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Abstract 

The current design methods used to determine fire progression and temperature-time 

development in fire compartments today are being questioned to not give accurate results 

in large and complex enclosures (larger than 500 m2). The established design methods 

proposed by Eurocode and used by fire safety engineers today are primarily the standard 

temperature-time curve and the parametric temperature-time curves. The parametric 

temperature-time curves are based on the heat and mass balance equations and both 

methods assume homogenous temperatures and uniform burning. These assumptions are 

being questioned for use in large enclosures such as open-plan compartments and 

compartments with multiple floors connected which are typically modern and common 

building types in today’s society.  

 

Today there are no established design methods developed to determine fire progression in 

large enclosures, but the Improved Travelling Fire Method (iTFM) and the New MT model II 

are new, alternative design methods which are prospects to become established engineering 

tools in the future. The iTFM is developed at the University of Edinburgh for travelling fires in 

large size compartments and the New MT model II is developed by RISE, Research Institutes 

of Sweden, for large tunnel fires. These two new design methods have been investigated 

and compared to established methods in a case study. Also localised fires from Eurocode 

with proposed interpretations by Ulf Wickström has been investigated and compared to the 

standard temperature-time curve and the parametric temperature-time curves. The new 

interpretation suggests that the given heat flux boundary conditions in Eurocode  are 

interpreted as adiabatic surface temperatures based on given emissivities and convection 

heat transfer coefficients according to Eurocode.  

 

Through a case study the different methods were compared throughout reference buildings 

with constant material properties and fire loads, but with varying floor area and height. The 

result focused on if the new methods have more bearing on reality than the standard fire 

curve and the parametric temperature-time curves methods when determining fire 

progression and temperature-time development. Desired benefits with the new methods 

are to better predict and describe fire development in large enclosures. The reference 
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buildings were considered as occupancy class 2 (Vk2) and Br2 buildings with a load bearing 

fire resistance capacity demand of 30 minutes. This report is an early stage in the process of 

developing new fire models to improve the fire designing process when working with large 

compartments. The aim with the new, alternative methods and localised fires with proposed 

interpretation  is to enable them to become engineering tools used by fire safety engineers 

in the future to create a more efficient and adapted design process. 

 

The results differ significantly depending on used method and reference building. The 

maximum temperatures conducted by the iTFM are in general higher than the standard fire 

curve and the parametric temperature-time curves. When applying the method to the 

reference building with high ceiling height and low spread rate the resulting temperatures 

were lower than the standard fire curve. The fire progression of the New MT model II is 

highly dependent on opening factor and time until temperature increase starts. In 

comparison to the parametric fire curves with the same opening factors the New MT model 

II resulted in considerably faster temperature development and higher temperatures. 

Localised fires with the new proposed interpretations resulted in adiabatic surface 

temperatures which were compared to the standard temperature-time curve after 30 

minutes of fire and the maximum temperature of the parametric temperature-time curves. 

The comparison resulted in slightly lower temperatures for the localised fires with the new 

proposed interpretations compared to the standard temperature-time curve and similar 

temperatures compared to the parametric temperature-time curves in the case study. 

 

The results of the iTFM and the New MT model II differs significantly depending on physical 

parameters used in the calculation processes. The models are customizable and vary 

depending on fire scenarios and compartments and could possibly be future alternative 

methods when designing for fires in large compartments. Further studies and development 

together with real fire tests would provide the models with better accuracy and continuity. 

Localised fires with proposed new interpretations are a future prospect to become a future 

standard method for determination of maximum temperature of member surfaces in fire 

safety design. 
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Sammanfattning 

De metoder som idag används för att ta fram dimensionerande brandförlopp och 

temperaturutveckling i brandceller ifrågasätts för att inte ge rimliga resultat i stora 

brandceller (större än 500 m2). De befintliga metoderna föreslagna i Eurokod som används 

av brandingenjörer idag är främst standardbrandkurvan och parameterberoende 

temperatur-tidförlopp. Parameterberoende temperatur-tidförlopp är baserad på värme- och 

massbalansekvationer och båda metoderna antar enhetlig och homogen brand- och 

värmeutveckling. Det är i huvudsak dessa antaganden som ifrågasätts vid dimensionering av 

större brandceller med exempelvis öppna planlösningar och brandceller som sträcker sig 

över flera våningsplan. Den arkitekturella utvecklingen i dagens samhälle går mot större 

brandceller med stora öppna ytor vilket gör frågan om dimensionerande brandförlopp och 

temperaturutveckling aktuell. 

 

Det finns idag inga befintliga metoder utvecklade för framtagning av brandförlopp och 

temperaturutveckling i stora brandceller men Improved Travelling Fire Method och New MT 

Model II är nya, alternativa metoder som i framtiden kan komma att bli etablerade 

dimensioneringsmetoder. iTFM är en metod framtagen genom forskningsprojekt vid 

Edinburghs Universitet för vandrande bränder i stora brandceller och New MT Model II är en 

modell framtagen vid RISE Research Institutes of Sweden  i Sverige för bränder i tunnlar. 

Dessa två modeller har undersökts i detta arbete och sedan jämförts med befintliga metoder 

i en fallstudie. Även lokal brand från Eurokod med föreslagna tolkningar av Ulf Wickström 

har undersökts och jämförts med standardbrandkurvan och parameterberoende 

temperatur-tidförlopp. Lokal brand med de föreslagna tolkningar använder 

beräkningsmetoden för lokal brand i Eurokod och tolkas av Wickström för att bestämma 

adiabatiska yttemperaturer som kan användas vid brandteknisk dimensionering.  

 

En fallstudie som jämför de olika metoderna utfördes i detta arbete genom olika 

referensbyggnader med konstanta materialegenskaper och brandbelastning, men med 

varierande golvarea och höjd. Resultatet inriktades på att undersöka huruvida de nya 

metoderna bättre speglar verkligheten än de befintliga metoderna gällande framtagning av 

brandförlopp och temperaturutveckling. Önskade förbättringar med de nya metoderna är 
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att bättre kunna förutspå och beskriva bränders utveckling i stora utrymmen. 

Referensbyggnaden som togs fram och användes tillhörde verksamhetsklass 2 (Vk2) och var 

en Br2 byggnad med bärighetskrav på 30 minuter. Denna rapport är ett arbete i ett tidigt 

skede av en större process för att utveckla metoder för att förbättra arbetet kring 

brandprojektering i stora lokaler. Det framtida målet med nya, alternativa metoder är att 

möjliggöra dem som framtida ingenjörsmässiga verktyg för att skapa en effektivare och mer 

anpassad projekteringsprocess.   

 

Resultaten skiljer sig avsevärt beroende på vilken metod och vilken referensbyggnad som 

används. De högsta temperaturerna som beräknades med hjälp av iTFM var generellt sett 

högre än de temperaturer som beräknades genom de befintliga metoderna så som 

standardbrandkurvan. Då den användes på referensbyggnaden med stor golvarea, hög 

takhöjd och låg spridningsgrad då temperaturerna blev lägre än de från 

standardbrandkurvan. För New MT Model II är brandutvecklingen starkt beroende av 

öppningsfaktor och tid tills temperaturökning startar.  Jämförelser med parameterberoende 

temperatur-tidförlopp med samma öppningsfaktorer resulterar i att New MT Model II ger 

ett snabbare brandförlopp och högre temperaturer. Lokal brand med nya föreslagna 

tolkningar resulterar i adiabatiska yttemperaturer vilka jämfördes med uppnådd temperatur 

efter 30 minuter brand enligt standardbrandkurvan och maximalt uppnådd temperatur hos 

parameterberoende temperatur-tidförlopp enligt Eurokod. Lokal brand med nya föreslagna 

tolkningar resulterade i lägre temperaturer än standardbrandkurvan och liknande 

temperaturer jämfört de parameterberoende temperatur-tidförloppen i fallstudien. 

 

Resultaten för iTFM och New MT model II skiljer sig betydligt beroende på vilka fysiska 

parametrar som används i beräkningsprocesserna. Dessa metoder är anpassningsbara och 

varierar beroende på brandscenario och lokal vilket gör att de möjligtvis skulle kunna bli 

framtida alternativa metoder vid dimensionering av brandförlopp i stora lokaler. Fortsätta 

studier och utveckling samt riktiga brandtester skulle förbättra metoderna och resultera i 

större noggrannhet och kontinuitet. Lokal brand med nya föreslagna tolkningar är under 

utveckling för att möjligtvis bli en framtida metod använd för att bestämma maximala 

temperaturer hos konstruktionsdelars ytor vid brandteknisk dimensionering.  
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Nomenclature 

Roman uppercase  
𝐴𝑓 is the total surface area of the floor    [m2] 

𝐴0 is the area of openings in the compartment    [m2] 

𝐴𝑡 total area of enclosure (walls, ceiling and floor, including openings)  [m2] 

𝐴𝑣 is the total area of vertical openings on all walls    [m2] 

𝐴𝑤 is the total internal area except the openings    [m2] 

𝐶 is a constant calculated for each fire case   [-] 

𝐷  is the diameter of the fire     [m] 

𝐻 is the distance between the fire source and the ceiling  [m] 

𝐻𝑒𝑓 is the effective height      [m] 

𝐻0 is the height of the openings in the compartment    [m2] 

𝐿𝑡
∗ ∗ is the dimensionless fire size depending on the location of the leading edge of the fire [-] 

𝐿 is the length of compartment     [m] 

𝐿𝑓 is the flame lengths of a localised fire    [m] 

𝐿𝑓,𝑚𝑖𝑛/𝑚𝑎𝑥 is the min or max possible fire size in terms of length along the fire path [m] 

𝐿ℎ is the horizontal flame length     [m] 

𝑂 is the opening factor      [m1/2] 

𝑄 is the heat release of the fire     [W] 

�̇� is the corresponding heat release rate    [kW] 

𝑄𝑐 is the convective heat release     [W] 

𝑄𝐻
∗ is the heat release rate coefficient related to the height of the compartment[W] 

𝑄𝐷
∗ is the heat release rate coefficient related to the diameter  [W] 

𝑇0 is the ambient temperature    [K] 

𝑇 is the gas temperature      [K] 

𝑇𝑛𝑓 is the near field temperature     [°C] 

𝑇𝑓𝑓 ,  is the far field temperature     [°C] 

𝑊 is the width of compartment     [m] 

Roman lowercase 
𝑏 is the thermal absorptivity    [J/m2s1/2K]  

𝑐 is the heat capacity      [J/kgK] 
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𝑐𝑝 is the heat capacity of air     [J/kgK] 

ℎ𝑖  is the height of the vertical opening i    [m] 

ℎ𝑒𝑞 is the weighted average of window heights on all walls   [m] 

𝑘 is the conductivity      [W/mK] 

�̇�𝑔 is the mass flow rate      [kg/s] 

𝑠𝑚𝑖𝑛/𝑚𝑎𝑥 is the minimum or maximum realistic fire spread rate in building fires  [m/s] 

𝑡 is the time      [h] 

tb is the local burning time     [h] 

𝑡01 is the time corresponding to a temperature rise of 800 °C for a known heat release rate 

[s] 

𝑡02 is the time it takes for the gas temperature to reach a temperature rise of 800 °C if the 

structure is immersed in large flames from the beginning   [s] 

𝑡𝑐 is the corrected time      [s] 

𝑡𝑙𝑖𝑚 is the fire growth rate     [min] 

𝑡𝑙𝑖𝑚 is the maximum time for a fuel controlled fire   [h] 

𝑡𝑚𝑎𝑥 is the maximum duration of the heating phase   [h] 

𝑡∗ is the expanded time coefficient    [h] 

𝑢0 is the longitudinal ventilation velocity    [m/s] 

𝑞𝑓 is the fuel load density     [MJ/m2] 

𝑞𝑡,𝑑 is the design value of the fire load density of the total surface area [MJ/m2] 

𝑞𝑡,𝑑 is the fire load density related to the surface area of the floor  [MJ/m2] 

𝑟 is the horizontal distance between the vertical axis of the fire and the point along the 

ceiling where the thermal flux is calculated   [m] 

𝑥 is the location of interest in the compartment    [m] 

𝑦 is a dimensionless parameter    [-] 

𝑧 is the height along the flame axis     [m] 

𝑧0 is the virtual origin of the axis     [m]  

𝑧′ is the vertical position of the virtual heat source   [m] 

Greek uppercase 
Γ is the expansion coefficient     [-] 

Θ𝐴𝑆𝑇 is the adiabatic surface temperature   [°C] 
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Θ𝑚 is the temperature of the member surface    [°C] 

ΔT𝑎𝑑 is the adiabatic flame temperature for diffusion flames   [°C] 

ΔT′
𝑎𝑑 is the modified adiabatic flame temperature    [K] 

Φ is the configuration factor    [-] 

Greek lowercase 
𝛼 is the fire growth coefficient     [-] 

𝛼𝑐 is the coefficient of heat transfer by convection   [W/m2K] 

𝛽 is a dimensionless parameter     [-] 

𝜀 emissivity       [-] 

𝜀𝑚 is the surface emissivity of the member   [-] 

𝜀𝑓  is the emissivity of flames of the fire    [-] 

𝜃𝑔 is the gas temperature in the fire compartment   [°C] 

𝜃(𝑧) is the temperature in the plume along the symmetrical vertical flame axis [°C] 

𝜆 is the thermal conductivity    [W/mK] 

𝜌 is the density     [kg/m3] 

𝜎 is Stefan-Boltzmann constant (5.67*10-8)    [W/m2K] 

𝜑 correlation factor     [-] 
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1. Introduction 

The modern way of building with large enclosures, high ceilings, atria, open-plan 

compartments and multiple floors connected challenges the traditional structural fire 

engineering methods. In many types of new or redesigned old buildings such as theatres, 

train stations, sport halls and shopping malls the engineering tools available for structural 

fire engineering design are outside the application limits (Stern-Gottfried, Rein 2012a). The 

assumptions of homogenous temperatures and uniform burning used in traditional design 

methods are questioned regarding their applicability in large buildings. Today there are no 

alternative design methods available to fire engineers, which complicate the fire design 

process in several ways. Uncertainty and lack of equivalency of the designing process are 

two possible consequences when appropriate tools and guidance lack for engineers to use. 

Fire engineers should have a clear and common ground to stand on when designing for fire 

to avoid and reduce the risk of misinterpretations of the design methods which could cause 

uneven results depending on who is designing.  

 

In this master thesis, established methods for determination of fire progression and 

temperature-time development in fire compartments are presented with background, 

calculation procedure, advantages and disadvantages. The most commonly used methods 

today are the standard fire curve and the parametric temperature-time curves from 

Eurocode 1991-1-2 which have been calculated for two reference buildings. These methods 

are compared to new, alternative methods of determination of fire progression and 

temperature development. The new, alternative methods investigated are Improved 

Travelling Fire Method (iTFM) developed at the University of Edinburgh with focus on 

travelling fires in large size fire compartments and New MT model II developed at RISE 

Research Institutes of Sweden for tunnel fires. 

 

Another method possible to use in fire safety engineering to determine temperatures of 

member surfaces is localised fires from Eurocode, SS-EN 1991-1-2. The calculation method 

for localised fires has been interpreted by Wickström by introducing the theory of adiabatic 

surface temperatures to the model. By implementing an adiabatic surface temperature, the 
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ultimate temperature a member surface can reach can be determined according to 

Wickström’s proposed calculation procedure. With the interpretation suggested by 

Wickström of the localized fire according to Eurocode, the standard temperature-time curve 

after 30 minutes of fire and the maximum temperature for parametric temperature-time 

curves with chosen opening factors was compared. 

1.1 Purpose of the study 

The purpose of this study is to find, choose and investigate new, alternative methods for 

determination of fire progression and temperature-time development in large size 

compartments. The requirements of the investigated methods focused on that they should 

be developed for large size compartments and that they should differ from the established 

methods. Desired qualities of the new methods are bearing on reality, time-cost 

effectiveness and reliability. There are no full scale experiments of large compartments to 

compare the results of the new investigated methods to. The bearing of reality will in this 

work regard the underlying parameters of the methods, if the methods were developed 

through tests, what parameters the methods regard when calculating temperatures and 

what assumptions are made in the methods. The time-cost effectiveness is a secondary 

aspect which lies in the background of the most important parameters; safety and bearing 

on reality. It is an aspect that is of interest when the safety and reliability of a method is 

secured, the method does not have to be excessive conservative.   

 

The new methods are compared to established methods that are used and accepted in fire 

safety design today. The comparison is accomplished through a case study of large size 

compartments where aspects such as size, fire load, opening factor and application limits are 

investigated. The purpose of the comparison is to explore the new, alternative methods and 

determine if there are advantages enough for further investigation and development of the 

new, alternative methods concerning several aspects. The possibilities and suitability for the 

new methods to become accepted engineering tools used in fire safety design in the future 

are investigated as well. 
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1.2 Research questions 

This master thesis aims to answer the following questions: 

 

 What are the established design methods for determination of fire progression and 

temperature-time development in fire compartments used today and particularly 

used for large size compartments? How do these methods work? 

 Are there any new, alternative methods or research projects developed for 

determination of fire progression and temperature-time development for large size 

compartments? How do these methods work? 

