the hierarchical approach to fire 
safety,” Fire Saf. J., vol. 11, no. 3, pp. 235–242, Dec. 1986, doi: 10.1016/0379-
7112(86)90066-4. 

[114] T. J. Shields and G. W. H. Silcock, “Chapter 13 - Fire Safety Evaluation,” in 
Buildings and Fire, 1st ed., Longman Scientific & Technical, 1987. 

[115] J. M. Watts, “Criteria For Fire Risk Ranking,” Fire Saf. Sci., vol. 3, pp. 457–
466, 1991, doi: 10.3801/IAFSS.FSS.3-457. 

[116] D. Rasbash, G. Ramachandran, B. Kandola, J. Watts, and M. Law, 
Evaluation of fire safety. 2004. doi: 10.1002/0470020083. 

[117] J. M. Watts and M. E. Kaplan, “Fire Risk Index for Historic Buildings,” Fire 
Technol., vol. 37, no. 2, pp. 167–180, Apr. 2001, doi: 
10.1023/A:1011649802894. 

[118] J. C. Valente, “The Evaluation of the Fire Safety Level in a Historic Centre in 
Lisbon,” in International Conference on Fire Protection of Cultural Heritage, 
Thessaloniki, Greece, Jun. 2000, pp. 225–234. 

[119] P. A. Hernandez-Leal, M. Arbelo, and A. Gonzalez-Calvo, “Fire risk 
assessment using satellite data,” Adv. Space Res., vol. 37, no. 4, pp. 741–746, 
Jan. 2006, doi: 10.1016/j.asr.2004.12.053. 

[120] National Fire Protection Association, “NFPA 1144 - Standard for Reducing 
Structure Ignition Hazards from Wildland Fire.” National Fire Protection 
Association, 2018. [Online]. Available: https://www.nfpa.org/codes-and-
standards/all-codes-and-standards/list-of-codes-and-
standards/detail?code=1144 

[121] T. Jarnskjold, G. Jensen, and A. Knudsen, “Performance profiles of exterior 
fire protective building envelopes,” MATEC Web Conf., vol. 46, pp. 04005–10, 
May 2016, doi: 10.1051/matecconf/20164604005. 

[122] R. E. Chapman and W. G. Hall, “Code compliance at lower costs: A 
mathematical programming approach,” Fire Technol., vol. 18, no. 1, pp. 77–89, 
Feb. 1982, doi: 10.1007/BF02993490. 

[123] Joint Committee of the building research board of the department of scientific 
& industrial research and The fire office’s committee, “Fire Grading of Buildings - 
Part I - General Principles and structural precautions,” HMSO - Ministry of 
Works, London, Post-war building studies 20, 1946. 

[124] J. M. Watts, “A theoretical rationalization of a goal-oriented systems 
approach to building fire safety,” PhD Thesis, University of Massachusetts, 
1978. 

[125] H. L. Malhotra, Fire safety in buildings: report of a study for the Fire 
Research Station on behalf of the Department of the Environment. 
Borehamwood, England: Building Research Establishment, 1987. 



Developing a fire robustness index for the built environment 

278 

[126] H. L. Malhotra, “Fire safety in assembly buildings,” Fire Saf. J., vol. 7, no. 3, 
pp. 285–291, Jan. 1984, doi: 10.1016/0379-7112(84)90026-2. 

[127] A. G. Copping, “Fire safety evaluation of ecclesiastical estate: the 
development and application of a fire safety evaluation procedure for the 
property protection of parish churches,” PhD Thesis, De Montfort University, 
Leicester, 2000. Accessed: Jul. 22, 2019. [Online]. Available: 
https://www.dora.dmu.ac.uk/handle/2086/10774 

[128] T. J. Shields and G. W. Silcock, “Comments on ‘The confusion existing in the 
use of the terms “model” and “scheme” in fire safety modelling,’” Fire Saf. J., vol. 
10, no. 3, pp. 239–240, May 1986, doi: 10.1016/0379-7112(86)90020-2. 

[129] M. F. M. Idris, “The development of a fire safety evaluation procedure for the 
educational establishment,” PhD Thesis, The University of Edinburgh, 
Edinburgh, Scotland, 1997. [Online]. Available: 
https://www.era.lib.ed.ac.uk/handle/1842/14141 

[130] A. N. Beard, “Towards A Systemic Approach To Fire Safety,” Fire Saf. Sci., 
pp. 943–952, 1986, doi: 10.3801/IAFSS.FSS.1-943. 

[131] T. J. Shields, “A fire safety evaluation points scheme for dwellings,” PhD 
Thesis, University of Ulster, Jordanstown, 1991. 

[132] J. M. Watts, “Fire-Risk Indexing: A Systemic Approach to Building-Code 
‘Equivalency’ for Historic Buildings,” APT Bull., vol. 34, no. 4, pp. 23–28, 2003, 
doi: 10.2307/1504867. 

[133] L. L. Parks, B. D. Kushler, M. J. Serapiglia, L. A. McKenna, E. K. Budnick, 
and J. M. Watts, “Fire Risk Assessment for Telecommunications Central 
Offices,” Fire Technol., vol. 34, no. 2, pp. 156–176, May 1998, doi: 
10.1023/A:1015329519575. 

[134] B. Karlsson and D. Larsson, “Using a Delphi Panel for Developing a Fire 
Risk Index Method for Multistorey Apartment Buildings,” Department of Fire 
Safety Engineering and Systems Safety, Lund University, Lund, Sweden, 3114, 
2000. 

[135] J. M. Watts, “Criteria For Fire Risk Ranking,” Fire Saf. Sci., vol. 3, pp. 457–
466, 1991, doi: 10.3801/IAFSS.FSS.3-457. 

[136] S. M. Lo, B. Q. Hu, M. Liu, and K. K. Yuen, “On the Use of Reliability Interval 
Method and Grey Relational Model for Fire Safety Ranking of Existing 
Buildings,” Fire Technol., vol. 41, no. 4, pp. 255–270, Oct. 2005, doi: 
10.1007/s10694-005-3732-9. 

[137] Chow W. K., “Proposed Fire Safety Ranking System EB-FSRS for Existing 
High-Rise Nonresidential Buildings in Hong Kong,” J. Archit. Eng., vol. 8, no. 4, 
pp. 116–124, Dec. 2002, doi: 10.1061/(ASCE)1076-0431(2002)8:4(116). 

[138] M. Gretener, “Attempt to calculate the fire risk of industrial and other objects 
(Versuch zur Rechnerischen Bestimmung Der Brandgefährdung von Industrie- 
und Anderen Objekten),” in 3e Internationaal Brandweer Symposium = 3. 
Internationales Brandschutzseminar = 3rd International Fire Protection Seminar, 
Eindhoven, The Netherlands, Oct. 1968, pp. 56–88. 

[139] E. Soja, “A scheme for the evaluation of fire safety components involving the 
interactions between components, for hospital fire safety. Appendix 5 of the 
report ‘Fire Safety Evaluation (Points) Scheme for Patient Areas within 



 References  

279 
 

Hospitals’ by E.W. Marchant,” University of Edinburgh, Department of Fire 
Safety Engineering, Jun. 1982. 

[140] R. W. Saaty, “The analytic hierarchy process—what it is and how it is used,” 
Math. Model., vol. 9, no. 3, pp. 161–176, Jan. 1987, doi: 10.1016/0270-
0255(87)90473-8. 

[141] British Standards Institution (BSI), BS ISO 31000:2018 - Risk management: 
Guidelines. BSI, 2018. 

[142] British Standards Institution (BSI), BS ISO 31010:2019 - Risk management: 
Risk assessment techniques. BSI, 2019. 

[143] British Standards Institution (BSI), “PD ISO GUIDE 73:2009 - Risk 
management - Vocabulary.” British Standards Institution (BSI), Sep. 30, 2013. 
[Online]. Available: https://bsol-bsigroup-
com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030202
357 

[144] J. M. Watts and M. E. Kaplan, “Development of a Prototypical Historic Fire 
Risk Index to Evaluate Fire Safety in Historic Buildings,” National Center for 
Preservation Technology and Training, No. 1998-08, Feb. 1998. 

[145] M. E. Kaplan and J. M. Watts, “A Prototypical Historic Fire-Risk Index to 
Evaluate Fire Safety in Historic Buildings,” APT Bull. J. Preserv. Technol., vol. 
30, no. 2/3, pp. 49–54, 1999, doi: 10.2307/1504640. 

[146] S. M. Lo, “A Fire Safety Assessment System for Existing Buildings,” Fire 
Technol., vol. 35, no. 2, pp. 131–152, May 1999, doi: 
10.1023/A:1015463821818. 

[147] J. Kaiser, “Experiences of the Gretener method,” Fire Saf. J., vol. 2, no. 3, 
pp. 213–222, Mar. 1980, doi: 10.1016/0379-7112(79)90021-3. 

[148] S. Sugahara, “Basic Concepts into Methodologies on Systems Approach to 
Building Fire Safety,” Fire Sci. Technol., vol. 7, no. 2, pp. 35–41, 1987, doi: 
10.3210/fst.7.2_35. 

[149] E. De Smet, FRAME 2008 - Theoretical basis and technical reference guide. 
[Online]. Available: 
http://www.framemethod.net/indexen_html_files/FRAME2008TRG.pdf 

[150] G. Ramachandran and D. A. Charters, “Chapter 2 - Qualitative and semi-
quantitative risk assessment techniques,” in Quantitative risk assessment in fire 
safety, Milton Park, Abingdon, Oxon ; New York : Spon Press, 2011, pp. 34–69. 
Accessed: Mar. 28, 2019. [Online]. Available: 
https://trove.nla.gov.au/version/39075398 

[151] “WG6 - Fire Risk Assessment Methods,” European Commission, Final 
Report FiRE-TECH/WG6/01/iBMB/30/10/2003, 2003. [Online]. Available: 
http://www.framemethod.net/indexen_html_files/wg6finalreport.pdf 

[152] H. Hultquist and B. Karlsson, “Evaluation of a Fire Risk Index Method for 
Multistorey Apartment Buildings,” Department of Fire Safety Engineering and 
Systems Safety, Lund University, Lund, Sweden, 3088, 2000. [Online]. 
Available: https://lucris.lub.lu.se/ws/files/4725595/1266574 

[153] M. Bullock and A. Monaghan, “Shouldering the responsibility,” Int. Fire Prof., 
no. 9, pp. 29–32, Jul. 2014. 



Developing a fire robustness index for the built environment 

280 

[154] A. Kaplan, A. L. Skogstad, and M. A. Girshick, “The Prediction of Social and 
Technological Events,” Public Opin. Q., vol. 14, no. 1, pp. 93–110, 1950, doi: 
10.1086/266153. 

[155] N. Dalkey and O. Helmer, “An Experimental Application of the Delphi Method 
to the Use of Experts,” Manag. Sci., vol. 9, no. 3, pp. 458–467, 1963. 

[156] O. Helmer-Hirschberg and N. H. Rescher, “On the Epistemology of the 
Inexact Sciences,” RAND Corporation, R-353, 1960. Accessed: May 14, 2019. 
[Online]. Available: https://www.rand.org/pubs/reports/R353.html 

[157] T. J. Gordon and O. Helmer, Report on a long-range forecasting study. 
Santa Monica (Calif.): Rand Corporation, 1964. 

[158] O. Helmer-Hirschberg, Social technology. New York: New York : Basic 
Books, 1966. 

[159] C. Dayé, “How to train your oracle: The Delphi method and its turbulent 
youth in operations research and the policy sciences,” Soc. Stud. Sci., vol. 48, 
no. 6, pp. 846–868, Dec. 2018, doi: 10.1177/0306312718798497. 

[160] U. G. Gupta and R. E. Clarke, “Theory and applications of the Delphi 
technique: A bibliography (1975–1994),” Technol. Forecast. Soc. Change, vol. 
53, no. 2, pp. 185–211, Oct. 1996, doi: 10.1016/S0040-1625(96)00094-7. 

[161] G. Rowe and G. Wright, “The Delphi technique: Past, present, and future 
prospects — Introduction to the special issue,” Technol. Forecast. Soc. Change, 
vol. 78, no. 9, pp. 1487–1490, Nov. 2011, doi: 10.1016/j.techfore.2011.09.002. 

[162] H. A. Linstone and M. Turoff, Eds., The Delphi method: techniques and 
applications. Reading, Mass: Addison-Wesley Pub. Co., Advanced Book 
Program, 2002. 

[163] S. Hanafin, “Review of literature on the Delphi Technique,” Office  of  the  
Minister  for  Children  and  Youth  Affairs, Dublin, Mar. 2004. Accessed: May 
22, 2019. [Online]. Available: 
https://www.dcya.gov.ie/documents/publications/Delphi_Technique_A_Literature
_Review.pdf 

[164] S. J. van Zolingen and C. A. Klaassen, “Selection processes in a Delphi 
study about key qualifications in Senior Secondary Vocational Education,” 
Technol. Forecast. Soc. Change, vol. 70, no. 4, pp. 317–340, May 2003, doi: 
10.1016/S0040-1625(02)00202-0. 

[165] W. Rauch, “The decision Delphi,” Technol. Forecast. Soc. Change, vol. 15, 
no. 3, pp. 159–169, Nov. 1979, doi: 10.1016/0040-1625(79)90011-8. 

[166] T. Webler, D. Levine, H. Rakel, and O. Renn, “A novel approach to reducing 
uncertainty: The group Delphi,” Technol. Forecast. Soc. Change, vol. 39, no. 3, 
pp. 253–263, May 1991, doi: 10.1016/0040-1625(91)90040-M. 

[167] G. Rowe, G. Wright, and F. Bolger, “Delphi: A reevaluation of research and 
theory,” Technol. Forecast. Soc. Change, vol. 39, no. 3, pp. 235–251, May 
1991, doi: 10.1016/0040-1625(91)90039-I. 

[168] F. Woudenberg, “An evaluation of Delphi,” Technol. Forecast. Soc. Change, 
vol. 40, no. 2, pp. 131–150, Sep. 1991, doi: 10.1016/0040-1625(91)90002-W. 



 References  

281 
 

[169] T. J. Shields, G. W. H. Silcock, H. A. Donegan, and Y. A. Bell, 
“Methodological problems associated with the Use of the Delphi technique,” Fire 
Technol., vol. 23, no. 3, pp. 175–185, Aug. 1987, doi: 10.1007/BF01036934. 

[170] P. Stollard, “The development of a points scheme to assess fire safety in 
hospitals,” Fire Saf. J., vol. 7, no. 2, pp. 145–153, Jan. 1984, doi: 10.1016/0379-
7112(84)90034-1. 

[171] T. J. Shields, G. W. Silcock, and Y. Bell, “Fire safety evaluation of dwellings,” 
Fire Saf. J., vol. 10, no. 1, pp. 29–36, Jan. 1986, doi: 10.1016/0379-
7112(86)90029-9. 

[172] P. Stollard, K. Croucher, and T. Clark, “The Development of a Points System 
to Compare the Potential Running Costs of Different Development Options for 
New Hospitals:,” Health Serv. Manage. Res., vol. 3, no. 1, pp. 49–58, Mar. 
1990, doi: 10.1177/095148489000300106. 

[173] T. Z. Harmathy, “The Delphi method—a complement to research,” Fire 
Mater., vol. 6, no. 2, pp. 76–79, Jun. 1982, doi: 10.1002/fam.810060208. 

[174] T. Z. Harmathy et al., “A Decision logic for trading between fire safety 
measures,” Fire Mater., vol. 14, no. 1, pp. 1–10, Mar. 1989, doi: 
10.1002/fam.810140102. 

[175] T. Z. Harmathy, “Chapter 15 - General aspects of fire safety design,” in Fire 
Safety Design & Concrete, Longman Scientific & Technical, 1993, pp. 351–364. 

[176] J. Baker, D. Bouchlaghem, and S. Emmitt, “Categorisation of fire safety 
management: Results of a Delphi Panel,” Fire Saf. J., vol. 59, pp. 37–46, Jul. 
2013, doi: 10.1016/j.firesaf.2013.03.005. 

[177] E. W. Marchant, “Methodological problems associated with the use of the 
Delphi technique — some comments,” Fire Technol., vol. 24, no. 1, pp. 59–62, 
Feb. 1988, doi: 10.1007/BF01039641. 

[178] I. Ioannou, W. Aspinall, D. Rush, L. Bisby, and T. Rossetto, “Expert 
judgment-based fragility assessment of reinforced concrete buildings exposed to 
fire,” Reliab. Eng. Syst. Saf., vol. 167, pp. 105–127, Nov. 2017, doi: 
10.1016/j.ress.2017.05.011. 

[179] H. A. Donegan and F. J. Dodd, “An analytical approach to consensus,” Appl. 
Math. Lett., vol. 4, no. 2, pp. 21–24, Jan. 1991, doi: 10.1016/0893-
9659(91)90160-W. 

[180] D. Larsson, “Developing the Structure of a Fire Risk Index Method for 
Timber-frame Multistorey Apartment Buildings.,” Lund University, Lund, 
Sweden, 2000. [Online]. Available: https://lup.lub.lu.se/student-
papers/search/publication/1687186 

[181] F. J. Dodd and H. A. Donegan, “Comparative and compound consensus,” 
Appl. Math. Lett., vol. 5, no. 3, pp. 31–33, May 1992, doi: 10.1016/0893-
9659(92)90033-6. 

[182] F. J. Dodd and H. A. Donegan, “Some considerations in the combination and 
use of expert opinions in fire safety evaluation,” Fire Saf. J., vol. 22, no. 4, pp. 
315–327, Jan. 1994, doi: 10.1016/0379-7112(94)90038-8. 

[183] J. Kruger and D. Dunning, “Unskilled and unaware of it: how difficulties in 
recognizing one’s own incompetence lead to inflated self-assessments,” J. Pers. 



Developing a fire robustness index for the built environment 

282 

Soc. Psychol., vol. 77, no. 6, pp. 1121–1134, Dec. 1999, doi: 10.1037/0022-
3514.77.6.1121. 

[184] D. Hubbard and D. Evans, “Problems with scoring methods and ordinal 
scales in risk assessment,” IBM J. Res. Dev., vol. 54, no. 3, p. 2:1-2:10, May 
2010, doi: 10.1147/JRD.2010.2042914. 

[185] S. M. Lo, K. C. Lam, and R. K. K. Yuen, “Views of building surveyors and 
building services engineers on priority setting of fire safety attributes for building 
maintenance,” Facilities, Dec. 2000, doi: 10.1108/02632770010328153. 

[186] M. N. Ibrahim, M. S. Ibrahim, A. Mohd-Din, K. Abdul-Hamid, R. M. Yunus, 
and M. R. Yahya, “Fire Risk Assessment of Heritage Building – Perspectives of 
Regulatory Authority, Restorer and Building Stakeholder,” Procedia Eng., vol. 
20, pp. 325–328, Jan. 2011, doi: 10.1016/j.proeng.2011.11.173. 

[187] A. A. Salo and R. P. Hämäläinen, “On the measurement of preferences in 
the analytic hierarchy process,” J. Multi-Criteria Decis. Anal., vol. 6, no. 6, pp. 
309–319, 1997, doi: 10.1002/(SICI)1099-1360(199711)6:6<309::AID-
MCDA163>3.0.CO;2-2. 

[188] F. J. Dodd and H. A. Donegan, “Comparison of Prioritization Techniques 
Using Interhierarchy Mappings,” J. Oper. Res. Soc., vol. 46, no. 4, pp. 492–498, 
Apr. 1995, doi: 10.1057/jors.1995.67. 

[189] S. E. Magnusson and T. Rantatalo, “Risk Assessment of Timberframe 
Multistorey Apartment Buildings. Proposal for a Comprehensive Fire Safety 
Evaluation Procedure,” Lund University, Lund, Sweden, Internal Report 7004, 
1998. 

[190] H. A. Donegan, I. R. Taylor, and R. T. Meehan, “An Expert System To 
Assess Fire Safety In Dwellings,” Fire Saf. Sci., vol. 3, pp. 485–494, 1991, 
Accessed: May 13, 2020. [Online]. Available: 
https://www.iafss.org/publications/fss/3/485 

[191] J. Abrahams and P. Stollard, Fire from First Principles : A Design Guide to 
Building Fire Safety, 3rd ed. Routledge, 2003. doi: 10.4324/9780203478202. 

[192] H. W. Emmons, “Fire research abroad,” Fire Technol., vol. 3, no. 3, pp. 225–
231, Aug. 1967, doi: 10.1007/BF02601787. 

[193] S. E. Magnusson et al., “A proposal for a model curriculum in fire safety 
engineering,” Fire Saf. J., vol. 25, no. 1, pp. 1–88, Jul. 1995, doi: 
10.1016/S0379-7112(95)00038-0. 

[194] G. A. Purt, “The evaluation of the fire risk as a basis for planning automatic 
fire protection systems,” Fire Technol., vol. 8, no. 4, pp. 291–300, Nov. 1972, 
doi: 10.1007/BF02590534. 

[195] M. Law, “What is a fire engineer?,” J. Appl. Fire Sci., vol. 1, no. 1, pp. 3–6, 
1991 1990. 

[196] A. Stam, “Short Note on ‘On the Measurement of Preferences in the Analytic 
Hierarchy Process’ by A. A. Salo and R. P. Hämäläinen,” J. Multi-Criteria Decis. 
Anal., vol. 6, no. 6, pp. 338–339, 1997, doi: 10.1002/(SICI)1099-
1360(199711)6:6<338::AID-MCDA169>3.0.CO;2-D. 

[197] J. A. Milke, “What is a fire safety effectiveness statement?,” Fire Saf. J., vol. 
2, no. 2, pp. 119–123, Feb. 1980, doi: 10.1016/0379-7112(79)90038-9. 



 References  

283 
 

[198] J. G. Quintiere, Fundamentals of fire phenomena. Chichester, England: John 
Wiley, 2006. Accessed: Oct. 21, 2019. [Online]. Available: 
http://ezproxy.is.ed.ac.uk/login?url=http://dx.doi.org/10.1002/0470091150 

[199] U. Wickström, “Comments on Franssen’s article on calculation of 
temperature in fire-exposed bare steel structures,” Fire Saf. J., vol. 41, no. 6, p. 
491, Sep. 2006, doi: 10.1016/j.firesaf.2006.03.009. 

[200] The Home Office, Manual of safety requirements in theatres and other 
places of public entertainment. London: HM Stationery Office, 1935. [Online]. 
Available: //catalog.hathitrust.org/Record/009947152 

[201] E. W. Marchant, “A Simple Approach to evaluation and equivalence,” in 
Engineering Fire Safety in the Process of Building Design, University of Ulster, 
Sep. 1993. 

[202] H. L. Malhotra, Fire safety in buildings: report of a study for the Fire 
Research Station on behalf of the Department of the Environment. 
Borehamwood, England: Building Research Establishment, 1986. 

[203] Building Industries National Council (BINC), “Report on means of escape in 
case of fire,” Building Industries National Council, London, Jun. 1945. 

[204] NBS for Department of Communities and Local Government, “Approved 
Document B.” HM Goverment, 2019. Accessed: Oct. 21, 2019. [Online]. 
Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/832633/Approved_Document_B__fire_safety__volume_2_-
_2019_edition.pdf 

[205] R. E. H. Read, “British fire legislation on means of escape 1774-1974,” 
B.R.E., Borehamwood, Building Research Establishment Report K24 1986, 
1986. [Online]. Available: https://www.brebookshop.com/details.jsp?id=696 

[206] National Fire Protection Association, “NFPA 1144 - Standard for Reducing 
Structure Ignition Hazards from Wildland Fire.” National Fire Protection 
Association, 2018. [Online]. Available: https://www.nfpa.org/codes-and-
standards/all-codes-and-standards/list-of-codes-and-
standards/detail?code=101A 

[207] National Fire Protection Association, “NFPA 299 - Standard for Protection of 
Life and Property from Wildfire.” National Fire Protection Association, 1997. 

[208] I. R. Benjamin, “A firesafety evaluation system for health care premises,” Fire 
J., pp. 52–55, Mar. 1979. 

[209] Ministero del’Interno - Direzione generale dei servizi antincendi, Circolare N. 
91 - Norme di sicurezza per la protezione contro il fuoco dei fabbricati a struttura 
in acciaio destinati ad uso civile. 1961. Accessed: Jul. 28, 2019. [Online]. 
Available: 
http://www.diee.unica.it/~dani/didattica/seminari/prevenzioneincendi/circ_91_14
0961.pdf 

[210] M. Fontana, “SIA 81 – A Swiss Risk Assessment Method,” in COST action 
E5 workshop on fire safety of medium-rise timber frame residential buildings, 
Espoo, Finland, 1998, pp. 59–69. 



Developing a fire robustness index for the built environment 

284 

[211] Sicherheitsinstitut – Institut de Sécurité – Istituto di Sicurezza, 
“Brandrisikobewertung nach der Methode Gretener,” Sicherheitsinstitut, Zürich, 
1106–00.d, 2001. 

[212] Vereinigung Kantonaler Feuerversicherungen, 
“BRANDSCHUTZERLÄUTERUNG - Bewertung Brandabschnittsgrössen 
(Sicherheitsnachweis bei industriellen und gewerblichen Nutzungen - 
Berechnungsverfahren),” VKF, 115–03d, Dec. 2007. 

[213] K. Burgi, “A method of estimating fire hazards and protection measures (in 
German),” Zurich, Switzerland, 1973, vol. 2, pp. 53–84. 

[214] J. Kaiser, “Experiences of the Gretener method,” Fire Saf. J., vol. 2, no. 3, 
pp. 213–222, Mar. 1980, doi: 10.1016/0379-7112(79)90021-3. 

[215] G. V. Hadjisophocleous and Z. Fu, “Literature review of fire risk assessment 
methodologies,” Int. J. Eng. Perform.-Based Fire Codes, vol. 6, pp. 28–45, 
2004. 

[216] J. Šakėnaitė and E. Vaidogas, “Fire Risk Indexing and Fire Risk Analysis: A 
Comparison of Pros and Cons,” Vilnius, Lithuania, 21 5 2010, pp. 1297–1305. 

[217] E. De Smet, FRAME 2008 - Theoretical basis and technical reference guide. 
[Online]. Available: 
http://www.framemethod.net/indexen_html_files/FRAME2008TRG.pdf 

[218] S. E. Magnusson and T. Rantatalo, “Risk Assessment of Timberframe 
Multistorey Apartment Buildings. Proposal for a Comprehensive Fire Safety 
Evaluation Procedure,” Lund University, Lund, Sweden, Internal Report 7004, 
1998. 

[219] D. Rasbash, G. Ramachandran, B. Kandola, J. Watts, and M. Law, “Chapter 
13 - Point Systems - A Single Index,” in Evaluation of fire safety, 2004, pp. 363–
390. doi: 10.1002/0470020083. 

[220] E. C. Wessels, “Rating techniques for risk assessment,” Fire Int., vol. 67, pp. 
80–89, 1980. 

[221] P. Sarrat and D. Cluzel, “Methode E.R.I.C. Evaluation du Risque Incedie par 
le Calcul,” Rev. Tech. Feu, no. 187, pp. 82–86, May 1979. 

[222] I. R. Benjamin, “A fire safety evaluation system for health care premises,” 
Fire J., pp. 52–55, Mar. 1979. 

[223] “Risiko-Check Brandschutz - Information,” Website: http://risiko-
check.ch/information/. http://risiko-check.ch/information/ (accessed Mar. 28, 
2019). 

[224] J. Köhler, J. Klein, and M. Fontana, “Die Erhebung von Brandlasten in 95 
Industrie- und Gewerbebauten,” Bauphysik, vol. 28, no. 6, pp. 360–367, Dec. 
2006, doi: 10.1002/bapi.200610038. 

[225] E. De Smet, “A nasty report on FRAME.” [Online]. Available: 
http://www.framemethod.net/indexen_html_files/A%20nasty%20report%20on%2
0FRAME.pdf 

[226] Building Research Establishment (BRE), “ODPM Building Regulations 
Division Project Report: Effect of Local Acts on Fire Risks,” Building Research 
Establishment, 2005. 



 References  

285 
 

[227] V. P. e Silva and H. da S. C. Filho, “Índice de segurança contra incêndio 
para edificações,” Ambiente Construído, vol. 7, no. 4, pp. 103–121, Apr. 2008. 

[228] A. L. C. Hahnemann, C. Corrêa, and E. R. K. Rabbani, “Fire safety 
evaluation: an alternative method for Brazilian buildings,” Rev. ALCONPAT, vol. 
7, no. 2, pp. 186–199, May 2017, doi: 10.21041/ra.v7i2.178. 

[229] J. C. Valente, “The Evaluation of the Fire Safety Level in a Historic Centre in 
Lisbon,” Thessaloniki, Greece, Jun. 2000, pp. 225–234. 

[230] M. L. A. Santana, J. P. Rodrigues, A. Leça Coelho, and G. L. Charreau, “Fire 
risk assessment of historical areas: the case of Montemor-o-Velho,” in The Art 
of Resisting Extreme Natural Forces, The New Forest, UK, Jul. 2007, vol. I, pp. 
81–90. doi: 10.2495/EN070091. 

[231] A. Coelho, J. Pedro, T. Ferreira, and M. Vicente, ARICA:2019 - Método de 
avaliação da segurança ao incêndio em edifícios existentes. Descrição, âmbito 
e condições de aplicação. 2019. 

[232] S. Granda and T. Ferreira, “Assessing Vulnerability and Fire Risk in Old 
Urban Areas: Application to the Historical Centre of Guimarães,” Fire Technol., 
vol. 55, pp. 105–127, 2019, doi: 10.1007/s10694-018-0778-z. 

[233] C. Calmeiro dos Santos, J. Correia, A. Correia, S. Meneses, and P. Tavares, 
“Fire risk assessment in old urban areas – Coimbra old town,” Naples, Italy, Jun. 
2017. 

[234] T. Ferreira, R. Vicente, R. Mendes Silva, H. Varum, A. Costa, and R. Maio, 
“Urban Fire Risk: evaluation and emergency planning,” Porto - Portugal, Oct. 
2014. doi: 10.13140/2.1.5053.6648. 

[235] B. Nikolić, “The Fire Risk Evaluation,” Trans. VSB - Tech. Univ. Ostrava Saf. 
Eng. Ser., vol. 7, no. 1, pp. 27–31, Jun. 2012, Accessed: Nov. 18, 2020. 
[Online]. Available: http://tses.vsb.cz/Home/ArticleDetail/148 

[236] Fundación MAPFRE Estudios, Instituto de Seguridad Integral, “Método 
Simplificado de Evaluación del Riesgo de Incendio,” Revista Gerencia de 
Riesgos y Seguros, vol. 64, no. 4, pp. 17–29, 1998. 

[237] B. Minervino, “Método Meseri,” Análise de Risco de Incêndio. 
analisederiscodeincendio.com.br/metodo-meseri/ (accessed Nov. 18, 2020). 

[238] D. Brzezinska and P. Bryant, “New Anglo-Polish methodology for fire 
strategies evaluation,” Royal Holloway, University of London, UK, Jul. 2019, vol. 
2, pp. 1695–1702. 

[239] D. Brzezińska and P. Bryant, “Risk Index Method – A Tool for Sustainable, 
Holistic Building Fire Strategies,” Sustainability, vol. 12, no. 11, Art. no. 11, Jan. 
2020, doi: 10.3390/su12114469. 

[240] British Standards Institution (BSI), PAS 911:2007 - Fire strategies - guidance 
and framework for their formulation. British Standards Institution (BSI), 2007. 

[241] D. Brzezinska, P. Bryant, and A. Markowski, “Fire Risk Index Assessment as 
an Evaluation Method for Fire Strategies in the Process Industry,” Chem. Eng. 
Trans., vol. 77, pp. 79–84, Sep. 2019, doi: 10.3303/CET1977014. 

[242] D. Brzezińska, P. Bryant, and A. S. Markowski, “An Alternative Evaluation 
and Indicating Methodology for Sustainable Fire Safety in the Process Industry,” 
Sustainability, vol. 11, no. 17, Art. no. 17, Jan. 2019, doi: 10.3390/su11174693. 



Developing a fire robustness index for the built environment 

286 

[243] M. Heyman, “Fire safety for health care facilities: cutting costs without cutting 
corners,” Dimens. Mag. Natl. Bur. Stand. US Dep. Commer., vol. 63, no. 7, pp. 
4–12, 1979. 

[244] National Fire Protection Association, “NFPA 101A - Guide on Alternative 
Approaches to Life Safety.” National Fire Protection Association, 2018. [Online]. 
Available: https://www.nfpa.org/codes-and-standards/all-codes-and-
standards/list-of-codes-and-standards/detail?code=101A 

[245] H. E. Nelson and A. J. Shibe, “NBSIR 82-2562: A system for fire safety 
evaluation for Multifamily Housing,” Center for Fire Research, National 
Engineering Laboratory, National Bureau of Standards, U.S. Department of 
Commerce Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 
82-2562, Sep. 1982. 

[246] H. E. Nelson et al., “NBSIR 83-2659: A fire safety evaluation system for 
Board and Care Homes,” Center for Fire Research, National Engineering 
Laboratory, National Bureau of Standards, U.S. Department of Commerce 
Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 83-2659, 
Mar. 1983. 

[247] H. E. Nelson, A. J. Shibe, B. M. Levin, S. D. Thorne, and L. Y. Cooper, 
“NBSIR 84-2896: Fire Safety Evaluation System for National Park Service 
Overnight Accommodations,” Center for Fire Research, National Engineering 
Laboratory, National Bureau of Standards, U.S. Department of Commerce 
Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 84-2896, 
Jun. 1984. 

[248] H. E. Nelson and A. J. Shibe, “NBSIR 84-2976: The development of a fire 
evaluation system for Detention and Correctional Occupancies,” Center for Fire 
Research, National Engineering Laboratory, National Bureau of Standards, U.S. 
Department of Commerce Washington, D.C. 20234, Washington, D.C., Internal 
Report NBSIR 84-2976, Dec. 1984. 

[249] A. J. Shibe, “NBSIR 86-3425: The Development of a Fire Evaluation System 
for Underground Coal Mines,” U S. DEPARTMENT OF COMMERCE National 
Bureau of Standards National Engineering Laboratory Center for Fire Research 
Gaithersburg, MD 20899, Internal Report NBSIR 86-3404, Auust 1986. 

[250] H. E. Nelson, “NBSIR 86-3404: Fire safety evaluation system for NASA 
Office/Laboratory Buildings,” Center for Fire Research, National Engineering 
Laboratory, National Bureau of Standards, U.S. Department of Commerce 
Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 86-3404, 
Nov. 1986. 

[251] J. M. Watts, “Analysis of the NFPA Fire Safety Evaluation System for 
Business Occupancies,” Fire Technol., vol. 33, no. 3, pp. 276–282, Sep. 1997, 
doi: 10.1023/A:1015323923693. 

[252] R. E. Chapman, W. G. Hall, and P. T. Chen, “NBSIR 79-1929 - A 
computerized approach for identifying cost-effective fire safety retrofits in health 
care facilities,” National Bureau of Standards, Washington, D.C., Final Report, 
1979. 

