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ABSTRACT 

A Top-Down Approach to Understand the Fire 

Performance of Building Facades Using Standard Test 

Data 

by 

Matthew Bonner 

Doctor of Philosophy in Mechanical Engineering 

Imperial College London, 2020 

Supervised by Prof. Guillermo Rein 

    Designing the outer walls of a building – its facade – is a complex, multi-objective 

problem. While some design objectives, like weight, are easily quantified others, like fire 

safety, are harder to assess, making it difficult to compare facades in that objective. A 

move to more complex facades with novel materials has led the number of facade fires to 

quadruple over the last 3 decades. Current fire safety literature has no way to 

accurately predict the performance of a facade from its individual components, therefore 

the only way to test whether a facade system is safe is to run a large-scale fire test. 

Thousands of these tests are run internationally each year, subjecting different facades 

to different fire scenarios depending on the country, but data from these tests are locked 

away, missing an opportunity to learn from this untapped source of knowledge. This 

thesis taps into that source for the first time by presenting a unique database of 384 

facade tests, named KRESNIK. We analysed this database using a top-down, statistical 

approach, and found that facades with combustible cladding and a cavity generally 

performed worse in these tests. These trends were investigated further in a parametric 

series of 20 intermediate-scale experiments on facades with different cladding and 

insulation materials, with and without a cavity. These experiments were analysed using 

a novel method to measure the heat released through visible flames in a fire from 

regular camera footage. We refer to this quantity as visual fire power. KRESNIK was 

also used to compare, for the first time, the behaviour of similar facades tested using 

different test standards, finding that different standards could not agree on how to rank 

the same facades. This work demonstrates the power of a top-down approach to tackle 

fire safety using data that already exists. 
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Chapter 1  

Introduction 

The outer walls of a building – its facade – represent one of the most complex and 

expensive parts of such a construction project, sometimes accounting for up to 25% of 

the total cost [1]. They must achieve multiple objectives of benefit to the building’s 

occupants, maximising positive traits, such as the sustainability and aesthetics of the 

building, while minimising negative traits, such as the build-up of condensation in the 

walls or the overall fire risk of the building. These objectives are not independent 

however and improving one objective (e.g., improving a facade’s moisture control) may 

require a trade-off in another (e.g., its ability to limit the spread of fire). 

Over the last 30 years there have been over 50 fires in skyscrapers around the world 

where the fire has spread via the building’s facade (see Chapter 2). These kinds of fires 

are becoming more frequent, with half of those fire having occurred since 2012. In many 

of these fires, the facade was ignited and contributed to the fire. A desire for taller, 

energy efficient buildings has led to facades being built with newer materials that can 

provide greater strength-to-weight ratios and better insulating properties. Most of these 

new materials are polymer-based, and thus have the potential to be flammable. 

A material’s flammability is “the ease with which a material is ignited, the intensity 

with which it burns and releases heat once ignited, its propensity to spread fire, and the 

rate at which it generates smoke and toxic combustion products during gasification and 

burning” [2]. The flammability of a facade can be seen in the same way – the ease at 

which the entire system is ignited, promotes flame spread, and generates smoke. In both 

cases, the flammability of a material or system is also dependent on the external 

conditions, for instance the size and location of the fire the system is experiencing. 

However, it is useful to be able to discuss the flammability of a material or system 

independently of these external conditions, as is the case when the term is used 

colloquially. Therefore, the flammability of a facade can be thought of as the ease at 

which that facade is ignited, promotes flame spread, and generates smoke across all the 

fire scenarios it could likely experience in its lifetime. 
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Being able to quantify a facade’s flammability is important. The Grenfell Tower fire 

in 2017 claimed 72 lives [3], but this was not the only building in the UK with a 

flammable facade. The UK government has vowed to spend billions [4] to fix what has 

been named a “cladding crisis”, by replacing or adapting the facades of buildings deemed 

at risk. Selecting which facades should be prioritised is a difficult problem that would be 

made easier if their relative flammability could be quantified, and therefore easily 

compared. When designing new facades, the ability to quantify flammability could also 

allow more sophisticated approaches to optimising the many objectives a facade needs to 

achieve. 

One approach to quantifying facade flammability would be to fully understand how 

the materials in each component react to fire, then how each component in the facade 

system reacts to fire, then combine this with knowledge how the components interact 

with each other and the geometry of the facade system across different fires to then be 

able to fully parameterise the problem. In this thesis, I refer to this procedure as the 

bottom-up approach to understanding facade flammability. The flammability defined 

here would be a fuzzy variable, as deciding on the weights of each factor that makes up 

flammability (ease of ignition, amount of smoke produced) is subjective, as is selecting 

the range of fires that the facade would likely experience. The state-of-the-art of fire 

science is a long way from being able to do this for complex facade systems, however this 

approach is crucial for understanding facade flammability in the long term, as the 

predictions it makes can be extended to novel materials and designs. 

In contrast, this thesis presents a top-down approach to quantifying the flammability 

of building facades. This approach analyses a large number of examples of the fire 

behaviour of entire facade systems and uses statistics and machine learning to identify 

empirical trends in the data. These trends can be used to predict the behaviour of new 

facades that are similar to those in the dataset, or to identify trends in the data that 

could be investigated using a more traditional bottom-up approach. This top-down 

approach is common in other research fields with complex behaviour, such as a medicine 

or economics, and has already been applied in other areas of fire safety (see Section 2.5). 

However, this approach still requires a definition of flammability that will be inherently 

fuzzy, as in the bottom-up case. It also requires a range of examples from different types 

of fire to produce generalised results.  
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Finding large quantities of existing data on the fire behaviour of facades presents 

another large challenge, however. Existing literature on facade fires is still relatively 

sparse – and was even more so when this research project began in 2016 (see Chapter 

2). Therefore, the data available from published experiments is much smaller than the 

amount usually required for machine learning; in addition, each experimental setup is 

unique – making it harder to compare between them. In many countries however, for a 

facade to be approved for use on a building it may undergo a fire safety test according to 

some national standard. These facade fire safety tests subject a mock-up of a facade to 

one kind of fire that it might experience during its lifespan and measure certain criteria 

to decide whether a facade can or cannot be used on a building. There are at least 14 

different national facade fire test standards used globally, and each one uses a different 

kind of fire, different measurements, or different criteria to decide whether a facade has 

passed. Whether the criteria in these tests adequately assess whether a facade should or 

should not be used on a building is a matter of debate, however in either case thousands 

of these tests are performed every year, meaning they represent a large source of 

existing data on the fire behaviour of facades in different fire conditions. Unfortunately, 

the data from these tests are stored in unstructured reports, as opposed to the 

structured data used for top-down analysis.  If this data could be analysed using a top-

down approach, it could be valuable source of scientific knowledge.  

1.1 Aims and Objectives 

The aim of this research was to transform standardised facade fire tests into a useful 

source of scientific knowledge and to present the top-down approach as a potential path 

to quantifying facade flammability as a design objective. To achieve this aim, the 

following objectives were identified: (i) to create a structured database of standard 

facade fire tests from the previously unstructured data in standard test reports; (ii) to 

analyse this data for what design factors correlate with different factors related to 

facade flammability; (iii) to identify ways to improve the data collected in standard 

facade tests; (iv) to find methods for comparing the data from different national test 

standards; (v) to propose a method for converting the structured data from these tests 

into a way to quantify flammability. 
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1.2 Layout of Thesis 

Chapter 2 presents a review of the literature on fire safety in facades, covering the 

different categories of facade, the different objectives that facades are expected to fulfil, 

and the different components that make up a facade. It also discusses the role of 

optimisation in facade design and the advantages of explicitly quantifying facade 

flammability 

Chapter 3 addresses objectives (i) and (ii) and presents the design and preliminary 

analysis of a database of 252 commercial facade tests, named KRESNIK. The data in 

this chapter came from a single test house: Instytut Techniki Budowlanej (ITB) from 

Poland using the Polish national facade test standard. It explains the decisions taken in 

the structure of the database, and the trends that emerged from looking at this initial 

dataset. 

Chapter 4 addresses objective (iii) and presents a detailed explanation and validation 

of a novel methodology for predicting the heat released from visible flaming, the visual 

fire power, during a well-ventilated, turbulent diffusion fire. Results from a series of 

calibration experiments using fires with known heat release rates are presented 

alongside an explanation of the algorithms used. 

Chapter 5 presents a parametric series of 22 experiments on rainscreen facades, 

using a similar method to the Polish national standard, but with a higher resolution of 

data recorded. The results from these experiments are compared to the trends from 

Chapter 3, in order to assess whether the analysis was reasonable and to address gaps 

in the original dataset. This chapter also uses estimates of the visual fire power taken 

during the experiments, using the method explained in Chapter 4. 

Chapter 6 addresses objective (iv) and presents a methodology for comparing between 

data from national facade test standards that use fire sources with different heat release 

rates and geometries. This is done using an updated version of the database in Chapter 

3, containing an additional 168 tests across 3 different test standards. This new 

database, named KRESNIK II, is also used to train a simple AI model, which can be 

used to predict the outcome of a facade test based on the facade’s structure and 

materials and the test standard used. 
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Chapter 7 presents the conclusions from this thesis and suggestions for future work. 

It also discusses how an AI model, such as the one presented in Chapter 6, could be used 

as a way to quantify flammability when optimising design objectives, addressing 

objective (v) of the research. 
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Chapter 2  

Literature Review of Facade Flammability and Multi-

Objective Optimisation 

Summary1 

This chapter presents a review of the previous literature on facade fire safety. We 

discuss the multiple objectives that need to be considered when designing a facade, and 

how a shifted focus towards the objectives of energy efficiency and thermal insulation 

has led to an increase in the use of polymeric materials in facades, increasing facade 

flammability. We discuss previous research done into different types of facades, moving 

from simple monolithic facades, such as brick walls, to complex rainscreen facades with 

cladding, insulation, and ventilated cavities, and show that as facades have become 

more complex, so too has their potential flammability increased. Finally, we discuss 

previous research done to try and explicitly quantify the flammability of facade systems, 

and the advantages this could bring through the use of optimum design.   

2.1 Introduction 

The facade is an important part of a building, its principal front facing the open space. A 

facade performs multiple objectives of value to its occupants, like protecting from wind, 

rain, sunlight, heat, cold, and sound, on top of its aesthetic significance. Facade systems 

are complex, and represent one of the largest construction costs for high-rise buildings, 

sometimes as much as 20-25% of the total [1]. Modern facades, especially in tall 

buildings, have become high-performance systems, designed by advanced engineering, 

and resulting in much greater complexity than the traditional monolithic stone, brick, or 

concrete facades of earlier times. 

However, fires involving the facade have never been more prevalent [5]. In an online 

search of news in the English language, the number of fires in tall buildings worldwide 

 
1 This chapter is based on the published paper: M. Bonner and G. Rein, Flammability 

and Multi-Objective Performance of Building Facades: Towards Optimum Design, 

IJHRB, 7 (4), pp 363-374, https://doi.org/10.21022/IJHRB.2018.7.4.363 
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with spread via the external wall was found to be, on average, 4 per year over the last 5 

years – a 5 times increase from the yearly average from 30 years ago (Figure 2.1). These 

data are biased towards large fires that were reported by the media, so many smaller 

facade fires may not have been included, but the trend is clear: facade fires in high-rise 

buildings are becoming more frequent.  

 

Figure 2.1: Data showing the frequency of large facade fires worldwide from 1990 to November 2019. Data 

found from news articles online. This data has since been made available online [6], [7]. 

The primary threat from a facade fire to a building’s residents is a potential breach in 

compartmentation, either vertically (from floor to floor) or horizontally (e.g., from 

apartment to apartment). Fire strategies for high-rise buildings typically aim for the fire 

to be confined to its floor of origin for an extended period after its initiation [8], [9]. One 

potential vertical breach comes from a compartment fire breaking through an opening in 

the facade, extending up the side of the building, and then igniting material in the 

compartments above (so called “leap-frogging”) [8], [10]. A fire could also spread via the 

internal wall of the facade if the fire stopping is insufficient or the facade warps and 

creates paths for the spread of smoke and flame. In modern facades, that may contain 

varying amounts of flammable components, another possibility is that a facade ignites 

and directly contributes to a fire, assisting rather than hindering its spread. This 

ignition could be triggered by direct flame impingement from a compartment fire 

breaking through an opening in the facade (an externally venting flame or EVF) or from 

an external fire source such as a car or bin fire or could be triggered from the radiation 

from another nearby fire, or from faulty electrical circuits within the facade itself. 
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The flammable components in facades are generally formed from a wide range of 

polymers such as polyethylene, polycarbonate, phenolics, polyisocyanurate (PIR), 

polyurethane (PUR) or polystyrene, to name just a few [5]. Different types of polymers 

will burn very differently. For example, polyethylene will often melt and form pools of 

liquid fuel, while polyurethane will char and remain solid. Components within a facade 

system made of these materials may be included in the original engineering design or 

added at later stages by contractors. They may also be added when a facade is 

refurbished, or when parts are replaced during the life of a property. 

The number of flammable components used in a facade will affect the overall 

flammability of the system, but it is not the only factor. As mentioned in Chapter 1, the 

flammability of a material is the “the ease with which a material is ignited, the intensity 

with which it burns and releases heat once ignited, its propensity to spread fire, and the 

rate at which it generates smoke and toxic combustion products during gasification and 

burning” [2]. The flammability of the facade itself can be defined in the same way. In 

this case, flammability is not only a function of the flammable materials used in the 

facade. For instance, in the case of a facade with a ventilated cavity, the cavity itself is 

not flammable but it will increase the facade’s propensity to spread fire and smoke, and 

therefore increase its flammability. A similar argument can be made for the geometry of 

the facade. 

For this reason, it is essential to understand how the whole facade system will perform 

in the event of a fire, and not only the materials and components independently (Figure 

2.2). However, there are significant gaps in our understanding of facade fires. This is for 

two reasons: firstly, there are a myriad of different design decisions for any facade build-

up such that it complies with its multiple objectives within a building; and secondly, 

there is no theory, model, or comprehensive experimental data series that can reliably 

explain or predict from first principles how a facade will behave in case of fire. This has 

led to the situation where, since 2002 in the UK, the only way for designers to assess 

whether a facade containing flammable components was suitable to use on a building 

was to subject it to a large-scale fire test [11], [12]; but large-scale testing is 

prohibitively time consuming, expensive, and the results cannot be extrapolated to other 

facade designs. Since the Grenfell Tower fire in 2017 (in which the facade had not 

undergone such large-scale testing) this route to compliance has also been removed as a 

possibility, restricting designers to only use facades without flammable components [13]. 
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However, a facade’s flammability does not only depend on its components, and polymeric 

materials provide a number of advantages in facade design. 

 

Figure 2.2: Images demonstrating the different levels of analysis when considering a facade. Currently, fire 

research focuses mainly on individual components, while large-scale fire testing is used to assess facade 

systems. 

2.2 Design Objectives for Facades 

Building a facade is a multi-objective problem. A successful facade system must help to 

bring safety and comfort to a building’s occupants by providing protection from wind, 

moisture, light, heat, cold, and sound. These requirements must be balanced with a 

facade’s aesthetics, sustainability, and return on investment. Overall, these broad goals 

can be broken down into more specific design objectives, detailed in Table 2.1. These 

objectives are not independent and improving in one area may require a trade-off in 

another.  

In order to balance these multiple objectives, facade systems combine layers of different 

materials [14]. The material list will nearly always include polymers in some amount, as 

they are high-performing, affordable, and their thermal and mechanical properties can 

be manipulated and tailored to meet different needs. However, all polymers can ignite 

and promote flame spread to some degree and will increase a facade’s flammability.  
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Table 2.1: Objectives in facade design [14]. Objectives are ordered by whether they are intended to be 

minimized or maximized, and from those that ensure the building is safe, to those that ensure the building 

is comfortable. 

Objective Description 

Minimal flammability Reducing flammability reduces a facade’s contribution to fire spread. 

Minimal moisture ingress Reducing water in a facade reduces mould and damp in the building. 

Minimal weight Reducing the weight of a facade reduces construction time and the 

amount of structural support required, allowing for more complex 

facade geometries. 

Minimal thickness Reducing the thickness of a facade increases the living area available 

inside the building. 

Maximal structural stability Increasing the stability of a facade increases its ability to withstand 

all loading conditions e.g., wind, self-weight, other live loads. 

Maximal thermal insulation Increasing the insulating ability of a facade decreases the energy 

needed to ensure the comfort of the building’s occupants. 

Maximal lighting comfort  Increasing the quality of sunlight management provided by a facade 

increases the comfort of the building’s occupants. 

Maximal sound insulation Increasing the amount of external noise blocked by a facade increases 

the comfort of the building’s occupants.  

Aesthetics A facade should be beautiful. 

Sustainability A facade should be environmentally sustainable. This could refer to 

the amount of greenhouse gases released, or the amount of pollution 

generated, by both the facade’s creation and, at the end of its life, its 

destruction or re-use. 

Return on investment A facade must stay within its allowed budget. 

 

Over time, the amount of polymeric material used in facades has increased. In order to 

understand why, we need to look at the factors that have driven this change. There are 

three main drivers. 
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The first driver is a requirement for energy efficiency. After the oil crises of the 1970s, 

western countries shifted high-rise building design towards energy saving by reducing 

thermal losses [15]. Shortly afterwards, polymers entered the building industry, 

providing generally better thermal performance than other insulation materials. 

The second driver is sustainability. The demand for thermal efficiency has increased 

again in recent years with growing concerns over carbon emissions. Figure 2.3 shows the 

legal requirements for the insulating ability of external walls in the United Kingdom 

(UK) over two decades, expressed in terms of their U-Values. The U-Value of a wall 

quantifies its overall thermal transmittance - a lower value indicating a better 

insulating performance. The U-Value is measured under steady-state conditions and is 

therefore only used in countries where the climate is relatively constant (such as the 

UK). The increasing trend in UK insulation requirements is clear and is the result of 

government policies targeting energy efficiency and sustainably. This UK trend is 

representative of legislation across much of the northern hemisphere [16], [17]. Possible 

solutions to this increased demand on thermal performance are to reduce the number of 

openings (vents, glazing) on a facade, include thicker insulation in a facade, or to 

increase the thermal resistance of that insulation. Polymers are suited to meet these 

requirements because they are good thermal insulators. 

 

Figure 2.3: Maximum U-Values allowed for external walls in progressive editions of the UK building codes 

[18]. 

The third driver is return on investment. In this regard, thinner and lighter facades are 

more desirable because they allow for more usable floor space and for shorter 
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construction times. Polymers are suited to meet these requirements because they are 

light, and as composites they can be made thin while still retaining strength. 

The fact that, in general, polymer foams are more flammable but more insulating than 

mineral insulation [19] has split design philosophy in two. One design philosophy 

prefers thicker facades with mineral insulation, and the other prefers thinner facades 

containing polymeric insulation. This, in turn, has led to a split in the insulation 

market, shown in Figure 2.4. Around 60% of the German market divided between non-

combustible mineral wool and more thermally efficient polymeric insulation, which 

includes both natural polymers (e.g., wood fibre insulation) and foam plastics. Although 

these data are from the German market, data from the European market in 2010 

showed a similar split of 50-60% stone and glass wool and 40-45% foam insulation [20] 

and data from U.S. manufacturing in 2017 showed a split of 45% stone and glass wool 

and 40% foam insulation [21] (with the other 15% composed of mechanical insulation 

materials), suggesting a global trend. 

 

Figure 2.4: Market share of German insulation products from 1989-2004 [22]. The market is divided 

between non-combustible mineral wool and more thermally efficient polymeric insulation. 

2.3 Fire Safety and Testing of Facades 

As mentioned, the primary risk of a facade fire is a breach in compartmentation. In 

cases where parts of the facade can ignite, this opens multiple paths for fire spread. 

Most commonly in residential buildings, a fire could start inside the building and spread 

to the facade via openings in the compartment. This is similar to the case in a non-
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combustible facade, but the flames can extend further and are fuelled by the facade 

itself. This has happened in many documented facade fires [5], [23], [24]. There is also 

the possibility of the fire igniting externally to the building and spreading to the facade, 

and then from the facade into the interior [5], [25], [26]. In some cases, such as the high-

profile fire at The Address Hotel in Dubai [27] a fire can be initiated in the facade itself, 

and then spread internally. In the case of facades with an air cavity, this gives an 

additional path for flame spread and can help to extend the flame length and make it 

easier for fires to spread to additional floors. 

Most countries require that a facade meets a minimum standard of fire safety before 

being allowed on a building. For example, historically in the UK, a facade was deemed 

safe to use on a building if it either contained no combustible components or passed a 

standardised facade fire test [28]. In the UK, the test standard used is BS-8414 [11], 

[12]. These standardised fire tests are common in many countries, and while they vary 

in method (there is no agreement on the fire source, facade size, or failure criteria of 

these methods), they all try to simulate one kind of fire that a facade might be subjected 

to [29]. Work is currently being done to harmonise the large-scale testing across Europe 

[30], [31], highlighting the disagreements between what is deemed a suitable test across 

different countries. In theory, all of the tests being considered in the harmonization are 

assessing whether the facade promotes flame spread and threatens a breach in 

compartmentation; however, it is debatable whether a single test with a simple pass or 

fail could decide whether this is the case, because the response of the facade will be 

different for different types of fires and facade geometries and will depend on whether 

details such as windows are included.  

For large-scale national standards, these tests are also expensive (often more than 

£10,000 per test), cumbersome to run and, when designing a building there are often 

many different parts of the facade that would need to be tested. Therefore, countries will 

often allow a facade to be approved by using expert judgement to explain why a 

particular facade would meet this minimum safety requirement, based on the results of 

previous large-scale tests. These are colloquially referred to as “desktop studies”. After 

the Grenfell Tower fire [32], this kind of approval by expert judgement came under 

criticism in the UK [33], and at the time of writing no combustible materials of any kind 

are allowed on building facades [34], though this move has been criticised as having 

potentially unintended consequences [13]. Part of this criticism was that such studies, 

and assessments of facade fire safety in general, were not always carried out by 
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competent fire safety engineers, a similar conclusion to reports in Australia following 

the Lacrosse fire [35]–[37]. 

