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Abstract 

In today’s Nordic construction industry, it is difficult for new and innovative building 

solutions to be introduced due to prescriptive and inflexible regulations. Trading products and 

services cross-border is something that could loosen the tough market, but this is not possible 

due to the lack of common international frameworks that is performance based with the 

possibility to perform fire safety engineering. This is something that the Nordic Innovation 

project group called Fire Safety Engineering for Innovative and Sustainable Building 

Solutions wants to change. By introducing a new probabilistic method to verify fire safety in 

buildings, with the intention to become a Nordic standard, so will hopefully parts of these 

problems be resolved. The fourth work package of the project includes field testing of the new 

method which this thesis is a part of. The idea is to asses and improve the new probabilistic 

approach by comparing it to an existing non-probabilistic method and introduce ameliorating 

recommendations.  

Comparison of the probabilistic method is performed against a Swedish verification process 

that’s based on the General recommendations on analytical design of fire safety strategy 

(BBRAD) by verifying fire safety in a car park, that is located below an office building, with 

both verification methods. The two performance-based analyses treat deviations from a 

prescriptive solution, performed with the Boverket’s Building Regulations (BBR), and the 

results of these verifications is compared. The requirements that is verified are; escape in 

event of fire, protection against the outbreak of fire, protection against the development and 

spread of fire and smoke in buildings, protection against spread of fire between buildings, 

possibility of rescue responses and ensuring fire resistance in the structural members. Fire 

safety designs and approaches for treatment of the deviations are compared and analysed 

which concludes in the improvement recommendation that’s been presented.   

Questions that has been answered during the work process is: 

 How do the methods treat the possibility of a fire safety design without sprinkler? 

 What is the main difference between the two verification methods? 

 Which improvements could be done to the new Probabilistic method?   

The recommendations of improvement that has been presented is based on the work process 

of the probabilistic approach and the comparison with the Swedish verification process. 

Development of the following areas is advocated:  

 Treatment of critical levels for evacuation scenarios   

 Form a common Nordic statistical database 

 Improved guidance of how to complete the validation analysis  

The thesis does not include all parts that’s required in a fire safety design but will merely 

focus on the deviations of the pre-accepted solution. The verification is only performed on the 

car park, i.e. the office part of the building is not included.  

  



 

 

Sammanfattning 

I dagens nordiska byggbransch är det svårt för nya och innovativa byggnadslösningar att 

införas på grund av de preskriptiva och fyrkantiga regelverk som finns. Handel av produkter 

och tjänster över gränserna är något som kan luckra upp den tuffa marknaden, men det är 

svårt på grund av bristen utav gemensamma internationella regelverk som är 

funktionsbaserade med möjlighet till fire safety engeinnering. Det är något som ett nordiskt 

innovationsprojekt kallat Fire Safety Engineering for Innovative and Sustainable Building 

Solutions vill förändra. Genom att införa en ny probabilistisk metod för att verifiera 

brandsäkerheten i byggnader, med avsikten att skapa en nordisk standard, kan 

förhoppningsvis delar av dessa problem lösas. Det fjärde arbetspaketet inom projektet består 

av att testa den nya metoden, vilket denna avhandling är en del av. Tanken är att bedöma och 

ta fram förbättringsförslag till den nya probabilistiska metoden genom att jämföra den med en 

befintlig scenariobaserad metod och presentera förbättringsrekommendationer. 

Jämförelse av probabilistiska metoden utförs mot en svensk verifieringsprocess som baseras 

på Boverkets allmänna råd om analytisk dimensionering av byggnaders brandskydd 

(BBRAD) genom att verifiera brandsäkerheten i ett parkeringsgarage, som ligger under en 

kontorsbyggnad, med båda verifieringsmetoderna. De två funktionsbaserade analyserna 

behandlar avvikelser från en förenklad dimensionering, som är utförd enligt Boverkets 

Byggregler (BBR), och resultaten av dessa verifikationer jämförs. De krav som verifieras är; 

utrymning i händelse av brand, skydd mot uppkomst av brand, skydd mot utveckling och 

spridning av brand och rök i byggnader, skydd mot brandspridning mellan byggnader, 

möjlighet till räddningsinsats och att säkerställa bärförmåga vid brand. Brandskyddets 

utformning och metodernas behandling av avvikelserna jämförs och analyseras vilket 

konkluderar i de rekommendationer för förbättring som presenteras. 

Frågor som har besvarats under arbetsprocessen är: 

 Hur behandlar metoderna möjligheten att dimensionera brandsäkerheten utan 

sprinklersystem? 

 Vad är den stora skillnaden mellan de två verifieringsmetoderna? 

 Vilka förbättringar kan göras på den nya probabilistiska metoden? 

Rekommendationerna till förbättring som har tagits fram är baserad på arbetsprocessen i den 

probabilistiska metoden och jämförelsen med den svenska verifieringsprocessen. Utveckling 

av följande områden förespråkas: 

 Behandling av kritiska nivåer i utrymningsscenarion  

 Uppställning av en gemensam statistiskdatabas för de nordiska länderna 

 Förbättrad förklaring om hur man utför valideringarna av analysen 

Avhandlingen omfattar inte alla delar som behövs vid bandskyddsprojektering utan fokusera 

endast på avvikelserna från den förenklade dimensioneringen. Verifikationen är endast utförd 

på parkeringsgaraget, det vill säga kontorsdelen av byggnaden behandlas inte.  
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1 Intro 

1.1 Introduction 

Buildings are still expected to be built with satisfied safety to protect humans, property and 

the environment even if buildings become more complex with greater demands on the 

architecture and expectations of lower construction costs. To prove that new and innovative 

solutions meet the required fire safety, different methods are needed where the fire safety 

design of the building is challenged, evaluated and verified. Each Nordic country has its own 

regulation and rules regarding fire safety and controls how the building is designed. The 

limitations caused by the national prescriptive regulations result in difficulties to trade 

products and services cross-border. This is something that that a Nordic cooperation project 

group wants to change by introducing a common Nordic standard that hopefully will unite the 

Nordic region and open up cross-border trading.  

The Nordic project called Fire Safety Engineering for Innovative and Sustainable Building 

Solutions Project has introduced a new probabilistic method to verify fire safety in buildings. 

The fourth work package of the project included field testing of the new method which this 

thesis is a part of. The method is analysed by comparing it to an accepted Swedish 

verification process which is based on the performance-based code called General 

recommendations on analytical design of fire safety strategy (BBRAD). Deviations between 

the two methods is evaluated and recommendations for improvement of the new method is 

presented.  

1.2 Background 

In today’s Nordic construction industry, it is difficult for new and innovative technologies to 

be introduced. Even though the industry is well aware of risks, there is a constant pressure to 

improve and build more at a lower cost which could have an impact on the safety of the 

building. Combined with the cost-effective solutions, buildings have to be adjusted to the 

climate change which has brought new energy requirements. Advanced and more creative 

architectural designs are being introduced and buildings have to be more sustainable to adapt 

to the demographic changes. Due to the complexity of today’s buildings the construction 

business could benefit from cross-border trading of products and services, but it’s difficult 

without common international frameworks (Baker, 2016b). 

The European Construction Products Regulation (CPR), that was accepted in March 2011, 

explains the difficulties with trading construction products over border due to the different 

requirements that each country has regarding product standards, national technical 

approvals/specifications and provisions related to construction products (European Union, 

2011). All of the Nordic nations have different building codes that govern the way in which 

the building should be designed and therefore separating possibilities of cooperating across 

borders. The lack of common standardized verification methods for fire safety engineering 

makes it difficult to prove that performance-based designs meet the safety demands of the 

authority having jurisdiction. New and common regulation standards would both make it 
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easier to prove that a building fulfils criteria and open up possibilities to trade services 

between countries. 

In 2014 SP Fire Research, Briab and Cowi has with a few other standardization organisations, 

regulatory agencies, research organizations, fire consulting companies and construction 

companies started developing two new documents to make it easier to introduce and use 

sustainable and innovative fire safety solutions in the Nordic region. The project, Fire Safety 

Engineering for Innovative and Sustainable Building Solutions, was created to address the 

problems surrounding the lack of methods to verify fire safety designs in buildings and by 

excluding national regulatory requirements also open up product trade in services between the 

Nordic countries. Two documents have been developed within the project, one with focus on 

the fire safety verification part of the building stage and the other one focuses at controls in 

the building process.    

This thesis will target one of the two documents, the verification one called Probabilistic 

Method to Verify Fire Safety Design in Buildings. The method aims to help performance-

based designs to achieve acceptance criterion by providing the user with input parameters and 

guidance to reach fire safety engineering solutions (Baker, 2016b).  

1.3 Problem description 

Evaluation and verification of a buildings fire safety design is conducted with two methods, 

the new quantitative risk analysis, Probabilistic Method to Verify Fire Safety Design in 

Buildings, and a scenario analysis which is based on the BBRAD. Results of the two 

performance-based designs is compared and possible differences are analysed. The building 

chosen for the comparison is an underground parking garage located under an office building, 

more information about the construction is found under section 4.1. The extent is limited 

since half of the verification is made by a second party, that in this case is The Society of Fire 

Protection Engineers (SFPE) Sweden, see section 5 for the results of this analysis.  

The assessed methods are analytical approaches that treats deviations of a prescriptive code, 

which is performed with the Boverket’s Building Regulations (BBR). To make the 

comparison as equal as possible, the same pre-accepted solution will be applied to the 

methods which also means that the same deviations is analysed in both cases.  

The usage of sprinkler system is something that often is discussed when verifying fire safety 

in larger buildings since it’s difficult to prove that criteria of limited fire spread could be 

fulfilled without this measure. Therefore, the possibility of designing the construction without 

sprinkler system investigated with both methods to see how the problem is handled in each 

analysis.  
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1.4 Purpose 

This thesis is a part of the fourth work package in the project held by SP, Briab and Cowi. 

The aim is to field test the draft document known as Probabilistic Method to Verify Fire 

Safety Design in Buildings. The field testing consists of comparing the new draft with an 

existing, non-probabilistic, method. The purpose of this thesis is to analyse and assess if the 

new probabilistic method will improve or alter the way to verify fire safety design in 

buildings compared to an original assessment, in this case the BBRAD.  

1.5 Problem statements 

Below are the questions to answer in this thesis:  

 How do the methods treat the possibility of a fire safety design without sprinkler? 

 What is the main difference between the two verification methods? 

 Which improvements could be done to the new Probabilistic method?   

1.6 Boundaries 

This thesis does not cover all parts that’s required in a fire safety design and could therefore 

not be used to prove that the building fulfils these requirements. For instance, fire safety 

verification for individuals with disabilities is not included.  

The project does only focus on a part of a building that is verified and compared with the two 

methods, i.e. the entire building will not be analysed.  

A second party has made the pre-accepted part of the fire safety engineering analysis 

combined with one of the verifications with an analytical method and this report assumes that 

work is correct as it’s completed by professional fire consultants.  

1.7 Outline 

The thesis contains 6 categories that is divided into 8 chapters. An intro to the subject, a 

theory section and a methodology that explains the work process is the first parts of the thesis. 

These chapters are followed by the result that is divided into three sections, chapter 4 to 6. It 

starts with a brief introduction of the building that’s about to be verified which follows by an 

empirical result of a fire safety verification performed by SFPE Sweden. The last part, chapter 

6, contains the verification with the probabilistic method. A recommendation is to read 

chapter 6 before chapter 5. These chapters sum up in a comparison, analyse and 

recommendations for improvement of the probabilistic method.  
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2 Theory 

2.1 Quantitative risk analysis 

Fire safety in buildings can be investigated by a quantitative risk analysis, which means that 

the fire risk is estimated by a numerical assessment. The numerical quantification is a method 

that includes both the probability and consequence of a fire scenario. The probability and 

consequence of each scenario could be converted to risk values through statistical data and 

subjective judgment that in turn could be used to estimate an overall risk value (Young, 

2008). The overall risk value is calculated by multiplying the risk values from all fire 

scenarios (Baker, 2016a).  

There are generally two ways to produce the frequency of a fire scenario, by a checklist or an 

event tree. This project will make use of the event tree, an example is shown in Figure 2-1 

(Young, 2008). 

 

 

Figure 2-1, an example of an event tree 

 

There are two outcomes for each event, either the incident occurs or it doesn’t. Both of these 

results could, as explained above, be converted into risk values, which are shown as Y1, Y2, 

N1, etc. in the figure. The probability of A to occur is calculated by multiplying Y1 and Y2, 

which is also known as the overall risk value of A.   
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2.2 Acceptance criteria 

In the new draft, Probabilistic Method to Verify Fire Safety Design in Buildings, acceptance 

criteria are presented as risk. The criteria are based on recommendations that an individual 

may experience life threatening condition once every 1 000 000 years. A summarized table 

with the acceptance risk criteria could be seen in Table 2-1 (Baker, 2016b). The frequency of 

an event to occur is calculated with an event tree as explained in section 2.1. By knowing or 

calculating expected fatalities of these scenarios, a comparison with the acceptance criteria 

could be performed. The societal risk curve is could be seen in Figure 2-2. 

 

Table 2-1, acceptance and recommendation criteria presented in the probabilistic method 

Type Risk 

Individual risk criterion 10-6 

Societal risk (FN – curve) N, Fatalities F, Frequency 

1-10 F(N)=10-6 * 1/N 

10-100 F(N)=10-5 * 1/N2 

 

 
Figure 2-2, F/N-curve (Baker, 2016b) 
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3 Methodology 

3.1 Method 

3.1.1 Literature Study 

A literature study started the process and contained four steps. The study was about gaining 

knowledge and gathering data to proceed and complete the project. Firstly, a general 

understanding of a probabilistic risk assessment was obtained by reading literature such as 

Young (2008) and Paté-Cornell (1996) which were recommended by the supervisors. The 

second step included getting more knowledge regarding the Swedish fire safety regulations 

combined with performance-based fire safety engineering, which was fulfilled by reading 

standards published by Boverket. The idea was to read through these standards to get a 

general understanding of the configuration. Thirdly, the literature regarding the new 

document about verifying fire safety design in building with a probabilistic method was 

surveyed. The last part of the literature study was to gather statistical data that could be used 

in the fire safety design preformed with the probabilistic approach. An excel document was 

set up to gather the data of general statistics in car parks, heat release rates and growth rates in 

cars and general statistics of car fires. The data and statistics were obtained through internet 

search and references from previously presented literature.  

3.1.2 Selection of Verification Methods and Case Study Building 

The second part of the project was to determine the building to be studied. The chosen object, 

a car park, is a part of a building located below an office complex, more information about the 

construction could be found under section 4.1. The building was selected by a discussion with 

the supervisors. Along with the building selection, a verification method was chosen to 

compare against the probabilistic approach. The selected method, which is a scenario 

analysis, is a common Swedish analytical approach based on Boverket’s building regulations 

that handles the deviations of a pre-accepted solution.  

3.1.3 Scenario analysis, Non-Probabilistic Verification  

A pre-accepted solution combined with the Swedish approach of verifying fire safety was 

applied to the studied building by a second party, Society of Fire Protection Engineers (SFPE) 

Sweden. The fire safety verification was utilized on the car park during spring of 2016 to 

demonstrate the Swedish process to meet the required safety by using appropriate fire safety 

measures when designing buildings. The pre-accepted solution was performed with the 

Swedish prescriptive code called BBR and it resulted in 4 deviations; traveling distances, fire 

compartment size, sizing of the smoke extraction system and fire rating of the load bearing 

structure. These were analysed with the performance-based code called BBRAD by design 

fires which is meant to reflect real life fire scenarios.  

The first part of the verification with the BBRAD was to establish limitations, present the 

structural configuration and clarify which identifications that requires verification. The 

deviations presented in the previous paragraph could be connected to six objectives in the 
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prescriptive solution; escape in event of fire, protection against the outbreak of fire, protection 

against the development and spread of fire and smoke in buildings, protection against the 

spread of fire between buildings, possibility of rescue response and prevention of structural 

collapse.  