[253] R. E. Chapman, P. T. Chen, and W. G. Hall, “NBSIR 79-1902 - Economic 
aspects of fire safety in health care facilities: guidelines for cost-effective 
retrofits,” 1979. [Online]. Available: 10.6028/nbs.ir.79-1902 



 References  

287 
 

[254] M. Crowley, R. W. Bukowski, and C. Baldassarra, “Validation of the Fire 
Safety Evaluation System (FSES) in the 2013 Edition of NFPA 101A,” THE 
FIRE PROTECTION RESEARCH FOUNDATION, Final Report, Aug. 2014. 

[255] M. Ait Mohamed, “A System for Fire Safety Evaluation of Museums,” Sep. 
1990. 

[256] E. W. Marchant, “Fire safety engineering - A quantified analysis,” Fire Prev., 
no. 210, pp. 34–38, Jun. 1988. 

[257] J. Hinks, “A systems evaluation of life safety in fires,” Ph.D., The University 
of Edinburgh (United Kingdom), Edinburgh, United Kingdom, 1987. Accessed: 
Jul. 28, 2019. [Online]. Available: 
https://search.proquest.com/docview/301383381?pq-origsite=primo 

[258] G. Ramachandran and D. A. Charters, “Chapter 2 - Qualitative and semi-
quantitative risk assessment techniques,” in Quantitative risk assessment in fire 
safety, Milton Park, Abingdon, Oxon ; New York : Spon Press, 2011, pp. 34–69. 
Accessed: Mar. 28, 2019. [Online]. Available: 
https://trove.nla.gov.au/version/39075398 

[259] M. F. M. Idris, “The development of a fire safety evaluation procedure for the 
educational establishment,” PhD Thesis, The University of Edinburgh, 
Edinburgh, Scotland, 1997. [Online]. Available: 
https://www.era.lib.ed.ac.uk/handle/1842/14141 

[260] M. F. Mohd Idris, “Numerical assessment for fire safety in school buildings,” 
presented at the Environmental Health Risk 2003, Catania, Italy, Sep. 2003, pp. 
133–142. doi: 10.2495/EHR030141. 

[261] T. J. Shields, G. W. H. Silcock, and H. A. Donegan, “The development of a 
fire safety evaluation points scheme for dwellings. Part I - some theoretical 
considerations,” Fire Saf. J., vol. 15, no. 4, pp. 313–324, 1989. 

[262] F. J. Dodd and H. A. Donegan, “Prioritisation methodologies in fire safety 
evaluation,” Fire Technol., vol. 30, no. 2, pp. 232–249, May 1994, doi: 
10.1007/BF01040004. 

[263] E. W. Marchant, “Reducing risk in HMOs,” Fire Prev., no. 207, pp. 39–43, 
Mar. 1988. 

[264] Tribunal of Inquiry on the Fire at the Stardust, Artane, “Report of the Tribunal 
of Inquiry on the fire at the Stardust, Artane on the 14th February, 1981,” The 
Stationery Office, Dublin, Report, 1982. Accessed: Jul. 22, 2019. [Online]. 
Available: https://www.lenus.ie/handle/10147/45478 

[265] T. J. Shields, G. W. Silcock, and H. A. Donegan, “Towards the development 
of a fire safety systems evaluation for public assembly buildings,” Constr. 
Manag. Econ., vol. 8, no. 2, pp. 147–158, Jun. 1990, doi: 
10.1080/01446199000000013. 

[266] G. W. Silcock, H. A. Donegan, T. J. Shields, and K. E. Dunlop, “An 
Hierarchical Framework for the Assessment of Fire Safety in Historic Buildings,” 
Karisruhe, 1990, pp. 217–223. 

[267] Centre for Housing Studies, Cardiff Institute of Higher Education, “Assessing 
fire safety in the home.” Welsh Office, 1994. 

[268] P. Stollard, “Technical & Practise: Fire precautions,” Archit. J., pp. 43–45, 
1994. 



Developing a fire robustness index for the built environment 

288 

[269] E. K. Budnick, L. A. McKenna, and J. M. Watts, “Quantifying Fire Risk For 
Telecommunications Network Integrity,” Fire Saf. Sci., vol. 5, pp. 691–700, 
1997. 

[270] L. L. Parks, B. D. Kushler, M. J. Serapiglia, L. A. McKenna, E. K. Budnick, 
and J. M. Watts, “Fire Risk Assessment for Telecommunications Central 
Offices,” Fire Technol., vol. 34, no. 2, pp. 156–176, May 1998, doi: 
10.1023/A:1015329519575. 

[271] J. M. Watts, E. K. Budnick, and B. D. Kushler, “Using decision tables to 
quantify fire risk parameters,” Society of Fire Protection Engineers, Boston, 
1995, pp. 241–246. 

[272] J. M. Watts and M. E. Kaplan, “Development of a Prototypical Historic Fire 
Risk Index to Evaluate Fire Safety in Historic Buildings,” National Center for 
Preservation Technology and Training, No. 1998-08, Feb. 1998. 

[273] S.-Y. S. Lee, “A New Fire Protection Framework that Incorporates Fire Risk 
Indexing for Developing and Evaluating Alternative Solutions for Canadian 
Heritage Rehabilitation Projects,” MSc Thesis, University of Waterloo, Waterloo, 
Ontario, Canada, 2018. Accessed: Jul. 28, 2019. [Online]. Available: 
https://uwspace.uwaterloo.ca/handle/10012/12978 

[274] V. Shacklock and A. Copping, “The Protection of Anglican Cathedrals from 
Damage by Fire,” Struct. Surv., Oct. 1994, doi: 10.1108/02630809410796627. 

[275] A. G. Copping, “Application of a Systematic Fire Safety Evaluation 
Procedure in the Protection of Historic Property,” Fire Protection Engineering 
Magazine, no. Quarter 2, pp. 12–17, 2002. 

[276] A. G. Copping, “The Development of a Fire Safety Evaluation Procedure for 
the Property Protection of Parish Churches,” Fire Technol., vol. 38, no. 4, pp. 
319–334, Oct. 2002, doi: 10.1023/A:1020114314974. 

[277] A. G. Copping, “Introducing a protocol for an integrated fire safety evaluation 
procedure for historic buildings,” Int. J. Eng. Perform.-Based Codes, vol. 6, no. 
2, pp. 72–77, 2004. 

[278] A. Y. T. Leung, M. C. P. Sing, and K. H.C. Chan, Mandatory Building 
Inspection: An Independent Study on Aged Private Buildings and Professional 
Workforce in Hong Kong. 2015. doi: 10.13140/RG.2.1.3456.5842. 

[279] Q. Shen, “A comparative study of priority setting methods for planned 
maintenance of public buildings,” Facilities, Dec. 1997, doi: 
10.1108/02632779710188324. 

[280] S. M. Lo, K. C. Lam, and R. K. K. Yuen, “Views of building surveyors and 
building services engineers on priority setting of fire safety attributes for building 
maintenance,” Facilities, Dec. 2000, doi: 10.1108/02632770010328153. 

[281] S. M. Lo, “A Fire Safety Assessment System for Existing Buildings,” Fire 
Technol., vol. 35, no. 2, pp. 131–152, May 1999, doi: 
10.1023/A:1015463821818. 

[282] S. M. Lo and W. Y. Cheng, “Issues of site inspections for fire safety ranking 
of multi‐storey buildings,” Struct. Surv., vol. 21, no. 2, pp. 79–86, May 2003, doi: 
10.1108/02630800310479070. 

[283] W. K. Chow, L. T. Wong, and E. C. Y. Kwan, “A proposed fire safety ranking 
system for old highrise buildings in the Hong Kong Special Administrative 



 References  

289 
 

Region,” Fire Mater., vol. 23, no. 1, pp. 27–31, 1999, doi: 10.1002/(SICI)1099-
1018(199901/02)23:1<27::AID-FAM666>3.0.CO;2-R. 

[284] Chow W. K., “Proposed Fire Safety Ranking System EB-FSRS for Existing 
High-Rise Nonresidential Buildings in Hong Kong,” J. Archit. Eng., vol. 8, no. 4, 
pp. 116–124, Dec. 2002, doi: 10.1061/(ASCE)1076-0431(2002)8:4(116). 

[285] A. Christensson and B. Karlsson, “Repeatability of FRIM-MAB Fire Risk 
Index Method for Multistorey Apartment Buildings,” Trätek, Stockholm, P 
0212052, Dec. 2002. [Online]. Available: 
https://pdfs.semanticscholar.org/5fb5/ce8f8699aac88637a3582d020938e9e1f83
a.pdf?_ga=2.32293118.190446320.1544636430-1374476941.1544636430 

[286] B. Karlsson and D. Larsson, “Using a Delphi Panel for Developing a Fire 
Risk Index Method for Multistorey Apartment Buildings,” Department of Fire 
Safety Engineering and Systems Safety, Lund University, Lund, Sweden, 3114, 
2000. 

[287] B. Karlsson, “Fire Risk Index Method - Multistorey Apartment Buildings 
FRIM-MAB Version 1.2,” Stockholm, Sweden, Trätek, Rapport I 0009025, Sep. 
2000. 

[288] B. Karlsson and B. Tomasson, “Repeatability Tests Of A Fire Risk Index 
Method For Multi-storey Apartment Buildings,” in IAFFS 8th International 
Symposium, 2005, vol. 8, pp. 901–912. doi: 10.3801/IAFSS.FSS.8-901. 

[289] T. Jarnskjold, G. Jensen, and A. Knudsen, “Performance profiles of exterior 
fire protective building envelopes,” MATEC Web Conf., vol. 46, pp. 04005–10, 
May 2016, doi: 10.1051/matecconf/20164604005. 

[290] Í. Guðnadóttir, “Timber as Load Bearing Material in Multi-storey Apartment 
Buildings: A Case Study Comparing the Fire Risk in a Building of Non-
combustible Frame and a Timber-frame Building,” MSc Thesis, University of 
Iceland, Reykjavik, 2011. [Online]. Available: 
https://skemman.is/bitstream/1946/10160/1/IrisGudnadottirMSc.pdf 

[291] J. C. Perez-Martin, R. D. Diaz, and R. S. Garcia, “Método de evaluación del 
riesgo de incendio en el marco del Código Técnico de la Edifificación.,” DYNA, 
vol. 85, no. 4, pp. 303–314, May 2010. 

[292] Colegio Oficial de Ingenieros Industriales de Madrid, “MEREDICTE©.” 
Ministerio de Fomento Dirección General de Arquitectura, Vivienda y Suelo 
Paseo de la Castellana 67 - 28071 Madrid - ESPAÑA, May 2014. [Online]. 
Available: 
https://www.sttmadrid.es/images/pdf/INC/MEREDICTE_Documento_CTE-DR-
048-2014.pdf 

[293] M. Ferández-Vigil Iglesias, “Building Fire Risk Assessment Methods: A 
hierarchical classification,” archidoct, vol. 5, no. 2, pp. 101–123, Feb. 2018, 
[Online]. Available: http://www.archidoct.net/issue10.html 

[294] “MEREDICTE.” http://www.eurisko.es/Meredicte (accessed Jul. 26, 2019). 

[295] S. Lamont and S. Ingolfsson, “High Rise Buildings with Combustible Exterior 
Wall Assemblies: Fire Risk Assessment Tool,” National Fire Protection 
Association, MA, USA, Final Report, Feb. 2018. [Online]. Available: 
https://www.nfpa.org/~/media/8EB55D9E592E4BD4A999AFF3D01BC7CF.pdf 



Developing a fire robustness index for the built environment 

290 

[296] B. Messerschmidt and S. Lamont, “Fire risk assessment of high rise 
buildings with combustible exterior wall assemblies: NFPA’s EFFECTTM Tool,” 
Royal Holloway, University of London, UK, Jul. 2019, vol. 1, pp. 157–168. 

[297] E. Danzi, L. Fiorentini, and L. Marmo, “FLAME: A Parametric Fire Risk 
Assessment Method Supporting Performance Based Approaches,” Fire 
Technol., Jul. 2020, doi: 10.1007/s10694-020-01014-9. 

[298] E. Danzi, L. Fiorentini, and L. Marmo, “A Parametric Fire Risk Assessment 
Method Supporting Performance Based Approaches – Application to Health-
care Facilities in Northern Italy,” Chem. Eng. Trans., vol. 57, pp. 301–306, Mar. 
2017, doi: 10.3303/CET1757051. 

[299] M. N. Ibrahim, K. Abdul-Hamid, M. S. Ibrahim, A. Mohd-Din, R. M. Yunus, 
and M. R. Yahya, “The Development of Fire Risk Assessment Method for 
Heritage Building,” Procedia Eng., vol. 20, pp. 317–324, Jan. 2011, doi: 
10.1016/j.proeng.2011.11.172. 

[300] Y.-Y. Chen, Y.-J. Chuang, C.-H. Huang, C.-Y. Lin, and S.-W. Chien, “The 
adoption of fire safety management for upgrading the fire safety level of existing 
hotel buildings,” Build. Environ., vol. 51, pp. 311–319, May 2012, doi: 
10.1016/j.buildenv.2011.12.001. 

[301] W. K. Chow and G. C. H. Lui, “A Fire Safety Ranking System for Karaoke 
Establishments in Hong Kong,” J. Fire Sci., vol. 19, no. 2, pp. 106–120, Mar. 
2001, doi: 10.1106/Q1Q0-8VU2-6AY1-LK86. 

[302] W. K. Chow and G. C. H. Lui, “A proposed fire safety ranking system for 
karaoke establishments and its comparison with the NFPA-fire safety evaluation 
system,” Build. Environ., vol. 37, no. 6, pp. 647–656, Jun. 2002, doi: 
10.1016/S0360-1323(01)00073-7. 

[303] G. Bochicchio, R. Lenzi, M. Nart, T. Zuccaro, and A. Ceccotti, “Fire 
prevention and protection in civil buildings: The VALERIE project,” in WIT 
Transactions on the Built Environmen, Jun. 2009, vol. 108, pp. 39–50. doi: 
10.2495/SAFE090051. 

[304] C. L. Wu and W. Wen Tseng, “Development of a Fire Risk Index to Evaluate 
Fire Safety in Taiwanese Small Scale Hospitals,” in Interflam 2016, London, Jul. 
2016. 

[305] M. A. Hassanain, M. A. Hafeez, and M. O. Sanni-Anibire, “A ranking system 
for fire safety performance of student housing facilities,” Saf. Sci., vol. 92, pp. 
116–127, Feb. 2017, doi: 10.1016/j.ssci.2016.10.002. 

[306] H. Han, “Research on Standardization Method of Risk Assessment for Fire 
Public Liability Insurance in Assembly Occupancies and Underwriting Auditing,” 
Procedia Eng., vol. 11, pp. 120–126, Jan. 2011, doi: 
10.1016/j.proeng.2011.04.636. 

[307] J. Yang and Y. Chen, “Research and Application of Fire Risk Assessment 
System for Marketplace Buildings,” Procedia Eng., vol. 71, pp. 476–480, Jan. 
2014, doi: 10.1016/j.proeng.2014.04.068. 

[308] J. Francis, “Fire and life safety improvements for the vertical world,” Royal 
Holloway, University of London, UK, Jul. 2019, vol. 2, pp. 2217–2228. 

[309] J. Francis, “To analyse evacuation methods from high-rise buildings and 
identify life safety improvements for this vertical world,” The Winston Churchill 



 References  

291 
 

Memorial Trust of Australia, Churchill Fellowship Report, Nov. 2017. Accessed: 
Jul. 28, 2019. [Online]. Available: 
https://www.churchilltrust.com.au/media/fellows/Francis_J_2016_Evacuation_fro
m_high-rise_buildings_and_large_structures_1.pdf 

[310] D. Gavanski, A. Korjenic, and V. Milanko, “Fire risk assessment in buildings 
using fire protection software,” Int J Risk Assess. Manag., vol. 17, no. 1, pp. 1–
18, 2013, doi: 10.1504/IJRAM.2013.054375. 

[311] Z. Wadud, F. Y. Huda, and N. U. Ahmed, “Assessment of Fire Risk in the 
Readymade Garment Industry in Dhaka, Bangladesh,” Fire Technol. Norwell, 
vol. 50, no. 5, pp. 1127–1145, Sep. 2014, doi: 
http://dx.doi.org.ezproxy.is.ed.ac.uk/10.1007/s10694-013-0349-2. 

[312] S. Noor, “Development of Fire Safety Rating for commercial high-rise 
Buildings of Dhaka City,” BSc Thesis, Bangladesh University of Engineering and 
Technology, Dhaka, Bangladesh, undated. 

[313] American Institute of Chemical Engineers (AIChE), Dow’s Fire and Explosion 
Index Hazard Classification Guide. Hoboken: American Institute of Chemical 
Engineers, 2016. [Online]. Available: DOI:10.1002/9780470938195 

[314] B. J. Tyler, A. R. Thomas, P. Doran, and T. R. Greig, “A toxicity hazard 
index,” in Hazards XII - European Advances in Process Safety, Symposium 
Series 134, Manchester, UK, Apr. 1994, pp. 351–366. [Online]. Available: 
https://www.icheme.org/media/12111/xii-paper-23.pdf 

[315] F. I. Khan, T. Husain, and S. A. Abbasi, “Safety Weighted Hazard Index 
(SWeHI): A New, User-friendly Tool for Swift yet Comprehensive Hazard 
Identification and Safety Evaluation in Chemical Process Industrie,” Process 
Saf. Environ. Prot., vol. 79, no. 2, pp. 65–80, Mar. 2001, doi: 
10.1205/09575820151095157. 

[316] W. E. Gale, “FLAIM (Fire and Life Safety Assessment and Indexing 
Methodology): A methodology for assessing and managing fire and life safety 
for offshore production platforms,” Ph.D., University of California, Berkeley, 
United States -- California, 1993. Accessed: Nov. 20, 2020. [Online]. Available: 
http://search.proquest.com/docview/304069148/abstract/E473079878514F06P
Q/1 

[317] D. D. Hee, R. Bea, and R. Williamson, Fire and Life Safety Assessment and 
Indexing Methodology II (FLAIM II): Development and Test Plan. Berkeley, CA, 
United States: University of California, Berkeley, Haas School of Business, 
1996. 

[318] Pentland Analytics and FM Global, “2018 Resilience Index Methodology.” 
FM GLobal, 2018. 

[319] D. Wroth and A. Han, “The UL Safety Index: quantifying safety around the 
world,” Inj. Prev., vol. 22, no. Suppl 2, pp. A75–A75, Sep. 2016, doi: 
10.1136/injuryprev-2016-042156.205. 

[320] D. Wroth, A. Han, and B. Rodrawangpai, “Methodology review of the UL 
safety index,” Inj. Prev., vol. 23, no. Suppl 1, pp. A5–A5, Sep. 2017, doi: 
10.1136/injuryprev-2017-042560.13. 

[321] “Underwriters Laboratories, Inc. Discontinues UL Safety Index,” UL. 
https://www.ul.com/news/underwriters-laboratories-inc-discontinues-ul-safety-
index (accessed Nov. 19, 2020). 



Developing a fire robustness index for the built environment 

292 

[322] E. Roden, “FireCARES,” FireRescue Magazine, vol. 12, no. 8, Aug. 2017. 
Accessed: Nov. 19, 2020. [Online]. Available: 
https://firerescuemagazine.firefighternation.com/2017/08/21/firecares/#gref 

[323] “FireCARES - User and Implementation Guide - version 1.5,” Jan. 2018. 
[Online]. Available: https://firecares-static-
prod.firecares.org/FIRECARES%20User%20Guide.pdf 

[324] “UFF Position Statement: Fire Community Assessment, Response 
Evaluation System (FireCARES).” Urban Fire Forum, Sep. 2015. Accessed: 
Nov. 19, 2020. [Online]. Available: https://www.nfpa.org/-
/media/Files/Membership/member-sections/Metro-Chiefs/Urban-Fire-
Forum/2015/Urban-Fire-Forum-2015-FireCARES-
Position.ashx?as=1&iar=1&la=en&hash=E2894498F02DC23D3DB2DE8DCB81
A7AD7E648188 

[325] DBI, “METODE FOR BRANDTEKNISK VURDERING AF BYGNINGSDELE - 
Guidende spørgsmål.” DBI, Jun. 2021. [Online]. Available: 
https://brandogsikring.dk/brand/raadgivning/bravu/ 

[326] DBI, “METODE FOR BRANDTEKNISK VURDERING AF BYGNINGSDELE - 
Cases og forudsætninger.” DBI, Jun. 2021. [Online]. Available: 
https://brandogsikring.dk/brand/raadgivning/bravu/ 

[327] V. Koutsomarkos, D. Rush, G. Jomaas, and A. Law, “Comparative Analysis 
Of Fire Indexing Methodologies,” Royal Holloway, University of London, UK, Jul. 
2019, vol. 2, pp. 1647–1659. 

[328] N. V. Haueter, “A History of UK insurance,” Swiss Re, Zurich, Switzerland, 
1505700_13_en, 2017. 

[329] J. Read, “How the Great Fire of London created insurance,” Museum of 
London. https://www.museumoflondon.org.uk/discover/how-great-fire-london-
created-insurance (accessed Jun. 16, 2022). 

[330] British Parliament, An Act for Rebuilding the City of London. 1667. 

[331] “Charles II, 1666: An Act for rebuilding the Citty of London. | British History 
Online.” https://www.british-history.ac.uk/statutes-realm/vol5/pp603-612#h2-
0001 (accessed Nov. 05, 2021). 

[332] A. F. Dean, State regulation of fire insurance in the light of experience. 
Chicago, 1909. 

[333] J. D. Baxter, “The developmet of fire insurance rating schedules,” Michigan 
State College, 1926. 

[334] P. Bugbee, Men Against Fire -The story of the National Fire Protection 
Association 1896 - 1971. Boston, MA: National Fire Protection Association, 
1971. 

[335] J. M. Watts and M. E. Kaplan, “Chapter 5 - Codes and Standards,” in Fire 
safe building rehabilitation, Quincy, Massachusetts: National Fire Protection 
Association, 2003, pp. 99–136. 

[336] National Board of Fire Underwriters, Fire Insurance: Its importance; its 
relation to the community. New York: Styles & Cash, 1899. 

[337] National Fire Protection Association, “NFPA 13 - Standard for the Installation 
of Sprinkler Systems.” National Fire Protection Association, 2021. [Online]. 



 References  

293 
 

Available: https://www.nfpa.org/codes-and-standards/all-codes-and-
standards/list-of-codes-and-standards/detail?code=13 

[338] National Board of Fire Underwriters, National Electrical Code - Rules and 
Requirements of the National Board of Fire Underwriters. 1897. 

[339] National Board of Fire Underwriters, Building Code recommended by The 
National Board of Fire Underwriters, 1st ed. New York: James Kempster Printing 
Company, 1905. 

[340] Committee on Fire-resistive Construction, Specifications for Construction of 
a Standard Building. Boston, MA: National Fire Protection Association, 1913. 

[341] National Board of Fire Underwriters, Building Code recommended by The 
National Board of Fire Underwriters, 4th ed. New York, 1915. 

[342] National Board of Fire Underwriters, Dwelling Houses - A Code of 
Suggestions for Construction and Fire Protection, First. New York: National 
Board of Fire Underwriters, 1916. 

[343] W. H. Merrill, “Iriquois Theater Fire at Chicago, December 30, 1903.,” 
National Fire Protection Association, Bulletin to members, Jan. 1904. 

[344] Committee on Fire-resistive Construction, The Baltimore Conflagration - 
Report of the on Fire-resistive Construction of the National Fire Protection 
Association, Second. Chicago: Office of the Secretary of the Association, 1904. 

[345] National Fire Protection Association and America Fore Insurance Group, 
Some characteristic fires in fire resistive buildings, selected from thirty-five years 
record in the files of the N.F.P.A. “Quarterly”. New York, 1934. 

[346] National Board of Fire Underwriters, Safeguarding Industry - A war-time 
necessity - Prepared for the Council of National Defense by the National Board 
of Fire Underwriters. 1917. 

[347] U.S. Department of Commerce and National Bureau of Standards, Design 
and construction of building exits. Washington, DC: United States Government 
Printing Office, 1935. 

[348] Building Industries National Council (BINC), “Report on means of escape in 
case of fire,” Building Industries National Council, London, Jun. 1945. 

[349] A. Law and L. Bisby, “The rise and rise of fire resistance,” Fire Saf. J., vol. 
116, p. 103188, Sep. 2020, doi: 10.1016/j.firesaf.2020.103188. 

[350] V. Babrauskas and R. B. Williamson, “The historical basis of fire resistance 
testing — Part I,” Fire Technol., vol. 14, no. 3, pp. 184–194, Aug. 1978, doi: 
10.1007/BF01983053. 

[351] V. Babrauskas and R. B. Williamson, “The historical basis of fire resistance 
testing — Part II,” Fire Technol., vol. 14, no. 4, pp. 304–316, Nov. 1978, doi: 
10.1007/BF01998390. 

[352] J. Gales, B. Chorlton, and C. Jeanneret, “The Historical Narrative of the 
Standard Temperature–Time Heating Curve for Structures,” Fire Technol., vol. 
57, no. 2, pp. 529–558, Nov. 2021, doi: 10.1007/s10694-020-01040-7. 

[353] United States Central Housing Committee on Research, Design, and 
Construction. Subcommittee on Fire-Resistance Classifications, Ed., Fire-
resistance classifications of building constructions: report of Subcommittee on 
Fire-Resistance Classifications of the Central Housing Committee on Research, 



Developing a fire robustness index for the built environment 

294 

Design, and Construction. Washington, D.C: U.S. Dept. of Commerce, National 
Bureau of Standards : U.S. G.P.O, 1942. 

[354] Ministry of Health, Construction of flat for the working classes - Interim report 
of Departmental Committee. London: HM Stationery Office, 1935. 

[355] R. E. H. Read, A Short History of the Fire Research Station, Borehamwood. 
IHS BRE Press, 1994. 

[356] H. Bond and National Fire Protection Association, Fire and the air war. 
Manhattan, Kan.: Military Affairs, Dept. of History, Eisenhower Hall, 1974. 

[357] Joint Committee of the building research board of the department of scientific 
& industrial research and The fire office’s committee, “Fire Grading of Buildings - 
Part II: Fire Fighting Equipment - Part III: Personal Safety - Part IV: Chimneys 
and flues,” HMSO - Ministry of Works, London, Post-war building studies 29, 
1952. 

[358] National Board of Fire Underwriters, Building Code recommended by The 
National Board of Fire Underwriters, 4th, Revised Reprint ed. New York, 1922. 

[359] U.S. Department of Commerce and National Bureau of Standards, Building 
Materials and Structures - Report BMS87 - A Method for Developing 
Specifications for Building Construction. Washington, DC: United States 
Government Printing Office, 1942. 

[360] U.S. Department of Commerce and National Bureau of Standards, Building 
Materials and Structures - Report BMS92 - Fire-Resistance Classifications of 
Building Constructions. Washington, DC: United States Government Printing 
Office, 1942. 

[361] G. A. Purt, “The evaluation of the fire risk as a basis for planning automatic 
fire protection systems,” Fire Technol., vol. 8, no. 4, pp. 291–300, Nov. 1972, 
doi: 10.1007/BF02590534. 

[362] P. Sarrat and D. Cluzel, “Methode E.R.I.C. Evaluation du Risque Incedie par 
le Calcul,” Rev. Tech. Feu, no. 187, pp. 82–86, May 1979. 

[363] E. C. Wessels, “Rating techniques for risk assessment,” Fire Int., vol. 67, pp. 
80–89, 1980. 

[364] J. M. Watts, “Operations research in fire protection,” Fire Technol., vol. 28, 
no. 2, pp. 97–98, May 1992, doi: 10.1007/BF01857935. 

[365] R. F. Miles, “Chapter 2 - The Emergence of Decision Analysis,” in Advances 
in Decision Analysis: From Foundations to Applications, D. von Winterfeldt, R. F. 
Miles Jr., and W. Edwards, Eds. Cambridge: Cambridge University Press, 2007, 
pp. 13–31. doi: 10.1017/CBO9780511611308.003. 

[366] P. M. Morse and G. E. Kimball, Methods of operations research, First edition, 
Revised.. New York: Wiley, 1951. 

[367] J. M. Watts, “Whither systems analysis?,” Fire Technol., vol. 26, no. 2, pp. 
97–98, May 1990, doi: 10.1007/BF01040174. 

[368] C. W. (Charles W. Churchman, The systems approach, Revised and 
Updated. New York, N.Y.: New York, N.Y. : Dell Pub. Co., 1979. 

[369] J. M. Watts, “A review of past, present, and future education of training in 
systems approaches,” in New approaches to evaluating firesafety in buildings, 
Washington, Sep. 1978, pp. 137–141. 



 References  

295 
 

[370] H. E. Nelson, “Directions to Improve Application of Systems Approach to Fire 
Protection Requirements for Buildings.,” Center for Fire Research, Washington, 
D.C., Interim Report NBSIR 77-1273, Jul. 1977. Accessed: May 27, 2020. 
[Online]. Available: https://www.nist.gov/publications/directions-improve-
application-systems-approach-fire-protection-requirements-buildings 

[371] H. E. Nelson, “Directions to Improve Application of Systems Approach to Fire 
Protection Requirements for Buildings,” Wood Fiber Sci., vol. 9, no. 2, Art. no. 2, 
1977, Accessed: May 27, 2020. [Online]. Available: 
https://wfs.swst.org/index.php/wfs/article/view/1044 

[372] J. M. Watts, “A theoretical rationalization of a goal-oriented systems 
approach to building fire safety,” PhD Thesis, University of Massachusetts, 
1978. 

[373] National Fire Protection Association, “NFPA 550 - Guide to the Fire Safety 
Concepts Tree.” National Fire Protection Association, 2017. [Online]. Available: 
https://www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-
codes-and-standards/detail?code=550 

[374] B. Karlsson, “Fire Risk Index Method - Multistorey Apartment Buildings 
FRIM-MAB Version 1.2,” Stockholm, Sweden, Trätek, Rapport I 0009025, Sep. 
2000. 

[375] S. Sugahara, “Basic Concepts into Methodologies on Systems Approach to 
Building Fire Safety,” Fire Sci. Technol., vol. 7, no. 2, pp. 35–41, 1987, doi: 
10.3210/fst.7.2_35. 

[376] E. Budnick, “Review: SFPE classic paper review: Interim guide for goal 
oriented systems approach to building fire safety by Harold E. ‘Bud’ Nelson,” J. 
Fire Prot. Eng., vol. 21, no. 3, pp. 173–183, May 2011, doi: 
10.1177/1042391511404308. 

[377] H. E. Nelson and A. J. Shibe, “NBSIR 78-1555: A system for fire safety 
evaluation of Health Care Facilities,” Center for Fire Research, National 
Engineering Laboratory, National Bureau of Standards, U.S. Department of 
Commerce Washington, D.C. 20234, Washington, D.C., Internal Report, Nov. 
1978. 

[378] E. W. Marchant, “Fire Safety Evaluation (Points) Scheme for Patient Areas 
within Hospitals: A Report on its Origins and Development Sponsored by the 
DHSS,” University of Edinburgh, Department of Fire Safety Engineering, Jun. 
1982. 

[379] H. E. Nelson, “NBSIR 86-3404: Fire safety evaluation system for NASA 
Office/Laboratory Buildings,” Center for Fire Research, National Engineering 
Laboratory, National Bureau of Standards, U.S. Department of Commerce 
Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 86-3404, 
Nov. 1986. 

[380] H. E. Nelson and A. J. Shibe, “NBSIR 82-2562: A system for fire safety 
evaluation for Multifamily Housing,” Center for Fire Research, National 
Engineering Laboratory, National Bureau of Standards, U.S. Department of 
Commerce Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 
82-2562, Sep. 1982. 

[381] H. E. Nelson and A. J. Shibe, “NBSIR 84-2976: The development of a fire 
evaluation system for Detention and Correctional Occupancies,” Center for Fire 



Developing a fire robustness index for the built environment 

296 

Research, National Engineering Laboratory, National Bureau of Standards, U.S. 
Department of Commerce Washington, D.C. 20234, Washington, D.C., Internal 
Report NBSIR 84-2976, Dec. 1984. 

[382] H. E. Nelson et al., “NBSIR 83-2659: A fire safety evaluation system for 
Board and Care Homes,” Center for Fire Research, National Engineering 
Laboratory, National Bureau of Standards, U.S. Department of Commerce 
Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 83-2659, 
Mar. 1983. 

[383] A. J. Shibe, “NBSIR 86-3425: The Development of a Fire Evaluation System 
for Underground Coal Mines,” U S. DEPARTMENT OF COMMERCE National 
Bureau of Standards National Engineering Laboratory Center for Fire Research 
Gaithersburg, MD 20899, Internal Report NBSIR 86-3404, 1986. 

[384] H. E. Nelson, A. J. Shibe, B. M. Levin, S. D. Thorne, and L. Y. Cooper, 
“NBSIR 84-2896: Fire Safety Evaluation System for National Park Service 
Overnight Accommodations,” Center for Fire Research, National Engineering 
Laboratory, National Bureau of Standards, U.S. Department of Commerce 
Washington, D.C. 20234, Washington, D.C., Internal Report NBSIR 84-2896, 
Jun. 1984. 

[385] P. Stollard, “The development of a points scheme to assess fire safety in 
hospitals,” Fire Saf. J., vol. 7, no. 2, pp. 145–153, Jan. 1984, doi: 10.1016/0379-
7112(84)90034-1. 

[386] T. J. Shields, G. W. Silcock, and Y. Bell, “Fire safety evaluation of dwellings,” 
Fire Saf. J., vol. 10, no. 1, pp. 29–36, Jan. 1986, doi: 10.1016/0379-
7112(86)90029-9. 

[387] H. A. Donegan, T. J. Shields, and G. W. H. Silcock, “A Mathematical 
Strategy To Relate Fire Safety Evaluation And Fire Safety Policy Formulation 
For Buildings,” Fire Saf. Sci., vol. 2, pp. 433–441, 1989. 

[388] F. J. Dodd and H. A. Donegan, “Prioritisation methodologies in fire safety 
evaluation,” Fire Technol., vol. 30, no. 2, pp. 232–249, May 1994, doi: 
10.1007/BF01040004. 

[389] F. J. Dodd, H. A. Donegan, and T. B. M. McMaster, “Scale horizons in 
analytic hierarchies,” J. Multi-Criteria Decis. Anal., vol. 4, no. 3, pp. 177–188, 
1995, doi: 10.1002/mcda.4020040304. 

[390] F. J. Dodd, H. A. Donegan, and T. B. M. McMaster, “A statistical approach to 
consistency in AHP,” Math. Comput. Model., vol. 18, no. 6, pp. 19–22, Sep. 
1993, doi: 10.1016/0895-7177(93)90123-G. 

[391] H. A. Donegan, F. J. Dodd, and T. B. M. McMaster, “A New Approach to 
AHP Decision-Making,” J. R. Stat. Soc. Ser. Stat., vol. 41, no. 3, pp. 295–302, 
1992, doi: 10.2307/2348551. 

[392] H. A. Donegan and F. J. Dodd, “A note on saaty’s random indexes,” Math. 
Comput. Model., vol. 15, no. 10, pp. 135–137, Jan. 1991, doi: 10.1016/0895-
7177(91)90098-R. 

[393] J. M. Watts, “Chapter 5-2 - Fire Risk Ranking,” in SFPE Handbook Of Fire 
Protection Engineering, 2nd ed., P. J. DiNenno, C. L. Beyler, R. L. P. Custer, W. 
D. Walton, J. M. Watts, D. Drysdale, and J. R. Hall, Eds. Quincy, 
Massachusetts; Bethesda, Maryland.: National Fire Protection Association ; 
Society of Fire Protection Engineers, 1995, pp. 5-12-5–26. 