 

Figure 2.5: Simplified sections of common facade systems: (a) Monolithic Facade, (b) Filled Cavity Facade, 

(c) External Thermal Insulating Composite System (ETICS) Facade, (d) Sandwich Panel (or Metal Insulated 

Panel), (e) Rainscreen Facade. Note: The vapor control layer and weather resistant barrier in (e) are shown 
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on the warm side of the insulation, for a climate that has an annual desire for vapor to flow from inside to 

outside 

2.4 From simple to complex facades 

This section provides an introduction to the fire hazards present in different facade 

systems and suggests that as the complexity of a facade system increases (which is what 

has happened in real facade systems over time), the potential for a more flammable 

facade system also increases. Each subsection focuses on a different kind of facade 

system, shown in Figure 2.5, and each section is ordered by increasing complexity (from 

simple to complex). The facade types shown in Figure 2.5 are simplified abstractions of 

reality, and a real facade system will include many details that are not covered in this 

figure. Some facades are also difficult to categorise. I hope however, that the categories 

in this section can help to connect the broad range of facade research in a way that 

supports greater understanding. 

2.4.1 Monolithic Facades 

This facade system is the simplest type and is made from a single layer of non-

combustible material. This could refer to a simple concrete or brick masonry wall, or a 

glass facade system, such as a glazed curtain wall (in reality, modern curtain walls will 

contain many additional components). Hollow brick masonry walls have been studied 

experimentally and numerically [38]–[40] and the main hazards they present in fire are 

loss of mechanical performance (though facades are often non-loadbearing) and the 

possibility of spalling. These papers found that spalling was the main cause of loss in 

mechanical performance. Spalling also produces falling debris, which could harm people 

standing in the vicinity of a building. 

The main hazard presented by glass facades is shattering due to the heat of a fire, which 

can increase the size of a compartment fire by increasing ventilation and also allow the 

aforementioned “leap-frogging” of a fire to occur between floors. As such, the majority of 

fire research into glass facades explores this phenomenon. Many types of glass fixings 

have been tested [41]–[43], and numerical models have been built to try to predict the 

onset of cracking or pane fallout [42], [44]. These models suggest that the main factor 

affecting when cracking occurs is the temperature difference across the glass, as well as 

the number and location of fixings. 
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These systems may contain small amounts of combustible material, for instance, 

combustible insulation in the connecting frames in a glazed curtain wall. However, in 

terms of flammability, these systems pose a small hazard, as the total fuel load is likely 

to be small, and often without large, connected areas of combustible material that flame 

could spread along. These systems though are unlikely to achieve the more stringent 

energy efficiency requirements of modern facades with just a single material. Therefore, 

systems with additional complexity are needed. 

2.4.2 Insulated Facades 

These facade systems have a layer of insulation protected by two layers of usually non-

combustible material that in some cases can limit heat transfer to the insulation. This 

insulation might not be combustible and may have a range of different heat transfer 

properties. If it is a combustible polymer insulation, it may char and produce 

pyrolyzates (a thermoset polymer), or it may melt and evaporate (a thermoplastic 

polymer). The properties of common insulating materials are explored in [45], and the 

choice of these materials will affect the flammability of a facade system, with 

thermoplastic polymers being, in general, the most flammable. 

2.4.2.1 Filled Cavity Facades 

The filled cavity facade has a layer of insulation between two protective layers of 

material that prevent flames directly impinging on the insulation. This could represent 

a filled masonry wall, or perhaps pre-cast concrete walls with a filled cavity. These 

facade systems would more often be used on a low-rise building. In the case of filled 

masonry walls, if gaps are limited enough to prevent direct flame impingement, then 

flame spread along the insulation layer is likely to be limited [46]. However, 

thermoplastic insulation, such as expanded polystyrene (EPS), can melt upon heating 

and form voids, increasing the rate of flame spread. Alternatively, the burning plastic 

could drip through gaps in the wall, providing more fuel to the fire or igniting new fires 

further down the facade. 

In [19], [47] the authors argue that the most important parameter in evaluating the 

flammability of these systems is the depth of the protective layers. The deeper the outer 

layer, the longer it will take for the insulation to heat up and then pyrolyze or melt [48]. 

By controlling the depth of these layers, it is therefore possible to limit the time at which 

substantial amounts of pyrolyzates may be produced, a characteristic that may 

determine the flammability of these facade systems [19]. 
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2.4.2.2 ETICS Facades 

ETICS facades – standing for External Thermal Insulation Composite Systems – have a 

thin layer of render, approximately 2-12 mm [49]–[51], protecting the insulation from 

fire. Such a thin layer of protection can be breached more easily than the thicker 

masonry or pre-cast concrete walls, potentially allowing direct impingement of flames 

onto the insulation. Flame spread via this insulation is, therefore, much more likely 

than in the filled cavity facade. This is backed up by large-scale experiments performed 

on ETICS facades, which found flame spread along even perfectly built constructions 

[52]. The recommendations from these findings are to add fire barriers to combat the 

increased fire hazard [50], [51]: layers of non-combustible material designed to limit the 

spread of flame along a combustible surface. However [53] found that in a large enough 

fire (in this case one with 2 m height of facade panels already burning) even the thickest 

fire barriers tested (mineral wool extending horizontally along the facade width and 

across 40 cm of height) could not prevent further flame spread. The destruction of the 

outer render can also allow burning droplets of thermoplastic insulation to fall, 

potentially igniting fires further down the facade. 

2.4.2.3 Sandwich Panels 

Sandwich panels, sometimes also referred to as Metal Insulated Panels, are another 

system where a layer of insulation is surrounded by two protective layers. For industrial 

facilities, these outer layers are usually made of some kind of metal to provide an inert 

and easily cleaned surface. For low-rise residential buildings, these outer layers can also 

be made of plywood, gypsum, or cement board [5], [54]. These outer layers are often very 

thin (about 0.5 mm for metal insulating panels, 10 mm for wood or gypsum panels). If 

the insulating core of the panel is combustible, then there is a significant risk of it 

igniting and contributing to a fire. 

Of particular concern are the connections and joints between individual panels. These 

represent a weak point of the panels and is recommended as a point of focus in 

industrial reports on safely using sandwich panels [55], [56]. It is also where much of 

the academic research is focused. A recent paper by [57] demonstrated how potential 

damage to sandwich panels, which can occur during transport or construction, increases 

their flammability, and the numerical study by [58] found that a larger joint gap 

between panels increased the mass loss of the insulation within the panels significantly. 

The thesis of [59] also found that larger gaps reduced the fire resistance time of the 

panels, and suggested reducing the gap size with intumescent strips. 
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2.4.3 Rainscreen Facades 

As previously mentioned, moisture control in facades is of critical importance during 

their design (Table 2.1). One common way of making sure moisture doesn’t get trapped 

in a facade is to include an air cavity, creating a ventilated facade system. Due to 

pressure differences between each side of the outer wall of the cavity, air flows 

constantly through it, allowing water to evaporate and be carried away from any porous 

insulation, rather than build up and cause damage. Unfortunately, if a facade system 

contains combustible material, then the addition of an air cavity will increase its 

flammability. 

The most common type of ventilated facade system in high-rise construction is the 

rainscreen facade, where a layer of opaque material (the rainscreen) is used as the outer 

wall of the cavity to protect the insulation from adverse weather conditions and provide 

a decorative finish for the facade. This outer layer is usually referred to as cladding and 

can be made of many different materials, including metals, ceramics, or polymers. In the 

latter case this cladding could contribute to fire spread. Therefore, there are two main 

factors differentiating the rainscreen facade in terms of flammability, the cladding, and 

the air cavity. 

The effects of a cavity on fire dynamics have been documented for a long time [60], [61]. 

Qualitatively, three factors enhance flame spread in a cavity vs. a simple vertical 

surface: radiation being enhanced by the cavity, increased upward spread from the 

chimney effect (where temperature differences inside and outside of the cavity drive 

increased upward flow through the cavity), and a decrease in the amount of convective 

cooling from external air. This has the effect of extending flame heights in a cavity 

(Colwell & Baker, 2013) and makes the ignition of any combustible materials in the 

cavity easier [61], which increases the flammability of the facade system. 

The sensitivity of these factors to the width of a cavity was quickly realized by 

researchers. The effect of cavity width on the level of heat flux impinging on a wall was 

studied first in the 1990s in the context of warehouse fires, and again more recently in 

the context of ventilated facades [62], [63]. These studies found that the heat flux on 

parallel walls increased with a smaller distance between them, and that flame height 

was extended through the cavity. However, line burners were used in these experiments 

to release heat into the cavities, which resulted in an amount of heat independent of the 

cavity width (which was greater than the width of the line burner). We hypothesize that 

in a real fire a larger cavity width could mean that more hot air and flammable gases 
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were drawn into a cavity, thereby increasing the amount of heat within the cavity, and 

potentially the rate of flame spread. 

Figure 2.6 illustrates this hypothesis with plots showing how the heat release rate into 

the cavity (influenced by the chimney effect) and the heat flux on the walls of the cavity 

(influenced by the enhanced radiation) are dependent on the cavity width. These 

competing effects come together to affect the flammability of a particular system. The 

authors hypothesize that there is an optimum cavity width at which the two effects 

converge to minimize the increase in flammability caused by the cavity, however this 

would be different for different fire conditions.  

 

Figure 2.6: Plots illustrating how cavity width could hypothetically affect: (a) the heat flux on the cavity 

walls (radiation enhancement), (b) the heat released into the cavity (chimney effect), and (c) the total 

flammability (combination) 

The effect of the cladding on the flammability of the facade system will depend on what 

materials are used. In many recent fires, the cladding consisted of flammable 
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aluminium composite panels (ACP) [64]. These panels consist of two sheets of 

aluminium laminated to a plastic core. This plastic layer reduces the volume of 

aluminium needed to achieve the same structural performance, but also increases the 

flammability of the panel. This flammability can be reduced by increasing the mineral 

content within the plastic layer. There are a range of ACP products available on the 

market, containing cores ranging from 100% plastic to around 10% plastic, with the rest 

of the core made from minerals and fire retardants [65]. Other metals can be used in 

place of aluminium too, such as copper or zinc. An increasing concern of flammable 

cladding has led to increased research into ACPs and similar materials. A report by [66] 

found that some setups using ACP that passed the UK large-scale fire test did not fare 

well when subjected to more intense heating conditions, potentially closer to a real fire 

scenario. Meanwhile, the authors of [67] performed intermediate-scale experiments on 

systems with plastic and mineral cored ACP and with different types of insulation and 

found that the results of the test were mainly dependent on the type of ACP used. 

High Pressure Laminate (HPL) panels are another type of cladding that can contribute 

to fire. These panels consist of layers of cellulosic fibres (similar to paper) impregnated 

with phenolic resin. They are lightweight, weather resistant, and can be printed with 

almost any design, but are also flammable. Their fire performance seems to vary with 

thickness and the adhesives used [68]. HPLs have come under scrutiny in the UK after 

being involved in a fire in student housing [69], and the authors of [70] suggest that this 

type of cladding could present a significant fire risk in the future. 

Given the potential significance of these different cladding materials in contributing to a 

facade’s flammability, the University of Queensland has created a database to catalogue 

the chemical structure and fire performance of a large number of cladding and 

insulation materials [71], [72]. Many of the entries in this database come from different 

ACP or HPL claddings, showing a wide range of fire behaviour depending on their 

composition. 

When employing these systems in colder and wetter countries, the insulation is often 

also protected by a weather resistant barrier (WRB): a polymer mesh that allows water 

vapor to pass through and leave the insulation but prevents liquid water from entering. 

These WRBs are always made of plastic and can therefore ignite. This increases the 

flammability of the facade system, however, as far as the authors are aware, no 

published research into their fire behaviour as part of a facade system is available. 
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The addition of a ventilated cavity, cladding, and a weather resistant barrier offers 

superior moisture protection to the previous types of facades, while remaining thin and 

thermally efficient. However, the flammability of these systems increases. This type of 

system is the most complex in Figure 2.5 the most modern, and also the most 

flammable. Notably though, these discussions about the cavity were of idealizations of 

real systems. In a real system cavity barriers and fire stops are usually required to be 

installed. These can help to limit fire spread through a cavity, though the installation of 

these barriers, as well as other elements of the system, is not always perfect and can 

create further challenges to fire protection. Large-scale tests performed with different 

amounts of cavity barriers in [73] found that increasing the number of cavity barriers 

had a significant impact on the flame spread on a facade. Similarly, a series of papers 

that used fire modelling to re-create and investigate the Grenfell Tower fire found that 

cavity barriers could reduce flame spread along a facade, but only if the facade’s 

cladding did not ignite [74]–[77]. 

2.4.4 Openings, fixings, and interfaces 

The systems in Figure 2.5 are simplified and, in reality, would need to be fixed onto a 

building’s structure. The choice of fixing method for each system adds additional 

complexity to the problem. Glass curtain walls were mentioned in the section on 

monolithic facades, but in reality the opaque areas between layers of glass have 

insulation in them, and the systems are often fixed so that there are voids and cavities 

present too. [8] also mentions how railing systems could lose integrity and cause parts of 

the facade to fall. These problems are currently not being tackled in the research. 

Different areas of a building can have different facade systems. These systems must 

connect to each other, leading to additional complexity at the interface. This scenario 

has not yet been studied from a research perspective and is also not considered in large-

scale fire tests for facades, which test each facade system individually rather than 

seeing how they interact together. 

The geometry of a facade can differ from the straight vertical walls shown in Figure 2.5 

and present different fire behaviour. [78] notes how a convex sloped facade could trap 

hot gases from an external fire and experience more severe fire conditions, while [79] 

found that a concave structure increased vertical flame spread along EPS insulation. 

Therefore, it seems any deviation from the vertical case has the potential to increase the 

flammability of a facade, yet our understanding of other geometries and orientations is 

limited. 
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Real facades contain windows and openings to allow air and light into the building. 

Currently, there has been a large body of research detailing how the geometry of an 

opening will affect the nature of fire impinging on the facade from a compartment fire, 

which has been reviewed in [80]. However, there is no research into how installing a 

window changes the flammability of a facade system. Gaps in protection around a 

window may make the system easier to ignite, or plastic elements used in the window 

itself could present a problem. The areas where the complexities of construction deviate 

from idealised design are likely to be one of the weakest points of the facade from a fire 

safety perspective, but so far there is little research into what problems they may pose. 

2.4.5 Other facade types 

Not all facade systems have been presented in the diagrams presented in Figure 2.5. 

Double-skin facades are one example, where two layers of glazing are separated by a 

large cavity. The cavity here is much larger than in a rainscreen system, and it exists to 

limit heat transfer and control light levels, rather than for moisture control. As there 

are very few combustible materials present, this facade system does not pose the same 

hazards to flame spread as the other systems. However, it can provide a channel for 

enhanced smoke spread between floors, and the physics of the heat and mass transfer 

has been studied [81]–[83]. 

Another facade system increasing in popularity is the green facade. These facades are 

composed of a wall of vegetation growing through a reinforced mesh or growing out of 

some kind of substrate, which is commonly made of a combustible polymer. Although 

there is very little formal research into this type of facade, the current fire safety 

strategy is concerned with making sure the plants do not dry out, and that the types of 

plants used are generally more difficult to burn [84]. 

Finally, there is the rise of photovoltaic or solar facade systems, which use solar cells to 

generate additional power for the building. These cells pose an ignition hazard to 

combustible materials within a facade system. There is currently little published 

research on the fire behaviour of vertical solar panels available, but there is currently 

work to establish safety strategies and test guidelines for these facade systems as they 

increase in popularity [85]. 
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2.5 Quantifying flammability 

It can be seen from the body of research presented in the previous section that the 

current research into facade systems gives only a partial understanding of how different 

elements of these systems behave during fire, such as the cladding, insulation, or the 

effect of a cavity. There are also basic qualitative studies into large-scale systems, but 

the conclusions are broad, and the experiments are too few to make definitive claims. 

What is missing is an understanding, or body of theory, of how different elements of a 

facade system interact with each other, and what parts of a facade system will be more 

or less important in determining the flammability of the facade as a whole. 

While exact prediction of ignition and flame spread in facade systems is probably a long 

way away, the potential to quantify the relative flammability of these systems is 

achievable. [19], [47] proposed quantifying the relative flammability of an insulation 

material as the temperature at which its rate of pyrolysis peaks, and then extended this 

to the flammability of a larger system by calculating how long heat transfer would take 

through different choices of a thermal barrier to protect the insulation. This is a simple 

system, but such approaches could be extended. The NFPA released a tool that ranked 

the perceived fire risk to buildings with facades containing combustible components, in 

order to prioritise work on said buildings [65]. It is possible that their approach of 

collating expert opinion could be extended to a quantification specifically of the factors 

relating to facade flammability, such as ease of ignition, flame spread, and the 

generation of toxic products. 

Another approach could be to use artificial intelligence (AI) to predict the flammability 

of a facade based off of a large amount of example data containing different types of fire 

a facade might be exposed to. This approach has been taken in fire science to try and 

predict the fire resistance and thermal properties of structural beams [86], [87] and 

whether or not compartment experiments would reach flashover [88]. It has also been 

used to try and predict the severity of facade fire incidents in real buildings [89]. 

However, each of these examples have been limited by small sample sizes due to the 

difficulty of finding large datasets in fire science. The challenge also remains, as in the 

cases without artificial intelligence, of selecting a weighting for the different elements 

that define flammability, such as flame spread and generation of smoke. 

Quantifying the flammability of a facade would give an explicit way to evaluate this 

aspect of the relative hazard posed by different facade designs in a fire. Not only would 
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this support fire engineers in the difficult task of assuring a building is fire safe but 

would also open the door for more advanced computational methods for optimising 

facade design. 

Optimization methods are ways of finding points of maxima and minima in usually 

complex and non-linear functions. If a particular design objective can be quantified as a 

function – the desire for a facade to be as thin as possible for instance – then 

optimization can be used to find a design that maximizes that objective within certain 

constraints – in this case finding the thinnest possible facade that still meets the 

requirements for thermal performance. The function used to quantify a particular 

objective is called an objective function, and the point where it is maximized or 

minimized is called an optimal solution. 

In cases where multiple objectives need to be maximized, multi-objective optimization 

can be used instead. Here, optimization will try to find permutations of a design where, 

across multiple objective functions, at least one objective cannot be improved. This can 

be difficult, as often improving one objective may impair another. Those particular 

designs where an objective cannot be improved are referred to as Pareto optimal 

solutions, and if enough of these solutions are found then it is possible to plot them on a 

graph comparing the two objective functions as a Pareto front. It is then possible for 

different parties involved in the design to choose a particular optimal solution from this 

front, based on how important each objective is. 

The advantages of multi-objective optimization in design have been laid out in [90], and 

it is an approach that has already been applied to the problem of facades [91], [92], 

though not in the context of their fire safety. Table 2.1 shows how facades are an 

example of a multi-objective problem, and so an optimization approach could improve 

modern facade design. Figure 2.7 demonstrates a hypothetical Pareto front of solutions 

trying to minimize the U-Value and the flammability of a facade. Designers could pick 

the solution that best reflected what was demanded by a project. For a small building in 

a cold country with a low-risk of fire and multiple escape routes, one might pick the 

minimum U-Value without regard to flammability, while for a high-rise residential 

building a solution that scores lower in flammability would be required. In this case, the 

U-Value and flammability index are stand-ins for the more holistic objectives of energy 

efficiency and fire safety, which would have to consider the entire building. Therefore, 

these techniques can only assist engineering design, not replace it. 
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This approach to design is referred to by J. Arora in [93] as Optimum Design. He 

distinguishes it as an approach where designers can be certain that they have chosen a 

design that is close to optimal in some regard, and one where a large focus must be put 

on the choice of design objectives. While flammability is only one part of the fire hazard 

posed by the facade (it does not consider the hazard of the facade detaching and falling 

from the building for instance), and fire hazard is only one objective to be considered 

during the design of facade systems, a process that encourages a deeper consideration of 

the interaction between all possible design objectives (Table 2.1) would be a step in the 

right direction. 

 

Figure 2.7: Example of a Pareto front, minimizing flammability vs. U-Value. Each solution represents a 

particular facade system design. Crosses represent solutions that are feasible, but not optimal. Labels show 

where hypothetical systems using polymer foam or mineral wool insulation might fall. 

2.6 Conclusions 

With an increasing number of facade fires occurring worldwide, understanding the 

flammability of high-rise facades has never been more important. The complexities of 

facade design, where many different objectives need to be considered, require a balanced 

design approach. By looking at the flammability of common facade systems, it is clear 

that as these systems have become more complex over time so too has their flammability 
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increased. Unfortunately, the increased complexity of the problem has not, until 

recently, been followed with an increased body of research, and there are many key 

aspects of facade flammability that are not well understood. This is particularly true in 

regard to the additional complexities of constructing a real facade – how these systems 

behave when they are damaged or include additional fixings and openings. 

The lack of understanding of the overall flammability of facade systems containing 

flammable components has meant that many countries have developed national 

standardised fire tests to assess whether these facades will promote flame spread or not 

(one key aspect of flammability). While the effectiveness of using a single pass or fail 

test to assess facade safety is debatable, the data recorded during these tests should be 

connected to the flammability of the facade (at least in the sense of ease of ignition and 

flame spread). There are many different national test standards that use a range of 

different fire sources, meaning that data from across these standards would give 

examples of facade behaviour in different kinds of fire. By structuring this data and 

combining it with AI, it could be possible to predict the performance in these tests of 

different facades across different national standards. As the outputs of these standards 

relate to the flammability of the facade, this could be a path to quantifying the 

flammability of facades by proxy. At least until the state-of-the-art can reach this point 

from fundamental physics and chemistry. 

The rest of this thesis takes steps towards transforming these tests into a potential tool 

for quantifying facade flammability. While the state-of-the-art may be a long way from 

being able to quantify the flammability of facade systems from fundamental principles, 

the advantages of being able to do so are clear. By quantifying flammability alongside 

other facade design objectives, a new approach using multi-objective optimization can be 

taken to facade design. Taking such an approach would not only guarantee near optimal 

design solutions but would also ensure that fire safety was considered as an integral 

part of the design process. 
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Chapter 3  

KRESNIK: A top-down statistical approach to 

understanding the performance of building facades 

through standard test data 

Summary2 

The previous chapter discussed how the current body of bottom-up facade fire 

research is insufficient to reliably predict the fire behaviour of entire facade systems. 