The verification processes started by establishing a trial fire safety design on the basis of the 

fire safety objectives, fire hazards, occupant characteristics and architectural design. The idea 

is to verify if the measures that’s connected to each major barrier group is enough to ensure 

satisfied safety. It is an iterative process where measures could be added or remove depending 

on the result that’s been obtained in the verification of the trial fire safety design. The trial fire 

safety design is a qualitative process formed out of previous experiences or references.  

The methods used to verify these objectives in SFPE Sweden’s verification process will not 

be presented further but could be found in Rosberg (2016).  

The fire safety design was verified with a robustness analysis that assessed if the trial fire 

safety was robust, i.e. barrier groups was intact even if failure of one measure occurred. The 

assessment was divided into two parts where the first one used a check-list method presented 

by Nystedt (2011) and the second part was an investigation of the result of failure in the 

different installations.  

Results from this scenario analysis is presented in section 5.  

3.1.4 Probabilistic Verification 

The fourth part of the project was to apply the probabilistic verification method, also known 

as Probabilistic Method to Verify Fire Safety Design in Buildings. The method was executed 

on the selected object, the car park, and the work process was divided into seven parts, as 

described in Figure 3-1.  
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Figure 3-1, flowchart of a fire risk assessment 

 

It started off by analysing the six objectives from the pre-accepted solution performed by 

SFPE Sweden, these defined the problem and scope of the process. The objectives were then 

treated one by one with an engineering judgement to identify if any of them needed further 

attention. Only three out of the six did need further verification since the requirements of the 

other ones could be fulfilled with a prescriptive method. 

Along with the identification, an initial design review consisting of a fire safety concept and a 

trial fire safety design were formed with a qualitative method. The trial fire safety design was 

established on the basis of the fire safety objectives, fire hazards, occupant characteristics and 

architectural design. The idea is to verify if the measures that’s connected to each major 

barrier group is enough to ensure satisfied safety. It is an iterative process where measures 

could be added or remove depending on the result that’s been obtained in the verification of 

the trial fire safety design. The trial fire safety design is a qualitative process formed out of 

previous experiences or references.  

The verification approach to verify the trial fire safety design was then determined and 

contained both qualitative and quantitative approaches. The idea was to evaluate the 
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objectives that had been identified to require analytical verification and process these with 

calculation procedures which contained a probabilistic approach through event trees and 

quantitative risk analyses through formations of design fires and fire spread scenarios.  

The last part of the fire risk assessment was to verify the three objectives and perform an 

uncertainty management:   

Escape in event of fire were verified with a quantitative evacuation analysis which included a 

comparison between available safe egress time (ASET) and the required safe egress time 

(RSET). The ASET represents the time until critical conditions occur within the compartment 

and is calculated by analysing scenarios that has been developed out of the event trees and 

design fires. The time is obtained by comparing the scenarios to acceptance criteria for the 

critical conditions. The RSET represents how long it takes for the occupants to reach safety, 

i.e. to complete the evacuation. This value is calculated by a qualitative approach where time 

for different parts of the evacuation is added. The process could be explained with Figure 3-2. 

Acceptance values in the probabilistic method is presented as frequency vs fatalities. To make 

the comparison between ASET and RSET applicable to this approach, an equation developed 

by engineering judgment was required. Every second that the RSET exceeded the ASET was 

assessed to represent five expected fatalities. The fatalities value was based on the numbers of 

occupants and exit doors. Assessment of the possibility to escape with satisfied safety was 

obtained by comparing acceptance criteria with the calculated expected number of fatalities 

and the frequency of the scenario which is calculated in the event tree. 

 

 

Figure 3-2, explanation of the safe egress time 
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The possibility for the emergency services to perform rescue operations was analysed with an 

assessment of the possible length that the intervention may last. The conditions in the 

assessment was obtained from the ‘worst-case’ scenario that was developed in the formation 

of design fires. An estimation of how the fire affect the fire fighters could be obtained by 

adding these parameters to a heat exhaustion equation that’s presented in Räddningsinsatser i 

vägtunnlar.  

Protection against the development and spread of fire and smoke in the building required a 

scenario analysis of the possibility of spread within the compartment. The method that was 

applied used a reference curve that’s developed by Schleich (1999), statistics and an 

engineering judgement to analyse the hazards that comes with the large fire compartment. The 

reference cure is presented in Figure 3-3 and represents a single car fire for the purpose of fire 

engineering. The curve is based on real fire test of cars, with model year from the 80s to the 

middle of the 90s, under a calorimeter hood. An analyse of the hazards was obtained by using 

superposition of this curve based on a researched spread rate and statistics of car fires.  

 

 

Figure 3-3, reference curve developed by Schleich (1999) 

 

The fire safety design verification was followed by uncertainty managements: 

A sensitivity assessment was performed to see how the input variables in the different 

calculation steps of the analysis affect the result. This assessment treated the different input 

quantities by analysing the impact on the result caused by changes of these parameters. This 

was accomplished by changing one input parameter at the time to see if it influenced the 

result in any way. 

The sensitivity assessment was followed by an uncertainty analysis where data, variables, 

criteria and outcomes was evaluated based on incertitude. Paté-Cornell’s work from 1996 has 

been applied to analyse uncertainty’s in the risk analysis. Two out of the six levels of 

treatment of uncertainty’s that Paté-Cornell presents has been used since different sorts of 
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analyses has been applied in the verification process. The quantitative analysis is evaluated by 

the second grade of uncertainty analysis which is called “Level 1: 'worst-case' approach”. 

The idea of this level was to analyse the constructed ’worst-case’ scenario, that’s developed in 

the design fire part, to see if it’s actually the most unlikely circumstances that could occur 

within the car park. For the risk assessments, an uncertainty analysis of the fourth grade was 

applied which is called “Level 3: best estimates and central values”. The worst-cases of risk 

scenarios are, in this situation, meaningless to evaluate due to the unlikeliness of occurring, 

i.e. low frequency. For instance, worst-case would be if fire spread to all vehicles at once 

which is highly improbable. The idea with this grade of uncertainty analysis was to evaluate 

the best realistic estimated scenario to occur within the compartment.   

The last verification part was to perform a robustness analysis to see if the trial fire safety 

design of the building was robust, i.e. was not dependent of single fire measures. It was 

performed by examination of how the fire safety design is affected by failure of installed fire 

safety systems and passive safety measures. By letting the installation fail one at the time 

could an estimation of the robustness be obtained. The effects of non-compliance with 

prerequisites was also studied in the robustness analysis.  

3.1.5 Comparison of Verification Methods and Recommendations for Changes to 

Probabilistic Guidance Document 

An important part of the project was to make the comparison between the two methods of 

verifying fire safety design in buildings. Results from various components of the verification 

methods were set against one and other to see how these are treated in each procedure. The 

difference between the two has been taken into account and evaluated.  

Based on the comparison from the previous section, recommendations for changes is 

presented in regards to positive and negative aspects with the new document. The 

recommendations are meant to help complete the project, Fire Safety Engineering for 

Innovative and Sustainable Building Solution.  

3.2 Criticism of the method  

Time aspects have played a major role in several of the choices made during this work 

process. The amount of time devoted to the analysis is limited and therefore have some 

shortcuts been required. This means that some parts from others’ results have been used to 

complete the probabilistic method, parts that could have been different if completed by 

another performer. This has particularly been made in the pre-accepted solution and 

simulations with FDS. In this case, these designs have been carried out by professional fire 

consultants, with several years of experience in the profession, making their results credible.  

With a different basis and background understanding of the fire safety design process, a 

different method might have been selected which in turn could have lead to an alternative 

result than the one obtained in this report. Most likely has the correct execution been applied 

in the project given that it has been guided by professional fire protection engineers, but the 

uncertainty should be kept in mind.    
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4 General prerequisites  

The building that has been chosen to study is an underground parking garage. The 

construction has been picked due to a verification to compare against already have been 

performed on the object. Society of Fire Protection Engineers (SFPE) Sweden performed a 

fire safety engineering analysis on the parking garage in early 2016 and presented the result at 

the Warszawa conference in May the same year. SFPE Sweden carried out the analysis 

according to Boverket’s Building Regulation, see section 5. 

4.1 Building information 

The underground parking garage consists of two identical floors, each with an area of 14 000 

m2. The floors are connected via a ramp without fire barriers to separate them. The lack of 

barriers means that the total area of the fire compartment is approximately 28 000 square 

meters. Figure 4-1 explains the floor layout of the garage. 

The car park is assumed to be built in concrete where each floor has a height of 2,9m between 

floor and ceiling. Maximum exit width is 0,85m and free width of stairs is 1,3m. An office 

building is located above the parking garage and consists of 5-8 storeys which make it a Br1- 

building accordingly to the Swedish Building Regulations (Rosberg, 2016).  

The pink area on the left side in the car park is a car stacker area, which is explained in figure 

A-A. This could pose an additional risk to safety in the event of fire.   

 

 

Figure 4-1, floor plan of the car park  
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4.2 Pre-accepted solution 

A pre-accepted solution was carried out by SFPE Sweden which resulted in four problems 

that defines the scope of the verification. These are presented in Table 4-1. 

 

Table 4-1, problem definitions according to the case study made by SFPE Sweden. 

Problem definitions 

Travel distances 

Fire compartment size 

Sizing of the smoke extraction system 

Fire rating of the load bearing structure 

 

The defined problem is linked to six objectives in the BBR and EKS that require further 

verification. These are the deviations that is to be verified to prove that the fire safety 

requirements are met, see Table 4-2.  

 

Table 4-2, deviations linked to the defined problems 

Objectives linked to the pre-accepted solution  

Escape in event of fire 

Protection against the outbreak of fire 

Protection against the development and spread of fire and smoke in buildings 

Protection against spread of fire between buildings 

Possibility of rescue responses 

Prevent structural collapse 
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4.2.1 Hazard identification  

The hazards of the deviations will be brought up in this section to get a better understanding 

of the part’s that needs further analysis. The requirements regarding protection against the 

outbreak of fire, protection against the spread of fire between buildings and prevent structural 

collapse is fulfilled with the pre-accepted solution in the probabilistic approach and is not 

analysed further.  

4.2.1.1 Escape in event of fire 

Escape in event of fire is crucial for human lives to be saved. According to the general 

recommendations in the Swedish building regulation (BBR 5:331), the distance to safety shall 

not exceed 45m in a building without sprinkler. The traveling distance is calculated by 

multiplying the physical distance with 1,5 until the choice of escape route could be made. As 

can be seen in Figure 4-2, the physical distance in the bottom right corner of the parking 

garage is 57m, which makes the traveling distance 86m and thereby exceeds the requirements 

with more than 40m. It should also be noted that the maximum distance to nearest escape 

route in accordance with BBRAD is 80m for analytical design.  

 

 

Figure 4-2, traveling distance in the bottom right corner of the parking garage 

 

The traveling distance exceeds the requirements at other parts of the garage as well, see 

Figure 4-3. The traveling distance in the top is calculated to 62m and 48m in the bottom left 

corner. 
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Figure 4-3, traveling distances within the parking garage 

 

There are a total number of 425 parking spots at each floor within the garage. Since the 

garage is located below an office building where individuals’ work, an assumption is made 

that all of them won’t arrive at the same time. SFPE Sweden makes the assumption, based on 

an engineering judgment, that 300 people will be inside the garage at the same time (Rosberg, 

2016). The same assumption is applied in this analysis as well.  

In accordance with the BBR, section 5:334, width of exit doors should be no less than 1,2m as 

the number of people within the car park exceeds 150. Further investigation is needed since 

the current width of the exit doors is 0,85m.  
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4.2.1.2 Protection against the development and spread of fire and smoke in buildings 

A fire load equal or lower than 800 MJ/m2 can be applied on the parking garage without any 

additional investigation in accordance to Boverket’s general advice on fire load, BBRBE 1 

(Boverket, 2013b). Section 5:5 of the BBR provides Table 4-3 and due to the installed 

automatic fire alarm, the maximum size in the fire section is 5000 square meters. The fire 

compartment of the garage is currently at 28 000 square meters which exceed the 

requirements and needs to be investigated further.  

 

Table 4-3, maximum fire compartment size 

Protection system  

Maximum size (net area*) in the fire section for 

fire load f (MJ/m2) 
 

f ≤ 800 f ≥ 800 

No automatic fire alarm or automatic fire 

suppression system 

2 500 m2 1 250 m2 

Automatic fire alarm 5 000 m2 2 500 m2 

Automatic water sprinkler system Unlimited Unlimited 

* The net area is determined based on all floors contained in the fire compartment or fire section. Horizontal 

section limits can be designed as fire compartment boundaries with the appropriate requirements in 5:562 but 

without the requirement for protection against mechanical impact (M). (BFS 2011:26) 
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4.2.1.3 Possibility of rescue responses 

Section 5:7 of the BBR covers the possibility of emergency response. In general, an 

emergency response should be performed with satisfied safety through the entire operation.  

 

5:71 General    

“Buildings should be designed so that rescue operations are possible to perform with adequate 

safety.” 

 

Removal of sprinkler and a lager fire compartment could increase the risk of smoke spread 

within the building and/or extensive fire, which could impact on the safety of rescue service 

operations. On the other hand, the added smoke extraction system will delay the spread of fire 

and smoke through the compartment as the hot smoke constantly is removed from the 

building. Further investigation is necessary to see how the both parts impact on the 

emergency services.   
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5 SFPE Sweden Case Study – Scenario analysis 

This section is an empirical background that explains the result of the fire safety analysis that 

was obtained by Society of Fire Protection Engineers (SFPE) Sweden.  

SFPE Sweden performed a fire safety analysis on the car park during spring of 2016. The 

study’s goal was to demonstrate the Swedish process to meet the required safety by using 

appropriate fire safety measures when designing buildings. Methods that mainly was used to 

design the fire safety of the car park were; the Swedish Building Regulation (BBR), 

Amendments to the Board’s Regulations and General Recommendations (EKS) and General 

Recommendations for analytical design of fire safety (BBRAD) (Rosberg, 2016).  

Everything from SFPE Sweden’s case study will not be presented in this report, only the parts 

that’s needed for the comparison are summarized, which is the result of the deviations from 

the pre-accepted solution that required analytical design. Se section 4.2 for information 

regarding the deviations from the prescriptive regulation. Read Fire safety evaluation of an 

underground car park for the full fire safety verification.  

5.1 Approach  

SFPE Sweden started by carrying out a pre-accepted fire safety verification in accordance to 

the BBR. Any deviations from the requirements were investigated further with analytical 

design. The analytical design included engineering judgment and CFD-tools, such as the fire 

dynamics simulator (FDS), that was compared with acceptance values presented in the 

BBRAD. To measure the impact on the fire fighters during rescue operations within the 

building Räddningsinsatser i vägtunnlar (Rescue service intervention in road tunnels) 

(Ingason, 2005), which is based on the work of Fanger (1970) and Danielsson (1984), were 

used. This method is applied to calculate the body heat raise of the fire fighters to examine for 

how long an underground operation could continue before the fire fighter have to return to 

safety again. A summarization of the different parts was concluded and a robustness analysis 

where performed. 

5.2 Validation and fire safety solution 

This section explains how the objectives linked to the pre-accepted solution, as presented in 

section 4.2, are verified.   

Protection against the outbreak of fire, protection against spread of fire between buildings and 

prevent structural collapse is assessed to be treated with a prescriptive method in the 

probabilistic approach and is therefore not presented in this section as it’s not a part of the 

comparison. Explanation of the deviations from the BBR is presented in section 4.2.1.  