 References  

297 
 

[394] E. K. Budnick, L. A. McKenna, and J. M. Watts, “Quantifying Fire Risk For 
Telecommunications Network Integrity,” Fire Saf. Sci., vol. 5, pp. 691–700, 
1997. 

[395] A. G. Copping, “Fire safety evaluation of ecclesiastical estate: the 
development and application of a fire safety evaluation procedure for the 
property protection of parish churches,” PhD Thesis, De Montfort University, 
Leicester, 2000. Accessed: Jul. 22, 2019. [Online]. Available: 
https://www.dora.dmu.ac.uk/handle/2086/10774 

[396] American Society for Testing and Materials, “ASTM E 931 - 94: Standard 
Practice for Classification of Occupancies for Their Relative Fire Hazard.” 
American Society for Testing and Materials, 1994. 

[397] M. M. Hirschler, “Concepts Behind ASTM E 931-85: Empirical Practice for 
Classification of Occupancies for Their Relative Fire Hazard to Life,” in Fire and 
Flammability of Furnishings and Contents of Buildings, ASTM STP 1233, A. J. 
Fowell, Ed. Philadelphia, PA.: American Society for Testing and Materials, 1994, 
pp. 32–49. 

[398] V. P. Silva and H. da S. C. Filho, “Índice de segurança contra incêndio para 
edificações,” Ambiente Construído, vol. 7, no. 4, pp. 103–121, Apr. 2008. 

[399] J. C. Perez-Martin, R. D. Diaz, and R. S. Garcia, “Método de evaluación del 
riesgo de incendio en el marco del Código Técnico de la Edifificación.,” DYNA, 
vol. 85, no. 4, pp. 303–314, May 2010. 

[400] Ministero del’Interno - Direzione generale dei servizi antincendi, Circolare N. 
91 - Norme di sicurezza per la protezione contro il fuoco dei fabbricati a struttura 
in acciaio destinati ad uso civile. 1961. Accessed: Jul. 28, 2019. [Online]. 
Available: 
http://www.diee.unica.it/~dani/didattica/seminari/prevenzioneincendi/circ_91_14
0961.pdf 

[401] Tribunal of Inquiry on the Fire at the Stardust, Artane, “Report of the Tribunal 
of Inquiry on the fire at the Stardust, Artane on the 14th February, 1981,” The 
Stationery Office, Dublin, Report, 1982. Accessed: Jul. 22, 2019. [Online]. 
Available: https://www.lenus.ie/handle/10147/45478 

[402] H. L. Malhotra, “Fire safety in assembly buildings,” Fire Saf. J., vol. 7, no. 3, 
pp. 285–291, Jan. 1984, doi: 10.1016/0379-7112(84)90026-2. 

[403] E. De Smet, FRAME - Calculation examples book. [Online]. Available: 
http://www.framemethod.net/indexde_html_files/Calcsamplebook.pdf 

[404] A. G. Copping, “Application of a Systematic Fire Safety Evaluation 
Procedure in the Protection of Historic Property,” Fire Protection Engineering 
Magazine, no. Quarter 2, pp. 12–17, 2002. 

[405] A. G. Copping, “Introducing a protocol for an integrated fire safety evaluation 
procedure for historic buildings,” Int. J. Eng. Perform.-Based Codes, vol. 6, no. 
2, pp. 72–77, 2004. 

[406] S. Lamont and S. Ingolfsson, “High Rise Buildings with Combustible Exterior 
Wall Assemblies: Fire Risk Assessment Tool,” National Fire Protection 
Association, MA, USA, Final Report, Feb. 2018. [Online]. Available: 
https://www.nfpa.org/~/media/8EB55D9E592E4BD4A999AFF3D01BC7CF.pdf 



Developing a fire robustness index for the built environment 

298 

[407] Ministry of Housing, Communities, and Local Government, “Fire Safety: Risk 
Prioritisation in Existing Buildings - A Call for Evidence.” Ministry of Housing, 
Communities and Local Government, Jan. 2020. [Online]. Available: 
https://www.gov.uk/government/consultations/fire-safety-risk-prioritisation-in-
existing-buildings-a-call-for-evidence 

[408] Fire Safe Europe, “Fire Safety Rating Scheme in Buildings | European Fire 
Safety Community,” 2020. https://eufiresafety.community/page/fire-safety-rating-
scheme-project (accessed Jan. 24, 2022). 

[409] J. Francis, “To analyse evacuation methods from high-rise buildings and 
identify life safety improvements for this vertical world,” The Winston Churchill 
Memorial Trust of Australia, Churchill Fellowship Report, Nov. 2017. Accessed: 
Jul. 28, 2019. [Online]. Available: 
https://www.churchilltrust.com.au/media/fellows/Francis_J_2016_Evacuation_fro
m_high-rise_buildings_and_large_structures_1.pdf 

[410] J. Francis, “Fire and life safety improvements for the vertical world,” 
presented at the Interflam 2019, Royal Holloway, University of London, UK, Jul. 
2019, vol. 2, pp. 2217–2228. 

[411] P. Stollard, “Personal communication with Dr Paul Stollard,” Jan. 08, 2019. 

[412] A. Yates, “Personal communication with Alan Yates,” Jul. 09, 2019. 

[413] B. Karlsson, “Personal communication with Dr Björn Karlsson,” Aug. 12, 
2020. 

[414] J. M. Watts, “Personal communication with Dr Jack Watts,” Oct. 30, 2020. 

[415] B. Messerschmidt, “Personal communication with Birgitte Messerschmidt,” 
Jun. 22, 2021. 

[416] E. Cordeiro, “Personal communication with Elisabete Cordeiro,” Jul. 06, 
2021. 

[417] J. A. Milke, “Personal communication with Prof Jim Milke,” Sep. 28, 2021. 

[418] J. C. Pérez-Martin, “Personal communication with Dr José Carlos Pérez 
Martín,” Aug. 04, 2021. 

[419] U. Flick, E. von Kardorff, and I. Steinke, A companion to qualitative research. 
London; Thousand Oaks, Calif.: Sage Publications, 2004. 

[420] M. D. Myers, “Qualitative Research in Information Systems,” MIS Q., vol. 21, 
no. 2, pp. 241–242, 1997, doi: 10.2307/249422. 

[421] R. Fellows and A. Liu, Research methods for construction. Oxford: Wiley-
Blackwell, 2008. 

[422] B. Gillham, Developing a questionnaire. London ; New York: Continuum, 
2000. 

[423] P. Wilkinson, “An investigation into resilient fire engineering building design,” 
Engineering Doctorate Thesis, Loughborough University, Loughborough, 2013. 
Accessed: Mar. 30, 2022. [Online]. Available: 
https://repository.lboro.ac.uk/articles/thesis/An_investigation_into_resilient_fire_
engineering_building_design/9457025/1 

[424] J. Watts, J. A. Milke, J. L. Bryan, R. Dardis, and V. M. Brannigan, “A study of 
fire safety effectiveness statements,” College of Engineering, University of 
Maryland, College Park, Maryland, Final Report, 1979. 



 References  

299 
 

[425] U. S. Department of Homeland Security and AFederal Emergency 
Management gency, America Burning Revisited: National Workshop. Tyson’s 
Corner, Virginia: CreateSpace Independent Publishing Platform, 2013. 

[426] B. Messerschmidt and S. Lamont, “Fire risk assessment of high rise 
buildings with combustible exterior wall assemblies: NFPA’s EFFECTTM Tool,” 
presented at the Interlam 2019, Royal Holloway, University of London, UK, Jul. 
2019, vol. 1, pp. 157–168. 

[427] L. M. Krasner and S. A. Wiener, “The feasibility of quantitatively analyzing 
investements in loss prevention activities - Phase II,” The Naval Facilities 
Engineering Command Washington, D.C., Washington, D.C., Final Report AD-
777 477, Apr. 1973. 

[428] J. M. Watts, E. K. Budnick, and B. D. Kushler, “Using decision tables to 
quantify fire risk parameters,” presented at the International Conference on Fire 
Research and Engineering, Society of Fire Protection Engineers, Boston, MA, 
Sep. 1995, pp. 241–246. 

[429] OECD, European Union, and Joint Research Centre - European 
Commission, Handbook on Constructing Composite Indicators: Methodology 
and User Guide. Paris: OECD Publishing, 2008. doi: 10.1787/9789264043466-
en. 

[430] J. M. Watts, “Chapter 5-10 - Fire Risk Indexing,” in SFPE Handbook Of Fire 
Protection Engineering, D. Drysdale, C. L. Beyler, W. D. Walton, R. L. P. Custer, 
J. R. Hall, J. M. Watts, and P. J. DiNenno, Eds. Quincy, Massachusetts; 
Bethesda, Maryland.: National Fire Protection Association ; Society of Fire 
Protection Engineers, 2002, pp. 5-125-5–142. 

[431] R. A. Howard, “The Foundations of Decision Analysis Revisited,” in 
Advances in Decision Analysis: From Foundations to Applications, D. von 
Winterfeldt, R. F. Miles Jr., and W. Edwards, Eds. Cambridge: Cambridge 
University Press, 2007, pp. 32–56. doi: 10.1017/CBO9780511611308.004. 

[432] D. von Winterfeldt and W. Edwards, Decision analysis and behavioral 
research. New York: Cambridge University Press, 1993. 

[433] R. L. Keeney and K. Nair, “Decision analysis for the siting of nuclear power 
plants—The relevance of multiattribute utility theory,” Proc. IEEE, vol. 63, no. 3, 
pp. 494–501, Mar. 1975, doi: 10.1109/PROC.1975.9776. 

[434] Department for Communities and Local Government, Multi-criteria analysis: 
a manual. London, UK: Department for Communities and Local Government, 
2009. Accessed: Sep. 24, 2020. [Online]. Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/191506/Mult-crisis_analysis_a_manual.pdf 

[435] P. C. Fishburn, “Utility theory and decision theory,” in Utility and Probability, 
J. Eatwell, M. Milgate, and P. Newman, Eds. London: Palgrave Macmillan UK, 
1990, pp. 303–312. doi: 10.1007/978-1-349-20568-4. 

[436] E. J. Vaughan and T. Vaughan, Fundamentals of Risk and Insurance, 10th 
ed. John Wiley, 2008. 

[437] R. D. Luce and H. Raiffa, Games and decisions: Introduction and critical 
survey. Oxford, England: Wiley, 1957, pp. xix, 509. 



Developing a fire robustness index for the built environment 

300 

[438] F. Noonan and R. W. Fitzgerald, “On The Rule Of Subjective Probabilities In 
Fire Risk Management Studies,” Fire Saf. Sci., vol. 3, pp. 495–504, 1991, 
Accessed: Sep. 22, 2020. [Online]. Available: 
https://iafss.org/publications/fss/3/495/ 

[439] R. T. (Robert T. Clemen, “Chapter 13 - Risk attitudes,” in Making hard 
decisions : an introduction to decision analysis, Second edition.., Pacific, Calif.: 
Pacific, Calif., 1996, pp. 461–502. 

[440] D. von Winterfeldt and W. Edwards, “Chapter 14 - Some idiosyncratic history 
and guesses about things to come,” in Decision analysis and behavioral 
research, New York: Cambridge University Press, 1993, pp. 560–574. 

[441] R. D. C. Black, “Utility,” in Utility and Probability, J. Eatwell, M. Milgate, and 
P. Newman, Eds. Palgrave Macmillan UK, 1990, pp. 295–302. doi: 
10.1007/978-1-349-20568-4. 

[442] P. C. Fishburn, “Representation of preferences,” in Utility and Probability, J. 
Eatwell, M. Milgate, and P. Newman, Eds. London: Palgrave Macmillan UK, 
1990, pp. 217–226. doi: 10.1007/978-1-349-20568-4_29. 

[443] M. Peterson, “The St. Petersburg Paradox,” in The Stanford Encyclopedia of 
Philosophy, Fall 2020., E. N. Zalta, Ed. Metaphysics Research Lab, Stanford 
University, 2020. Accessed: Apr. 04, 2022. [Online]. Available: 
https://plato.stanford.edu/archives/fall2020/entries/paradox-stpetersburg/ 

[444] G. J. Stigler, “The Development of Utility Theory. I,” J. Polit. Econ., vol. 58, 
no. 4, pp. 307–327, 1950, [Online]. Available: 
http://www.jstor.org.ezproxy.is.ed.ac.uk/stable/1828885 

[445] G. J. Stigler, “The Development of Utility Theory. II,” J. Polit. Econ., vol. 58, 
no. 5, pp. 373–396, 1950, [Online]. Available: 
http://www.jstor.org.ezproxy.is.ed.ac.uk/stable/1825710 

[446] R. T. (Robert T. Clemen, “Chapter 14 - Utility axioms, paradoxes, and 
implications,” in Making hard decisions : an introduction to decision analysis, 
Second edition.., Pacific, Calif.: Pacific, Calif., 1996, pp. 503–529. 

[447] F. P. Ramsey, “Truth and Probability,” in The Foundations of Mathematics 
and other Logical Essays, R. B. Braithwaite, Ed. McMaster University Archive 
for the History of Economic Thought, 1926, pp. 156–198. [Online]. Available: 
https://EconPapers.repec.org/RePEc:hay:hetcha:ramsey1926 

[448] J. von Neumann and O. Morgenstern, Theory of Games and Economic 
Behavior (60th Anniversary Commemorative Edition). Princeton University 
Press, 2007. 

[449] L. J. Savage, The foundations of statistics. New York: New York : Wiley, 
1954. 

[450] H. Raiffa, “Decision Analysis: A Personal Account of How It Got Started and 
Evolved,” in Advances in Decision Analysis: From Foundations to Applications, 
D. von Winterfeldt, R. F. Miles Jr., and W. Edwards, Eds. Cambridge: 
Cambridge University Press, 2007, pp. 57–70. doi: 
10.1017/CBO9780511611308.005. 

[451] R. A. Howard, “Decision Analysis: Applied Decision Theory,” in Fourth 
International Conference on Operational Research, New York, 1966, pp. 55–71. 



 References  

301 
 

[452] H. Raiffa, Decision analysis: introductory lectures on choices under 
uncertainty. Reading, Mass.: Reading, Mass. : Addison-Wesley, 1968. 

[453] H. Raiffa, “Preferences for Multi-Attributed Alternatives,” Jan. 1969, 
Accessed: Sep. 24, 2020. [Online]. Available: 
https://www.rand.org/pubs/research_memoranda/RM5868.html 

[454] R. L. Keeney, “Multidimensional utility functions: theory, assessment, and 
application.,” Thesis, Massachusetts Institute of Technology, 1969. Accessed: 
Sep. 24, 2020. [Online]. Available: https://dspace.mit.edu/handle/1721.1/13631 

[455] R. L. Keeney and H. Raiffa, Decisions with multiple objectives: preferences 
and value trade-offs. New York: New York : Wiley, 1976. 

[456] R. L. Keeney and H. Raiffa, Decisions with multiple objectives: preferences 
and value trade-offs. Cambridge: Cambridge University Press, 1993. doi: 
10.1017/CBO9781139174084. 

[457] S.-K. Lai and L. D. Hopkins, “The Meanings of Trade-Offs in Multiattribute 
Evaluation Methods: A Comparison,” Environ. Plan. B Plan. Des., vol. 16, no. 2, 
pp. 155–170, Jun. 1989, doi: 10.1068/b160155. 

[458] V. Belton, “Multi-Criteria Problem Structuring and Analysis in a Value Theory 
Framework,” in Multicriteria Decision Making: Advances in MCDM Models, 
Algorithms, Theory, and Applications, T. Gal, T. J. Stewart, and T. Hanne, Eds. 
Boston, MA: Springer US, 1999, pp. 335–366. doi: 10.1007/978-1-4615-5025-
9_12. 

[459] D. L. Olson, “Chapter 4 - SMART,” in Decision Aids for Selection Problems, 
New York: Springer-Verlag, 1996. doi: 10.1007/978-1-4612-3982-6. 

[460] W. Edwards and F. H. Barron, “SMARTS and SMARTER: Improved Simple 
Methods for Multiattribute Utility Measurement,” Organ. Behav. Hum. Decis. 
Process., vol. 60, no. 3, pp. 306–325, Dec. 1994, doi: 10.1006/obhd.1994.1087. 

[461] I. Jordaan, Ed., “The concept of utility,” in Decisions under Uncertainty: 
Probabilistic Analysis for Engineering Decisions, Cambridge: Cambridge 
University Press, 2005, pp. 162–219. doi: 10.1017/CBO9780511804861.005. 

[462] R. L. Keeney and H. Raiffa, “Chapter 4 - Unidimensional utility theory,” in 
Decisions with Multiple Objectives: Preferences and Value Trade-Offs, 
Cambridge: Cambridge University Press, 1993, pp. 131–218. doi: 
10.1017/CBO9781139174084.006. 

[463] R. L. Keeney and H. Raiffa, “Chapter 1 - The problem,” in Decisions with 
Multiple Objectives: Preferences and Value Trade-Offs, Cambridge: Cambridge 
University Press, 1993, pp. 1–30. doi: 10.1017/CBO9781139174084.003. 

[464] R. T. (Robert T. Clemen, “Chapter 16 - Conflicting objectives II: multiattribute 
utility models with interactions,” in Making hard decisions : an introduction to 
decision analysis, Second edition.., Pacific, Calif.: Pacific, Calif., 1996, pp. 530–
575. 

[465] R. L. Keeney and H. Raiffa, “Chapter 5 - Multiattribute preferences under 
uncertainty: the two-attribute case,” in Decisions with Multiple Objectives: 
Preferences and Value Trade-Offs, Cambridge: Cambridge University Press, 
1993, pp. 219–281. doi: 10.1017/CBO9781139174084.007. 

[466] R. L. Keeney and H. Raiffa, “Chapter 3 - Tradeoffs under certainty,” in 
Decisions with Multiple Objectives: Preferences and Value Trade-Offs, 



Developing a fire robustness index for the built environment 

302 

Cambridge: Cambridge University Press, 1993, pp. 66–130. doi: 
10.1017/CBO9781139174084.005. 

[467] R. L. Keeney and H. Raiffa, “Chapter 6 - Multiattribute preferences under 
uncertainty: more than two attributes,” in Decisions with Multiple Objectives: 
Preferences and Value Trade-Offs, Cambridge: Cambridge University Press, 
1993, pp. 282–353. doi: 10.1017/CBO9781139174084.008. 

[468] J. Butler, D. J. Morrice, and P. W. Mullarkey, “A Multiple Attribute Utility 
Theory Approach to Ranking and Selection,” Manag. Sci., vol. 47, no. 6, pp. 
800–816, Jun. 2001, doi: 10.1287/mnsc.47.6.800.9812. 

[469] D. von Winterfeldt and W. Edwards, “Chapter 8 - Multiattribute utility theory,” 
in Decision analysis and behavioral research, New York: Cambridge University 
Press, 1993, pp. 259–313. 

[470] S. French, Decision theory : an introduction to the mathematics of rationality. 
Chichester : New York: Chichester : Ellis Horwood New York : Halsted Press, 
1986. 

[471] G. Ramachandran, “Chapter 8 - Utility Theory,” in The economics of fire 
protection, London: E & FN Spon, 1998, pp. 131–152. Accessed: Sep. 22, 2020. 
[Online]. Available: http://capitadiscovery.co.uk/dmu/items/533882 

[472] R. T. (Robert T. Clemen, Making hard decisions : an introduction to decision 
analysis, Second edition.. Pacific, Calif.: Pacific, Calif., 1996. 

[473] V. Belton and T. Stewart, “Chapter 4 - Preference modelling,” in Multiple 
Criteria Decision Analysis: An Integrated Approach, Springer Science & 
Business Media, 2002, pp. 79–118. [Online]. Available: DOI: 10.1007/978-1-
4615-1495-4 

[474] B. Németh et al., “Comparison of weighting methods used in multicriteria 
decision analysis frameworks in healthcare with focus on low- and middle-
income countries,” J. Comp. Eff. Res., vol. 8, no. 4, pp. 195–204, Apr. 2019, doi: 
10.2217/cer-2018-0102. 

[475] G. Kalton and I. Flores-Cervantes, “Weighting methods,” J. Off. Stat., vol. 19, 
no. 2, pp. 81–97, 2003. 

[476] R. L. Keeney and H. Raiffa, “Chapter 2 - The structuring of objectives,” in 
Decisions with Multiple Objectives: Preferences and Value Trade-Offs, 
Cambridge: Cambridge University Press, 1993, pp. 31–65. doi: 
10.1017/CBO9781139174084.004. 

[477] D. M. Buede, “Structuring Value Attributes,” Interfaces, vol. 16, no. 2, pp. 52–
62, 1986, Accessed: Sep. 28, 2020. [Online]. Available: 
http://www.jstor.org.ezproxy.is.ed.ac.uk/stable/25060807 

[478] R. L. Keeney, “Chapter 2 - The framework of value-focused thinking,” in 
Value-focused thinking a path to creative decisionmaking, Cambridge, MA: 
Harvard University Press, 1992, pp. 29–52. 

[479] R. L. Keeney, “Chapter 7 - Developing objectives and attributes,” in 
Advances in Decision Analysis: From Foundations to Applications, W. Edwards, 
R. F. Miles Jr., and D. von Winterfeldt, Eds. Cambridge: Cambridge University 
Press, 2007. doi: 10.1017/CBO9780511611308. 



 References  

303 
 

[480] R. T. (Robert T. Clemen, “Chapter 2 - Elements of a decision problem,” in 
Making hard decisions : an introduction to decision analysis, Second edition.., 
Pacific, Calif.: Pacific, Calif., 1996, pp. 19–40. 

[481] R. T. (Robert T. Clemen, “Chapter 3 - Structuring decisions,” in Making hard 
decisions : an introduction to decision analysis, Second edition.., Pacific, Calif.: 
Pacific, Calif., 1996, pp. 41–100. 

[482] D. von Winterfeldt and W. Edwards, “Chapter 6 - Defining a decision analytic 
structure,” in Advances in Decision Analysis: From Foundations to Applications, 
W. Edwards, R. F. Miles Jr., and D. von Winterfeldt, Eds. Cambridge: 
Cambridge University Press, 2007. doi: 10.1017/CBO9780511611308. 

[483] R. L. Keeney, “Value-focused thinking: Identifying decision opportunities and 
creating alternatives,” Eur. J. Oper. Res., vol. 92, no. 3, pp. 537–549, Aug. 
1996, doi: 10.1016/0377-2217(96)00004-5. 

[484] R. L. Keeney, “Chapter 3 - Identifying and structuring objectives,” in Value-
focused thinking a path to creative decisionmaking, Cambridge, MA: Harvard 
University Press, 1992, pp. 55–98. 

[485] R. L. Keeney, “Chapter 4 - Measuring the achievement of objectives,” in 
Value-focused thinking a path to creative decisionmaking, Cambridge, MA: 
Harvard University Press, 1992, pp. 99–128. 

[486] D. von Winterfeldt and W. Edwards, “Chapter 2 - Structuring for decision 
analysis,” in Decision analysis and behavioral research, New York: Cambridge 
University Press, 1993, pp. 26–62. 

[487] R. L. Keeney, “Creativity in Decision Making with Value-Focused Thinking,” 
MIT Sloan Manag. Rev., Jul. 1994, Accessed: Apr. 05, 2022. [Online]. Available: 
https://sloanreview.mit.edu/article/creativity-in-decision-making-with-
valuefocused-thinking/ 

[488] G. A. Norris, “The requirement for congruence in normalization,” Int. J. Life 
Cycle Assess., vol. 6, no. 2, p. 85, Mar. 2001, doi: 10.1007/BF02977843. 

[489] G. A. Norris and H. E. Marshall, “Multiattribute Decision Analysis Method for 
Evaluating Buildings and Building Systems,” National Institute of Standards and 
Technology, Gaithersburg, MD, USA, NISTIR 5663, Sep. 1995. [Online]. 
Available: https://nvlpubs.nist.gov/nistpubs/Legacy/IR/nistir5663.pdf 

[490] D. von Winterfeldt and W. Edwards, “Chapter 3 - Decision trees,” in Decision 
analysis and behavioral research, New York: Cambridge University Press, 1993, 
pp. 63–89. 

[491] D. E. Bell, H. Raiffa, and A. Tversky, Eds., Decision Making: Descriptive, 
Normative, and Prescriptive Interactions. Cambridge: Cambridge University 
Press, 1988. doi: 10.1017/CBO9780511598951. 

[492] A. Caputo, “A literature review of cognitive biases in negotiation processes,” 
Int. J. Confl. Manag., vol. 24, no. 4, pp. 374–398, Jan. 2013, doi: 
10.1108/IJCMA-08-2012-0064. 

[493] D. E. Bell, H. Raiffa, and A. Tversky, “Descriptive, normative, and 
prescriptive interactions in decision making,” in Decision making:  Descriptive, 
normative, and prescriptive interactions, New York, NY, US: Cambridge 
University Press, 1988, pp. 9–30. doi: 10.1017/CBO9780511598951.003. 



Developing a fire robustness index for the built environment 

304 

[494] A. Tversky and D. Kahneman, “Judgment under Uncertainty: Heuristics and 
Biases,” Science, vol. 185, no. 4157, pp. 1124–1131, Sep. 1974, doi: 
10.1126/science.185.4157.1124. 

[495] D. Kahneman, P. Slovic, and A. Tversky, Judgment under Uncertainty: 
Heuristics and Biases. Cambridge: Cambridge University Press, 1982. 

[496] M. J. Kinsey, M. Kinateder, S. M. V. Gwynne, and D. Hopkin, “Burning 
biases: Mitigating cognitive biases in fire engineering,” Fire Mater., vol. 45, no. 
4, pp. 543–552, 2021, doi: 10.1002/fam.2824. 

[497] G. W. Silcock, H. A. Donegan, T. J. Shields, and K. E. Dunlop, “An 
Hierarchical Framework for the Assessment of Fire Safety in Historic Buildings,” 
presented at the 8th International Fire Protection Seminar, Karisruhe, 1990, pp. 
217–223. 

[498] J. Watts, “Systematic methods of evaluating fire safety - a review,” Hazard 
Prev., vol. 18, no. 2, pp. 24–27, Apr. 1982. 

[499] W. K. Chow and G. C. H. Lui, “A Fire Safety Ranking System for Karaoke 
Establishments in Hong Kong,” J. Fire Sci., vol. 19, no. 2, pp. 106–120, Mar. 
2001, doi: 10.1106/Q1Q0-8VU2-6AY1-LK86. 

[500] B. Karlsson and B. Tomasson, “Repeatability Tests Of A Fire Risk Index 
Method For Multi-storey Apartment Buildings,” in IAFFS 8th International 
Symposium, 2005, vol. 8, pp. 901–912. doi: 10.3801/IAFSS.FSS.8-901. 

[501] A. G. Copping, “The Development of a Fire Safety Evaluation Procedure for 
the Property Protection of Parish Churches,” Fire Technol., vol. 38, no. 4, pp. 
319–334, Oct. 2002, doi: 10.1023/A:1020114314974. 

[502] R. Baldwin and P. H. Thomas, “Passive and active fire protection — The 
optimum combination,” Fire Technol., vol. 10, no. 2, pp. 140–146, May 1974, 
doi: 10.1007/BF02642517. 

[503] R. Van Coile, D. Hopkin, D. Lange, G. Jomaas, and L. Bisby, “The Need for 
Hierarchies of Acceptance Criteria for Probabilistic Risk Assessments in Fire 
Engineering,” Fire Technol., vol. 55, no. 4, pp. 1111–1146, Jul. 2019, doi: 
10.1007/s10694-018-0746-7. 

[504] T. L. Saaty and M. S. Ozdemir, “Why the magic number seven plus or minus 
two,” Math. Comput. Model., vol. 38, no. 3, pp. 233–244, Aug. 2003, doi: 
10.1016/S0895-7177(03)90083-5. 

[505] G. A. Miller, “The magical number seven, plus or minus two: some limits on 
our capacity for processing information,” Psychol. Rev., vol. 63, no. 2, pp. 81–
97, 1956, doi: 10.1037/h0043158. 

[506] F. J. Dodd, H. A. Donegan, and T. B. M. McMaster, “Reassessment of 
Consistency Criteria in Judgment Matrices,” J. R. Stat. Soc. Ser. Stat., vol. 44, 
no. 1, pp. 31–41, 1995, doi: 10.2307/2348613. 

[507] J. M. Watts, “Fuzzy fire safety,” Fire Technol., vol. 31, no. 3, pp. 193–194, 
Aug. 1995, doi: 10.1007/BF01039190. 

[508] M. Bruneau et al., “A Framework to Quantitatively Assess and Enhance the 
Seismic Resilience of Communities:,” Earthq. Spectra, Nov. 2003, doi: 
10.1193/1.1623497. 



 References  

305 
 

[509] S. Hosseini, K. Barker, and J. E. Ramirez-Marquez, “A review of definitions 
and measures of system resilience,” Reliab. Eng. Syst. Saf., vol. 145, pp. 47–
61, Jan. 2016, doi: 10.1016/j.ress.2015.08.006. 

[510] “Presidential Policy Directive/PPD-21 - Critical Infrastructure Security and 
Resilience.” The White House - Office of the Press Secretary, Feb. 12, 2013. 
Accessed: Dec. 10, 2020. [Online]. Available: 
https://www.cisa.gov/sites/default/files/publications/PPD-21-Critical-
Infrastructure-and-Resilience-508.pdf 

[511] National Infrastructure Advisory Council, “Critical Infrastructure Resilience - 
Final Report and Recommendations,” National Infrastructure Advisory Council 
(NIAC), Washington, D.C., Sep. 2009. [Online]. Available: 
https://www.cisa.gov/publication/niac-critical-infrastructure-resilience-final-report 

[512] National Infrastructure Advisory Council, “A Framework for Establishing 
Critical Infrastructure Resilience Goals - Final Report and Recommendations,” 
National Infrastructure Advisory Council (NIAC), Washington, D.C., Oct. 2010. 
[Online]. Available: https://www.cisa.gov/publication/niac-framework-
establishing-resilience-goals-final-report 

[513] U. Hassler and N. Kohler, “Resilience in the built environment,” Build. Res. 
Inf., vol. 42, no. 2, pp. 119–129, Mar. 2014, doi: 
10.1080/09613218.2014.873593. 

[514] R. Francis and B. Bekera, “A metric and frameworks for resilience analysis of 
engineered and infrastructure systems,” Reliab. Eng. Syst. Saf., vol. 121, pp. 
90–103, Jan. 2014, doi: 10.1016/j.ress.2013.07.004. 

[515] G. Cimellaro, C. Fumo, A. Reinhorn, and M. Bruneau, “Quantification of 
Disaster Resilience of Health Care Facilities,” University at Buffalo, New York, 
MCEER-09-0009, Sep. 2009. [Online]. Available: 
http://www.buffalo.edu/mceer/catalog.host.html/content/shared/www/mceer/publi
cations/MCEER-09-0009.detail.html 

[516] G. P. Cimellaro, A. M. Reinhorn, and M. Bruneau, “Framework for analytical 
quantification of disaster resilience,” Eng. Struct., vol. 32, no. 11, pp. 3639–
3649, Nov. 2010, doi: 10.1016/j.engstruct.2010.08.008. 

[517] C. Renschler, A. Frazier, L. Arendt, G. Cimellaro, A. Reinhorn, and M. 
Bruneau, “Framework for defining and measuring resilience at the community 
scale: The PEOPLES resilience framework,” University at Buffalo, New York, 
MCEER-10-0006, Oct. 2010. [Online]. Available: 
http://www.buffalo.edu/mceer/catalog.host.html/content/shared/www/mceer/publi
cations/MCEER-10-0006.detail.html 

[518] The Institution of Structural Engineers, Practical guide to structural 
robustness and disproportionate collapse in buildings. London, UK: The 
Institution of Structural Engineers, 2010. [Online]. Available: 
https://www.istructe.org/resources/guidance/structural-robustness-
disproportionate-collapse/ 

[519] S. Burroughs, “Development of a Tool for Assessing Commercial Building 
Resilience,” Procedia Eng., vol. 180, pp. 1034–1043, Jan. 2017, doi: 
10.1016/j.proeng.2017.04.263. 



Developing a fire robustness index for the built environment 

306 

[520] M. Theocharidou et al., “IMPROVER - D1.3 Final lexicon of definitions,” 
D1.3, Dec. 2016. [Online]. Available: 
https://cordis.europa.eu/project/id/653390/results 

[521] F. Stochino, C. Bedon, J. Sagaseta, and D. Honfi, “Robustness and 
Resilience of Structures under Extreme Loads,” Adv. Civ. Eng., vol. 2019, p. 
4291703, May 2019, doi: 10.1155/2019/4291703. 

[522] I. Linkov et al., “Changing the resilience paradigm,” Nat. Clim. Change, vol. 
4, no. 6, Art. no. 6, Jun. 2014, doi: 10.1038/nclimate2227. 

[523] C. W. Zobel, “Comparative Visualization of Predicted Disaster Resilience,” in 
Proceedings of the 7th International ISCRAM Conference, Seattle, USA, May 
2010. 

[524] C. W. Zobel, “Representing perceived tradeoffs in defining disaster 
resilience,” Decis. Support Syst., vol. 50, no. 2, pp. 394–403, Jan. 2011, doi: 
10.1016/j.dss.2010.10.001. 

[525] C. W. Zobel and L. Khansa, “Characterizing multi-event disaster resilience,” 
Comput. Oper. Res., vol. 42, pp. 83–94, Feb. 2014, doi: 
10.1016/j.cor.2011.09.024. 

[526] J. W. Baker, M. Schubert, and M. H. Faber, “On the assessment of 
robustness,” Struct. Saf., vol. 30, no. 3, pp. 253–267, May 2008, doi: 
10.1016/j.strusafe.2006.11.004. 

[527] T. D. G. Canisius, J. D. Sørensen, and J. W. Baker, “Robustness of 
Structural Systems: A new Focus for the Joint Committee on Structural Safety 
(JCSS),” in J. Kanda, T. Takada, & H. Furuta (Eds.), Applications of Statistics 
and Probability in Civil Engineering: Proceedings of the 10th International 
Conference, Tokyo, Japan, Aug. 2007, pp. 1–8. 

[528] P. Tamvakis and Y. Xenidis, “Comparative Evaluation of Resilience 
Quantification Methods for Infrastructure Systems,” Procedia - Soc. Behav. Sci., 
vol. 74, pp. 339–348, Mar. 2013, doi: 10.1016/j.sbspro.2013.03.030. 

[529] G. Cerѐ, Y. Rezgui, and W. Zhao, “Critical review of existing built 
environment resilience frameworks: Directions for future research,” Int. J. 
Disaster Risk Reduct., vol. 25, pp. 173–189, Oct. 2017, doi: 
10.1016/j.ijdrr.2017.09.018. 

[530] G. Cerè, Y. Rezgui, and W. Zhao, “Urban-scale framework for assessing the 
resilience of buildings informed by a delphi expert consultation,” Int. J. Disaster 
Risk Reduct., vol. 36, p. 101079, May 2019, doi: 10.1016/j.ijdrr.2019.101079. 