This chapter presents a complementary, top-down approach to this problem that focuses 

on identifying trends in large numbers of tests on full-scale systems. We present a 

unique database, named KRESNIK, containing 252 commercial facade fire tests, the 

first time these commercial fire tests have been collected and analysed in this way. We 

found that the outputs from these tests were correlated, which could be used to gain 

more information on facade performance than only a pass or fail, and that different 

layers of a facade can have a significant effect, particularly the addition of a cavity. 

Rainscreen facades performed worst in these tests (45% failed), whereas none of the 

ETICS or sandwich panel facades in KRESNIK failed. We found that the choice of 

cladding material was the most important factor in predicting the fire performance of 

these rainscreen facades, but that neither its total fuel load nor its thermal 

transmittance could be correlated.  

3.1 Introduction 

In the previous chapter I mentioned the importance of being able to quantify a 

facade’s flammability. This would not only support fire engineers with an explicit 

measure of the impact of any changes in a facade’s design but would also open the way 

to advanced optimisation methods to support modern facade design. I also mentioned 

 
2 This chapter is based on the published paper: M. Bonner, W. Wegrzynski, B. K. Papis, 

and G. Rein, KRESNIK: A top-down, statistical approach to understand the fire 

performance of building facades using standard test data, Building and Environment, 

169, https://doi.org/10.1016/j.buildenv.2019.106540. 
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how much of the available literature on facade fires tends to focus on individual 

components of the facade (the insulation for example) but not how the system interacts 

as a whole. The impact of each component on the system does not necessarily add 

together in a linear way, and so any approach to quantifying the flammability of a 

facade must take into account the entire system. 

One way to approach this problem would be to study the fundamental science governing 

the fire behaviour of facades and slowly build up explanatory models of increasing 

complexity until such behaviour could be predicted with sufficient accuracy from first 

principles. I refer to this procedure as the bottom-up approach to understanding facade 

flammability. This approach is crucial to ensuring the fire safety of buildings in the 

long-term, however, as seen in the previous chapter, we are still a long way from 

succeeding in such an approach, and facade fires are an immediate threat. 

In contrast, we could also take a top-down approach to quantifying the flammability of 

building facades. In both the bottom-up and top-down cases, a composite variable 

accounting for the different factors making up flammability (ease of ignition, rate of fire 

growth, etc.) would need to be identified. However, whereas the bottom-up approach 

would calculate this variable from fundamental principles, the top-down approach would 

try to collect large quantities of existing data on the performance of different facades in 

fire and store them in such a way that they could be compared easily. By finding 

empirical trends across this data, it would be possible to quantify how different factors 

affect facade flammability, without a full understanding of the fundamental behaviour 

controlling these trends. This approach, whether in the form of statistical analysis, 

machine learning, or artificial intelligence, is common in other research fields with 

complex behaviour, such as a medicine, and has also been used in the field of fire safety 

(see Chapter 2 [86]–[89]). 

The data needed for this kind of approach would have to come from experiments 

involving complete facade systems in order to capture representative behaviour. Most 

statistical or AI methods require large amounts of data (in the hundreds or thousands) 

and performing enough experiments at the intermediate or large scale would be 

prohibitively expensive for any research group – remembering that a large-scale facade 

fire test can cost more than £10,000. However, as mentioned in Chapter 2, in most 

countries a facade must pass a standardised fire test before being allowed to be used on 

a building. Every year, thousands of these tests are performed around the world, but the 

data collected from them remains unused. 
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By collaborating with Instytut Techniki Budowlanej (ITB), a testing and research 

institute in Poland, I was allowed access to the data from 252 such facade fire tests. In 

this chapter, I will explain how I transformed the data from loosely structured test 

reports into a relational database, allowing the data to be compared easily using a 

computer. This database was named KRESNIK3, after the Slavic god of fire. I then go on 

to show the results of my initial analysis of this database, demonstrating the kind of 

information that can be learned from collecting such data. 

3.2 Methodology  

3.2.1 PN-B-02867 Test Standard 

KRESNIK is a unique database containing data on 252 tests that were recorded at ITB 

(a research and testing institute in Poland), according to the PN-B-02867 test standard 

[94]. This standard is an intermediate scale test originating in Poland, though it shares 

some similarities with ISO 13785-1 [95]. This test standard was analysed in [96] to 

demonstrate the effectiveness of the PN-B-02867 test method, however, it is only one of 

many national tests used worldwide. Reviews of these different standards can be found 

in [29]–[31], and 2 more test standards are discussed in detail in Chapter 6 of this 

thesis. Details of PN-B-02867 are shown in Figure 3.1. The standard involves igniting a 

600 x 300 mm, 20 kg wood crib 50 mm from the facade at its centreline, and then 

removing the crib after 15 min. The facade is then observed for an additional 15 min for 

continued fire behaviour. The surface of the facade facing the wood crib must be as close 

to 1.8 x 2.3 m as any panel dimensions will allow and must be constructed as it would be 

on a building.  

 
3 Known Records of External wall tests, Storing Novel Informative Knowledge 
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Figure 3.1: Photos and schematic diagrams of the PN-B-02867 intermediate scale facade test. The length 

units are in mm. To be approved, a facade must pass this test 3 times. Pass / fail criteria are shown in Table 

3.1. 

Throughout the test, a fan applies an average 2 m/s air flow towards the facade; this is 

in contrast to other similar test standards, where no wind is included, provides a worse-

case condition that will increase the incident heat flux on the facade. Also, unlike other 

test standards that require a facade to pass only once, the test must be repeated 3 times 

on identical facades, and all 3 tests must pass for a facade to be approved.  

To pass the test, thermocouple data and qualitative observations from the technician 

running the test are recorded. The thermocouples are placed 125 mm either side of the 

centreline at heights of 1.5 and 2.25 m. These temperature data and observations are 
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then recorded in a test report and checked against the pass/fail criteria for the standard. 

These criteria are shown in Table 3.1. Nearly all of these criteria are related to the 

flammability of the facade. The observations of continued burning or visible flames 

above a certain height identify whether the facade promotes flame spread in the 

relatively short timeframe of the test or if the facade could sustain this spread past the 

duration of the test. The temperature criteria also relate specifically to detecting flames 

at that height and are complementary to the visual observations made by the technician 

overseeing the test. 

Table 3.1: Pass / fail criteria for PN-B-02867 [94] 

3.2.2 KRESNIK Database Design 

Data from the PN-B-02867 standard are recorded in written test reports. These reports 

record similar information from the tests each time, however these written documents 

do not allow for data to be processed and analysed in a structured way. By transferring 

the information in these test reports into a database it can be combined and compared in 

a way that allows new knowledge to emerge. However, to achieve this I could only select 

Pass / Fail Criteria Explanation 

Temperature at 1.5 m Thermocouples at a height of 1.5 m must not 

exceed a temperature of 450 ℃ for more than 30 s 

Temperature at 2.25 m Thermocouples at a height of 2.25 m must not 

exceed a temperature of 350 ℃ for more than 30 s 

Flaming above 1.5 m after 15 min No flaming or smouldering should be observed on 

the facade above 1.5 m, after the wood crib is 

removed (15 min into test) 

Flaming above 2.25 m after 15 min No flaming or smouldering should be observed on 

the facade above 2.25 m, after the wood crib is 

removed (15 min into test) 

Continued burning after 30 min No flaming or smouldering should be observed 

anywhere on the facade after 30 min 

Falling droplets, solid residue, or large parts No flaming debris or large parts must fall from the 

facade for the duration of the test 
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information that was common across the vast majority of reports, and structure this 

data in a way that could be easily built upon. 

To achieve this, I created a relational database. As opposed to a simple spreadsheet, a 

relational database allows different test standards or facade types to be stored in the 

same database by representing each standard as a separate table (also referred to as an 

entity) containing only the observations that are relevant to that particular standard 

[97]. Each table is made up of columns that represent different features of the entity 

being represented (for instance, a column for the peak temperature recorded in a test). 

Similarly, different types of facades (such as those shown in Figure 2.5) can be 

represented as separate entities, allowing me to capture different details for different 

types of facades. For instance, not all facades contain a cavity but if one does then it is 

crucial to include this feature when studying its fire behaviour (in this case by including 

a column for cavity width). Storing data in this way meant the database could be built 

upon in the future, including new types of facades or test standards that recorded 

different information. 

Data stored in a relational database can be visualised using an Entity Relationship 

Diagram (ERD). The ERD for KRESNIK is shown in Figure 3.2. Each box in the 

diagram represents a different entity / table. The names inside each box represent 

features / columns that are recorded in that table. The lines connecting tables represent 

the relationships between entities – in other words how tables can be joined together to 

connect information. A one-to-one relationship will connect one row of a table to one row 

of another table. A one-to-many relationship will connect one row of a table to many 

rows of another table. The features / columns that contain “id” in the name are used as 

“keys” to connect these databases, a standard feature of database design and usage. 

More information on how to read this diagram can be found in [98]. 
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Figure 3.2: An entity-relationship diagram for the KRESNIK database. Descriptions of each feature / 

column can be found in the Appendix. 

The data recorded in the test reports fell into two categories: input and output. The 

input data for each test was the design of the facade. Such designs are often complex 

and recording every detail would include a lot of information which would not be present 

across all facades, harming the ability to compare facades within the database. The data 

I recorded was also commercial, and so I had to ensure that it was not detailed enough 

to reveal any individual product or manufacturer (in other words, the data had to be 

anonymous). Therefore, the facades were represented as multiple layers of generic 

materials - for instance, the cladding could be recorded as 4 mm of terracotta but could 

not include the precise make of terracotta. This created a degree of uncertainty in my 

results, as different brands of these materials can be significantly different from a 

chemical point of view [72]. However, this is an uncertainty that is often present in 

practical fire engineering, where the exact chemical makeup of a product is often 
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unavailable. A large number of examples is therefore required to capture the variation 

within each category, as well as between categories. 

The type of facade was recorded according to the categories shown mentioned in the 

previous chapter and shown in Figure 2.5. There are no strict definitions of these 

categories, and so some bias was introduced by the authors here. However, because the 

majority of facades that are tested tend to follow standard designs, almost every entry in 

the database fell neatly into one of the three types: ETICS, sandwich panel, or 

rainscreen. Those that did not were labelled as “other” (for instance, one test was simply 

a polycarbonate cladding panel with no other facade components). 

The output data for each test was the results from that test. This consisted of the 

thermocouple measurements (time-averaged over every 30 s) and a recording of which of 

the failure criteria in Table 3.1 was met during the test. The 30 s time-averaging period 

was chosen based on the failure criteria of the BS 8414 standard [11], which only 

consider a temperature rise as failure after 30 s. I wanted to analyse the temperature 

measurements independently of the effects from the wood crib. Therefore, 3 additional 

tests using only a wood crib against a masonry wall were performed, with the 

thermocouple measurements recorded in the same way as the other tests. The results of 

these additional tests are shown in Figure 3.3. I then fitted curves to the data from the 

three tests and used these to represent the effect of the wood crib. The curves were fitted 

in four parts, representing the ignition, growth, steady-state, and decay phases of a well-

ventilated fire [99]. The decay phase was an instantaneous drop, as the wood crib is 

removed after 15 min. The other phases were represented by a mean temperature, or by 

a quadratic fit in the growth phase. I then used this curve to calculate two new variables 

related to the temperature. 
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Figure 3.3: Temperature vs. time curves for 3 PN-B-02867 tests performed against an inert wall. These 

show the effects of the wood crib alone, without the fire contribution of the facade. 

The first new output variable was named peak excess temperature. This is the maximum 

difference between the temperatures from a particular test and the fitted temperature 

curve from the 3 wood-crib-only tests. This is similar to the definition of excess 

temperature above ambient conditions used in other areas of fire science but relating to 

the conditions of the wood crib alone. This variable represents the most severe increase 

in temperature caused by the facade alone and is related to the maximum heat release 

rate of the fire – one factor determining flammability. The second output variable was 

named residence time. This was defined as the amount of time that at least one of the 

thermocouples in a test was 100 ℃ higher than the fitted wood crib temperature curve. 

This is because the maximum variation from the fitted curve in the wood-crib-only tests 

was approximately 100 ℃. The residence time represents how long a severe temperature 

condition, well above the effect of the wood crib, is maintained on the facade; this relates 

to the period of time the facade is in theory ignited and contributing to the fire, another 

factor determining flammability.  

The final output variable created for KRESNIK was a flammability index. This was a 

variable created from the pass / failure criteria in Table 3.1. The variable can take a 

value from 1-4 (𝑖 = {1,2,3,4}) based on how many of the pass / failure criteria were 
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observed during a test. The variable is ordinal in nature, as the pass / failure criteria in 

the test were such that they always occurred in a particular order, with each increasing 

value representing a worse performance than the one before. For example, there were no 

tests in the dataset where flaming was observed above 1.5 m and the facade did not 

continue burning after 30 min. There were also no tests where flaming was observed 

above 2.25 m that did not also produce falling droplets or residue, and vice versa, so 

these criteria were combined. This means that the flammability index is directly 

connected to the ignition and flame spread on the facade, hence its name. This is shown 

in Table 3.2. With these 3 output variables combined, we can get as close to representing 

the flammability of a facade in each test as possible. 

Table 3.2: Corresponding values of flammability index in KRESNIK, based on the failure criteria observed 

in an individual PN-B-02867 test. Flaming above 2.25 m and falling droplets also always occur together, 

hence them sharing a value. 

Pass / Fail Criteria Observed Flammability Index Value 

No failure criteria observed 1 

Continued burning after 30 min 2 

Flaming above 1.5 m after 15 min 3 

Flaming above 2.25 m after 15 min 4 

Falling droplets, solid residue, or large parts 

For the analysis done in this chapter, KRESNIK contained data from 90 different 

facades and 252 tests. Not all facades were tested three times, as some tests were 

stopped after the first failure. Of these 90 facades, 38 were rainscreens, 24 were ETICS, 

21 were sandwich panels, and 7 fell into the “other” category. These “other” facades were 

mostly testing individual components of a facade, such as the fixings. The materials 

used in the facades were not evenly distributed. In particular, insulation varied very 

little between facades of each type. All the ETICS contained either EPS or mineral wool, 

all the sandwich panels contained either EPS, PUR, or PIR foam, and all but 5 of the 

rainscreen facades contained mineral wool. Therefore, I could not analyse the effect of 

varying insulation materials in this chapter. 
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A final remark on KRESNIK is that using these commercial tests introduced a certain 

amount of bias into the data. The data here were representative of the population of 

commercial facades tested in Poland but may not have been completely representative of 

these facades once they were used on a building, or of the kinds of facades tested in 

other countries. However, this does not mean that the results are not at all 

representative of other facades, and the uniquely large number of tests in KRESNIK 

means that any conclusions drawn from the data should be more generalisable than a 

very small sample of more varied data, as a larger sample size should better capture the 

variation and uncertainty in such data, while a small sample could fail to capture 

certain trends or the uncertainty in those trends. 

3.3 Results 

Each facade test in KRESNIK included 3 variables representing the performance of the 

facade during that test: peak excess temperature, residence time, and flammability index. 

These variables are connected, but they represent different aspects of flammability 

during a test. The relationship between these three variables is shown in Figure 3.4. In 

these plots, each point represents the median value of each output for a facade, as the 

standard is normally repeated 3 times on identical facades. The error bars are then the 

maximum and minimum from the other repeats. Occasionally, facades were tested only 

once or twice, as the manufacturer stopped any additional testing after the first failure. 

For flammability index, the worst case performance across repeated tests was taken. 

Figure 3.4 shows that there is a positive trend between residence time and peak excess 

temperature. This might be expected, as if a severe temperature is maintained for a long 

period of time (residence time) because of the fire, then it might be expected to reach a 

higher peak temperature overall. The trend is also stronger as flammability index 

increases. This might also be expected, as if there is definite flaming going on, then the 

connection between the maximum temperature and the length of time at high 

temperatures would be stronger as more of the available fuel has time to contribute to 

the fire. However, at the maximum value for flammability index of 4, the trend seems to 

fall apart. The cause of this is unknown, but it could also be that because the flames 

have spread so high in this case (2.25 m, see Table 3.2) that enough of the facade is 

burning to quickly consume all of the fuel fast enough that the temperature does not 

remain high for long periods of time. This is supported by photos taken before and after 
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these tests (with 𝑖 = 4), as the tests with shorter residence times had much larger areas 

of the facade consumed than the tests with longer residence times. 

The R2 values between residence time and peak excess temperature in Figure 3.4 

increase with flammability index up to 𝑖 = 3. R2 values represent how much of the 

variation in the data is explained by the trend line. As this kind of analysis had not been 

done before in the literature, there were no similar values to compare these fits to. 

However, this tells us that residence time can explain more of the variation in peak 

excess when the flammability index is higher, suggesting that the connection between 

the two values is stronger in the case of a more severe fire. 
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Figure 3.4: Plots showing the relationship between output variables in KRESNIK. Error bars represent the 

range of values for one facade over 3 repeated tests, with the median test as the central point.  
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A comparison of the performance of the different facade types is shown in Figure 3.5. 

The plot shows the percentage of tested facades of each type that achieved different 

flammability indexes in the test. It is clear that in this dataset, rainscreen facades 

performed significantly worse than the other facade types, with 45% of the tested 

facades achieving a flammability index greater than 1 (i.e., failing the test). This could 

be due to the difference in materials used in the rainscreen facades, or the presence of a 

cavity, which is known to increase the severity of fire conditions in a facade [60], [62], 

[63], [100].  

There were 7 facades in the database (of a total of 90) that were significantly different to 

all the other facades tested. These facades were different enough from one another that 

they were impossible to analyse in aggregate, we therefore did not include them in 

Figure 3.5. They all achieved a flammability index of 1, with the exception of a facade of 

polycarbonate panels with a cavity, which achieved a flammability index of 4. This 

means that all of the facades that failed the test in our database contained a cavity. 

 

Figure 3.5: Bar plot of the percentage of facades that fail for different facade types. There was a total of 24 

ETICS, 21 Sandwich Panels, and 38 Rainscreen facades in KRESNIK. 

To check whether the materials in the different types of facades were the reason for 

their relative performances, I analysed whether facades with particular materials were 
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the ones that failed. None of the Sandwich Panels and ETICS facades in KRESNIK 

failed the test, meaning it would only be possible to analyse variations in thermocouple 

measurements, making it difficult to draw conclusions about the materials in these 

types of facades. For instance, it may be that the reason that no ETICS facades failed 

the test is because the test method does not consider flame spread behind the render 

unless it breaks through during the test. This is a limitation in considering only this test 

method. 

For the rainscreens however, there was a large variation in the type of cladding used. 

Figure 3.6 shows the frequency distribution of the cladding materials used, and the 

flammability index achieved by rainscreens with those cladding materials. The majority 

of rainscreens in KRESNIK had mineral wool insulation, with the exception of 5 facades 

that had phenolic foam insulation. These included both of the rainscreens with 

terracotta and compressed basalt cladding, one of the rainscreens with wood polymer 

composite (WPC) cladding, and one of the rainscreens with cement board cladding. This 

was the only facade with cement board cladding that failed the test. 

 

Figure 3.6: Bar plot showing the number of rainscreen facades in KRESNIK with different cladding 

materials, and their distribution in flammability index. Rainscreens with ACP FR or HPL performed the 

worst. 
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From Figure 3.6 it is clear that only the rainscreens with combustible cladding achieved 

a flammability index greater than 1 in this test. Rainscreens with high pressure 

laminate (HPL) cladding and aluminium composite panels with added fire retardants 

(ACP FR) in particular performed poorly, with approximately 80% of the HPL and 60% 

of the ACP FR achieving a flammability index greater than 1. This aligns with a similar 

prediction of issues with HPL cladding from a recent study [70]. With this test setup 

therefore, it seems that the inclusion of a combustible cladding material drives the 

facade performance in the test, a finding that is supported by [67]. While it may seem 

obvious that combustible cladding would decrease a facade’s fire performance in a fire 

test – this has been hypothesised by other fire experts [9], [67], [101] – this is the first 

time that this claim has been supported by such a large set of data at the system level. 

It should also be pointed out that not every facade containing combustible insulation 

achieved a bad performance in this test, suggesting that it is not the combustibility of 

the material alone that is driving the facade fire behaviour. The only non-combustible 

cladding that achieved a flammability index greater than 1 in KRESNIK also contained 

phenolic foam, suggesting the insulation also plays a role. However, only one of the 5 

facades containing phenolic insulation failed this test, so this is something to be 

investigated in future research. 

Although there is clearly a difference in facade performance based on the materials 

present, it is not certain what aspect of the materials is driving this behaviour. Figure 

3.7 shows our attempt to predict each output using simple regression models and 2 

different design variables of a facade, fuel load and U-value. The fuel load was 

calculated as the mass per unit length multiplied by the heat of combustion for the 

insulation and cladding summed together. The U-value was calculated as the inverse of 

the summed thermal resistance of each layer of the facade.  These variables represent 

the maximum amount of fuel that could be burned on a facade and the ease of heat 

transfer through a facade (under steady state conditions), respectively. These variables 

were chosen as they are variables that consider the entire facade system and are often 

implied as some of the most important in driving fire behaviour in a facade 

(representing combustibility and heat transfer). 
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Figure 3.7: Bar plot showing the R2 values achieved by trying to predict each output variable in KRESNIK 

using the Fuel Load and U Value of the facade, and a simple linear / logistic regression model (logistic in the 

case of flammability index as it is a categorical variable, rather than a numerical variable). The R2 method 

chosen for the logistic regression models was McFadden’s Pseudo R2 [102]. 

Figure 3.7 shows the R2 values for 3 simple regression models fit for each output and 

predictor variable. For peak excess temperature and residence time a simple linear 

regression was used, but because flammability index is an ordinal variable, a logistic 

regression model was used instead (which predicts probabilities of being in different 

categories). Logistic regression models have more than one way of calculating an R2 

value. In this case, McFadden’s Pseudo R2 [102] was used, which is the simplest. These 

R2 values represent the amount of variation in the outputs that can be explained by each 

predictor variable. 

It is clear that neither fuel load nor U-value can fully explain the output results. With a 

simple linear fit, fuel load only manages to explain about 10% of the variation in output. 