 How do the established and the new, alternative methods differ concerning aspects 

connected to bearing on reality, user-friendliness, time-cost effectiveness, function 

and safety? 

 Are there enough advantages with the new, alternative method that further 

investigations and development are proposed? 

 Are the new, alternative methods suitable and/or possible to become accepted 

engineering tools used in fire safety design for determination of fire progression and 

temperature-time development in the future? 

1.3 Boundaries of the report 

In the first part of the study several established methods for determination of fire 

progression and temperature-time development was found and briefly investigated. The 

standard temperature-time curve, parametric temperature-time curves and localised fires 

from SS-EN 1991-1-2 were chosen for further investigation and later used in the case study. 

The reasons for choosing these three methods for further investigation are that the standard 

fire curve and the parametric fire curves are by far the most used methods in fire safety 

design today. Localised fires were chosen because it is a method presented in Eurocode but 

not frequently used due to the uncertainties in the calculation procedure. Wickström has 

proposed an interpretation for the calculation procedure which determines ‘heat flux’ in 

terms of ‘adiabatic surface temperature’. The proposed interpretation by Wickström is not 

an alternative to the established methods but one way of interpreting localised fires in SS-EN 

1991-1-2 by prescribing values for the emissivity and convection heat transfer coefficient 

necessary for calculations. It was therefore further investigated and used in the case study.  
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Several new, alternative methods were found in the second part of the study which focused 

on finding new methods to predict fire development in large size compartments. Two 

methods were chosen to be further analysed based on desired qualifications. The chosen 

methods were the improved travelling fire method (iTFM) and the MT model II. The iTFM is 

an improvement of the earlier model Travelling fire method and was chosen because of its 

main purpose to develop temperature-time development in large size compartments. The 

MT model II was chosen because it is a method under development and part of a research 

programme at the Research Institute of Sweden. Its main purpose is to determine fire 

progression and temperatures in large tunnel fires, but with some changes proposed by the 

authors of the method, it is expected to be applicable in large size compartments. 

 

In the case study two reference buildings with floor areas of 500 m2 and 5 000 m2 were used 

for comparison between the investigated methods. 500 m2 floor area was chosen because it 

is the limitation for parametric fire curves according to SS-EN 1991-1-2 and a usual 

compartment size in buildings today. 5 000 m2 floor area of a fire compartment is large but 

was chosen because architects trend tends to design larger fire compartments and it is a fire 

compartment size that can be found in buildings today. The ceiling height of the reference 

building was set to a constant height of 4 m and 8 m in all calculations to produce results 

useful for comparisons. The material was set to concrete in all calculations where it was 

required in the calculation process. Concrete was chosen because it is a widely used building 

material and a material easy to find correct material properties for. Selecting the material of 

walls, floor and roof to concrete when calculating temperature-time development results in 

lower fire temperatures than other common materials, such as insulation, gypsum or wood.  

To use material properties for concrete when calculating parametric temperature-time 

curves results in slower temperature-time development and lower temperatures compared 

to if material properties for example gypsum or wood had been used. Heat release rate, fire 

load, fire load density and fire growth rate was required in the different calculation models. 

To produce similar fire effect and intensity in all calculation methods a medium fire growth 

rate was assumed and a fire load according to an expected fire in an occupancy class 2 (Vk2) 

compartment was used.   
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2. Theory 

This section briefly explains the historical development of temperature-time curves and the 

background to why this study was produced. The established and the new, alternative 

methods selected for further investigation and use in the case study are presented with 

background and calculation procedure. Research and fire tests in large scale fire 

compartments and a survey concerning the limitations of parametric temperature-time 

curves highlights why new methods to determine fire progression and temperature-time 

development in large size compartments are needed. The building regulations affecting the 

choice of method used in the dimensioning and design process is also presented. 

 

The main differences between fires in small and large size compartments are how the 

temperature are distributed in the compartments. If fire occurs in a small compartment a 

flashover is expected to take place and the temperature distribution is assumed to be 

uniform within the compartment. Fires in large size compartments on the other hand are 

more difficult to predict regarding temperatures and exposure times, i.e. for how long will 

the structure be exposed to elevated temperatures. The probability for a flashover to occur 

in large compartments is less than in small compartments and a general assumption of 

uniform temperature distribution is therefore less realistic. 

 

The majority of the existing fire models are based on experiments carried out in small 

compartments or as small scale tests. These experiments were carried out with few 

temperature measurements and with very limited instrumentation compared to the 

instrumentation used today. The fire models were also produced in a time when 

compartments and buildings in general were smaller than they are today. The assumption of 

homogeneous temperature distribution and uniform burning has been proved to be 

incorrect according to the series presented in section 2.2 Fire tests in large scale 

compartments below which causes inconveniences in the design process of large 

compartments.  
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2.1 The standard temperature-time curve 
In the early age of fire testing, at the end of the 19th century, laboratories around the world 

used their own methods for specifications of temperatures in fire tests. The general way was 

to maintain the temperature at an average above a certain temperature according to 

laboratories own prescriptions. In the beginning of the 20th century, different ideas of a 

world-wide standard method for fire testing came from both Europe and the US. In 1918 the 

first prescribed temperature-time curve was published in the US. The background idea was 

that it is not adequate to only specify that an average temperature must be greater than 

some prescribed value when a furnace does not heat up instantaneously. Instead the idea 

was that the initial heating rate should be reproducible and follow a standard temperature-

time development. The presented prescribed temperature-time curves was produced by an 

idealization of earlier fire curves, see Figure 1, and was first named C19, later designated 

E119. The curve assumes a uniform heating of the building elements and does not have a 

cooling phase. The curve has not been changed since it was first published and is still in 

practice in the US entitled ASTM E119. Noticeable is that the prescribed standard 

temperature-time curve was determined in the US when no knowledge regarding actual 

temperatures in building fires or variables controlling fires were known. (Babrauskas, 

Williamson 1978) 

 

Figure 1. The determined standard ASTM E119 fire curve (solid line) compared to other fire 

curves (Babrauskas, Williamson 1978) 
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The standard temperature-time curve and associated test methods have formed the basis 

for the fire rating systems in most building codes and standards worldwide using very similar 

curves to the one published 1918 such as the test standards ISO 834 and BS 457-20. (Fire 

Safety Advice Centre 2011) 

2.2 Fire tests in large scale compartments 
Fire tests in buildings are expensive and the larger the building, the more expensive the tests 

are. Because of the costs and the fact that fire research is not a big or old research area 

there are not a lot of test results to compare calculated results against. The lack of reliable 

test results produces unsureness when producing methods to determine fire progression 

and temperature-time development, i.e. bearing on reality in compartment fires. A test 

series conducted in Cardington 1993 are often used and referred to in scientific publications 

and articles discussing the fire development in compartments and buildings. In the report 

Travelling fires for structural design – Part I: Literature review (Stern-Gottfried, Rein 2012a) 

which is the background to the iTFM, the Cardington test are referred to as well 

instrumented tests with results that clearly show temperature difference in compartment 

fires. The test series are presented below in Table 1, with method, results and comparisons 

to the parametric temperature-time curves.  

 

In 1993 a series of fire tests was conducted in Cardington by the British Steel Technical and 

the Building Research Establishment at a testing facility to simulate the behaviour of natural 

fires in large scale compartments (Kirby, Wainman et al. 1994). The results were presented 

in a report entitled Natural Fires In Large Scale Compartments published 1994. The tests 

were conducted in compartments with a length of 23 m, width of 6 m and height of 3 m with 

the aim to represent a slice of a larger compartment with a depth of 46 m, infinite width and 

an effective internal depth to height ratio of 16:1. One of the aims of the test programme 

was to investigate if the relationship for time equivalence of fire severity in Eurocode 1 could 

be applied to large compartments. In 1993 the Eurocode concept was under progression and 

the draft of Eurocode 1, Eurocode 1: Part 10 Action on Structures Exposed to Fire: Part 10A 

General Principles and Nominal Thermal Actions, later and today named Eurocode 1: Actions 

on structures – Part 1-2: General actions – Actions on structures exposed to fire were used in 

comparison to the test results. For example, the parametric temperature-time curves were 
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taken from Eurocode for average atmosphere temperatures compared to test results shown 

later in the chapter.  

 

In the test programme nine fire tests were conducted with changing parameters for 

ventilation conditions, fire load density, size of ignition source, lining material and 

compartment geometry. Ventilation was provided at one end of the compartment differing 

from fully open in width and height to reduced opening of 20 % at one end. In Figure 2 one 

of the tested compartments are shown with ventilation provided at one end fully open in 

width and height. The opening size was controlled by lightweight concrete blocks blocking 

the opening to desired size in each test. The fire load consisted of 33 pieces of 1 m2 

softwood cribs distributed in 3 lines to provide a uniform fire load density in all tests except 

test 7 where 9 pieces of cribs were used. Both growing fires which were ignited at the back 

(crib line 1) of the compartment, see Figure 3, and simultaneous ignition of all cribs at once 

was performed.  (Kirby, Wainman et al. 1994) 

 

 

Figure 2. Ignition of the cribs at the back of the test compartment (Kirby, Wainman et al. 

1994) 

Test 1-4 were conducted in the full-size test compartment with walls and ceiling lining of 

ceramic fibre. The ventilation for Test 1 and 2 was 100 % open at one end and for Test 3 and 

4 50 % open at one end. The fire load densities in Test 1 and 4 were 40 kg/m2 and 20 kg/m2 

in Test 2 and 3.  Test 5 was conducted in the full-size test compartment with walls and 

ceiling lining of ceramic fibre. The ventilation was 25 % open at one end together with a fire 
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load density of 20 kg/m2. Test 6, see Figure 4, was conducted in the full-size test 

compartment with walls and ceiling lining of ceramic fibre. The ventilation was 12.5 % open 

at one end together with a fire load density of 20 kg/m2. In test 1-6 up to three cribs at the 

rear of the compartment (crib line 1) was ignited allowing the fire to behave naturally. Test 7 

was conducted in a compartment of 25 % of the full-size test compartment with walls and 

ceiling lining of ceramic fibre. The ventilation was 25 % open at one end together with a fire 

load density of 20 kg/m2. All nine wood cribs were ignited at once. Test 8 repeated test 2 but 

with walls and ceiling lining of plasterboard with a slightly smaller compartment and a 

slightly larger fire load density of 20.6 kg/m2. Test 9 repeated test 2 but with simultaneous 

ignition of all 33 wood cribs at once. (Kirby, Wainman et al. 1994) 

 

Table 1. Summary of the parameters adopted in the natural fires test programme  conducted 

in Cardington and the time equivalent predictions based upon draft Eurocodes dated 

September 1992 and April 1983 (Kirby, Wainman et al. 1994) 

 

Three measuring stations placed in the back (crib line 2), the middle (crib line 6) and the 

front (crib line 9), see Figure 3, measured gas temperatures and the temperatures of 

protected and unprotected steel members. Horizontal temperature profiles were measured 

across the width of the compartment at the three measuring stations. Vertical temperature 

profiles were measured at the three measuring stations directly above the middle cribs and 

in between two cribs. Five thermocouples were placed in the vertical direction for each 

vertical temperature profile. Measurements of steel temperatures for unprotected and 

protected beams and columns were also made in the test programme. (Kirby, Wainman et 

al. 1994) 
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Figure 3. Compartment used in Test 1-6 and 8-9 with crib lines 1-11 and back, middle and 

front measuring stations shown (Kirby, Wainman et al. 1994) 

 

 

Figure 4.Fully developed fire with 20 % ventilation at Test 6 (Kirby, Wainman et al. 1994) 
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The horizontal temperature profiles of the width of the compartment were measured at 

three stages during the tests. Figure 5 shows the horizontal temperature profile for Test 2 

after 15.5, 23.0 and 53.5 minutes for crib line 2, 6 and 10. The profiles generally resulted in 

uniform temperature distribution at each measuring station and reflect the even rates of 

combustion once the fires were fully developed. The vertical temperature profiles measured 

above and between crib lines gave the highest temperatures 0.3 meters below the roof at 

1.6-2.0 m above the top surface of the cribs. 

 

 

Figure 5. Horizontal temperature profiles of the hot gases on crib lines 2, 6 and 10 (Kirby, 

Wainman et al. 1994) 

In the test programme the calculated parametric temperature-time curves from Eurocode 

was compared to the test results. Two parametric temperature-time curves were calculated 

for each of the nine tests. One with thermal properties of the actual boundary materials in 

the test compartment of the linings coupled with concrete walls and roof. The other 

parametric temperature-time curve was calculated with thermal properties of only the 

lining. In all tests the two parametric temperature-time curves was compared with the 

average atmosphere temperatures recorded at the three measuring stations in the test 

compartment at crib line 2, 6 and 10. (Kirby, Wainman et al. 1994) 
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The parametric temperature-time curves with actual boundary materials gave slower fire 

growth and higher temperatures than the ones with thermal properties for only lining. The 

calculated temperature-time curves underestimated the fire behaviour from the real tests. 

Figure 6, Figure 7 and Figure 8 show the results from Test 2, 6 and 9. In the conclusions of 

the report the authors state that a compartment fire could be described by a single 

temperature-time curve based on a different method than parametric temperature-time 

curves and suggests further work in the area. (Kirby, Wainman et al. 1994) 

 

 

Figure 6. Average atmosphere temperature-time profiles for fire test 2 (Kirby, Wainman et al. 

1994) 
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Figure 7. Average atmosphere temperature-time profiles for fire test 6 (Kirby, Wainman et al. 

1994) 
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Figure 8. Average atmosphere temperature-time profiles for fire test 9 (Kirby, Wainman et al. 

1994) 

The fire tests produced in Cardington 1993 clearly proves that the temperature distribution 

in fire compartments is non-uniform. The temperatures had a standard divination of around 

200 °C in the vertical temperature profiles, indicating that the assumption of homogenous 

temperature in fire compartments is a large simplification. The test series also show that the 

parametric temperature-time curves does not always produce conservative fire 

development which can lead to unsafe design of building structures. (Kirby, Wainman et al. 

1994). 

 

Other well-known fire tests in large compartments are statistical analyses of fire tests 

conducted in Cardington 1999 (Lennon, Moore 2003) and Dalmarnock 2006 (Abecassis-

Empis et. al. 2007) which show that uniform conditions are not present in compartments 

exposed to fire and that the assumption of a homogeneous temperature does not hold well 

in post-flashover fires (Stern-Gottfried, Rein et al. 2010). The tests performed in Cardington 

and Dalmarnock were well instrumented and showed large differences in temperature 
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distribution and the results clearly showed non-uniform temperature distribution in 

compartments and that variation from the compartment average exists in real post 

flashover fires. The peak local temperatures measured were 23-75 % higher than the 

average of the compartment and the minimum local temperatures varied 29-99 % below the 

spatial average of the compartment. (Stern-Gottfried, Rein et al. 2010).  

2.3 Accidental fires in large compartments  
Real, accidental fires in large size compartments and buildings have in several cases shown 

that they do not burn as fires in small size compartments where uniform burning and 

homogeneous temperatures can be assumed and used in the design process. Discoveries 

from accidental fires in large, open-plan compartments rather show that they do not burn 

simultaneously in the entire compartment, they more alike tend to move across areas as 

flames spread (Stern-Gottfried, Rein 2012a). This moving fire development has been 

observed in buildings such as World Trade Centre 1, 2 and 7 in New York 2001, the Windsor 

Tower in Madrid 2005 and the Faculty of Architecture building at TU Delft in the Netherlands 

2008 to mention some. All of these buildings have had fires travelling across floor plans and 

vertically between floors. Due to the travelling nature of the fires it can be assumed that the 

temperature distribution was non-uniform. Investigations by the National Institute of 

Standards and Technology (NIST) of Tower 2 of the World Trade Centre made throughout 

simulations show temperature variations within single fire compartments of several hundred 

degrees Celsius (Stern-Gottfried 2011).  

 

In buildings where a travelling fire movement have been observed the duration time in most 

cases have been very long in comparison to time periods used in traditional design methods. 

The fire at One Meridian Plaza in Philadelphia 1991 lasted for more than 18 hours, burning 

from the 22nd to the 30th floor where the fire was controlled by a sprinkler system (Rein & 

Stern-Gottfried, 2012). In traditional dimensioning a uniform burning on one floor is 

assumed resulting in shorter duration and exposure times. If the duration time for travelling 

fires largely exceedes the normally assumed times, the result could be uncertainties and 

overestimating of the structural resistance due to longer exposure times of structures 

(Stern-Gottfried, Rein 2012a). 
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2.4 British survey concerning application limits of the parametric temperature-time 
curves 

A British survey carried out 2009 at the University of Edinburgh inspected campus buildings 

with the aim to determine if they fulfil or fall out of range of the validation requirements for 

the parametric temperature-time curves in Eurocode 1991-1-2. In the first part of the survey 

28 ordinary and unconventional buildings, primarily used for teaching and research facilities, 

were inspected. One or more enclosures in 26 out of the 28 buildings fell outside the 

application limits of the parametric temperature-time curves, see Table 2. The reasons for 

falling outside the limitations was; opening factor not in range, ceiling height not in range, 

height of stairways not in range, too large enclosures, openings in roof and thermal 

absorptivity (thermal inertia) of the lining not in range. Table 2 shows the total number of 

rooms and the number of rooms out of the application range in the buildings. Stairways 

followed by thermal absorptivity of lining not in range and opening factor not in range were 

the most common reasons for rooms to fall outside the limitations, see Figure 9. It should be 

noticed that enclosures with opening factor not in range include thermal absorptivity of 

lining not in range. This is mainly due to the fact that if one or more walls are made of glass 

the opening factor exceeds the upper limit and that glass reduces the thermal absorptivity 

not in range to below the lower limit. Enclosures that fall outside the application limits are 

lecture halls, large open spaces and staircase atria between floors. (Jonsdottir, Rein 2009). 