[531] G. Cerѐ, “A consensus-based approach for structural resilience to 
earthquakes using machine learning techniques,” phd, Cardiff University, 2019. 
Accessed: Apr. 03, 2022. [Online]. Available: https://orca.cardiff.ac.uk/130384/ 

[532] British Standards Institution (BSI), BS EN 1991-1-7:2006+A1:2014 - 
Eurocode 1 - Actions on Structures - Part 1-7: General Actions - Accidental 
Actions. British Standards Institution (BSI), 2006. [Online]. Available: 
https://bsol-bsigroup-
com.ezproxy.is.ed.ac.uk/Bibliographic/BibliographicInfoData/000000000030286
959 

[533] Standing Committee on Structural Safety (SCOSS), Tenth report - July 1992 
to June 1994. London, UK: SET0 Ltd, 1994. [Online]. Available: 



 References  

307 
 

https://www.structural-
safety.org/media/41894/144_10th_SCOSS_report_1994.pdf 

[534] B. R. Ellingwood, “Strategies for Mitigating Risk of Progressive Collapse,” 
presented at the Structures Congress 2005, New York, New York, United 
States, Apr. 2005, pp. 1–6. doi: 10.1061/40753(171)224. 

[535] B. R. Ellingwood and D. O. Dusenberry, “Building Design for Abnormal 
Loads and Progressive Collapse,” Comput.-Aided Civ. Infrastruct. Eng., vol. 20, 
no. 3, pp. 194–205, 2005, doi: https://doi.org/10.1111/j.1467-
8667.2005.00387.x. 

[536] U. Starossek and M. Haberland, “Approaches to measures of structural 
robustness,” Struct. Infrastruct. Eng., vol. 7, no. 7–8, pp. 625–631, Jul. 2011, 
doi: 10.1080/15732479.2010.501562. 

[537] J. Agarwal and J. England, “Recent developments in robustness and relation 
with risk,” Proc. Inst. Civ. Eng. - Struct. Build., vol. 161, no. 4, pp. 183–188, Aug. 
2008, doi: 10.1680/stbu.2008.161.4.183. 

[538] Department for Communities and Local Government, Centre for the 
Protection of National Infrastructure, and ARUP, Review of international 
research on structural robustness and disproportionate collapse. London, UK: 
Department for Communities and Local Government, 2011. [Online]. Available: 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/att
achment_data/file/6328/2001594.pdf 

[539] H. Gulvanessian and T. Vrouwenvelder, “Robustness and the Eurocodes,” 
Struct. Eng. Int., vol. 16, no. 2, pp. 167–171, May 2006, doi: 
10.2749/101686606777962396. 

[540] D. Diamantidis, “Robustness of buildings in structural codes,” in Joint 
Workshop of COST Actions TU0601 and E55, Ljubljana, Slovenia, Sep. 2009, 
vol. 2nd Workshop, pp. 139–146. 

[541] Z.-X. Fang and H.-Q. Li, “Robustness of engineering structures and its role in 
risk mitigation,” Civ. Eng. Environ. Syst., vol. 26, no. 3, pp. 223–230, Sep. 2009, 
doi: 10.1080/10286600802058975. 

[542] J. Agarwal, M. Haberland, M. Holický, M. Sykora, and S. Thelandersson, 
“Robustness of Structures: Lessons from Failures,” Struct. Eng. Int., vol. 22, no. 
1, pp. 105–111, Feb. 2012, doi: 10.2749/101686612X13216060213635. 

[543] J. D. Sørensen, E. Rizzuto, H. Narasimhan, and M. H. Faber, “Robustness: 
Theoretical Framework,” Struct. Eng. Int., vol. 22, no. 1, pp. 66–72, Feb. 2012, 
doi: 10.2749/101686612X13216060213554. 

[544] M. H. Faber, M. A. Maes, D. Straub, and J. Baker, “On the Quantification of 
Robustness of Structures,” presented at the 25th International Conference on 
Offshore Mechanics and Arctic Engineering, Oct. 2008, pp. 79–87. doi: 
10.1115/OMAE2006-92095. 

[545] S. Casciati and L. Faravelli, “Building a Robustness Index,” presented at the 
Robustness of Structures COST Action TU0601, ETH Zurich, Zurich, 
Switzerland, Feb. 2008, vol. 1st Workshop, pp. 49–56. 

[546] Joint Committee on Structural Safety, Risk Assessment in Engineering - 
Principles, System Representation & Risk Criteria. 2008. [Online]. Available: 
https://www.jcss-lc.org/publications/raie/01_jcss_riskassessment.pdf 



Developing a fire robustness index for the built environment 

308 

[547] O. M. Ionita, N. Taranu, M. Budescu, C. Banu, S. Rominu, and R. Bancila, 
“Robustness of Civil Engineering Structures: A Modern Approach in Structural 
Design,” INTERSECTII Intersect., vol. 6, no. 4, Nov. 2009, Accessed: Jan. 20, 
2021. [Online]. Available: 
http://www.intersections.tuiasi.ro/index.php/JIIR/article/view/545 

[548] H. Guimarães, J. Fernandes, J. Matos, and A. Henriques, “Robustness 
Assessment—A New Perspective to Achieve a Performance Indicator,” 
presented at the 14th International Probabilistic Workshop, 2017, pp. 499–507. 
doi: 10.1007/978-3-319-47886-9_34. 

[549] M. H. Faber, J. Qin, S. Miraglia, and S. Thöns, “On the Probabilistic 
Characterization of Robustness and Resilience,” Procedia Eng., vol. 198, pp. 
1070–1083, Jan. 2017, doi: 10.1016/j.proeng.2017.07.151. 

[550] D.-G. Lu, M. Liu, and M. Faber, “Seismic Robustness and Resilience of 
Structures in the Framework of the JCSS,” presented at the 13th International 
Conference on Applications of Statistics and Probability in Civil Engineering, 
ICASP13, Seoul, South Korea, May 2019. 

[551] K. Voulpiotis, “Robustness of Tall Timber Buildings,” Doctoral Thesis, ETH 
Zurich, 2021. doi: 10.3929/ethz-b-000526211. 

[552] O.-M. Ioniţă, N. Taranu, S. Romînu, and C. Banu, “Risk-Based Assessment 
of Structural Robustness,” Bul. Institutului Politeh. Din Lasi Sect. Constr. Arhit., 
vol. 56, no. 2, pp. 9–18, 2010, [Online]. Available: 
https://search.proquest.com/openview/9f482693272fedacfe00d8866de8e8c2/1?
pq-origsite=gscholar&cbl=55208 

[553] U. Starossek, “Typology of progressive collapse,” Eng. Struct., vol. 29, no. 9, 
pp. 2302–2307, Sep. 2007, doi: 10.1016/j.engstruct.2006.11.025. 

[554] D. M. Frangopol and J. P. Curley, “Effects of Damage and Redundancy on 
Structural Reliability,” J. Struct. Eng., vol. 113, no. 7, pp. 1533–1549, Jul. 1987, 
doi: 10.1061/(ASCE)0733-9445(1987)113:7(1533). 

[555] SCOSS (Standing Committee on Structural Safety), “Risk management 
framework for ensuring robustness,” CROSS, 2005. https://www.cross-
safety.org/uk/safety-information/cross-topic-paper/risk-management-framework-
ensuring-robustness (accessed Jul. 19, 2022). 

[556] D. D. Woods, “Four concepts for resilience and the implications for the future 
of resilience engineering,” Reliab. Eng. Syst. Saf., vol. 141, pp. 5–9, Sep. 2015, 
doi: 10.1016/j.ress.2015.03.018. 

[557] Arup Fire and British Automatic Fire Sprinkler Association, Sprinklers for 
Safety - Uses and benefits of incorporating sprinklers in buildings and 
structures. Cambridgeshire, UK: British Automatic Fire Sprinkler Association, 
2006. 

[558] P. Wilkinson, J. Glockling, D. Bouchlaghem, and K. Ruikar, “Using business 
impact analyses to enhance resilient fire engineering building design,” Archit. 
Eng. Des. Manag., vol. 9, no. 4, pp. 229–249, Nov. 2013, doi: 
10.1080/17452007.2012.738043. 

[559] British Standards Institution (BSI), “PD 7974-8:2012 - Application of fire 
safety engineering principles to the design of buildings - Part 8: Property 
protection, business and mission continuity, and resilience.” British Standards 
Institution (BSI), Aug. 2012. 



 References  

309 
 

[560] G. Howe, “Resilience to fire and going beyond regulations – an insurance 
industry perspective,” Int. Fire Prof., no. 27, pp. 22–28, Feb. 2019. 

[561] RISCAuthority, RISCAuthority Design Guide for the Fire Protection of 
buildings - ESSENTIAL PRINCIPLES. Gloucestershire, UK: Fire Protection 
Association, 2015. 

[562] Department for Communities and Local Government, RISCAuthority, and 
Fire Protection Association, Approved Document B: Fire safety (Volume 2 - 
Buildings other than dwellinghouses) - Incorporating Insurers’ Requirements for 
Property Protection, 2nd ed. 66 Portland Place, London, UK: RIBA Publishing, 
2015. 

[563] RISCAuthority, Fire Engineering Guide for Property Protection and Business 
Resilience. Gloucestershire, UK: Fire Protection Association, 2020. 

[564] K. Almand, Resiliency and Emergency Preparedness Workshop, Final 
Proceedings. Quincy, Massachusetts, USA: National Fire Protection 
Association, 2016. [Online]. Available: https://www.nfpa.org/-/media/Files/News-
and-Research/Fire-statistics-and-
reports/Proceedings/RFResiliencyEmergencyPreparednessWorkshop.ashx 

[565] K. W. Dungan, Incorporating Resiliency Concepts into NFPA Codes and 
Standards, 1st ed. Springer Nature, 2016. [Online]. Available: 
https://doi.org/10.1007/978-1-4939-6511-3 

[566] T. Gernay and N. E. Khorasani, “Resilience of the Built Environment to Fire 
and Fire-Following-Earthquake,” in Resilient Structures and Infrastructure, E. 
Noroozinejad Farsangi, I. Takewaki, T. Y. Yang, A. Astaneh-Asl, and P. 
Gardoni, Eds. Singapore: Springer, 2019, pp. 417–449. doi: 10.1007/978-981-
13-7446-3_16. 

[567] D. Lange, S. Devaney, and A. Usmani, “An application of the PEER 
performance based earthquake engineering framework to structures in fire,” 
Eng. Struct., vol. 66, pp. 100–115, May 2014, doi: 
10.1016/j.engstruct.2014.01.052. 

[568] D. Rush and D. Lange, “Towards a fragility assessment of a concrete column 
exposed to a real fire – Tisova Fire Test,” Eng. Struct., vol. 150, pp. 537–549, 
Nov. 2017, doi: 10.1016/j.engstruct.2017.07.071. 

[569] R. V. Coile, L. Bisby, D. Rush, and M. Manes, “Design for post-fire use: A 
case study in fire resilience design,” in 2nd International Conference on 
Structural Safety under Fire & Blast Loading - CONFAB 2017, Sep. 2017, pp. 
263–270. Accessed: Apr. 01, 2022. [Online]. Available: 
https://www.research.ed.ac.uk/en/publications/design-for-post-fire-use-a-case-
study-in-fire-resilience-design 

[570] R. Van Coile, D. Hopkin, N. Elhami-Khorasani, and T. Gernay, 
“Demonstrating adequate safety for a concrete column exposed to fire, using 
probabilistic methods,” Fire Mater., vol. 45, no. 7, pp. 918–928, 2021, doi: 
10.1002/fam.2835. 

[571] J. E. Cadena, A. F. Osorio, J. L. Torero, G. Reniers, and D. Lange, 
“Uncertainty-based decision-making in fire safety: Analyzing the alternatives,” J. 
Loss Prev. Process Ind., vol. 68, p. 104288, Nov. 2020, doi: 
10.1016/j.jlp.2020.104288. 



Developing a fire robustness index for the built environment 

310 

[572] J. E. Cadena Gomez, “Risk assessment based on maximum allowable 
damage,” PhD Thesis, The University of Queensland, Queensland, Australia, 
2021. [Online]. Available: https://espace.library.uq.edu.au/view/UQ:37e6595 

[573] R. Van Coile, T. Gernay, D. Hopkin, and N. Elhami Khorasani, “Resilience 
targets for structural fire design: An exploratory study,” presented at the 
International Probabilistic Workshop 2019, Edinburgh, United Kingdom, Sep. 
2019. 

[574] K. Himoto, “Conceptual framework for quantifying fire resilience – A new 
perspective on fire safety performance of buildings,” Fire Saf. J., vol. 120, p. 
103052, Mar. 2021, doi: 10.1016/j.firesaf.2020.103052. 

[575] P. Navitas, “Improving Resilience against Urban Fire Hazards through 
Environmental Design in Dense Urban Areas in Surabaya, Indonesia,” Procedia 
- Soc. Behav. Sci., vol. 135, pp. 178–183, Aug. 2014, doi: 
10.1016/j.sbspro.2014.07.344. 

[576] R. H. Iding, “A Methodology to Evaluate Robustness in Steel Buildings — 
Surviving Extreme Fires or Terrorist Attack Using a Robustness Index,” pp. 1–5, 
Apr. 2012, doi: 10.1061/40753(171)51. 

[577] Arup, “REDi rating system resilience-based earthquake design initiative for 
the next generation of buildings.” Arup, 2013. Accessed: Apr. 02, 2022. [Online]. 
Available: https://www.arup.com/perspectives/publications/research/section/redi-
rating-system 

[578] Reis Evan and Mayes Ronald L., “The U.S. Resiliency Council?s (USRC) 
Goals, Objectives, and Founding Principles,” Improv. Seism. Perform. Exist. 
Build. Struct. 2015, pp. 765–774, doi: 10.1061/9780784479728.063. 

[579] R. L. Mayes and E. Reis, “The U.S. Resiliency Council (USRC) and the 
Building Rating System,” Improv. Seism. Perform. Exist. Build. Struct. 2015, pp. 
754–764, Dec. 2015, doi: 10.1061/9780784479728.062. 

[580] R. Mayes and E. Reis, “Community resilience and the U.S. Resiliency 
Council’s Building Rating System,” 2017. 

[581] FEMA, “Seismic Performance Assessment of Buildings - Volume 1 - 
Methodology,” FEMA, FEMA P-58-1, Dec. 2018. [Online]. Available: 
https://femap58.atcouncil.org/documents/fema-p-58/24-fema-p-58-volume-1-
methodology-second-edition/file 

[582] U.S. Resiliency Council, “USRC Building Rating System for Earthquake 
Hazards - Implementation Manual.” Jan. 07, 2019. [Online]. Available: 
https://www.usrc.org/usrc-media-portfolio/ 

[583] S. Wang, “Application of the US Resiliency Council Seismic Rating 
Procedure to Two Dual System Tall Buildings Designed by Alternative Means,” 
UCLA, 2016. Accessed: Mar. 31, 2020. [Online]. Available: 
https://escholarship.org/uc/item/9v8891bw 

[584] Morris, Lauren L., and Tracie Sempier, “Ports Resilience Index: A Port 
Management Self-Assessment,” Ports Resilience Expert Committee, GOMSG-
H-16-001, 2016. 

[585] Building Research Establishment (BRE), “The Integrity of Compartmentation 
in Buildings During a Fire,” Building Research Establishment, 213140(1), 2005. 



 References  

311 
 

Accessed: Apr. 12, 2022. [Online]. Available: 
https://www.bre.co.uk/filelibrary/pdf/rpts/partb/compartmentation.pdf 

 

 

 

 

 

 

 

 

 

 

 

 

This page intentionally left blank. 

 

 





 Selected minutes from the BRE project conceptualisation meeting  

A-1 
 

Appendix A Selected minutes from the BRE 

project conceptualisation meeting 

A.1 Introduction 

For transparency, and for providing the reader with the same information that 

the author was made available to, this Appendix provides some brief notes on 

what was discussed at the meeting when this project was conceptualised. 

This aims to contextualise the motivation for and perception of the topic when 

this project was initiated.  

A.2 Notes from the meeting 

There were three groups discussing the main issues around a “resilience 

assessment methodology”. Their points and notes are provided below: 

A.2.1 Group 1 

Notes 

• Robustness vs. Resilience 

o Robustness: Before fire – how well can I withstand a fire? 

o Resilience: After fire – I had a fire, how well do I deal with it? 

• The best approach is to get something out there, then iterate 

What should be the scope of the framework? 

• The scope of any framework should not include life safety as this is 

covered by the Building Regulations and the Regulatory Reform Order; 

if, at a later date, there was demand for inclusion of life safety this could 

be added into the assessment framework. 

• The scope should be for the review of a whole building’s facility to 

recover rapidly from a fire event and minimise: 

o Business interruption;  
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o Downtime; and 

o Losses. 

Business continuity could be included within this – however, this is occupier 

dependent and would therefore need to relate to specific occupancies rather 

than a building as a whole. 

Future proofing could also be considered within this – however, there may be 

conflict with other assessments/regulations. 

• The Framework should include several levels (e.g. A, B C). In addition, 

a baseline assessment that will effectively be a check on the 

construction – to ensure that this complies with the fire strategy. This 

aspect of the framework will need to be carefully worded to ensure that 

it does not imply non-compliance with legislation. 

• The Framework should allow new and developing products to have their 

performance researched/assessed as part of the design process; this 

will encourage product developers to in invest in research/innovation. 

How should the framework relate to the existing design process? 

The framework should be split into two categories: Assessment of Assets, and 

Assessment of Operation. The intent will be that: 

• Assessment of Assets can be mapped directly onto the existing Building 

Regulations process. Assessable aspects will include: 

o The fire strategy – this can be written to include an articulation of 

the anticipated measures that in 

o Onsite verification of the fire strategy, and a review of 

construction quality and workmanship. 

• Assessment of Operation can be mapped directly onto the duties 

imposed by the RRO. Assessable aspects will include: 
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o Aspects of the fire safety management plan that relate to 

resilience; 

What are the next steps? 

• Draft an outline framework and consult the stakeholder groups. 

• Commence a review of the knowledge areas that are required to allow 

assessments. It will be necessary to identify the areas that are 

considered most important in relation to resilience. Based on these 

topics, an effort should be undertaken to: 

o Identify areas where there is substantial existing knowledge, or 

where there are areas of high certainty in the existing knowledge. 

These areas can then be progressed to generate an initial 

assessment approach. 

o Identify areas where there is relatively little existing knowledge, 

these areas can then be targeted for specific research 

undertakings in order to fill the knowledge gaps. 

Miscellaneous further points: 

It is anticipated that commercial properties will be initial targets. 

Long term view: 

• There is a desire that over time this benchmarking will become 

increasingly data driven as real building performance is assessed. This 

requires some improvements in the Fire Investigation and reporting. 

• Over time, benchmarks for different building types must be developed. 

• The Framework should include incentives for product manufactures. 

This could be in the form of improved data gathering (which allows 

clearer assessment of product performance). (This is to enable the level 

of practice across the industry to be improved) 

Additional remarks: 
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• Transparency is essential 

• Setting an aspiration is important (particularity as this is aimed at well 

managed assets where fire is rare) 

• Clear demonstration of the benefits is required – what is the best metric 

for this? 

• If it is pinned to the Regulations in the UK how does this impact on future 

internationalisation? 

Potential topics for consideration as Core Science of where Arbitrary scores 

are required (and hence inform research strategy): 

• Probability of fire 

• Vulnerabilities 

• Reparability 

• Improved product development 

• Timeline for involvement of Fire Engineering 

• Construction Phase (CDM) 

• Asset importance 

• Change of use 

• Business Interruption 

A.2.2 Group 2 

Notes 

Resilience Discussion 

Definitions:  

Client view – business continuity in adverse conditions 

Reputational damage – public perception 
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Adaptability 

Multi-faceted view of resilience – acceptable damages in event 

Business case for resilience? What is disproportionate to the cause? 

Perception/expectations of public – outside compartment are safe 

Consequence/risk classes of structures – proportionate  

What do clients want? Architectural and life quality development – how do I 

get best in class – am I willing to pay for it? Where does humanity want to 

move? 

Group by function of structure rather than construction type 

 Hospitals 

 Transport hubs 

 Servers/sub-stations 

Multi-hazards analysis of function 

 Shock (fire, EQ, Blast) and stress (ageing, change of use etc..) 

Maintenance, builders – how do we manage this in resilience terms? 

Commercial tool to adaptability of your sector. 

Regulatory driver in fire – BREEAM did not have that.  

Optimisation above minimum regulatory compliance 

 Life safety 

 Property loss - damage 

 Business impact/continuity 

Quantification of current design methods 

Vetting of inputs in rigorous way – not tied to end performance way 

Life safety – uncertainty – quantification – needed for resilience 
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Judgement uncertainty 

Risk assessment quality part of resilience assessment 

UNDER-PINNING knowledge base 

Matching disciplines overlaps (what are EQ doing – what effect does this have 

on fire) 

Consequence class approach – reliability indices – have indices for ambient – 

not for events. 

Certified installers of products – joined up supply chain – LBC codes 

Balancing nesting exercise – value of end benefit of top-up/qualified – where 

does it sit resilience wise – what happens when you top it up – weighting of 

products/installations etc… 

LPS standard 

Cost/benefit decision analysis – supporting choices – Quantification  

What is required now? 

Data to do this with – how do we get it – data input 

Life safety 

Higher durability rating – better fire performance 

BOGOF – aligned disciplinary aspects (EQ/Blast etc…) 

DATA 

Anonymous data 

Fire statistic data – ATI 

Insurance data 

Testing certification data  

BRINGING DATA TOGETHER. 

 Small scale scoping project 
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Publishable data 

 Suppression systems 

 Component level testing 

Intellectual property – is it part of the resilience tool? – if we collect the data 

when do people get access to it? 

 Need to be based on proper data – robust  

 Data used for assessment AND design – how to access data 

Establish classes for buildings 

 Assess for minimum level of performance (resilience level) 

 Full tool – data incorporated as part of tool  

 Free till class of building decided and decision to look at resilience is 

made 

 What is it now – and where to go to? 

 Formalisation of resilience level  

Management level 

 Audited level of resilience to ensure that management of process 

 Keep improving design/management to continuing getting excellent 

level of  

Significant changes to structure fabric needs to be incorporated – changes 

need to be assessed to be transparent and to continue certification 

Different schemes for different function of buildings 

 Start with buildings – types that we are most familiar with – small steps 

 Then move to bigger ones. 

Immediate next step – other people involved 

What data – where is it – how do we collate – what to obtain 
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Mathematicians - ABI insurers – Fire service – major clients (fire incident data) 

Life safety teams etc… health and safety offices. Market sector input (airports, 

hospitals) – supply chain into construction – products/installers (trade bodies) 

steering/guidance. 

Validated model – pilot study – demonstration – partnering with a client. 

Involving people with an end game in development. 

What data: 

Distributions – fire statistics – fire growth etc…, 

Insurance industry – what is there reluctance to giving data – how can we make 

it more detailed – poor fidelity (maybe a barrier) 

Input parameters - modified REDi for fire as a starting point – framework with 

data inputs 

What data do we have & what’s lacking – what do we have now? Existing 

standards and codes – what are they based on? 

Room specifications – datasets – performance declarations  

 Unbiased data from tests – what additional data is there in the test 

reports that can supplement the knowledge? 

We don’t know what we know – scoping of data 

Re-investigating data out there of fire scenarios etc… comparisons of different 

approaches etc… Design fire tests – retail units etc, research data 

A.2.3 Group 3 

Notes 

Member – you may have 5 different life safety compliant solutions, but some 

will be more resilient than others 

Member – from a product manufacturer perspective 
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Member – examples of a tiny fire with huge consequences, 50 families moved 

out of a tower block for 9 months 

Member – done some relevant research, “Cost effective healthcare” project 

Member – need enough data, where do we get that from; e.g. looked at a set 

of buildings which had been BREEAM-ed 

Member – proto-type with a data gathering phase 

Member – insurance companies should be interested 

Member – but they are not! 

Member – they are driven by uncertainty, not cost; Willis Re seismic skills 

team; we haven’t got a fire skills teams, typically there is way more on fire 

overall, we are not afraid of fire costs, they are predictable, the real issues are 

earthquakes 

Member – NZ examples, so the insurance industry just doubled the 

requirement for peak ground improvement; NZ code standard, 100% ZCS, 

250% has a higher rent 

Member – did they work in the most recent? 

Member – not sure; but all of the buildings had to be torn down, successful 

from a life safety perspective; structural engineering community took abuse 

Member – FireGrid example 

Member – they never look backward 

Member – fire is not like flooding, which has had huge costs 

Member – developing SABRE (Building Security); owners just throwing money 

at the problem and not able to assess value; the physical stuff is one thing but 

the other element is the downtime, and how you manage that; asset owners 

are interested 

Member – we’re seeing the same in fire, e.g. fines to network rail on a train not 

operating 
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Member – how do you measure one system against another? 

Member – enough jigsaws, e.g. management systems, building loss, or 

resource loss, these are building blocks; e.g. ADB purpose groups 

Member – how do you codify it? 

Member – link to Turing? 

Member – there must be frameworks, despite uncertainties, so what issues to 

you need to consider at design or build stage 

Member – you are in a BIM world, this is too scary and too big 

Member – the BREEAM analysis gave a better insight into how we value it, 

“what is the real cost of sustainability”, buildings that had followed BREEAM 

through build, and feeds into BREEAM in use; how do things do from an 

environmental point of view 

Member – so many commonalities between security and fire (property, 

business continuity, amenity, reputation…) 

Member – Milliken factory example, single finishing line serving several 

factories 

Member – Channel Tunnel, repair costs tiny versus economic impact 

Member – is it the infrastructure operators rather that individual owners, e.g. 

Network Rail 

Member – Hurricane Katrina, shops got lights back on first 

Member – storm, wiped out power lines, Kingston Ontario, furnaces did not 

work for 10 days, only needed a car battery; same in summer, with air con 

Member – drivers: who wants to be in your building and share price; this is 

what M&S did 

Member – do people do BREEAM because of the benefits in operational costs, 

or just reputation? 
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Member – the research provided the former is valuable 

Member – if there is an organisation to do this, it is BRE 

Member – reputation is key 

Member – lots of uncertainty; airport owner does not know whether they are 

doing well; these organisation have a person responsible, but have no basis 

for making an assessment 

Member – airports in flux due to terrorism, BREXIT, etc, and operational 

efficiency is critical 

Member – identify some key sectors, and establish the methodology, and gain 

the initial traction 

Member – start some big fires! 

Member – lots of low rise fires, e.g. UAE, but an imperative to show that the 

next generation won’t have this 

Member – what about the stuff Simon Nicol (BRE Housing and Energy) does 

on housing types; an issue with publishing this; could not do this for hospitals, 

even though the poor ones were known; in housing world it matters less, as 

there is no share price 

Member – living in fear of information requests 

Member – the key thing is no-one is saying that your house is not safe, you 

have already fulfilled the life safety example 

Member – cite the Welsh case, pre and post change of regulation, this will 

generate a data set 

Member – what does the home insurance mean in terms of liability? £100k, 

but limited to £250 per item? 

Member – it comes back to the individual; so here it would be what is the 

business, what claims have they had? 

Member – it might never happen, but money well spent 
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Member – e.g. the Shard is insured by 6 organisations, with several reinsurers 

Member – there is a new company called “Flood Re”; the insurance industry is 

a massive racket 

Member – Mitsuimoto as part of Lloyds, insurer, if the fire is confined to one 

floor; it gets deformed, you may need to replace the building; but he costs it 

based on one floor, and will not change, ass does not want to put head above 

parapet 

Member – put value on loss of life 

Member – asked insurance guy, Alliance, the value of a life, 70Euro 

Member – long term physical debilitation is far more costly 

Member – Twin Towers; the businesses are the cost, not the rebuild, or the 

lives 

Member – you could apply an economic case for replacing the building 

Member – cost of looking after a prisoner 

Member – could we use SABRE? 

Member – Trust funded this at £50k, and Gavin has done follow up with 

stakeholders 

Member – Qsand, for a more sustainable response for countries not BREEAM 

ready; Yetunde Abdul developed it, countries exposed to more extreme 

conditions, e.g. climate, political, etc. To train aid agencies, e.g. in Nepal. 

Member – and from the products side, “follow the money”, can see direct 

market return 

Member – can differentiate them in their market place 

Member – we know what products have been certified, where have they been 

used, how did they perform? 

Member – but building owners know that, and can be “mined”, anonymised 
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Member – industry, utility companies, water 

Member – do a shake down of what already exists, and bring together the two 

ends of the market, owners, products, test the methodology with them 

Member – let’s have a look at some other schemes, datasets, where do they 

sit, then get the people with vested interests involved; AXA put money into 

flood resilience 

Member – dealt with security, energy, etc. 

Member – do a decent piece of analysis, external group to BREEAM; if you 

don’t do it what is the consequence 

Member – must be driven by the business owners, not the insurance industry 

Member – only if they can shorten the odds 

Member – insurance have the client base, put it into retrofit 

Member – business quality scheme, how people operate the risk? 
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Appendix B Illustrative examples of indexing 

methods 

B.1 Introduction 

This appendix is supplemental to Chapter 3, going into depth and detail on the 

mechanics of fire risk indexing in the various approaches available. Illustrative 

examples are employed accordingly to elucidate concepts that were 

developed over time to improve the sophistication of methods, and comments 

are made to highlight the findings of this analysis. 

B.2 Criteria for fire risk ranking 

This list is reproduced from Watts [9], [135], to provide the description of the 

ten criteria that outline good practice for fire risk ranking (or indexing). These 

are: 

Criterion 1: Development and implementation of the method should be 

thoroughly documented according to standard procedures. One of the hallmarks 

of professionalism is that as a study proceeds, a record is made of assumptions, 

data, parameter estimates and why they were chosen, model structure and 

details, steps in the analysis, relevant constraints, results, sensitivity tests, 

validation, and so on. Little of this information is available for most fire risk 

ranking methods. 

Criterion 2: Partition the universe rather than select from it. One of the 

least well established procedures in fire risk ranking is the choice of parameters. 

In following a systemic approach it is best to be comprehensive. In the 

Edinburgh model, this is achieved by using the NFPA Fire Safety Concepts Tree. 

The Tree branches out from the holistic concept of fire safety objectives. A cut 

set on the Tree will then identify a group of parameters which encompasses all 

possible fire safety features. 

Criterion 3: Parameters should represent the most frequent fire 

scenarios. In determining the level of detail of the parameters, it is necessary to 

look at those factors which are most significant, statistically or by experienced 

judgement. This criterion may also be used as an alternative to Criterion 2, 
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providing the need for systemic comprehensiveness is satisfied. 

Criterion 4: Provide operational definitions of parameters. If the 

methodology is to be used by more than a single individual, it is necessary to 

ensure precise communication of the intent of key terms. Many fire risk 

parameters are esoteric concepts which have a wide variety of interpretations 

even within the fire community. 

Criterion 5: Elicit subjective values systematically. Most fire risk ranking 

methods rely heavily on experienced judgement. The use of formalized, 

documented procedures, such as the previously mentioned multi-attribute utility 

theory, analytical hierarchy process, and Delphi, significantly increases credibility 

of the system. Similarly, use of recognizable scaling techniques will enhance 

credibility. 

Criterion 6: Parameter values should be maintainable. One variable that 

is not explicitly included in fire risk ranking is time. Yet the influence of time is 

ubiquitous. It influences the fire risk both internally (e.g, deterioration) and 

externally (e.g, technological developments). In order for a method to have a 

reasonably useful lifetime, it must be amenable to updating. This implies that the 

procedure for generating parameter values must be repeatable. Changes over 

time and new information dictate that the system facilitate revisions. 

Criterion 7: Treat parameter interaction consistently. In the majority of 

cases this will consist of an explicitly stated assumption of no interactive effect 

among parameters. Where interactions are considered, it is important that they 

be dealt with systematically to avoid bias. The Edinburgh interaction matrix is 

one approach to this assessment. 

Criterion 8: State the linearity assumption. While this assumption is 

universal in fire risk ranking, it is also well known that fire risk variables do not 

necessarily behave in a linear fashion. It is important to the acceptance of 

ranking methods and their limitations that such assumptions are understood. 

Criterion 9: Describe fire risk by a single indicator. The objective of most 

fire risk ranking methods is to sacrifice details and individual features for the 

sake of making the assessment easier. Information should be reduced to a 

single score even in the most complex applications. Techniques have been 

espoused to combine technical, economic, and socio-political factors. The 



 Illustrative examples of indexing methods  

B-3 
 

results should be presented in a manner that makes their significance clear in a 

simple and unambiguous way. Unless all those involved can understand and 

discuss the meaning of the ranking, there will not be general confidence in its 

adequacy. 

Criterion 10: Validate results. Some attempt should be made to verify that 

the method does in fact differentiate between lesser and greater fire risks with 

sufficient precision. The level of accuracy demanded here is not the same as for 

other engineering purposes, establishing an order of magnitude will generally 

suffice. 

B.3 Illustrative examples 

This appendix is aimed at providing an extended worked example of 

developing and using indexing methods. The process will be illustrated using 

three different examples for the most common types of indexing methods. The 

first one will be a hierarchical method (like the Edinburgh model and its 

successors), the second one will be an insurance rating schedule (based on 

the two prevalent systems), and the last one will be a rating scheme (a 

Gretener-style method). The attributes chosen and the numbers used are the 

author’s arbitrary estimates to be used for purely illustrative reasons. 

Table B-1 presents all the attributes that have been identified and chosen to 

assess the level of fire robustness achieved in a compartment. For reasons of 

brevity and to limit the examples to a manageable volume of attributes, only 

three tactics and five components will be assessed here. The approach is 

simplified to showcase the process of formulating a method and the impact of 

the chosen mechanics in each case. The completeness, thoroughness, 

universal applicability, or accuracy of the mock methods are not the focus in 

this exercise. This list will be used as a core in its entirety in every example. 

If in the conceptualisation of a method the overarching policy is Fire Safety, 

the objectives are set for Life Safety and Property Protection, then from the 

various tactics that contribute to these, only Provide Warning, Provide Stability, 

and Limit Fire Spread will be assessed. With these tactics in mind, the following 
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components are extracted from literature and existing indexing methods – 

these are presented in Table B-1. 

Table B-1 List of attributes used in the illustrative example. 

Policy Objectives Tactics Components 

Fire Safety 

Life Safety 

Provide 
Warning 

Detection and alarm 

 
Loadbearing 
construction 

 
Provide 
Stability 

Linings 

Property Protection 
 Separation 
Limit Fire 
Spread 

Exterior envelope 

 
The sub-components of every component are broken down in Table B-2.  

Table B-2 Sub-component list per component 

Detection 

and Alarm 

Loadbearing 

construction 
Linings Separation 

Exterior 

envelope 

Detection 
Fire Resistance 

Rating 

Reaction 

to fire 

class 

Integrity and 

insulation 
Façade 

Alarm Material Material Material Windows 

  Area Fire Doors  

   
Penetrations 

and cavities 
 

 
In case one of these sub-components can be further broken down into its 

respective survey items, then it will be presented per case since their 

formulation can differ slightly between the methods. 

If the developers wish to make any judgements about the suitability of the 

chosen design solution, they can define some acceptability criteria. One way 

that these can be calculated is with the use of intensity measures – the 



 Illustrative examples of indexing methods  

B-5 
 

parameters chosen as intensity measures for this example are presented in 

Table B-3.  