This is very low, but the relationship is statistically significant. This means that if you 

take a simple linear regression: 

 𝑦 = 𝛽0 + 𝛽1𝑥 3.1 
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And then test the null hypothesis that 𝛽1 = 0 (i.e., that 𝑥 and 𝑦 are unrelated) then fuel 

load’s effect has a p value < 0.05. This suggest that fuel load does have some explanatory 

power, but that it cannot predict the output of these tests on its own. U-value has no 

explanatory power, however, which may be expected given the dynamic conditions of a 

fire, while U-value is defined under steady-state. The sub-plots in Figure 3.7 suggest 

that there is no obvious function that can explain the shape in the data, so exploring 

other variables and fits should be a subject for future work. 
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Figure 3.8: The upper plot shows the variation over repeated tests of an identical facade. The bottom plots 

show how the variation across repeats increases as the severity of the output increases, implying the tests 

that varied the most are also the ones that performed the worst. 

Part of the difficulty in explaining trends in the data is the large amount of variation, 

even in the repeated tests of identical facades. Figure 3.8 shows the variation in each 

output across 3 tests of each facade in KRESNIK. It is clear that the variation in both of 

the numerical outputs can be huge, as much as 500℃ in peak excess temperature or 12 

minutes in residence time. Interestingly though, there seems to be no correlation 
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between the variation of the different outputs (i.e., a large variation in peak excess 

temperature does not guarantee a large variation in residence time). 

It does seem that the facades with the highest variation in temperature readings 

were the ones with a higher flammability index. The bottom plots in Figure 3.8 show 

that a lot of the variation in output can be explained by the maximum value of that 

output measured across the 3 repeats. This suggests that the minimum values of each 

output tend to stay pretty similar in the case of peak excess, although there is more 

variation in residence time.  

Despite this large variation, there were only 4 facades (out of 90) in the database that 

varied in flammability index across repeats. All 4 shift from a pass to a failure. This 

suggests that the ignition behaviour of these facades is relatively consistent, however 

this result may also be because facades that fail the first test are not always repeated 

again but are simply deemed to have failed. 

Future work will focus on expanding this approach across multiple test standards, to 

see whether these results are generalisable beyond PN-B-02867, although finding 

organisations that are willing or able to share this kind of commercial test data is 

difficult. It would also be useful to investigate the effect of different insulation types 

more, as this dataset does not have the required variation in insulation materials to see 

any effects. 

3.4 Conclusions 

A unique database of 252 commercial facade tests, named KRESNIK, was created 

and analysed, taking a top-down approach to understanding facade performance in fire. 

The tests in KRESNIK were performed according to the Polish PN-B-02867 standard 

[94]. It was found that the outputs from this test, which each related in part to the 

flammability of the facade, were correlated, which could be used to gain a deeper 

understanding of facade performance in a test than a simple pass or fail, for instance, by 

combining these output parameters into a single variable correlated with facade 

flammability. It was found that the type of facade had a significant effect on fire 

performance, with ETICS facades performing best and rainscreen facades performing 

worst (over a third of rainscreens failed the test), which seemed to be driven by the 

cladding materials, though the positive performance of ETICS facades may be due to the 

nature of the test’s failure criteria, which does not consider flame spread that might 
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occur behind the render in ETICS facades. We also found that there was huge variation 

in the temperature performance of an identical facade across repeated tests, but 

whether the facade ignited or not remained relatively consistent. 

These results show the power of a data driven, top-down approach to fire research. 

Although each of these commercial tests has only a small amount of information 

recorded, by combining large numbers of tests together and extracting as much 

information as possible from test reports, novel evidence of facade performance in fire 

can be gained. For instance, with a larger dataset, it could be possible to estimate how 

the probability of a facade having a flammability index > 2 changes when changing the 

cladding material (by plotting a probability density histogram). This could help 

engineers quantitatively assess the impact of their design choices. 

Future test standards could capitalise on this approach by recording more detailed 

information and allowing it to become accessible for scientific research. Precise 

knowledge of material properties of products used in a facade, combined with less coarse 

thermocouple measurements, video recordings, and even heat flux measurements (or if 

possible, measuring the most important parameter for fire, the heat release rate) could 

allow for much more advanced prediction capability, either by passing the results from 

many tests through a regression model, or through a more advanced machine learning 

model. The output from such a model could be used to find which design parameters are 

sensitive to help guide future research or be used as an indicative model prior to large-

scale testing. 

This kind of evidence can also be used to critically assess the engineering judgements 

made to extend the application of facade tests (so called “desktop studies”) by correlating 

changes in different design inputs to outputs related to facade flammability, and thus 

providing quantitative evidence for such judgements. As researchers, it is not for us to 

tell architects or engineers how to design buildings. However, by providing empirical 

evidence of the performance of different facades and materials in these tests, we can 

better inform engineering decisions and allow for the creation of tall buildings with safe 

facades.  
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Chapter 4  

Visual Fire Power: Method and Algorithm for 

Measuring Heat Released Through Visible Flames in 

Regular Camera Footage 

Summary4 

Chapter 3 mentioned the value of improving the range of the measurements taken 

during standard facade tests. By taking more measurements related to facade 

flammability, such as the heat release rate, rate of flame spread, or time to ignition, 

these tests could be used to assess the flammability of facade systems more clearly, 

rather than produce a simple pass or fail. This chapter presents a methodology that 

could be used to easily extend the measurements taken during such tests. This 

methodology can be used to estimate the heat released by through visible flaming in a 

turbulent fire, referred to as visual fire power. This value, measured in kW, is closely 

related to the heat release rate of a fire, but does not capture flames that cannot be seen. 

This chapter discusses how volumetric heat release rate should be approximately 

constant for a turbulent, diffusion fire, and explains a step by step method for 

estimating flame volume from camera footage. This methodology is then calibrated, first 

using virtual objects with known volume in the software Blender, then using 

experiments with propane sand burners fixed at different flow rates. The outcome of this 

work represents a powerful tool for fire safety research and was applied to the 

experiments discussed in Chapter 5. 

4.1 Introduction 

Chapter 3 mentioned the value of improving the range of the measurements taken 

during standard facade tests. By taking more measurements related to facade 

flammability, such as the heat release rate, rate of flame spread, or time to ignition, 

 
4 This chapter is based on the paper in progress: M. Bonner and G. Rein, A Novel 

Method for Measuring Heat Released Through Visible Flaming in Regular Camera 

Footage (to be submitted). 
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these tests could be used to assess the flammability of facade systems more clearly, 

rather than produce a simple pass or fail. One key aspect of flammability is the rate of 

fire growth, captured in the heat release rate of a fire. Traditional methods of measuring 

heat release rate require collecting all the emissions released by a fire, a task which 

becomes more expensive the larger the fire is. This would make it a more challenging 

variable to add to current facade fire tests. However, most of these tests are filmed to 

assist the technician making qualitative observations. This chapter presents a novel 

method for estimating the heat release by a turbulent fire through visible flaming, 

referred to as visual fire power, by estimating the flame volume from regular camera 

footage taken at different angles. Such a methodology could be easily included in current 

standard tests to improve their ability to assess facade flammability. 

To the best of the author’s knowledge, the observation that the volume of a flame is 

proportional to its heat release rate was first made by De Ris and Orloff [103], who 

found that up to a heat release rate of 250 kW, fires of methane, propene, and PMMA 

had a constant volumetric heat release rate of 𝑄̇′′′ = 1200 kW/m3. Other work has found 

volumetric heat release rates of 1100 kW/m3 for fires between parallel plates [104] and 

800 kW/m3 for furniture fires [105]. A figure of 500 kW/m3 was also cited by [106]. 

Theoretical justification for a constant value for 𝑄̇′′′ is given by Xin in [107]. For a 

buoyant, turbulent diffusion flame, the molecular mixing time should be approximately 

constant. By assuming that the heat released by combustion is transferred entirely to 

the surrounding gases, which then behave ideally, and that the heat released per mole 

of oxygen is approximately constant, the heat released per unit volume of the flame 

should also be constant. If this is true, then it should be possible to estimate the heat 

release rate of a fire based on videos taken at different angles, provided the shape and 

size flames in the video can be measured. 

The idea of detecting fire in camera footage using computer vision techniques is not 

new [105], [108], [117], [109]–[116]. Attempts to detect flames focus on taking colour 

information from individual pixels in the image, sometimes taking into account the 

dynamic nature of fires by comparing changes between frames of a video. More detailed 

reviews of this topic can be found in [118], [119]. Most of this research was intended to 

detect early fires in order to raise an alarm [109]–[111], [114] and so did not necessarily 

focus on accurately finding the shape of the flame. However, [108] used the 

intermittency of a pool fire to estimate its centreline temperature, [116] used video 

processing as an estimate for flame height, and [117] used the flame height and 
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diameter of an axisymmetric pool fire to estimate its heat release rate based on 

traditional plume correlations. 

In contrast, this work is trying to find the heat release rate of a fire based on its 

volume, by using multiple 2D images from different angles to recreate a 3D 

representation of a flame. This problem has been studied before in [105], [112], [120]. 

These studies identified that traditional approaches to tomography (3D reconstruction 

from 2D images) are difficult to apply to fire, firstly because a fire is a dynamic process 

with unclear boundaries, and secondly because it produces its own light, making it 

impossible to take into account reflections from the flame surface. The solution from 

these studies was to produce a cloud of points where the fire could be and to use 

knowledge of each camera’s position and intrinsic properties (lens shape and sensor size 

and position) to estimate where each point would fall in the 2D images, then identify 

whether those pixels detected fire. This work initially tried a similar approach; however, 

the final method was somewhat different due to issues with accuracy, which will be 

explained in the next section. 

4.2 3D Reconstruction of Fire from 2D Images 

Let us consider a scenario with multiple videos of the same fire, taken by similar 

cameras in different positions. The objective is to convert the 2D images from these 

videos into a 3D representation of the fire. To do that, we need to know how a camera 

converts 3D coordinates in the real world (𝑋 𝑌 𝑍) into 2D coordinates in the image 

plane (𝑢 𝑣). 

The relationship between an image taken by a camera and its coordinates in the real 

world can be represented using a pinhole camera model [121], shown in Figure 4.1. The 

line along which the pinhole is located is called the axis of projection. All light rays 

coming from objects in the real world will pass through the pinhole, also known as the 

centre of projection, and travel to the image plane located 1 focal-length 𝑓 away (the focal 

length is an intrinsic property of the camera, representing the distance from the lens to 

the imager). Using similar triangles, this means that an object with height 𝑋 from the 

axis of projection and distance 𝑍 from the centre of projection in the real world will have 

height 𝑥 =
−𝑋𝑓

𝑍
 on the image plane. Repeating this logic for the Y-axis, you can show that 

the relationship between a point in the real world (𝑋 𝑌 𝑍) and a point in 2D 

coordinates (𝑢 𝑣) is: 
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 (
𝑢
𝑣
) = −

𝑓

𝑍
(
𝑋
𝑌
) 4.1 

Notice that multiple real world coordinates will map to the same coordinate in the 

image plane. This is because it is impossible to distinguish between points along the 

same ray in this projective mapping.  

 

Figure 4.1 - Visual representation of a pinhole camera model and projective geometry. The lens of the 

camera is represented by a single point, through which all rays the camera sees must pass. This simplifies 

the geometry for estimating how these rays will then appear on the camera’s sensor, or image plane. 

What this means in practice is that each pixel in an image can be mapped to a ray 

projecting from the cameras centre of projection into the real world. The first opaque 

object that each ray hits would in theory be the object imaged in that pixel (obviously 

with different degrees of transparency, this becomes more complicated). This is the basis 

of the method for 3D reconstruction of a fire presented by [105], [112], [120]. These 

studies take the following steps: 

1. Create an array of 3D pixels (voxels) in real-world coordinates (as opposed to 

image coordinates) in an area where the fire could be located. 

2. Find the projective mapping of each voxel onto the image plane of your camera. 

This would create an M x N matrix that relates M voxels in world coordinates to 

N pixels in image coordinates. Remember that multiple voxels can map to a 

single pixel if they lie along the same ray. 

3. Identify which pixels in your image do not contain fire. Any voxel that maps onto 

these pixels must not contain fire. 

4. Remove voxels that do not contain fire from your voxel grid. 

5. Repeat for multiple cameras. Each repetition will remove more voxels not 

associated with fire and get closer to an accurate representation of the real world. 

 

 =
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With enough cameras, this method should provide an accurate reconstruction of the 

fire, regardless of its shape. However, this method is very computationally expensive. 

Most images taken today contain at least 106 pixels, and to create a grid of 1 mm3 voxels 

covering a volume of 1 m3 would require 109 voxels. This would mean the associated M x 

N matrix would contain 1015 elements, and the number of computational operations 

would be even higher. The calculations also need to be repeated for each camera being 

considered. For this reason, these approaches need to use coarse grids and efficient 

computational tricks to be computable in a reasonable time. 

This approach was not used in this work, as we found it produced inaccurate results 

for our experiments. This was due to error arising from areas behind the fire that cannot 

be seen by other cameras, highlighted in grey in Figure 4.2. Each pixel in an image will 

only map the first opaque object hit by its associated ray. This means that any one 

camera will assume that the entire region behind any fire it detects will also contain 

fire. Adding additional cameras will reduce this error, as they can see more areas 

around the fire. However, this error was significant for our four camera setup 

(overestimating by more than 1 m3 in some cases). 

 

Figure 4.2 – Sketch demonstrating how errors arise from the ray tracing approach with too few cameras. 

Each ray projected from the camera is associated with a single pixel and will only record the first opaque 

object it hits. Therefore, if a camera detects a point along a ray as fire, then it will detect the entire region 

behind it as fire as well. Inspired by work from [122]. 

The original method of reconstruction used here will be referred to as planar volume 

reconstruction. As the name suggests, this method assumes that all relevant pixels in an 

image fall into the same 2D plane in real coordinates. This assumption becomes more 
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valid the further the distance from the camera to the objects of interest vs. the distance 

between the objects of interest along the axis of projection. The full methodology is 

demonstrated in Figure 4.3, and was implanted in Python using the open-source 

computer vision library OpenCV [123]. It consists of the following steps: 

Step 1: Take an image of the xz plane 

This method uses two cameras at approximate right angles to each other. To make 

the explanations clearer, I will refer to the specific example of the experiments in 

Chapter 4. In this case, I will take the x axis to be located along the width of the facade, 

the y axis to be located through the facade’s build-up, and the z axis to be located along 

the height of the facade, as indicated in Figure 4.3. The origin of the coordinate system 

is located at the centre of the wood crib. In this case then, an image of the xz plane 

would be a photo taken towards the front face of the facade (from the same direction as 

the 2 m/s wind condition). 

Step 2: Remove lens distortion 

The pinhole camera model represents an idealisation of reality. In a real camera, 

imperfections in the sensor array and lens will lead the image to be distorted. This can 

be corrected by calibrating the cameras to find a transformation that maps each pixel in 

the image to where it would be located in a “perfect” image. The cameras were calibrated 

using the built in camera calibration toolbox in OpenCV. Full details can be found in 

[124], but this essentially involves taking many images of a flat object – in this case a 

chess board – and calculating the deviations from the pinhole model by recording how 

the corners of each square of the chess board move between images. 
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Figure 4.3 - 10 step explanation of the planar volume reconstruction methodology. A sketch of the 

experimental setup in these images is shown in Figure 5.1. 
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Step 3: Correct for Perspective 

It is unlikely that the camera taking the image is completely aligned with the plane 

origin. To correct for perspective and calculate the relationship between image 

coordinates and world coordinates we need to select points that fall on a plane in the 

real world with known dimensions. In this case, the facade’s cladding is perfect. We 

want the image to be centred on the front face of facade, with margins of fixed length 

around each edge. 

We select each of the bottom-left, bottom-right, top-left, and top-right corners of the 

facade in pixel coordinates 𝑃𝑏𝑙 , 𝑃𝑏𝑟, 𝑃𝑡𝑙 , and 𝑃𝑡𝑟, respectively. The width of the facade in 

pixels is: 

 max (√(𝑃𝑏𝑟 − 𝑃𝑏𝑙)
2 , √(𝑃𝑡𝑟 − 𝑃𝑡𝑙)

2 ) 4.2 

The height of the facade in pixels is similarly: 

 max (√(𝑃𝑡𝑙 − 𝑃𝑏𝑙)
2 , √(𝑃𝑡𝑟 − 𝑃𝑏𝑟)

2 ) 4.3 

Using these dimensions in pixels, we can calculate the width and height of each 

individual pixel in real world units (in this case mm) by dividing the width / height of 

the facade in pixels by the width / height of the facade in mm. We can also use the 

dimensions of the facade to calculate the “ideal” position of the four corners in an image 

where the camera was perfectly aligned. This transformation would represent a shift in 

perspective and is part of a category of transforms called perspective transforms or 

homographies, which are illustrated in Figure 4.4. 
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Figure 4.4 - Affine vs Perspective transforms of quadrilaterals. Affine transforms preserve parallel lines. 

Inspiration for figure taken from [121]. 

Combining this information, we can calculate a fixed margin around each edge of the 

facade in mm and convert this into pixels. We can then centre the perspective-corrected 

image on the centre of the facade (which is our chosen origin in world coordinates) and 

produce a direct mapping from our image coordinates to coordinates in our plane of 

interest in the real world. 

 

Step 4: Grayscale and Blur 

Images in OpenCV are represented as M x N x 3 arrays of pixel intensities, with 

values between 0 and 255, with the third dimension representing the individual red, 

green, and blue colour channels for the image. This can be converted to a single M x N 

array by combining the three colour channels into a single array of intensities, based on 

how the human eye detects different colours in real life (the eye is more sensitive to 

green, so the channel is weighted more heavily). The formula used in OpenCV is: 

 𝑌 = 0.2  𝑅 + 0.  7𝐺 + 0.114𝐵 4.4 

Where 𝑅, 𝐺, 𝐵 are the pixel intensities of the red, green, and blue channel, 

respectively. This single channel array is then blurred/smoothed using a Gaussian 

smoothing function. Smoothing or blurring an image is achieved by considering each 
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pixel in an image individually and then applying some function to that pixel based on 

the surrounding pixels. The specific shape and size of the window used to select which 

surrounding pixels to take into account is called a kernel. The most basic smoothing 

function would be setting a pixel to the mean of itself and the surrounding 9 pixels. A 

Gaussian smoothing function is similar, except it weights pixels further from the central 

pixel less in the average based on a normal distribution. Here, I used the built-in 

GaussianBlur() function in OpenCV. The reason for this step was to improve the quality 

of the thresholding done in step 5. 

Step 5: Threshold Fire Pixels 

A binary image is an image where every pixel has an intensity of either 0 or a fixed 

non-zero value, usually the maximum intensity possible (in this case 255). To transform 

an image into a binary image, we can apply a thresholding function. This is a set of 

logical rules that will set each pixel to either 1 or 0. Most commonly, a thresholding 

function will transform a grayscale image into a binary image based on some threshold 

value of intensity, hence the name. 

In this instance, we want to select rules that will distinguish between pixels that do 

or do not contain flames. Previous fire detection methods have often used rules based on 

the red colour intensity and pixel saturation to detect fire. For instance, [113] uses the 

following rules: 

 𝑅 > 1 0 4.5 

 𝑅 > 𝐺 > 𝐵 4.6 

 (100 –  0.3 𝐵) >  𝑆 > (−2.01 +  0.  𝑒−
𝐵

77.6) 4.7 

Where 𝑆 is the pixel’s saturation. However, these rules did not detect fire well in our 

experiments. The experiments were done throughout the day in natural light, meaning 

the lighting conditions were different in each video. This affected the colours 

significantly. 
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A simpler approach, taken in [108], is to use the grayscale intensity to identify pixels 

containing flame. A value between 0 and 255 is selected as the threshold value, and all 

pixels above or below this are set to 1 or 0. We found this was effective at detecting fire, 

but that using a single threshold value got different results in different lighting 

conditions. We solved this by using an approach inspired by Otsu’s binary threshold 

[125], which tries to separate an image based on peaks in the frequency histogram of 

pixel intensities in a grayscale image, like the one shown in Figure 4.5. Knowing that 

flames would always be on the upper end of grayscale intensity, we disregarded all 

pixels with < 200 intensity. We then selected a threshold based on the maximum pixel 

intensity, above which 80% of the pixels in this region were located. In other words, I 

take a cumulative sum of the values of the individual bars in Figure 4.5 from right to 

left until it is greater than or equal to the sum of all the bars in the highlighted region 

from 200-255. 

 

Figure 4.5 - A histogram of the pixel intensities in the image in step 4 of Figure 4.3. The area considered by 

the variable threshold is highlighted in gray. 

Step 6:  Fill Holes 

As thresholding is done on a pixel by pixel basis, it is quite common for small holes to 

appear in a binary image, made up of small regions of pixels that did not meet the 

threshold (black pixels) surrounded by large regions of pixels that did (white pixels). 

This can interfere with contour finding algorithms. The problem can be alleviated 
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somewhat by smoothing the image prior to thresholding, but some holes may still 

remain. To deal with this, we can use a morphology function which essentially deals 

with the boundaries between white and black pixels in a binary image. One such 

function is a hole filling function that fills small regions of white pixels while leaving 

large regions the same size. 

Step 7: Remove Noise 

The issue with thresholding based on grayscale intensity is that the algorithm may 

also pick up other bright objects, like the spotlight in Figure 4.3. To remove this kind of 

background noise, we can apply the threshold algorithm to a frame of the video from 

before each experiment started. This would pick up all bright objects that weren’t fire. 

These regions are then removed from the binary image. 

Step 8: Find Largest Contour 

The contours of a binary image are the outside edges of regions of white pixels. 

OpenCV has a built-in algorithm for finding contours in binary images. This was used to 

find a list of all contours in the frame. The largest contour was selected as the fire 

region. Due to the blurring and hole closing steps, this would include detached flames 

close to the main body of the fire but would not include small regions of flame casting far 

away from the main body. This is something to improve upon in future versions of this 

method. 

Step 9: Repeat for the yz plane 

The previous steps were repeated for a camera at  0° to the original camera. In the 

case of these experiments, that would be facing the facade side-on with the y axis going 

in the direction of the masonry wall from the centre of the wood crib. 