 

 

Figure 9. Percentage of building volumes inside and outside the application limits for the 

parametric temperature-time curves according to Eurocode 1991-1-2 (Data based on work by  

Jonsdottir, Rein 2009) 
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Table 2. Number of rooms outside the application limits for the parametric temperature-time 

curves in Eurocode 1991-1-2 (Jonsdottir, Rein 2009) 

Total number of rooms 3.055 

Inside the limitations 2.909 

Opening factor not in range 32 

Height over 4m (excluding stairways) 13 

Stairways 78 

Size over 500 m2 8 

Openings in roof 22 

Thermal absorptivity not in rage 33 

 

The second part of the survey investigated the Informatics Forum, a new modern building, 

opened 2008 at the University of Edinburgh. The building was chosen for the survey because 

of its complexity and open design with a floor area of 12 000 m2, 6 floors and an open glass 

atrium in the centre of the building, see Figure 10. As shown in Figure 11 only 8 % of the 

total volume of the building lay inside the application limits for the parametric temperature-

time curves to be applied, mainly because of the large glass atrium in the centre of the 

building.  

 

Table 3 shows the number of rooms and the number of rooms out of range in the building 

which are approximately 35 %. The enclosures outside the limitations are mainly open areas 

and the atrium in the centre of the building. (Jonsdottir, Rein 2009) 
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Figure 10. Glass atrium at the Informatics Forum at Edinburgh University (Jonsdottir, Rein 

2009)  
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Figure 11. Percentage of building volumes inside and outside the application limits for the 

parametric temperature-time curves according to Eurocode 1991-1-2 (Data based on work 

by Jonsdottir, Rein 2009) 
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Table 3. Number of rooms outside the application limits for the parametric temperature-time 

curves according to Eurocode 1991-1-2 (Jonsdottir, Rein 2009) 

Total number of rooms 30 

Inside the limitations 19 

Opening factor not in range 2 

Height over 4m (excluding stairways) 2 

Stairways 3 

Size over 500 m
2
 4 

Openings in roof 1 

Thermal absorptivity not in rage 2 

 

The survey shows that 66 % respectively 8 % of the building volumes lies inside the 

limitations of the parametric temperature-time curves, clearly indicating that the application 

range is too narrow and that new engineering tools are needed to include a wider range of 

buildings. The authors of the survey indicate that the results from the Informatics Forum, 

the new modern building, shows that the building trends are moving out of the limits of our 

current understanding in fire dynamics (Jonsdottir, Rein 2009). 

2.5 Localised fires 
The fire safety design of large compartments with open areas leads to a change of conditions 

for fires compared to small compartments. When designing structures in large 

compartments the probability for a flashover to occur is low. This is because of the large 

area in relation to a low fire load. The fire will still affect the structure in larger 

compartments even though the mean temperature in the compartment might be low 

depending on flame temperature and dimensions of the flame. The design for localised fires 

are often more difficult due to its complexity with a non-uniform temperature in the 

compartment and a low average temperature with occasional high temperatures. (Sjöström, 

Wickström et al. 2013). Instead of using the standard temperature-time curve, a method for 

localised fires according to SS-EN 1991-1-2 (Annex C) is used where net heat fluxes is 

calculated if the flame reaches the ceiling and the temperature in the plume is calculated if 

the flame does not reach the ceiling. The net heat flux is the heat flux from radiation and 

convection when the surface temperature of a member is set to ambient temperature (20 

°C). 
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Localised fires belong to natural fire models accompanied by compartment fires in SS-EN 

1991-1-2. Unlike fully developed post-flashover fires, localised fires are examples of pre-

flashover fires. In pre-flashover fires the temperature in the flame and the temperature in 

the surrounding gas are not uniform. Consequently, the flame temperature and the gas 

temperature need to be determined separately, which is the main difference from a post-

flashover fire where the temperature is assumed to be uniform within the compartment 

(Bailey 2017). Large indoor enclosures like terminals, shopping malls or atriums are 

examples of compartments where localised fires are expected since the probability of a fully 

developed fire with a uniform temperature is not likely to occur. (Sjöström, Wickström et al. 

2013). 

 

The developments of fire temperatures based on localised fires are regulated by European 

standards in SS-EN 1991-1-2. Equations and calculations methods of heat release rates and 

heat fluxes depending on plume temperatures are presented in Annex C of the standard. 

Designing for localised fires is, as previously mentioned, complex due to several reasons. 

First, the non-uniform temperature makes it difficult to obtain an accurate result of the 

temperature in the compartment. Second, there is only few experimental works done which 

causes a lack of experimental data provided in the field of large enclosures and localised 

fires. (Sjöström, Wickström et al. 2013). There are only a few experimental tests that have 

been performed to develop the knowledge in this field. One is the Murcia Atrium Fire Test 

where two different heptane pool fires were used in a 20 m3 enclosure, to expand the 

knowledge in fire dynamics and the movement of smoke in atria and large spaces (Gutiérrez-

Montes, Sanmiguel-Rojas et al. 2009). The report addresses the complexity of the design 

methods of large compartments like atriums, and how fires in these areas could significantly 

diverge from the smaller building and compartment fires which current standards are based 

on.  

 

Another test that has been conducted is the Large scale test on a steel column exposed to 

localized fire (Byström, Sjöström et al. 2014). This report, that summarizes full scale 

experiments on a steel column exposed to localised pool fires, highlights the complexity of 

designing for localised fires. The exposures of structural elements vary depending on type of 
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fire, for example are only parts of a structural element subjected to exposure in a non-

uniform localised fire, compared to a uniform, post-flashover fire where more extensive 

parts are exposed. One of the objectives of the experiment was to examine how the steel- 

and gas temperatures varied depending on the height above fuel surface in large enclosures. 

The results from the experiment were then compared with calculated results according to 

SS-EN 1991-1-2. The result of this full scale test was that the calculated temperatures 

according to Eurocode can be considered conservative since all temperatures were higher 

than the experimental results. In these tests primarily plate thermometer recordings were 

used to specify the boundary conditions for calculating the exposed steel temperature.  

 

According to EKS 10 (Sverige Boverket 2016), buildings should be dimensioned for a fully 

developed fire when designing for natural fires such as localised fires.. Exceptions are if the 

probability that a flashover will occur is less than 0.5 %. In that case, buildings can be 

dimensioned for localised fires. Possible ways to show that the probability of that a flashover 

is within the range are to refer to a low fire load or to that technical systems such as 

sprinklers are installed in the building. When referring to natural fires, the fires and the 

temperatures should be calculated according to the actual conditions that are expected to 

occur in the building. There are some characteristics that can affect the fire and temperature 

development. Examples of such characteristics are the amount of combustible materials, 

sizes of openings, material of the boundary surfaces and size of the building (WSP 2015). 

 

Physical parameters considered when designing for localized fires according to SS-EN 1991-

1-2 are: 

 The diameter of the fire 

 Rate of heat release and convective part of the heat release 

 Flame length 

Distance between the fire source and the ceilingThe convective part of the heat release is 

defined as 0.8 multiplied by the rate of heat release determined according to Annex C in SS-

EN 1991-1-2. 
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2.6  Building regulations 

The following section presents the Swedish and European building regulations that regulate 

how fire progression and temperature-time development can be determined in Sweden. 

2.6.1 Eurocode  

The EN Eurocodes (Eurocodes) are the European reference design codes for structural 

design of buildings and other civil engineering works issued by the European Committee for 

Standardization (CEN). The Eurocodes are a series of ten European standards, EN 1990-

EN 1999, completed 2002-2007 and mandatory since 2011 for CEN member states. The 

objective of the Eurocode programme is to eliminate technical obstacles to trade and to 

harmonise technical specifications within the CEN member states. (SS-EN 1990)  

 

The clauses in Eurocodes are divided into Principles and Application rules depending on the 

character of the individual clauses. Principles are identified by the letter P following the 

paragraph number. The Principles constitute general statements and definitions for which 

there is no alternative as well as for requirements and analytical models for which no 

alternative is permitted unless specifically stated. Application rules are generally recognised 

rules which comply with the Principles and satisfy their requirements. It is permissible to use 

alternative design rules different from the Application rules given in SS-EN 1990 for works, if 

provided that it is shown that the alternative rules accord with the relevant Principles and 

are at least equivalent with regard to the structural safety, serviceability and durability 

which would be expected when using the Eurocodes. The Application rules are identified by 

a number in brackets. Design which employs the Principles and Application rules is deemed 

to meet the requirements provided the assumptions given in SS-EN 1990-1999 are satisfied.  

(SS-EN 1990) 

 

The Eurocodes includes of two types of annex, Normative annex and Informative annex. The 

Normative annexes are parts of the requirements of the Eurocodes. The Informative 

annexes are provide guidance which can be adopted or not on a country by country basis. 

National annex is a special type of Informative annex containing alternative procedures, 

values and recommendations. The Swedish National annex is Boverkets Konstruktionsregler, 
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EKS 10 (Sverige Boverket 2016), issued by the Swedish National Board of Housing, Building 

and Planning. (Technical Innovation Consultancy 2017). 

 

Eurocode - Basis of structural design (SS-EN 1990) is the head document of the Eurocodes 

and contains principles and requirements for safety, serviceability and durability of 

structures. It is based on the limit state concept used in conjunction with a partial factor 

method. For design of new structures, SS-EN 1990 is intended to be used together with SS-

EN 1991- SS-EN 1999. 

 

Most of the clauses in the Basic requirements affects the fire design of structural resistance 

and also require a fire safety design of structures. The first Principle clause implies that a 

structure shall sustain all actions and influences likely to occur during execution and use, 

which for most structures include taking fire into account in the design of the structure. The 

third Principle clause says that the structural resistance shall be adequate for the required 

period of time in case of fire. 

 

Eurocode 1: Actions on structures - Part 1-2: General actions - Actions on structures exposed 

to fire (SS-EN 1991-1-2) describes the thermal and mechanical actions for the structural 

design of buildings exposed to fire with safety requirements and design procedures. 

Assumptions in SS-EN 1991-1-2 is that active and passive fire protection systems taken into 

account in the design will be adequately maintained and that the choice of relevant design 

fire scenario is made by appropriate qualified and experienced personnel or given by 

national regulations. 

 

Section 2 Structural Fire design procedure describes the design process regarding design fire 

scenarios, design fire, temperature analysis and mechanical analysis. A structural fire design 

analysis should take the following steps into account as relevant: 

- Selection of the relevant design fire scenarios 

- Determination of the corresponding design fires 

- Calculation of temperature evolution within the structural members 

- Calculation of the mechanical behaviour of the structure exposed to fire 
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2.6.2 Boverket´s applications on the European construction standards, EKS 10  

The national Swedish standard implementing Eurocode is the Swedish National annex 

entitled Boverket´s applications on the European construction standards, EKS 10 (Sverige 

Boverket 2016) which shall comprise the full text of the Eurocodes. EKS 10 is the mandatory 

provisions of Boverket amending the board´s mandatory provisions and general 

recommendations on the application of the European design standards. Boverket is the 

Swedish National Board of Housing, Building and Planning and are a central Swedish 

government authority assorted under the Ministry of Enterprise and Innovation. It is 

Boverket who issues the Swedish Building Regulations. The regulations from Boverket must 

not contradict with the EU Internal Market and each amendment thus must be accordingly 

notified the European Commission (The European Commission 2017).  

 

The National annex is only allowed to contain information on parameters which are left 

open in the Eurocode for national choice, called Nationally Determined Parameters. These 

parameters are to be used for the design of buildings and civil engineering works 

constructed in the country concerned. The National annex include: values and/or classes 

where alternatives are given in the Eurocodes, values to be used where a symbol only is 

given in the Eurocode and specific data regarding climate et cetera and the procedure to be 

used where alternative procedures are given in the Eurocode. The national annex may also 

include decisions on the application of Informative annexes and references to non-

contradictory complementary information to assist the user to apply the Eurocode. (The 

European Commission 2017) 

 

Chapter 1.1.2 – Application of SS-EN 1991-1-2 – Action on structures exposed to fire in EKS 10 

includes 18 articles that complement SS-EN 1991-1-2. The first article says that the design of 

mechanical resistance in the event of fire should follow from the process for fire design 

described in SS-EN 1990 5.1.4.  

 

Article 15 denotes that Annex E which concerns fire load densities must not be applied in 

Sweden. The article says that the design value for the fire load shall be the value included in 

80 % of the observed values in representative statistical material. The general 
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recommendation to the article says that the fire load should be determined in accordance 

with the general recommendations concerning fire loads by Boverket. 

2.7 Established models for temperature prediction 
In this section the established methods for determination of fire progression and 

temperature-time development are described. All methods presented are originally from SS-

EN 1991-1-2.  

 

To predict gas temperatures in fire compartments is necessary for the work of a fire safety 

engineer. With an assumed temperature the conditions in the fire compartment can be 

determined and are able to tell when human safety conditions are threatened, if or when 

flashover will occur and how the structure will respond to the fire. An establishment of the 

temperature is necessary for predicting mass flow rates in and out through openings, 

thermal feedback to the fuel and other combustible objects, thermal impact on detections 

and sprinkler systems together with other processes affected by fire. (Karlsson, Quintiere 

2000).  

 

The established methods to predict gas temperatures are based on energy and mass balance 

equations and assume fully developed fires. This leads to differential equations that can be 

solved numerically resulting in predictions of gas temperatures. Simplifications of the energy 

and mass balance equations result in simple equations that can predict the gas temperature 

in different compartment fire scenarios and can also be calculated analytically.  

2.7.1 Nominal temperature-time curves 

When designing according to classification in Eurocode nominal temperature-time curves 

are one option and the design is made for a specified period of time. Nominal fires are 

named after the fact that they are not supposed to represent a real fire but to be considered 

as approximate functions.  Temperatures in nominal fire curves are considered as 

conventional or arbitrary values. Since they are conventional the nominal curves should be 

used in prescriptive regulatory environment and any requirements that are expressed in 

terms of nominal curves are also arbitrary (Franssen Jean-Marc, Real 2010). According to 

Article 1 in Eurocode, classification of fire resistance can only be made with nominal 

temperature-time curves. 



 26 

 

There are three different nominal temperature-time curves presented in Eurocode; the 

standard temperature-time curve, the external fire curve and the hydrocarbon curve 

presented in Figure 12 below. The standard temperature-time curve, also known as the 

ISO 834 curve, is the most common, both historically but also most frequently used nominal 

temperature-time curve today (Franssen, Vila Real 2010). The nominal temperature-time 

curve of main interest in this report is the standard temperature-time curve which is more 

presented in more detail in section 2.7.2. Nominal temperature-time curves have a heating 

phase but do not have a cooling phase. 

 

 

Figure 12. Nominal temperature-time curves according to SS-EN 1991-1-2 

Structural elements should be designed to ensure that a collapse does not occur during a 

specified time. The specified time is given in Table 4 (Table C-7 Fire resistance class I respect 

to bearing capacity in EKS 10), and depends on the fire safety class and fire load. The time 

periods varies from zero to 240 minutes. A fire load (f) were f ≤ 800 MJ/m2 floor area may be 

applied for residential and commercial properties, schools, hotels, car garages, grocery 

shops, apartment storage rooms and comparable fire compartments without special 

investigation.  
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Table 4. Fire resistance class in respect to bearing capacity (Sverige Boverket 2016) 

 

2.7.2 Standard temperature-time curve 
The standard temperature-time curve in SS-EN 1991-1-2 is based on the ISO standard 834 

and is therefore often referred to as the ISO 834 curve. The curve was developed in the early 

20th century and has been used historically in standard fire tests to rate structural and 

separating elements. It is also one the most commonly used temperature-time curves today 

since it does not have any limitations regarding area of use in the Eurocodes or EKS 10.  

 

The standard temperature-time curve is calculated according to equation 1: 

 

𝜃𝑔 = 20 + 345 ∗ log (8𝑡 + 1)     (1) 

 

where  

𝜃𝑔 is the gas temperature in the fire compartment    [°C] 

𝑡 is the time       [min] 

 

The standard temperature-time curve is plotted in Figure 12 above. 

2.7.3 Natural fire models 

The natural fire models in Eurocode 1991-1-2 are divided into simplified fire models and 

advanced fire models. The simplified models in Eurocode are compartment fires and 

localised fires. The advanced fire models depend on gas properties, mass exchange and 

energy exchange. When designing according to natural fire models the structural elements 

should be designed for a fire progression according to Table 5 (C-8 Requirements for 
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structural elements related to fire safety class in EKS 10). In the general recommendation of 

EKS 10 the design fire model should be performed for a fully developed fire.  