Table B-3 Intensity measures used for the illustrative examples 

Occupancy Location Zone height 

Manufacturing 

City 

Basement 

Temporary accommodation Ground floor 

Dwelling Village 3 – 17.9 m 

Office 

Forested area 

18 – 29.9 m 

Education 30 – 80 m 

 
B.3.1 Hierarchical approach 

This approach is widely covered in literature [113], [114], [378], [385], [497]. 

Any subjective input in numbers used to populate the matrices in this example 

is illustrative, arbitrary, and has been based on the ordinal scale.  

B.3.1.1 The basic hierarchical structure – Quantification of ‘vertical 

interactions’ 

The illustrative example for this case is presented by structuring the attributes 

presented in Table B-1 and Table B-2 into a conceptual hierarchical four-level 

tree as illustrated in Figure B-1. 
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Figure B-1 A four-level hierarchy tree with ‘vertical’ interactions outlined 

This hierarchy is a model that will allow the developers to quantify the interlevel 

and intralevel interactions of attributes using effectiveness matrices.  

First, the tactics-to-objectives matrix is formulated by employing the expert 

group and asking them to answer the question (on an ordinal scale of 0 to 5) 

“how important x-tactic is to y-objective?”. Its relative contribution is also 

calculated in another equivalent matrix, by dividing the attribute’s assigned 

number of importance with the maximum number it could have been allocated 

(in this case the number 5). It does not make a difference which matrix of the 

two will be used in the mathematical calculations, because proportion is 

maintained. In the following explanatory Table B-4 rows represent the tactics, 

columns the objectives, so that (for example): 
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Table B-4 A tactics-to-objectives matrix (the ‘expert’ input is in bold font) 

 Life Safety Property Protection 

 
“Expert” 

input 

Relative 

contribution 

“Expert” 

input 

Relative 

contribution 

Provide 

Warning 
5.0 1.0 1.5 0.3 

Provide 

Stability 
3.5 0.7 5.0 1.0 

Limit Fire 

Spread 
1.0 0.2 4.0 0.8 

 
Or in matrix format: 

𝑇/𝑂 = [
5.0 1.5
3.5 5.0
1.0 4.0

] ≍ [
1.0 0.3
0.7 1.0
0.2 0.8

] 

Expanding to the next hierarchical level, “how important x-component is to y-

tactic?”. Rows represent the objectives, columns the tactics, so that: 

𝐶/𝑇 =

[
 
 
 
 
5.0 1.0 0.0
0.0 5.0 3.5
2.0 0.5 2.0
3.0 3.5 5.0
1.0 0.5 4.5]

 
 
 
 

≍

[
 
 
 
 
1.0 0.2 0.0
0.0 1.0 0.7
0.4 0.1 0.3
0.6 0.7 1.0
0.2 0.1 0.9]

 
 
 
 

 

The same process is followed for the top levels of the hierarchy. “How 

important x-objective is to y-policy?”. Rows represent the objectives, columns 

the policy, so that: 

𝑂/𝑃 = [
4.5
1.5

] ≍ [
0.9
0.3

] 

Now that the matrices have been populated, the developer can multiply them 

to quantify the ‘vertical’ interactions in the hierarchical model. As a first step, 

the product of T/O x O/P yields the T/P (tactics-to-policy) vector: 
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𝑇/𝑃 = [
24.8
23.3
10.5

] ≍ [
1.0
0.9
0.4

] 

Then this is multiplied with the C/T matrix to result in the C/P vector: 

𝐶/𝑃 =

[
 
 
 
 
147.0
153.0
82.1
208.1
83.6 ]

 
 
 
 

≍

[
 
 
 
 
1.18
1.22
0.66
1.67
0.67]

 
 
 
 

 

This, when normalised, gives the desired prioritisation weights in percentage 

form. For example, the importance of Detection and Alarm (Component 1) to 

Fire Safety (Policy) is: 

147.0

(147.0 + 153.0 + 82.1 + 208.1 + 83.6)
= 

1.18

(1.18 + 1.22 + 0.66 + 1.67 + 0.67)
= 0.2181 

This is the simplest approach to quantify the relative importance of 

Components to the achievement of the overall Policy. Similarly, the percentage 

contribution of each component is calculated and for this example the results 

are presented in Table B-5 in ranking order. However, since the range of the 

original matrix grading is coarse, in the final version of the method these can 

be rounded to single figures, to simplify the calculations and to represent a 

warranted number of significant figures [109]. 
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Table B-5 Contribution of components to Fire Safety using relative contribution 
matrices 

Component Relative importance 

Separation 30.88% 

Loadbearing construction 22.70% 

Detection and alarm 21.81% 

Exterior envelope 12.41% 

Linings 12.19% 

 
This is the simplest approach for quantifying the ‘vertical’ interactions, while 

also ranking attributes. In some cases, statistics, experimental results, or case 

studies have been provided by the developers to the panel members to be 

taken into account in the weighting process. This approach has been 

expanded with additional features which led to the formulation of individual 

methods with their own benefits and flaws, all of which will be presented herein.  

Once the method’s designers determine the relative weights, then the method 

is ready to be applied. The developers provide users with working sheets that 

contain only the lowest level attributes (i.e. the components). Users then 

assign a building specific grade to each attribute based on their own judgement 

if no further guidance is provided (e.g. if the detection and alarm measures are 

perceived to be excellent, then a score of 5 might be assigned). Again, the 

scale used is the ordinal. This is called a Likert-type scale, and the range along 

with the way it is employed here “is defined phenomenologically and not by the 

state-of-the-art” [428], meaning arbitrarily by the developers and not through 

direct correlation to a physics based or data-driven approach.. 

In the case study above, if all of the components receive the maximum grade 

of 5, then the assessment will yield a result of 500 points. This result can be 

normalised if the developers desire to present it in percentage form. The 

following table shows the process for the above example if the user/assessor 

provides assessment grades for each component. The components’ grades 
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are multiplied with the corresponding percentage contribution and the final 

assessment is as shown in Table B-6. Based on this final score, inferences 

can be made about the fire safety provisions of the building being surveyed.  

Table B-6 Final result from example 

Tactic 
Assessment 

grade 
Relative importance 

Final 

Result 

Detection and alarm 5.00 21.81% 109 

Loadbearing 

construction 
4.00 22.70% 91 

Linings 5.00 12.19% 61 

Separation 1.40 30.88% 43 

Exterior envelope 4.00 12.41% 50 

  Sum 353.7/500 

 
This assessment results in a grade of 353.7 points out of 500, or 70.74%. For 

this stage of the example, it is assumed that the grades have been assigned 

based on the judgement of the user. There are ways to limit the subjectivity of 

such assessment, thus increasing the repeatability of the method, by breaking 

down the components in sub-components and survey items. This approach 

increases complexity for the developer, is more of a prescriptive nature and 

will be exhibited in a section B.3.1.6. 

It should also be noted that this is how the calculation works with the relative 

contribution matrices. However, there is another option to facilitate this 

calculation; this would be to calculate the percentage contribution matrices of 

the attributes (the value the attribute got is divided by the sum of the column’s 

values), in every stage, and use that number in the calculation. For example, 

this is the form the calculation matrix would take for the tactics-to-objectives 

input. 
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𝑇/𝑂 = [
5.0 1.5
3.5 5.0
1.0 4.0

] ≍ [
52.63% 14.29%
36.84% 47.62%
10.53% 38.10%

] 

If this process was followed for the same ‘expert’ input, it would eventually give 

slightly different results, as presented in Table B-7. 

Table B-7 Contribution of components to Fire Safety using percentage contribution 
matrices 

Component 
Relative 

importance 

Change 

Separation 30.72% -0.16% 

Detection and Alarm 23.33% +1.52% 

Loadbearing 

construction 
22.89% 

+0.19% 

Linings 12.03% -0.16% 

Exterior envelope 11.02% -1.39% 

 
The rank reversal that occurred should be noted (loadbearing construction 

became 3rd from 2nd, and exterior envelope 5th from 4th). In the Edinburgh 

model, the ‘expert’ panel decided to follow the first approach and use the 

relative contribution matrix approach, but no explanation behind the thinking is 

provided in the original report [109]. Idris, who was supervised by Marchant, 

when developing a scheme for educational facilities in 1997, made the same 

choice. The justification given was that the relative contribution matrices were 

chosen because “the inter-relationships seem to be based on performance 

values rather than priority”, so the first result seemed more agreeable to them, 

while the difference between the two results is very small – it is not clear to the 

author however what the key message here was. This is an example of a 

common issue with the lack of extensive and detailed documentation in the 

development of some indices [498]. 
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B.3.1.2 Making comparisons to a norm through definition of 

acceptability criteria 

If the designers wish to indicate to the user “what is good enough”, they can 

indicate some acceptable score limits so that the user can make comparisons 

that showcase the suitability of the design. One suggested way for this is to 

assess a volume of buildings that are considered ‘safe’, or more accurately of 

‘acceptable safety’, using the method developed, analyse the results, and 

identify ranges of acceptable final scores. This process was followed in the 

Edinburgh model, where the ‘expert’ group was asked to judge some buildings 

as ‘good’, ‘acceptable’, ‘unacceptable’, and ‘definitely unacceptable [385]. This 

process was phrased as ‘definition of a norm’. Based on the score these 

buildings got from the assessment, and the acceptability judgement the 

‘expert’ group gave them, the regions of acceptability shown in Figure B-2 were 

defined. Chow and Lui [499] however argue that if limits of acceptability are to 

be defined, this should happen through the local government.  

 

Figure B-2 Levels of acceptability in the Edinburgh Model, found in Stollard [385] 

In the literature [182], a formalised approach that can be found as the ‘bottom-

up approach’, is where the lowest possible component grades are defined by 

the corresponding prescriptive guidance, and through implementation of the 

indexing method the result that is calculated is defined as the ‘norm score’. 

This was followed by Karlsson and Tomasson to calculate minimum 
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acceptable risk index values for different building classes using Swedish 

prescriptive guidance [500].  

The opposite approach is called the ‘top-down approach’, in which the 

developers consult the ‘expert’ panel on a range of numbers that would be 

acceptable as a norm score. Then the components can also be organised in 

clusters [190], and separate sub-norm scores can be calculated, with an 

example found in Shields [131] and various proposed mathematical 

approaches on the allocation of sub-norm values by Dodd and Donegan [182]. 

In case that a different norm is defined for different building types or classes, 

then the concept of the floating norm (float-norm) is introduced [171]. This 

originated when Shields [131] axiomatically used the Edinburgh model’s [385] 

norm as a starting point and proceeded in an analysis of fire statistics by 

dwelling type, to calculate the two conditional probabilities of a fire and a 

casualty occurring in different dwelling types. Laying out the results on a 

spectrum, he was able to correlate the differences in the floating norms based 

on these indicators. 

Another way is to use intensity measures as parameters to calculate 

acceptable scores. This is not a common approach in points schemes but 

similar approaches have been encountered, for example in NFPA 101A [108], 

[112], where a General Safety (SG) parameter is compared to a global 

Occupancy Risk (R) parameter - both of these are calculated using different 

attributes that cover each different case of risk.  

Similarly, Copping [127], [501] in the creation of a points scheme for parish 

churches has conceptualised a fire vulnerability rating (FVR) which was 

calculated by taking into account the functional value, historic value, existing 

fire safety measures, and the potential maximum loss of a church. This rating 

was then compared to the fire safety measures score, which was the output of 

a hierarchical model like the example above, and three acceptability regions 

were defined – unacceptable, acceptable, and desirable.  

The process of defining spectra of acceptability is vital for the cases where it 

is sought after for deficiencies in fire safety provisions to be recognised, 
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quantified, and a course of corrective measures be prioritised – something that 

would not be as flexible with a binary pass/fail criterion.  

Not in the field of fire safety, but a tangential novel approach was employed by 

Stollard et al. [172] when developing a points scheme to calculate the running 

costs of hospitals. An exemplar building was already available in other relative 

government guidance, and the result of the method’s implementation on the 

model hospital was used as a benchmark. 

A simple arbitrary system will be conceptualised as part of the illustrative 

example. The parameters that will be evaluated (occupancy, location, and 

zone height) to calculate the acceptable score for each assessed compartment 

have all been presented in Table B-3 above, with their sub-parameters and 

corresponding points listed in Table B-8. These corresponding points are used 

in the formula for the calculation of the final acceptable score (AS). 

𝐴𝑆 = 0.5 ∙ 𝑂𝑐𝑐𝑢𝑝𝑎𝑛𝑐𝑦 + 0.15 ∙ 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 + 0.35 ∙ 𝐻𝑒𝑖𝑔ℎ𝑡 

Table B-8 Sub-parameter list of intensity measures 

Occupancy Points Location Points 
Zone 

height 
Points 

Manufacturing 500 

City 100 

Basement 450 

Temporary 

accommodation 
400 

Ground 

floor 
150 

Dwelling 350 Village 350 3.0-17.9 m 250 

Office 180 

Forested 

area 
500 

18.0-29.9 

m 
380 

Education 180 
30.0-80.0 

m 
500 
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If the volume that was graded in the example is a second-floor compartment 

used for temporary accommodation in a village, then the acceptable score 

would be: 

𝐴𝑆 = 0.5 ∙ (400) + 0.15 ∙ (350) + 0.35 ∙ (250) = 340 

The assessed score was 353.7>340 points, so the compartment’s fire safety 

provisions are deemed ‘acceptable’. 

B.3.1.3 Visualisation of acceptability 

Fire risk indexing can facilitate the visualisation of acceptability criteria. 

Depending on the method’s structure, if there are risk factors and protective 

factors, then they can be plotted against each other. If an acceptability analysis 

has been conducted, as it was outlined previously, then it could be possible to 

outline regions of tolerability. The author considered it helpful to juxtapose 

these approaches, given their visual similarity but their vast difference in 

underlying assumptions and mechanics. 

An example by Purt [194] of that is shown in Figure B-3, which conceptually 

plots the content risk over the building risk to suggest areas of protective 

measures. 
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Figure B-3 Conceptual visualisation of acceptability, reproduced from Purt 

[194] 

In Figure B-4 is shown how the previous concept was materialised in a 

quantified manner, again in the same work by Purt [194]. 
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Figure B-4 Quantified risk-protection diagram, reproduced from Purt [194] 

Two years later, a visually similar output was produced by Baldwin and 

Thomas [502], but it was using probabilistic inputs and measures to facilitate 

trade-off’s between passive and active fire protection measures in terms of 

costs, as shown in Figure B-4 below. 
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Figure B-5 Balancing cost parameters between passive and active fire safety 

systems, reproduced from Baldwin and Thomas [502] 

But these examples focused on the choice of appropriate measures in a given 

situation. Another approach was used by Copping [127], who plotted the fire 

vulnerability rating over the fire safety measure rating and defined regions of 

acceptable scores, without explicitly prescribing technical solutions, shown in 

Figure B-5. 
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Figure B-6 Fire vulnerability rating (FVR) plotted over the fire safety measures 
(FSM) and the respective acceptability regions outlined, reproduced from Copping 
[127] 

The need for a similar approach in probabilistic risk assessments was 

highlighted in the fire safety literature. Similar approaches have been found in 

a discussion on acceptability criteria by Rasbash [78], and has been 

conceptually expanded by Van Coile et al. [503] with the use of FN curves for 

highlighting the As Low As Reasonably Practicable (ALARP) region in 

probabilistic risk assessments. 
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Figure B-7 A conceptual outline of the ALARP region for probabilistic risk 

assessments in fire safety engineering, reproduced from Van Coile et al. [503]. 

B.3.1.4 ‘Horizontal’ interactions 

The approach described above assumes that both in the development and 

application procedures, attributes are independent from one-another. This 

might not be realistic, and Magnusson and Rantatalo [189] state that “listing 

them as independent implies [a] redundant protection system and the concept 

of ‘defend in depth’ which has been applied in other areas”.  

To account for the possibility of interactions between attributes in a hierarchical 

structure (e.g. that a poor loadbearing construction may increase the 

importance of separation) various authors have sought and incorporated this 

concept into their methods using ‘horizontal’ attribute interaction. 

The Edinburgh Cross-Impact Analysis (1982) introduced a ‘component 

interaction matrix’ on the lower (component) level. This was added in the 

calculation process to incorporate the “degree to which the contribution of a 

component to fire safety is enhanced by the interaction of other components” 
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[19]. The process has been presented by Stollard [170] and Soja [139]. The 

hierarchical level analysed is shown in Figure B-6. 

 

Figure B-8 A four-level hierarchy tree with ‘horizontal’ interactions outlined in red 

Soja [139] phrased it as “with two or more components working together, their 

combined value is worth more than the sum of the individual contribution, so a 

method was sought to express this idea in numbers”. If 1000 points were to be 

gained by a system with no ‘horizontal’ interactions, then with attributes 

working together the points should eventually be more to correspond with the 

conjugated impact. 

During the development of the Edinburgh Cross-Impact Analysis, five different 

mathematical approaches for this interaction were investigated and their 

impact on the produced values was analysed [109], [139]. The reasoning 

behind the final choice of mathematical approach was based on the idea that 

the combined action of the attributes provided an approximately 20% increase 

in the total points, which “was considered to be correct in relation to the thinking 

that went into formulating the interaction array” and facilitated a good balance 

so that the interactions would not play a more important role than the one the 

components already had.  
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To conceptually incorporate this method in the example above, a 5x5 

interaction matrix is required. This uses the same scale (i.e. 0 to 5), and is 

used to rate how one attribute affects another on the same level when it comes 

to their contribution in the overall Policy. That leads to the formulation of a 

‘component-to-component’ matrix (C/C). When its values are normalised 

through division by five, the matrix expresses the relative contribution in an 

Attribute Interaction Array (AIA). Then, the following formula is used to quantify 

the interaction of attribute i with attribute j (for a total of 5 attributes in this 

example): 

 
𝑉𝑖𝑛𝑡(𝑖) =

∑ [
𝑉𝑜𝑟(𝑖) + 𝑉𝑜𝑟(𝑗)

2 ]5
𝑗=1 𝐴𝐼𝐴(𝑖, 𝑗)

5
+ 𝑉𝑜𝑟(𝑖) 

Equation B.1 

 
Where: 

• Vint: the enhanced weighting after the interaction have been taken into 

account, 

• Vor: the original weighting of the attribute, 

• AIA: the attribute interaction array. 

The calculation of the interaction between the same attribute is omitted 

because it cannot enhance its own performance, so that AIA(i,j)=0 for i=j. This 

array is not symmetrical, because in this example the performance of the 

loadbearing structure can have a ‘major’ impact on the performance of the 

separation (4.5 out of 5), whereas the performance of the separation can have 

a ‘decent’ impact on the loadbearing structure (2.5 out of 5), as shown in Table 

B-9, populated with the author’s estimates. 
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Table B-9 ‘Expert’ input for the quantification of ‘horizontal’ interactions, the Attribute 
Interaction Array. 

 
Detection 

and alarm 

Loadbearing 

construction 
Linings Separation 

Exterior 

envelope 

Detection 

and alarm 
0.0 0.0 1.0 2.0 0.0 

Loadbearing 

construction 
0.0 0.0 0.0 4.5 3.5 

Linings 3.5 0.0 0.0 3.5 4.5 

Separation 2.5 2.5 4.0 0.0 3.5 

Exterior 

envelope 
1.5 3.5 0.0 4.0 0.0 

 
And in matrix format: 

𝐶/𝐶 =

[
 
 
 
 
0.0
0.0
3.5
2.5
1.5

0.0
0.0
0.0
2.5
3.5

1.0 2.0 0.0
0.0 4.5 3.5
0.0
4.0
0.0

3.5
0.0
4.0

4.5
3.5
0.0]

 
 
 
 

≍

[
 
 
 
 
0.0
0.0
0.7
0.5
0.3

0.0
0.0
0.0
0.5
0.7

0.2 0.4 0.0
0.0 0.9 0.7
0.0
0.8
0.0

0.7
0.0
0.8

0.9
0.7
0.0]

 
 
 
 

 

Implementing the formula for all the tactics breeds a new final prioritisation 

vector, which sums to more than 100%. In order to maintain the functionality 

provided by a percentage scale, the interaction matrix is then normalised. The 

new results are summarised in Table B-10. 
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Table B-10 Comparison of results without and with simple ‘horizontal’ interactions. 

Component 
Without 

interactions 

With simple 

interactions 

With simple 

interactions 

normalised 

Difference 

of 

normalised 

sets 

Separation 30.88% 43.47% 32.03% +1.14% 

Loadbearing 

construction 
22.70% 28.75% 21.23% -1.47% 

Detection 

and Alarm 
21.81% 25.89% 19.12% -2.69% 

Exterior 

envelope 
12.41% 19.49% 14.40% +1.99% 

Linings 12.19% 17.90% 13.22% +1.03% 

Sum 100% 135.40% 100% 0.00% 

 
Rank reversal occurred due to this modification too. It should also be noted 

that the new non-normalised set of percentages adds up to 135.40%, which is 

more than a 20% increase that was observed in the Edinburgh model. This 

shows that the impact quantification of the ‘horizontal’ interactions using this 

approach is case-specific, and possibly the other 4 methods of quantification 

could be evaluated as well, if the only criterion is the new percentage increase. 

This however is beyond the scope of this work, and was indirectly resolved 

with the obsoletion of this method through the employment of sequential 

perturber matrices – an approach analysed in a following section. Since a more 

complex method followed, the headings in the table are titled ‘simple 

interactions’. 

With this change in relative importance percentages, the new score the 

compartment receives is 349.1 points, instead of 353.7 previously. 
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Using this approach, the relative importance of the attributes now incorporates 

a more ‘realistic’ interaction between different attributes. It is, however, 

repeatedly highlighted in all the resources of the Edinburgh model [109], [139], 

[170] that these interactions parameters have been created on the assumption 

that each attribute achieved a perfect grade (i.e. five out of five). If this is not 

true (which is almost always the case), then the parameter interaction should 

be recalculated (where the Vor(i) and Vor(j) values are modified to reflect the 

survey grade) to correspond with the building-specific attribute grade. 

The first approach is when the new normalised set is used. A second, 

alternative approach was created whereby using a tabular method which 

operates on a 1000 point scale. When interactions are accounted for, they add 

even more points, to a maximum of approximately 1200 points. Building 

specific attribute grades affect the interaction points earned. 

There is also a third and final approach, which is the most ‘accurate’, but it 

necessitates the recalculation of the final attribute weights by modifying the 

original percentage contribution in the calculation procedure so that they 

correspond to the building-specific grades allocated. Then, the final score is 

calculated by multiplying the attribute grades with the new non-normalised 

weightings. For practical reasons, this method requires implementation within 

a computer algorithm. The results for this calculation in the case of the 

illustrative example are presented in Table B-11.  
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Table B-11 Comparison of results without and with enhanced ‘horizontal’ 
interactions. 

Component 
Without 

interactions 

With 

enhanced 

interactions 

With 

enhanced 

interactions 

normalised 

Difference of 

normalised 

sets 

Separation 30.88% 37.20% 30.51% -0.38% 

Loadbearing 

construction 
22.70% 26.74% 21.93% -0.78% 

Detection and 

Alarm 
21.81% 24.71% 20.26% -1.55% 

Exterior 

envelope 
12.41% 17.17% 14.08% +1.67% 

Linings 12.19% 16.12% 13.22% +1.03% 

Sum 100% 121.93% 100% 0.00% 

 
Some percentage values remained the same as before, taking into account 

that 2 out of 5 components scored the maximum available points, so had no 

impact on the outcome. With this change in relative importance percentages, 

two new sets can be calculated. To compare the new score the compartment 

receives with the previous approaches, it is normalised and results in 

354.2/500 points, from 353.7 previously. As a standalone method, the result 

would be 431.8 points out of 609.67. 

Soja suggested the use of the simplest approach for initial assessments and, 

only if additional ‘accuracy’ is required, resorting to the other two options. In 

the final version of the Edinburgh model, the first method was employed. This 

could be because, as Soja stated, “the coarseness of the survey grading 

suggests that any intricate and detailed mathematical use of the survey grades 

would be inappropriate and would give only a misleading sense of accuracy” 

[139].  
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Reflecting on this approach to interactions, Soja stated that it was “reasonably 

valid, but does not give a totally true picture of the situation. Giving simple 

multiplying factors to each component implies that the value of a component 

is not linked with the scores of the other components and so the logic of saying 

that [the final score matrix] is determined by the scores of the interacting 

components is not carried through to this calculation”. 

Copping [127], during the development of an assessment scheme for 

ecclesiastical property as part of his PhD, conducted an exercise to explore 

the potential impact of the 18 component interactions on the values of relative 

importance in the final scheme. Populating the AIA himself initially, he followed 

the same procedure with the Edinburgh model. He found however that the 

inclusion of the interactions in his case produced an average variation (in the 

normalised weightings) of ±0.275%, a magnitude which was considered 

negligible, so the process was not incorporated in the final method. For 

reference, the average variation of the Edinburgh model was ±0.23%, but the 

interactions were employed because they altered the ranking of some 

components. 

Dodd and Donegan reviewed the work mentioned so far, and attribute the 

employment of this approach as an “attempt to eliminate, or at least reduce, 

the distortions caused by interdependencies” [262]. These ‘distortions’ refer to 

the final prioritisation vector, meaning the final weights. It should be here 

emphasised that this method, and its derivatives, account for the impact of the 

attribute interactions in the calculation of relative weights in a method’s 

development phase (1 and 2 from the bullet-points in section 3.4.2 Attribute 

weighting), and should not be confused with attribute interaction that is 

occurring when assigning grades in the implementation of a method (bullet-

point 3 in section 3.4.2 Attribute weighting). The latter is accommodated by the 

choice of calculation style, as they are shown in paragraph 3.4.3 Index 

calculation.  

Shields [131], Dodd and Donegan [262], when reviewing the ECIA raised the 

issue around the lack of normalisation in every stage of the process, meaning 
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in every different hierarchical level in the process of deriving relative weights. 

This lack of normalisation allows for some components to be considered as 

important more than one time, overestimating their impact and final 

contribution; this was considered “contrary to formalism”. An example they 

used for this is if Tactic 1 is regarded as highly more important than Tactic 2, 

then when grading the lower-level components, the ones that are related to 

Tactic 1 will again receive high importance scores. This “causes proportion in 

the system to be lost” [262] and shows there is an “inconsistency in the 

underlying philosophy” [131]. A different calculation procedure in the matrix 

multiplication was suggested to amend this, one that ‘normalises’ the data sets 

between every calculation. Using the same ‘expert’ input from the matrices 

above, the calculation of the C/P will happen in the following steps:  

 𝑇/𝑃 = √[
1

𝑛𝑜
∙ 𝑇/𝑂 × 𝑂/𝑃] Equation B.2 

 
Where no is the number of objectives. This gives the following result: 

𝑇/𝑃 = [
2.9
2.8
1.9

] 

Expanding to the next hierarchical level: 

 𝐶/𝑃 = √[
1

𝑛𝑐
∙ 𝐶/𝑇 × 𝑂/𝑃] Equation B.3 

 
Where nc is the number of components. This gives the following result: 

𝐶/𝑃 =

[
 
 
 
 
1.9
2.0
1.5
2.4
1.6]

 
 
 
 

 

And following the same approach as previously, the new prioritisation weights 

are shown in Table B-12: 
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Table B-12 Contribution of components to fire safety using normalised contribution 
matrices 

Component Relative importance 

Separation 25.32% 

Loadbearing construction 21.76% 

Detection and alarm 19.92% 

Exterior envelope 17.13% 

Linings 15.87% 

 
The process has been repeatedly presented by Shields, Dodd, and Donegan 

[131], [262], [387]. This new set of percentages is compressed, meaning closer 

to the mean, and a forced stretching was suggested, which will be analysed in 

the following paragraphs. 

To avoid the overestimation of attribute contribution and to further formalise 

the process, “normalisation within the scoring domain at each stage of the 

calculation is also provided for” in the ‘upgrade’ of ECIA, the Hierarchical Cross 

Impact Analysis (HCIA) [262].  

B.3.1.5 ‘Horizontal’ interactions on every hierarchical level 

Since the ECIA made no provision for accounting any interdependence in the 

higher levels of the hierarchy (e.g. Tactics, Objectives), its results could not be 

considered as realistic as possible. This approach to the interaction between 

attributes was further developed by Donegan et al. [19], [262] and formalised 

to what is known as the Hierarchical Cross-Impact Analysis (HCIA) 

Methodology. This method addressed the interdependence of attributes in 

every level of the hierarchy with the introduction of sequential perturbations in 

the matrix multiplications, because it was expected to have a significant impact 

on the final prioritisation vector [262]. A visual representation of the interactions 

at every level is shown in Figure B-9. 
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Figure B-9 A four-level hierarchy tree with ‘horizontal’ interactions on every level 
outlined in red 

These interactions, addressed through the sequential perturbations, and 

mathematically materialised through the conceptualisation of square 

symmetrical perturber matrices, intended to “cater for ‘noise’ in the system 

resulting from fuzziness in the definition of entities” [262]. These matrices were 

called Pairwise Comparison Interaction (PCI) matrices, because they were 

populated using pairwise comparisons, following a question of the form “is 

there an interaction between component i and component j relative to the tactic 

k?”. It is noted that perturber matrices in HCIA were conceptualised as 

symmetrical, since “the interaction between elements Ai and Aj is regarded as 

equal to that between Aj and Ai” [262], something that was not the case in 

ECIA.  

In ECIA, the component-to-component matrix was populated in regard to the 

overall Policy. In HCIA, there will be as many C/C matrices as there are 

Tactics. This means that the intralevel interaction is quantified for all the 

different attributes at the hierarchical level above. Applying this to the 

illustrative example, for the intralevel interaction of the Tactics in regards to the 

two Objectives (Life Safety [LS] and Property Protection [PP]), asks for the 

population of two perturber matrices T/TLS and T/TPP. The process for one case 
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is shown in Table B-13 by asking for the ‘expert’ input using a question of “is 

there an interaction between Limit Fire Spread and Provide Stability relative to 

Life Safety?” 

Table B-13 Pairwise Comparison Interaction matrix for tactics in regards to objective 
life safety 

 
Provide 

Warning 

Provide 

Stability 

Limit Fire 

Spread 

Provide 

Warning 
0.0 3.5 4.0 

Provide 

Stability 
3.5 0.0 4.0 

Limit Fire 

Spread 
4.0 4.0 0.0 

 
And this is presented in matrix format for both objectives: 

𝑇/𝑇𝐿𝑆 = [
0.0 3.5 4.0
3.5 0.0 4.0
4.0 4.0 0.0

] 

and 

𝑇/𝑇𝑃𝑃 = [
0.0 1.5 3.0
1.5 0.0 5.0
3.0 5.0 0.0

] 

It is reminded to the reader that the Tactics-to-Objectives matrix was: 

𝑇/𝑂 = [
5.0 1.5
3.5 5.0
1.0 4.0

] 

The developers at this point had the option of multiplying the PCI matrices with 

the corresponding column of the T/O matrix (vector), and combining the 

vectors would result in a perturbed T/O matrix that could be used in the 

calculations that have already been illustrated above.  
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Another option is presented by Dodd and Donegan [262] who present a very 

crude untested conceptual system that would reduce each attribute’s values in 

the original effectiveness matrices by half the value that is presented in the 

perturber matrix for this dataset, using the formula: 

 𝑥′ = 𝑥 ∙
10 − 𝑎

2 ∙ 5
 Equation B.4 

 
Where: 

• a is the perturber matrix value, 

• x is the original set’s value, 

• x’ is the set’s new perturbed value. 

However, this method has not been encountered in other publications or 

methods, and is presented here only for reasons of completeness. A third 

approach was eventually orchestrated, described in the following paragraph.  

Depending on the conceptualisation of the hierarchical structure however, if 

the PCI matrices are sparsely populated due to any independency of the 

chosen grouping of attributes, then the resulting matrix would be very different 

from the original that the ‘expert’ group agreed upon (with hard-earned 

consensus). To overcome this problem, it was decided that only the ‘noise’ 

associated with the perturbations would be used, and the following formula 

was conceptualised:  

 𝑜𝑗𝑘
′ = √

1

𝑚 − 1
∑𝑡𝑖𝑗 ∙ 𝑜𝑗𝑘

𝑚

𝑗=1

 Equation B.5 

 
Where: 

• o’jk is the T/O ‘noise’ vector, 

• tij is the T/T PCI matrix for each objective, 

• m is the number of tactics. 
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• k the number of objectives 

This transformation is based on the normalising process that was presented in 

the previous section, but the divisor is reduced by one because “there was by 

definition one zero” in the diagonal [131].  

Using the formula on each matrix with the corresponding column of the T/O 

matrix (vector), provides the developer with a ‘noise’ vector, as illustrated 

below: 

𝑇/𝑂𝐿𝑆
𝑁 = √[

1

2
∙ 𝑇/𝑇𝐿𝑆 × 𝑇/𝑂𝐿𝑆] = [

2.85
3.28
4.12

] 

and 

𝑇/𝑂𝑃𝑃
𝑁 = √[

1

2
∙ 𝑇/𝑇𝑃𝑃 × 𝑇/𝑂𝑃𝑃] = [

3.12
3.34
3.84

] 

The ‘noise’ vector could now be combined with the original vectors by taking 

their quadratic mean: 

 𝑜𝑗𝑘
𝑓𝑖𝑛𝑎𝑙

= √𝑜𝑗𝑘
2 + 𝑜′

𝑗𝑘
2  Equation B.6 

 
Where: 

• ojk
final is the final T/O perturbed matrix 

• ojk is the original T/O matrix 

• o’jk is the T/O ‘noise’ vector 

• j is the number of tactics 

• k the number of objectives 

And following this process for the two ‘noise’ vectors and the original T/O 

matrix, results in the final perturbed matrix: 
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𝑇/𝑂𝑝𝑒𝑟𝑡 = [
4.1 2.4
3.4 4.3
3.0 3.9

] 

By populating and using three C/C matrices (C/CPW, C/CPS, C/CLFS,) and one 

O/OFS matrix and following the same process described above, the new sets 

of perturbed matrices are: 

Objectives to Policy: 

𝑂/𝑃𝑝𝑒𝑟𝑡 = [
3.6
3.0

] 

Tactics to Objectives: 

𝑇/𝑂𝑝𝑒𝑟𝑡 = [
4.1 2.4
3.4 4.3
3.0 3.9

] 

Components to Tactics: 

𝐶/𝑇𝑝𝑒𝑟𝑡 =

[
 
 
 
 
3.8
0.8
2.3
2.7
1.7

0.7
3.8
1.4
3.0
1.9

1.9
3.4
2.8
4.1
3.9]

 
 
 
 

 

After this point, the same process that Dodd and Donegan [262] described is 

followed, multiplying the matrices but normalising the data sets in every step, 

as has been already described. Doing this, the new percentages for the relative 

importance are presented in Table B-14. 