Step 10: Combine Contours into a 3D Surface 

By following the previous steps, we are left with two contours representing the 

largest region of fire in each image. To combine these into a 3D shape, we need to find a 

shared point between them. In practice, the relative z coordinates of the two images 

were usually slightly different from each other due to the accumulation of small errors 

in the previous steps. To solve this, we calculated the difference between the maximum 
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and minimum z value for each pixel in the contours to give the “flame height” at that 

point in the contour, producing two arrays containing the variation in flame height with 

the variation in x and with y. These arrays are then combined into a 3D surface by 

creating a 2D mesh grid over each combination of x and y in the two contours and then 

taking the minimum flame height at each position. 

 𝑧𝑓(𝑥, 𝑦) = min (𝑧𝑓(𝑥), 𝑧𝑓(𝑦)) 4.8 

The reasoning behind this relates to the discussion of camera rays from before. 

Taking our assumption that the image represents a plane in the real world, then any 

ray coming from the camera should be perpendicular to the plane it is imaging. Because 

the pixel takes an image of the first opaque object it sees, the pixels at the edge of the 

flames will represent the maximum height along the y axis. Similarly, the pixels at the 

edge of the fire in the yz plane will represent the maximum height along the x axis. 

Therefore, for any point (𝑥, 𝑦) on our surface, the flame height must be at most the 

smaller of the two values seen by the two cameras. It is possible of course that some of 

the points on the surface could have even lower flame heights, but this would be 

undetectable using this method (a similar problem to the issue in Figure 4.2). Figure 4.6 

shows what the surface produced from these two images looks like. To find the volume 

we then integrate over the surface. 

 

 

Figure 4.6 - Demonstrating a 3D surface formed from 2 2D line plots of flame height varying with x and y. 

The colour of the surface varies with height for clarity. 
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4.3 Method Calibration 

4.3.1 Calibration using a virtual scene 

As this is a novel method, it is important to test its efficacy by using it to analyse an 

object with a known volume. Unfortunately, there isn’t a consistent way to measure the 

volume of fire precisely. However, it would be ideal to calibrate the method against 

something similar to its end use. With this in mind, we created a virtual scene of a 

simulated burner against a wall inside the virtual imaging software Blender [126]. 

Blender is a computer graphics software that can create virtual 3D scenes, which can 

then be photographed or filmed using virtual cameras in the generated scene. This 

allows us to test the planar volume reconstruction method in a scenario with ideal 

cameras and thresholding, ensuring that any residual error comes from the volume 

reconstruction method itself, rather than imperfections in the cameras or in detecting 

the boundaries of a fire. 

 

Figure 4.7 - A virtual scene of a simulated burner against a facade. Bright colours are chosen to allow for 

simple and precise thresholding rules. The top two views are equivalent to the xz and yz planes used in 

planar volume reconstruction. The bottom view is to give additional context to the scene. 

Figure 4.7 shows images of a virtual scene created in blender, taken using virtual 

cameras in the space, imitating a burner against a facade with an irregular flame 
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surface. Using red, green, and blue shading for the flame, burner, and facade, 

respectively, allowed for perfect thresholding and identification of both the flame 

boundaries in step 5, and the corners of the facade and the burner that are required for 

the perspective transform in step 3. The virtual cameras were set to have no lens 

distortion, meaning the calibration step was unnecessary in this case. Any remaining 

error in estimating the volume of the red “flame” object (which had a volume of 0.044 

m3) would therefore only arise from the fundamental assumption that the objects in the 

image lie in a plane in the real world, or from the potential over-estimation of flame 

height at certain coordinates that was mentioned in step 10 of the method. 

The computational efficiency of planar volume reconstruction depends on the number 

of pixels (the resolution) of each image. For this reason, we chose to test whether 

reducing the resolution of the image would have any effect on the accuracy of the 

method. We introduced a scale factor into the algorithm, which shrunk the image to 

1 × scale factor of its original size. The results of the calibration and the effect of 

changing the resolution are shown in Figure 4.8. While shrinking the image by a large 

amount will have a large effect on the size of the estimated volume, this volume tends to 

flatten out above a scale factor of around 0.25. The overall error in estimating the 

volume using this method was around 0.006 m3, or 14% of the true volume. As we will see, 

this is much smaller than the variability in the volume of a flame with a constant heat 

release rate, and so the method would seem to be useful for our purposes.  
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Figure 4.8 - Estimated volume of the red surface in the virtual scene shown in Figure 4.7, for images at 

(1 × scale factor) of their original resolution. The true volume of the surface is given by the dashed line. 

4.3.2 Calibration using real experiments 

To explore the relationship between the heat release rate of a fire and the estimated 

flame volume using planar volume reconstruction, we performed a series of experiments, 

using propane sand burners with known flow rates against a masonry wall (similar to 

the virtual scene in Figure 4.7). Pictures of the experiments are shown in Figure 4.9. 

The sand burners were 800 x 160 x 550 mm and were place 250 mm from the wall. 

Experiments were performed with both a single burner and 2 burners side by side, and 

with and without the 2 m/s wind condition used in the experiments in Chapter 4. The 

flow rates used for the different burner configurations are given in Table 4.1. The fuel 

was a mixture of 95% propane and 5% butane, as this was easily available in the lab. 

We converted the flow rates to heat release rates by approximating the mol / l of fuel to 

be that of an ideal gas with the same molecular weight, and using values for the 

chemical heat release rate of the two fuels burned in air given in [127]. This gave a 

value of 80.21 kJ/l for the fuel. Comparing this to calculations using the lower heating 

value of the two fuels using a bomb calorimeter, the value of 80.21 kJ/l represents a 

combustion efficiency of 94%. 
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Table 4.1 – Flow rates of a mixture of 95% propane and 5% butane gas, for experiments with a single sand 

burner and two sand burners side by side. Experiments were performed with and without a 2 m/s wind. 

 Flow Rate / l/s 

Single Burner: 0.5 1.0 1.5 2.0 2.5 3.0 

Dual Burners 0.5 1.0 1.5 2.0 2.5 5.0 

 

Figure 4.9 - Photos of the calibration experiments with sand burners against a masonry wall 

The results of these experiments are shown in Figure 4.10. Estimated volumes are 

plotted against the heat release rate for each flow condition by taking the mean volume 

over a 90 s period at this flow rate. The 𝜎 error bars represent the standard deviation 

over this same 90 s period. The errors bars are plotted for each flow rate and burner 

condition separately, but the values given in the legend are the average across all wind / 

no wind experiments. The black lines show the constant volumetric heat release rates 

measured by Orloff and De Ris [103], Stratton [105], and fitted to this data using least 
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squares. Looking at the plot, it seems that the volumetric heat release rate increases for 

higher flow rates. However, this was likely due to an issue in thresholding the fire in 

these experiments. Using the simple thresholding rules explained in step 5, reflections 

of the flame from the surface of the wall were also detected. This effect is shown in 

Figure 4.11. This gave an over-estimation of the volume of the flame, particularly for 

lower heat release rates where less of the flame had reached the wall in these 

reflections. Reflections were also picked up more during experiments with wind. This 

may explain the larger volumes for smaller heat release rates. In the future, we hope to 

repeat these experiments without the presence of a wall to test this hypothesis. 

 

Figure 4.10 - Volume vs Heat Release Rate for single and dual sand burners, with and without a 2 m/s wind 

condition. Lines of the volumetric heat release rates found by Orloff and De Ris [103] and Stratton [105] are 

plotted, alongside a line fitted to the experimental data using least squares. 
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Figure 4.11 - Demonstration of the effect of reflections in the calibration experiments. The thresholding 

technique cannot distinguish between reflections from the fire and the fire itself in either case, but for 

higher heat release rates, the reflections represent a smaller proportion of the flame, so produce less error. 

Given that the results from these calibration experiments were likely overestimating 

the volume, and by extension the heat release rate, we also studied the results from the 

first experiment in Chapter 5, where a 20 kg wood crib was burned against a non-

combustible facade. In the experiments in Chapter 5, the facades did not produce 

reflections on the same magnitude as these calibration experiments, and so using the 

volumetric heat release rate from these calibrations would probably underestimate the 

true heat release. To test this, we plotted the visual fire power across time for this first 

experiment (essentially burning a wood crib against an inert wall) using the volumetric 

heat release rates taken from Orloff and De Ris [103] and from the fit to the calibration 

experiments. Using the value of 1200 kW / m3 gave a peak heat release rate much closer 

to the expected value of 500 kW, estimated by the chief technician at ITB. For this 

reason, I used a value of  𝑄̇′′′ = 1200 kW/m3 in my analysis in Chapter 5. The value of 

this constant should be revisited in future work and compared across different scales, 

along with a more in-depth study of the sensitivity of this method to different camera 

parameters. 
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Figure 4.12 - Plots of Visual Fire Power with time using the volumetric heat release rate from Orloff and De 

Ris [103] and from the fit to the calibration experiments shown in Figure 4.10. The 500 kW line, which is 

the expected peak heat release rate of the wood crib, is marked on each plot. 

4.4 Conclusions 

This chapter showcases a novel method to measure the visual fire power of a 

turbulent diffusion fire using regular video footage taken by cameras at right-angles to 

each other. This method relies on the fact that the volumetric heat release rate of such 

fires should be relatively constant. By assuming that relevant objects in the videos from 

each camera fall along a plane in real-world coordinates, it is possible to use the planar 

volume reconstruction method to create a 3D surface and estimate its volume. This 

method was calibrated against both virtual objects with known volume, and real 

experiments using sand burners. We found that it could accurately recreate the volume 

of a well-defined object, but that defining the edges of the flames in our calibration 

experiments was tricky. 

Although further experiments without reflections would be needed to properly 

calculate an appropriate volumetric heat release rate for this method, it is important to 

mention that this should not affect the results of the visual fire power analysis in 

Chapter 5. This is because any change in the volumetric heat release rate would be 

constant across all experiments, meaning only the relative size of the effects would 

change. 
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This work could be expanded upon with further calibration experiments and a more 

general methodology to allow it to be used as a cheap and effective tool for measuring 

visual fire power in fire tests and experiments. Currently, the code can only be used in 

the specific case of a fire against a wall, with videos taken at right angles to each other. 

It has also only been validated for this condition. By performing experiments at a range 

of scales and conditions, it could become a much more general tool. As it is, it is a proof 

of concept of a powerful and novel method, which could have wide-ranging practical 

applications in the future. 
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Chapter 5  

Parametric Study of Intermediate-Scale Facade 

Experiments Containing Combustible Components 

Summary5 

In contrast to the coarse data of the commercial tests in Chapter 3, this chapter 

presents a parametric series of 20 intermediate-scale facade experiments, based on the 

PN-B-02867 standard. This represents the largest series of experiments at this scale in 

the literature. The experiments varied the material of the cladding panels and 

insulation in rainscreen facades, as well as the presence and location of a ventilated 

cavity, in order to investigate the impact of each parameter on facade flammability. 

Four times as many thermocouples are used compared to the original test standard, and 

video recordings were taken from four different angles to give more information – 

including an estimate of the heat release rate of the fire through visible flames, referred 

to as visual fire power (explained in the previous chapter). The experiments revealed 

that each varied parameter affected different aspects of the fire behaviour of the test. 

The cladding material seemed to affect the overall size of the fire in all conditions, 

whereas the insulation behaviour was more dependent on whether or not a cavity was 

present. The presence of a cavity seemed to have the largest effects, producing dramatic 

changes in the fire scenario, particularly in increasing the rate of flame spread on the 

facade. The results of these experiments reveal for the first time the impact of each of 

these parameters at this scale and can provide fire safety engineers with useful 

knowledge to help design fire safe facades in tall buildings. 

 
5 This chapter is based on a paper in progress: M. Bonner, W. Wegrzynski, B. K. Papis, 

B. Khoo, F. Lugaresi, and G. Rein, Fires in the Walls of Tall Buildings: A Parametric 

Study and 3D Reconstruction of Intermediate-Scale Facade Experiments Containing 

Combustible Components (To be submitted) 
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5.1 Introduction 

Chapter 3 discussed the power of a top-down approach to assessing fire safety in 

facades and demonstrated this using data from the Polish national facade fire test, PN-

B-02867. This approach used a large amount of coarse data – the specific products used 

in each test were not known and we could only study variables recorded in the test 

reports. This chapter explores the possibility of using a top-down approach to learn from 

a smaller number of whole system experiments where more details were recorded, both 

in terms of knowledge of the products used in the facade, and in measurements taken 

during the experiment. 

The analysis of KRESNIK in Chapter 3 identified some key results in the data. 

Firstly, tests of rainscreen facades recorded consistently higher flammability index, 

peak temperatures, and residence times than the ETICS or sandwich panel facades in 

the database. Looking at the facades that did not fall into any of these categories, the 

ones that failed also had a ventilated cavity. In other words, all of the facades that failed 

a test in KRESNIK had a cavity. Secondly, the cladding material was clearly important 

in predicting a facade’s flammability index, but there was no obvious quantitative trend 

that could explain the variation in the data. Finally, the variation between repeats was 

significant for the temperature measurements, but 95% of the facades had a consistent 

flammability index between repeats. 

There were also limitations in the data available. All of the rainscreen facades in the 

database had non-combustible, mineral wool insulation, so the effect of insulation on fire 

performance could not be investigated. It was also impossible to know the specific 

products used in each facade, so some of the unexplained variation in output may have 

been due to the variation in material properties within each category of cladding 

material (not all fire retardant panels may have been equally fire retardant for 

instance). In addition, the test reports only recorded temperatures from 4 locations on 

the surface of the facade, and a table of failure criteria observed during the test 

(converted to the flammability index). 

To address these limitations, this chapter presents parametric series of 22 

experiments, varying the type of cladding material by its Euroclass reaction-to-fire rank 

[128], the type of insulation material by its Euroclass reaction-to-fire rank, and whether 

or not the facade had a ventilated cavity, as well as two experiments including a 
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ventilated cavity between the masonry wall and the insulation, rather than the 

insulation and the cladding (in Table 5.1, these experiments’ cavity widths are labelled 

as “50 (reverse)”). In wet countries, like the UK, a ventilated cavity would be located 

between the insulation and the cladding to control moisture from the outside, but in dry 

countries the position is reversed, which is why we included this scenario. A cavity 

width of 50 mm was chosen for comparison with other experiments performed following 

the Grenfell Tower fire (which had a 50 mm cavity). The full list of experiments is shown 

in Table 5.1. It is worth noting that, in reality, a rainscreen facade would always include 

a ventilated cavity, but by testing facades with no cavity in some of the experiments, we 

could examine the effect of that cavity. When discussing the materials in this chapter, I 

will refer to their Euroclass rank in brackets, e.g., Phenolic Foam (C). 

A similar series of experiments was performed previously by Guillaume et al [67]. 

This work involved 9 different facades containing different combinations of Aluminium 

Composite Panel (ACP) cladding and an insulation material, all with a 50 mm 

ventilated cavity. Here, we have some overlap with these tests, but have also included 

facades without ventilated cavities and with High Pressure Laminate (HPL) cladding, 

which has come under scrutiny recently [69], [70]. While the experiments in [67] 

measured the heat release rate (HRR) directly using oxygen consumption calorimetry, 

this was not possible in our lab. Therefore, the visual fire power of the different 

experiments was estimated instead using the camera footage (see Chapter 4). 

Table 5.1 - Planned parametric series of facade experiments. 

Experiment  

(*not completed) 

Cladding 

(Euroclass 

Rating) 

Insulation 

(Euroclass 

Rating) 

Cavity Width  

/ mm 

Cladding 

Height  

/ mm 

1 Cement Board 

(A2) 

Glasswool (A2) 50 3050 

2 Cement Board 

(A2) 

Phenolic Foam (C) 50 3050 

3*6 Cement Board 

(A2) 

Glasswool (A2) 0 - 

4* Cement Board 

(A2) 

Phenolic Foam (C) 0 - 

5 ACP FR (B) Glasswool (A2) 50 2500 

 

6 * refers to experiments that were not completed by time of writing 
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6* ACP FR (B) Phenolic Foam (C) 50 - 

7 ACP FR (B) Glasswool (A2) 0 2500 

8* ACP FR (B) Phenolic Foam (C) 0 - 

9 10 mm HPL (C) Glasswool (A2) 50 2300 

10 10 mm HPL (C) Phenolic Foam (C) 50 2300 

11 10 mm HPL (C) Glasswool (A2) 0 2300 

12 10 mm HPL (C) Phenolic Foam (C) 0 2300 

13 6 mm HPL (D) Glasswool (A2) 50 2800 

14 6 mm HPL (D) Phenolic Foam (C) 50 2800 

15 6 mm HPL (D) Glasswool (A2) 0 2800 

16 6 mm HPL (D) Phenolic Foam (C) 0 2300 

17 ACP PE (E) Glasswool (A2) 50 2550 

18* ACP PE (E) Phenolic Foam (C) 50 - 

19 ACP PE (E) Glasswool (A2) 0 2550 

20* ACP PE (E) Phenolic Foam (C) 0 - 

21 6 mm HPL (D) Glasswool (A2) 50 (reverse) 2300 

22 6 mm HPL (D) Phenolic Foam (C) 50 (reverse) 2300 

5.2 Methodology 

The experiments were performed in collaboration with Instytut Techniki Budowlanej 

(ITB) at their laboratory in Pionki, Poland. The experimental setup is shown in Figure 

5.1. The experiments were based on the PN-B-02867 fire test standard [94]. In the 

standard, a mock-up of a facade is attached to a 2 m wide x 2.5 m tall masonry wall. A 

20 kg wood crib, placed 50 mm from the facade, is then ignited and allowed to burn for 

15 min while being subjected to a 2 m/s air flow into the front of the facade. After 15 min 

the crib is removed, and the facade is observed for a further 15 min before being 

extinguished (if it has ignited). The facade is also extinguished if it has failed all the 

observation criteria of the test. Alongside these observation criteria, temperature 

measurements are taken on the surface of the facade at heights of 1.5 and 2.25 m, ±125 

mm from the centreline of the facade. 
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Figure 5.1 - Experimental setups for the 3 different cavity scenarios. Setup 1 is similar to a ventilated 

facade in wet countries, setup 2 has no ventilated cavity and is for experimental purposes, setup 3 is similar 

to ventilated facades in dry countries. 

These experiments differed from the PN-B-02867 standard, firstly by allowing the 

facade to continue to burn for as long as possible. This was usually at least the expected 

15 min after the crib was removed, though some experiments were extinguished early 

due to safety concerns. Additional temperature measurements were taken compared to 

the standard. 12 K-type, NiCr-NiAl thermocouples (as opposed to 4 in the original 

standard) were used at heights of 1.125, 1.5, 1.875, and 2.25 m on the surface of the 

facade at ±125 mm from the centreline of the facade, as well as in the same position at 

heights of 1.5 and 2.25 m but at a distance 25 mm from the inside edge of the cladding – 

either in the centre of the ventilated cavity, if it was present, or at the same depth in the 

insulation if not. There were also 4 thermocouples placed in the cavity at heights of 2.3 

and 2.5 m but ±250 mm from the centre of the facade. These thermocouples were 1.5 

mm in diameter, which can affect the response time and radiation errors in temperature 
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measurements [129]. The purpose of these extra thermocouples was to be able to track 

temperature changes in the cavity, and to try and increase the spatial resolution of the 

measurements on the surface of the facade. 4 Vmotal GSV 8580 action cameras were 

also set up in a semi-circular radius around the facade to record the experiments at a 

capture rate of 2 Hz. These cameras were protected with aluminium tape to shield them 

from radiation. 

Including these cameras gave us a lot of additional information versus only the 

temperature measurements from the commercial tests in KRESNIK. As well as allowing 

a qualitative analysis of the experiments “by eye”, features of the fire could be extracted 

using techniques from computer vision. This allowed us to measure the height and area 

of flames on the surface of the facade, as well as estimate the rate of heat release 

through visible flames during the experiments. The method used to do this is explained 

in Chapter 4. This value is related to the total heat release rate of the fire; however, it 

cannot capture the heat released from smouldering or from fire in the cavity (which 

cannot be seen by the cameras). In order to distinguish it from the true heat release 

rate, this value is referred to as visual fire power, measured in kW. 

There were some challenges with completing the experimental series exactly as 

planned. The fire during the experiment with ACP PE (E) cladding, glass wool, and a 

cavity was large enough that the experiment was extinguished early for safety. The 

facades with HPL (C) and HPL (D) cladding with phenolic foam and a cavity were also 

cooled slightly by spraying water into the smoke plume above the facade intermittently, 

again to manage the size of the fire. In the experiments with HPL (C) and HPL (D) 

cladding, glass wool, and a cavity, one or both of the facade panels came off onto the crib 

during the experiment, preventing the wood crib from being extinguished and hitting 

the thermocouples. In one experiment with HPL and glass wool, one of the cameras used 

to calculate visual fire power also cut out part way through but, because this test was a 

repeat, recordings of visual fire power still exist for this setup. 

There were also some challenges with communication, given that the experiments 

were constructed by a different team to those that designed it. Not all of the cladding 

was a consistent height (shown in Table 5.1). The wood crib was also sometimes 

removed slightly earlier or later than the 15 minutes desired. This was not intended, but 

it was accounted for in the analysis of “excess” temperature and visual fire power by 

comparing the difference between the measured temperature and the expected 
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temperature time curve from the wood crib only for times when the wood crib was still 

burning. The material budget for the experiments also ran out before completing the 

experimental series meaning only 20 experiments were completed (including some 

repeats) covering 16 of the planned combinations. The experiments missing are also 

marked in Table 5.1. 

5.3 Results and Discussion 

5.3.1 Qualitative Observations 

Before trying to quantify any of the effects we saw in the experiments I will first 

discuss my observations from the camera footage. One observation across all of the 

experiments was that the fire near the crib always managed to break through the 

cladding into the cavity, and in most of the experiments the insulation nearest the crib 

was entirely burned away, leaving the masonry wall exposed. This is indicated for the 

Cement Board (A2) in Figure 5.2. This suggests that even for this relatively small fire 

source, the cladding was insufficient to prevent flames entering the cavity. This is 

important as it suggests that for lightweight cladding, simply sealing the cavity with 

cavity barriers may not prevent a fire from breaking inside.  

 

Figure 5.2 - Photos of an experiment with Cement Board (A2) cladding, phenolic foam insulation, and a 

cavity. Key features from the discussion are labelled. 