5.2.1 Trial fire safety design 

SFPE Sweden presents a trial fire safety design to see which measures that each barrier group 

is dependent on and how these should be analysed. This is the fire safety design that’s been 

verified in the following sections.  
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Table 5-1, SFPE Sweden's trial fire safety design 

Major barrier group Measure Requirements 

Control smoke spread  

Fire dampers (HVAC)  

Smoke extraction system  

Sprinkler system  

Relevant standard  

Analytical design  

Relevant standard  

Limit fire spread within 

building  

Compartmentation  

Sprinkler system  

Analytical design  

Prescriptive design/relevant 

standard  

Means of escape  

Fire alarm  

Evacuation alarm  

Adequate escape routes  

Smoke extraction system  

Relevant standard  

Relevant standard  

Analytical design  

Analytical design  

Facilitate rescue service 

operations  

Access to building  

Smoke extraction system  

Prescriptive design  

Analytical design  

 

5.2.2 Protection against the development and spread of fire and smoke in buildings 

The fire compartment size is a great impact factor when it comes to protection against the 

development and spread of fire and smoke in buildings. Since there is no extra protection 

against spread between floors the area of the car park fire compartment is approximately 28 

000m2. This is within the requirements regarding the maximum size since a sprinkler system 

is installed, see Table 4-3. Another technical installation that is used to limit the spread of fire 

and smoke is a mechanical smoke extraction system.  

5.2.3 Escape in event of fire 

Distances between parts of the car park and exit doors exceeded the recommended maximum 

escape length that is presented in the BBR and the BBRAD which resulted in the need of 

further analyse. The possibility of preforming safe escape in event of fire could also be 

affected by the large fire compartment size where smoke could spread through out the entire 

floor.  

SFPE Sweden analysed escape in event of fire by introducing scenarios, see section 5.2.4, and 

analyse these with acceptance criteria in the BBRAD, engineering judgement and Fire 

Dynamic Simulator (FDS). All these parts are summarized in x-t plots, which is a comparison 

between the first fulfilled acceptance criteria and distance along the escape routes over time, 

that are presented in section 5.2.5.3. The x-t plots asses if the escape could be preformed with 

satisfied safety by comparing ASET, available safety egress time, and RSET, required safety 

egress time. The requirements regarding escape in event of fire are met when ASET > RSET, 

which means that the occupants can escape without being affected by the fire or smoke of the 

fire. Further analysis is presented in section 5.2.5.  
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5.2.4 Design fire scenarios 

SFPE Sweden set up different scenario to ensure that the car park’s fire safety design meet the 

requirements of satisfactory safety. The fire locations, see Figure 5-1, is set to evaluate 

evacuation and the effects of maximum heat release rate within the compartment. FDS was 

applied and the results of the design fire scenarios is summarized in Table 5-4 within section 

5.2.5.2.     

 

 

Figure 5-1, SFPE Sweden's fire design locations within the car park 

 

Different ventilation strategies are also tested to determine the best supply/extraction effect, 

see Appendix 1 for all results. A supply/extract effect of 14m3/s per level, both at normal and 

fire conditions, is considered the most robust strategy. 

5.2.5 Egress time 

5.2.5.1 Required safety egress time (RSET) 

According to the BBRAD, the RSET is calculated by adding time of awareness, pre-

movement and movement. These parameters are both taken through engineering assessments 

and represented values given in the BBRAD.  

For each fire design scenario different escapes routes have been selected for evaluation of 

required escape time, which is seen in Figure 5-2, Figure 5-3 and Figure 5-4.  
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Figure 5-2, SFPE Sweden's escape routes connected to design fire scenario A 

  

 

Figure 5-3, SFPE Sweden's escape routes connected to design fire scenario B 
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Figure 5-4, SFPE Sweden's escape routes connected to design fire scenario C 

 

Calculation variables of RSET is presented in Table 5-2. The number of occupants in each 

case is divided where scenarios A and B has a total of 300 persons/level and scenario C has a 

total of 200 persons/level. Scenario C is presented as a “failure scenario” where the lack of 

sprinkler, represented by _1, and lack of fire alarm detection, _2, are examined. For each 

scenario, a queue time and a movement speed of 1,5m/s has been added. To calculate the 

queue time, the BBRAD recommends a flow of 0,75 persons per second and meter width 

through the door if the specifics of the door is unknown.  
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Table 5-2, calculation parameters for the RSET in SFPE Sweden’s case study 

Evacuation 

path 

Awareness 

(sec) 

Pre-movement 

(sec) 

Queue time 

(sec) 

Person sees 

fire (Y/N) 
No. persons 1) 

A1 30 60 60 Y 65 

A2 60, detector 60 60 N 65 

A3 30 60 30 Y 52 

B1 60, detector 60 0 N 25 

C1_1 30 60 15 Y 52 

C2_1 30 60 0 Y 27 

C3_1 40, detector 60 0 N 27 

C1_2 30 90 15 Y 52 

C2_2 30 90 0 Y 27 

C3_2 602) 90 0 N 27 

1) Number of persons assigned to the staircase examined  

2) Depends on when smoke is close to the person approx. 25 m from start position. 

 

5.2.5.2 Available safety egress time (ASET) 

The ASET-value is gathered with the design fire scenarios explained under section 5.2.3 

above. This parameter represents the time until humans are exposed to life threaten conditions 

which is defined by comparative values in the BBRAD. SFPE Sweden has presented the 

values and how these are applied on the car park in Table 5-3.  
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Table 5-3, criteria for satisfied safety during evacuation in accordance to the BBRAD 

Criteria  Level  

1. Smoke layer 

height  

It is a criterion that occupants in the building can orientate themselves during the 

evacuation process. As a minimum, they are not to be disturbed by the smoke layer. 

The smoke layer should at least be at the height of 1.6 +0.1 x H (where H is the room 

height) meter above the floor level where people are present. For evacuating the car 

park, this means 2.0 m above each floors slab.  

2. Visibility 2.0 m 

above floor level  
10 m as the analysed premises is larger than 100 m2  

3. Heat exposure 

criteria  
Maximum of 60 kJ/m2 above the heat radiation energy on a level of 1 kW/m2.  

4. Temperature  Occupants should not be exposed to more than 80°C.  

5. Heat radiation  
Evacuating occupants may not be exposed to more than a heat radiation intensity of 

2.5 kW/m2 or a short dosage of maximum 10 kW/m2.  

6. Toxicity, 2.0 m 

above floor  

Carbon monoxide concentration (CO) < 2 000 ppm  

Carbon monoxide concentration (CO2) < 5 %  

Oxygen concentration (O2) > 15 %  

 

The time that it took for the criteria to be met is presented in Table 5-4. The result is gathered 

through a comparison of the criteria against the simulations performed in FDS.  

 

Table 5-4, SFPE Sweden's result from the different fire design scenarios 

Scenario HRR [MW] Results 

A 8 

The fire is detected by smoke detectors 1-1,5min after ignition. Visibility 

levels are less than 5m at majority of the lower floor 10min after ignition at 

a height of 2m. Temperatures exceeds 80°C 15min after ignition at a height 

of 2m.  

B 8 

The fire is detected by smoke detectors 1-1,5min after ignition. Half of the 

lower floor of the car park is filled with smoke after 8min at a height of 2m. 

Temperatures at some parts of the car park exceeds 80°C 10min after 

ignition at a height of 2m.  

C 8 

The fire is detected by smoke detectors 1-1,5min after ignition. Half of the 

lower floor of the car park is filled with smoke after 8min at a height of 2m. 

Temperatures exceeds 80°C 8min after ignition at a height of 2m. 

D 16 

The fire is detected by smoke detectors 1-1,5min after ignition. Half of the 

lower floor of the car park is filled with smoke after 8min at a height of 2m. 

Temperatures exceeds 80°C 8min after ignition at a height of 2m. 
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5.2.5.3 Analysis results of the egress time 

The egress time was analysed with x-t plots, as explained in section 5.2.3. The x-t plots 

work’s as a comparison where the first criteria of be fulfilled in ASET is compared to RSET 

in the same graph. SFPE Sweden’s results is presented in Table 5-5. The coloured parts of the 

images correspond to ASET and the black line correspond to RSET. 

 

Table 5-5, comparison results between the RSET and ASET. 

 

 

Path A1:  

30 s awareness  

60 s recognize/response  

1.5 m/s movement speed  

60 s queue time at door 
 

 

Path A2:  

60 s awareness (smoke detector)  

60 s recognize/response  

1.5 m/s movement speed  

60 s queue time at door  
 

 

Path A3:  

30 s awareness  

60 s recognize/response  

1.5 m/s movement speed  

30 s queue time at door  
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Path B1:  

60 s awareness  

60 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

Path C1_1:  

30 s awareness  

60 s recognize/response  

1.5 m/s movement speed  

15 s queue time at door  
 

 

Path C2_1:  

30 s awareness  

60 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

Path C3_1:  

40 s awareness (smoke detector)  

60 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
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Path C1_2:  

30 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

15 s queue time at door  
 

 

Path C2_2:  

30 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

Path C3_2:  

60 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

From the plots, SFPE Sweden draws the conclusions that the smoke, caused by fire, spreads 

throughout the entire compartment but is not problematic from an evacuation point of view. 

In general, the visibility is greater than 10m along the escape routes. SFPE Sweden 

summaries the result of the egress with a conclusion that there will be a safety margin for 

evacuation at all escape routes. See SFPE Sweden’s case study for more information 

regarding each plot.  

5.2.6 Possibility of rescue responses 

SFPE Sweden performs an analysis of the FDS simulation to evaluate if fire service 

interventions are possible with satisfactory safety, which is a requirement of the BBR. In the 

credible worst case, scenario D, the visibility 30min after ignition is 2 to 7m at the second 

floor and 2 to 30m at the first floor. The highest temperatures, 30min after ignition, is close to 
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the fire and peaks at 200°C. The temperatures at a distance of 5 to 10m from the fire, where 

the fire fighters approximately will operate, is roughly 120°C.  

Heat exhaustion equations is used to further evaluate how the fire affect the fire fighters. The 

maximum time that a fire fighter can operate in 120°C is calculated with the method 

“Räddningsinsatser i vägtunnlar” to 311s.  

SFPE Sweden draws the conclusion that fire service operations are expected to be performed 

with satisfactory safety based on the explained conditions.  

5.2.7 Technical installations 

Four technical installations are installed to meet the safety requirements, evacuation alarm, 

automatic fire alarm, mechanical smoke extraction system and sprinkler system. The 

installations should control fire and smoke spread within the building and facilitate escape of 

fire.  

5.2.7.1 Evacuation alarm  

An automatic evacuation alarm system is installed in the car park and it covers the entire 

premises. The alarm is design in accordance with the BBR and “Utrymningslarm 2015”. 

Alarm activation should be possible through push buttons, the fire alarm and the sprinkler 

system. The evacuation alarm should give audible and visible signals, via red flashing lights, 

in accordance with SS-EN 54-3 and 54-23.  

5.2.7.2 Automatic fire alarm system 

The fire alarm is design in accordance with SBF 110:7 and each part of the alarm should be 

verified against SS-EN 54 series of standards. Each smoke detector covers an area of 200m2 

and are connected to the fire rescue services and will, if activated, trigger the bypass in the 

smoke extraction system as well as other fire measures.  

5.2.7.3 Smoke extraction system 

Installation of mechanical smoke extraction systems is made within the car park, at stairwells 

and in the elevator shaft. The smoke extraction system is considered to be one of the most 

important factor to reach an accepted fire safety within the car park as it will limit the spread 

of fire between buildings and within the building. It will provide extended egress time and 

delay and possibly prevent flashover. The clear area of smoke vents within the stairwells 

should be at least 1m2 with a flow equal to an air velocity of 1 m/s and the vent size in the 

elevator shaft should be at least 1m2 per shaft. Each level of the car park requires a total 

ventilation capacity of 14 m3/s, see section 5.2.3 for explanation, and in accordance with the 

BBR, section 5:732, the volume flow is set by 0,1% of the floor area. Fire dampers are 

installed, in accordance with SS-EN 15650, to limit spread between fire compartments. Table 

5-5 shows placements of the extraction and supply vents within the car park. 
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Figure 5-5, exhaust and supply vent placements within the car park 

 

5.2.7.4 Sprinkler system 

An automatic sprinkler system, that has been approved and design in accordance with SBF 

120:7, is installed at all internal areas of the car park. The reliability and capacity of the 

system has been verified against SS-EN 12845 and the SS-EN 12259 series of standards 

which basically means that an ordinary system is to be installed with sprinkler heads that has 

a fast responsive time. The sprinkler head is to be activated at a temperature of 68°C with a 

Response Time Index (RTI) of 50ms1/2 or less. Each floor of the car park is also equipped 

with sprinkler control valves that can activate the evacuation and fire alarms. 

The possibility of a building design without sprinkler was assessed by SFPE Sweden. The 

conclusion is that due to strict requirements in the Swedish fire regulations car parks of this 

size could not be performed without this technical installation. The fire compartment size 

would have to be divided and decreased to 2500m2, or 5000m2 if an automatic fire alarm is 

used, which is something that is not desired in a car park as the open geometry is wanted.  

5.2.8 Robustness analysis 

SFPE Sweden performs a robustness analysis to assess if the trial fire safety is robust, i.e. 

barrier groups is intact even if failure of one measure occurs. The analysis is divided into two 

steps, identification of verification need and verification. Vulnerability of the added measures 

is controlled, in the first step, by applying a check-list that’s presented in Nystedt (2011). The 

results of the check-list indicate that all of the fire measures, sprinkler system, smoke 

extraction system and fire- and evacuation alarm, needs to be verified. The installations are 

investigated by letting one of them fail at the time to see if the fire safety design still is robust. 

The conclusion, of this analysis, is that no single system failure will prevent safe evacuations 

or rescue operation and the building fire safety is thereby assessed as robust.   
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6 Fire safety engineering analysis – Probabilistic 

approach 

This part of the result section aims to fulfil the purpose of the thesis by finding answers to the 

established questions, see section 1.5. This is achieved by applying the new probabilistic 

(PRA) method to a selected building and verifying its fire safety design. Improvement 

recommendations of the PRA-method is possible to present by comparing the fire safety 

design against the results of a non-probabilistic approach preformed on the same object, 

which is presented in chapter 7. The result of the non-probabilistic verification is presented in 

chapter 5. 

6.1 General 

The fire safety engineering analysis focuses and verifies fire safety of deviations from the pre-

accepted solutions. The Probabilistic method, that is used and reviewed, focuses on 

acceptance criteria determined by absolute values. A fire safety engineering analysis is not 

always required since a building simply could be verified in accordance to a pre-accepted 

solution. Performance-based codes could be used in combination with each other to prove that 

the safety design meet the requirements in the national framework.   

The verification process starts with a pre-accepted solution as shown in Figure 6-1. The 

flowchart describes the early stages in a verification process of fire safety in buildings. 

Performer of the risk analysis could decide how to continue the process by either using the 

comparative method INSTA TS 950 or the probabilistic approach (Baker, 2016b).  

 

 

Figure 6-1, explanation of the early stages in a fire safety analysis 
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In this thesis, the fire risk assessment is used. The fire safety engineering analysis process 

used in this approach is described in Figure 6-2.  

 

 

Figure 6-2, explanation of a fire risk assessment process 

 

6.2 Problem definition and scope 

The first step in the process of performing a fire safety engineering analysis, according to the 

Probabilistic Method to Verify Fire Safety Design in Buildings, is to define the problem and 

scope. Normally it starts with a pre-accepted solution, in this case the Swedish building 

regulation (BBR), where the building is analysed along the requirements for fire safety. Any 

deviations identified from the pre-accepted solution are investigated further and defines the 

scope of the fire safety engineering process. 
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The pre-accepted solution will be left out this paper since its already been done on the 

building by SFPE Sweden in their Case Study report (Rosberg, 2016). The deviations that 

were identified by SFPE Sweden could be seen in Table 4-1.  

Besides the problems listed above, there were also some questions regarding the need for a 

sprinkler system. One of the tasks for the authors of the case study report was to analyse if it 

was possible to construct the garage without a sprinkler system and how it should be done. 