Table B-14 Contribution of components to fire safety using the HCIA 

Component Relative importance 

Separation 22.77% 

Loadbearing construction 20.67% 

Exterior envelope 19.84% 

Linings 18.48% 

Detection and alarm 18.24% 
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When Shields [131] compared the two methods for a dwellings points scheme 

he was developing, he found that the spread of percentages in relative 

importance was compressed with the introduction of sequential perturbations, 

meaning relative weighting values closer to the mean, creating the tendency 

for the components to have an equalised contribution. However, it is not clear 

in this work whether this compression occurred because of the sequential 

perturbations, or the normalisation of the matrix calculations in every step of 

the process that was included in the HCIA. In another publication by Donegan 

et al. [387] where the HCIA methodology is described, it is shown that the 

compression in the results is happening even without the introduction of 

sequential perturbations. The author conducted the exercise of calculating the 

prioritisation weights using sequential perturbations but without normalising 

the datasets when multiplying the final perturbed matrices. The results for the 

illustrative example are presented in Table B-15. 

Table B-15 Contribution of components to fire safety using only sequential 
perturbations 

Component Relative importance 

Separation 25.78% 

Loadbearing construction 21.49% 

Exterior envelope 19.53% 

Linings 16.89% 

Detection and alarm 16.31% 

 
It can be seen that the new results are again compressed (possibly due to the 

incorporation of perturbing ‘noise’ through the quadratic mean when applying 

the sequential perturbations), but to a lesser degree than HCIA, and with no 

rank reversal within its set. 
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In either case, this compression is considered a drawback by Dodd and 

Donegan [262] and a ‘subjective’ compensatory forced stretching of the 

resulting values was suggested [387]: 

 𝑥𝑖 → 𝑥𝑖
′ = 𝑥𝑖 − (�̅� − 2 ∙ 𝑚𝑎𝑥|�̅� − 𝑥𝑖|) Equation B.7 

 
Where: 

• xi is the value in the final C/Ppert vector, 

• x̅ is the geometric mean of all the xi. 

So for the HCIA dataset, the final vector is: 

𝐶/𝑃𝑝𝑒𝑟𝑡 =

[
 
 
 
 
1.9
2.1
1.9
2.3
2.0]

 
 
 
 

 

The geometric mean in this case is x̅=2.042 and calculating the x̅ - xi for every 

row, the set’s absolute maximum is found to be 0.29. Applying the formula to 

calculate the x’
i and normalising them, results in the new stretched set 

presented in Table B-16. 

Table B-16 Contribution of components to fire safety using the HCIA and forced 
stretching. 

Component Relative importance 

Separation 40.62% 

Loadbearing construction 23.06% 

Exterior envelope 17.45% 

Linings 9.97% 

Detection and alarm 8.89% 

 
However, this corrective approach was later abandoned because “it was 

recognized that such a strategy was contextually motivated and, unless 
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unanimously adopted by the fire research community, could result in serious 

obfuscation” [19].  

In regards to the issue of normalisation, in a later publication by Dodd and 

Donegan [182] the issue was revisited, and it was deemed a necessary 

process to eliminate personal biases of the ‘experts’ in the scoring procedure. 

If solved, it would be a promising development because “if universally applied, 

would, as a matter of course, also standardise research studies. This would 

facilitate direct inter-panel comparisons irrespective of the subject of 

investigation”. Two separate approaches were suggested; one was a 

mathematical processing of the datasets to be calibrated around a chosen 

mean and variance, and the other was of an administrative nature that was 

limiting the total number of scoring points the ‘experts’ could assign. This also 

came with the complication that it is “invalid to treat the scores as true 'interval 

data' to which mathematically tractable measures (such as the mean and the 

variance) can be applied without any normalisation” [182], because the mean 

and the variance were used for the evaluation of consensus or response 

stability. However, it was concluded that “the type of normalisation most suited 

to remedy this is unclear”. The author has not noted this approach, or even the 

acknowledgment of cognitive biases [494], in any of the future works on 

indexing methods. 

As it has been noticed in the illustrative example, similarly in Shields’ [131] 

work rank reversal between some components was observed when comparing 

the ECIA with the HCIA, but the percentage contributions remained similar 

when rounded, so overall no major implications were introduced in the 

operation of the method. Nevertheless, this new approach (HCIA) is 

considered theoretically more formalised and comprehensive by Donegan 

[19]. 

B.3.1.6 Survey items and decision tables – ‘functional interaction’ 

If the developers wish to increase the comprehensiveness of the method, they 

can break down the components into sub-components, and the sub-

components can be graded using survey items. These survey items are the 
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constituent parts of the sub-component, and can be quantified “by direct or 

indirect measurement or estimation” [428].  

To exhibit this using the illustrative example, for the component of ‘Linings’, it 

can be argued that this can be broken down further into the sub-components 

Area, Reaction to Fire Class, and Material. By providing to the user 

standardised options with corresponding grades reduces the subjectivity and 

increases the prescriptive nature when applying the method. An example of 

the options and corresponding grades is presented in Table B-17. 

Table B-17 Sub-components and respective grades of component ‘Linings’ 

Area Grade 
Reaction to Fire 

Class 
Grade Material Grade 

<50 m2 5.0 A1 5.0 
Cementitious 

coating 
5.0 

<200 m2 3.5 A2 4.0 OSB 3.5 

<500 m2 2.5 B or C 3.5 Polymer 1.0 

<1000 

m2 
0.5 D or E 2.0   

  F 0.5   

 
So if the user is assessing a compartment that has less than 50 m2 of 

cementitious coating linings that achieve an A1 Reaction to Fire Class, then 

when the average of the separate grades is calculated, the final grade of the 

component ‘Linings’ is 5.  

Calculations similar to these have been used in the worksheets of the 

Edinburgh Model [378] and Shields’ dwelling scheme [131].  

In cases that there are many “logical alternatives under various conditions”, a 

tabular approach can be employed – what is known as a decision table and 

was introduced by Watts in FSE [428]. These have been used extensively in 
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some indexing methods [117], [133], [134], [144], [374], [394], and can also be 

found in earlier, rougher versions, which were not explicitly named decision 

tables, in the worksheets of the Edinburgh model [378] and the survey system 

of the dwellings scheme [131]. 

A simplified example of this will be shown using the ‘Separation’ component 

where Table B-18 shows its sub-components. 

Table B-18 Sub-components, survey items, and respective grades of component 
‘Separation’ 

Integrity and 

Insulation 
Grade Material Grade 

Fire 

Doors 
Grade 

Existence of 

penetrations 

and cavities 

<30 min/points 0.0 Brickwork 5.0 
<20 

min/points 
0.5 Penetrations 

60 min/points 2.5 Plasterboard 4.0 
45 

min/points 
2 Cavities 

120 min/points 3.5 OSB 1.0 
60 

min/points 
3.5  

240 min/points 5.0   
90 

min/points 
5  

 
And for the calculation of sub-component ‘Existence of penetrations and 

cavities’ the following decision table is used, where the survey items’ 

‘Penetrations’ and ‘Cavities’ combinations of ‘logical alternatives’, or ‘decision 

rules’ are taken into account in Table B-19. 
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Table B-19 Decision table for the calculation of sub-component ‘Existence of 
penetrations and cavities grade 

Penetrations and 

Cavities 

No 

seals 

Inadequate 

seals 

Certified 

Seals 

No 

penetrations 

No fire stops 0.0 0.0 0.0 0.0 

Inadequate fire 

stops 
0.0 1.5 2.5 2.0 

Certified fire stops 0.0 2.5 3.5 4.0 

No cavities 0.0 2.0 4.0 5.0 

 
It can be found useful that “decision tables can reference other decision tables” 

[428], meaning that output from one table can be used as input in another 

table, if that can lead to a more comprehensible method structure. Examples 

of such tables can be found in Karlsson [374].  

Adapted from Watts [428], three very useful features of employing decision 

tables in FRI methods are that they: 

1. Provide a disciplined way to account for the ‘functional’ interaction of 

fire safety attributes on the sub-component level; 

2. Support a concise and standardised documentation of a detailed 

engineering design; 

3. Facilitate transition to computerised implementation. 

The developer (in this case, the author) had the option of simply taking the 

average of all the sub-components to extract the component grade. However, 

it was recognised that there is a ‘functional’ interaction of the sub-components, 

in the sense that if one is deficient then it would affect the performance of the 

whole interacting system on the sub-component level. For the purpose of a 

‘robustness assessment’ it might not matter that the fire doors are highly rated 

while unprotected penetrations exist in the compartment.  
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So in the illustrative example, for a separating construction that provides less 

than 30 min/points of Integrity and Insulation (EI) (in terms of a fire resistance 

rating, and the word ‘points’ is used to refer to ratings), is made of plasterboard, 

the fire doors are rated for 60 min/points, and there are no cavities or 

penetrations, then the final grade is 1.40/5.00. 

This result is calculated by employing the multiplicative style to account for the 

interaction, using the formula: 

 𝐶𝐺 = 5 ∙ (
𝐸𝐼𝐺 + 𝑆𝑀𝐺

2 ∙ 5
) ∙ (

𝐹𝐷𝐺

5
) ∙ (

𝐸𝑃𝐶𝐺

5
) Equation B.8 

 
Where: 

• CG is the integrity and Component Grade, 

• EIG is the integrity and insulation Grade, 

• SMG is the Separation Material Grade, 

• FDG is the Fire Door Grade, 

• EPCG is the Existence of Penetrations and Cavities Grade. 

So in this case: 

𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 𝑔𝑟𝑎𝑑𝑒 = 5 ∙ (
0.0 + 4.0

2 ∙ 5
) ∙ (

3.5

5
) ∙ (

5

5
) = 5 ∙ 0.4 ∙ 0.7 ∙ 1 = 1.4 

A similar approach can be found in Shield’s survey system for the dwelling 

scheme [131]. There have also been cases where it was either explicitly stated 

and not mathematically formulated that if any of interacting sub-components is 

zero, then the component grade is zero [374], or extensive calculations with 

addition and multiplication led to the calculation of the final component grade 

(e.g. smoke movement in the Edinburgh model) [378]. 

The issue has been formally been referred to by Dodd and Donegan [182] as 

the AND/OR distinction, which can be unclear in points schemes. This is linked 

to calculation styles (on a sub-component level) and multiplication is advised 

where several attributes “must all be present for effectiveness” whereas 
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addition is more appropriate for grading alternatives. They finally judged that 

“the simplest solution to this problem is the combination of all elements 

additively so that the method used is consistent throughout the system even 

though this oversimplification may lead to inaccuracies”. 

B.3.1.7 Further criticism and other interaction methods 

One limitation that was identified with the Edinburgh model and the HCIA is 

that the experts may not apply the same level of rigour to their assignment of 

rankings across each attribute. This is a serious drawback of the methods as 

there is no way to check the consistency of decision making across all the 

attributes that have been ranked. For example, if A is “much more important” 

than B, and B is “of equal importance” to C, then most probably A cannot be 

“slightly more important” than C – such a response would be inconsistent and 

a measurement of this is of vital importance to the validity of the final result. 

To address this shortcoming, Shields and Silcock [113] explored the utility of 

the Analytical Hierarchy Process (AHP) in FSE, a process created by Saaty 

[140], because it introduced a consistency check. The aim of the AHP is to 

introduce order and objectivity into the largely subjective process of attaching 

weights to a set of decision criteria [131]. The AHP relies on the pairwise 

comparisons of components to define their relative importance using an 

interval scale. Donegan [19] has described AHP by stating that “the procedure 

entails the comparison of all the pairs of individual attributes at each level 

relative to each attribute in the superior level. The intrinsic complexity of the 

process prohibits a simple description”. It has been presented and explained 

extensively in other publications [19], [113], [114], [131], [140], [262].  

The mathematical background of the method is based on the solution of the 

characteristic equation of the effectiveness matrices to find the dominant 

eigenvalue, which then facilitates both the calculation of the parameter relative 

importance and of a consistency index, which is suggested to be lower than 

10% for a valid assessment [114], [262]. The method becomes unstable when 

more than 7±2 parameters are ranked [10], [50], [189]. This was originally 

investigated by Saaty [504] because of Miller’s [505] conjecture in 
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psychological theory which states that the number of seven parameters is the 

limit for the amount of information that an observer can give about an object 

from an absolute judgement. That spread emerged in various psychological 

experiments, but in fear of this being just a ‘pernicious coincidence’ Miller 

proposed to withhold judgement. However, Saaty and Ozdemir [504] 

investigated further, and (serendipitously) found that, due to the underlying 

mechanics of the method, meaningful conclusions on the results’ consistency 

cannot be drawn when the number of parameters exceeds seven. This is also 

supported by an observation from Shields and Silcock, who “experienced 

some considerable difficulty in carrying out consistent pairwise comparisons 

when more than five components were under consideration at any one time” 

[113]. They suggested that in order to use the AHP with more parameters, 

“components will have to be grouped into clusters according to their relative 

importance and pairwise comparisons performed on the clusters”.  

Several problems have been recognised with the original method and brought 

forward in literature. One of them is that the consistency criterion (of a fixed 

10% value in the consistency index) was intended as a tentative measure in 

the original method, but “has been accepted without question where the 

eigenvector method of ranking has been adopted and very little research has 

been carried out into its validity” [390], similar to magic numbers in fire safety 

engineering [14], with Dodd et al. [506] proposing a more robust alternative. 

Another issue that was brought up by Dodd and Donegan [262] is that the AHP 

does not distinguish between input that is derived from ‘hard’ data (e.g. 

statistics or experimental results that indicate that a component is x times more 

important than another) and ‘soft’ data (e.g. judgement ratios extracted from 

an expert elicitation exercise guided by fuzzy phrases such as “slightly more 

important than”) creating some doubts around the credibility of the final result, 

mostly in the middle part of the final priority list. After suggesting some 

improvements to better the reliability of AHP [392], they suggested a 

modification where the ‘soft’ data are translated into their ‘hard’ equivalent, the 

Modified AHP (MAHP) [262]. A comparison of the ECIA, HCIA, AHP, MAHP is 

presented in the same publication.  
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Dodd and Donegan [188] attempted to facilitate a synergy of the input types of 

the ECIA and the AHP, in order to compare the methods and achieve a better 

understanding on the correlation of their results. Using mathematical strategies 

a link was created between a Likert-type scale and AHP ratios (Saaty scale or 

set [391]). Various issues were raised, namely that “(rounded) ratios of 'soft' 

data are not suitable input data for AHP, the theory of which is based on 'hard' 

data ratios”, the inexistence of the absolute zero property in the Saaty scale, 

despite it being considered a ratio scale (which is a paradox), with the possible 

explanation for this is that “it would appear that the distinct concepts of 'ratio 

scale' and 'scale of ratios' have been confused in the definition of the Saaty 

set” [391], or its lack of independence of irrelevant alternatives; some 

examples of logical flaws in AHP. The greater robustness of MAHP was again 

demonstrated since it “avoids many of the weaknesses of AHP […] although 

by no means perfect does, to some extent, provide a close model of reality”.  

A very simple differential hierarchy process (DHP) was then employed (where 

the mathematical manipulation in the matrices is addition and not 

multiplication), which appeared to be mathematically sound and breed 

consistent results, but its range was limited – according to Dodd and Donegan 

however, this comparison demythologised AHP. It was concluded that Saaty’s 

original version of AHP “is essentially qualitative and not realistically 

quantitative”, to be used for simple ranking and prioritisation and not the 

quantification of relative weights [391]. 

This process mostly showcased the “conflict between mathematics and 

psychology”, and what a challenge it is to produce results on an absolute scale 

using relative input since “comparisons in mathematics are generally in terms 

of a well-defined single operation while the human mind is accustomed to a 

more fluid interpretation”. Ironically, this was also the rationale behind the 

creation of the Saaty scale, which was “to avoid creating the misleading 

impression that quantified opinion can make delicate distinctions in 

importance” [391]. 
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Copping [127] also made another interesting exercise when developing his 

scheme. The ‘expert’ panel, after populating the matrices but before seeing the 

results, was asked to simply rank the 18 components in importance priority 

order, without any percentage quantification. After the calculations were 

conducted, the two lists were compared. Eight of the 18 components differed 

significantly in their ranking positions. The most and least important 

components were approximately matching, but the components in the medium 

range differed noticeably in ranking. This was perceived to the benefit of ECIA, 

because it illustrated how hierarchical interactions influence any initial expert 

opinion, because even the subjective quantification facilitated a mapping of the 

components that have a diverse contribution to a number of tactics, over 

components with specialist contribution to just one tactic. The latter ones might 

on first though appear important when compared with others, but if their 

importance for every tactic is quantified then their impact might be lower than 

initially thought.  

Most recently, the fourth distinct method was mentioned in 2005. After 

assessing previous experience in the development of point schemes, the 

option of using fuzzy aspects [507] from probability theory was explored, 

detaching the weighting process from the AHP and employing the Reliability 

Interval Method to calculate the relative importance of attributes by Lo et al. 

[136]. With such fuzzy assessment of weights (the ‘expert’ grades in a range 

of possible values, not a single number), a statistical analysis of the results is 

possible by calculating the parameters of reliability, centre variance, and 

interval variance. The benefit is that these three factors can facilitate a 

consistency check of the responses, but the methodology does not account for 

any interaction between the parameters. 

B.3.1.8 Summary 

This section presented an extremely detailed review of the developments in 

hierarchical indexing models in fire safety. The understanding of this technical 

background, and the challenges various authors faced throughout the years, 

led to the findings and conclusions that were presented in Chapter 3.  
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Any attempt to bring an indexing method closer to reality is inhibited by the 

initial ordinal input that the experts provide, since it cannot be mathematically 

manipulated to produce interval results. Additional fudging of the matrix 

calculations to make them more realistic also tends to equalise the impact of 

the various attributes, which is one of the reasons why in this work an equal 

weights approach was followed in Chapter 7 and Appendix D.  

Limitations of behavioural science and human psychology in expert elicitation 

procedures were not extensively studied when these methods were being 

developed. Chapter 7 brings those two topics together to link those thematises, 

and provide the reader with the most recent approaches in dealing with such 

issues through different methods and theories. 

B.3.2 Insurance schedule 

The story of insurance rating schedules is a relatively old one, and its 

evolvement to its peak form around 1915 and following devolvement are 

presented in Chapter 2. The core mechanics of the state-of-the-art, that may 

sometimes be used today, are based on two schedules that emerged at the 

end of the 19th century. The essential information for the purpose of this 

illustrative example is given in the next paragraphs. 

Schedules started being used by assessors to help calculate insurance 

premiums in properties that had constructional variabilities but could be 

organised in classes with commonalities. The rate would define the final 

premium and that’s why the rate in practice would be an indirect measure of 

risk. Schedules operated using cents of a dollar as a risk measurement means. 

Any fire safety deficiencies would be accounted for with a monetary increase 

in the insurance rate.  

The calculation of the rate would initiate with the choice of a basis-rate, which 

would be predetermined by the schedule’s developers. Then depending on the 

fire safety provisions of the asset being assessed, for every attribute analysed 

a fixed monetary amount could be added or subtracted from the basis rate. 

Once all the attributes were accounted for, the final rate would be calculated 
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by adding the constituents. This is how the Universal Mercantile Schedule 

operated, developed under efforts coordinated by Moore [62]. Then another 

schedule emerged, the Analytic System, created by Dean [67], with their major 

difference being the use of multiplication in the calculation procedure. The 

Analytic schedule expressed every attribute’s impact as a percentage to be 

multiplied with the basis rate, attempting to address the system’s ‘interactions’. 

An illustrative example will be provided for both, in tabular form using the 

British pound as currency and the corresponding decimalisation of penny. As 

in the hierarchical example, the developers provided the assessor with 

tabulated data for the different classes and possible construction 

combinations. 

B.3.2.1 Universal Mercantile Schedule example 

Instead of intensity measures that were used in the previous example, the 

same factors will be used to turn the basis rate into a specific or class rate. If 

for this example the basis rate is set at £1.00, then for the same case of 

assessing a second-floor compartment of temporary accommodation in a 

village the specific rate is calculated in Table B-21 using attribute values 

provided in Table B-20. 
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Table B-20 Attribute values for the calculation of the specific rate in the Universal 
Mercantile Schedule. 

Occupancy Charge Location Charge 
Zone 

height 
Charge 

Manufacturing £1.20 

City -£0.10 

Basement £0.20 

Temporary 

accommodation 
£0.70 

Ground 

floor 
£0.05 

Dwelling £0.20 Village £0.20 3.0-17.9 m £0.20 

Office -£0.20 

Forested 

area 
£0.40 

18.0-29.9 

m 
£0.30 

Education £0.15 
30.0-80.0 

m 
£0.50 

 
Table B-21 Calculation of specific rate in the case of the Universal Mercantile 

Schedule example 

Basis rate  £1.00 

 
Choice Impact Result 

Occupancy Temporary Accommodation £0.70 £0.70 

Zone height 3 - 17.9 meters £0.20 £0.20 

City class Village £0.20 £0.20 

Specific rate £2.10 

 
Once the specific rate has been calculated, a similar approach is used to 

calculate the final rate, shown in Table B-22. 
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Table B-22 Attribute assessment in the Universal Mercantile Schedule 

example (sub-component choices in italics). 

Building Characteristics 

 
Choice Impact Result 

Detection and alarm Detection 

-£0.15 

-£0.30 

  appropriate 

  Alarm 

-£0.15 

  appropriate 

Loadbearing construction Fire Resistance Rating 

-£0.15 

-£0.30 

  120 min/points 

  Material 

-£0.15 

  Steel 

Linings Floor Area 

£0.00 

-£0.50 

  <50 m2 

  Reaction to fire class 

£0.00 

  A1 

  Material 

-£0.50 

  Cementitious coating 

Separation Integrity and Insulation 

£1.80 

£0.90 

  <30 min/points 

  Material 

£0.10 

  Plasterboard 

  Fire Doors £0.10 
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  60 min/points 

  Penetrations and cavities 

-£1.10 

  No threat 

Exterior envelope NFPA Tier 1A Result 

£0.10 

-£0.70 

  C 

  Windows EI 

-£0.80 

  120 min/points 

Final Rate (£/m2) £1.20/m2   

 
To calculate the final rate, all the component charges are added to the specific 

rate. When the result is multiplied with the asset’s area, the annual insurance 

premium is produced. 

B.3.2.2 Analytic System example 

The same process will be followed to exhibit the operation of the Analytic 

System. Again for this example the basis rate is set at £1.00, then for the same 

case the specific rate is calculated in Table B-24 using attribute values 

provided in Table B-23. 
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Table B-23 Attribute values for the calculation of the specific rate in the Analytic 
System. 

Occupancy Charge Location Charge 
Zone 

height 
Charge 

Manufacturing 100% 

City -25% 

Basement 50% 

Temporary 

accommodation 

50% Ground 

floor 

0% 

Dwelling 15% Village 10% 3.0-17.9 m 35% 

Office 
-10% 

Forested 

area 
40% 

18.0-29.9 

m 

100% 

Education 
25% 30.0-80.0 

m 

250% 

 

Table B-24 Calculation of specific rate in the case of the Analytic System example 

Basis rate  £1.00 

 
Choice Impact Result 

Occupancy Temporary Accommodation 50% £0.50 

Zone height 3 - 17.9 meters 35% £0.35 

City class Village 10% £0.10 

Specific rate £1.95 

 
Once the specific rate has been calculated, a similar approach is used to 

calculate the final rate, by multiplying the impact factors, which are expressed 

in percentage form, with the specific rate, shown in Table B-25. 

Table B-25 Attribute assessment in the Analytic System example (sub-component 
choices in italics). 

Building Characteristics 
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Choice Impact Result 

Detection and alarm Detection 

0.0% 

£0.00 

  appropriate 

  Alarm 

0.0% 

  appropriate 

Loadbearing construction Fire Resistance Rating 

-10.0% 

-£0.20 

  120 min/points 

  Material 

0.0% 

  Steel 

Linings Floor Area 

-30.0% -£0.59 

  <50 m2 

  Reaction to fire class 

-40.0% 

-£1.07 

  A1 

  Material 

-15.0% 

  Cementitious coating 

Separation Integrity and Insulation 100.0

% 

£2.05 

  <30 min/points 

  Material 

5.0% 

  Plasterboard 

  Fire Doors 

-10.0% -£0.20 

  60 min/points 

  Penetrations and cavities 

-20.0% -£0.39 

  No threat 
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Exterior envelope NFPA Tier 1A Result 

5.0% £0.10 

  C 

  Windows EI 

-40.0% -£0.78 

  120 min/points 

Final Rate (£/m2) £0.8775/m2s 
  

 
The same process as for the Universal Schedule is used for the calculation of 

the final rate. 

B.3.2.3 Summary 

These are both oversimplified examples of how rating schedules worked. For 

more details and information into the complicated mechanics and added 

features of schedules, the reader is directed to the original publications for the 

Universal Mercantile Schedule [62], [64], [65] and the Analytic System [67], 

along with the supportive literature [20], [44], [48], [54], [55], [58], [59], [61].  

B.3.3 Rating scheme 

The last case for the illustrative example is that of a rating scheme, similar to 

the first and widely covered in literature Gretener method [138], [147]. This 

type of rating, or grading, schemes emerged in Europe in the middle 20th 

century in an attempt to calculate risk for insurance purposes in a relatively 

simple manner. They use simple arithmetic functions to quantify levels of 

protection and levels of danger. The numbers used are subjective and 

produced through committee work. 

For this example, a General Risk factor (Rr) is calculated using intensity 

measures, and is then compared with a factor on the general provisions (Rp) 

which is calculated using the attributes, or in rating scheme terminology 

parameters. The final check will be: 

 
𝑅𝑓

𝑅𝑝
≤ 1.00 Equation B.9 
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Which means that the quantified provisions must be greater than the quantified 

risks in the compartment. The method’s values are calibrated by the designers, 

and in this case are illustrative values chosen by the author. 

As a first step, the intensity measures need to be defined and calculated. Their 

available values are provided in Table B-26. Note that the scale does not have 

to be limited from 0 to 5. 

Table B-26 Grading list of intensity measures. 

Occupancy 

[OC] 

G
ra

d
e
 

Floor 

Area 

[FA] 

G
ra

d
e
 

Asset 

Location 

[AL] 

G
ra

d
e
 

Zone 

height 

[ZH] 

G
ra

d
e
 

Manufacturing 2.5 
<50 

m2 
1.0 

City 1.5 

Basement 2.5 

Temporary 

accommodation 
2.2 

<200 

m2 
3.0 

Ground 

floor 
1.0 

Dwelling 1.5 
<500 

m2 
4.0 Village 1.0 

3.0-17.9 

m 
1.6 

Office 1.0 
<1000 

m2 
5.0 

Forested 

area 
2.5 

18.0-29.9 

m 
2.5 

Education 0.8   
30.0-80.0 

m 
6.5 

 
Here, the option of sub-groups is available, and some intensity measures are 

grouped to be compared with their corresponding groups of parameters. 

Parameter names are provided and used in the formulas. The three sub-

groups that will be used in this example are Detection and Warning (Wr for 

requirement and Wp for provisions), Structural Stability (Sr and Sp), and Fire 

Control (Fr and Fp). 

The use of fudge factors can be the product of a method’s calibration. The 

requirements are calculated based on the following: 
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 𝑊𝑟 =
𝑂𝐶 + 𝐹𝐴 + 𝑍𝐻

3
 Equation B.10 

 

 𝑆𝑟 =
𝑂𝐶 ∙ 𝐴𝐿 + 𝑍𝐻

1.5
 Equation B.11 

 

 𝐹𝑟 = 3 ∙ (𝑍𝐻 + 𝐹𝐴 + 𝐴𝐿) Equation B.12 

 
And the final risk factor can be quantified with: 

 𝑅𝑟 = 𝑊𝑟 + 𝑆𝑟 + 𝐹𝑟 Equation B.13 

 
Then, again for the same case of assessing a second-floor compartment of 

temporary accommodation in a village, the risk factors would be: 

𝑊𝑟 =
𝑂𝐶 + 𝐹𝐴 + 𝑍𝐻

3
=

2.2 + 1.0 + 1.6

3
= 1.60 

𝑆𝑟 =
𝑂𝐶 ∙ 𝐴𝐿 + 𝑍𝐻

1.5
=

2.2 ∙ 1.0 + 1.6

1.5
= 2.53 

𝐹𝑟 = 3 ∙ (𝑍𝐻 + 𝐹𝐴 + 𝐴𝐿) = 3 ∙ (1.6 + 1.0 + 1.0) = 10.80 

Once these are calculated, the final risk factor can be quantified with: 

𝑅𝑟 = 𝑊𝑟 + 𝑆𝑟 + 𝐹𝑟 = 1.60 + 2.53 + 10.80 = 14.93 

A very similar process is followed to calculate the respective factors for the 

provisions, using the attributes that affect fire safety. This is shown in the 

following Table B-27. 
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Table B-27 Grading list of parameters for the illustrative example 

Definition of Protective Measures 

Parameter 
Parameter 

Name 

Sub-

parameters 

Sub-

parameter 

names 

Options 
Sub-

grades 

Detection and 

alarm 
DA 

Detection DET appropriate 1 

Alarm ALM appropriate 1 

Loadbearing 

construction 
LB 

Fire Resistance 

Rating 
LBR 

120 

min/points 
1.5 

Material LBM Steel 1.2 

Linings LN 

Floor Area ARA <50 m2 1.8 

Reaction to fire 

class 
LRF A1 1.8 

Material LIM 
Cementitiou

s coating 
2 

Separation SP 

Integrity and 

Insulation 
SEI 

<30 

min/points 
0.6 

Material SEM Plasterboard 1 

Fire Doors SFD 
60 

min/points 
1 

Penetrations 

and cavities 
PAE No threat 1 

Exterior 

Envelope 
EE 

Existence of 

voids 
FAC C 0.9 

Existence of 

fire stops 
WIN 

120 

min/points 
1.7 

 
To account for ‘functional’ interactions, each parameter grade can be 

individually calculated. For example, it is conceptualised the parameter Linings 
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is dependent on the floor area, so it will be multiplied with the rest of the grades 

so that: 

 𝐿𝑁 = 𝐴𝑅𝐴 ∙ (𝐿𝑅𝐹 + 𝐿𝐼𝑀) Equation B.14 

 
𝐿𝑁 = 1.8 ∙ (1.8 + 2.0) = 6.84 

Similarly, it is conceptualised that all sub-parameters in Separation are 

interdependent, so that: 

 𝑆𝑃 = 𝑆𝐸𝐼 ∙ 𝑆𝐸𝑀 ∙ 𝑆𝐹𝐷 ∙ 𝑃𝐴𝐸 Equation B.15 

 
𝑆𝑃 = 0.6 ∙ 1.0 ∙ 1.0 ∙ 1.0 = 0.6 

Correspondingly, it is calculated that simply through addition that DA=2.0, 

LB=2.70, and EE=2.60. This can now facilitate the quantification of the 

provision factors: 

𝑊𝑝 = 𝐷𝐴 = 2.0 

𝑆𝑃 = 𝐿𝐵 = 2.7 

 𝐹𝑝 = 𝐿𝑁 + 𝑆𝑃 + 𝐸𝐸 Equation B.16 

 
𝐹𝑝 = 6.84 + 0.6 + 2.6 = 10.04 

And the final provision factor can be calculated through: 

 𝑅𝑝 = 𝑊𝑝 + 𝑆𝑝 + 𝐹𝑝 Equation B.17 

 
𝑅𝑝 = 2.0 + 2.7 + 10.04 = 14.74 

Once all these calculations are complete, the following comparisons can take 

place: 

𝑊𝑝 > 𝑊𝑟 ↔ 2.0 > 1.6 − 𝑃𝑎𝑠𝑠 

𝑆𝑝 > 𝑆𝑟 ↔ 2.7 > 2.53 − 𝑃𝑎𝑠𝑠 
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𝐹𝑝 < 𝐹𝑟 ↔ 10.04 < 10.80 − 𝐹𝑎𝑖𝑙 

𝑅𝑝 < 𝑅𝑟 ↔ 14.74 < 14.93 − 𝐹𝑎𝑖𝑙 

It is shown that the comparisons for two of the three sub-groups are 

acceptable, yet the global safety factor is not satisfied. It could be possible that 

a potential improvement in Structural Stability could compensate for the 

deficiencies in Fire Control, through an eventual acceptable value in the global 

safety factor. This however would need a strict domain of equivalency to be 

defined – that is beyond the scope of this example. An acceptable global safety 

factor but unacceptable sub-group values is an inherent danger when using a 

single indicator to define the acceptability of an assessment for more than one 

objective. 

It was also the author’s intent to showcase that the same compartment that 

was barely acceptable with a hierarchical method, fails by little when analysed 

with a grading scheme. This intends to highlight the variability in the results 

that can be produced with different methods, or even different versions of the 

same method. This is linked with the perception and responsibilities of the user 

and is linked with the plethora of issues analysed in the discussion in Chapter 

3. 

B.4 Conclusions 

This appendix provided a comprehensive review of the technical concepts 

related to fire risk indexing. Illustrative examples for a hierarchical model, 

insurance rating schedule, and rating scheme were outlined and used.  

This application showcased any differences between methods on the model’s 

structure, the parameter interaction, and the grading of the various attributes. 

The presentation of the key technical concepts through these examples 

contributed to the main findings of Chapter 3 and is placed herein as supportive 

material. 
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Appendix C Fire resilience and fire robustness 

C.1 Introduction 

In this appendix, the terms of resilience and robustness are explained. A 

progression of the available metrics and their sophistication is outlined, 

whether it is deterministic, probabilistic, or risk-based. Unresolved debates on 

fundamental concepts are discussed. Previous attempts to employ these 

metrics in the fire safety domain are outlined and the latest research is 

presented.  

This review is not exhaustive, but conducted to a point that highlights the 

tensions and open issues in this field, and how these affected the progression 

of this research. 

C.2 Regarding the terms of robustness and resilience – 

Definitions and metrics 

C.2.1 Resilience 

In order to better understand the decisions made in the duration this research 

took place, it is necessary to present what resilience is perceived to be across 

the various disciplines. Focusing on engineering, it is explored how research 

on it has evolved over the past years, how can it be measured, and how this 

look into resilience led the research focus of this project on robustness. 

Resilience is a term widely used in a plethora of disciplines from sociology and 

economics to engineering. In dictionaries, the word denotes both strength and 

flexibility [508], and it originates from the Latin word ‘resiliere’, meaning to 

‘bounce back’ [509]. Defining resilience in a generic manner, it is “the ability to 

prepare for and adapt to changing conditions, so as to withstand and recover 

rapidly from disruptions” [510]. Resilience is the ability of a system to return to 

its original state or move to a new desirable state after being disturbed. It 

emphasizes the dynamic features in the pre-event, during-event, and post-

event phases, through preparedness, response, and recovery respectively 

[509].  
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The focus on resilience, as a research direction, originated from a desire of 

agencies and groups for disaster-mitigation. It was realised that some events 

cannot be prevented, so some consideration should be given to the aftermath 

of these disruptive events, and what can be done in advance to 

influence/control/mitigate this. An example of this realisation is the work of the 

US National Infrastructure Advisory Council on the resilience of critical 

infrastructure [511], with the aim of incorporating aspects of resilience in risk-

management strategies, and its subsequent framework to quantify resilience 

goals to be achieved [512]. However, given that one could argue “that 

resilience is just the latest buzzword masking hidden complexities” [513], the 

overall emergence of resilience came through piecemeal and independent 

research attempts from different parts of the scientific community, starting 

mainly in the year 2000; this reality led to numerous definitions and metrics for 

resilience a decade and a half later.  