Observing the effect of the different cladding materials, the materials with a worse 

reaction-to-fire performance, produced much larger fires than ones with better reaction-

to-fire performance. The HPL (D) and ACP PE (E) ignited very quickly and the whole of 
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the facade was consumed or melted away. The ACP FR (B) meanwhile self-extinguished 

after the crib was removed in both experiments. Interestingly, the HPL (C)’s behaviour 

seemed more dependent on the presence of a cavity and choice of insulation. When a 

cavity was present the maximum fire size was larger and the rate of fire growth was 

faster, but without a cavity the fire spread much more slowly (see Figure 5.3). In the 

case with glass wool and no cavity, the HPL (C) cladding even self-extinguished. This 

implies that one effect of the cavity is reducing the threshold at which a material 

becomes likely to self-sustain a fire on a facade. It is also worth mentioning that the 

Cement Board (A2) produced a significant amount of debris due to spalling, particularly 

with Phenolic Foam (C) insulation. 

 

Figure 5.3 – Photos of two experiments with HPL (C) cladding and Phenolic Foam (C) insulation, with 

(below) and without (above) a cavity. The left column shows the facades at 12 minutes into the experiments 

with the wood crib still burning. The right column shows the facades at 18 minutes into the experiments, 3 

minutes after the crib was removed. 

The effect of insulation was more nuanced. Although the Phenolic Foam (C) could 

definitely be observed burning and contributing to the fire, the size of the fire for both 

HPL claddings when a cavity was present was not very different for the two insulation 
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materials. The main difference was that, because the Glass Wool (A2) melted away, 

most of the flaming occurred behind the cladding in this case, whereas the Phenolic 

Foam (C) seemed to keep some of its structure and so more flaming occurred above the 

facade (similar to the bottom right photo of Figure 5.3). Because of this, in the 

experiments with either of the HPL claddings, glass wool insulation, and a cavity, the 

cladding actually detached from the rest of the facade after the insulation melted away. 

This can be seen in Figure 5.4. This was not an issue in the case of the ACP PE (E) 

because it burned away so quickly that there was no cladding panel to detach. The 

phenolic foam also introduced an additional hazard of smouldering in the cavity in the 

case of the cement board cladding, as can be seen in Figure 5.2. 

 

Figure 5.4 - Photos of an experiment with HPL (C) cladding, Glass Wool (A2) insulation, and a cavity before 

and after the right cladding panel detached and fell onto the crib. 

The most complex effects came from the presence of a cavity between the insulation 

and the cladding. Figure 5.3 clearly demonstrates the dramatic difference in the size of 

the fire with and without a cavity. It was already mentioned that the cavity seemed to 

reduce the threshold of how much combustible material was needed to sustain a fire on 

the facade. In addition, flames appeared at the top of the cavity much faster than they 

spread on the surface. The flaming at the top of the facade in the bottom left photo of 

Figure 5.3 would occur before the crib was removed, long before the flames on the 

cladding surface reached the top of the facade. The reason for this may have been that 

the cavity was under-ventilated, and so the hot pyrolyzates would have had to reach the 

top of the cladding before igniting. This is supported by Figure 5.2, where the Phenolic 

Foam (C) is smouldering in the cavity, but flames only occur at the top of the cavity; 

smouldering combustion requires less oxygen, and so this suggests that the cavity was 
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under-ventilated. Flames also tended to appear from the gap between panels at the 

centre of the facade, as shown in Figure 5.5, supporting this under-ventilation 

hypothesis. 

It is also worth noting that even in experiments without a cavity, sometimes the 

flame would ignite the cladding in a channel formed between the cladding and the 

masonry wall at the left and right of the facade. This channel was formed due to 

imperfections in the installation of the facade system, such that the insulation and 

cladding were not completely flush with the masonry wall, as shown in Figure 5.6.. In 

the experiments with HPL and no cavity, the flames from the wood crib ignited the 

insulation in this side channel and then  would spread rapidly along this channel, 

perhaps in a manner related to the trench effect [130], by which flame spread along an 

inclined surface is increased when constrained in two directions.  

In the two experiments where the cavity was located between the masonry wall and 

the insulation, rather than the insulation and the cavity, the facade behaved almost 

identically to the cases with no cavity. 

 

Figure 5.5 - Photo of an experiment with ACP FR (B), Glass Wool (A2) insulation, and a cavity. Flames can 

be seen ejecting from the small gap between the two panels along the centreline of the facade. 
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Figure 5.6 – Photo demonstrating the how a channel was 

formed between the cladding and the masonry wall, due to 

the insulation and cladding not being installed completely 

flush to each other. 

 

Figure 5.7 – Photo of an experiment with HPL (C), Phenolic 

Foam (C) insulation, and no cavity. Flames have rapidly 

spread along the channel between the cladding and the 

masonry wall formed by the insulation not being flush with 

the cladding. 

5.3.2 Quantitative Analysis 

Having discussed some of the effects from varying the cladding material, insulation 

material, and presence of a cavity I will now try and quantify some of these aspects. The 

first quantity of interest is the rate of fire spread on the surface of the facade. I have 

considered this separately to flaming in the cavity, which would be impossible to see, if 

there were any flames at all. To calculate the surface spread rate, I had to consider the 

flaming only after the wood crib was removed. This was because the cameras could not 

distinguish between flames from the wood crib and flames from the facade. This meant 

that I was unable to calculate surface spread rate for the Cement Board (A2) or ACP FR 

(B) facades, which did not support flames after the crib was removed, or for the ACP PE 

(E) facades, which had already burned completely before the crib was removed. I could 

also not calculate the spread rate for the experiments with HPL (C) cladding and Glass 

Wool (A2) insulation with a cavity, as the panel fell off before the wood crib was 

extinguished (see Figure 5.4). 

Detecting flames on the facade was difficult when the fire was small, as the technique 

only tracked the largest area of connected flame. Therefore, the spread rate was 

calculated by assuming it was constant over as long a period of time as possible, using 

both graphs of the flame height detected by the thresholding algorithm (see Chapter 5) 

and my own judgement using the original video. This is illustrated in Figure 5.8. I 
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mainly used the trailing edge of the flame contours, as the flames would reach the top of 

the facade before the crib was removed (particularly for the HPL (D) cladding). I used a 

similar method to calculate the growth in flame area on the surface of the facade. For 

some of the facades this was 0, even if the vertical spread rate was positive. This meant 

that the flame was only spreading upwards on the facade, and not spreading 

horizontally. 

 

Figure 5.8 - Plot of flame height above the wood crib on the cladding surface with time for an experiment 

with HPL (C) cladding, Glass Wool (A2) insulation, and no cavity. The leading edge represents the highest 

point of the flame contour, and the trailing edge the lowest. I estimate the rate of flame spread by drawing a 

line manually over the data, based on whether the video supported a constant flame spread.  

The calculated surface spread rates are shown in Figure 5.9 for tests with HPL 

cladding. In general, the more combustible HPL tended to have a faster vertical and 

area spread rate, with the exception of when there was a cavity and phenolic foam, 

where the spread rate was slightly smaller. The insulation material seems to have a 

more significant effect, with only the facades with phenolic foam insulation promoting 

spread horizontally across the surface of the facade (having an area spread rate > 0). 

Interestingly, in the case without a cavity the insulation does not seem to affect the 

vertical spread rate. The biggest effect comes from the cavity, which increases both the 

vertical and horizontal spread rate significantly. 
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Figure 5.9 - Vertical and area flame spread rates on the surface of the cladding for different combinations of 

cladding material, insulation material, and cavity.  

To analyse the flaming above the facade, coming from the cavity (as seen in the 

bottom left of Figure 5.3) camera thresholding was used to detect the time flames first 

appeared above the cavity (See Chapter 4), and the maximum area of flaming seen 

above the cavity (from the front of the facade). The time that flames first appeared above 

the cavity may have been dependent on the height of the cladding, as the cladding was 

sometimes taller than the cavity (as seen in Figure 5.1). To take account of this, the 

facade height was divided by the time that flames first appeared to get a “cavity flame 

speed”. The variation of the cavity flame speed and maximum flame area with different 

cladding and insulation materials is shown in Figure 5.10. 

The results show a trend of increasing speed for flames to start appearing at the top 

of the cavity with an increasing Euroclass rank of the cladding material, with the 

exception of the HPL (D) panels. The Euroclass rank of the insulation did not seem to 
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affect the speed at which flames started to appear. However, the maximum size of the 

flames above the cavity was highly dependent on the insulation material, which makes 

sense, as the more material there was to produce flammable gases in the cavity, the 

larger the area over which you would expect that gas to ignite. The trend of maximum 

flame area with cladding is not as clear, as many of the maximum flame areas are quite 

small. However, this is slightly misleading, as the HPL panels with Glass Wool (A2) 

collapsed before a large region of flame could be established, and the ACP PE (E) 

experiment was extinguished early before the flames above the cavity became too large. 

 

Figure 5.10 – Plots of the height of the cladding divided by the time for flame to appear (top), and the 

maximum area of flaming above the cavity (bottom) for different combinations of cladding and insulation 

material. ACP PE (E) has a misleadingly small maximum flame area, as the test was extinguished before 

they had a chance to grow. 

The other quantities of interest were the temperature measurements on the surface 

and in the cavity, and the visual fire power measurements from the cameras. As in the 

analysis of KRESNIK in Chapter 3, the influence of the wood crib was accounted for in 
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this analysis. In Chapter 3 the excess temperature was calculated by subtracting a 

temperature-time curve fitted to experiments with the wood crib alone (see Figure 3.3). 

Here, a similar approach was taken to calculate an excess visual fire power, by fitting a 

simplified curve to the first experiment with a non-combustible facade containing 

Cement Board (A2) and Glass Wool (A2), meaning the heat release from flaming should 

have come from the wood crib alone. The growth phase was represented as a 𝑡2 growth 

over the first 300 s of the fire, with the peak being the mean value over the next 600 s. 

After 900 s the crib was removed, giving an instantaneous decay phase. This curve was 

subtracted from the visual fire power measurements from each experiment, averaged 

over a 30 s window, to give excess visual fire power with time. Earlier, it was mentioned 

that the crib was sometimes removed slightly earlier or later than 900 s. To take this 

into account, the decay phase of this curve was located at the time the crib was removed 

for each test, rather than always at 900 s. The excess temperature was calculated in the 

same way as Chapter 3 (see Figure 3.3). 

 

Figure 5.11 – Curve fitted to the visual fire power measurements from the experiment with cement board 

cladding, glass wool insulation, and a cavity. The curve represents the growth, peak, and decay of the fire. 

To allow for comparison between different facades, the excess temperature vs. time 

and excess visual fire power vs. time curves for each experiment were collapsed into 

single values (or norms) that represented key characteristics of these curves. In 

particular, the peak values, and the mean values of these excess variables were studied. 

The peak values represent the worst case temperature condition on the facade, or the 

maximum fire size during the experiment. The mean excess values represent the 
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facade’s average contribution to the temperature or heat released in the fire was over 

the entire experiment. The standard deviation around these mean values was also 

recorded, to show the degree of variation over the course of the experiment. 

Peak and mean excess visual fire powers are plotted in Figure 5.12. The base case on 

which the curve in Figure 5.11 was based is marked in blue. The bars from this base 

case would indicate the variation in this test from the ideal fitted curve in Figure 5.11. 

From these plots there seems to be a large correlation between the combustibility of the 

cladding material and the peak and mean excess visual fire powers. The mean excess 

fire power for ACP PE (E) seems to break this trend, however this is likely because the 

flaming occurred entirely within the first 15 minutes of the test, before the crib was 

removed; because the effect of the wood crib is only subtracted within these first 15 

minutes, claddings that burned outside this time would have higher excess values. The 

case of ACP PE (E) with a cavity was also extinguished before it grew to its full size. The 

visual fire power for ACP FR (B) may also have been slightly overestimated, as it was 

more reflective than the other claddings and this caused issues with detecting the 

flames clearly (see Chapter 4 for details). 
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Figure 5.12 - Plots of peak and mean excess visual fire power, including the standard deviation around the 

mean during each experiment, for different combinations of cladding material, insulation material, and 

cavity. 

Peak and mean temperatures on the surface of the facade are plotted in Figure 5.13. 

Peak excess temperature seemed to increase with cladding combustibility up to a point, 

but then level off. The ACP PE (E) did not follow this trend, though it is unclear why 

this was the case. In the case with a cavity, the experiment was extinguished early, 

meaning the fire may not have had a chance to grow to its full potential, but for the case 

without a cavity the facade was allowed to burn. Perhaps because the ACP PE (E) was 

consumed before the wood crib was extinguished, the excess temperature is lower even 

though the peak temperature was similar to the HPL (D) facade. The phenolic foam 

seemed to increase the peak and mean temperatures when there was a cavity present 

but have no determinable effect when no cavity was present. In general, temperatures 

when the facade had a cavity were higher. These trends were also similar for the 

temperatures in the cavity shown in Figure 5.14, however the cavity temperatures were 

generally lower. This is likely due to the cavity being under-ventilated. 
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Figure 5.13 - Plots of peak and mean excess temperature across the thermocouples on the surface of the 

facade, including the standard deviation around the mean during each experiment, for different 

combinations of cladding material, insulation material, and cavity. 
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Figure 5.14 - Plots of peak and mean excess temperature across the thermocouples either in the ventilated 

cavity or in the insulation if no cavity was present, including the standard deviation around the mean 

during each experiment, for different combinations of cladding material, insulation material, and cavity. 

To quantify the effect of each facade parameter more concretely, a series of simple 

linear regression models were fit to the measured output variables. For each output 𝑌 

(for instance peak excess visual fire power) a model of the form: 

 𝑌 = 𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 5.1 

Was fit to the data, where 𝑥1 was a value between 1 and 5, representing the 

Euroclass rank of the cladding (1 for rank A2, 5 for rank E); 𝑥2 was either 1 or 3, 

representing the Euroclass rank of the insulation; and 𝑥3 was either 0 or 1, representing 

whether or not a cavity was present. This kind of model assumes that these variables 

affect the output in a linear way, which may not be the case. However, using an 

assumption of linearity as a first approximation is a common way to also test whether 
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an independent variable has a monotonic relationship with each dependent variable (it 

always increases/decreases with an increase/decrease of that variable) [131]. The 

relative values of 𝛽𝑖 in each fitted model would represent the size of the effect of that 

parameter on the size of the output 𝑌. These are given for each output in Table 5.2, 

alongside the adjusted R2 and p-values for each fit. The R2 value is a value between 0 

and 1 that represents how much of the variation in output is explained by the linear 

model, 0 meaning the model explains none of the variation and 1 meaning it explains 

100% of the variation. The p-value comes from testing the null hypothesis: 

 𝛽1 = 𝛽2 = 𝛽3 = 0 5.2 

i.e., that the model is no better than random. 

Table 5.2 – Size of the effects (𝛽𝑖) of each parameter in the linear models, fitted to the different variables 

analysed in this section, alongside the R2 and significance values of each model. A negative value of 𝛽𝑖 

means the effect reduced the size of that particular output variable. Cavity effects (𝛽3) labelled as N/A mean 

that the cavity was not included in estimating this output variable, because those variables only apply for 

facades with a cavity. 

Output Variable 𝜷𝟏 

(cladding) 

𝜷𝟐 

(insulation) 

𝜷𝟑 

(cavity) 

R2 p-value 

Vertical Flame Spread Rate −1.7 × 10−3 2. × 10−3 11.3 × 10−3 0.72 0.025 

Flame Area Spread Rate 1. × 10−3 2.2 × 10−3 2. × 10−3 0.62 0.052 

Cavity Flame Speed 10.4 × 10−4 -0.4 × 10−4 N/A 0.44 0.073 

Maximum Flame Area Above 

Cavity 

0.2  0. 4 N/A 0.62 0.023 

Peak Excess Visual Fire Power 21  −      0.61 0.006 

Mean Excess Visual Fire 

Power 

22   −1  0.18 0.189 

 

Peak Excess Temperature on 

Surface 

 4 43 30  0.31 0.086 
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Mean Excess Temperature on 

Surface 

4 32  2 0.33 0.074 

Peak Excess Temperature in 

Cavity 

71 7  N/A 0.47 0.088 

Mean Excess Temperature in 

Cavity 

  42 N/A 0.33 0.161 

This table demonstrates that for different variables, different aspects of the facade 

are more important. The presence of a cavity has a dramatic effect on the vertical flame 

spread rate (5 times more pronounced than that of the insulation), but not so much on 

the horizontal spread rate on the surface of the facade. Comparing this with Chapter 3, 

it also shows that precise knowledge of the materials did not help to explain much more 

of the variation in peak excess temperature than before, suggesting that either a simple 

model is inappropriate, or that the natural variation in these kinds of experiments will 

be inherently large. Interestingly, the Euroclass rank of the cladding had a negative 

correlation with vertical flame spread, which contradicts the results expected from 

Chapter 3. However, this may be due to the limited sample of only the experiments with 

HPL cladding, due to the limited ability to measure spread rate while the wood crib was 

still burning. The general message to take away from this table is that different 

parameters are important for predicting different variables, and a lot of variation is still 

left unexplained by a simple linear addition of these parameters. This supports the 

argument that the fire behaviour of a facade is more than a simple sum of the behaviour 

of its individual components. 

After completing this work, I was made aware of a series of intermediate-scale 

experiments performed at the University of Queensland in 2018 [132], [133]. These 

experiments varied the cladding and insulation materials of a system with fixed cavity 

width (considering 2 types of ACP and 3 types of insulation) and looked at fire behaviour 

within the cavity plus overall heat release rate. The work found that the type of 

insulation used had a large impact on performance in the case of the less flammable 

ACP, but not in the case of the more flammable panels. This suggests that if the missing 

experiments here with ACP PE (E), ACP FR (B) and Phenolic Foam (C) were to be 

performed then there would be little difference from the glass wool case for the ACP PE 

(E) but may be a large difference in the case of the ACP FR (B). For instance, it may not 

self-extinguish. 
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5.4 Conclusions 

This chapter shows the results from 20 experiments, covering 16 out of 22 

combinations in a parametric series of experiments varying the cladding and insulation 

material of rainscreen facades, and whether or not they had a cavity. This represents 

the largest series of intermediate scale facade experiments in the fire safety literature to 

date. 

It was found that each of the 3 varied parameters had impacts of different aspects of 

the fire behaviour of the facade. The Euroclass rank of the cladding seemed most 

important in determining the overall size of the fire, while the Euroclass rank of the 

insulation affected the fire in different ways depending on whether there was or wasn’t 

a cavity. The non-combustible glass wool also melted away quickly and provided less 

support to combustible cladding panels. The most dramatic changes seemed to come 

from the addition of a cavity, which made the fire scenarios generally worse, particularly 

with regard to the speed of vertical and horizontal flame spread, both in and outside of 

the cavity itself. The effect of the cavity of vertical flame spread was 5 times more 

pronounced than that of the insulation. However, temperatures in the cavity were still 

lower than on the surface, perhaps due to the cavity being under-ventilated. 

In future work, it would be useful to complete the missing entries in the parametric 

series, particularly the combination of ACP FR and phenolic foam with a cavity, as this 

case lies between the self-extinguishing ACP FR and glass wool, and the self-sustaining 

HPL (C) and glass wool.  

Overall, these experiments demonstrate the impact of using materials of different 

Euroclass rank in ventilated facades. They demonstrate the complexity of this fire 

scenario, and that the final performance is not simply a linear sum of the components. 

These results are the first of the size on an intermediate-scale and can provide fire 

safety engineers with useful information when helping to design fire safe facades in tall 

buildings. 
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Chapter 6  

KRESNIK II – Comparing Data Across Different 

International Facade Fire Test Standards 

Summary7 

This thesis has so far only considered facades tested according to the Polish national 

facade test standard, PN-B-02867. This is only one of many international facade test 

standards, each of which vary in the heat release rate and geometry of the fire the 

facade is exposed to, the size of the facade tested, and the criteria used to assess 

whether a facade passed or failed. This chapter presents an updated version of the 

database in Chapter 3 containing an additional 168 tests from 3 different international 

test standards, named KRESNIK II for distinction. This database was used to evaluate 

a novel method for comparing the results of facades tested using different standards, by 

creating dimensionless forms of the peak temperature and flame heights that accounted 

for the heat release rate and geometry of the fire source of each standard. This method 

was inspired by correlations for predicting the temperatures and flame height of the 

buoyant convective plumes produced by pool fires. This method was found to be unable 

to remove the differences in flame height and peak temperature measurements for 

identical facades across the different standards, such that the standards did not even 

agree on how to rank facades consistently, suggesting that these standards may not give 

a consistent measure of flammability. Although differences in behaviour between 

standards could not be accounted for by using dimensionless parameters, the flame 

height and peak temperature measurements of a facade in different tests could be 

successfully predicted by using a neural network trained on the data in KRESNIK II. 

This demonstrates the power of using a top-down approach to learn from facade test 

data as a complement to traditional fire research.   

 

7 This chapter is based on a paper in progress: M. Bonner, W. Wegrzynski, B.K. Papis, and G. 

Rein, KRESNIK: Comparing the Performance of Similar Facades Across Different International 

Fire Test Standards. (to be submitted) 
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6.1 Introduction 

Chapters 3 and 5 discussed tests and experiments based on the Polish national 

facade test standard PN-B-02867. While these tests and experiments were informative, 

the results may have been somewhat biased as this is not the only facade fire standard 

in use around the world. In fact, there are at least another 13 test standards across 

almost the same number of countries [29], [30]. These tests vary in the type and amount 

of fuel used to simulate a fire, as well as the size and geometry of the facade tested, and 

each measure different criteria to determine whether a facade has passed or failed a 

test; criteria such as vertical and horizontal flame spread, temperature at different 

locations, debris from the facade, or even continued smouldering after the test has 

finished. Although these standards may be different, each of these standards explicitly 

measures the maximum vertical flame spread during the test, and the other failure 

criteria relate in some way to aspects of facade flammability. Passing these tests almost 

always allows a particular facade system to be used on a real building, and some 

countries allow a choice between which test standard to use to qualify that a facade is 

safe. Underlying these decisions is an assumption that the flammability of a facade will 

remain relatively consistent under these different test standards, at least to the degree 

that a facade will still be safe to be used on a building. 