The authors found out that the regulation, that was used, were not enough to show that the 

buildings fire safety was at an accepted level and therefore couldn’t be built without 

sprinklers, see section 5.2.7.4. The same task will be applied to this verification to see if the 

new method could prove that the fire safety in the car park is satisfied despite the lack of 

sprinkler. The possibility of fulfilling the fire safety requirements without the present of a 

sprinkler system, together with the verification of the deviations from the pre-accepted 

solution, will thereby define the scope of the process. 

6.3 Identify fire safety objectives and hazards 

The section called identify fire safety objectives and hazards in the probabilistic method is 

divided into two paths, Objectives linked to pre-accepted solutions and Deriving objectives 

(Baker, 2016b). The first path, or method as it’s called in the document, of these is used in 

this verification.   

6.3.1 Objectives linked to pre-accepted solutions  

The first method presented in Probabilistic Method to Verify Fire Safety Design in Buildings 

is called Objectives linked to pre-accepted solutions. It is used to point out deviations from 

the pre-accepted solution that needs further verification. A tool to identify fire safety 

measures for different fire safety objectives is applied to analyse the deviations (Baker, 

2016b). The same added and removed measures that are exploited in the SFPE Sweden case 

study report is applied here as well, with two differences. The first alteration is that the added 

measure which represents the sprinkler system in SFPE Sweden’s report is removed. The 

second difference is that the removed measure which stands for a reduction of the fire rating 

on the structural elements in SFPE Sweden’s report is taken away. The added and removed 

measures used in this analysis is summarized in Table 6-1 (Rosberg, 2016). 
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Table 6-1, identified deviations from the Swedish building code 

Fire safety objective 
Deviations from pre-accepted 

solutions 

Identified deviation 
Part of the Swedish 

regulation 

Added 

measure 
Removed measure 

A1 A2 R1 R2 
R3 

Escape in event of fire BBR 5:3 x x x   

Protection against the outbreak of fire BBR 5:4      

Protection against the development and spread 

of fire and smoke in buildings BBR 5:5 x   x  

Protection against the spread of fire between 

buildings BBR 5:6      

Possibility of rescue responses BBR 5:7 x (x)  (x) x 

Prevent structural collapse 
Section C 

Chapter 1.1.2 

EKS 

(x)     

 

 

An explanation of the measures in Table 6-1 is listed below.  

 

 

Added measures: 

A1 – the active smoke extraction system, provides extended time for egress which can be 

essential in case of sprinkler system failure. The spread of fire (and smoke) within the 

compartment will be limited as the hot gases from the fire are continuously transported out of 

the building. This will delay, and possibly prevent, flashover. Delaying or preventing 

flashover will also reduce the risk of fire spread to other buildings and structural collapse as 

well as assist rescue service operations.  

A2 – the automatic fire and evacuation alarm. The fire alarm will detect a fire early, probably 

already in the pyrolysis phase. The fire alarm triggers the evacuation alarm, alerts the fire and 

rescue services and activates the bypass in the smoke extraction system as well as other fire 

safety measures such as fire dampers. The evacuation alarm initiates early egress and 

increases the chance of manual extinguishment (via fire extinguishers). An early alert to the 

fire and rescue services increases the chance of a successful rescue service operation, thus 

reducing the risk of fire spread to other buildings, as well as having several other benefits. 
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Removed measures: 

R1 – the walking distances are longer than allowed for a prescriptive design. The additional 

travel distance means an extended movement time in an egress situation.  

R2 – the size of the fire compartment exceeds 5000 m2. As the object lacks sprinkler, the 

extended size of the fire compartment will increase the risk of extensive fire and/or smoke 

spread within the building and complicate the rescue services operations. It could also affect 

property loss and have an increased environmental impact.  

R3 –smoke exhaust of the car park is achieved with mechanical ventilation rather than simple 

openings. This requires analytical design. Also, the mechanical ventilation capacity has been 

sized with regard to the removed sprinkler system and equivalent to openings covering 

approximately 0.5 % of the floor area.  

 

6.3.2 Hazard identification 

The next part of the verification process is to identify the hazard that’s connected to the 

deviations. Presentation of the these has already been done in section 4.2.1 and will therefore 

not be brought up again.  
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6.4 Initial design review: fire safety concept and trial fire safety designs 

The overall fire safety concept is to ensure satisfied safety for all humans within the building, 

both civilians and fire fighters, and prevent structural resistance treats in event of fire. The fire 

safety concept of the car park relies on the technical measures like the smoke extraction 

system, evacuation and fire alarm system. Since the sprinkler system is removed, the fire 

safety concept is most reliant on the smoke extraction system.  

A trial fire safety design is set up to analyse fire measures in the different barrier groups, see 

Table 6-2, i.e. the design to be verified.  

 

Table 6-2, trial fire safety design 

Barrier group Measure Requirements 

Escape in event of fire 

Smoke extraction system 

Fire alarm 

Evacuation alarm 

Adequate escape routes 

Analytical design 

Relevant standard 

Relevant standard 

Analytical design 

Prevent development and 

spread of fire and smoke in 

buildings 

Smoke extraction system 

Evacuation Alarm 

Fire extinguisher 

Fire dampers (HVAC) 

Low combustible material at surfaces 

Fire compartmentation 

Analytical design 

Relevant standard 

Relevant standard 

Relevant standard 

Prescriptive design 

Analytical design 

Rescue responses 
Smoke extraction system 

Building access 

Analytical design 

Prescriptive design 

 

6.5 Choice of verification approach 

A quantitative analysis is used as the verification approach. An event tree method is applied to 

verify fire safety within the car park. The reason that the method is chosen is to use the new 

part of the verifying fire safety in buildings, statistics. For more information and theory 

behind the event trees, see section 2.1. Scenarios of different outcomes will be presented in 

the event trees that later is to be analysed with FDS to clarify if there are any hazards in event 

of fire. Possibility of rescue response is also to be analysed with the FDS-model. A reference 

curve and engineering judgment is used to analyse the development and spread of fire and 

smoke in the building.   
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6.6 Verification 

This section is meant to verify the fire safety of the hazards that is presented in a previous 

section, i.e. verification of the following parts; escape in event of fire, prevent development 

and spread of fire and smoke in buildings and possibility for rescue response. 

6.6.1 Event trees 

The event trees represent two different scenarios, one to evaluated the expected amount of 

smoke within the compartment, see Figure 6-3, and the other one to examine hazards linked 

to evacuation, see Figure 6-4. All statistics is presented in section 6.6.2, as Table 6-3, Table 

6-4, Table 6-5, Table 6-6, Table 6-7 and Table 6-8.  

 

Fire ignition Spread to adjacent cars Vehicles involved Scenario Probability 

  Two S1 1,19*10-7 per year 

  

0,473684211 

   

  Three S2 9,24*10-8 per year 

  

0,368421053 

   

  Four S3 1,76*10-8 per year 

  

0,070175439 

   

  Five S4 1,32*10-8 per year 

  

0,052631579 

   

  Six S5 0 per year 

  Yes 
0 

  

  
 0,090909091 

Seven S6 8,8*10-9 per year 

Vehicle ignition  
0,035087719 

  

2,76*10-6 per year 
 

   

  No One S7 2,51*10-6 per year 

 
0,909090909 

   

Figure 6-3, event tree 1 regarding the probability of multiple vehicle fires. 
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Fire ignition Time of the day 

Is the fire noticed by 

the fire alarm? 

Is the fire 

extinguished using 

extinguishers? 

Does the fire 

spread to 

adjacent cars? Scenario Probability 

  

 

Yes  S8 

1,32*10-6 

per year 

  Yes 
0,815 

   

  

0,9 

 Yes S9 

2,57*10-8 

per year 

   No 
 0,090909091 

  

   

0,175 

No S10 

2,57*10-7 

per year 

  Daytime   
0,909090909 

  

 

0,65 

 Yes 

 

S11 

1,46*10-7 

per year 

  No 
0,815  

  

  

0,1 

 Yes S12 

2,85*10-9 

per year 

  
 

No 
 0,090909091 

  

Vehicle ignition   

 0,175 

No S13 

2,85*10-8 

per year 

2,76*10-6 per year 
 

 
 

0,909090909 
  

   Yes  S14 

7,09*10-7 

per year 

  Yes 
0,815 

   

  

0,9 

 Yes S15 

1,38*10-8 

per year 

   No 

 0,090909091 

  

  

 0,175 

No S16 

1,38*10-7 

per year 

  Night time   
0,909090909 

  

 

0,35 

 Yes  S17 

7,87*10-8 

per year 

  No 
0,815  

  

  

0,1 

 Yes S18 

1,54*10-9 

per year 

  
 

No 
 0,090909091 

  

  

 0,175 

No S19 

1,54*10-8 

per year 

    
0,909090909 

  

Figure 6-4, event tree 2 regarding the probability for different evacuation scenarios 
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6.6.2 Compilation of statistics 

Statistics that is used in the event trees are presented in the tables below, see Appendix 2 for 

full tables.  

 

Table 6-3, probability of vehicle catching fire in car parking buildings based on Table 0-4. 

Probability of vehicle catching fire in car parking buildings in New Zealand 

From 1995 to 2003 0,00000474 

From 2004 to 2012 0,00000115 

From 1995 to 2012 0,00000276 

 

Table 6-4, statistical data of vehicles involved based on Table 0-2. 

Vehicles involved  Number of fires Probability 

Single 120 0,909090909 

Multiple 12 0,090909091 

Total 132 1 

 

Table 6-5, statistical data of number of vehicles involved in car park fires based on Table 0-3. 

Number of vehicles involved Number of incidents Probability 

2 27 0,473684211 

3 21 0,368421053 

4 4 0,070175439 

5 3 0,052631579 

6 0 0 

7 2 0,035087719 

Total 57 1 

 

Table 6-6, statistical data of vehicle fires during different times of day based on Table 0-6. 

Time of day Number of fires Probability 

Daytime (06.00-18.00) 26 0,65 

Night time (18.00-06.00) 14 0,35 

Total 40 1 
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Table 6-7, statistical data of fire detection (British Standards, 2003). 

Detection of fire Probability 

Fire alarm 0,9 

Other 0,1 

Total 1 

 

Table 6-8, statistical data of extinguished fires by extinguisher based on Table 0-5. 

Extinguished by extinguisher Number of fires Probability 

Yes 3911 0,815 

No 841 0,175 

Not reported 48 0,01 

Total 4800 1 
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6.6.3 Design fire scenarios 

6.6.3.1 Event tree evaluation 

The first event tree indicates that a fire scenario with one car involved, S7, has the highest 

probability of occurring and the second highest probability is a fire scenario with two 

vehicles, S1. The scenarios with more than two cars involved, S2-S6, is assumed to have the 

same outcome on evacuation, due to the extended ignition time, as the scenario with two cars 

involved and will be part of the same cluster.  

The fire scenarios that is assumed to have 0 fatalities, in the second event tree, is the ones 

where the fire is extinguished with extinguisher, S8, S11, S14 and S17, and the scenarios that 

take place at night, S14-S19, as the car park is excepted to be empty besides work hours. 

These night scenarios are on the other hand excepted to have a greater economical damage. 

The reason why the scenarios where extinguisher is used is equal to 0 losses is that fire 

extinguishing with extinguisher occurs in the early stage of the fire progression and therefore 

is it assumed that life threatening conditions is not present yet.  

Left to evaluate is scenario S9, S10, S12 and S13 were the difference is the number of 

involved cars and if the fire is detected by the fire alarm. If the car park’s fire measures are 

enough to reach satisfied safety for S12 and S13, then S9 and S10 is presumed to fulfil that 

requirement as well. S9 will therefore be in the same scenario cluster as S12 and S10 is in the 

same cluster as S13. The difference is that S12 and S13 has a greater risk to the human being 

as the fire might be detected at a later time point and the awareness of what’s situation is 

decreased.  

6.6.3.2 Design fires 

Three design fires are created to evaluate the two scenarios, S12 and S13. Two design fires 

with single car fire is set up as the probability of single car fires is the greatest, according to 

event tree one, and one design fire with multiple cars involved, see Table 6-9. Fire locations is 

presented in Figure 6-5.  

 

Table 6-9, summarization of design fire scenarios 

Design fire Scenario Cars involved Fire location 

1 S12 Two A 

2 S13 One B 

3 S13 One C 
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Figure 6-5, fire design locations picked for further evaluation 

 

The locations of the design fires have been selected as they potentially could disable several 

escape routes. The part of the car park with the stacked cars has been picked to investigate 

design fire 1, with multiple cars involved, as it’s the area with the greatest potential of fire 

spread to adjacent cars. The lower floor of the two is the one where these design fires are 

examined, since it’s the credible worst case as hot smoke raises and will spread through the 

upper car park floor as well. 

The time until the second car is ignited in design scenario A has been set to approximately 

13,6min. The time is a mean value of different fire test on fire spread to adjacent cars, see 

Appendix 2 - Table 0-7 for full data.  

The locations and scenarios chosen in the fire design is similar to the ones in SFPE Sweden’s 

case study and will generate the same outcome. Therefore, the same FDS-result will be used 

in this thesis to save time. See section 5.2.3 for more information regarding the scenarios 

made in the SFPE Sweden case study.  

Ventilation options is also to be analysed but since the calculations won’t differ anything from 

the SFPE Sweden case study the same exhaust/supply amount is used. The most robust choice 

is an exhaust/supply effect of 14m3/s and level. Full result of SFPE Sweden’s ventilation 

analysis could be found in Appendix 1. 

  

Fire location: A 

Fire location: C 

Fire location: B 
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6.6.4 Egress time 

Treatment of critical conditions in simulations is currently missing in the PRA-method but 

through examination of BBRAD values for critical conditions, which is presented in Table 

6-11, a conversion can be performed to make them applicable with the probabilistic method. 

For every second that the required time for evacuation, RSET, exceeds the time until critical 

conditions is present, ASET, is equal to five expected fatalities. The fatalities value is based 

on the numbers of occupants and exit doors. The relation between number of fatalities and 

exceeded time is explained in equation (1) (Mossberg, 2016).  

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑒𝑠 =  5 
𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠

𝑒𝑥𝑐𝑒𝑒𝑑 𝑡𝑖𝑚𝑒 [𝑠]
∗ (𝑅𝑆𝐸𝑇 − 𝐴𝑆𝐸𝑇)∗[𝑠]                                       (1) 

 

* (RSET-ASET) = 0 if RSET < ASET  

 

6.6.4.1 Required safe egress time (RSET) 

Required safe egress time is the time that a human need to put themselves to safety, i.e. the 

total evacuation time. Hence the PRA-method misses any kind of calculation of this 

parameter, the BBRAD will be used as a complement. The equation for calculation of 

required safe egress time in accordance to the BBRAD is divided into four phases, awareness, 

pre-movement, movement and queue, as described in Figure 6-6 and equation (2).  

 

      
Figure 6-6, explanation of the calculation for required safe egress time 

 

𝑡𝑡 = 𝑡𝑎 + 𝑡𝑝 + 𝑡𝑚 + 𝑡𝑞                      (2) 

 

Where ta is the awareness time, tp is the pre-movement time, tm the movement time, tq the 

queue time and tt the total evacuation time. A more detailed explanation of each parameter 

could be found in the BBRAD under section 3.2.  

Hence the automatic fire alarm isn’t working properly in the scenarios, detection is dependent 

on occupants seeing the fire or being alerted by other persons within the compartment. 

Occupants seeing the fire is something that could be assumed to happen before the fire alarm 

activates due to the open floor plan. For the ones not seeing the fire, an awareness in similar 

to the detection time of the detector could be assumed, this occurs via warning from other 

occupants. Another deviation regarding the removed detection by the fire alarm is the pre-

movement where the occupants will require more time to analyse and assess the situation.  

Awareness
Pre-

Movement
Movement Queue Total 

Time 
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The escape routes won’t differ from the SFPE Sweden study case as the same locations of the 

design fire scenarios is analysed, see Figure 6-7, Figure 6-8 and Figure 6-9. Therefore, could 

the same basis in the calculations for RSET be used with some changes in the pre-movement 

and awareness time, see Table 6-10.  