An extensive review on its definitions, along with qualitative and quantitative 

metrics has been conducted by Hosseini et al. [509], with a focus on 

engineering systems. They found that “the concept of resilience in the 

engineering domain is relatively new in comparison to other domains” and 

provided a taxonomy of the available terminology. Even though the definitions 

varied, most of them had some common elements, generally focusing on “the 

ability of a process or system to withstand a disruptive event and recover from 

it” [509]. Francis and Bekera [514], when similarly reviewing resilience 

terminology, found that the diversity in the use of the term complicates its 

definition and conceptualisation of metrics, so they proposed a framework to 

analyse resilience. According to Hassler and Kohler [513], “the definition of 

resilience has three dimensions (1) the core definition of the term; (2) the 

models by which the generalized, core definition is translated to specific 

situations; and (3) metaphors that communicate social and personal 

assumptions, experiences, and values associated with the scientific concept 

or public perceptions of the science”. The latter is not always touched upon in 

the reviews. 
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When it comes to metrics of resilience, there was a similar number of 

qualitative procedures (conceptual frameworks and semi-quantitative indices) 

with quantitative approaches (stochastic and probabilistic, dynamic and static). 

What turned out to be the focus of this work, for reasons that where explained 

in the introductory chapter, is the semi-quantitative index approach, which in 

general involves “the aggregation of expert opinion along multiple dimensions 

into an index” [509].  

When it comes to civil engineering, possibly the first complete publication on 

the issue is in earthquake engineering by Bruneau et al. [508] – which is also 

heavily cited in subsequent works on the issue – whose tool to quantify 

resilience is generally applicable to be extended for other concepts beyond 

earthquake engineering. An application, and theoretical expansion, is the 

employment of these principles to quantify the disaster resilience of health-

care facilities [515], which eventually comprised a framework for the analytical 

quantification of resilience in this field [516], and was later expanded at the 

community scale [517]. In these works, resilience is conceptualised by four 

R’s: robustness, redundancy, resourcefulness, and rapidity which can be 

quantified. These are described as:  

• Robustness is related to the capability of units to withstand certain 

stress levels without losing their function. 

• Redundancy refers to the extend which the system’s elements are 

substitutable, while in the field of structural engineering is strongly 

linked with the degree of statical indeterminacy [518]. For fire safety 

engineering it is achieved through simultaneous use of alternative 

safety strategies and mitigation measures. The purpose is to ensure 

that failure of a single protection device or system will not result in a 

major fire loss [9]. 

• Resourcefulness is recognised as the ability of identifying problems, 

establishing priorities, and mobilising resources under disruptive 

conditions. 
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• Rapidity is for what regards as the sufficiency in meeting priorities and 

achieving set goals in a timely manner. 

Additionally, four interrelated dimensions of resilience were recognised: 

technical, organisational, social, and economic – yet these cannot be 

adequately measured. Elaborating on those, technical (or technological) refers 

to the performance levels of the system under analysis, organisational to the 

organisations and facilities involved in crucial functions after a disruptive event, 

social (or societal) to the occurrence impact on a community, while the 

economic dimension is related to both direct and indirect financial losses. 

Bruneau et al. [508] presents in detail all the related aspects and interrelations 

of these terms in an explanatory table in their work. This categorisation 

appears to fit in a broader perspective which was given by Hosseini et al. [509], 

who identified four domains of resilience as organisational, social, economic, 

and engineering, yet these could vary depending on the research perspective 

– the similarities with earthquake engineering should be noted 

(technical/engineering).  

Bruneau et al. [508] clarified that “the notion of seismic resilience suggests a 

much broader framework than the reduction of monetary losses alone”, which 

raises the issue of including the impact of indirect consequences of events (like 

fires in the domain of this work) in analyses, something that could not be done 

with pure cost/benefit analyses and led to the employment of tools from the 

field of Decision Theory. 

Applications in civil engineering have as an object the built environment. 

Hassler and Kohler [513] referred to the relatively recent concept of the built 

environment as the space that includes manmade building and infrastructure 

stocks that constitute the physical, natural, economic, social and cultural 

capital in which people live, work, and recreate on a day-to-day basis. 

Regarding the built environment and the case of an individual building instead 

of a whole community, Burroughs [519] defines resilience as the ability of a 

building to maintain or restore its functionality after a damaging event or 

occurrence, within a particular time frame. 
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Extensive work in refining the terminology regarding critical infrastructure has 

been conducted by the IMPROVER project team, which led to the publishing 

of a Lexicon [520] with all the definitions presented, evaluated, and refined. 

The definition of resilience in the IMPROVER work is “the ability of a system, 

community or society exposed to hazards to resist, absorb, accommodate to 

and recover from the effects of a hazard in a timely and efficient manner, 

including through the preservation and restoration of essential basic structures 

and functions. Resilience is a complex construct of multiple resilience 

concepts”. 

However, there is an unresolved debate of whether resilience is an inherent 

property of the system being analysed, or a manifestation of the analysts 

beliefs based on the appreciation of relevant hazards and system operation 

conditions [514]. The first would be influenced by the aleatoric uncertainty, 

which refers to the natural randomness of many parameters that come into 

play, and the second by epistemic uncertainty in the analyses, which is the 

uncertainty introduced through the limitations imposed by the capability of the 

model employed; each happens to have different impacts in the accuracy of 

each analysis and the debate remains unsettled. This has led to a distinction 

of resilience metrics into structural based and general, the first focusing on the 

contribution of the structure to resilience, whereas the former evaluates the 

system performance irrespective of the structural system [521]. In either case, 

when addressing the need for system resilience, a clear definition of the 

system analysed is first required [522]. 

It should however be noted that resilience engineering is not intended to 

replace current design and risk-management approaches, but act as a 

“complementary attribute” in design that provides strategies of mitigation and 

adaptation [522].  

The notion of resilience is better outlined when visualised. In the qualitative 

graphs that follow, the functionality (any definitive metric that describes 

adequately the performance) of a system analysed (structural, organisational, 

or both) is plotted against time, to showcase the impact of a disruptive event 
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on two different systems; the one in Figure C-1 is considered non-resilient, the 

other in Figure C-2 is resilient, but always in relative terms. 

The notions that qualitatively characterise how resilient a system is are shown 

in the figures through the level of total lost functionality, the total time to 

recovery, the rapidity with which functionality is lost once the initiating event 

happens, and the slope under which a return to original levels is facilitated if 

such a total reinstatement is possible. If an acceptable level of functionality has 

been decided and quantified, then this can be also plotted to define 

acceptability criteria. 

 

Figure C-1 Functionality over time for a non-resilient system 

Through resilient design that imposes preparedness modifications, the 

functionality of a system can be raised to anticipate a disruptive event, as it is 

additionally shown in Figure C-2. 
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Figure C-2 Functionality over time for a resilient system 

From the comparison between the two systems, any differences in robustness 

and rapidity can be highlighted. The arrows indicate the notion involved, not 

the actual metric, as these graphs are qualitative. These are presented in 

Figure C-3 below. 

 

Figure C-3 Comparison of a resilient (blue line) and a non-resilient (red line) system. 



Developing a fire robustness index for the built environment 

C-8 
 

The importance of robustness and rapidity is also highlighted by Bruneau et 

al. [508] who stated that “all elements of resilience are important, but 

robustness and rapidity are seen as being key in measuring system and 

community resilience”. The triangular area the curve creates came to be known 

as the resilience triangle concept, which provided an initial quantitative 

measure for resilience. This conceptualisation was further extended by Zobel 

[523], to differentiate between systems with identical resilience but of differing 

robustness and rapidity levels, and later incorporated an approach to include 

decision makers’ preferences for the relative importance of the criteria in such 

an analysis [524]. Finally, since the existing toolkit only addressed a single 

event, the same tools were combined to assess the impact of multiple 

disruptive events to quantify the response of a system, by Zobel and Khansa 

[525]. These comparisons were made possible with the use of resilience 

curves. An example of multiple events is a fire following an earthquake, or 

purely in the fire safety remit, multiple fires breaking out over a period of time, 

or failure of compartmentation in a time series. 

Rapidity is closely linked with the resourcefulness and the reparability of the 

system, to reach its previous functionality level. Robustness is more closely 

linked with redundancy [526], [527] and describes the capability of the system 

to withstand stress, so it is more proactive in nature. 

When it comes to critically reviewing the available metrics, Tamvakis and 

Xenidis [528] reviewed the available resilience assessment methodologies, 

with a focus on critical infrastructure, and found that even though there is a 

continuous build-up of methods that evolve and employ various approaches, 

most of them are lacking due to their dependence on case-specific 

assumptions and concepts. They suggest the use of entropy theory to create 

a framework for resilience engineering. Cere et al. [529] completed a similar, 

more extensive review, focused on geo-environmental hazards and found alike 

that “despite the meaningful research that has been carried out in this regard, 

evident gaps have been pointed out in relation to the lack of a holistic viewpoint 

towards a finer resilience assessment” highlighting an intense contrast in the 

literature “between extremely broad analysis and limited-scale 
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methodologies”. Their work, which utilised a Delphi panel to extract attributes 

that should be evaluated in a resilience assessment [530] following the 

approach that is discussed in Chapter 3 of this thesis, provided a method that 

bridges between single-building and urban-scale assessments of structural 

resilience [531]. 

C.2.2 Robustness 

C.2.2.1 Notional explanation and clarification of terms 

Focusing on the notion of strength, robustness refers to the capacity of a 

system to withstand a given level of stress without suffering degradation or 

loss of function [508]. The accepted definition is that “robustness is the ability 

of a structure to withstand events (like fire, explosions, impact or the 

consequences of human error) without being damaged to an extent 

disproportionate to the original cause”, found in the Eurocodes [532]. When it 

comes to structural robustness, the building should not suffer from 

disproportionate collapse (which could be in the form of progressive collapse) 

under accidental loading [518], and robustness is considered the fundamental 

property of resistance to disproportionate damage [533]. Ellingwood [534] 

described disproportionate collapse as “a catastrophic partial or total collapse 

that initiates from local structural damage and propagates, by a chain reaction 

mechanism, into a failure that is disproportionate to the local damage caused 

by the initiating event”, after a critical appraisal of the available literature [535]. 

The probability of progressive collapse P€ has been conceptualised by 

Ellingwood and Dusenberry [535] as: 

 𝑃(𝐶) = 𝑃(𝐶|𝐷) ∙ 𝑃(𝐷|𝐸) ∙ 𝑃(𝐸) Equation C.1 

 

• Where€(E) is the probability of occurrence of an abnormal event E that 

threatens the structure; 

• P(D|E) is the conditional probability of local damage D as a result of the 

abnormal event E; 
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• and P(C|D) denotes the conditional probability of the collapse C of the 

structure as a result of local damage D. 

The influence of abnormal events (affec€g P(E)) is not within the control of a 

structural engineer [536]. It has been clarified however that even though 

progressive collapse is an occurrence to be avoided, there can be cases where 

it may not be disproportionate, s‘ that a 'progressive’collapse' event does not 

nec‘ssitate 'disproportionate’collapse', making the two notions inequivalent 

[518], [537]. 

C.2.2.2 Historical overview 

Robustness in structural engineering emerged as a concept relatively earlier 

than resilience, after the collapse of Ronan Point in 1968. The major 

parliamentary inquiry that followed, along with the public perception of the 

event as unacceptable, led to the first ever robustness related regulations 

[527], [538]. These, in some cases, directed the designer to account for 

unidentified accidental loads [539]. In the course of the years however, these 

rules have been found to be ‘hazy’ and designers lacked in confidence 

employing the guidance when incorporating aspects of robustness in their 

analyses, given how “robustness is not purely a mathematical quality that can 

be measured in terms of strength” [518]. 

The leading design principle the Eurocodes have employed is that local 

damage is acceptable, given that the overall stability and load-bearing capacity 

are sustained long enough to support any emergency measures needed to be 

taken [539], because it is considered “unrealistic to design against progressive 

collapse just by preventing local failure at any expense” [540]. The suggestion 

to design against accidental loads is mostly directed for the cases of structures 

whose collapse can be of significant consequences in terms of life safety, 

environmental impact, and financial losses [539]. An example of such 

prioritisation and distinction in the UK can be found in Approved Document A 

[25], which goes out to set ‘building consequence classes’ – 1, 2A, 2B, and C, 

from lower to higher risk respectively – and provide some acceptable limits in 

terms of damaged areas for each case. How this guidance evolved over the 
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years, and a tracking of changes can be found in another review document 

[538]. These classes are set out depending on the structure type, occupancy, 

and size of the building. A similar classification can be found in the Eurocodes 

[31], [532].  

In the decades that followed research attempts became less and less vigorous, 

focusing on the loss of a single element due to a single action, until interest 

was renewed by the progressive collapse of the World Trade Centre in 2001 

[541]. This led to a need for new guidance documents that engineers could 

use in the assessment of robustness. A summary of similar incidents 

accompanied with analysis of the findings can be found in another publication 

[542]. A workshop organised by the Joint Committee on Structural Safety 

(JCSS) [527] along with the follow-up European COST Action TU0601 

“Robustness of Structures” research programme [543], attempted to address 

this research gap.  

C.2.2.3 Early conceptual findings of that work 

Through this work, it was found by Baker et al. [526] that the available 

definitions of robustness did not indicate any useful criteria towards its 

quantification, or even determination of any acceptability levels. The code 

guidance that “the consequences of structural failure should not be 

disproportional to the effect causing the failure” is highlighted as ambiguous 

and of little help to engineers on the quantification of robustness [544], [545]. 

As with resilience, the variety of the various robustness definitions available 

across different disciplines can be found within some of the review works [526], 

[544]. In past versions of technical guidance, robustness was referred to as 

stability or solidity, but those being abstract qualities similarly with robustness, 

“they defy precise codification” [518]. This could also be why the guidance 

focuses mostly on the calculation of the structural elements’ reliability, rather 

than looking at the structure as a whole interacting system [543]. In their aims 

to quantify robustness, Baker et al. [526] expressed three desiderata, or 

fundamental properties, for any possible measure of system robustness to be 
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of essence in design applications, so that proposed methods can be evaluated 

upon them, which are reproduced below: 

• it is applicable to general systems; 

• it allows for the ranking of alternative system choices; 

• it provides a criterion for verifying acceptable robustness.  

C.2.2.4 The code approach to robustness and shortcomings 

A review of robustness provisions in many national codes can be found in 

Ellingwood and Dusenberry [535], usually in the form of notional element 

removal, or prescription of minimum tie forces to achieve element continuity. 

These are derived on the basis of “design and verification of sufficient reliability 

of components” [543], the approach followed to produce safety factors to be 

used in code-based design (which takes a deterministic format) for various 

load combinations (but the safety factors are derived from reliability analysis, 

so it has a probabilistic underpinning). However, arguments exist that given 

“the current technical state of codes and safety factors, the greatest risks to 

structures in reality lies not with having inadequate safety margins but with 

having inadequate robustness” [518]. This was also supported by the 

observation that “most failures of structures are due to unexpected loads, 

design errors, errors during execution, unforeseen deterioration and poor 

maintenance which is not possible to design against using conventional 

component based code checking formats” [527], directing researchers towards 

attempts to quantify robustness as a system property.  

Canisius et al. [527] found that even though comprehensive details for 

designing structures against disproportionate failure can be found in the codes, 

while also considering consequences indirectly, no guidance is available in 

them for conducting comprehensive analyses of structural systems and the 

consideration of risks on a probabilistic basis. An explanation for this could be 

that “stipulating the amount of damage to be tolerated (through, e.g, notional 

element removal) is a difficult social and regulatory decision” [534] along with 

the fact that the “robustness topic does not yet lend itself to academic 

precision” [518]. It was also noted that “on almost no other subject the 
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differences between the design rules in the various European member states 

were so large” [539], so given that the set of design requirements still lacked a 

“universally accepted definition able to quantify robustness”, many researchers 

focused on the conceptualisation of relative, rather than absolute, measures 

of robustness [545]. 

C.2.2.5 Index roll-out 

The work conducted by Baker et al. [526] and Faber et al. [544] on building a 

robustness index was eventually integrated in the JCSS’s guide for ‘Risk 

Assessment in Engineering’ [546], which was foretold by Canisius et al. [527] 

with a different title before its eventual publication. The contributions of this 

approach are that concepts from probabilistic risk assessment, which were 

commonplace in reliability and risk analysis for structures, were merged with 

concepts from decision analysis theory to quantify a robustness assessment. 

They also expanded the analysis framework to include the impact of decisions 

responding to an event and support multiple exposure events [526]. Based on 

the previous general comment about an accepted definition and absolute 

criteria, such is the case in this work that the index was conceptualised as a 

relative measure [545]. In that context, if something is robust, it does not 

necessarily mean it is reliable. The fact that a structure will not show 

disproportionate damage to the original cause does not mean that the original 

damage is acceptable, which is why a reliability and risk analysis is still 

necessary so that “the total system risk should be deemed acceptable through 

other criteria prior to robustness being considered” [544]; criteria such as the 

state of the structure, it’s load-bearing capacity, stiffness, redundancy, or 

reliability [541]. 

C.2.2.6 Index presentation 

The main idea behind the proposed robustness index is that if the risks 

associated with direct and indirect consequences can be quantified, then a 

robust system is “one where indirect risks do not contribute significantly to the 

total risk of the system” [526]. This is quantified using the formula: 
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 𝐼𝑅 =
𝑅𝐷𝑖𝑟

𝑅𝐷𝑖𝑟 + 𝑅𝐼𝑛𝑑
 Equation C.2 

 
In this conceptualisation, direct consequences are those caused by the initial 

damage, and indirect consequences are those linked with the system failure 

that follows, which are considered disproportionate to the cause of the initial 

damage [526]. These are taken from an event-tree analysis for a variety of 

scenarios. The index takes values from 0 to 1, from no robustness to total 

robustness respectively. The notion of damage refers to “reduced performance 

of system components, and system failure refers to loss of functionality of the 

entire system” [544]. That is why it is suggested that for the purpose of such 

analyses, the concept of failure is mainly related to the ultimate limit state and 

not to the loss of serviceability, in the respective design calculations [547].  

A graphical representation of this approach is shown in Figure C-4, where for 

an exposure Exp, there can either be no damage, D0, or a variety of damage 

levels, D1. This variety in outcomes and events is represented through the 

dashed lines. If, for the event analysed, that damage level leads to no system 

failure, F0, then only the direct event consequences are calculated, RDir. If 

system failure occurs, F1, then both the direct and indirect consequences are 

produced, RDir and RInd, representing the total consequences to the system 

[526], [544], [546]. 

 

Figure C-4 Graphical representation of quantifying a robustness index, adjusted 
from various forms [526], [544], [546] 
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C.2.2.7 Future alterations, improvements, and impact of method 

However, it was later accepted that because structural reliability analyses and 

any kind of robustness assessment require a comprehensive understanding of 

many important topics, their practical application in real situations is hindered 

[548], leading the realisation by Fang and Li [541] that despite those research 

efforts, “effective methods of analysing and ensuring robustness have not 

been reached”. 

Similarly, this first conceptualisation of the robustness index is considered 

“random” by Faber et al. [549] since it does not specify scenarios to be 

analysed, a fact that leads them to conceptualise a scenario-specific 

robustness index, which better captures the impact and importance of different 

events on the robustness of a system. This framework is later employed by Lu 

et al. [550] to be used in an earthquake application. Voulpiotis [551] built on 

the concepts of the JCSS many years later, to expand their application to tall 

timber buildings. While computational capabilities have improved and evolved, 

the process still remains extremely cumbersome, and the value of the 

approach is focused on the comparative assessment of design alternatives.  

This improvement aimed to avoid case-specific formulations that led to 

divergencies in definitions or metrics, so “a generic decision analysis 

framework for the C-15odelling and analysis of systems across application 

areas” was suggested, but its probabilistic formulation was “less than trivial” 

and the computational cost was considerable for practical applications. This 

led Faber et al. [549] to use crude Monte Carlo simulations for their 

calculations. Similarly, in its earthquake application, the process of the 

designer identifying relevant and significant scenarios to be analysed was 

considered “a central, critical and rather non-trivial issue”, for the calculation of 

consequences [550]. Even at that stage and implementation, additional 

modifications to the model were deemed necessary, to account for benefits to 

be gained by interlinked systems, which means that interactions between 

system components are not considered since they are very hard to model 

[549].There is also some hardship noted in the quantification of probabilities 
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for extremely rare events, which leads to the use of qualitative or semi-

quantitative analyses to classify the probabilities of accidental events [540]. 

C.2.2.8 Cost-optimisation 

Another example of the influence of this work, is the analysis conducted by 

Casciatti and Faravelli [545], who building from the JCSS’s work defined a cost 

function for all the design variables and made it “possible to simultaneously 

solve both the reliability problem and the cost-benefit analysis, thus performing 

a one-level optimization”.  

C.2.2.9 Energy approach 

In a relatively different approach, robustness must also include a structure’s 

capacity to dissipate the induced energy by ductility [552], while arguments 

exist on enhancing a system’s robustness by focusing on its energy absorbing 

or energy transferring capability [541]. This is also mentioned by the Institution 

of Structural Engineers (IstructE) [518] when, for example, considering 

dynamic loads, “the energy absorbed during deformation becomes an 

important resistance characteristic”, suggesting the area under the Μ-φ curve 

as a measure of an element’s ability to absorb energy. Quantifying the energy 

absorption capability is one vital step in complete strategies accounting for 

accidental loading. The Μ-φ area metric is employed by Guimarães et al. [548] 

to quantify redundancy in their model of robustness and a review of proposed 

redundancy metrics and indices can be found in Canisius et al. [527]. The most 

comprehensive review of energy-based methods was conducted by Agarwal 

and England [537], but Starossek and Haberland [536] have highlighted how 

the appropriateness of these different energy-approaches is dependent on the 

expected failure mode and progressive collapse typology [553] of the structure.  

C.2.2.10 Discussion about redundancy and how its contribution is 

ambiguous. 

However, the concept of redundancy is an ambiguous issue, not so much 

about its definition, which is linked with the existence of more load paths than 

strictly necessary to carry the load [554], by proxy expressed in the degree of 
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structural indeterminacy, but about its contribution to robustness, because in 

that context it has a wider meaning and interpretation [518]. It is explicitly 

stated that increased redundancy can increase robustness [526], but a high 

degree of redundancy does not necessitate a robust structure. Hypotheses 

that a high redundancy index could be used as a surrogate, or complementary 

measure of robustness, are not reliable [541] because in many cases reducing 

the degree of static indeterminacy “may be used to avoid progressive collapse 

caused by accidental events, thus increase the robustness of the entire 

structure” [540]. For example, in some cases the concentration of damage, 

and subsequent failure of a simply supported element, could avoid the initiation 

of cascading effects when compared to a similar failure of a continuous 

element, thus protecting against progressive collapse. Finally, it was also 

noted that there is a variety of other methods that can contribute to robustness, 

and these are not related to redundancy [527], such as ductility, load-

redistribution, and damage detection [526]. 

C.2.2.11 Other general guidance approaches 

In other, more descriptive approaches to assist designers on the issue of 

robustness, IStructE published a practical guide which “tries to provide 

common sense advice on what constitutes robustness” [518], focusing on UK 

building consequence classes 1 and 2. Similarly, a review commissioned by 

the Department for Local Communities and Government [538] provided 

research findings on disproportionate collapse, along with a few publications 

for risk assessments in UK class 3 buildings. 

C.2.2.12 Design stage assessment for cost reasons discussion 

The motivation for employing such approaches is the argument that if a 

robustness assessment is incorporated throughout the design process, even 

better early in the design stage [537], consideration could be given for extreme 

situations whose damaging consequences can be prevented at no extra cost 

following a suitable conception of the structural system [545]. After all, aiming 

for a robust structure doesn’t mean that its elements are over-dimensionalised 

(or over-designed) [538]. This analysis, given that structural engineers 
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understand the scenarios and technical issues involved, is vital in 

communicating the consequences of extreme events to various stakeholders 

at the conceptual design stage, when issues of structural integrity are 

addressed most effectively and economically [534]. 

C.2.2.13 Professionalism 

The author would like to highlight that even though the literature is mostly 

focused on code provisions and the nature of the guidance available, there are 

also some views which touch upon the issue of engineering professionalism 

and competence overarching with robustness [555]. IStructE [518] considered 

that to achieve robustness, the strategy needed has three aspects; it “lies 

partly in the competence of the design team, partly in compliance with good 

building practice and partly in compliance with regulations and codified rules”. 

However, going a step beyond pure rule-based compliance, it is acknowledged 

that for any engineering professional good design goes beyond the minimum 

requirements in technical guidance [534]. 

C.2.2.14 A systems approach 

Another common theme in the literature, briefly touched upon previously, is the 

discussion that codes focus on the design of elements or sub-systems of the 

whole engineering system [527]. This disproportionate focus and extent of 

analysis between components and system has occasionally led to systems 

failing in a cascading manner [526]. That is why system effects are considered 

vital when modelling robustness [543], and approaches like the ones 

presented can act as a “supplement to traditional member based design” [544] 

so that a structure’s robustness can be looked at as a whole [518]. That way 

the global structural behaviour with its corresponding failure modes is 

considered, mitigating any localised failure’s capability for damage in terms of 

extent or graduality of onset [538].  
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C.2.2.15 Handing over to resourcefulness and mixing the concepts 

of resilience with robustness.  

With the benefit of hindsight, a possible interchangeability due to 

misrepresentation in the terminology of robustness and resilience could be 

brought upon, to highlight the interlarding of the terms. In the work of the JCSS, 

it is explained that the notion of ‘system’ refers to the physical structure, along 

with the inspection and maintenance strategies in place for it [526]. This means 

that when calculating the robustness index, not only ‘hard’ aspects of the 

physical structural system are analysed, but also ‘soft’ aspects such as 

managerial decisions on inspection, maintenance, and repair procedures. This 

broadening of the analysis domain came as a novel addition to reliability 

methods who only modelled the physical structures [527]; the timeline of these 

actions remains unclear to the author however – whether they take place as 

preparedness measures or disaster response. This leads to an inclusion of 

resourcefulness and rapidity aspects into the quantification of robustness, 

making it more of a resilience analysis than one of robustness. That is however 

something to be expected since the two fields were not solidified at the time to 

be distinctive entities. 

For example, for two identical structures, which could perform in the same 

manner against an adverse event, thereby showcasing the structure’s identical 

robustness to that event, the indirect consequences could be very different for 

two varying occupancy types (for example a terrorist threat in two occupancies 

of differing occupant loads). Could it be argued that given the difference in 

consequences the buildings had different robustness levels? Depending on 

the conceptualisation of robustness, yes – whether that is conceptually 

accurate is the matter of that debate.  

Here arises a possible distinction between the robustness as a property of the 

structure, or a property of the system as a structural environment in use. It is 

argued that the probability of an adverse event (in the context of this work, a 

fire) could be controlled by measures in the building site or access to it, control 

of hazardous substances, occupant management, or other ‘soft’ measures 
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which are independent of the structural design and relate to the building use 

[534]. So, if robustness is perceived as a generic system property, then 

whatever actions are taken to reduce the frequency of adverse occurrences, 

as well as mitigating the extent of failure consequences, are affecting the 

system’s robustness, as conceptualised by Baker et al. [526]. If, on the other 

hand, it is conceptualised as the property expressing the capability of the 

physical structure to withstand damage, then these managerial actions are 

irrelevant to its quantification – what should be quantified is the ability of a 

structure to cope given a variety of intensity measures. This leads us to the 

question of occupancy variations affecting the quantification of robustness, 

prior to any acceptability levels being set based on these occupancy types. 

Agarwal and England [537] have proposed approaches where only the 

structural form is analysed to improve the robustness of a building, irrespective 

of its loading. Starossek and Haberland [536] are vocal supporters of this 

conceptualisation and stated that “robustness is a purely structural property in 

the sense that the cause and probability of local failure and thus also the 

nature, extent and probability of triggering abnormal events are immaterial”. 

Eventually, this discussion devolves around the analysis approach chosen. If 

it is a deterministic approach, then a scenario specific analysis can showcase 

the robustness of the structure to this event. If it is aimed that robustness is 

quantified generally, then the consequences for every scenario need to be 

calculated, and aggregated with their respective probability of occurrence, so 

that robustness could be quantified as the integration of the distribution of 

probability-consequence, as it is necessary for a risk-based approach. 

However, an argument exists that “resilience, in the same manner as 

robustness is thereby a system characteristic of a random nature and 

requirements to resilience may only meaningfully be specified probabilistically” 

[549]. This complicated things further, because there are views that robustness 

should be heavily defined on the capability of a structure to withstand low 

probability/high consequence events, which are hard to quantify 

probabilistically [537]. 
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This debate is only briefly touched upon in the literature, by Fang and Li [541], 

who due to the temporal variations in the state of the structure and its 

environment, along with the unmanageable quantification of the variety of 

possible triggering events, were led to look into the aforementioned energy-

based methods to explore the quantification of robustness as a structure 

property independent of its environment and triggering events. Agarwal and 

England [537] reached similar conclusions.  

Eventually, the choice between the two options depends on the 

conceptualisation of the robustness metric by the researchers, and it is vital 

that any choices, assumptions, and consequent limitations are documented 

and brought forward to the attention of the designers.  

A similar ambiguity exists for the notion of resilience, which has been referred 

to already in previous sections and has led to a separation of resilience 

metrics. The author agrees with this separation, to have robustness as a purely 

structure property, and resilience as a structure-system-network-environment 

property through quantification of its absorptive, restorative, and adaptive 

capacities [521]. 

C.2.2.16 Merging robustness with resilience in recent years 

In recent years, aspects of robustness and resilience are found to be analysed 

in conjunction [550], since they “are strongly interdependent and the optimal 

design and management of systems depends on a thorough understanding of 

this dependency” [549]. Likewise with resilience, robustness is considered to 

contribute to the overall reliability of structural resistance and serviceability of 

a structure [31] and is considered “of great significance to risk mitigation” [541]. 

However, the element/system debate has been brought forward in the domain 

of resilience when it was mentioned that the available element focused risk-

based approaches for improving resilience are inadequate and a need was 

brought forward for the development of a new paradigm for resilience 

engineering employing a systems approach [522]. The most up to date joint 

review on robustness and resilience concepts and metrics can be found in 

Stochino et al. [521]. 
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C.2.2.17 Fire events in robustness literature 

In the literature of robustness and resilience, fires are recognised as “an 

important accidental load case” [518] and Ellignwood [534] has found that 

severe fires belong in a group of hazards that historically have been dealt with 

through deemed-to-satisfy clauses, but recent evolutions in building practices 

and socio-political challenges have created a need for formal structural 

calculations. Even though fires as accidental actions are rare, they are not so 

rare to not be considered in the design of structures [535], [540].  

However, even though there are many similarities in the analytical methods 

employed, there also exist some differences in fire engineering robustness 

with the more general structural engineering robustness. In fire scenarios, 

stability issues are usually focused within a floor and its neighbouring slabs 

[538], whereas in structural scenarios the whole building frame is employed in 

resisting or succumbing to collapse. Additionally, the difference in timescales 

is of considerable impact, since fire events take relatively longer to affect the 

structure stability than other dynamic effects of shorter scale, like impacts or 

earthquakes. This complicates the analysis by the need to include more 

complicated phenomena like the softening of structural steelwork or heat-

induced bucking of members [538]. 

C.2.2.18 Summing up 

It is deducted from the above review that robustness is a prerequisite of a 

resilient structure, mostly through its provision of measures affecting an asset’s 

behaviour in the pre-event and during-event phases. The basic idea is that a 

robust system responds effectively to disturbances and thus is more resilient 

[556]. It is the author’s assumption that this could be phrased as robustness 

for a fire event (pre-event) and to a fire event (during-event) respectively.  

However, it is still infrequent, and rarely easy, that resilience can be quantified 

as a measure of the impacts on the built environment, so the research problem 

remains open and there is still a lot of ongoing debate. This can explain the 
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calls for resilience which “must transition from just a buzzword to an 

operational paradigm for system management” [522]. 

C.2.3 Fire and the ‘other’ concepts 

Concepts relevant to resilience, like indirect losses and business continuity, 

were mentioned in the ‘fire’ literature [33], [98] in earlier years than when 

resilience engineering emerged. However, in the latest decades the concepts 

have additionally expanded into the environmental impact that fires can have.  

C.2.3.1 Insurance 

The most common response to “enable mitigation and limitation strategies” in 

the fire insurance world is through the incorporation of automatic suppression. 

When considering the environmental impacts of fire and the potential benefits 

in limiting them, the design objective of sustainability and environmental 

protection is also claimed to be addressed when using sprinklers [557].  

These concepts were formally expanded with the work of Wilkinson [423] who 

briefly reviewed the historical perspectives of fire engineering in the UK [41] 

and then pooled the available industrial experience and impressions of the 

time. That work was done to promote practices that lead to resilient design 

[558]. The evolvement of the discipline, which meant a disengagement from 

rule-based guidance and Deemed-to-Satisfy conditions to a more functional 

approach, allowed now a more explicit and quantified consideration of 

objectives other than life safety. It was recognised that insurers, who were the 

traditional stakeholder that pushed for the consideration of objectives like 

property protection and business continuity, which by proxy require a resilient 

system in place, were called later on in the design process and their 

requirements were not always satisfied. That is why the concept of business 

impact analysis was expanded into fire engineering, utilising the position and 

expertise designers have, so that this perspective is covered as well early in 

the design process. This work was also key in the creation of BS 7974: 

Application of fire safety engineering principles to the design of buildings - Part 
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8: Property protection, mission continuity and resilience [559]; this document 

was superseded in 2019. 

Wilkinson’s [558] findings “that insurers do not play an active role in the fire 

safety engineering process, and when they do, their poor levels of knowledge 

and understanding precludes any meaningful interaction” seems to resonate 

in recent years through Howe’s [560] comments. Howe recognised that the 

regulatory requirements in the UK focus on life safety and not “on providing 

resilience of the built environment to fire” and this can potentially cultivate the 

risk perception to homeowners that if their properties comply with the technical 

guidance to satisfy the regulations, then their buildings are protected from fire, 

leading them to “often assume their properties are more resilient than they 

are”. Howe’s [560] suggestions are the inclusion of insurer’s early in the design 

process, because they can “counterbalance this absence of a regulatory 

steer”, iterating that sprinkler protection is not a panacea but has a proven 

track record in minimising the impact of fires. However, BS 7974 is not 

mentioned, and instead a proprietary hazard analysis tool is suggested for the 

conduction of analyses needed to pursue a more resilient built environment.  

Another insurance perspective to mitigate the impact of fire beyond life safety 

is provided by RISCAuthority and the Fire Protection Association, through their 

‘essential principles’ [561]. This guidance is published in conjunction with a 

version of the Approved Document B (ADB) which has incorporated insurers’ 

requirements [562]. This version of ADB has incorporated the ‘essential 

principles’ into the functional requirements of the UK’s Building Regulations, 

but has also expanded on the rule-based guidance through additional 

highlighted clauses that aim to cover aspects of property protection. Finally, 

the ‘essential principles’ document was expanded to cover for business 

resilience as well [563]. 

C.2.3.2 Regulatory domain 

In 2014, the Research Foundation of the National Fire Protection Association 

in the US, started a project that aimed to identify any provisions in NFPA codes 

and standards that incorporate concepts of resiliency. This was finalised with 
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a workshop in 2015 to disseminate the findings of the project to members of 

the NFPA technical committees [564]. This attempt coincided and was 

complemented with the publication of a Resiliency Guide for NFPA Technical 

Committees [565]. It is of note that NFPA 550 – Guide to the Fire Safety 

Concepts Tree, which was one of the first deviations from rule-based guidance 

in fire safety engineering and acted as the source of attributes for many fire 

risk indices, is recognised as one of the tools to support decision making 

around issues of resilience, showcasing the flexibility of this functional-based 

approach.  