 

Table 5. Requirements for structural elements related to fire safety class (Sverige Boverket 

2016) 

 

2.7.3.1 Simplified fire models 
Simple fire models are based on specific physical parameters and have limited field of 

application (SS-EN 1991-1-2). The coefficient of heat transfer by convection should be set to 

35 W/m2K (SS-EN 1991-1-2). They are in turn divided into compartment fires and localised 

fires.  

2.7.3.1.1 Compartment fires 
In compartment fires a uniform temperature distribution as a function of time is assumed 

(SS-EN 1991-1-2). The gas temperature is determined on the basis of physical parameters 

considering at least fire load density and ventilation conditions (SS-EN 1991-1-2). In Annex A 

of SS-EN 1991-1-2 the parametric temperature-time curves are described which can be used 

to calculate the gas temperature for internal members of fire compartments. For external 

members the radiative heat flux component should be calculated as the sum of the 

contributions of the fire compartment and of the flames emerging from the openings. In 

Annex B of SS-EN 1991-1-2 a method for calculating of the heating conditions are described. 

External members are not being further investigated in this work. 

2.7.3.1.1.1Parametric temperature-time curves 
For a fully developed design fire model the fire progression and temperature-time 

development in a fire compartment should be calculated using heat and mass balance 

equations (SS-EN 1991-1-2). In the general recommendation of SS-EN 1991-1-2, which is not 
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legally binding, a fully developed fire should be verified using a model of natural fire 

progression according to Annex A, Parametric temperature-time curves.  

 

The parametric temperature-time curves are determined based on fire models and the 

specific physical parameters defining the conditions in the fire compartment described in 

Annex A of SS-EN 1991-1-2. It is assumed that the fire load of the compartment is completely 

burnt out. The fire development is divided into two stages, a heating phase and a cooling 

phase. (Wickström 1985) 

 

Parametric temperature-time curves take important physical phenomena that influence the 

fire development in compartments into account. The thermal absorptivity of the enclosure 

boundaries, the opening factor and the fire load density together with calculations 

determining if the fire is fuel controlled or ventilation controlled determines the parametric 

temperature-time development. The equations to determine parametric temperature-time 

curves are analytical functions that give the development of the gas temperature in a 

compartment as a function of time. These analytical functions were developed by Wickström 

based on work by Magnusson and Thelandersson (Wickström 1985). 

 

The parametric temperature-time curves are according to SS-EN 1991-1-2 valid for fire 

compartments up to 500 m2 floor area, without openings in the roof and for a maximum 

compartment height of 4 meters. 

 

The opening factor accounts for openings on the vertical walls. The opening factor equation 

has been derived from the integration of the Bernoulli equation for a pressure differential 

between the outside and the inside of the compartment that varies linearly as a function of 

the vertical position. The opening factor must be in the range of 0.02-0.20 m1/2 for the 

Eurocode model to be applicable. A high opening factor means more ventilation in the 

compartment. 

 

The thermal absorptivity accounts for the thermal properties of the enclosure and is based 

on the theory of heat penetration by conduction in a semi-infinite medium (Wickström 

1985). The thermal absorptivity can be explained to account for how much energy the 
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surfaces of the compartment absorbs from the fire and depends on specific heat of the 

material, density of the material and thermal conductivity of the material. When calculating 

the density of the thermal absorptivity, specific heat and thermal conductivity of the 

boundary can be set to values determined at ambient temperature. The thermal absorptivity 

must be in the range of 100-2 200 J/m2s1/2K for the Eurocode model to be applicable.  

 

The design value of the fire load density related to the total surface area of the enclosure 

must be in the range of 50-1 000 MJ/m2 for the Eurocode model to be applicable.  

2.7.3.1.2 Localised fires 
In localised fires a non-uniform temperature distribution as a function of time is assumed 

(SS-EN 1991-1-2). Localised fires are supposed to be used where flash-over is unlikely to 

occur and therefore thermal actions of localised fire should be taken into account (SS-EN 

1991-1-2). Unlike fully developed, post-flashover fires, localised fires are examples of pre-

flashover fires which mean that the temperature in the flame and the temperature in the 

surrounding gas are not uniform. The flame temperature or a gas temperature above the 

flame is determined according to Annex C in SS-EN 1991-1-2. Large indoor enclosures like 

terminals, shopping malls or atriums are examples of compartments where fully developed 

fire are unlikely but where localised fires may occur causing high levels of thermal 

exposures.  

2.7.3.1.2.1 Localised fires with proposed interpretation  
Due to difficulties to interpret the heat flux according to SS-EN 1991-1-2, Wickström has 

come up with an alternative interpretation. Localised fires in SS-EN 1991-1-2 calculate a net 

heat flux received by the fire exposed unit surface area at the level of the ceiling. The net 

heat flux is dependent on the temperature of the member surface which can be noticed in 

equation 5 below. When the temperature of the member surface is equal to the adiabatic 

surface temperature the ultimate temperature for the member is reached and the heat flux 

is zero. To determine the net heat flux the temperature of the member surface is required 

which is the desired temperature to determine in this work. By implementing an adiabatic 

surface temperature, the ultimate temperature a member surface can reach can be 

determined according to Wickströms proposed calculation procedure presented below.  

 

Rearranging of equation B11 in Annex B results in equation 2 below 
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ℎ̇𝑛𝑒𝑡 = ℎ̇ + 𝛼𝑐 ∗ 20 +Φ ∗ 𝜀𝑚 ∗ 𝜀𝑓 ∗ 𝜎 ∗ 2934 − 𝛼𝑐 ∗Θ𝑚 −Φ ∗ 𝜀𝑚 ∗ 𝜀𝑓 ∗ 𝜎 ∗ (Θ𝑚 + 273)4  

(2) 

 

The first part of the rearranging of equation B11 from Annex B above is a constant expressed 

in equation 3 below 

𝐶 = ℎ̇ + 𝛼𝑐 ∗ 20 +Φ ∗ 𝜀𝑚 ∗ 𝜀𝑓 ∗ 𝜎 ∗ 2934    (3) 

 

where 

𝐶 is a constant calculated for each fire case   [-] 

 

If the net heat flux is set to zero and the adiabatic surface temperature is implemented, 

equation 4 below gives the adiabatic surface temperature. The adiabatic surface 

temperature is defined as the ultimate temperature the surface can reach which is when the 

heat flux is zero.  

𝐶 = 𝛼𝑐 ∗Θ𝐴𝑆𝑇 +Φ ∗ 𝜀𝑚 ∗ 𝜀𝑓 ∗ 𝜎 ∗ (Θ𝐴𝑆𝑇 + 273)4    (4) 

 

where 

Θ𝐴𝑆𝑇 is the adiabatic surface temperature   [°C] 

 

Equation B11 from Annex B and equation 4 can with the definition of the adiabatic surface 

temperature be expressed as equation 5 below 

ℎ̇𝑛𝑒𝑡 = 𝛼𝑐 ∗ (Θ
𝐴𝑆𝑇

−Θ𝑚) +Φ ∗ 𝜀𝑚 ∗ 𝜀𝑓 ∗ 𝜎 ∗ [(Θ𝐴𝑆𝑇 + 273)4 − (Θ𝑚 + 273)4] 

 (5) 

 
The net heat flux is dependent on the temperature of the member surface which can be 

noticed in equation 5 above. When the temperature of the member surface is equal to the 

adiabatic surface temperature the ultimate temperature for the member is reached and the 

heat flux is zero. This temperature is set to the surface temperature and used in the 

comparison to the standard temperature-time curve and the parametric temperature-time 

curves according to SS-EN 1991-1-2. 
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To calculate the adiabatic surface temperature, values of a surface emissivity and a heat 

transfer coefficient are necessary to be specified. These two parameters are nominal and 

must be specified in standards. They should necessarily be the parameter values of the 

exposed structure as the exposure level should be intendent on the exposed member, i.e. 

the values of the parameters should always be the same independently. When the adiabatic 

surface temperature has been specified, available values of  the heat transfer parameters 𝜀𝑚 

and 𝛼𝑐 should be used  according to SS-EN 1991-1-2 Annex C. According to the general rules 

of SS-EN 1991-1-2 that is 𝜀 = 0.8  and 𝛼𝑐 = 35 W/m2K. These values are used in this work 

when calculating the net heat flux according to Eq. (2). 

2.7.3.2 Advanced fire models 
Advanced fire models are designed for fires based on mass conservation and energy 

conservation aspects where gas properties, mass exchange and energy exchange should be 

taken into account. Eurocode present three models that can be used for design of the fire 

scenario; one-zone models, two-zone models and Computational Fluid Dynamic models. 

There is a variety of models used to simulate fires in compartments. The easiest way is to 

use a one-zone model which assumes a uniform time dependent temperature distribution in 

the compartment. Another way is to use a two-zone model which divides the compartment 

into two volumes, one upper hot zone and one lower cold zone. The mass and energy 

equation is solved for both zones for every time step resulting in a time dependent thickness 

for each of the two zones. The last and most time and computer consuming way is to use 

Computational Fluid Dynamic, CFD, models which requires computational programs were 

the compartment are divided into a large number of small sub-volumes. For each sub-

volume the basic laws of mass, momentum and energy conservations equations are solved 

in small time steps.  

2.8 New models for temperature prediction 

In addition to the established temperature-time predicting models used today, several new 

models have been developed or are under development to improve the design process for 

fires in large size compartments. Two of these methods have been chosen for further 

investigation in this work. The two presented and investigated models are the improved 

Travelling Fire Method and the New MT model II. These methods are compared to the 

established methods in a case study. 
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2.8.1 Improved travelling fire method 

The improved travelling fire method (iTFM) is an improvement of the previously published 

method Travelling fire method (TFM) by Jamie Stern-Gottfried and Guillermo Rein (Stern-

Gottfried, Rein 2012). There are several similarities between the methods but also 

differences and improvements. The iTFM is the newest and most developed travelling fire 

method and is therefore used in this work.  

 

iTFM was developed by Egle Rackauskaite, Catherine Hamel, Angus Law and Guillermo Rein 

(Rackauskaite, Hamel et al. 2015) and is a relatively new model that is not established in 

standard building regulations. The iTFM is a result of the lack of design methods that are 

possible to use when designing large, open-plan compartments. The iTFM was produced to 

account for better fire dynamics and to reduce the great amount of possible fire sizes by 

taking into account fire spread rates from real fires.  

 

The fundamental idea of both TFM and iTFM is that they consist in two regions that 

constantly move; the far field region and the near field region, see Figure 13. The fire is 

assumed to move from one end of the compartment all across to the other end. The far field 

region represents the smoke temperature that decreases with distance from the fire due to 

hot gases mix with fresh air as they flow away from the fire source. The near field represents 

the temperature of the flames and their closest surroundings (Rackauskaite, Hamel et al. 

2015). Together the far field and the near field temperatures create a temperature-time 

progress that can be used in the fire design process.  
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Figure 13. Illustration of far field and near field regions (Rackauskaite, Hamel, Law, & Rein, 

2015). The near field represents the flames and their nearest surroundings, the far field 

represents the surrounding smoke that decreases with distance from the fire.  

When designing with the iTFM all different possible fire sizes can be taken into account. 

Small fires travelling across the floor for a long duration and with lower temperatures, or big 

fires travelling for a short duration with higher temperatures and everything in between. 

Temperature-time curves can be developed for fires ranging from various sizes of the floor 

area. The local burning time is not dependent on the burning area which means that fires of 

all sizes will consume all the fuel over the specific area in the same time. Travelling fires 

move from one burning area to another which means that the total burning time increases 

in comparison to stationary fires. Consequently, small burning areas have a longer total 

burning duration than big burning areas. (Rackauskaite, Hamel et al. 2015). 

 

The iTFM is assumed to be fuel controlled which means that fuel load density and heat 

release rate are used as design variables.  The heat release rate is assumed constant and the 

fire load density is assumed uniform across the fire path in the iTFM. Different values 

depending on what building is studied can be found in relevant building standards. When 

using the iTFM for fire it is assumed that the fire starts at one of the compartment ends, so 

further on when referring to “the fire start” that represents the first end of the building. 
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2.8.1.1  Calculation procedure for iTFM 

The full calculation procedure of the iTFM is presented in Annex C. Current section contains 

a presentation of the background and what the method is based on and what it is dependent 

of.  

 

The basis of developing temperatures according to the iTFM is fire induced convection. 

Buoyancy is the cause why the hot products from the fire rise to the ceiling and mix with 

room air to form a fire plume. When the plume reaches the ceiling a flow is created which 

causes the transfer of hot gases and smoke across the ceiling. (Alpert 1972). 

 

The far field temperature is based on a correlation presented by R.L. Alpert (Alpert 1972). 

The correlation was originally developed to investigate the temperatures and velocities of 

ceiling- jet formulas in large scale room fires to enable an optimization regarding the 

response time and placement of detectors, but was further developed and used as basis to 

the iTFM far field calculations. The resulting temperature and velocity correlations are based 

on earlier executed fire tests performed with different fuels, such as heptane, ethanol, wood 

pellets and cardboard boxes. The gas temperatures were measured in order to see how they 

differed depending on distance below the ceiling at several radial distances from the fire 

(Alpert 1972).   

 

Alpert’s correlation mentioned above was in turn based on an internal technical report, 

(Alpert-Ronald-L 1971), where a ceiling jet model, based on a few data points from a full- 

scale fire test and several data from small- scale laboratory experiment, was described. 

(Alpert 2011). The data were examined and through a qualitative curve fit process the gas 

temperature and velocity correlations were developed. This was before computers were 

available in the same extent as today and the amount of methods to develop correlations 

were limited.  The results of the correlations gave two parameters of considerable 

importance regarding fire-induced convection near a ceiling; the ceiling height and the heat 

release rate (Alpert 1972).  The resulting correlation equation is presented in equation 6 

below. 
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where 

r is the radial distance from the fire axis    [m] 

 

The iTFM far field temperature development is a further improvement of Alpert’s correlation 

described above. Due to the travelling part of the method, the possibility to obtain 

temperatures at different locations of the compartment, the method is extended with 

appropriate parameters that are needed for this purpose. Parameters as the location in 

relation to the fire start, the fire sizes, compartment width and dimensionless fire sizes and 

locations were added to the correlation. The spread rate, i.e. how fast the fire travels, is 

included in mentioned parameters and is of great importance regarding the fire progression 

and the temperature distribution. The parameters that are added to Alpert’s correlations to 

obtain the far field temperatures are parameters to obtain the temperature at a specific 

location and at a specific time in relation to the geometry of the compartment. 

 

The near field temperature represents the flames and their nearest surroundings that 

impinge on the ceiling. The temperatures that are obtained through calculations are 

assumed to be the peak flame temperatures that through earlier experiments have been 

measured to 800-1 200 °C. The predecessor of the iTFM then assumed, , the peak 

temperature to 1 200 °C to stay on the conservative side. The iTFM relaxed this assumption 

as well by including that the temperature varies between around 800-1 200 °C due to 

natural fluctuations of the flames.  These differences are added into the equation and is 

referred to as flame flapping and results in that the structure will be exposed to lower 

average gas temperatures rather than the peak flame temperatures. In order to apply flame 

flapping into the iTFM another concept is added, the flapping angle. The flapping angle is 

the angle from the main axis of the flame which represents the length on the ceiling over 

which fluctuations occur. (Alpert 1972). This length is of importance further on to establish 

what distances to integrate over to obtain near field temperatures.  The resulting near field 

temperature is referred to as the reduced near field temperature.  
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The reduced near field temperature is also based on Alpert’s correlation, similar to the far 

field temperature. Though, several changes have been made to customize the equation and 

adapt it to large compartments and a travelling fire. In addition to the flapping theory more 

parameters are considered. The first part that is taken into consideration is that the near 

field temperature depends on the far field temperatures that occur within the flapping 

length region, i.e. the ceiling length over which the flames fluctuate. To include this, Alpert’s 

correlation is integrated from the end of the flapping length to the end of the fire length.  

 

Another parameter that is taken into consideration is that the near field temperature is 

assumed to never exceed 1 200 °C, which is based on the previously mentioned experiments 

that were conducted.  It is also assumed that the far field temperatures cannot exceed the 

near field temperatures. This is included in the calculation process by adding a parameter 

which represents the crossing point between gas temperatures obtained by Alpert’s 

correlation and the near field maximum temperature of 1 200 °C.  

 

The conclusion of the method to develop reduced near field temperatures is that it is based 

on the ceiling jet model presented by Alpert in 1972, but has been adapted to take other 

parameters in consideration due to its area of use; a travelling fire in large compartments. As 

stated in Alpert’s report, (Alpert 1972), the resulting temperatures heavily depend on the 

height of the compartment and the heat release rate. This is also applied on the 

development of the reduced near field temperature, even though other parameters are 

included that also are of importance to the temperature development and distribution.   