 

 

Figure 6-7, evacuation routes connected to fire design scenario A 

 

 

Figure 6-8, evacuation routes connected to fire design scenario B 
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Figure 6-9, evacuation routes connected to fire design scenario C 

 

Table 6-10, input parameters for calculation of the RSET 

Evac path 
Awareness 

(sec) 

Pre-

movement 

(sec) 

Movement 

speed 

(m/s) 

Queue time 

(sec) 

Person sees 

fire 

(Y/N) 

No. persons 
1) 

A1 30 90 1,5 15 Y 52 

A2 30 90 1,5 0 Y 27 

A3 402) 90 1,5 0 N 27 

B1 30 90 1,5 60 Y 65 

B2 602) 90 1,5 60 N 65 

B3 30 90 1,5 30 Y 52 

C1 602) 90 1,5 0 N 25 

1) Number of persons assigned to the staircase examined.  

2) Assumed to be the same as the detection time of a fire smoke alarm. 

 

6.6.4.2 Available safe egress time (ASET) 

Available safe egress time is the time until critical levels is reached, i.e. humans are exposed 

to a life-threatening condition. Some kind of CFD-model is often used when evaluating the 

ASET, in this case FDS. The different outcomes of the scenarios in FDS is compared against 

critical levels that is presented in the BBRAD, see Table 6-11. Values for the time until 

critical level is reach, i.e. ASET, are obtained by performing the comparison. Criteria 1 or 2 

and 3-6 needs to be fulfilled to reach a satisfied safety when evacuating.  
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Table 6-11, acceptance criteria for ASET in accordance to the BBRAD 

Criteria General accepted level  Car park 

1. Smoke layer height  Minimum at a height of 1.6 + 0.1 x H 

(where H is the room height) meter 

above the floor level where people are 

present.  

Smoke layer height at 2.0 m above 

each storey floor within the car park. 

2. Visibility 2.0 m 

above floor level  

10m in areas > 100m2 

 

5m in areas  100m2, the criterion can 

also be applied to situations where 

queues occur in the early stages at the 

place that the queue occurs. 

A visibility of 10m as the car park is 

larger than 100 m2.  

3. Heat exposure/Heat 

radiation criteria 

max 2.5 kW/m2, or a short-exposure 

heat radiation of maximum 10 kW/m2 

in combination with a maximum of 60 

kJ/m2 in addition to the energy from 

the heat radiation level of 1 kW/m2.  

Occupants may be exposed to max 

heat radiation of 2.5 kW/m2 or a short 

exposure equal to maximum 10 

kW/m2 in combination with a 

maximum heat exposure of 60 kJ/m2 

in addition to the heat radiation energy 

on a level of 1 kW/m2. 

4. Temperature  Max 80°C Occupants should not be exposed to 

temperatures higher than 80°C.  

5. Toxicity, 2.0 m 

above floor  

Carbon monoxide concentration (CO) 

< 2 000ppm.  

Carbon monoxide concentration (CO2) 

< 5%.  

Oxygen concentration (O2) > 15%.  

Carbon monoxide concentration (CO) 

< 2 000 ppm.  

Carbon monoxide concentration (CO2) 

< 5%.  

Oxygen concentration (O2) > 15%. 

 

Results from the FDS-model is summarized in Table 6-12. See SFPE Sweden’s case study for 

more details regarding the simulation (Rosberg, 2016).  

 

Table 6-12, results from the FDS-model for calculation of ASET 

Design fire Scenario HRR [MW] Result 

1 S12 16 

Half of the lower floor of the car park is filled with smoke 

after 8min at a height of 2m. Temperatures exceeds 80°C 

8min after ignition at a height of 2m. 

2 S13 8 

Visibility levels are less than 5m at majority of the lower 

floor 10min after ignition at a height of 2m. Temperatures 

exceeds 80°C 15min after ignition at a height of 2m.  

3 S13 8 

Half of the lower floor of the car park is filled with smoke 

after 8min at a height of 2m. Temperatures at some parts 

of the car park exceeds 80°C 10min after ignition at a 

height of 2m.  
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6.6.4.2.1 Reability of the FDS-model 

SFPE Sweden analyses the reability of the FDS-model by calculating dimensionless 

parameters of energy release rate (�̇�∗
𝐷), length of the fire (𝑧∗) and resolution (𝑅∗), see 5.9.1.4 

in SFPE Sweden’s case study (Rosberg, 2016). The desired outcome is a �̇�∗
𝐷 < 2,5 and 𝑅∗ <

0,1 and the assesed outcome was �̇�∗
𝐷 = 0,76 and 𝑅∗ = 0,09 which is indications of a good 

model.  

A medium growth rate (0,012 kW/s2 = 43,2 kW/min2) was used in the model in combinance 

with a heat release rate of 8MW and 16MW. If these values are compared to 43 real fire tests, 

presented in Table 6-13, the conclusion of valid input values could be drawn. The input 

variables exceeds the data generated through tests at most parts and could be seen as credible 

worst scenario.  

 

Table 6-13, summarized table of concluded data from 43 real fire tests on vehicles, see Appendix 3 for full table. 

Vehicle type Time to peak (min) Peak Growth (kW/min2) HRR (kW) Maximum HRR 

Mini 16,2 16,5 3247 4549 

Light 19,6 18,1 4509 8872 

Compact 37,8 6,1 4042 8188 

Medium 37,2 6,2 6843 9854 

Heavy 15,6 2,8 1970 3332 

Sport-utility vehicle 3,4 - 911 1337 

Multi-purpose vehicle 28,7 19,9 3462 4797 

 

6.6.4.3 Safe egress time comparison 

A comparison between the safe egress times is required to be able to apply equation (1) and 

thereby get a value for expected fatalities. Comparisons between ASET and RSET are 

performed with x-t plots. These analyse the critical value for visibility, i.e. decreased view 

caused by smoke, as it’s the first criteria to be fulfilled of the ASET’s and the calculated 

evacuation time for RSET against one and other, see Table 6-14.  
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Table 6-14, comparison analysis between the ASET and RSET 

 

 

Path A1:  

30 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

15 s queue time at door 
 

 

Path A2:  

30 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

Path A3:  

40 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

Path B1:  

30 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

60 s queue time at door  
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Path B2:  

60 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

60 s queue time at door  
 

 

Path B3:  

30 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

30 s queue time at door  
 

 

Path C1:  

60 s awareness  

90 s recognize/response  

1.5 m/s movement speed  

0 s queue time at door  
 

 

 

The x-t plots indicate that the RSET is smaller than ASET during the entire time of all 

examined scenarios, which means that no occupants will be exposed to life threatening 

conditions. The visibility is larger than the criteria of 10m at all parts of the escape routes. A 

small safe margin is present even though it’s marginally at some points.  

Hence the RSET < ASET at all time there will be no expected casualty’s, see calculations 

with equation (1) below.  

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠 =  5
𝑓𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠

𝑒𝑥𝑐𝑒𝑒𝑑 𝑡𝑖𝑚𝑒 [𝑠]
∗ (𝑅𝑆𝐸𝑇 − 𝐴𝑆𝐸𝑇)[𝑠] = 5 ∗ 0 = 0 𝑓𝑎𝑡𝑎𝑡𝑖𝑙𝑖𝑒𝑡𝑠 
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This value could then be used to get an accepted frequency for a situation of this kind. In 

accordance to the PRA-method, an individual risk criterion of 10-6 is recommended which 

means that an individual may be exposed to life threatening conditions due to fire every 1 000 

000 years. If the number of fatalities increases, another acceptance frequency is provided, see 

Table 6-15 for all acceptance values.  

 

Table 6-15, acceptance criteria for risk criteria in accordance the the PRA-method 

Type Risk 

Individual risk criterion 10-6 

Societal risk (FN – curve) 

N, Fatalities F, Frequency 

1-10 F(N)=10-6/N 

10-100 F(N)=10-5/N2 

 

The x-t plots and calculation above will result in the following acceptance frequency:  

 

𝐹(𝑁) = 10−6 ∗
1

𝑁
= 10−6 ∗

1

0
= 𝑢𝑛𝑑𝑒𝑓𝑖𝑛𝑒𝑑  

 

The result means that an occupant can be exposed to these situations an infinitely amount of 

times since the individuals won’t be experiencing any life-threatening conditions.  

6.6.5 Rescue response  

FDS and Räddningsinsatser i vägtunnlar is applied to analyse if fire fighters could perform 

rescue response with satisfied safety in the building during the analysed conditions. The 

scenario that is applied to the analysis is design fire 1, which is the credible worst case based 

on energy release. Interventions by fire fighters can be assumed to occur within 30min after 

ignition and temperatures has at this stage reached 120°C where the fire fighters operate, with 

a visibility of 2-7m at the lower floor and 2-30m at the top floor. Räddningsinsatser i 

vägtunnlar can be applied to calculate the time that a fire fighter can be active under these 

conditions. Since these conditions is the same as the ones SFPE Sweden uses to calculate this 

parameter the process is unnecessary to repeat. The calculated time that a fire fighter can 

operate in these conditions is 311s  5min. These conditions are close to the fire and 5min is 

an accepted time for a fighter fighter to operate in that location, i.e. the rescue operation could 

be performed with satisfied safety.   
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6.7 Protection against the development and spread of fire and smoke in 

buildings 

An open floor plan is desired in a car park but due to the missing sprinkler a maximum size of 

the fire compartment is set to 5000m2 according to the BBR, see section 4.2.1.2. To 

circumvent this requirement and be able to design the large fire compartment without 

sprinkler, the fire spread needs to be analysed. By using engineering judgment, the design is 

plausible, and protects against extensive fire spread, if the fire spread to an area larger than  

1 250m2 is strictly limited or non-existent. The minimum resistance requirement of the 

structural members with a fire compartments of this size is EI30. By adding these two 

requirements, a fire spread to an area < 1 250m2 during the first 30min of the fire progression 

could be applied (Mossberg, 2016).  

Fire design 1 is expected to have the highest energy release rate and by examination, an area 

of 1 250m2 around that location an estimation of the total number of involved cars could be 

obtained. This is performed in Figure 6-10 and the drawing indicates that 37 parking lots or 

60 cars, as 23 of these parking lots contains stacked cars, is within this area.  

 

 

Figure 6-10, an area of 1 250m2 around design fire 1 (the image is rotated). 

 

There are approximately two ways for the fire to spread between cars in the early fire 

progression, to an adjacent vehicle in one direction or in two directions. Four scenarios can be 

set up since this can occur both at area with the stacked cars and at the parking lots, see Table 

6-16. Fire spread between cars through radiation over an empty space has an increased time of 

spread and will therefore not be analysed (Collier, 2011).  
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Table 6-16, explanation of fire spread scenarios 

Scenario One direction Two directions 

Parking lots 

Fire starts in a vehicle and 

spreads to an adjacent car 

after 13min which ignites 

another car in the same 

direction after 26min. This is 

repeated several times. 

Fire starts in a vehicle and 

spreads to the two adjacent 

car after 13min which ignites 

two more cars in each 

direction after 26min. This is 

repeated several times. 

Stacked cars 

Fire starts in the lower car 

which ignites the upper car 

after 11min. The fire then 

spreads in one direction and 

ignites the two adjacent cars, 

this occurs after 24min. The 

fire spreads to two more cars 

after 36min. This is repeated 

several times. 

Fire starts in the lower car 

which ignites the upper car 

after 11min. The fire then 

spreads in two directions and 

ignites the four adjacent cars, 

this occurs after 24min. The 

fire spreads to four more cars 

after 36min. This is repeated 

several times. 

 

Schleich (1999) presents a reference cure for a single car fire for the purpose of fire 

engineering. The curve is based on real fire test of cars, with model year from the 80s to the 

middle of the 90s, under a calorimeter hood, see Figure 6-11. The presented scenarios can be 

analysed by using superposition of this curve, see results in Table 6-17. 

 

 

Figure 6-11, fire progression of a single car fire
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Table 6-17, results of the fire spread scenarios 
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By analysing the results of the fire spread scenarios, the highest amount of vehicles involved 

after 70min is 14 in the stacked cars scenario which analyses spread in two directions. Fire 

fighters are expected to perform their operation during this time and thereby does this prove 

that fire spread to an area greater than 1 250m2 is unlikely and sprinkler doesn’t need to be 

installed in the entire compartment.  

In all of the analysed cases, a HRR of less than 16MW could be expected between the ignition 

and 35-40 min ahead which gives credibility to the analysed scenarios of the design fires and 

fulfils the requirements of a fire spread < 1 250m2 during the first 30min. Something that is 

not analysed in the scenarios is the increased spread rate due to an increased radiation as more 

vehicles gets ignited. This could cause a faster fire spread which could lead to uncontrollable 

situations in a short period of time. This is unlikely to occur in the building based on the 

mentions above but if were to happen it might lead to flashover.  

A prediction of the heat release rate that’s required for a flashover in the compartment could 

be calculated with a method developed by McCaffrey, Quintiere and Harkleroad, see equation 

(3). The model is based on small room fires but could give a good estimated value of 

flashover in larger compartments. 

 

�̇�𝐹𝑂 = 610 ∗ (ℎ𝑘 ∗ 𝐴𝑇 ∗ 𝐴𝑂 ∗ √𝐻𝑜)0,5                     (3) 

�̇�𝐹𝑂 − 𝐸𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒  

ℎ𝑘 − 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑒𝑎𝑡 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛  

𝐴𝑇 − 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎  

𝐴𝑂 − 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 𝑎𝑟𝑒𝑎  

𝐻𝑜 − 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 ℎ𝑒𝑖𝑔ℎ𝑡  

 

Explanation on calculation of these parameters could be found in Karlsson (2000). Results 

from the calculation of the HRR that’s needed for flashover to occur in the compartment is 

presented in Figure 6-12. Input data is based on the building information in section 4.1 and 

the entire car park is assessed as one fire compartment.  
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Figure 6-12, HRR needed for flashover to occur in the compartment 

 

The possibility of flashover to occur during the first 70min of the fire progression is assessed 

to be low based on a comparison between the results gathered in the fire spread analysis and 

the HRR that’s required for flashover to occur in the compartment. A HRR of 347MW is 

required for flashover after 70min which could be translated to 43 cars reaching its peak HRR 

at the same time. This is unlikely based on statistics.   

The result of the scenarios indicates that fire spread at parking lots is not an increased risk 

compared to what’s already been analysed in the design fires but the car stackers could be a 

problem. Stacked cars have a proven increased spread risk which could assist to extended fire 

spread and thereby reach heat release rates that can be a hazard for occupants, fire fighters 

and structural members (BRE, 2010). Collier (2011) summarizes information of potential 

benefits from installing sprinkler on car stackers which says that sprinklers on stackers 

possibly won’t extinguish the fire but will supress it and limit the spread to adjacent cars.  

Sprinkler is installed in the stacking construction based on the analyses performed in this 

section and Collier’s recommendation. Further configuration of this measure will not be a part 

of this verification. 

6.8 Technical installations  

Four technical installation is used within the building to meet the fire safety requirements, a 

mechanical smoke extraction system, an evacuation alarm, an automatic fire alarm and 

sprinkler on the car stacker. The design of these fire measures is presented in section 6.7 and 

5.2.7. Information regarding the smoke extraction system, fire- and evacuation alarm won’t be 

repeated since the configuration is the same for this method as for the non-probabilistic.  
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6.9 Sensitivity management 

A sensitivity assessment is performed to see how the input variables in the different 

calculation steps of the analysis affect the result. This assessment treats the different input 

quantities by analysing the impact on the result caused by changes in these parameters. 

6.9.1 Design fires 

A maximum acceptance value for fatalities could be obtained by comparing frequency of the 

two scenarios that is applied in the design fires with the acceptance criteria for societal risk, 

see Figure 6-13. This means that for scenario S12, a maximum of 59 fatalities is accepted. 

The corresponding value for S13 is 18 fatalities. By applying equation (1) to these numbers, a 

maximum time, that RSET can exceed ASET, of 3,6 seconds for S13 and 11,8 seconds for 

S12 is obtained.  