This chapter discusses an updated version of the original KRESNIK database, 

referred to as KRESNIK II for distinction. In Chapter 3, KRESNIK contained 252 tests 

from Instytut Techniki Budowlanej (ITB), each performed according to the PN-B-02867 

standard. KRESNIK II has been updated to include another 122 tests performed using 

the NFPA 285 standard [134] (used by Arup to verify the EFFECT tool [65]), 26 tests 

using the BS 8414 standard [11], [12] (taken from public reports and research papers), 

and the 20 experiments discussed in Chapter 5. This means that KRESNIK II contains 

420 tests across 3 different test standards. These standards will be discussed in detail, 

but a summary of their different conditions and failure criteria are shown in Table 6.1 

and Table 6.2. 

Table 6.1 - Basic summary of the 3 test standards in KRESNIK II 

Standard Country Fire Source Geometry 

(width x height) 

Wind 

Condition 
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PN-B-02867 Poland 20 kg wood crib directly 

against facade 

Flat wall (2.0 x 2.3 m) 2 m/s 

NFPA 285 USA Gas burner inside 

combustion chamber + gas 

burner against facade 

Flat Wall (4.1 x 5.3 m) 

against 2 storey 

compartments with ground 

floor window 

None 

BS 8414 UK 400 kg wood crib inside 

combustion chamber 

Corner configuration with 

main wall (2.6 x 8.0 m) and 

side wall (1.5 x 8.0 m) 

None 

   

Table 6.2 - Comparison of the different measurements considered in the failure criteria of the 3 test 

standards in KRESNIK II 

Failure Criteria PN-B-02867 NFPA 285 BS 8414 

Peak temperature at different 

locations 

Yes Yes Yes 

Vertical flame spread Yes Yes Yes 

Horizontal flame spread No Yes Yes 

Continued burning after test ends Yes No No 

Debris fallen from facade Yes No No 

These standards each have a different fire source, facade geometry, and failure 

criteria. This makes it challenging to aggregate and compare data across different tests 

in the same way as Chapter 3. However, it presents a unique opportunity to use the 

data in KRESNIK II to compare the differences in the standards themselves. Each of 

the 3 standards considers measurements of the peak temperature at particular locations 

and the vertical flame spread on the facade in their failure criteria. In this chapter, we 

present a methodology to remove the influence of the fire source of each test standard 

when there is no facade present from these measurements. Any remaining variation in 

the measurements should then be due only to differences in the facade systems being 

tested, or the natural variation of the individual tests themselves. 
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If this methodology were successful, it would be an invaluable tool for fire engineers 

and fire research. It costs at least 10 times more to perform a single BS 8414 test than a 

single PN-B-02867 test. If the performance in this smaller test could be compared to the 

performance in the large test, then it would allow more facade configurations to be 

tested and greater innovation in facade design. Being able to directly compare between 

the test standards would also make the conclusions from the kind of top-down analysis 

in Chapter 3 to be generalised across a wider range of countries. Ideally, these test 

standards could be compared directly by testing identical facades according to each one, 

similar to the parametric tests in Chapter 5, but performing so many large-scale tests 

would be incredibly expensive. The research in this chapter presents an alternative. If 

this methodology allows comparison between the different standards, then the benefits 

would be significant. If it cannot allow facades to be compared, it brings into question 

the underlying hypothesis of these tests: that there is a characteristic of the fire 

performance of each individual facade system that is independent of the standard it is 

tested to. 

6.2 Methodology 

6.2.1 Description of each test standard 

I will begin by discussing each of the 3 standards in detail. The test setup for PN-B-

02867 is shown in Fig. 1. A 2.0 x 2.3 m mock-up of a facade is attached onto a 2.0 x 2.5 m 

masonry wall in a way reminiscent of its end use on a building. A 20 kg wood crib of 

dimensions 0.6 x 0.46 x 0.3 m is then placed 50 mm from the front of the facade, ignited, 

and left to burn for 15 min with a 2 m/s wind blowing towards the front of the facade. 

After 15 min, the crib is removed, and the facade is observed for another 15 min. The 

standard measures vertical flame spread, temperature at fixed locations, and any debris 

or flaming droplets that fall from the facade. This test standard is repeated 3 times, and 

a facade passes the standard only if each of these repeats pass. 
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Figure 6.1 – Illustration of the test setup specified in the PN-B-02867 standard. The scenario is supposed to 

represent a fire from an object igniting next to a building, such as a car or bin fire.  

The test setup for NFPA 285 is shown in Fig. 2. A two-storey, 4.8 m tall structure is 

built of compartments 3.05 x 3.05 x 2.13 m dimensions. A mock-up of a facade is 

constructed directly onto the test apparatus or attached to a 5.69 m movable metal 

frame that is then mounted onto the test apparatus. A 1.98 x 0.76 m “window” is made 

in the facade and test apparatus. Two gas burners are used during the test, one located 

inside the ground floor compartment, and one located at the top edge of the window. The 

flow rate of these burners is determined by a calibration procedure defined in the 

standard. The test lasts for 30 min, with the burners increasing in intensity every 5 

min. After 30 min the burners are extinguished, and the facade is observed for an 

additional 10 min. The standard measures vertical and horizontal flame spread, 

temperature at fixed locations on the facade, and also temperatures within the second 

storey room. 
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Figure 6.2 – Illustration of the test setup specified in the NFPA 285 standard. This scenario is supposed to 

represent flames ejecting from a window during a fully developed compartment fire. 

The test setup for BS 8414 is shown in Fig. 3. A mock-up of a facade is constructed 

onto an 8 m high masonry wall, or steel frame structure depending on whether the BS 

8414-1 or BS 8414-2 standard is used. The structure consists of a 2.6 m wide main wall 

and a 1.5 m wing wall, which together form a corner. A 2.0 x 2.0 x 1.0 m burn chamber 

is located at the bottom of the main wall. During the test, a 400 kg wood crib designed to 

output a peak heat release rate (HRR) of 3 MW is ignited and left to burn for 30 min. 

After 30 min, the wood crib is extinguished and the facade is then observed for another 

30 min, or until it fails the standard. Failure in the standard is based on vertical and 

horizontal flame spread, or the temperature recorded at fixed locations, however, the 

report also records whether debris or flaming droplets fall from the facade during the 

test. 
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Figure 6.3 – Illustration of the test setup specified in the BS 8414 standard. This scenario is supposed to 

represent flames ejecting from a window during a fully developed compartment fire. 

6.2.2 Removing the influence of each fire source 

As mentioned in Table 6.2, each of the different standards in KRESNIK II measures 

the temperature at different locations and the vertical flame spread on the facade. To 

remove the influence of the different fire sources from these measurements, it is 

necessary to account for both the geometry and heat release rate of the fire source. This 

is not dissimilar to previous research done to find correlations for the flame height and 

plume temperatures above different pool fires [135]. In that study and others, the goal 

was to find how the temperatures at different locations in the buoyant plume and the 

height of the flame varied with different fuel types, pool shapes, and heat release rates. 

In general, studies have found that the temperature and flame height above an 

axisymmetric buoyant flame are proportional to a dimensionless heat release rate 𝑄∗ 

according to the following equations: 

 𝑄∗ =
𝑄̇

𝜌∞𝑐𝑝𝑇∞𝑔
1/2 𝐷5/2

 6.1 

 
Δ𝑇

𝑇∞
∝ (

𝑧

𝑄∗2/3
)

𝛽

 6.2 
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𝐿

𝐷
∝ 𝑄∗𝑛 6.3 

where 𝑄̇ is the convective heat release rate of the fire, 𝜌∞, 𝑐𝑝, 𝑇∞ are the density, 

specific heat capacity, and temperature of the ambient atmosphere, 𝑔 is the acceleration 

due to gravity, 𝐷 is the diameter of the circular fire source, Δ𝑇 is the change in 

temperature above ambient, 𝐿 is the flame height, and 𝛽 and 𝑛 are constants. 

These correlations refer to circular pool fires in quiescent conditions, whereas the PN-

B-02867 standard’s fire source is a rectangular wood crib with a wind condition, and the 

NFPA 285 and BS 8414 standards fire sources are flames ejecting from a compartment 

(often referred to as externally venting flames or EVFs). Fortunately, work has been 

done to extend these correlations to other fire conditions. Work by Yokoi [136] tried to 

find similar correlations for externally venting flames by comparing the results of 

experiments to a buoyant plume from an equivalent circular fire source, related to the 

size of the window the flames were ejected from. These original correlations were with 

respect to a changing gas density with height. They were extended in [137] to relate to a 

fixed ambient density; this time by relating the correlations to a rectangular heat source 

located at the mid-height of the window. Work by Heskestad [138] also extended 

buoyant plume theory to conditions beyond liquid pool fires, including wood cribs. This 

suggests correlations could also be used for the PN-B-02867 standard. Unfortunately, no 

papers could be found that measured these correlations for a wood crib in wind. 

However, Ren et al [139] did extend the work of [136], [137] and investigate the effect of 

wind on the temperature profiles of externally venting flames, finding that a wind 

condition reduced the centreline plume temperatures by a factor dependent on wind 

speed. 

Unfortunately, these correlations cannot be easily applied to the test standards in 

KRESNIK II. There are no correlations for the temperature profile or flame height 

above a wood crib when a 2 m/s wind condition is applied. The correlations for externally 

vented flames are based on the heat release rate at the window, however only the peak 

heat release rate within the compartment is given in the NFPA 285 and BS 8414 

standards – not accounting for heat losses from other walls. The NFPA 285 standard 

also includes an additional burner at the top edge of the window that diverges from 

previously studied conditions. Therefore, a more empirical approach was taken. 
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In Chapter 3 the influence of the wood crib on the temperature measurements in the 

PN-B-02867 standard was reduced by taking an excess temperature based on fitting a 

curve to the temperature measurements from 3 experiments performed with only the 

wood crib against a masonry wall. The peak temperature from this fitted curve at 2.3 m 

was about  1℃ (see Figure 3.3). This is the same as the minimum peak temperature 

measured across all the PN-B-02867 tests in KRESNIK II. By following this logic, the 

peak temperature of the fire source (independent of the influence of the facade) for the 

other two standards was estimated to be the minimum peak temperature measured 

across all the tests in KRESNIK II performed according to that standard. These values 

were 271℃ for the NFPA 285 standard, and 32 ℃ for the BS 8414 standard. I will refer 

to these minimum peak temperatures across all the data from a particular standard as 

the standard’s fire source temperature 𝑇𝑠. 

In buoyant plume analysis, the plume temperatures are often analysed using the 

excess temperature above ambient conditions. This is defined as: 

𝜃∞
∗ =

𝑇(𝑧) − 𝑇∞
𝑇𝑓 − 𝑇∞

 6.4 

Where 𝑇𝑓 is the flame temperature. This is a dimensionless quantity, represented by 

the asterisk. This quantity represents the temperature rise above ambient conditions as 

a proportion of the maximum possible temperature rise and can have values between 0 

and 1. Using the source temperatures, it is possible to define a similar dimensionless 

quantity for the excess temperature above the source: 

𝜃𝑠
∗ =

𝑇𝑝 − 𝑇𝑠
𝑇𝑓 − 𝑇𝑠

 6.5 

Where 𝑇𝑝 is the peak temperature measured in a test. Between different standards, 

both 𝑇𝑠 and 𝑇𝑝 would be a function of height, however, in this analysis the value of these 

quantities was fixed, as the temperatures recorded in these test reports were recorded at 

a fixed height defined by the failure criteria of the standard. This equation is the value 

we will use to investigate the peak temperatures of the tests independent of the 

influence of the different fire sources. 𝑇𝑓 has had different values in different 

experiments. In [135] 𝑇𝑓 is given as  00℃, while in [140] 𝑇𝑓 is given as 1000℃. As the 
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excess temperature above ambient is usually a proportion of the maximum possible 

temperature rise, 𝑇𝑓 was taken as the maximum temperature measured across all tests 

of a particular standard. This means that this method is equivalent to normalising the 

peak temperature data from each standard to fit between 0 and 1 using the minimum 

and maximum values for that standard, a common practice in statistics and machine 

learning. 

Applying the same logic to the flame height, it is possible to scale the maximum flame 

heights measured in the tests by the heat release rate and diameter of the source. 

Equation 6.3 shows that these would be proportional to the flame height of the source. 

Therefore, in a similar way to scaling the peak temperature measured in the tests 𝑇𝑝 by 

the peak temperature of the fire source alone 𝑇𝑠, it is possible to scale the maximum 

flame height measured in the tests 𝐿 by the maximum flame height of the fire source 

alone, referred to as 𝐿𝑠. A different approach was taken to estimate 𝐿𝑠 for each test 

standard. The BS 8414 standard was referenced as having a source flame height of 2.5 

m in [31]. We contacted an engineer at the Thomas Bell-Wright testing lab in UAE to 

ask what the source flame height was in the NFPA 285 standard, and were told that it 

was 1300 ± 50 mm. Finally, for the PN-B-02867 standard we used the average flame 

height between 300 and 600 seconds in the standard, taken using the same thresholding 

techniques explained in Chapter 4. This gave us a value for 𝐿𝑠 of 1.23 m. 

Using these values, an excess flame height can be defined as follows: 

 Δ𝐿∗ =
𝐿 − 𝐿𝑠
𝐷𝑠

=
𝐿

𝐷𝑠
−
𝐿𝑠
𝐷𝑠

=
𝐿

𝐷𝑠
− 𝛾𝑄𝑠

∗𝑛 6.6 

Where 𝐷𝑠 is the characteristic length of the fire source and 𝛾 is an arbitrary constant. 

The equation has been written in different ways to explicitly show the relationship to 

the heat release rate of the source, derived from Equation 6.3. Note that the value of the 

maximum flame height 𝐿 was estimated in different ways based on the information 

recorded in each standard. In the NFPA 285 and BS 8414 standards, the maximum 

flame height is recorded in the test report based on observations by an engineer during 

the test. In the PN-B-02867 standard, observations are only made about whether the 

flame height reached above 1.5 or 2.25 m. Therefore, 𝐿 was estimated from the damage 

done to the facade based on pictures taken before and after each test. In some tests, no 
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visible damage was done to the facade, so the flame height was recorded as 0, even 

though there would have been a flame from the source during the test. Therefore, for 

some of the tests in KRESNIK II the maximum flame height measured in the test 𝐿 was 

less than the maximum flame height of the source 𝐿𝑠. This would give a negative value 

of Δ𝐿∗. These negative values intuitively do not make sense when comparing to the 

observations made during the test in the NFPA 285 and BS 8414 standards. For this 

reason, all negative values of Δ𝐿∗ were set to 0. 

The characteristic length of each fire source also varies depending on the standard. 

For rectangular sources, the characteristic length is the longer axis. For the externally 

venting flames in the NFPA 285 and BS 8414 standards, the concept of a rectangular 

source at the mid-height of the window was taken from [137]. This paper defined the 

characteristic length of this source as: 

 𝐷𝑠 = (𝑊𝐻3/2)
2/5

 6.7 

Where 𝑊 is the width of the window the flames are spilling from and 𝐻 is the height 

of the window. The different values used in the non-dimensionalisation of these 

measurements are given in Table 6.3.  

Table 6.3 – Summary of values used in the non-dimensionalisation of the peak temperature and flame 

height measurements in KRESNIK II. 𝑇𝑠 is the ambient temperature of each fire source, estimated by the 

minimum peak temperature measured across each standard. 𝑇𝑓 is the flame temperature, estimated by the 

maximum peak temperature measured across each standard. 𝐿𝑠 is an estimate of the peak flame height 

reached by the fire source alone in each standard. 𝐷𝑠 is the characteristic length of the fire source in each 

standard. 

Standard 𝑻𝒔 𝑻𝒇 𝑳𝒔 𝑫𝒔 

PN-B-02867  1℃ 7 0℃ 1.23 m 0.60 m 

NFPA 285 271℃ 7 0℃ 1.30 m 1.12 m 

BS 8414 32 ℃  3 ℃ 2.50 m 2.00 m 

Chapter 3 introduced a flammability index 𝑖 = {1,2,3,4} to measure the performance of 

the facades in each test, which was based on observations made by an engineer during 

the test. The choice of which observations to record was based on the specific 
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observations recorded by technicians during the PN-B-02867 test standard, and so this 

same index cannot be used for the other 2 standards in KRESNIK II. However, the 

ranks of the flammability index above 2 are related only to the maximum flame height 

seen on the surface of the facade. Therefore, it is possible to convert the flame height 

measurements taken from the before and after images into a new flammability index, to 

allow for comparison with Chapter 3. This index would be 4 for flame heights greater 

than 2.25 m, 3 for flame heights greater than 1.5 m, and 1 otherwise. However, this new 

flammability index will not perfectly align with the old one, partly because it does not 

have a rank 2 index, and partly because the new values of flame height have been 

estimated from the pictures of the facade before and after the test, rather than from 

observations taken by a technician. This presents a source of uncertainty in these 

estimated flame heights, however 75% of the PN-B-02867 tests in KRESNIK II 

measured the same result in both flammability indexes, and 89% of the tests differed by 

1 or less. This suggests that the analysis of flame height and excess flame height in this 

chapter can be compared with the analysis of the flammability index in Chapter 3. 

 

 

Figure 6.4 – Plot comparing the flammability index used in Chapter 3, based on the failure criteria of the 

PN-B-02867 standard, with a new flammability index, based on the maximum flame height in the test, 

estimated from images of the facade damage after the test. Individual points have been shifted randomly 

within the range ±0.1 to make the number of points visible. 
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6.3 Results and Discussion 

Figure 6.5 shows the frequency distributions of both the dimensional outputs 𝑇𝑝 and 

𝐿, and the non-dimensional outputs 𝜃𝑠
∗ and Δ𝐿∗ taken from all the tests in KRESNIK II. 

In the case of the repeated tests of identical facades in the PN-B-02867 standard, the 

mean value across the repeats was taken. For the dimensional outputs, the distributions 

from the different standards are generally distinct, with the exception of the flame 

heights measured in the PN-B-02867 and NFPA 285 standards. In particular, the BS 

8414 distribution tends to have a higher frequency of tests with both large peak 

temperatures (>  00℃) and large flame heights (> 3 m). This is to be expected, as the 

fire source and scale of the test is much larger than for the other 2 standards. By non-

dimensionalising the outputs and removing the influence of the source, we would expect 

to bring the distributions much closer together.  

 

Figure 6.5 - Frequency distributions of 𝑇𝑝, 𝜃𝑠
∗, 𝐿, and 𝛥𝐿∗ for all the facades in KRESNIK II. If our 

methodology was successful, then the distributions of the dimensionless variables should be much more 

similar than the distributions for the dimensional variables. Remaining variation may be due to differences 

in the types of facades tested by each standard, or due to fundamental differences in facade behaviour 

between tests. 
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This seems to be the case in the bottom row of plots in Figure 6.5. The BS 8414 

distribution overlaps much more with the other distributions in both 𝜃𝑠
∗ and Δ𝐿∗. 

However, the overlap between the NFPA 285 and PN-B-02867 distributions is still not 

perfect, and the shape of the BS 8414 distribution is still quite different to both of them. 

This could be for a few reasons. Firstly, the size of the BS 8414 population (the number 

of facades tested) is about a quarter of the size of the populations of the other standards. 

Most statistical distributions only take shape with a large number of observations. This 

is because a smaller sample size may not include a wide range of different facades. In 

other words, if the types of facades in the populations of each standard were different to 

each other, then the output distributions would also look different. Secondly, the BS 

8414 tests come from a different kind of source to the other standards. The NFPA 285 

and PN-B-02867 test data came from commercial test houses, meaning most of the 

facades being tested were intended to pass these standards. In contrast to this, the BS 

8414 tests came from a mixture of publicly available tests. Some were commercial tests 

performed by Kingspan [141], some were tests performed by DCLG in the wake of the 

Grenfell tower fire [142], and some came from research papers [73], [143]. This suggests 

that the facades in the BS 8414 population may be skewed towards facades that would 

be more likely to fail the test, which may explain why there is a greater frequency of 

higher values for each output. 

 

Figure 6.6 - Frequency distributions of the different types of facades in KRESNIK II, separated by test 

standard. 

Figure 6.6 supports the idea that the populations of facades from each standard are 

quite different. The BS 8414 population only contains rainscreen facades, which seem to 
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generally perform worse in these tests based on the analysis in Chapter 3 and Chapter 

4. The NFPA 285 and PN-B-02867 populations seem to be quite similar, though the PN-

B-02867 population contains a higher proportion of ETICS and sandwich panel facades. 

Figure 6.7 goes into further detail, showing the frequency distribution of the materials 

used in the cladding and insulation of the rainscreen facades in each population. It is 

clear from these plots that the materials used in the facades in each population are quite 

different. The BS 8414 population seems to have a much higher proportion of 

combustible insulation materials, which are likely to change the outputs of the test. 

Similarly, the most common cladding material in the PN-B-02867 population is HPL, 

which doesn’t appear in the rainscreen facades tested to the other 2 standards. This 

suggests that the remaining differences in the frequency distributions of the 

dimensionless outputs in Figure 6.5 could be due to differences in the facades tested, 

rather than differences from the test standards themselves. 

 

Figure 6.7 - Frequency distributions of the different types of cladding and insulation materials used in the 

rainscreen facades in KRESNIK II, separated by test standard 

To confirm whether the differences in Figure 6.5 were due to differences in the 

facades being tested or due to differences in the standards themselves, the results from 

tests involving rainscreen facades with identical cladding and insulation materials were 

compared across the different standards. The results are shown in Figure 6.8 and Figure 

6.9. These plots show comparisons of temperature and flame height measured for 

rainscreen facades with identical cladding and insulation materials across the different 



128 

 

test standards. If 2 standards agreed then the datapoints in Figures 8 and 9 would fall 

on, or close to, the 45° line. Of course, there will also be natural variation in output 

within identical tests. This variation was estimated by taking the average difference 

between the maximum and minimum values for a particular output across identical 

tests within the same standard. This is represented by the shaded area on the plots. 