2.8.2 New MT model II 

The traditional way of designing systems of tunnels in case of fire is by prescriptive based 

design. In prescriptive based design standardized temperature-time curves, i.e. the standard 

temperature-time curve or the hydrocarbon curve, are used as input for calculations of 

temperature distribution inside tunnel structures by converting temperatures to heat fluxes 

towards the construction (Li, Ingason 2012). The use of standardized fire curves in the design 

process is questioned by fire safety engineers and new design methods predicting the fire 

development based on affecting parameters are under development. The use of 

performance based design is increasing in fire safety design in general as well as in fire safety 
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design of tunnel constructions and is an alternative to the prescriptive based design 

methods with standardized temperature-time curves. Ingason and Li presented in 2016 two 

methods to predict maximum gas temperatures in tunnels, taking influencing parameters 

into account in the temperature-time development (Li, Ingason 2016).  

2.8.2.1 The maximum temperature of buoyancy-driven smoke flow beneath the ceiling in 

tunnel fires 

Li et al. (2011) published and presented a theoretical analysis of maximum gas temperatures 

beneath tunnel ceilings based on plume theory in an article named The maximum 

temperature of buoyancy-driven smoke flow beneath the ceiling in tunnel fires. The aim of 

their work was to develop a reliable engineering tool based on theoretical analyses that 

predict the gas temperature as a function of parameters impacting the fire development. 

Theoretical analysis presented in the article takes heat release rate, longitudinal ventilation 

velocity and geometry into account which is important parameters in the development of 

fire plumes and flame spreads in tunnel fires. The reason for the development of a new 

model to predict temperature-time development in tunnels exposed to fire according to the 

authors is that it is necessary to determine expected gas temperatures beneath the ceiling to 

be able to determine the exposure of the structure and to determine adequate fire 

protection for the structure (Li et al., 2011). Two series of model scale experimental tests 

were carried out together with the theoretical analysis which together resulted in that the 

maximum excess gas temperature was divided into two regions depending on ventilation 

velocities. The theoretical analysis is only valid if the flame zone does not reach the tunnel 

ceiling, as in large fires. If the flames reach the ceiling, the maximum gas temperature is 

expected to be constant, 1350 °C, and not dependent of heat release rate, ventilation 

velocity and effective tunnel height (Li et al., 2011). Ventilation velocities in compartment 

fires can be assumed to be low and therefore calculations for low ventilation velocity has 

been the focus in this work. 

2.8.2.2 The maximum ceiling gas temperature in a large tunnel fire  

The theoretical analysis presented by Li et al. (2011) was further developed by Ingason & Li 

(Li, Ingason 2012) presented in the article The maximum ceiling gas temperature in a large 

tunnel fire where they presented a new improved model. The new model take heat release 

rate, longitudinal ventilation velocity and geometry into account as the first model did as 

well as two new parameters, ventilation systems and fire source into account to determine 
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the maximum excess gas temperature beneath the ceiling above the fire source. The 

theoretical analysis was developed with large scale tests and large amounts of data from 

model scale tests to verify and improve the model. The new model’s calculation method 

includes two regions concerning the dimensionless ventilation velocity witch is divided into 

two sub-regions.  

2.8.2.3 New models for calculation of maximum gas temperatures in large tunnel fire 

2016 Ingason and Li presented a report, New models for calculation of maximum gas 

temperatures in large tunnel fires, where they developed the previous work by Li et al. 

(2011) and Ingason & Li (Li, Ingason 2012). The focus of the work was to modify and improve 

the consisting model that estimates the maximum gas temperature at the ceiling during 

large tunnel fires. In contrary to the previous models which in case of a large fire set 1 350 °C 

as the maximum possible excess gas temperature, the new modified models establish more 

realistic temperatures taking more parameters into account such as construction type and 

cross-section area (Li, Ingason 2016). Another improvement is that the new modified models 

include the thermal response of the surrounding construction and takes expected fuel into 

account (Li, Ingason 2016). 

 

The improvements of the new models results in more accurate predictions of maximum gas 

temperatures in normal and large fires where the flames reaches the ceiling. The new 

modified models are also applicable in more fire scenarios due to the fact that they take 

more parameters into account. Two new models are presented in the report referred to as 

New MT model I and new MT model II. The models developed have been validated towards 

full scale tunnel tests and model scale tests showing that the fire duration and flame volume 

are the most important parameters for the temperature-time development. 

 

One difference from the earlier models is that the new models can be applied in fully 

developed compartment fires with small changes. Compartment fires have fewer 

uncertainties than tunnel fires and require therefore fewer assumptions in the calculation 

procedure. The first change from the New MT model I and II for tunnels is that the mass flow 

rate through the openings is calculated by taking the effective height and opening factor into 

account. The second change is a different calculation procedure for the parameter 𝐾𝑒𝑓. The 
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parameter 𝐾𝑒𝑓 is a coefficient comparable to the coefficient of the total heat transfer from 

the modified adiabatic flame temperature for diffusion flames to the surface temperature. 

Only the New MT model II is investigated in this work because it was the model assumed to 

be best fitted for large compartment fires based on the report presenting the models. 

Ingason and Li (2016) suggest further development and validation of the New MT Model I 

and II with focus on parametric study of the linings effects, ventilation effects and geometry 

of fuel and cross-section area.  

2.8.2.4 Compartment fire tests 

The proposed calculation procedure for compartment fires presented in the latest published 

report for the New MT model I and II have been compared with test data from two series of 

compartment fire tests at SP Fire Research, today RISE Research Institutes of Sweden, 

showing good results. The first test series was conducted by Li and Hertzberg (Li, Hertzberg 

2015) consisting of 7 tests with scale effects measuring the internal temperatures inside wall 

materials. The results are shown in Figure 14, showing close predictions of the maximum gas 

temperatures for the New MT model I (continuous red line) and II (continuous blue line). 

T12-T15 are thermocouples placed below the ceiling in the fire compartment. 

 

 

Figure 14. Comparison of measured temperatures in a full-scale compartment fire test and 

calculated temperatures according to New MT model I (continues red line) and II (continues 

blue line) (Li, Hertzberg 2015) 
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The second tests used for comparison was conducted by Sjöström et al. (Sjöstrom, 

Wickström et al. 2016) for 12 room fires with different wall materials such as light weight 

concrete, mineral wool insulation, bare steel and insulated steel. The temperatures were 

measured with plate thermometers and show the measured adiabatic surface temperatures 

in comparison to the calculated temperatures in Figure 15.  

 

 

Figure 15. Comparison of measured temperatures in a full scale compartment test and 

calculated temperatures according to New MT model I and II 
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3. Method  

This section describes the method of how this study has been performed. The performance 

was divided into four different sections.  

3.1 Literature review  

The first section was a literature review over existing methods for determination of fire 

progression and temperature-time development used in fire safety design today. 

Background, calculation procedure, advantages, disadvantages and problem areas with the 

methods were studied to get an overview over the existing methods. At an early stage of the 

literature review several methods were studied; ASTM E119, SS-EN 1363-1, ISO 834, the 

standard temperature-time curve, the parametric temperature-time curves, localised fires, 

the hydrocarbon curve and the external fire curve. Most of these methods are defined in SS-

EN 1991-1-2 or are international standards used in fire safety design. 

 

Since the objective of the report was to investigate methods for determination of fire 

development in large size fire compartments the work lead to a narrowing down of possible 

methods for deeper investigation. Requirements and qualities were set up for determination 

of methods for further investigation which were; established and accepted methods, 

methods used in fire safety design today, methods published in building regulations and 

methods used in large size fire compartments. The standard temperature-time curve, 

parametric temperature-time curves and localised fires were selected for further 

investigation as they met the desired requirements and qualities best. Nevertheless, the 

models were selected on different grounds. The standard temperature-time curve was 

selected due to that it is one of the few temperature-time curves that have no regulations or 

boundaries in terms of compartment size. It is accepted and established by Eurocode and 

EKS 10 to use when designing all kind of fire compartments, including large scale fire 

compartments, and are therefore of great interest in this analysis. The parametric curves 

were chosen on different, more controversial grounds. In Eurocode the application range 

clearly limits its use to 500 m2 floor area because the model is not tested and validated for 

larger fire compartments. Though, it has come to the authors’ knowledge that engineers 

operating in this industry uses parametric temperature-time curves in larger fire 

compartments than 500 m2 and refers to it as conservatism. Therefore it is of interest to 
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investigate and compare parametric temperature-time curves to new, alternative methods. 

Localised fires were chosen for further investigation as it is a method that can be used when 

flash-over is unlikely to occur which may be the case in large size compartments with low 

fire load. A proposed interpretation by Ulf Wickström determines the ultimate surface 

temperature of a member by using adiabatic surface temperatures. 

3.2 New models 

The second part of the study was to search for new models with characteristics and 

configurations that introduce possibilities to dimension fire progress in large size fire 

compartments. From specified requirements and qualifications two methods were selected 

for further investigation. The specified requirements and qualifications were; not established 

methods used in Sweden, in some way differ from the excising methods, uses new research 

and/or are developed for large size fire compartments. The selected methods for deeper 

investigation were the improved travelling fire method and the MT model II. The iTFM is an 

improvement of the earlier model Travelling fire method and was chosen due to its main 

purpose to develop fire development in large compartments and because it is a new way to 

produce temperature-time curves for fire progression. The MT model II is originally a large 

tunnel fire model that with some changes proposed by the authors of the method also can 

be used in fire compartments. The two models were studied closer to gain deeper insight of 

their applicability and what parameters they depend on.  

3.3  Reference building 

The third part of the study was to create a reference building to use when the different 

models were examined in a case study. The aim was to create two reference buildings, one 

with a floor area of 500 m2 and one with floor area significantly bigger than 500 m2. The 

floor area of the bigger reference building was set to 5 000 m2. To enable an analysis 

depending on the height of the building, two different heights were chosen for the larger 

compartment. The heights of the buildings were determined to 4 m and 8 m. For exact 

dimensions of the buildings, see Table 6. 
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Table 6. Dimensions of the reference buildings 

Reference 

building number 

Floor area [m
2
] Length [m] Width [m] Height [m] 

1 500 40 12,5 4 

2 5 000 100 50 4 

3 5 000 100 50 8 

 

Concrete was selected as appropriate construction material on all surfaces including walls, 

floors and ceilings. The different methods demand different variables where all variables 

were determined through discussion and with respect to suitability of the different models. 

All parameters used in the calculation processes are presented for each model in the result 

section. The next step was to calculate the temperature-time development for the reference 

buildings for parametric temperature-time curves and the adiabatic surface temperatures 

for localised fires. After that the temperature-time development for iTFM and New MT 

model II was calculated. When all methods had been examined, the iTFM and the New MT 

model II were separately combined to graphs together with the standard temperature-time 

curve and the parametric temperature-time curves to enable an overview of the results and 

further comparisons and analyses. 

 

The developed reference buildings are considered as occupancy class 2 (Vk2) and Br2 

buildings according to Swedish regulations (Boverket 2011), due to the building design and 

its demand for moderate protection needs. To obtain adequate protection required by 

Swedish regulations, the structural frame must resist an elevated temperature for at least 30 

minutes. Therefore, 30 minutes is the guideline for when the interesting temperatures are 

observed. It is a representative period of time that is commonly used when designing for 

fires in compartments. 

 

Localised fires do not depend on floor area or material properties but do mainly depend on 

ceiling height and assumed diameter of the fire and heat release rate. Therefore localised 

fires have been calculated with similar heat release rate as the other methods but with 

varying fire diameter of 1 m, 5 m and 10 m. The ceiling heights were chosen to 4 m and 8 m 
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in the comparison to the standard fire curve and the parametric fire curves. For the 

interpretation of localised fires by Wicktröm values of variables was determined according 

to SS-EN 1991-1-2. 

3.4 Comparison 

The fourth part of the thesis consists in a comparison of the results from the different 

selected methods. Through the results several conclusions and consequences can be drawn 

which can take the work with dimensioning and designing fires in large enclosures forward. 

Deeper analysis of advantages, disadvantages and other aspects connected to function and 

safety were performed. Through the analyses conclusions can be drawn regarding whether 

the new methods are possible improvements in this field of interest or whether the results 

of the new methods have less bearing to reality and therefore not as reliable to use as the 

established methods. If the results of the new methods are very conservative, i.e. the 

calculated temperatures are significantly high or the exposed time of high temperatures is 

significantly long the new methods might not be of great interest to continue to explore or 

develop. On the other hand, if the new methods show better bearing to reality than the 

established methods, they are of great interest for further investigations. If any of the new 

methods are proposed for further investigation they might be possible prospects to become 

standards and accepted engineering tools in the future. The industry benefits from 

calculation methods that are adaptable to building differences and based on scientific basis. 

If any of the examined new models shows tendencies to satisfy desired criteria, further work 

and research are proposed by the authors of this thesis. 

 

Localised fires do not result in fire progression or temperature-time development but in 

adiabatic surface temperatures. These temperatures are compared to the maximum 

temperature reached by the standard fire curve after 30 minutes of fire and parametric 

temperature-time curves with chosen opening factors. 
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4. Results 

The result section is divided into different parts. The first part is to separately present the 

results of the established models and the new models to obtain an understanding in how 

they behave. The second part is a comparison between the established models and the new 

models through a common chart where the different temperature-time curves are 

presented.  

4.1 Results of the established models 

In this section the established methods for determination of fire progression and 

temperature-time development are presented. These are the standard temperature-time 

curve and parametric temperature-time curves from SS-EN 1991-1-2.  

4.1.1 Standard temperature-time curve 

The ISO 834 standard temperature-time curve is a nominal temperature-time curve and 

depends therefore only on time and does not have a cooling phase. The curve has a rapid 

temperature increase, after 30 minutes it has reached a temperature of 842 °C. The 

standard temperature-time curve is presented in Figure 16 below.  

 

 

Figure 16. The standard temperature-time curve according to SS-EN 1991-1-2 
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4.1.2 Parametric temperature-time curves 

The parametric temperature-time curves presented in this work are calculated according to 

Annex A in SS-EN 1991-1-2. The calculation procedure is described in Annex A in this report. 

The curves are titled according to their opening factors.   

 

Two floor areas of 500 m2 and 5 000 m2 and two fire load densities of 200 MJ/m2 and 

254 MJ/m2 are used for the determination of the parametric temperature-time curves. Six 

different opening factors; 0.02, 0.04, 0.06, 0.10, 0.14 and 0.20 were used in the calculations 

of parametric temperature-time curves for the floor area of 500 m2 and eight different 

opening factors were used in the 5 000 m2 floor area calculations. These opening factors are 

all inside the application limits in Annex A in SS-EN 1991-1-2. In the calculations for the 5 000 

m2 floor area smaller opening factors were used to receive more realistic results and more 

realistic values of the opening factors in comparison to compartment size.  

 

The opening factor describes the relation between the openings and the surface area of a 

compartment and can be described as the ratio between the total area of all vertical 

openings and the total surface area if the equivalent height is set to 1 meter. Equivalent 

height is the average height of all openings in the compartment.  

 

Table 7 below presents the opening factors used in the calculations. Smaller opening factors 

are calculated for the 5 000 m2 floor area but smaller opening factors are not calculated for 

500 m2 floor area because it is not realistic or of interest.  

 
  



 48 

Table 7. The used and plotted opening factors and geometries for the 500 m2 and the 5 000 

m2 floor area calculations 

 Floor area, 

Af [m
2
] 

Opening 

factor, O 

[m
1/2

] 

Area 

vertical 

openings, 

Av [m
2
] 

Equivalent 

height, heq 

[m] 

Total area 

of 

enclosure 

(walls, 

ceiling, 

floor and 

openings), 

𝑨𝒕 

[m
2
] 

Area of 

vertical 

openings 

on all 

walls, 𝑨𝒗 

[m
2
] 

Weighted 

average of 

window 

heights on 

all walls, 

𝒉𝒆𝒒 

[m] 

Opening 

factor, 𝑶 

[m
1/2

] 

O=0.02 500 0.02 29 1 1 420 29 1 0.02 

O=0.04 500 0.04 57 1 1 420 57 1 0.04 

O=0.06 500 0.06 85 1 1 420 85 1 0.06 

O=0.10 500 0.10 142 1 1 420 142 1 0.10 

O=0.14 500 0.14 199 1 1 420 199 1 0.14 

O=0.20 500 0.20 284 1 1 420 284 1 0.20 

O=0.0074 5 000 0,0074 83 1 11 200 83 1 0.0074 

O=0.015 5 000 0.015 168 1 11 200 168 1 0.015 

O=0.02 5 000 0.020 224 1 11 200 224 1 0.020 

O=0.021 5 000 0.021 240 1 11 200 240 1 0.021 

O=0.036 5 000 0.036 408 1 11 200 408 1 0.036 

O=0.04 5 000 0.04 448 1 11 200 448 1 0.04 

O=0.05 5 000 0.050 564 1 11 200 564 1 0.05 

O=0.073 5 000 0.073 816 1 11 200 816 1 0.073 
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The boundary material was set to concrete in all calculations of walls, floor and roof. The 

material properties were collected from a reliable source and are presented in Table 8. The 

thermal properties used are inside the application limits in Annex A in SS-EN 1991-1-2. 