 

 

Figure 6-13, comparison between acceptance criteria and values from the design fire scenarios 

 

Since the safety margin is small at some points of the evacuation route in the analysed x-t 

plots and the maximum time that RSET can exceed ASET is low, a sensitivity management is 

required to analyse if change in input variables could affect the result. Change of input 

variables could impact the result both positively and negatively. 

The variables used in the FDS-model is already valuated as credible worst scenario, see 

section 6.6.4.2.1. Change in these input parameters would be affect the result in a positive 

way since the safety margin between RSET and ASET would increase.  

Calcualtion of RSET is based on scenarios S12 and S13 where the difference is the amount of 

cars involved in the fire. These scenarios is based on faliure in the alarm system which makes 
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detection dependent on individuals in the compartment. The sensitivity of the different input 

variables in RSET could be asssed by obtaining a maximum value for this parameter. This is 

performed by changing one input variable at the time in the x-t plots, assuming that the other 

represents true values and compare it to the acceptance exceeded time that is calculated with 

Figure 6-13. The x-t plots that is chosen for this analysis is the one most sensitive to change 

of the evaluated variable. The idea of this could be explained with equation (4). 

 

𝑡𝑚𝑎𝑥.𝑒𝑥𝑐𝑒𝑒𝑑𝑒𝑑 + 𝑡𝐴𝑆𝐸𝑇 = 𝑡𝑡 = 𝑡𝑎 + 𝑡𝑝 + 𝑡𝑚 + 𝑡𝑞                    (4) 

 

A maximum awarness time could be obtained by comparing the maximum exceeded time for 

sencario S12 and the evacuation route which RSET is closest of exceed ASET,  A1, see 

Figure 6-14.  

 

 

Figure 6-14, changes in input variables on escape route A1 

 

The maximum combination of awearness and pre-movement time is calculated to 146s. The 

pre-movement has already taken the alarm faliure into account with a value of 90s which 

means that a maximum awearness time of 56s is obatained i.e. an increase with 26s. Influence 

on the results by small changes on the awearness time could therefore be ruled out.  

The walking speed and pre-movement time are social accepted values in the BBRAD and is 

therefore assesed to not have large sensitivity influence on the result.  

Sensitivity of the queue time is assesed with escape scenario B2. The accepted time that 

RSET could exceed ASET is calculated to 3,6s, this results in Figure 6-15. 
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Figure 6-15, changes in input variables on escape route B2 

 

This results in a maximum queue time of 75s, i.e. an increase with 15s. Based on the flow 

capacity recommended in the BBRAD of 0,75 persons per second a total number of 100 

persons could be addressed to this escape door. This is an increase with 35 persons from the 

65 that’s used in the scenario and thereby is result not influenced by small changes of the 

queue time. 

6.9.2 Fire spread scenarios 

Fire spread is analysed by a refrence curve of a single car fire progression and a spread rate 

that is assembled from real fire tests. The spread rate is based on a two car fire and does not 

include involvement of several vechiles which could increase the value of this parameter. The 

increased radiation that comes with a higher HRR, i.e. more vehicles that’s ignited, could 

cause a faster fire spread which could lead to uncontrollable situations in a short period of 

time. The sensitivity of the spread rate is analysed by assuming that it decreases exponentially 

as 13-2Xmin where the value for X is 0,1,2 and 3. This means that the value for spread rates 

starts at 13min and follows by 11min, 9min and 5min. The scenario that is analysed is the 

two-direction parking lot since it’s represent the credible worst case as the car stacker has 

sprinkler installed and limits the possibility of fire spread in this section. Results is presented 

in Figure 6-16. 
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Figure 6-16, fire spread scenario with faster spread rate 

 

The faster spread rate does not affect the situation from ignition up to 35min, HRR is not 

above 16MW at any point during this interval. HRR is increased, by ca 5MW, in the interval 

between 35-70min but this does not affect the evacuation process or the fire service operation. 

With this mentioned, results gathered in the fire spread scenarios is not sensitive to change of 

the spread rate regarding evacuation and possibility of rescue response.  

Flashover calculation is something that could be sensitive to the size of the compartment. This 

is analysed by calculating the compartment size that’s required to cause flashover with a HRR 

of 30MW after 60min, which is the expected maximum HRR as seen in Figure 6-16. The area 

is calculated with equation (3), where the opening area and height remains unchanged. This 

results in an area of 154m2, approximately 0,55% of the original floor size. The conclusion 

that flashover is unlikely to occur during the first 70min is therefore intact.  
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6.10 Uncertainty analysis  

The uncertainty analysis is applied to evaluate the different stages in a quantitate verification 

method. Paté-Cornell (1996) presents six levels of treatment for uncertainty’s in a risk 

analysis. The different grades could be used depending on the advancement of the analysis, 

from a basic level 0 to a more complex level 5. A quantitative analysis that evaluates 

scenarios of some sort could apply the second grade of uncertainty analysis which is called 

“Level 1: 'worst-case' approach”. The idea is to analyse the constructed ’worst-case’ scenario 

to see if it’s actually the most unlikely circumstances that could occur within the car park. For 

the risk assessments, an uncertainty analysis of the fourth grade could be applied which is 

called “Level 3: best estimates and central values”. The worst-cases of risk scenarios are, in 

this situation, meaningless to evaluate due to the unlikeliness of occurring, i.e. low frequency. 

For instance, worst-case would be if fire spread to all vehicles at once which is highly 

improbable. The idea with this grade of uncertainty analysis is to evaluate the best realistic 

estimated scenario to occur within the compartment.   

6.10.1 Level 1: 'worst-case' approach 

Locations that is chosen for the different design fires has already been verified as a possible 

‘worst-case’ as these has have high possibility of disabling several escape routes. Growth rate 

could also be seen as ‘worst-case’ as explained in section Reability of the FDS-

model6.6.4.2.1 where a comparison with real fire tests is performed.  

The input HRR is reliant on the kind of car that’s ignited which could be seen in Table 6-13 

where a heavy car in general has a peak HRR of 3332kW but a medium car has a general 

peak HRR of 9854kW. Something that could affect the reliability of this input variables is the 

change of combustible materials in cars. A comparison between modern cars and the ones 

from the ‘60s shows that the amount of combustible materials has increased tenfold, from 9 

kg to 90 kg.  The typical heat release rate has also been increased over the years, from around 

4 MW to 8 MW (Collier, 2011). The car park is expected to stand over a long period of time 

and combustible materials in vehicles could increase even more during this time as new 

vehicle types with alternative fuel is being introduced. With this mention, there might be 

cases with cars that has higher HRR peak but the input value of 8MW could be seen as a good 

estimated value.  

Time for evacuation is proven not to be sensitive variables of the fire safety analysis and 

could be seen as curtain variables in an expected evacuation since the values are verified 

through the BBRAD, as it’s the requirement of the society.  

6.10.2 Level 3: best estimates and central values  

Defining a spread rate without actual proven data to back it up is difficult. Car parks has 

previously been design based on the principle that fires most likely would burnout and self-

extinguish before spreading to another vehicle (Collier, 2011). This might be a reason why so 

little research has been done on spread rate between vehicles. Data of spread rate between 2-3 

cars is there but the continued fire progression has not been analysed to any significant extent. 

One thing that’s for sure is that the distance between vehicles is related to the possibility of 
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fire spread (Schleich, 1999). This means that the possibility of spread decreases by distance, 

i.e. an empty parking lot does slow down the spread rate. The fire spread scenarios assume 

that the cars are lined up next to one and other, which might not always the case and thereby 

results in a faster spread rate. A comparison between the criteria of a fire spread area < 1 

250m2 during the first 30min of the fire progression and the fire spread scenarios implies that 

only 2-3 vehicles are involved in this time interval. As mention in the previous paragraph, the 

spread rate between 2-3 vehicles is verified through statistics and has low uncertainty’s.  

The McCaffrey equation for calculation of flashover, used in section 6.7, has been developed 

on small size rooms which could cause uncertainty’s if used in larger spaces. The equation 

will probably overestimate the needed HRR to cause flashover in the compartment. The 

model is dependent on mass flowing out through openings of the compartment which results 

in heat loss. This makes it discussible if the method could be applied to large enclosures since 

it could take a long time before hot gasses starts flowing out of space. But that it takes a long 

time until flashover occurs in spaces in the size of the car park is a fact and even if the 

calculated value is overrated it can be used as a reference value to verify that it takes a really 

long time. The unlikeliness of flashover is also proven in the sensitivity section where a size 

of 154m2 is required to cause flashover in the first hour.  
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6.11 Robustness analysis 

A robustness analysis is performed to verify that the trial fire safety is robust by examine how 

the design is affected by failure of installed fire safety systems and passive safety measures. 

Even if a failure of a technical installation occur, fire safety of the different barrier groups 

should still be intact. The robustness analysis should also study the effects of non-compliance 

with prerequisites.  

The fire safety design is dependent on a few individual measures, sprinkler system in the car 

stacker section, smoke extraction system, fire and evacuation alarm where the sprinkler- and 

smoke extraction system will have the greatest impact on reducing fire and smoke spread 

throughout the compartment.  

The PRA-method presents reliability values for different fire measures, see Figure 6-17. The 

figure indicates that none of the installed fire measures has a 100% reliability, which means 

that a robustness analysis required for them all installations.   

 

 

Figure 6-17, reliability of the installed fire measures 

 

6.11.1 Sprinkler system in the car stacker section 

Collier (2011) explains the increased possibility of fire spread in enclosed car parks with car 

stackers. A sprinkler system is therefore installed in the car stacker section but if this measure 

were to fail, extensive fire spread might occur. Statistics indicates that fires involving more 

than two cars is very rare and even if more than a pair of cars would be ignited it’s most likely 

that only two of them reaches peak HRR at the same time. To analyse these conditions, which 

could represent sprinkler failure, design fire 1 is used where a HRR of 16MW and a medium 

growth rate is applied in the FDS-model and the result show that safe evacuation can be 

performed. 
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Table 6-17 gives a good estimation of the amount of vehicles involved in a fire if no measures 

affected the process. The table indicates that the start of all fire spread scenarios is alike, 

which gives credibility to the examined design fires, and that a HRR which exceeds 16 MW 

doesn’t happen until 40min after ignition of the first car in most of the scenarios. As 

evacuation of fire occurs in the first minutes of the fire progression it can be performed with 

satisfied safety which is proven in section 6.6.4.3 and is thereby not affected by sprinkler 

failure.   

Rescue operations has been proved to be performed with satisfied safety in case of a two 

vehicle fires, see section 7.2.2. This fire scenario represents a fire load equal to the one where 

sprinkler system failure would occur and thereby it is proven that interventions is not affected 

by failure of this measure.  

6.11.2 Smoke extraction system 

Activation of the smoke extraction system is not dependent on other fire safety measures as 

its operation effect is the same in normal conditions and in occurrence of fire. Since the 

system is a part of the normal ventilation of the building, failure of this installation would 

probably be fixed quickly as it affects the normal conditions within the car park. It’s highly 

unlikely for a fire to develop during these short, unrelated, periods of time and will thereby 

not be investigated further. 

The fire alarm and the flow guard on the sprinkler system does activate the bypass in the 

ventilation system which makes sure that the filters does not clog due to soot from fire. If both 

of these measures were to fail an increased risk of clogged filters is probable. This risk could 

be handled by installing ‘filter alarm’ that activates the bypass in event of spent filter.  

6.11.3 Fire- and evacuation alarm 

Failure of the fire- and evacuation alarm would impact the egress and delay rescue 

interventions by rescue services. As discussed in section 6.6.4.1, detection of fire without the 

fire alarm requires occupants to see the fire or being alerted by other individuals in the car 

park, which plausibly leads to longer awareness- and pre-movement time. Fire rescue services 

is, in event of fire alarm failure, dependent on occupants noticing the fire and alarming which 

could be delayed due to the extended egress time.  

Failure of the fire- and evacuation alarm has been assessed with the design fires which shows 

that a safe evacuation can be expected, see section 6.6.3.2. In these cases, a longer alarm time 

to fire services can be expected but even if the fire progression is allowed more time it is not 

likely that the conditions will be worse than those that has been analysed. As discussed 

before, it’s highly unlikely that a fire with more than two cars that reaches its peak HRR 

occurs at the same time and thereby could the analysed conditions for rescue operations be 

seen as ‘worst-case scenarios’.  
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7 Comparison  

Results of the methods is overall quite alike since the approach is similar in most aspect of the 

two verification processes. During the analysis, both methods ended up with different design 

scenarios that’s evaluated and verified. Both validation approaches produce a result that meets 

society’s requirements of a satisfied safety within a building. This is especially appealing for 

the probabilistic approach that’s trying to an incensement for usage and thereby get 

acceptance in the franchise.  

The two methods do have the same approach to configuration of the technical installation and 

therefore will this not be brought up in the comparison.  

7.1 Prescriptive design and engineering judgement 

Both of the methods has its base in a pre-accepted solution, in this case the BBR, which 

means that the deviations to analysis is the same for the two. The six deviations that was in 

need of further analysis was: escape in event of fire; protection against the outbreak of fire; 

protection against the development and spread of fire and smoke in buildings; protection 

against the spread of fire between buildings; possibility of rescue responses; prevent structural 

collapse.  

7.1.1 Protection against the spread of fire between buildings 

Protection against the spread of fire between buildings is a measure that is vaguely touched 

during both analysis’. Since there is no information regarding the distance to adjacent 

buildings, assumption is made that it’s more than 8 meters to the closest building. This results 

in that there is no need to upgrade the protection against fire spread between buildings.   

7.1.2 Protection against the outbreak of fire 

Section 5:4 in the BBR is about protection against the outbreak of fire. Hence the car park is 

designed without combustible materials the general requirements of this section is fulfilled. 

Another requirement in this section is the heating of the building which should be performed 

without devices that can cause fire or explosion. The car park is designed with a hot-water 

central heating and thereby meets the demands. This result is obtained in both verification 

methods.  

7.1.3 Prevent structural collapse 

Both verification processes use the EKS to solve the issue with structural collapse. The 

framework presents a table for load bearing capacities for different fire safety classes. The 

table also presents possibilities of decreasing load bearing capacities for buildings with 

installed sprinklers. This makes so that there are some discrepancies between the two fire 

safety analysis’s due to the difference in the usage of sprinkler. In the verification brought out 

by SFPE Sweden, fire resistance for structural members in fire safety class 5 is reduced from 

90 to 60 min. This is not possible in the verification with the probabilistic approach as the 

sprinkler isn’t a part of the fire safety design.  
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7.2 Performance-based design 

7.2.1 Protection against the development and spread of fire and smoke in buildings 

Fire compartmenting is a common way to deal with protection against the development and 

spread of fire and smoke in buildings. Depending on the fire measures that is installed in the 

analysed building, the BBR presents different maximum sizes of the fire compartment based 

on the expected fire load, see Table 4-3. The table states that an unlimited size of the fire 

compartment is plausible if a fire measure like a sprinkler system is used in the fire safety 

design, and a fire compartmenting by the size of 5000m2 if an automatic fire alarm is 

installed. The area of the car park section is measured to 14 000m2 per floor which results in a 

total fire compartment size of 28 000m2 if no fire measure is applied between the storeys. An 

open geometry is desired in a car park and thus is the requested design the largest possible 

size of fire compartment. This is the reason that SFPE Sweden assesses that sprinkler is a 

must in the fire safety design, to be able to apply an unlimited size of the fire compartment, 

see section 5.2.7.4 for full explanation.  

The same fire compartment size is used in the fire safety verification with the PRA-method 

even though that fire safety design lacks the technical installation of sprinkler. By applying 

Schleich (1999) reference curve for a single car fire on four different fire spread scenarios, 

proof that sprinkler is not needed out of spread reasons is obtained but hazards of extensive 

fire developments in the stacked car area is still present. This is treated by installing sprinkler 

in the car stacker area which should limit and supress extensive fire development. 