In the UK domain, a review by Manes et al. [7] has attempted to clarify and 

solidify the terminology around resilience in the fire safety discipline, and also 

covered the level in which guidance documents account for issues of 

resilience. It was recognised that resilience as a focus is shifting from 

individuals to communities, and can be most effective as an outcome of 

effective governance that appoints appropriate people to make decisions. Most 

notably, available British guidance documents are placed on the resilience 

chart, as shown in Figure C-1 and Figure C-2, based on their provisions for 

prevention, response, recovery, and adaptation to disruptive events. This 

figure is reproduced below in Figure C-5. 
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Figure C-5 Relevant guidance documents on the resilience graph, reproduced from 
Manes et al. [7]  

It was found that the onus is on measures taken before and during a fire event 

(robustness), with less documents providing guidance for the recovery and 

adaptation phases (rapidity), a reality that hinders designers who rely on 

technical guidance from ensuring a more resilient building environment. In the 

context of this thesis, this classification can be used as a guide to choose 

guidance documents for the extraction of fire safety attributes and the fire 

safety objectives they serve in a hierarchy. 

C.2.3.3 Approaches from first principles 

Resilience can also be analysed through a more explicit approach, one that 

deviates from rules and clauses, but employs more complicated tools from first 

principles. This is what is also widely phrased as Performance-Based Design 

(PBD) in fire safety engineering, a process that relies on the application of 

engineering principles and physics-based modelling for the design of buildings 

[566]. 

One of the first functional approaches to resilience in fire safety engineering 

was the adaptation of the The Pacific Earthquake Engineering Research 

(PEER) Center’s Performance Based Earthquake Engineering (PBEE) 
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framework to structural fire engineering by Lange et al. [567]. This approach is 

a linear process of calculating the intensity measure that a system will be 

subjected to, its structural response, and the resulting damage and economic 

losses. The ability to quantify the performance of a building in monetary terms 

is considered to be an evolutionary step in engineering decision making, and 

much needed in fire safety engineering in order to disengage the decision 

problem from comparisons with equivalent designs produced with rule-based 

guidance. Even though at a “proof-of-concept” stage with multiple arbitrary 

assumptions, the adaptation of this tool to fire engineering can allow an explicit 

calculation of damage, costs, and downtime of structures; outputs necessary 

for any resilience assessment. This initial work was focused on steel frame 

structures with composite floors and fully developed compartment fires; 

concepts employed in the PEER PBEE framework were later explored for 

concrete frame structures and travelling fires by Rush and Lange [568], 

allowing the quantification of damaged states that could be used in a resilience 

engineering analysis. This was later exhibited for a concrete cantilever slab by 

Van Coile et al. [569], showcasing the further potential of these concepts to 

achieve more resilient designs. However, one main current limitation is the lack 

of generally accepted fragility curves that could support a consistent basis for 

design following these approaches [570]. Another limitation of the probabilistic 

approaches revolves around the treatment of uncertainty and the impact the 

inputs might have on the trustworthiness of the results – this issue is explored 

and analysed by Cadena et al. [571]. Even though it stems from a generic 

assessment and quantification of fire safety, rather than a pure resilience 

perspective, the Maximum Allowable Damage tool is relevant in this domain 

for its ability to assess damage and conduct analyses that focus on the 

acceptability of fire event consequences (rather than aggregating them with 

their probabilities into a risk metric) [572]. 

The works above, with their probabilistic treatment of the inputs and the 

quantification of the consequences in the form of structural damage, appear to 

follow the need for a risk-based approach to resilience, as this was recognised 

in the generic literature in the previous section.  
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Finally, in an attempt to utilise the findings of these works and translate them 

into more commonly applied design tools (such as deterministic design 

through partial safety factors, which are derived from reliability analysis, as the 

approach found in the Eurocodes), Van Coile et al. [573] used the outcomes 

and capabilities of the aforementioned analysis to explore the potential of 

expanding the approaches followed in structural engineering and produce 

target indices for the case of resilience in fire safety engineering. This way 

resilience-specific partial safety factors can be calculated to be used for the 

design calculations of a ‘resilience limit state’. 

Another conceptual framework to quantify fire resilience was proposed by 

Himoto [574]. This builds on the concepts that were developed in earthquake 

engineering by Bruneau et al. [508], but solves the issue of the quantification 

of probabilities by using the available statistics in Japan on fire spread between 

compartments, and the cost and downtime of structures that are refurbished 

after a fire. It does not follow the employment of first principles for the structural 

performance and damage assessment that previous works in this section did, 

but relies heavily on normalising fire durations and heat fluxes to equivalents 

of a standard fire curve. It is not considered a decision-aid in itself, but is 

suggested that its coupling with cost-benefit analyses can allow this tool to be 

part of a decision-making process for the safety measures in a building that 

could ensure its improved performance in fire, for objectives beyond life safety. 

C.2.3.4 Existing review 

Gernay and Elhami Khorasani [566] have conducted the latest exhaustive 

review on the issue of resilience to fire from a structural engineering 

perspective. They recognised that the current design approach, following 

prescriptive ad-hoc rules, has reached its limit – while successful in reducing 

fire deaths in the past century, it cannot accommodate modern needs and 

challenges in ensuring a resilient built environment. This led to the need for a 

paradigm shift, by expanding the goals from life safety to resilience, evolving 

the scale from structural elements to whole systems, accounting explicitly for 

uncertainties due to the limitations of deterministic approaches, and reviewing 
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multiple hazard scenarios for a holistic analysis of the domain. The current 

capabilities are presented in this work, but it is also explained which limitations 

pose the main block for their further utilisation to transcend engineering 

practice in fire and how these can potentially be addressed by current research 

practices.  

C.2.4 Indexing approaches to robustness and resilience 

As it has been shown in Chapter 5, whenever uncertainty or knowledge gaps 

prevail and hinder the conduction of sophisticated analyses, conservatism or 

indexing are the solutions most frequently resorted to. Conservatism is 

realised through the introduction of prescriptive statutes, and indexing 

happens in the form of transforming expert knowledge through elicitation 

exercises into semi-quantitative ordinal methods of assessment.  

Robustness and resilience are concepts whose complexity and challenges 

have been analysed in this appendix. To circumvent these issues, some 

developers have attempted to put forward suggestions, or complete methods, 

in the form of indices and frameworks, to quantify them. A very elementary 

approach is provided by Navitas [575], who used a design matrix to improve 

the resilience of neighbourhoods, however the presentation of this application 

is not extensive enough to convince (the author) of the potential of the 

approach. Similarly, Iding [576] suggested components and composite scales 

for the robustness of steel structures – these suggestions are at a conceptual 

stage.  

Another widely known tool for earthquakes is REDi, by Arup [577], which 

essentially prescribes different levels of desired performance for certain 

grades and indexes the outcome from PEER PBEE analyses. This approach 

is an overlapping of indexing and first principles, depending on the extent that 

each tool is employed. 

A relatively well-documented attempt is the U.S. Resiliency Council’s (USRC) 

building rating system for earthquakes [578]–[580]. This attempt was made 

possible due to the proliferation of performance-based approaches in 
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earthquake design, like the FEMA P-58 [581], whose outcome in performance 

terms could be grouped in tranches, visualised through stars or badges. The 

vehicle for this method is the USRC, a non-profit organisation, which 

developed the method that translates the expected performance of buildings 

in terms of safety, repairs, and downtime in case of an earthquake, into a 

rating. The aim of this was to inform the public in non-technical terms about 

the performance of their buildings, while also provide professionals in real 

estate with a certification process similar to the ones that are available for 

sustainability. The expected outcome of this was that “market forces would 

eventually drive the building design, management, and procurement process 

into more resilient seismic design” [579], and experience with the gaming of 

existing rating schemes (abuses in most buyer-pay rating systems) led the 

USRC to create a new more transparent and credible process by having “an 

audit of the audits” [578]. However, in its desired attributes, the description can 

appear a bit contradicting when reviewing the following segment [578]: 

“A rating system must be technically rigorous, but easily understood by 

non-technical audiences. It must communicate complex engineering ideas about 

performance measures and hazard levels, but in a sound-bite fashion. It must be 

reliable and repeatable, but easy (and inexpensive) to implement. It must provide 

a realistic assessment of potential seismic risk, but should not be so 

conservative that most buildings end up with a low rating. Finally, it must 

represent a consensus opinion from broad-based representation within the 

engineering community, while also considering input from stakeholder groups 

that do not come from engineering backgrounds” 

Eventually the method was rolled out [582] through an implementation manual, 

but no literature on its impact is available. A pilot implementation and case 

study can be found in Wang [583] that showcase the potential utility of the 

approach.  

Finally, a qualitative approach for ports is the Ports Resilience Index [584]. This 

follows the format of a checklist with the aim to support management 

organisations to assess whether they are prepared to maintain operations 

when encountering disasters.  
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C.3 Conclusions 

The initial aim of this project was to develop a fire resilience assessment 

methodology for the built environment. This appendix has provided the reader 

with a review and explanation of the terms of resilience and robustness 

because it was deemed conceptually constructive to review the literature of 

resilience to ensure that all the available lessons learned are taken into 

consideration. 

It is widely recognised that this is a relatively new research focus, with no 

generalised consensus on the concepts involved and their potential structure 

or interactions. Quantifying resilience has proven to be a very daunting and 

challenging task, with a risk-based approach been suggested as the more 

appropriate one. Findings and tools from research projects in earthquake 

engineering that initiated 20 years ago are only now starting to be utilised in 

more formalised assessments of resilience, which was made possible by the 

nature of earthquake design and the ability to model a whole structure, along 

with the collection of some relevant statistics on repair costs and rebuilding 

times. This has led to the creation of certification schemes that essentially 

prescribe performance to produce a ranking.This review is not exhaustive, but 

conducted to a point that highlights the tensions and open issues in this field, 

and how these affected the progression of this research. 

Robustness, a component of resilience, is usually the focus of structural 

engineers in buildings. Again, it is a nebulous concept that is hard to codify, 

and even harder to quantify. Major efforts occurred in the past 20 years to 

quantify robustness, but the concepts involved are technically and theoretically 

demanding, which prohibits a larger-scale application of robustness 

quantification. It was found that there is still no consensus on how to approach 

the issue, whether with an energy-based approach, a prescription approach, 

or a risk-based approach. Views exist that a risk-based approach might not 

capture the full picture because some event probabilities are hard to quantify, 

and sometimes the acceptability levels are set on a consequence basis 
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irrespective of the associated probabilities of these events happening – an 

issue of the public’s risk perception. 

Finally, current approaches to resilience and robustness in fire are presented 

and discussed. Major and promising steps have been taken in the past 10 

years in that direction, but there are many limitations to be overcome yet, 

namely a definition of fragility curves to map structural responses to intensity 

measures, a disentanglement from the concept of fire resistance as a metric 

of structural performance, computational capabilities for advanced modelling 

of the system, and knowledge generation to fill in research gaps needed for 

first principles approaches. This should be highlighted, because modern 

capabilities with performance-based design can give the false impression that 

fire safety has reached a sophistication in its quantification that is adequate for 

a resilience assessment, when that is not completely true. 

This review comes to show that resilience is such a complex concept in 

general, that when combined with the uncertainty associated to fire 

performance it becomes a practically impossible problem to solve in the 

domain of a PhD project. Projects with a focus on resilience were mostly 

successful when they were backed by a large organisation or government, 

when they had political backing and funding for many years – the prevailing 

method so far has been piecemeal research projects which proved helpful but 

inadequate to address the whole issue. This should be kept in mind for future 

research attempts. 
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Appendix D Building a robustness index 

D.1 Introduction 

Following the findings and guidance that was presented in Chapter 7, an 

illustrative structure of a fire robustness index and the process for its 

calculation is outlined. 

It again should be clarified that this is not a complete, finalised, nor tried 

method. This is an exercise, a mock process of the author to act as a first step 

in implementing the findings of this thesis; guidance in developing a method. 

D.2 The mock process 

D.2.1 Fundamental objectives 

If building resilience is the fundamental objective (the way it was considered at 

the conceptualisation of this research project), then as it was presented in 

Appendix C, resourcefulness, rapidity, redundancy, and robustness can be 

considered the means objectives to achieve that fundamental objective. From 

the review conducted it was noticed that robustness and redundancy appear 

to the main focus of resilience analyses, whereas the areas of resourcefulness 

and rapidity that focus on the post-event phases do not attract the same 

attention. 

To focus the domain of this work into something feasible and practicable, 

robustness was chosen to be studied and indexed, essentially becoming the 

fundamental objective of this work (even though it is a means objective in the 

perspective of resilience). Redundancy was chosen to not be included in this 

analysis, due to its stronger relation with attributes that depend on active or 

managerial fire safety systems – the focus of this work was chosen to be the 

structural system and any passive elements that the building is comprised of. 

This initial hierarchy is shown in Figure D-1 below. 
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Figure D-1 A hierarchy with resilience as a fundamental objective 

From the figure above it can be shown how robustness is broken down into 

three means-objectives that address the performance of the structure, the 

external elements, and the internal elements. Redundancy is broken down into 

structural redundancy (which should be evaluated on a case-by-case basis 

through first principles and not through an index) and the fire systems in place 

(which were disregarded as not being a part of the passive fabric of the building 

– that is an outcome of the choice to analyse the structural system and not the 

whole building system).  

It was chosen to not quantify the relative importance of parameters, but employ 

an equal weights approach, for two reasons; the importance of and reliance on 

relative weights was questioned in previous findings [12] and this disbelief was 

exhibited in Appendix B, it is not considered a research process but a 

development process (so it is outside the scope of this project), and it is a 

demanding and time-consuming procedure that would reduce the quality and 

quantity of other outputs of this work to a disproportionate level to the value it 

would add. 

It follows that the values of the attributes are averaged to the value of the higher 

level objective, which in turn is averaged with the same level objectives. This 

process is followed until the overall fundamental objective’s value is calculated, 

which is the robustness index. 
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D.2.2 Means objectives and attribute generation 

Moving forward with a specific focus, robustness has now become the 

fundamental objective in the domain of this work. How the means objectives 

that address the performance of the structure, the external, and internal 

elements are presented in their hierarchies. These hierarchies also show the 

attributes considered to conduct an assessment.  

To populate these hierarchies, attributes had to be recognised, refined, and 

included in the analysis. The outcome of this process is presented in the next 

section, along with the scales that were chosen to quantify the attributes. 

These are presented in both tabular format, for the extraction of exact values, 

but also in graphical format to exhibit the trends in the curves in the 

quantification of the values. 

D.2.2.1 Attribute generation 

Implementing the findings of Chapter 3 and its respective publication [12], the 

relevant guidance was reviewed to produce the lists of relevant attributes for 

each means objective. Manes et al. [7] have conducted work that recognised 

which UK standards and codes include provisions that touch on issues of 

building resilience. Figure C-5 was reproduced from this work and it shows 

how each standard falls in the resilience stages of prevention, absorption, 

response, recovery, and adaptation of, from, and to an adverse fire event.  

Since this work is focusing on robustness, some of the codes and standards 

that related to the prevention, absorption, and response domains have been 

analysed; specifically the BS 7974 suite [30], BS 9999 [28] along with BS 9991 

[29], and Approved Document B [26], [27]. Then the list was edited by the 

author, to include attributes that could be quantified and provide a meaningful 

insight into the assessment of robustness – attributes that dictated a minimum 

necessary provision to be expected, with no potential deviations, were not 

included because they would not alter the assessment outcome and tend to 

shape the index into a tick-box exercise which would face the danger of 

becoming a regulatory check, which it definitely is not. Finally, attributes that 
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are descriptive or plagued by a difficulty of quantification beyond the scope of 

this work were also not included. It should be clarified that the derivation of 

attributes from these standards does not neither ensure nor hint at compliance 

with this guidance. 

For reasons of consistency, it was arbitrarily chosen to choose a value of 0.75 

when the regulatory minimum is satisfied in an attribute scale. The method 

however has not been field tested nor calibrated to existing buildings that are 

compliant to a piece of guidance. 

D.2.2.2 Structure 

To study the structure in terms of fire robustness, it is sectored into loadbearing 

and non-loadbearing. The breaking down of each end into their respective 

attributes is shown in Figure D-2 below.  

 

Figure D-2 A hierarchy with the structural performance as a means objective to 
achieve robustness 

D.2.2.2.1 Load-bearing 

Thermal inertia was included to account for the easiness of the structure to 

notice changes in its temperature, assuming that a low thermal inertia (and 
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easiness to heat up) is a negative aspect. There is no regulatory minimum for 

that. In protected assemblies, an average thermal inertia value can be used. 

The grades are outlined in Table D-1 and this is visualised as a risk-averse 

curve in Figure D-3. 

Table D-1 Grading of the loadbearing structure’s thermal inertia 

Thermal Inertia Grade 

0 0 

1500 0.75 

3000 1 

 

 

Figure D-3 Visualisation of the thermal inertia grade for the loadbearing structure 

The same process is followed for the structure’s fire resistance, which here is 

taken as an attribute in quantifying the structure’s ability to withstand a fire 

event. However, fire resistance is a constructed attributed on proxy properties 

and its limitations have been discussed extensively in the academic literature.  

The user of the method can compare the guidance dictated fire resistance 

rating with the structure’s rating, and reach a value. This is facilitated through 

Table D-2 below: 
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Table D-2 Grades for the fire resistance of the load-bearing structure 

Fire resistance rating FRreq30 FRreq60 FRreq90 FRreq120 

0 0 0 0 0 

15 0.6 0.35 0.2 0.05 

30 0.75 0.55 0.35 0.125 

60 0.85 0.75 0.6 0.3 

90 0.9 0.85 0.75 0.5 

120 0.93 0.9 0.85 0.75 

150 0.97 0.95 0.95 0.9 

180 1 1 1 1 

 
The plotting of this table leads to the following Figure D-4: 

 

Figure D-4 Curves for various fire resistance requirements and provisions 

One of the novelties of this work is constructing attribute scales that have the 

form of utility functions. This approach also ignores the occupancy of the 

building, because that is what was used in guidance as a proxy for the 

expected fire occurrence and fire load – the index is calculated only on the 

basis of the desired fire resistance rating. If the guidance provision is set low, 

then a higher value is easier achieved. The curves for FRreq30 and FRreq60 

are intentionally very risk averse, establishing a nature of diminished return for 

any exceedance of the expected “adequate” performance. The curve for 

FRreq120 is risk prone until it reaches the guidance minimum, and then 
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becomes slightly risk averse to employ that nature of diminishing returns. The 

risk proneness is a desirable behaviour in the curve, in order to highlight the 

potentially unwise risk seeking attitude in a design solution (where it is 

assumed that if a high fire resistance rating is expected, the potential for severe 

consequences is also high). 

Finally, the utilisation ratio of the load-bearing structural elements in the fire 

limit state can also provide insights about the ability of an element to thermally 

degrade and still carry the intended load – this margin of losing capacity is 

quite different in an element that utilises 10% of its section, and can be heated 

to higher temperatures before it fails, than one that utilises 80% of its section’s 

capacity and can potentially fail at early stages of heating. This grading is 

shown in Table D-3 and visualised in Figure D-5 below: 

Table D-3 Grading of the loadbearing structure’s utilisation ratio 

Utilisation ratio Grade 

0% 1 

20% 0.95 

40% 0.85 

60% 0.65 

80% 0.35 

90% 0.175 

100% 0 

 



Developing a fire robustness index for the built environment 

D-8 
 

 

Figure D-5 Visualisation of the utilisation ratio grade for the loadbearing structure 

This again is a risk-averse curve, but it should be noted that this can lead to 

serving conflicting objectives between fire robustness and sustainability – 

more material will be used for lower utilisation ratios. Trade-off decisions need 

to be made from a central entity about priorities to be set.  

D.2.2.2.2 Non load-bearing/separating 

The same process is followed for elements that comprise the non load-bearing 

and separating structure. The process begins at this point to become quite 

repetitive.  

Starting with thermal inertia, shown in Table D-4 below: 

Table D-4 Grading of the separating structure’s thermal inertia 

Thermal Inertia Grade 

0 0 

1500 0.75 

3000 1 

 
Continuing with any fire resistance rating of the separating structure, shown 

in Table D-5 below: 
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Table D-5 Grading of the separating structure’s fire resistance rating 

Fire resistance rating FRreq30 FRreq60 FRreq90 FRreq120 

0 0 0 0 0 

15 0.6 0.35 0.2 0.05 

30 0.75 0.55 0.35 0.125 

60 0.85 0.75 0.6 0.3 

90 0.9 0.85 0.75 0.5 

120 0.93 0.9 0.85 0.75 

150 0.97 0.95 0.95 0.9 

180 1 1 1 1 

 
Finally, depending on the form of construction, the integrity of the 

compartmentation is dependent on the type of restraint that the walls have to 

their surrounding supporting structure. A study by BRE [585] has touched on 

the issue of compartmentation integrity and its reliance to the deflections of 

associated structural elements. This study presented the following 

categorisation of wall end restraints, reproduced in Table D-6: 

Table D-6 Types of end restraints for walls, recreated from the BRE study [585] 

Type  End Restraints 

(a)  All four sides fixed 

(b)  Bottom edge and the vertical sides fixed and top edge pinned 

(c)  Bottom edge fixed and the vertical sides and the top edge pinned 

(d)  Top and bottom edges fixed and the vertical sides free 

(e)  Bottom edge fixed, top edge pinned and the vertical sides free 

(f)  Bottom edge fixed and the top edge and the vertical sides free 

(g)  Bottom and top edges fixed and the vertical sides pinned 

(h)  Bottom edge fixed, top edge free and the vertical sides pinned 

 
This study also found that current testing approaches of isolated elements do 

not provide meaningful information regarding the expected deflections in field 
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applications and it is hard to quantify the expected performance. Associated 

values to the restraint type were assigned by the author arbitrarily in the 

following Table D-7. 

Table D-7 Grading of the separating structure’s restraint type 

Restraint type Grade 

a 1 

b 0.9 

c 0.8 

d 0.7 

e 0.6 

f 0.5 

g 0.4 

h 0.3 

 
The quantification of each of these “value functions” could be its own 

respective research project. 

D.2.2.3 Internal 

To study the objective of internal elements in terms of fire robustness, it is 

sectored into geometry, fenestration, and penetrations. The breaking down of 

each end into their respective attributes is shown in Figure D-6 below. Double 

direction arrows indicate a multiplication of the values, to account for some 

interaction between the components. 
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Figure D-6 A hierarchy with the performance of internal elements as a means 
objective to achieve robustness 

D.2.2.3.1 Geometry 

The assessment is happening on a compartment basis, when multiple 

geometries are present. The results are then aggregated with an area 

weighted average to produce the overall assessment of the floor, and then the 

whole building. 

This is the proposed value series based on compartment areas, height, and a 

multiplying factor on whether there are openings or atria that allow multiple 

floor slabs in one compartment. It should be clear that the area and height are 

natural attributes. The grades are presented in Table D-8 and visualised in 

Figure D-7 below: 

Table D-8 Grading of the compartment’s area 

Area (m2) Grade 
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Figure D-7 Visualisation of the compartment’s area grading 

The same process is followed for the compartment’s height, shown in Table 

D-9 and visualised in Figure D-8. 

Table D-9 Grading of the compartment’s height 

Height (m)  Grade 

2.4 0.5 

3 0.6 

4 0.75 

6 0.95 

8 1 
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Figure D-8 Visualisation of the compartment’s height grading 

The same process is followed for the compartment’s number of slabs or 

floors, shown in Table D-10. 

Table D-10 Grading of the compartment’s existence of multiple floors 

Floors Multiplying Grade 

same level floor 1 

stacked connected floors 0.7 

 
Another benefit of this approach, is the ability to interpolate intermediate values 

other than the ones present in the tables. This was a recognised drawback of 

the early Gretener method versions, and future adapted methods attempted to 

address that; this is also possible in the approach followed in this work.  

D.2.2.3.2 Fenestration 

The same process is followed for elements that comprise the building’s 

fenestration. This is initiated with doors and their performance, as outlined in 

Table D-11 and visualised in Figure D-9.  
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Table D-11 Grading of the compartment’s doors 

Doors FD20 FD30 FD60 FD90 FD120 

0 0.2 0.15 0.1 0.05 0 

20 0.75 0.6 0.375 0.2 0.09 

30 0.85 0.75 0.5 0.28 0.15 

60 0.925 0.85 0.75 0.5 0.35 

90 0.975 0.925 0.9 0.75 0.65 

120 1 1 1 1 1 

 

 

Figure D-9 Visualistion of the compartment’s doors grading 

Then the process is continued with door type closing in Table D-12, internal 

windows and glazing in Table D-13, and internal linings in Table D-14 which 

is visualised in Figure D-10. 
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Table D-12 Grading of the compartment’s door closing type 

Door type of closing 
Multiplying 

Grade 

manual 0.7 

self-closing 0.9 

locked 1 

 

Table D-13 Grading of the compartment’s internal windows and glazing 

Internal windows, glazing Grade 

0 0 

15 0.35 

30 0.75 

45 0.9 

60 1 

 

Table D-14 Grading of the compartment’s internal linings 

Linings Grade 

A1 1 

A2 0.95 

B 0.85 

C 0.75 

D 0.6 

E 0.4 

F 0.2 

unrated 0 
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Figure D-10 Visualisation of the compartment’s internal linings grading 

D.2.2.3.3 Penetrations 

The same process is followed for elements that comprise the building’s cavity 

barriers. This is initiated with doors and their performance, as outlined in 

Table D-15 and visualised in Figure D-11.  

Table D-15 Grading of the compartment’s performance of cavity barriers 

Performance of cavity barriers Integrity Insulation 

0 0 0 

15 0.35 0.7 

30 0.7 0.9 

45 0.9 0.95 

60 1 1 
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Figure D-11 Visualisation of the compartment’s performance cavity barriers grading 

Then the process is continued with the reliability of the fixing system for the 

cavity barriers in Table D-16 and the percentage of cavities protected in 

Table D-17 which is visualised in Figure D-12. 

Table D-16 Grading of the reliability of the fixing system for the cavity barriers 

Reliability of fixing system for the cavity barriers Multiplying Grade 

reliable - non-combustible 1 

unreliable - combustible 0.6 
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Table D-17 Grading of the percentage of cavities protected 

Percentage of cavities protected Multiplying Grade 

0% 0 

20% 0.075 

40% 0.15 

60% 0.25 

80% 0.4 

90% 0.6 

100% 1 

 

 

Figure D-12 Visualisation of the percentage of cavities protected grading 

The same process is followed for elements that comprise the compartment’s 

fire stopping. This is initiated with the performance of fire stoppings in Table 

D-18, and the percentage of services and openings that are fire stopped in 

Table D-19.  
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Table D-18 Grading of the compartment’s performance of fire stopping 

Performance of fire stopping Integrity 

0 0 

15 0.35 

30 0.7 

45 0.9 

60 1 

 

Table D-19 Grading of the compartment’s percentage of services and penetrations 
that are fire stopped 

Percentage of services and penetrations fire 

stopped 

Multiplying 

Grade 

0% 0 

20% 0.075 

40% 0.15 

60% 0.25 

80% 0.4 

90% 0.6 

100% 1 

 
D.2.2.4 External 

To study the objective of external elements in terms of fire robustness, it is 

sectored into openings, the wall system, and the building’s top (which is either 

a roof or a crowned terrace). The breaking down of each end into their 

respective attributes is shown in Figure D-13 below. Double direction arrows 

indicate a multiplication of the values, to account for some interaction between 

the components. 
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Figure D-13 A hierarchy with the performance of external elements as a means 
objective to achieve robustness 

D.2.2.4.1 Openings 

This assessment is based on the elevation of the external wall of the 

compartment. Table D-20 shows the grades and Figure D-14 their 

visualisation. 

Table D-20 Grading of the compartment’s eternal wall window rating 

Window rating Grade 

0 0 

15 0.05 

30 0.2 

45 0.65 

60 0.75 

90 0.85 

120 1 
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Figure D-14 Visualisation of the compartment’s eternal wall window rating grading 

This follows a sigmoid curve, simulating a preference of risk proneness for 

small values but of risk aversion for high values, to account for the high 

uncertainty in glass breakage of windows. Following from that, the existence 

of infill panels is covered in Table D-21, and the ration of window to wall area 

in Table D-22 below which is visualised in Figure D-15. 

Table D-21 Grading of the compartment’s existence of infill panels as part of the 
window opening 

Existence of infill panels as part of the window 

opening 

Multiplying 

Grade 

some combustible 0.2 

some non-combustible 0.7 

no 1 

 

Table D-22 Grading of the compartment’s ration of window to wall area 

Ratio of window/wall Grade 

0% 1 

20% 0.65 

40% 0.35 

60% 0.25 

80% 0.2 

90% 0.125 

100% 0 
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Figure D-15 Visualisation of the compartment’s ration of window to wall area grading 

D.2.2.4.2 External wall system 

This section covers the elements that comprise the external wall assembly of 

each compartment. It starts with the rainscreen in Table D-23, then the 

insulation in Table D-24, and fixing method in Table D-25. 

Table D-23 Grading of the compartment’s external wall rainscreen 

Rainscreen Grade 

A1 1 

A2 0.95 

B 0.85 

C 0.75 

D 0.6 

E 0.4 

F 0.2 

unrated 0 
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Table D-24 Grading of the compartment’s external wall insulation 

Insulation  Grade 

A1 1 

A2 0.95 

B 0.85 

C 0.75 

D 0.6 

E 0.4 

F 0.2 

unrated 0 

 

Table D-25 Grading of the compartment’s external wall elements fixing method 

Fixing method Grade 

Glue 0.5 

Mechanical 0.75 

Both 1 

 
Cavity width is considered an attribute of importance, but the effect of cavity 

width on the performance of a system remains unquantified and it was beyond 

the competence of the author to provide estimations herein.  

What follows is the performance of cavity barriers in Table D-26, and the 

reliability of the fixing system for the cavity barriers in Table D-27. 
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Table D-26 Grading of the compartment’s external wall performance of cavity 
barriers 

Performance of cavity barriers Integrity Insulation 

0 0 0 

15 0.35 0.7 

30 0.7 0.9 

45 0.9 0.95 

60 1 1 

 

Table D-27 Grading of the compartment’s external wall reliability of fixing system for 
the cavity barriers 

Reliability of fixing system for the cavity barriers Multiplying Grade 

reliable - non-combustible 1 

unreliable - combustible 0.6 

 
In the last of this group of attributes, the structural substrate is presented in 

Table D-28, and the restraint method as well according to the abovementioned 

BRE study [585] in Table D-29.  

Table D-28 Grading of the compartment’s external wall substrate fire resistance 
rating 

Fire resistance rating FRreq30 FRreq60 FRreq90 FRreq120 

0 0 0 0 0 

15 0.6 0.35 0.2 0.05 

30 0.75 0.55 0.35 0.125 

60 0.85 0.75 0.6 0.3 

90 0.9 0.85 0.75 0.5 

120 0.93 0.9 0.85 0.75 

150 0.97 0.95 0.95 0.9 

180 1 1 1 1 
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Table D-29 Grading of the compartment’s external wall substrate restraint method, 
according to the BRE study [585] 

Restraint type Grade 

a 1 

b 0.9 

c 0.8 

d 0.7 

e 0.6 

f 0.5 

g 0.4 

h 0.3 

 
D.2.2.4.3 Building top 

Finally, the building top, either a roof or an architectural crown, are analysed. 

When it comes to the crown, the performance of its components is presented 

in Table D-30, along with the existence of cavity barriers in Table D-31, and 

their fixing method in Table D-32.  

Table D-30 Grading of the crown’s components performance 

Reaction to fire class Grade 

A1 1 

A2 0.95 

B 0.85 

C 0.75 

D 0.6 

E 0.4 

F 0.2 

unrated 0 
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Table D-31 Grading of the performance of cavity barriers in the crown 

Cavity barriers Multiplying Grade 

reliable 1 

unreliable 0.6 

 

Table D-32 Grading of the crown’s components fixing method 

Fixing system Multiplying Grade 

reliable - non-combustible 1 

unreliable - combustible 0.6 

 
When it comes to the existence of a roof, then this is evaluated based on its 

area in Table D-33, on the performance of its separation in Table D-34, and 

the wall extension height in Table D-35 which is visualised in Figure D-16. 

Table D-33 Grading of the roof’s area 

Area (m2) Grade 

25 1 

50 0.85 

100 0.6 

250 0.45 

1000 0.2 

2000 0.1 
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Table D-34 Grading of the roof’s separation performance 

Separation fire rating Grade 

0 0 

15 0.1 

30 0.3 

60 0.65 

90 0.9 

120 1 

 

Table D-35 Grading of the roof’s wall height extension 

Compartment wall height extending above roof (m) Grade 

0 0 

0.2 0.2 

0.375 0.75 

0.8 0.9 

1 0.95 

1.5 1 

 

 

Figure D-16 Visualisation of the roof’s wall height extension grading 

Then the evaluation carries on with the existence of roof ventilation in Table 

D-36, the performance of roof coverings in Table D-37, the roof insulation in 

Table D-38, the existence of services and their fire stopping in Table D-39, and 

the percentage of fire stopped services in Table D-40. 
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Table D-36 Grading of the roof’s ventilation 

Roof ventilation Grade 

no 1 

cavity barriers  

through eaves  

fully ventilated 0 

 

Table D-37 Grading of the roof’s coverings performance 

Roof coverings Grade 

Broof 1 

Croof 0.7 

Droof 0.5 

Eroof 0.25 

Froof 0 

 

Table D-38 Grading of the roof’s insulation material performance 

Insulation material Grade 

A1 1 

A2 0.95 

B 0.85 

C 0.75 

D 0.6 

E 0.4 

F 0.2 

unrated 0 
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Table D-39 Grading of the roof’s fire stopping 

Performance of fire stopping Integrity 

0 0 

15 0.35 

30 0.7 

45 0.9 

60 1 

 

Table D-40 Grading of the roof’s percentage of services and penetrations that are 
fire stopped 

Percentage of services and penetrations fire 

stopped 

Multiplying 

Grade 

0% 0 

20% 0.075 

40% 0.15 

60% 0.25 

80% 0.4 

90% 0.6 

100% 1 

 
With this, the evaluation of many aspects of the building is concluded. 

D.3 Conclusions 

On this basis, an incomplete conceptual fire robustness index is presented, the 

attributes outlined, and the scales quantified. This is done to exhibit potential 

improvements to existing practice in fire risk indexing that were made possible 

by utilising the findings of previous chapters and enriching the approach with 

concepts from Decision Analysis – this happens in the same chapter to not 

sever the link of how the use of these concepts migrated from one field to 

another.  
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This robustness index, which is disentangled from a fire risk assessment 

process, is not meant to be used as it is. The main aim of this work was to 

navigate all the concepts involved in the development of an index, highlight 

what the limitations are, and act as a guide for anyone wanting to build an 

index method. This index is an oversimplified approach to analysing fire safety, 

with its perceived benefits lying in the illustrative ease to present different 

levels of fire performance to stakeholders outside fire safety, so that design 

choices are more easily communicated. 

 

 