 

Table 8. Material properties used in wall, floor and roof calculations 

Concrete  

Density, 𝜌 [kg/m
3
] 2 300* 

Specific heat capacity, 𝑐 [J/(kg*K)] 900* 

Conductivity, 𝜆 [J/(m*s*K)] 1.7* 

Thermal absorptivity, 𝑏 [J/(m
2
*s

1/2
*K)] 1 876 

*Svensk betong 2017 

When calculating parametric temperature-time curves the fire load density is expressed per 

total surface area, qt,d. The total surface area includes floor, roof, walls and openings. Two 

different fire load densities per total surface area were used in the calculations, 200 MJ/m2 

and 254 MJ/m2. The fire load density related to the total surface area was calculated to 200 

MJ/m2 for a floor area of 500 m2 with the same geometry and fire load as used in the 

calculations for travelling fires with a floor area of 500 m2. The fire load density used in 

calculations of travelling fires are related to the surface area of the floor, qf,d, and a value of 

570 MJ/m2 was used in the travelling fire calculations. qt,d= 200 MJ/m2 was used in 

calculations for 500 m2 and 5 000 m2 floor area. The fire load density related to the surface 

area was calculated to 254 MJ/m2 for a floor area of 5 000 m2 with the same geometry and a 

fire load density related to floor area of 570 MJ/m2 as used in the calculations for travelling 

fires. qt,d= 254 MJ/m2 was used for calculations of 500 m2 and 5 000 m2 floor area. 

 

Time for maximum gas temperature in case of fuel controlled fire was set to a medium fire 

in all calculations of parametric temperature-time curves lasting for 20 minutes according to 

SS-EN 1991-1-2. The fire growth rate for each of the fuel controlled temperature-time curves 

was calculated according to SS-EN 1991-1-2. 

 

The calculated parametric temperature-time curves according to Eurocode 1991-1-2 with 

the chosen opening factors are plotted in the figures below. The shape of the plotted curves 

is similar but the maximum temperature, peak time and decay phase differs depending on 



 50 

opening factor and fire load density. It is clear that the smallest opening factors results in the 

fastest fire progressions, from heating phase to cooling phase. 

 

The plotted curves with the largest opening factors show very similar temperature increases 

and peaks after 20 minutes and do not follow the same pattern as the rest of the plotted 

curves for both floor areas. This can be explained by investigation of the calculating 

procedure. The fire growth rate was set to medium in all calculations for parametric 

temperature-time curves which according to the presented calculation procedure in SS-EN 

1991-1-2 has a duration of the heating phase of 20 minutes. If the calculated time of the 

heating phase for any opening factor is less than 20 minutes, the duration of the heating 

phase is set to 20 minutes, because of the assumed medium fire growth rate. The calculation 

procedure for a heating phase determined from the fire growth rate is different from if the 

actual calculated time of the heating phase is used. This result in very similar heating phases 

for the fire curves were the fire growth rate determines the heating phase. Also the cooling 

phase has a different calculation procedure if the fire is depending on the fire growth rate 

which can be noticed in the plotted curves for both floor areas.  

500 m2 
For the 500 m2 floor area calculations, results from six opening factors and two fire load 

densities are plotted in Figure 17 and Figure 18. The plotted opening factors are 0.02 m1/2, 

0.04 m1/2, 0.06 m1/2, 0.10 m1/2, 0.14 m1/2 and 0.20 m1/2 which are normally used opening 

factors inside the application limits according to SS-EN 1991-1-2. The same opening factors 

are used in the calculated New MT model II temperature-time curves with a floor area of 

500 m2.  

 

Figure 17 below show the result for a fire load density of 200 MJ/m2 and Figure 18 shows the 

results for a fire load density of 254 MJ/m2. The two calculations result in the same 

temperature-time development for the plotted opening factors but the time of the heating 

phase increases with a larger fire load density. This can be noted if comparing the heating 

phases for the same opening factor and floor area, but different fire load density. The 

cooling phases have the same shapes for the same opening factors but the decrement is 

slightly slower for larger fire load densities.  

 



 51 

For the 200 MJ/m2 fire load density related to floor area two opening factors results in fuel 

controlled fires which can be noticed in the Figure 17 where the two biggest opening factors 

(0.14 m1/2 and 0.20 m1/2) has a heating phase that lasts for 20 minutes. If the fire is fuel 

controlled depends according to the calculation procedure for parametric temperature-time 

curves according to SS-EN 1991-1-2 Annex A if the calculated time of the heating phase is 

more or less than the minimum time of the heating phase. In this work a medium fire 

growth rate was used resulting in a duration of the heating phase of 20 minutes according to 

SS-EN 1991-1-2. For the higher fire load density to floor area of 254 MJ/m2 only the biggest 

opening factor (0.20 m2) is fuel controlled which can be noticed in Figure 18. The 0.06 m1/2 

opening factor has the same temperature-time development as the fuel controlled opening 

factors in both Figure 17 and Figure 18. This is because opening factor 0.6 m1/2 has the same 

temperature-time development as the default value according to the calculation procedure 

in SS-EN 1991-1-2. The default value is usually for opening factor 0.10 m1/2 but because 

concreate was used as surface material the default value is at opening factor 0.6 m1/2 in this 

work. 

 

 

Figure 17. Parametric temperature-time curves, floor area 500 m2 and fire load density of 

200 MJ/m2  
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Figure 18. Parametric temperature-time curves, floor area 500 m2 and fire load density of 

254 MJ/m2 

5 000 m2 
For the 5 000 m2 floor area calculations the floor area is not inside the application limits 

according to SS-EN 1991-1-2. The results from eight opening factors and two fire load 

densities are plotted in Figure 19 and Figure 20. The plotted opening factors are 0.0074 m1/2, 

0.015 m1/2, 0.02 m1/2, 0.021 m1/2, 0.036 m1/2, 0.04 m1/2, 0.051 m1/2 and 0.073 m1/2. The 

opening factors 0.02 and 0.04 are plotted for comparisons between the different calculation 

methods and the different floor areas. The two smallest opening factors (0.0074 and 0.015) 

are not inside the application limits according to SS-EN 1991-1-2. The same opening factors 

are used in the New MT model II temperature-time curves with floor area of 5 000 m2. The 

fire load densities are the same as the ones used in the calculations for 500 m2 floor area.  

 

Figure 19 below shows the result of a fire load density of 200 MJ/m2 and Figure 20 shows 

the results of a fire load density of 254 MJ/m2. The two calculations result in the same 

temperature-time development for the plotted opening factors but the time of the heating 

phase increases with a larger fire load density. This can be noted if comparing the heating 

phases for the same opening factor and floor area, but different fire load density. The 
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cooling phases have the same shapes for the same opening factors but the decrement is a 

bit slower for larger fire load densities.  

 

Figure 19. Parametric temperature-time curves, floor area 5 000 m2 and fire load density of 

200 MJ/m2 

 

Figure 20. Parametric temperature-time curves, floor area 5 000 m2 and fire load density of 

254 MJ/m2 
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4.1.3 Localised fires with proposed interpretation 

Localised fires with proposed interpretations by Wickström1 do not result in temperature-

time curves but in adiabatic surface temperatures which is the ultimate temperatures a 

surface can reach. All calculations follow the calculation procedure described in Annex B in 

this report. The calculated adiabatic surface temperatures are compared to the calculated 

temperatures reached after 30 minutes of fire according to the standard temperature-time 

curve and the parametric temperature-time curves from SS-EN 1991-1-2. The opening 

factors of the compared parametric temperature-time curves are 0.02 m1/2 and 0.04 m1/2 

used in the calculations of the reference building for 500 m2 floor area, building material set 

to concrete and 200 MJ/m2 fire load density.  The calculated adiabatic surface temperatures 

are presented in Table 9 and Table 10. 

 
Table 9. Calculated adiabatic surface temperatures when the distance between the fire 

source and the ceiling is 4 m 

 Diameter 

of the 

fire [m] 

Distance 

between 

the fire 

source and 

the ceiling 

[m] 

Flame 

length 

[m] 

Heat 

release 

rate 

[kW/m
2
] 

Value of 

calculated 

constant, C 

[W/m
2
] 

Adiabatic 

surface 

temperature 

at the ceiling 

[°C] 

Temperature 

in the plume 

along the 

symmetrical 

axis at the 

ceiling [°C] 

Test 1 1 4 1.5 500 Flame does 

not reach 

the ceiling 

 129 

Test 2 5 4 4.2 500 60 000 767  

Test 3 10 4 5.9 500 74 686 828  

 

 
  

                                                      
1
 Personal communication 
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Table 10. Calculated adiabatic surface temperatures when the distance between the fire 

source and the ceiling is 8 m 

 Diameter 

of the 

fire [m] 

Distance 

between 

the fire 

source and 

the ceiling 

[m] 

Flame 

length 

[m] 

Heat 

release 

rate 

[kW/m
2
] 

Value of 

calculated 

constant, C 

[W/m
2
] 

Adiabatic 

surface 

temperature 

at the ceiling 

[°C] 

Temperature 

in the plume 

along the 

symmetrical 

axis at the 

ceiling [°C] 

Test 4 1 8 1.5 500 Flame does 

not reach 

the ceiling 

 55 

Test 5 5 8 4.2 500 Flame does 

not reach 

the ceiling 

 239 

Test 6 10 8 5.9 500 Flame does 

not reach 

the ceiling 

 390 

 

When the flame does not reach the ceiling the temperature in the plume along the 

symmetrical axis at the ceiling is calculated according to SS-EN 1991-1-2. When the flame 

reaches the ceiling the adiabatic surface temperature is calculated according to SS-EN 1991-

1-2 and Wickströms calculations.  

4.1.3.1  Comparison of localised fires with proposed interpretation 

The comparison between the adiabatic surface temperatures calculated according to 

localised fires with proposed interpretations by Wickström are presented in Table 11 below. 

The calculated temperatures in the plume along the symmetrical axis at the ceiling is not 

used in the comparison as they are not adiabatic surface temperatures. 
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Table 11. Developed localised fires interpreted as suggested by Wickström compared to 

temperatures from the standard fire curve and the parametric fire curves 

 Compared temperatures [°C] 

Standard temperature-time curve after 30 minutes 842 

Maximum temperature for parametric fire curve, 

opening factor 0.02 

723 

Maximum temperature for parametric fire curve, 

opening factor 0.04 

806 

Adiabatic surface temperature with diameter of the 

fire 5 m 

767 

Adiabatic surface temperature with diameter of the 

fire 10 m 

828 

 

Table 11 shows that the maximum adiabatic surface temperature, when the diameter of the 

fire is 10 m, almost reaches the temperature that the standard temperature-time curve 

reaches after 30 minutes. The calculated adiabatic surface temperatures are similar to the 

calculated maximum temperatures for the parametric temperature-time curves. The 

temperature span is between 723-845 °C which is just over a 100 degrees difference, a quite 

small temperature span when considering fire temperatures. 

4.2 Results new methods 

The results of the new, alternative methods are presented in this section.  

4.2.1 Results iTFM 

The iTFM was applied to the three reference buildings with floor areas of 500 m2 and 

5 000 m2 and ceiling heights of 4 and 8 m. All calculations follow the calculation procedure 

described in Annex C in this report. The model enables temperature results at different 

locations which were later conducted through several simulated cases at two different 

locations of the buildings. To investigate how the result differed, two locations far from each 

other were chosen. In the reference building with smaller floor area, the locations were 

chosen to 1 m from the fire start and 38 m from the fire start i.e. in each end of the building. 

Similar placements were chosen for the compartment with larger floor area. One was 

chosen to 1 m from the fire start and the other 98 m from the fire start, i.e. also here in each 

end of the building. This set-up was chosen to investigate how the far field temperature 
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would differ depending on position in the building. The near field temperature is not 

dependent on location of the compartment which leads to that the maximum near field gas 

temperature will be identical on both locations, but at different times. Though, the surface 

temperature and the impact on the structure will differ depending on location. The structure 

at the opposite side of the fire start will be exposed to elevated temperatures for a longer 

time than the structure close to the fire start and the resulting impact on the structure will 

differ.  

 

As mentioned in the theory section, the resulting temperature of the iTFM depends on, 

among other variables, heat release rate, fuel load density and spread rate. In all cases 

conducted on the reference buildings the heat release rate and fuel load density were 

constant and uniform across the fire path. The heat release rate was set to 500 kW/m2 and 

the fuel load density to 570 MJ/m2. These values are based on the travelling fire method 

(Stern-Gottfried & Rein, 2012) where they are chosen as “base case” values. They represent 

fire loads that are assumed in offices and similar accommodations, which are considered 

suitable in these cases (VK2 and Br2 buildings) where similar furnishing can be expected. The 

heat release rate and the fuel load density determine the time needed for an area involved 

in a fire to burn out completely. Since both variables are set to constant, the time needed for 

an area to burn out completely will also be constant. The fire spread was determined 

through the produced values by Rackauskaite et al., 2015. Values from a test with most 

similarities to the reference building and situation were chosen, i.e. values from tests on 

natural fires in large scale compartments. The spread rates were 1.5-19.3 mm/s and cases 

with both minimum and maximum values were performed to find the span in which the 

temperatures vary. A summary and clarification of the cases and their characteristics are 

presented in Table 12 and Table 13. 

 
Table 12. Chosen values for heat release rate and fuel load density together with the 

calculated time needed for an area of arbitrary size to burn out completely 

Heat release rate [kW/m2] Fuel load density [MJ/m2] Time needed for area to burn out completely [s] 

500 570 1140 
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Table 13. Compartment geometries and assumed spread rates and locations used in the iTFM 

for each case 

Case   Floor size [m2] Roof height [m] Spread rate [m/s] Location in compartment, [m]  

1 500 4 0.0015 1 

2 500 4 0.0015 38 

3 500 4 0.0193 1 

4 500 4 0.0193 38 

5 5 000 4 0.0015 1 

6 5 000 4 0.0015 98 

7 5 000 4 0.0193 1 

8 5 000 4 0.0193 98 

9 5 000 8 0.0015 1 

10 5 000 8 0.0015 98 

11 5 000 8 0.0193 1 

12 5 000 8 0.0193 98 

 

The tests with similar spread rate, Smax or Smin are presented in one common graph, see 

figures 22-27. The resulting temperature-time curves are presented below.  

500 m2 

The results of the cases conducted on the reference building with floor area of 500 m2 are 

presented in the following sections. 

Case 1 and 2 

The results of cases 1 and 2 are presented in Figure 21. The maximum temperature that is 

reached in case 1 and case 2 is in both scenarios more than 900 °C. The only difference 

between the cases is the position of interest, 1 or 38 meter from the fire start, which 

consequently leads to a displacement of the curve in time. The further away from the fire 

the distance of interest is, the later the peak temperature occurs. The far field temperature 

does never, as the model prescribes, exceed the near field temperature, but decreases with 

distance from the fire. The peak temperature in case 1 occurs after around 13 minutes which 

is expected since it is dependent on the location of the start of the fire. After the 

temperature peak, the temperature decreases relatively fast and is decreasing during the 



 59 

remaining burning time. The temperature distribution is different in case 2. The temperature 

increases considerably more slowly as the location of interest is in the end of the building. 

The temperature increases relatively linear during the entire fire growth time and reaches 

the peak gas temperature after almost 8 hours. The total fire duration was almost 8 hours 

which depends on the spread rate which in these cases was set to the lowest value, 0.0015 

m/s.   

 

The temperature reached after 30 minutes is calculated to around 750 °C, see Figure 21. 

Though, at that time the temperature has exceeded the maximum temperature at the 

steady phase and entered the decay phase. This leads to that the temperature of interest is 

the maximum temperature of 920 °C. This is when investigating the location of 1 meter from 

the fire start. When investigating the location at the other end, 38 meters from the fire start, 

the temperature is 100 °C. This means that the interval between which the temperature 

could change depending on location in the compartment during the first 30 minutes are 

920 °C and 100 °C.  

 

 
Figure 21. Temperature distribution of cases 1 and 2 of the iTFM. Smin represents the 

minimum spread rate, 0.0015 m/s 
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Case 3 and 4 

The results of cases 3 and 4 are presented in Figure 22. In these cases the spread rates are 

set to the highest value, 0.0193 m/s which results in a different temperature-time 

distribution comparing to previous cases. Due to the fast spread rate the total fire duration 

is considerably shorter, just around one hour. The time until the peak temperature, 1 170 °C, 

is reached is also shorter. In only around one minute the temperature has reached around 

1 170 °C at 1 meter from the fire start, and in 40 minutes is the peak temperature reached at 

38 meters from the fire start. At a point around 800 °C in the decay phase of the 1 meter 

curve, the curve shows a pattern- breaking behaviour as a sudden increased down slope 

occurs. This is caused by the changes in conditions by the iTFM depending on whether the 

fire is still increasing, at its maximum or is decaying.   

 

The temperature after 30 minutes is around 820 °C. Similar to previous cases, 1 and 2, the 

temperature has exceeded the maximum temperature and has entered the decay phase. 

Therefore is the temperature to use in these cases as well the ultimate maximum 

temperature, 1170 °C. This is at 1 meter from the fire start. At 38 meters from the fire start 

the temperature is around 420 degrees. This means that the interval between which the 

temperature could change depending on location in the compartment during the first 30 

minutes are 1170 and 420 °C.  
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Figure 22. Temperature distribution of cases 3 and 4 of the iTFM. Smax represents the 

maximum spread rate, 0.0193 m/s 

5 000 m2 – 4 m 

The results of the cases conducted on the reference building with floor area of 5 000 m2 and 

a ceiling height of 4 m are presented in the following sections. 