Configuration of fire separating constructions and building parts, such as suspension devices, 

has not been a part of this comparison but these objects should be designed to protect against 

the development and spread of fire and smoke in buildings.  

The verification of Protection against the development and spread of fire and smoke in 

buildings is summarized in Table 7-1. 
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Table 7-1, summarization of the verification of Protection against the development and spread of fire and smoke in 

buildings 

Hazard and Problem definition 

 Fire load equal or lower than 800 MJ/m2 

 Fire compartment size of 28 000 m2 

 

Swedish Verification Process Probabilistic Method 

 Applies the pre-accepted solution.  Analyse of possible fire spread with 

Schleich’s reference curve for fire 

engineering  

 Analyses regarding flashover 

 

7.2.2 Possibility of rescue responses 

There are no presented actions to take in any of the two method when it comes to the analyse 

of rescue responses. An engineering judgement is mostly used to handle this deviation in both 

processes. Conditions in the building is obtained by examine the FDS-model against the 

expected time for the rescue operation to begin. Since the FDS-models in combination with 

an expected intervention time of less than 30min is identical in both processes, the same 

conditions are obtained; an operating temperature of 120°C and visibilities of 2-7m at the 

lower floor and 2-30m at the upper floor. With use of this information a calculation of 

operation time could be performed, approximately 311s  5min. This result was obtained in 

both fire safety verifications.    

The verification of Possibility of rescue responses is summarized in Table 7-2. 
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Table 7-2, summarization of the verification of Possibility of reuse responses 

Hazard and Problem definition 

 In general, an emergency response should be performed with satisfied safety through the 

entire operation.  

 Removal of sprinkler and a lager fire compartment could increase the risk of smoke spread 

within the building and/or extensive fire, which could impact on the safety of rescue service 

operations.  

 The added smoke extraction system will delay the spread of fire and smoke through the 

compartment as the hot smoke constantly is removed from the building.  

Swedish Verification Process Probabilistic Method 

 Data from the design fires 

 Applies Räddningsinsatser i vägtunnlar  

 Assesses the result with an engineering 

judgement 

 Data from the design fires 

 Applies Räddningsinsatser i vägtunnlar  

 Assesses the result with an engineering 

judgement 

 

7.2.3 Escape in event of fire 

Escape in event of fire is a deviation from the prescript solution as the length of the 

evacuation route exceeds the requirements and thereby could affect the safety of the egress. 

Validation of safe egress in event of fire is done with design fires in both of the methods. The 

design fires are validated by engineering judgment, statistics and FDS where available safe 

egress time is compared to required safe egress time. The configuration of these design fires is 

quite alike in the the two approaches which results in a similar result that proves that 

evacuation could be performed with satisfied safety.  

In the PRA-method, event trees are applied to analyse possible scenarios in a car park. Each 

scenario is verified against the possibility of fatalities and those that has a probability of fatal 

outcome is analysed further. By use of engineering judgment, these scenarios are divided into 

clusters where events with similar results is grouped up. This resulted in two clusters where 

fire alarm failure and lack of sprinkler was evaluated in a single car fire and a two car fire. 

The clusters are then divided into three design fires, two with single car fires and one with a 

two car fire. Locations for these scenarios is picked out of the likeliness of disabling several 

escape routes. The scenarios are then analysed with FPS where acceptance criteria regarding 

fatalities is applied and compared against the time occupants need to put themselves into 

safety. The results of this comparison is that all individuals have time to reach safety before 

life threatening conditions arises and there are thereby no causality’s in the evaluated 

scenarios. Conclusion of a safe egress is concluded.  

The Swedish fire safety verification approach uses engineering judgment to analyse possible 

scenarios that could affect the safety of evacuation in event of fire. Three locations for these 
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events is picked based on the likeliness of disabling several escape routes. Heat release rate 

and fire growth rate in the scenarios is chosen by studying statistics and fire test which 

resulted in a HRR of 8 and 16 MW based on the amount of vehicles involved and a medium 

growth rate. The time until critical conditions is reach within the compartment, i.e. ASET, is 

obtained by comparing FDS and acceptance criteria in the BBRAD. This result is analysed 

against the required time an occupant needs to reach safety, i.e. RSET, in x-t plots, see section 

5.2.5.3. The analysis indicates that evacuation could be performed with satisfied safety in all 

evaluated scenarios. 

The verification of Escape in event of fire is summarized in Table 7-3.  

 

Table 7-3, summarization of the verification of Escape in event of fire 

Hazard and Problem definition 

 Maximum 300 people is considered to be inside the garage at the same time 

 The distance to safety shall not exceed 45m in a building without sprinkler 

 The distance to safety shall not exceed 60m in a building with sprinkler 

 Maximum traveling distance in accordance to BBRAD is 80m for analytical design 

 Longest traveling distance within the compartment is 86m 

 Width of exit doors should be no less than 1,2m.  

 Current width of the exit doors is 0,85m 

Swedish Verification Process Probabilistic Method 

 Acceptance criteria: 

- General accepted level that’s 

compared against scenarios 

 Design fires 

- Scenarios 

- Analyse of HRR and Growth rate 

- FDS  

 Safe Egress Time 

- Calculation of ASET  

- Calculation of RSET 

 Comparison between ASET and RSET 

with x-t plots 

 Acceptance criteria: 

- Risk value that compares frequency 

of an event against fatalities   

 Frequency analyse of scenarios with 

event trees 

- Based on statistics  

 Design fires 

- Analyse of HRR and Growth rate 

- FDS  

 Calculation of fatalities  

- Comparison between ASET and 

RSET with x-t plots 

- Numerical calculation 

 Comparison of frequency and fatalities 

against acceptance criteria  
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7.3 Verification of the fire safety design  

Verification of the fire safety design alter a bit between the two methods. As the PRA-method 

uses a quantitative approach it’s more reliant on evaluation of the different sections in the 

analysis. The Swedish approach scenario analysis is not as dependent on evaluation of 

uncertainties in the fire safety design and thereby only requires a robustness analysis to show 

that the building fulfils the fire safety requirements. The robustness analysis, which is used in 

both methods, delivers similar results and proves that both fire safety designs is robust, i.e. 

isn’t affected by failure of single fire measures.  

The PRA-method uses three validation sections to verify the results in the fire safety design, a 

sensitivity management, uncertainty analysis and robustness assessment. The need for several 

evaluations of the fire safety design in a probabilistic analysis depends on the possible 

uncertainty in models and data. Uncertainties of variables, criteria and outcomes are necessary 

to manage in order to make sure that the object fulfils the required fire safety level. The 

sensitivity management proves that the different input variables is not sensitive to small 

changes which concludes that it’s safe to evacuate in event of fire. The uncertainty analysis is 

performed in accordance to Paté-Cornell and concludes that the input data and used models 

has low uncertainty’s. The robustness of the trial fire safety is validated, i.e. is not to fail if 

one of the installations break down, which proves that the fire safety design is robust.  

The scenario analysis that is based on the BBRAD applies a robustness analysis as the only 

validation of the fire safety design. This method does include reliability in each step of the 

process witch results in the need of just one evaluation. The result of the validation of the fire 

safety design in the SPFE case is that the trial fire safety is robust and is not reliant on one fire 

measure.    
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8 Recommendations  

The first recommendation is regarding how to deal with critical levels for evacuation, if e.g. 

using a FDS-model. During this probabilistic verification process Axel Mossberg helped out 

by converting the critical values given in the BBRAD to obtain the number of people exposed 

to deadly conditions. The conversion is crucial to later be able to make a Frequency/Casualty-

curve and compare it with acceptance values in the probabilistic method. Here it would be 

good to have either an explanation on how to proceed in order to convert these values 

(assuming that the other Nordic countries have no equivalent to the values presented in the 

BBRAD) alternatively, to develop common Nordic values of critical conditions. 

The second recommendation is regarding how to process statistics. As most know, it can be 

quite difficult to find good and relevant statistics which also is quite time consuming to 

obtain. Part of these problems could be resolved by creating a common Nordic statistical 

database where the various consulting firms can enter statistics that is used in their 

verifications along with references and other requirements. In this way, it’s only time 

consuming the first time the statistics is applied. This does, however, require that the statistics 

is produced and existing.  

Thirdly, some guidance of how to complete the verification analyses is currently missing in 

the probabilistic method, which seem to be the case in the BBRAD as well. The problem is 

not regarding what should be done, but how it should be done. It might be good to give some 

advice on how to perform the analysis, even if it’s just a reference to other sources.  
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9 Discussion  

The new PRA-method has proven itself to be a solid method of verifying fire safety in the 

analysed building but if the new method will have any impact regarding cross-border trading 

is difficult to determine before it’s been released. The quantitative analysis is reliant on the 

prescriptive methods of the national frameworks which might make it difficult to use it as a 

country-neutral part in the Nordic verification process. And even if it was, there are still some 

part of the performance-based PRA-method that requires contribution from separate analytical 

processes, that could be national-based, to fulfil the verification. If the new method will help 

in the process of opening up cross-border trading is yet to see but it should be kept in mind 

that there is more than one method that defines the fire safety design. 

The verification with the probabilistic method has been reduced to be able to complete the 

thesis in time which could have caused some discrepancies from how it should be performed. 

For example, the SFPE Sweden Case Study’s FDS-model, that’s adapted to the verification 

with BBRAD, has been applied in the PRA-verification as well. The development of design 

fires might have been different if more scenarios had been analysed in the event trees, which 

could have led to an alternative fire safety design. This should not have affected the presented 

recommendations of improvement as these focuses on how it’s done and not what’s done, but 

it could affect the credibility in the fire safety design. 

The conversion of criteria values in the BBRAD to fatalities must be seen as a hypothetical 

measure. Five occupants will not fall down and die by being exposed to smoke during one 

second, but it could at least be seen as a life-threatening situation. This could be seen as a 

worst-case situation, which is sought, and is therefore a good reference when evaluating the 

fire safety. Recommendations regarding improvements in this area has been presented in the 

analysis section.  

The general Swedish method, which is based on Boverket’s building regulations, is a good 

overall process to verify fire safety in buildings. It’s applicable to all types of building designs 

and uses general acceptance criteria to analyse conditions in the analysed building. The work 

process is pretty straight forward and is not open for interpretations by the user. Parts where 

it’s crucial to show good engineering judgment is in the development of design fires where 

mistakes could affect the rest of the verification.  

The probabilistic method has a stable basis and can easily be adapted to the observed object, 

for example by using relevant statistics and models. This is something that could be useful as 

new and innovative building solutions are being introduced. The method will also put a 

greater demand on the performer to use valid input parameters like statistics and setup of 

models. Complexity of the method might cause new users to mishandle the concept of risk 

and how to treat it, which in worst case would validate a fire safety design that doesn’t fulfil 

the required safety levels. It could be recommended for the performer to have years of 

experience in fire safety and thereby have a good reference capacity combined with 

colleagues who review the work to lower the chances of mishandling the concept of risk.  
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10 Conclusion 

Comparison of the results indicates that the main difference between the two verification 

methods of verifying fire safety in buildings is in the evacuation analysis.  

The probabilistic method proves itself as a verification method in this thesis considering the 

similarity of results with the Swedish scenario analysis method. This is a good result as the 

goal with PRA-method is to make it into a Nordic standard.  

Sprinkler is a discussed subject in the world of the fire consultants in Sweden. It’s difficult to 

design large compartments, e.g. areas bigger than 5000m2, without using sprinkler due to the 

strict requirements in the national framework. This is something that the performers of the 

SFPE Sweden Case Study values and therefore feels obligated to apply a sprinkler system 

within the car park to limit fire spread through the compartment. The analysis using the 

probabilistic approach disregard the strict requirements in the prescriptive method and uses an 

engineering process to show that sprinkler is not essential in the entire compartment. But due 

to the increased risk of extensive fire that comes with the car stackers, installation of sprinkler 

is needed in this part of the parking garage. The results of these two verification indicates that 

the car park with car stackers can’t be designed without sprinkler, even if the PRA-analysis 

indicates that it’s only a necessary measure in the area with the car stackers.  

Results collected in this comparison has proven that the analysed methods conclude fairly 

similar fire safety designs. The approaches are quite similar overall due to its’ base in the 

Swedish prescriptive method, i.e. deviations are investigated further to see if satisfied fire 

safety could be reached with fire measures. Both methods seem to rely on alternative 

frameworks, apart from the prescriptive method, in the verification and can’t be used 

separately. Such alternative methods could for example be “Räddningsinsatser i vägtunnlar”. 

Other deviations are presented in section 7 where the different parts of the fire safety analysis 

is compared.  

This thesis has been part of the fourth work package of the Nordic project called Fire Safety 

Engineering for Innovative and Sustainable Building Solutions that involves field testing of a 

qualitative analysis. Improvement recommendations has been presented to the project group 

based on the results of the comparison performed in this report. These suggestions are meant 

to assist in the completion part of the verification method called Probabilistic Method to 

Verify Fire Safety Design in Buildings.  
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11 Further work 

- Analyse the new PRA-method further by performing more comparisons. These should 

focus on different types of buildings, especially those that’s more complex to see how 

applicable the approach is.  

 

- Compare the new PRA-method against other verification methods, such as  

INSTA TS-950. 

 

- Execute fire safety analyses based on prescriptive frameworks from the other Nordic 

countries to see if the same result is obtained.  
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Appendices 

Appendix 1 – mechanical smoke extraction system calculation 

Table 0-1, mechanical smoke extraction system calculations made in the SFPE Sweden case study (Rosberg, 2016) 

Vent 

Option 
Mode Extract Supply 

Assumed 

detection 

Surface 

Doors 

Strategy 

description 

Outcome / 

Discussion 

1 

Normal Off 14 m3/s/lv 

N/A Open 

Do nothing 

strategy 

(assuming only 

supply for 

pollution control) 

Not considered 

realistic as extract is 

likely to be required 

for pollution control. Fire Off 14 m3/s/lv 

2 

Normal Off 14 m3/s/lv 

Sprinkler Closed 

Extract on 

detection of fire 

(assuming only 

supply for 

pollution control) 

Not considered 

realistic as extract is 

likely to be required 

for pollution control. Fire 14 m3/s/lv 14 m3/s/lv 

3 

Normal 14 m3/s/lv 14 m3/s/lv 

N/A Closed 
Do nothing 

strategy 

Considered most 

robust strategy. In the 

evacuation phase 

outcomes are 

generally comparable 

or better than other 

strategies. 

Fire 14 m3/s/lv 14 m3/s/lv 

4 

Normal 14 m3/s/ lv 14 m3/s/lv 

120s Open 

Increase extract 

on detection of 

fire 

Slightly better in 

certain areas than 

Option 3. Not enough 

to justify the 

increased fan 

capacity/cost. 

Fire 28 m3/s/ lv 14 m3/s/lv 

5 

Normal 14 m3/s/lv 14m3/s/lv 

120s Closed 

Double extract on 

fire floor. Make-

up air from non-

fire floor. Same 

fan capacity as 

normal mode. 

Slightly better in 

certain areas than 

Option 3 & 4. Not 

enough to justify the 

increased fan 

capacity/cost. 
Fire 

28 m3/s fire 

lv 

Off non-fire 

lv 

Off fire lv 

28 m3/s 

non-fire lv 

6 

Normal 14 m3/s/lv 14 m3/s/lv 

120s Open 

4x capacity for 

smoke extract by 

utilising supply 

system vent in 

reverse. Mark-up 

air from surface. 

Best outcome of all 

the extract models, 

but additional cost 

and complexity. 

Would need to allow 

for fan reversals in 

timing. Surface doors 

must open. Multiple 

points of failure. 