These figures seem to show that there is no agreement between the different test 

standards, even after we tried to take into account the influence of the source. Not only 

do the datapoints not fall close to the 45° line, but the standards do not even agree on 

the rank order of which facades performed worse. If the ranks did agree, then the 

datapoints would increase monotonically (they would never decrease). A parallel can be 

drawn here with the work of Emmons on evaluating test standards for material 

combustibility [144]. This paper showed that materials ranked in combustibility by 

different labs and standards across the world showed no better agreement than random 

data. The paper led to a review of the combustibility test standards at the time. More 

research should be done to assess whether there is a similar disagreement in ranking 

facade flammability from current facade test standards. The analysis here suggests 

there may be. 
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Figure 6.8 - Plots comparing the measurements of 𝑇𝑝 and 𝜃𝑠
∗ for tests of rainscreen facades with identical 

cladding and insulation materials across different test standards. Some facades appeared more than once in 

the same standard; in which case the point was taken as the mean value across these tests. The shaded area 

is the difference between the max and min values measured for identical facades within the same test 

standard. If 2 standards agree, then the points should fall on the 45° black line. 
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Figure 6.9 - Plots comparing the measurements of 𝐿 and 𝛥𝐿∗ for tests of rainscreen facades with identical 

cladding and insulation materials across different test standards. Some facades appeared more than once in 

the same standard; in which case the point was taken as the mean value across these tests. The shaded area 

is the difference between the max and min values measured for identical facades within the same test 

standard. If 2 standards agree, then the points should fall on the 45° black line. 

These results suggest that our method to remove the influence of the source did not 

succeed. Rainscreen facades with identical materials behaved very differently across the 

different standards. Some of these discrepancies may be due to the variation in 

commercial products of a particular type – not all fire retardant ACP will be equally fire 

retardant. However, the discrepancies are large enough that this seems unlikely to be 

the only reason. There are differences between these standards that cannot seem to be 
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captured using simple correlations. However, it may be possible to take into account the 

different behaviour between standards in another way. 

6.4 Machine Learning 

To test whether the output of the tests in KRESNIK II could be predicted using 

machine learning, a simple neural network was created – a kind of statistical model, 

inspired by the neurons within the human brain, that takes in large amounts of data 

and tries to predict non-linear relationships between input and output variables within 

that data. Machine learning and artificial intelligence (AI) have proved to be useful in a 

wide variety of situations, and have been used before in fire science to detect fire and 

smoke in images [114], [145]–[147] , aid wildfire modelling [148], [149], predict pyrolysis 

behaviour [150], predict compartment fire behaviour [88], [151], and assist with 

structural fire modelling [86], [87], [152]. Most relevant to this work, machine learning 

was applied to a database of 59 facade fire incidents to predict the severity of those 

incidents [153].  

All of these papers used supervised machine learning to achieve their goals, in 

contrast to unsupervised machine learning. Supervised machine learning tries find a 

relationship between a collection of features and a series of labels (essentially inputs and 

outputs of the model). The features of a machine learning model are usually stored in an 

N x M matrix 𝑿, where the M columns are different features, and the N rows are 

individual observations. These are related to an N x K matrix of labels for each 

observation, usually referred to as 𝒀. The role of a machine learning model is to find a 

function 𝑓 such that: 

 𝑓(𝑿) ≈ 𝒀 6.8 

Supervised machine learning models try to find the form of this function empirically, 

by fitting the model to a large subset of a dataset (referred to as training data), then 

seeing how well it compares to a separate subset of the same original dataset (referred 

to as validation data).  Splitting the data like this is an attempt to maximise a model’s 

ability to correctly predict a set of separate but related data, like it might be given in the 

future, rather than getting the best fit on a single dataset. Fitting very well to the 

training data but being unable to fit to validation data is known as overfitting.  
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Most algorithms for machine learning improve dramatically with increased data. 

This makes sense given that the functions they are fitting are often complex and non-

linear, and so gaps between datapoints may miss crucial information on the required 

shape of the fit. These models also learn entirely by example, and so they cannot 

extrapolate to data that is dissimilar to the data they were originally trained on. This 

makes the size of the training dataset very important [154]. Although the size of 

KRESNIK II is relatively small compared to traditional AI datasets, which have 

thousands or even millions of datapoints, in previous fire safety literature the sample 

sizes have often been small. The dataset in [153] contained 59 entries, and the dataset 

in [88] contained only 14 entries. The 420 tests in KRESNIK II therefore represent the 

state of the art dataset for machine learning in facade fire safety. 

To demonstrate the potential of using KRESNIK II for machine learning, a basic 

neural network was fit to the data, without any fine tuning. Neural networks are just 

one type of machine learning model, but they have proven to be a very powerful, and 

have been used in countless applications of AI. They can be represented abstractly by a 

series of nodes (or neurons) connected in a network. Each node represents an activation 

function that will change the change the number fed into the node based on a threshold 

value, referred to as its bias. The connections between each node contain weights that 

multiply the output of the previous node. The activation functions are specified in 

advance, along with the number of nodes and connection; these are referred to as the 

hyperparameters of the model. The weights and biases meanwhile are optimised to fit 

the data used to train the network; these are referred to as the parameters of the model. 

To achieve this optimisation, a cost function is specified that represents how far away 

the function 𝑓(𝑿) was from matching 𝒀. This cost function is then minimised. More 

detailed explanations of neural networks can be found in many books, including [155]. 
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Figure 6.10 - Architecture of the sequential neural network fit to the KRESNIK II data, which we refer to as 

e-KRESNIK. Each circle represents a node with a ReLu (Rectified Linear Unit) activation function and a 

bias. Each connection has an associated weight. The network is sequential in that there are no loops to 

earlier nodes in the network, and dense in that the nodes in each layer are fully connected. Explanations of 

the inputs are given in Table 6.4. 

The architecture of the neural network used here is given in Figure 6.10. It is a 

sequential neural network, with 16 inputs, 3 dense hidden layers, and 2 outputs. The 

inputs are given in Table 6.4. The network is sequential because there are no loops 

linking nodes from the right side of the network back to an earlier node in the network. 

Each node used an activation function called a ReLu function or Rectified Linear Unit. 

This is a very popular activation function in neural networks because it simplifies a lot 

of the maths used to optimise the network and speeds up training. The choice of this 

architecture was based on simplicity, and no work was done to tune the 

hyperparameters of this model. This exercise is purely to show the potential of using 

this sort of model with the data in KRESNIK II. 
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Table 6.4 – Explanation of the 16 inputs used in the neural network specified by Figure 6.10. If material 

properties were not available for a specific test (e.g., for tests where the cladding was labelled as simply 

ACP FR, not a specific composition) then the average value of the property for that generic material was 

used. Flammability depends on the external fire conditions, as well as the facade itself. These external 

conditions are taken into account in the variables defining the test method used (is_pn, is_nfpa, is_bs). 

Input Explanation 

𝒌𝒆 Thermal conductivity of external layer (either cladding, render, or external layer of a 

sandwich panel) in W/mK 

𝝆𝒆 Density of external layer in kg/m3 

𝒄𝒆 Specific Heat of external layer in J/kgK 

𝚫𝑯𝒆 Heat of Combustion of external layer in kJ/g 

𝚫𝒙𝒆 Thickness of external layer in mm 

𝒌𝒊 Thermal conductivity of insulation layer 

𝝆𝒊 Density of insulation layer 

𝒄𝒊 Specific heat of insulation layer 

𝚫𝑯𝒊 Heat of Combustion of insulation layer 

𝚫𝒙𝒊 Thickness of insulation layer 

is etics 1 if ETICS facade, 0 otherwise 

is rainscreen 1 if rainscreen facade, 0 otherwise 

is sand ic  1 if sandwich panel facade, 0 otherwise 

is  n 1 if tested according to PN-B-02867, 0 otherwise 

is nf a 1 if tested according to NFPA 285, 0 otherwise 

is  s 1 if tested according to BS 8414, 0 otherwise 

The data was processed to create a matrix of the features listed in Table 6.4. After 

averaging the repeats from the PN-B-02867 test standard and removing the tests that 

had missing material data, we were left with 171 facades (88 of which were averaged 

from multiple tests). 10% of this data was put aside as hold-out data to test the 
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generalisability of the model after it had been trained and validated.  This left us with a 

training set of 154 facades and a hold-out set of 17 facades. The network was trained 

using mean absolute error as a cost function and using the Adam gradient descent 

optimiser. K-fold cross validation was used instead of splitting the training data into a 

training and validation set, which gives a less biased estimate of model performance on 

smaller datasets [156]. Each of the inputs and outputs were also scaled to fall between 0 

and 1 before being used to train the network. This is common practice in machine 

learning to improve model accuracy. This was implemented in Python using the Keras, 

Tensorflow, and Scikit-learn libraries [157]–[159]. 

The results of using the trained network on the hold-out data are shown in Figure 

6.11. These plots show the predicted performance of the 17 facades in the hold-out 

dataset against their actual performance in the tests (due to shuffling the data, I do not 

know at this point which test method these facades were tested with). The distance from 

the 45° line represents the accuracy of the predicted results. The gray shaded area is the 

mean absolute error predicted from the cross-validation of the model. Most of the 

facades also fall within this range for both output variables. In total 85% of the data 

across the 2 outputs falls within this range. This suggests that although it was not 

possible to compare facade performance across tests using simple plume correlations, by 

using more complex, non-linear models with a lot of data, it is still possible to predict the 

performance of different facades across multiple test standards. 

 

Figure 6.11 – Results of using the neural network in Figure 6.10, e-KRESNIK, trained on 154 facades, to 

predict the performance of the hold-out set of 17 facades. The mean absolute error (MAE) estimated through 

k-fold cross validation is given by the gray shaded area. 
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6.5 Conclusions 

In this chapter, a methodology was developed to compare the results from 3 different 

facade fire test standards: PN-B-02867, NFPA 285, and BS 8414. Each standard used a 

fire source with a different heat release rate and geometry, which was accounted for 

using correlations developed for convective plumes above pool fires. 2 dimensionless 

parameters were defined, the peak excess temperature above the fire source Δ𝜃𝑠
∗ and the 

excess flame height Δ𝐿∗, defined in Equations 6.5 and 6.6, which scaled the outputs of 

the different standards by the size and diameter of their fire sources. It was hoped these 

dimensionless parameters would provide a way to translate results across the different 

standards, which would be an invaluable tool for fire safety engineering. 

These new parameters were applied to the data in the updated KRESNIK II 

database, which now contained 384 different facade tests across the 3 standards. It was 

found that the frequency distributions of the peak temperatures and flame heights 

measured by the different standards were brought closer together by considering their 

dimensionless equivalents, which suggested that our methodology may have been 

successful. However, when considering tests of facades with the same materials 

performed across multiple standards, not only was there still a disparity in the 

measurements of each output between standards, but the standards did not even agree 

on the rank of each facade across each output. This suggests that different standards 

are not consistent in their assessments of facade safety, and that there is still no way to 

easily compare the results between them using fundamental knowledge of fire 

behaviour. 

The final section of this chapter presented an alternative approach to predicting the 

behaviour of facades across different standards. By training a neural network on the 

data in KRESNIK II, considering the test standard used as an input to the model, it was 

possible to predict the test performance of the majority of facades in a set of hold-out 

data, without any fine-tuning of the model. This could be used to translate between 

standards by passing identical inputs to e-KRESNIK but changing only the test 

standard being considered. Unfortunately, these kinds of machine learning models can 

only be used to predict facades and test standards that are similar to those that were 

used to train the model, which is why this approach is only complementary to more 

traditional, bottom-up fire research. However, this chapter demonstrates the potential of 

such models, which could prove to be invaluable to designing safe facades in the future.  
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Chapter 7  

Conclusions 

This thesis is the first to study the possibilities of a top-down approach to facade fire 

safety, and the power of converting commercial facade tests into experiments – using 

them to develop our understanding of fire, rather than only show compliance with 

national laws.  

Chapter 2 presented a literature review of previous research into facade fires. It 

explained how facade design is a multi-objective problem, with trade-offs having to be 

made between different objectives such as moisture control, facade thickness, and 

flammability. The end of the chapter discussed the value of optimum design, where 

different design objectives are explicitly quantified, allowing an engineer to understand 

whether a particular design is truly optimal in different objectives. Although previous 

work had been done to quantify the flammability of sandwich panels used in external 

walls [47], the previous research into facade fires was sparse and was insufficient to 

explicitly quantify the flammability of a facade using fundamental, bottom-up science. 

The research in this thesis therefore tried to take a complementary, top-down approach. 

Chapter 3 demonstrated this top-down approach by creating and analysing a unique 

database, named KRESNIK, of 252 commercial facade fire tests performed according to 

the PN-B-02867 test standard. This chapter showed the advantages of converting the 

semi-structured data of the written reports produced by these tests into a fully 

structured relational database. By collapsing the complex data in these reports into 

single values of peak excess temperature, residence time, and flammability index, it was 

possible to identify trends in the data. Only facades with a cavity and some kind of 

combustible cladding promoted flame spread above 1.5 m or sustained burning of the 

facade these tests; however, this was not true for all facades of this kind. It was also the 

case that neither facade system level variable investigated (fuel load and U-Value) could 

predict its behaviour in the tests, with fuel load only explaining about 10% of the 

variation in output. 



138 

 

One of the limitations of the analysis in Chapter 3 was the limited measurements 

taken during the tests that related to facade flammability. Chapter 4 presented a novel 

methodology for using ordinary camera footage to estimate the rate of heat released by 

visible flaming from a turbulent fire, referred to as visual fire power, by estimating the 

volume of that fire. The methodology was compared to synthetic data in Blender as well 

as calibrated against experiments with a gas burner. This method could be used to 

improve the quality of data taken from standard facade tests, which are often filmed 

already, and was also used in the analysis of the experiments presented in Chapter 5.  

The trends identified in Chapter 3 were examined further in Chapter 5 through a 

series of 20 parametric experiments on rainscreen facades, varying the Euroclass rank 

of the cladding and insulation materials used in these facades and whether or not the 

facade had a cavity. The choice to investigate these particular parameters was inspired 

in large part by the analysis done in Chapter 3, and demonstrated the potential of using 

top-down, system-level analysis on smaller sets of more detailed data. The experiments 

were performed in a similar way to the PN-B-02867 standard, used to test the facades in 

the data in Chapter 3. However, these experiments included additional temperature 

measurements on the surface and in the cavity, as well as recording the test using 4 

cameras at different angles. These experiments found that varying each parameter had 

a different impact on the fire, and that looking at them individually could not explain 

the facade behaviour. However, the presence of a cavity did appear to dramatically 

increase the speed of flame spread. This work also demonstrated the possibility of 

measuring important parameters of a fire, such as the rate of flame spread and the 

visual fire power, from regular video footage. This could make the data recorded by 

standard fire tests more valuable, and almost all of these tests are already required to 

be filmed. 

Chapter 6 examined how the kind of top-down analysis performed in Chapter 3, 

containing data only from the PN-B-02867 test standard, could be extended to compare 

the results between other international test standards. It included an updated version of 

the original KRESNIK database, named KRESNIK II, that contained a total of 384 tests 

across 3 different international test standards: PN-B-02867, NFPA 285, and BS 8414. 

Each of these standards expose facades to fire sources with different heat release rates 

and geometries, but they each measure the peak temperature at a point on the facade 

and the maximum flame height observed during a test. The chapter presented a 

potential method to remove the influence of the different fire sources in each standard 
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from these peak temperatures and flame heights by producing non-dimensional 

parameters of excess temperature and flame height above that of the fire source alone. 

Looking at tests involving facades with identical materials, it was found that similar 

facades performed significantly differently under the different standards in terms of 

both peak temperature and flame height (which are both connected to a facade’s 

flammability), even after non-dimensionalising. The standards did not even agree on the 

flammability rank of each facade, suggesting that these standards may not be consistent 

in assessing what constitutes safe facade behaviour. However, it was possible to predict 

the performance of different facades across different standards using a neural network 

trained on the data in KRESNIK II. A predictive model similar to this network, referred 

to as e-KRESNIK, could be used to translate the results of a test across different 

standards, or as a way to quantify the performance of different facade designs prior to 

testing – which was mentioned in Chapter 2 as being crucial for optimum design. This is 

an example of artificial intelligence being used to aid problems when a fundamental 

understanding of the problem is incomplete. 

The work in these chapters could be built upon in a number of ways. Most of the data 

in KRESNIK is publicly unavailable and had to be filled in by hand from written test 

reports. Identifying methods from natural language processing that could be used to 

automate this process, and finding ways to ensure commercial data security, are 

important steps for this kind of analysis to be used more broadly. The visual fire power 

methodology introduced in Chapter 4 should also go through further calibration across 

fires at different scales and a study of its sensitivity to different camera parameters, to 

allow it to be used more broadly as a tool for estimating heat release rates of turbulent 

fires. Chapter 6 also showed the difficulty of comparing the results of facades tested 

using different standards. Performing these different standards on truly identical 

facades would be an important step towards being able to make this comparison. 

Taken as a whole, this thesis demonstrates the potential to transform standard 

facade fire tests into a source of scientific knowledge that could be used to take a top-

down approach to understanding facade flammability. By combining the variables that 

relate to flammability into a single variable and then correlating this variable to 

different aspects of a facade design, it could be possible for engineers and designers to 

quantify and rank the flammability of different facade systems. The neural network 

presented in Chapter 6, e-KRESNIK, demonstrates that this approach can be used to 

predict two variables related to facade flammability, and by adopting new 
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measurements into standard tests, such as the visual fire power presented in Chapter 4, 

additional variables could be measured that more closely relate to facade flammability. 

Thousands of facade fire tests are performed internationally each year, the equivalent of 

millions of pounds of research. e-KRESNIK was trained on approximately 350 tests and 

predicted approximately 85% of the hold-out data correctly. These models improve 

dramatically with more data [154], meaning the potential of collecting these commercial 

fire test results is huge. 

One application of such a model would be to help quantify facade behaviour in fire to 

aid the process of fire-safe facade design. In Chapter 2 we mentioned that explicitly 

quantifying different design objectives could allow an engineer to apply a process of 

optimum design. Figure 2.7 showed a hypothetical plot comparing different facades 

according to 2 objectives – a flammability index and the thermal transmittance, or U-

value of the facade. The left image in Figure 7.1 shows a similar plot for the facades in 

KRESNIK II, with the maximum flame height 𝐿 measured for a facade plotted against 

its U-value. The right image in Figure 7.1 shows a similar plot for randomly generated 

facades passed through the neural network from Chapter 5. Because the properties of 

these facades have been randomly generated, it may be that the facades cannot exist. 

However, this plot demonstrates that by using a machine learning model that can 

quantify the flammability of a facade, it would be possible to search the solution space of 

possible facades for potentially better solutions than what has been used previously. In 

the case of the right image in Figure 7.1, the new Pareto front has moved closer to the 

origin and therefore contains solutions that are more optimal than the Pareto front for 

the real facades in KRESNIK II. 
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Figure 7.1 – Plots of flame height vs U-value for the facades in KRESNIK II (left) and for virtual facades 

generated by passing randomly generated inputs through the neural network trained in Chapter 6 (right). 

The virtual facades may contain materials that could not feasibly exist in reality. The Pareto front in the 

image on the right has moved closer to the origin, meaning it includes facades that are more optimal than 

the ones in KRESNIK II. This plot is similar to Figure 2.7 

Designing a facade is a complex, multi-objective problem. Currently, many of the 

objectives that a facade has to achieve, such as its beauty, its moisture control, or its 

flammability, are difficult to quantify, making it challenging to consider these objectives 

and compare facades against each other. Being unable to quantify the flammability of 

facades has also made it difficult to scientifically interpolate or extrapolate the results of 

different facade safety tests, despite the necessity of small changes being made to facade 

designs in complex construction projects. However, in this research we have shown that, 

by collecting existing facade fire test data and applying a top-down approach to the 

problem, quantifying a facade’s flammability could be possible, helping designers to 

construct safer high-rise buildings, and moving a step closer toward optimum design.  
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Appendix 

This appendix presents the details of the entity relationship diagram for KRESNIK I, 

shown in Figure 3.2. The Datatype column mentions factors. These are not a datatype in 

computing but are a structure in R that is used to deal with categorical data, and so I 

have separated them from other string/character variables for clarity. All material 

properties were taken from measurements at room temperature. 

Entity Variable Datatype Description 

PNB02867 droplets Boolean 
True/False: were droplets observed 

during the test? 

 L1_temp Boolean 
True/False: did the temperature 

measured at L1 exceed 450℃? 

 L2_temp Boolean 
True/False: did the temperature 

measured at L2 exceed 350℃? 

 L1_burn Boolean 

True/False: was burning observed at or 

above line L1 after the wood crib was 

removed? 

 L2_burn Boolean 

True/False: was burning observed at or 

above line L2 after the wood crib was 

removed? 

 burn_after Boolean 

True/False: was burning observed 

anywhere on the facade after the test 

had concluded? 

 peak_temp Numeric 

What was the maximum temperature 

measured during the test by any 

thermocouple (after averaging the 

thermocouple data over 30 s)? 

Measured in ℃ 

 residence_time Numeric 

After subtracting the wood crib 

thermocouple curves from the test 

thermocouple data, for how long did at 

least one of the thermocouples measure 



156 

 

at least 100℃ above these wood crib 

curves? 

 pass Boolean 
True/False: was the outcome of this 

test a pass or a fail? 

Test source String 
What organisation provided this test 

data? 

 standard Factor Which standard was used in this test? 

Facade type Factor 
4 options: was this facade ETICS, 

Rainscreen, Sandwich Panel, or Other. 

 comments String 

A field to add any comments that may 

be important. Used if the facade or test 

scenario are unusual in some way. 

Cavity cavity_width Numeric Width of the air cavity in mm. 

 cavity_barriers Boolean 
True/False: Were cavity barriers 

present in this test? 

Cladding cladding_thickness Numeric 
Thickness of the exterior cladding in 

mm. 

SandwichExterio

r 
s_exterior_thickness Numeric 

Thickness of the thin outer layers of 

the sandwich panel in mm. 

Render render_density Numeric 
Application density of render used on 

ETICS facade in kg/m2. 

 render_thickness Numeric Thickness of render in mm. 

Insulation ins_density Numeric 

Density of insulation in kg/m3. If not 

provided in the test report then the 

value from the MaterialProperties 

table is used. 

 ins_thickness Numeric Thickness of insulation in mm. 

MaterialProperti

es 
material_name Factor 

Generic name of the material (product 

names forbidden in order to preserve 

anonymity). 
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 heat_of_combustion Numeric 

Chemical heat of combustion of the 

material in MJ/kg. Taken from 

literature. 

 density Numeric 
Density of the material in kg/m3. 

Taken from literature. 

 specific_heat Numeric 
Specific heat capacity of material in 

J/kg*K. Taken from literature. 

 thermal_conductivity Numeric 
Thermal conductivity of material in 

W/m*k. Taken from literature. 

 