Case 5 and 6 

The results of cases 5 and 6 are presented in Figure 23. These are cases in the larger 

compartment with 4 meter roof height and where the spread rate is set to the lowest value. 

The maximum temperatures are identical for both case 5 and 6 due to identical fire spread, 

heat release rate and fuel density load. The only difference is the distance from fire start. 

The most noticeable difference in comparison to the smaller compartment is the total fire 

duration. In case 5 and case 6 the burning time is more than 18 hours. The peak temperature 

at 1 meter from the fire start is reached after around 7 minutes and is calculated to 1090 °C. 

The time in which the construction is exposed to the peak temperature is around 20 minutes 

but the overall time it is exposed to elevated temperature that could affect its capacity in a 

negative way is more than 2 hours. During the majority of the time the construction at that 

position is exposed to temperatures lower than 200 °C. The peak temperature in case 6 is 

reached after almost 18 hours since the fire started in the other end of the building. During 

the time previous the sharp increase of temperature (at around 800 min), the construction is 
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exposed to relatively low temperatures, lower than 300 °C. The time in which the 

construction would be exposed to temperatures that would clearly affect its capacity is 

relatively short in comparison to the entire fire burning time, around 5 hours. 

 

The temperature after 30 minutes is around 970 °C. As in both previous cases this is after the 

temperature has reached its maximum and is at the decay phase of the curve. The maximum 

temperature at 1 meter from the fire start during the first 30 minutes is therefore 1090 °C. 

At 98 meters from the fire start the maximum temperature after 30 minutes is around 100 

°C. This means that the interval between which the temperature could change depending on 

location in the compartment during the first 30 minutes are 1090 and 100 °C.  

 

 

Figure 23. Temperature distribution of cases 5 and 6 of the iTFM. Smin represents the 

minimum spread rate, 0.0015 m/s. 

 

Case 7 and 8 

The results of cases 7 and 8 are presented in Figure 24 below. The maximum temperatures 

are calculated to 1155 °C in both cases. Due to the high spread rate both peak temperatures 

are reached considerably fast, around one minute in case 7 and around 70 minutes in case 8. 

Due to the high spread rate the total fire duration is short, just about under two hours, 
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which leads to that the construction is exposed to highly elevated temperatures for a short 

time. During the remaining time the temperature is around 400 °C or lower.  

 

The temperature after 30 minutes at 1 meter from the fire start is around 870 °C. This is 

when at the decay phase and the maximum temperature during the first 30 minutes is 1155 

°C. At 98 meters from the fire start the temperature is around 530 °C which means that the 

temperature during the first 30 minutes could vary between 1 155 and 530 °C.  

 

 

Figure 24. Temperature distribution of cases 7 and 8 of the iTFM. Smax represents the 

maximum spread rate, 0.0193 m/s 

5 000 m2 – 8 m 

The results of the cases conducted on the reference building with floor area of 5 000 m2 and 

a ceiling height of 8 m are presented in the following sections. 

Case 9 and 10 

The results of cases 9 and 10 are presented in Figure 25. These are the cases in the larger 

compartment with ceiling height of 8 meters. The major difference from the cases with 

lower height is the relatively low maximum temperature. The peak temperature reached for 

both case 9 and 10 is almost 800 °C which is considerably lower than previous cases. The 
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spread rate is low which results in a long total burning time, almost 19 hours. The peak 

temperature in case 9 is reached after around 20 minutes and the time the construction is 

exposed to elevated temperatures is around 2 hours. The peak temperature in case 10 is 

reached after around 15 hours due to its location in the compartment. The time the 

construction is exposed to elevated temperatures in case 10 is considerably longer. It is 

conducted to temperatures higher than 400 °C for almost 8 hours since the temperature has 

a more linear increase than in case 9.  

 

The calculated temperature after 30 minutes at 1 meter from the fire start was 730 °C. 

Though, the maximum temperature during the first 30 minutes is around 800 °C. Together 

with the temperature at 98 meters from the fire start during the 30 first minutes, they 

create an interval wherein a various temperatures are possible depending on what location 

is of interest. The interval is between 800 and 75 °C. 

 

 

Figure 25. Temperature distribution  of cases 9 and 10 of the iTFM. Smin represents the 

minimum spread rate, 0.0015 m/s 
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Case 11 and 12 

The results of case 11 and 12 are presented in Figure 26. Due to the high spread rate the 

temperatures in these cases are relatively high. The maximum temperatures are calculated 

to 1092 °C and the time it takes until it is reached is only around a minute for case 11 and 

around 1.5 hours for case 12.  Similar to case 3 there is a point, here around 1000 °C in the 

decay phase of the 1 meter curve, where the curve shows a pattern- breaking behaviour as a 

sudden increased down slope occurs. This is caused by the changes in conditions by the iTFM 

depending on whether the fire is still increasing, at its maximum or is decaying. The 

temperature curve at 98 meters has a rather linear slope which means that the temperature 

at that location is in general higher during a longer period of time.  

 

The temperature after 30 minutes is calculated to 1000 °C at 1 meter from the fire start. The 

maximum temperature during the same period is though the previously mentioned 1 092 

degrees. After 30 minutes, the maximum temperature at 98 meters from the fire start is 350 

°C. Therefore is the interval in which the temperature varies depending on the location is 

1092 and 350 °C.  

 

Figure 26. Temperature distribution of cases 11 and 12 of the iTFM. Smax represents the 

maximum spread rate, 0.0193 m/s 
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 Comparison iTFM 

To get an overall picture of the results of the iTFM compared to the established models, the 

standard fire curve and the parametric fire curve, the different temperature-time curves are 

combined to common graphs. The results of the comparisons of the improved travelling fire 

method are presented in Figure 27, Figure 28, Figure 29 and Figure 31. Three comparisons 

were conducted, each one to represent one compartment floor size and ceiling height.  

Comparison 1 

The chosen curve to represent the iTFM in the first comparison, Figure 27, is the fire with 

slow spread rate and a compartment size of 500 m2 with a height of 4 meters.  

 

As seen in Figure 27 the iTFM curve differs from the other curves regarding shape i.e. the 

temperature distribution. The temperature is elevated during a shorter amount of time than 

for example the standard fire curve. However, one important listing is that the temperature 

presented by the iTFM curve only applies to one location of the compartment, not the entire 

space. It travels across the floor during time and eventually will the entire compartment at 

some point be exposed to the peak temperatures. Compared to the parametric fire and the 

standard fire curve where the entire compartment is exposed to the same temperatures, the 

fire is considered fully developed. Another difference between the standard fire curve and 

the iTFM curve is that the standard fire curve does not have a  decay phase, the temperature 

is assumed to continue to increase whereas the iTFM and the parametric fire decays after it 

has reached its maximum.  

 

There are some differences between the maximum temperatures depending on the 

different fire models. The lowest maximum temperatures when considering the entire fire 

duration are obtained from the parametric fire curves and is calculated to around 700-850 

°C. The parametric curves are followed with increasing temperature by the iTFM curves 

where the maximum temperature is just over 900 °C. The highest temperatures are given by 

the standard fire curve where the maximum temperature is around 1 100 °C.  
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Figure 27. Comparison 1 of the iTFM and the established methods 

Figure 28 presents an enlarged and zoomed in version of Figure 27. This shows a clearer 

picture of the temperatures at 30 minutes, which is of most interest in this work. The dotted 

line represents 30 minutes. Along that line it can be seen that the highest temperature is 

presented by the iTFM at 1 meter, 920 °C. The temperature at the iTFM at 38 meters is 

around 100 °C and depending on location in the compartment the temperature will vary 

between those values (920-100 °C). The temperature developed by the standard fire curve is 

marginally lower than the maximum iTFM temperature, followed by the parametric curves 

depending on opening factors.  

 

 

Figure 28. Enlarged version of comparison 1 with focus on 30 min 
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Comparison 2 

The chosen curve to represent the iTFM in the second comparison, Figure 29, is the fire with 

slow spread rate and a compartment size of 5 000 m2 with a height of 4 meters.  

 

The maximum temperatures considering the entire fire duration does not differ significantly 

between the existing and new models. The maximum temperature of the iTFM and the 

standard fire curve is, as can be seen in the Figure 29, relatively similar. The temperatures 

are calculated to around 1100 °C which affects the structures significantly and demands 

great protection to withstand consequenses of the heat.  

 

Compared to the temperatures developed by the parametric fire curves, the temperatures 

of the iTFM is significantly higher. The parametric fire temperatures remain at between 700 

and 850 °C depending on opening factors, which is around 300 °C lower than the iTFM 

temperatures.   

 

Figure 29. Comparison 2 of the iTFM and the established methods 

 

In Figure 30 below is the zoomed in version of Figure 29 to illustrate the temperatures at 30 

minutes of fire exposure. At exactly 30 minutes, the iTFM temperature at 1 meter is around 

100 °C higher than the method with second highest temperature, the standard fire curve. 
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Though, the temperature has at that time already passed the peak temperature at 1090 °C 

and therefore is the interval in which the iTFM temperatures can vary between 1090 and 

100 °C.  

 

Figure 30. Enlarged version of comparison 2 with focus on 30 min 

Comparison 3 

The chosen curve to represent the iTFM in the third comparison, Figure 31, is the fire with 

slow spread rate and a compartment size of 5 000 m2 with a height of 8 meters. Since cases 

on the reference building with a height of 8 meters were not conducted using the 

parametric fire curve, they are not included in the comparison. 

 

The results of Figure 31 are similar to the results in Figure 29. The differences regard the 

maximum temperatures of both iTFM curves and the slope of the iTFM curve located 98 

meters from the fire start. The maximum temperatures of the iTFM are significantly lower 

than the previously presented results, around 800 °C, and produces therefore also lower 

temperatures than the standard fire curve. The iTFM curve at location 98 meters from the 

fire start increases with a more linear slope than the curve 1 meter from the fire start. This 

indicates a higher temperature at that location in general during a longer time.  
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Figure 31. Comparison 3 of the iTFM and the standard fire curve 

Figure 32 represents the zoomed in version of Figure 31. The maximum temperature during 

the 30 first minutes calculated by the iTFM at 1 meter is just under 800 °C. This is the 

representative temperature to compare to the other method. In Figure 32 it is presented 

that the standard fire curve obtains the highest temperature at 30 minutes, followed by the 

iTFM at 1 meter. The possible temperatures obtained by the iTFM depending on location in 

the compartment varies between just under 800 °C to around 80 °C.  
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Figure 32. Enlarged version of comparison 3 with focus on 30 min 

4.2.2  Results New MT model II 

The New MT model II temperature-time curves presented in this work are calculated 

according to the calculation procedure presented in the report New models for calculation of 

maximum gas temperatures in large tunnel fires (Ingason & Li, 2016). The calculation 

procedure is presented in Annex D in this report. The curves are titled according to opening 

factors.   

 

The opening factors used in the calculations for the New MT Model II temperature-time 

curves were determined from the opening factors used in the parametric temperature-time 

calculations.  

 

In Table 14 below the used opening factors are presented. The opening factors for New MT 

model II are calculated as the opening factors for parametric temperature-time curves in SS-

EN 1991-1-2. A medium fire growth was used in all calculations with a fire growth coefficient 

of 11.72 W/s2. 
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Table 14. Used opening factors for the New MT Model II 

 Floor area, 

Af [m
2
] 

Opening 

factor, O 

[m
1/2

] 

Area 

walls, Aw 

[m
2
] 

Area vertical 

openings, Av 

[m
2
] 

Equivalent 

height, heq 

[m] 

Wall opening 

factor, Ow [m
1/2

] 

O=0.02 500 0.02 420 29 1 0.069 

O=0.04 500 0.04 420 56,8 1 0.14 

O=0.06 500 0.06 420 85,2 1 0.20 

O=0.10 500 0.10 420 142 1 0.34 

O=0.14 500 0.14 420 199 1 0.47 

O=0.20 500 0.20 420 284 1 0.68 

O=0.0074 5 000 0,0074 1 200 83 1 0.069 

O=0.015 5 000 0.015 1 200 168 1 0.14 

O=0.021 5 000 0.021 1 200 240 1 0.20 

O=0.036 5 000 0.036 1 200 408 1 0.34 

O=0.05 5 000 0.050 1 200 564 1 0.47 

O=0.073 5 000 0.073 1 200 816 1 0.068 

 
The geometries used in the calculations are presented in Table 15 below. 

Table 15. Geometries used in the calculations of the New MT Model II 

 Floor area, 

𝑨𝒇 [m
2
] 

Total internal 

area except 

openings, 𝑨𝒘 

[m
2
] 

Total area of 

openings, 𝑨𝑶 

[m
2
] 

Weighted 

average of 

opening heights, 

𝑯𝑶 [m] 

Effective height of the 

compartment, 𝒉𝒆𝒇 [m] 

O=0.02 500 1 391 29 1 4 

O=0.04 500 1 363 57 1 4 

O=0.06 500 1 335 85 1 4 

O=0.10 500 1 278 142 1 4 

O=0.14 500 1 221 199 1 4 

O=0.20 500 1 136 284 1 4 

O=0.0073 5 000 11 117 83 1 4 

O=0.015 5 000 11 032 168 1 4 

O=0.021 5 000 10 960 240 1 4 

O=0.036 5 000 10 792 408 1 4 

O=0.05 5 000 10 636 564 1 4 

O=0.073 5 000 10 384 816 1 4 
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The boundary material was set to concrete in all calculations of walls, floor and roof. The 

material properties are the same as the ones used in the calculations of parametric 

temperature-time curves presented in Table 8.  

 

The calculated temperature-time curves for the New MT model II with the chosen opening 

factors are plotted in the figures below. 

500 m2 

For the 500 m2 floor area calculations, results from six opening factors are plotted in Figure 

33. The opening factors are the same as the ones used in the calculated parametric 

temperature-time curves. 

 

The beginning of the temperature development varies between 0-14 minutes for the 

different opening factors. As the figure show, small opening factors results in early 

temperature increase and for the three smallest opening factors the temperature increase 

has already started at the initial time of zero minutes. The opposite applies for large opening 

factors where it takes some minutes before the temperature rise starts to increase. The 

temperature increase is rapid for all opening factors but the large opening factors results in 

high temperatures fast. The shape of all the plotted curves, except the one with opening 

factor 0.02 m1/2, is similar to the standard temperature-time curve.  
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Figure 33. Results from six opening factors of the New MT Model II 

5 000 m2 

For the 5 000 m2 floor area calculations, results from eight opening factors are plotted in 

Figure 34 below. The plotted opening factors were chosen to the same as for the plotted 

parametric temperature-time curves for a compartment with a floor area of 5 000 m2.  

 

As for the 500 m2 graph the temperature-time development starts at high temperatures for 

the small opening factors. The temperature-time development for opening factor 0.036 m1/2, 

0.040 m1/2, 0.050 m1/2 and 0.073 m1/2 does not follow the expected temperature 

development if comparing the curves to the 500 m2 floor area calculations. In the 500 m2 

calculations the temperatures increase or stay constant for the entire plotted fire 

development of 240 minutes. For these opening factors a quite similar, fast temperature 

drops can be noticed. For the smallest of these opening factors (0.036 m1/2) the drop occurs 

after 220 minutes followed by the next opening factor (0.040 m1/2) which occurs earlier, at 

approximately 170 minutes and then the next opening factors (0.050 m1/2 and 0.073 m1/2) at 

100 minutes and 40 minutes respectively. The temperature decreases at these points are 

small for small opening factors and increases with bigger opening factors.  
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The straight line at 600 °C occurring after 121 minutes for the 0.073 m1/2 opening factor can 

be explained by analysing equation D14. The value of the parameter 𝛽 is growing with time 

and after 121 minutes the value is so big that MS Excel does not calculate it. The value of the 

errorfunction is very small resulting in a value of 𝜙 very close to one and therefore 𝜙 is set 

to one for all time steps after 121 minutes.  

 

 
 

Figure 34. Results from eight opening factors of the New MT Model II 

The calculated temperature-time curves for the two different floor areas show both similar 

and varying results. The initial phase of all plotted curves show the same, fast, temperature 

development for all curves except the smallest plotted curves which temperature-time 

development already started at the initial time of zero minutes. The maximum temperatures 

for both floor areas are lower than 1 200 °C and the largest opening factors results in the 

highest temperatures. 

 

The fact that the material of walls, floor and roof used in all the calculations are concrete 

results in lower fire temperatures than other common materials, such as insulation, gypsum 

or wood would have resulted in due to different material properties. This means that if 

different materials would have been used in the calculations the temperature-time 
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development would have been even faster and reached even higher. Due to the fact that 

most buildings are not built of only concrete it can be assumed that a faster temperature-

time development then the ones presented in this work will occur.   

Comparison New MT model II 

A comparison between the New MT Model II with opening factor 0.02 m1/2 and 0.04 m1/2, 

the standard fire curve and parametric temperature-time curves with opening factor 0.02 

m1/2 and 0.04 m1/2 and a fire load density of 200 MJ/m2 are plotted in Figure 35 and Figure 

36 below. The comparison focuses on temperature development, maximum temperature, 

fire duration and temperature after 30 minutes.  