Fire 

56 m3/s fire 

lv 

Off non-fire 

lv 

Off 

7 Normal 14m3/s/lv 14m3/s/lv 120s Open 
Shut-down 

strategy 

Worst of all the 

extract models. 
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Appendix 2 – Summarization of statistics 

Table 0-2, vehicle involved in car park fires (Mohd Tohir, 2015b) 

Vehicles involved  Total  

Single  120 

Multiple  12 

All 132 

 

Table 0-3, number of vehicles involved in car park fires (Mohd Tohir, 2015a) 

Number of 

vehicles involved 

Number of 

incidents 

Probability 

of incidents 

Vehicle fire 

involvement probability 

per year 

1 344 0,858 2,37E-10 

2 27 0,067 1,87E-11 

3 21 0,052 1,45E-11 

4 4 0,01 2,75E-12 

5 3 0,007 2,06E-12 

6 0 0 No data 

7 2 0,005 1,38E-12 

 

Table 0-4, number of fires in different types of car parks in New Zealand (Mohd Tohir, 2015b) 

Type of car park  1996 1997 1998 1999 2000 2001 

Private fleet car park: Car, Bus, Truck (Single level - 

covered)  

9 11 11 11 9 3 

Public car park Multi-storied above ground  5 1 1 1 0 0 

Public car park Single level - covered  0 2 2 4 2 1 

Public car park Multi-storied below ground  1 0 3 0 1 1 

Public car park Multi-storied above and below ground 1 4 1 0 1 0 

TOTAL 16 18 18 16 13 5 
 

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012  

1 6 2 1 2 0 1 3 3 0 0 73 

3 3 4 1 0 2 1 2 0 3 1 28 

0 1 0 1 1 0 0 1 0 0 0 15 

1 0 0 1 0 1 0 0 0 0 0 9 

0 0 0 0 0 0 0 0 0 0 0 7 

5 1 6 4 3 3 2 6 3 3 1 132 
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Table 0-5, fires extinguished by extinguisher in different country’s (FETA, 2003) 

Country 

Total 

number of 

incidents 

reported: 

Extinguished 

by 

extinguisher 

Per cent 

Not 

extinguished 

by 

extinguisher 

Per cent 
Not 

reported 

Austria 48 - - - - 48 

Belgium 937 718 76,6 219 23,4 - 

France 696 545 78,3 151 21,7 - 

Germany 806 779 96,7 27 3,3 - 

Netherlands 140 132 94,3 8 5,7 - 

UK 2173 1737 79,9 436 20,1 - 

Total 4800 3911 81,5 841 17,5 48 

 

Table 0-6, fires in car parks during different hours of the day (Li, 2004) 
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Table 0-7, fire test of time until second car ignition  

Experiment 

ID 

Vehicles 

involved 

Manufacturer 

and model of 

vehicles 

Distance 

between first 

and second 

vehicle (m) 

First vehicle ignition 

(min) 

Second 

vehicle 

ignition 

(min) 

Time 

difference 

(min) 

First component 

to ignite on the 

second vehicle 

Reference 

A 2 

Peugeot 309 

and Limousine 

Trabant 

0,4 15 35 20 

Window 

rubber/rubberized 

trim 

Steinert, C. (2000). 

B 2 

Limousine 

Trabant and 

Volswagen Polo 

0,8 15 22,5 7,5 

Window 

rubber/rubberized 

trim 

Steinert, C. (2000). 

C 2 

Limousine 

Trabant and 

Citroen BX 

0,8 0 12 12 

Window 

rubber/rubberized 

trim 

Steinert, C. (2000). 

D 2 
Fiat Ascona and 

Volswagen Jetta 
0,8 42 52 10 

Window 

rubber/rubberized 

trim 

Steinert, C. (2000). 

E 2 

Limousine 

Trabant and 

Citroen BX 

0,8 14 28,5 14,5 

Window 

rubber/rubberized 

trim 

Steinert, C. (2000). 

F 2 

Renault Twingo 

and Renault 

Laguna 

0,7 0 8 8 Rubber Joyeux, D. (1997). 

G 2 

Renault Laguna 

and Renault 

Twingo 

0,7 0 14 14 Rubber Joyeux, D. (1997). 

H 3 

Renault Laguna, 

Renault Clio and 

Ford Mondeo 

0,7 3,5 20 16,5 Trim/paint 
Building Research 

Establishment. (2010). 
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I 3 

Renault Espace, 

Peugeot 307 

and Land Rover 

Freelander 

0,7 0 5 5 Unknown 
Building Research 

Establishment. (2010). 

J 3 

Volkswagen 

Golf, Limousine 

Trabant and 

Ford Fiesta 

0,8 1,4 30 28,6 

Window 

rubber/rubberized 

trim 

Steinert, C. (2000). 
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Appendix 3 – 43 tests of fire in vehicles  

Table 0-8, a summarized table with real test of fires in vehicles 

Vehicle 
Type of 

car 
Vehicle year 

Curb 

weight 

(kg) 

Facility type Condition 

Peak 

growth 

(kW/min²) 

Exponential 

decay  

(min-1) 

Peak heat 

release 

rate (kW) 

Time to 

peak 

(min) 

Total energy 

released 

(MJ) 

Total 

mass 

loss 

(kg) 

Reference 

Mini1 
Trabant 

Limousine 

Undetermined 

(between 1963-

1990) 

695 
Room 

calorimeter 

Slight gap at top 

of windows 
23,7 -0,088 3630 12,4 3100 100 

Steinert, C. 

(2000). 

Mini2 Renault 5 1980s 757 
Corner 

calorimeter 
N/A 34,3 -0,201 3439 1 2100 138 

Joyeux, D. 

(1997). 

Mini3 Unknown 1995 830 
Open 

calorimeter 
N/A 7 -0,071 4063 21,1 4090 184 

Joyeux, D. 

(1997). 

Mini4 

Rover-

Austin 

Metro LS 

1990s 893 
Room 

calorimeter 

Slight gap at top 

of windows 
3,1 -0,009 1710 27,6 3200 108 

Steinert, C. 

(2000). 

Mini5 
Opel 

Kadett 

Undetermined 

(between 1962-

1991) 

737-1007 
Parking 

garage 
N/A 2,2 -0,062 4549 15,4 3466 139 

van Oerle, 

N. J. 

(1999). 

Mini6 Fiat 127 

Undetermined 

(between 1971-

1983) 

705-870 Road tunnel N/A 23 -0,131 3560 12 1500 N/A 
Carvel, R. 

O. (2004). 

Mini7 Citroen BX 1989 874 
Room 

calorimeter 

Passenger front 

window open, all 

other windows 

closed 

22,3 -0,643 1780 24 8500 N/A 
Anonymou

s. (2004). 

Light1 

Datsun 

160 J 

Sedan 

Late 1970s 918 
Open 

calorimeter 

All doors closed, 

left front window 

completely open, 

other windows 

rolled down 5 cm 

3,2 -0,035 1859 24,3 3000 143 

Mangs, J., 

Keski-

Rahkonen, 

O. (1994). 
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Light2 
Ford 

Taurus 
Late 1970s 990 

Open 

Calorimeter 

Left door 10 cm 

ajar with the 

window 

completely open, 

right door closed 

with window 

rolled down 5 cm 

1,4 -0,046 1521 33,4 3300 141 

Mangs, J., 

Keski-

Rahkonen, 

O. (1994). 

Light3 
Citroen BX 

16 RE 
1970s or 1980s 1067 

Room 

Calorimeter 

Slight gap at top 

of windows 
15,5 -0,066 4470 17 8000 270 

Steinert, C. 

(2000). 

Light4 

Datsun 

180B 

Sedan 

Late 1970s 1102 
Open 

Calorimeter 

All doors closed, 

left front window 

completely open, 

other windows 

rolled down 5 cm 

13,6 -0,025 1972 12 3900 176 

Mangs, J., 

Keski-

Rahkonen, 

O. (1994). 

Light5 
Austin 

Maestro 
1982 915-950 

Rail shuttle 

car 

Driver and front 

passenger side 

windows 

completely open 

36,7 -0,32 8482 15,2 4008 N/A 

Shipp, M., 

Spearpoint

, M. 

(1995). 

Light6 
Citroen BX 

14 RE 
1986 930 

Rail shuttle 

car 

Driver and front 

passenger side 

windows 

completely open 

21 -0,091 4390 14,4 4957 N/A 

Shipp, M., 

Spearpoint

, M. 

(1995). 

Light7 
Peugeot 

309 

Undetermined 

(between 1985-

1993) 

880-975 
Parking 

garage 
N/A 35,6 -0,122 8872 20,8 4134 165 

van Oerle, 

N. J. 

(1999). 

Compact

1 
Unknown 

Undetermined 

(between 1970-

late 1990s) 

1182 
Open 

calorimeter 

Driver and 

passenger 

windows rolled 

down 10 cm 

6,5 -0,058 3081 24,1 5280 165 
Shintani, Y. 

(2004). 

Compact

2 
Unknown 1995 1303 

Open 

calorimeter 
N/A 12,9 -0,071 8188 25,2 6670 275 

Joyeux, D. 

(1997). 

Compact

3 
Unknown 1990s 1360 

Room 

calorimeter 

1 m^2 windows 

opened; tank has 

10 L of gasoline 

fuel. 

5,3 -0,043 3560 31 4950 225 
Okamoto, 

K. (2009). 
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Compact

4 
Unknown 1990s 1360 

Room 

calorimeter 

Windows closed; 

tank has 10 L of 

gasoline fuel. 

12,9 -0,04 3633 25 4860 221 
Okamoto, 

K. (2009). 

Compact

5 
Unknown 1990s 1360 

Room 

calorimeter 

Windows closed; 

Tank has 20 L of 

gasoline fuel. 

0,6 -0,081 1990 67 4930 224 
Okamoto, 

K. (2009). 

Compact

6 
Unknown 1990s 1360 

Room 

calorimeter 

0.28 m^2 left 

front window 

opened; Tank has 

10 L of gasoline 

fuel. 

1 -0,097 3039 55 5040 229 
Okamoto, 

K. (2009). 

Compact

7 

Ford 

Fucus 
2002 1197 

Room 

calorimeter 

All passenger 

windows closed, 

bonnet closed 

after fire has 

established. 

3,4 -0,084 4800 37,5 N/A N/A 

Building 

Research 

Establishm

ent. 

(2010). 

Medium1 Unknown 

Undetermined 

(between 1970-

late 1990s) 

1380 
Open 

calorimeter 

Driver and 

passenger 

windows rolled 

down 10 cm 

2,8 -0,082 4073 38,3 6144 192 
Shintani, Y. 

(2004). 

Medium2 

Peugeot 

406 

Berline 

1994 1382 
Corner 

calorimeter 
N/A 6,1 -0,161 8283 36,9 7000 255 

Joyeux, D. 

(2002). 

Medium3 
Peugeot 

406 Break 
1994 1454 

Corner 

calorimeter 
N/A 7,3 -0,207 9854 37,9 6806 262 

Joyeux, D. 

(2002). 

Medium4 Unknown 

Undetermined 

(between 1970-

late 1990s) 

1470 
Open 

calorimeter 

Driver and 

passenger 

windows rolled 

down 10 cm 

1,7 -0,011 3650 46,9 5960 186 
Shintani, Y. 

(2004). 

Medium5 
Renault 

Laguna 

Undetermined 

(between 1993-

1999) 

1380-

1550 
N/A 

60 l of fuel was in 

the fuel tank 
12,9 -0,066 8354 26 6700 N/A 

Marlair, G. 

(2008). 
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Heavy1 
Honda 

Accord 
1998 1649 

Open 

calorimeter 

All doors closed 

and front door 

windows raised, 

left and right rear 

door glass broken 

- - 780 2,6 1816 N/A 
Santrock, 

J. (2003). 

Heavy2 
Honda 

Accord 
1998 1738 

Open 

calorimeter 

Windshield and 

right front door 

glass broken 

- - 1189 27,1 199 N/A 
Santrock, 

J. (2003). 

Heavy3 
Chevrolet 

Camaro 
1997 1811 

Open 

calorimeter 

Left side door 

window and rear 

compartment lift 

window were 

shattered, gap 

between the 

bottom of the left 

door and frame 

- - 1181 3,8 130 N/A 
Santrock, 

J. (2002a). 

Heavy4 

Chevrolet 

Camaro 

(modified) 

1999 1848 
Open 

calorimeter 

Doors closed with 

windows raised to 

full closed 

position, right 

window glass 

(passenger door) 

of the vehicle 

broken 

- - 2973 12,7 445 N/A 
Santrock, 

J. (2002a). 

Heavy5 
Chevrolet 

Camaro 
1999 1848 

Open 

calorimeter 

Doors closed with 

windows raised to 

full closed 

position, right 

window glass 

(passenger door) 

of the vehicle 

broken 

- - 3173 12,9 540 N/A 
Santrock, 

J. (2002a). 
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Heavy6 
Chevrolet 

Camaro 
1997 1849 

Open 

calorimeter 

Windshield and 

right door 

window were 

broken and a 

section of the 

weld seam 

between the floor 

pan and inner 

rocker panel was 

separated 

- - 1161 16 233 N/A 
Santrock, 

J. (2002a). 

Heavy7 Unknown 

Undetermined 

(between 1970-

late 1990s) 

1920 
Open 

calorimeter 

Driver and 

passenger 

windows rolled 

down 10 cm 

2,8 -0,067 3332 34,4 7648 239 
Shintani, 

Y.(2004). 

Sport-

utility 

vehicle1 

Ford 

Explorer 
1998 2232 

Open 

calorimeter 

Pass through 

openings under 

left front seat; 

shift lever; drain 

holes, left door 

and door sills 

- - 484 4,3 90 N/A 
Santrock, 

J. (2002b). 

Sport-

utility 

vehicle2 

Ford 

Explorer 
1998 2249 

Open 

calorimeter 

Window openings 

on the left and 

right quarter 

panels; additional 

opening on the 

rear lift gate, left 

rear door, door 

frames and seams 

along the rear 

compartment 

floor panels 

- - 1337 2,5 131 N/A 
Santrock, 

J. (2002b). 

Multi-

purpose 

vehicle1 

Plymouth 

Voyager 
1996 1946 

Open 

calorimeter 

Rear hatch 

window broken, 

left rear vent 

window open, left 

- - 4797 4,6 421 N/A 
Santrock, 

J. (2002b). 
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rear quarter panel 

cracked from 

crash 

Multi-

purpose 

vehicle2 

Dodge 

Caravan 

Sport 

1996 1981 
Open 

calorimeter 

Driver and 

passenger 

window slightly 

open 

- - 1545 10,7 254 N/A 
Santrock, 

J. (2001). 

Multi-

purpose 

vehicle3 

Unknown 

(minivan) 
1995 N/A 

Open 

calorimeter 

Driver and 

passenger 

window open 

- - 2405 2,3 459 N/A 
Stroup, D. 

W. (2001). 

Multi-

purpose 

vehicle4 

Renault 

Espace 

Undetermined 

(between 1984-

late 1990s) 

1170-

1780 

Parking 

garage 
N/A 84,7 -0,084 4270 15,8 5028 201 

van Oerle, 

N. J. 

(1999). 

Multi-

purpose 

vehicle5 

Renault 

Espace 
2001 

1170-

1780 

Room 

calorimeter 

All passenger 

windows closed, 

bonnet closed 

after fire has 

established. 

2,1 -0,135 3800 54 N/A N/A 

Building 

Research 

Establishm

ent. 

(2010). 

Multi-

purpose 

vehicle6 

Unknown 1990s 1440 
Room 

calorimeter 

All windows 

closed, 10 L fuel 

in tank 

1,2 -0,069 3633 62,2 N/A N/A 
Okamoto, 

K. (2013). 

Multi-

purpose 

vehicle7 

Unknown 1990s 1440 
Room 

calorimeter 

All windows 

closed, 10 L fuel 

in tank 

1,2 -0,061 3109 59,4 N/A N/A 
Okamoto, 

K. (2013). 

Multi-

purpose 

vehicle8 

Unknown 1990s 1440 
Room 

calorimeter 

All windows 

closed except left 

front window 

which is 20 cm 

opened, 10 L fuel 

in tank 

10,1 -0,046 4134 20,2 N/A N/A 
Okamoto, 

K. (2013). 



 