500 m2 

The plotted temperature-time curves show large differences in appearance. The standard 

temperature-time curve produces the fastest fire development and reaches the highest 

temperatures for the whole plotted fire duration, except for the first minutes where both 

New MT model II curves give the highest temperatures. The New MT model II starts at high 

temperatures, around 700 °C for the 0.02 m1/2 opening factor and over 500 °C for the 0.04 

m1/2 opening factor. Their temperature development over the plotted four hours show 

temperature increases of 100 °C for the 0.02 m1/2 opening factor and around 500 °C for the 

0.04 m1/2 opening factor. The 0.04 m1/2 opening factor results in higher temperatures than 

the 0.02 m1/2 opening factor for the New MT model II after around 15 minutes and keeps 

resulting in higher temperatures for the whole plotted time.  

 

Comparing the parametric temperature-time curve and the New MT model II with opening 

factor 0.04 m1/2 it is clear that the parametric curve results in a slower fire development and 

lower temperatures than the New MT model II curve. The duration of the heating phase for 

the parametric temperature-time curve is only 60 minutes and the maximum temperature it 

reaches is 800 °C. Compared to the New MT model II which after 60 minutes reaches almost 

900 °C and the temperature keeps increasing to over 1 000 °C after 4 hours.  
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Figure 35. Comparison between the New MT Model II with opening factor 0.02 and 0.04, the 

standard fire curve and parametric temperature-time curves with opening factor 0.02 and 

0.04 and a fire load density of 200 MJ/m2 

Figure 36 shows the first hour of the plotted temperature-time curves with a dotted line at 

30 minutes. The temperatures after 30 minutes vary between approximately 420-820 °C 

which is a big temperature span. The standard temperature-time curve gives the highest 

temperature follow by the New MT model II with opening factor 0.04 m1/2. The opening 

factor of 0.04 m1/2 for the parametric curve gives a slightly higher temperature than the New 

MT model II with opening factor 0.02 m1/2. The parametric curve with opening factor 0.02 

m1/2 gives 300-400 °C lower temperatures than the rest of the plotted curves. 
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Figure 36. Enlarged graph of the first hour of the plotted temperature-time curves with a 

dotted line at 30 minutes 

5 000 m2 

For the 5 000 m2 floor area comparison plotted in Figure 37 and Figure 38 the temperature-

time development shows even larger differences than the 500 m2 floor area comparison. 

The maximum resulting temperatures are produced by the standard temperature-time curve 

and the New MT model II with opening factor 0.015 m1/2. The New MT model II results in 

high temperatures fast and does not show any temperature decrease during the plotted 4 

hours. The New MT model II with opening factor 0.015 m1/2 shows a delay in temperature 

increase but shows a rapid temperature development when the temperature starts to rise 

after 9 minutes. The other New MT model II curve starts at almost 600 °C and increases 

slowly to 1 000 °C after the plotted 4 hours.  

 

The both plotted parametric temperature-time curves show considerable lower 

temperatures than the New MT model II. The 0.0074 m1/2 opening factor show a linear 

temperature development and reaches only 400 °C after 4 hours. The 0.015 m1/2 opening 

factor reaches its maximum temperature of 675 °C after 160 minutes.  
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Figure 37. Comparison between the New MT Model II with opening factor 0.015 and 0.0074, 

the standard fire curve and parametric temperature-time curves with opening factor 0.015 

and 0.0074  

Figure 38 below the dotted line shows the temperatures after 30 minutes. The New MT 

model II with opening factor 0.015 m1/2 results in even higher temperatures than the 

standard temperature-time curve of almost 900 °C. The opening factor 0.0073 m1/2 gives at 

temperature of around 775 °C which is less than the standard temperature-time curve but 

still far higher than the parametric temperature-time curves. 

 

The parametric temperature-time curves results in low temperatures of around 100 °C for 

the 0.0074 m1/2 opening factor and around 300 °C for the 0.015 m1/2 opening factor. The 

calculated temperatures differ about 600 °C if comparing opening factor 0.015 m1/2 from the 

both calculation methods and about 600 °C if comparing the 0.0073 m1/2 opening factor.  
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Figure 38. Enlarged graph of the first hour of the plotted temperature-time curves with a 

dotted line at 30 minutes 
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5. Analysis 

In the following section analyses of the standard temperature-time curve, the parametric 

temperature-time curves, localised fires with new interpretation, the iTFM and the New MT 

model II will be presented. Analyses about each method will be presented together with 

their suitability for determination of fire progression and temperature-time development in 

fire compartments.  

5.1 Standard temperature-time curve 

The main advantage of using the standard temperature-time curve when designing fires is 

that it is a well-known and accepted standard without application limits. It is also a simple 

and fast model to use with clear guidance. With few choices of variables available for the 

user, the risk for resulting mistakes, errors or unreasonable values are reduced.  

 

The fact that the method does not depend on physical parameters impacting the fire 

behaviour is also a disadvantage. A method that does not consider any physical parameters 

gives identical results, independently on the external conditions. For example, a fire in a 

compartment with a floor area of 10 m2 results in identical temperatures as a compartment 

with a floor area of 1 000 m2.  

5.2 Parametric temperature-time curves 

The temperature-time development for parametric temperature-time curves depends on 

opening factor, geometry, fire load density, height of vertical openings and the enclosure 

surfaces and layers of materials. The parametric temperature-time curve for a compartment 

with specified opening factor, height of vertical openings, surfaces and layers of materials 

result in the same temperature-time development regardless of compartment size. This can 

be noticed if comparing the 500 m2 and 5 000 m2 floor area compartments temperature-

time curves for opening factor 0.02 m1/2 and 0.04 m1/2 plotted in Figure 17 and Figure 19 

with fire load density 200 MJ/m2 and Figure 18 and Figure 20 with fire load density 254 

MJ/m2. The curves for each fire load density shows the same heating and cooling 

development for both floor areas for the same opening factor which can be questioned to 

reflect a real fire progression. 
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The height of the compartment only affects the temperature-time development where the 

total area of the enclosure is used, which is when determining opening factor. The height of 

vertical openings affects the fire progression and it is the average height of the vertical 

openings that is used in the calculations of the parametric fire curves. If the average height 

of openings in the equation for calculation of the opening factor is increased the value of the 

opening factor is increased as well. An increase of height of vertical openings therefore 

results in a faster temperature-time development than for a lower vertical height of 

openings.  

 

The reason why the same opening factors for the 500 m2 and the 5 000 m2 floor area 

calculations were not appropriate to use in this work can be explained in two ways. The first 

is that the same height of 4 meters was used in both simulations. This resulted in a wall area 

of 11 % of the total surface area for the 500 m2 calculations and 30 % for the 5 000 m2 

calculations. If the ratio between wall area and total surface area would have been the 

same, the same opening factors would have been appropriate to use and to compare. If the 

height is kept constant or increased slower than the rest of the compartment size, smaller 

opening factors should be used for more realistic comparisons. The second can be noticed if 

comparing the sizes of the opening in respect to the size of the walls. An opening factor of 

0.20 m1/2 in the 500 m2 calculation results in 68 % openings of all wall, the same relation for 

the 5 000 m2 calculation would be 131 %, which shows that the area of the openings are 

larger than the total area of the walls.  

 

68 % openings on walls are more than normal for buildings in general which resulted in a 

focus on the opening factors 0.002 m1/2 and 0.004 m1/2 in the case study which represents 

14 % and 20 % openings on walls for the 500 m2 calculations if the opening height is set to 1 

m. The opening factors of 0.002 m1/2 and 0.004 m1/2 resulted in wall opening factors of 0.069 

m1/2 and 0.14 m1/2. These wall opening factors were then used to calculate the resulting 

opening factors for the 5 000 m2 calculations which resulted in opening factors of 0.0074 

m1/2 and 0.015 m1/2 that were used in the case study.  

 

Noticeable when comparing the plotted results for the two floor areas is that an increased 

fire load density results in the same temperature-time development but with longer 
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duration for a larger fire load density. This can be noticed if comparing the same opening 

factors for the 500 m2 floor area in Figure 17 and Figure 18 or the 5 000 m2 floor area in 

Figure 19 and Figure 20. This shows that the fire load density does not affect the rate of the 

increased temperature, only the time of the duration and therefor also the maximum 

temperature.  

 

If parametric temperature-time curves are fuel or ventilation controlled can be noticed in 

the plotted graphs for when their cooling phase starts. In this work the fire growth rate was 

set to a medium fire growth rate which is 20 minutes according to SS-EN 1991-1-2. If the fire 

is fuel controlled the duration of the heating phase is set to the time of fire growth rate. In 

Figure 17, opening factor 0.14 m1/2 and 0.20 m1/2 are fuel controlled and in Figure 18 

opening factor 0.20 m1/2 is fuel controlled. The rest of the curves are ventilation controlled 

and has a heating phase that lasts for longer than 20 minutes.  

 

The parametric fire curves have been developed based on large scale and model scale fire 

tests which is a big advantage for a method to determine fire progression. Noticeable is that 

the experimental fire tests were not performed in large size compartments and not 

performed to determine fire progression in large size compartments.  

 

The resulting temperature-time development from the case study shows large differences in 

fire progression depending on opening factor. The smallest opening factors were assumed to 

be the most realistic in this work because of their relation between wall area and opening 

area. These opening factors gives the lowest temperatures and the slowest fire progression 

compared to the other opening factors presented in this work. For the 5 000 m2 floor area 

the temperatures received from the smallest opening factors are unreasonable low and 

therefore not recommended to use. 

5.3 Localised fires with proposed interpretation 

The calculations for localised fires in SS-EN 1991-1-2 interpreted by Wickström results in 

adiabatic surface temperatures, not in fire progression and temperature-time development 

as the other models in this work does. Because of that the comparison was made with the 

reached temperature after 30 minutes of fire according to the standard temperature-time 
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curve and for the maximum reached temperatures of the parametric temperature-time 

curves for opening factors 0.02 and 0.04.  

 

The maximum temperature obtained for localised fires, with fire diameter 10 m, is lower 

than the reached temperature of the standard fire curve after 30 minutes of fire. Compared 

to the parametric temperature-time curves with opening factors of 0.02 and 0.04, localised 

fires results in similar temperatures.  

 

Noticeable is that adiabatic surface temperatures according to Ulf Wickström’s calculations 

only can be calculated if the flame length is larger than the compartment height, when the 

flame is impacting the ceiling. This is because if the flame does not reach the ceiling a 

different calculation procedure is used which determines the temperature in the plume 

along the symmetrical vertical flame axis. The resulting temperatures when using this 

calculation procedure are very low and are not of interest in this comparison. For a 500 

kW/m2 heat release rate the maximum flame length is 6 m, with a fire diameter of 10 m. For 

this case the maximum compartment height is 6 m if the adiabatic surface temperature is to 

be determined. This limits the use of the interpretation of localised fires by Ulf Wickström to 

around 6 m ceiling height depending on heat release rate. Noticeable is that the limitation of 

ceiling height is lower than the limitation for parametric temperature-time curves which is 4 

m according to SS-EN 1991-1-2. 

5.4 Improved travelling fire method 

The reason to why the iTFM was investigated was due to its characteristics of being an 

innovative model that differs significantly from other methods in how it is structured. Its 

purpose is to develop temperature-time curves and fire progression with focus on large 

compartment, with the assumption that the fire travels across the compartment. The 

advantages of the model are that it is adaptable according to different situations, designs 

and fires. Depending on what activities that are taken place in the compartments the fire 

load and spread rate, among all, will differ. By using the iTFM the results of each calculation 

are more realistic and adjusted to that specific compartment and fire which leads to a better 

bearing on reality. 

 



 85 

The temperature distribution obtained by the iTFM differs significantly from the others, due 

to its rapid increase of temperature, relatively short exposure time of the peak temperature 

and then a rapid decrease of temperature during the decay phase. The main reason to the 

different temperature distribution is that each obtained curve only represents a specific 

location of the compartment, not the entire one. The common characteristics of the iTFM 

curves are that the temperature rises relatively fast, then to be constant during a steady 

phase and then cool down also relatively fast. The temperature peaks during a certain time 

span, which is dependent on the fuel load density and the heat release rate. The cases are 

conducted for two different positions in the compartment, one in each end. This is the 

reason to the appearance of the curves, one peak almost immediately and one after a period 

of time, depending on the spread rate. The results of the method are prone to change 

depending on the various input data i.e. depending on the conditions of the compartment 

and the fire characteristics. For example, the resulting temperatures of the iTFM depend 

heavily on the height of the compartment. Not relative the floor size but the higher the 

ceiling the lower temperatures are obtained. The result also depended on the characteristics 

of the fire i.e. the heat release rate and the fire density load. They were assumed constant 

and were chosen to values according to base case scenarios in the original TFM method. 

Depending on what expected activity will be performed in the compartment, these values 

can also differ significantly and consequently result in different temperatures. The lower 

heat release rate, the longer time of fire duration which leads to higher temperatures and a 

faster fire growth. The lower fire density load the lower temperatures in general are 

produced. These properties are though hard to predict and to affect and can therefore lead 

to uncertainties.  

 

As clearly seen in the cases the spread rate is of great importance for the result when using 

the iTFM. A fast spread rate implies relatively high maximum temperatures at an early stage 

of the fire duration and a slow spread rate implies often a bit lower temperatures at a little 

longer time than for the fast spread rate. Regarding spread rate is in general the actual value 

somewhere in between the two mentioned in this work, 0.0015 m/s and 0.0193 m/s. Those 

are the minimum and maximum values, which mean that the majority of real compartment 

fires will have higher spread rates than 0.0015 m/s. They will consequently obtain higher, 

even more conservative temperatures. When designing for fires in reality, it is difficult to 
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determine with certainty what spread rate the current compartment will have. This creates 

an uncertainty in the iTFM as the resulting temperatures can differ significantly. This is an 

overall uncertainty when using the iTFM. Since it, unlike for example the standard fire  

curves, is dependent on various variables there are more room for mistakes and insecure 

results. Some of the variables are difficult to predict, for example the spread rate, heat 

release rate and the fuel density load and could consequently give insecure results. For the 

iTFM to be a reliable and useful method with secure results there have to be clear guidelines 

for how to use the method but also clarity on what variables are reasonable to use in specific 

compartments and situations.  If the guidelines are too unclear there is a risk of that the 

results will differ significantly depending on whom is using it, and there would be no 

continuity or equivalence of the method. 

 

Clear representatives of the slower spread rate are case 5 and case 6. In case 5 the distance 

of interest is 1 meter from the fire start. Due to the short distance to the ignition point the 

temperature rises rapidly to its maximum, which is 1090 °C, after the fire starts and after less 

than two hours the temperature is down to around 400 °C. The characteristics of the curve 

are almost identical in case 6 as in case 5, the difference is at what time the temperature rise 

occurs. Since the distance of interest is 98 meters the fire will not reach that point until after 

several hours which create the observed appearance of the curve in case 6.  

 

Clear representatives of the faster spread rate are cases 7 and 8. Cases with the higher 

spread rate often create higher peak temperatures, faster fire spreads and shorter fire 

duration than in tests with slow spread rate, which can be seen in the graphs of said tests. 

The maximum temperatures are around 1160 °C and the total fire durations are from less 

than one hour up to almost two hours. Similar to the cases with slower spread rate, the final 

results of these tests are that the construction will be exposed to temperatures higher than 

900 °C.  

 

The existing, established models of development of temperature-time curves are one zone 

models, which means that the entire compartment is exposed to one mutual temperature 

independent on location. The iTFM assumes two moving regions and the temperature 

distribution is in general non-homogeneous which are similar characteristics to two-zone 
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models. The temperature development of the compartment depends on the fire sizes, which 

in turn depend on the spread rate. A higher spread rate gives a shorter total burning time 

and a larger fire size. If the fire size would be of equal size as the compartment area, the 

temperature distribution could be considered homogenous. In any other case, the 

temperature development in the compartment would behave similar to a two-zone model, 

where different temperatures are obtained in different locations of the compartment. All 

given spread rates in the method are far from fast enough to create the one-zone 

temperature distribution and all results obtained are similar to two-zone distribution. This 

consequently leads to that the general impact of the entire construction is uneven 

depending on location in the compartment. The construction at the opposite side of the fire 

start would probably be exposed to elevated temperatures for a longer time than the 

construction at the fire start. As seen in case 2, the temperature progression is a bit different 

compared to case 1. It increases faster in temperature, almost a linear increase. The 

structure at the fire start will be exposed to a rapid temperature increase, from room 

temperature to around 1000 °C in less than 30 minutes. The further away from the fire start, 

the longer time will the construction be exposed to elevated temperature and the 

construction at the other end of the compartment will probably be most affected of the fire. 

 

The consequences of the impact of the construction on the opposite side of the fire start are 

not of interest in this thesis. The consequences would be of interest when designing for fires 

during a long period of time but not when designing for only 30 minutes as in this work. 

When designing for fires in this work, it has to be designed for the worst possible scenario 

relative the regulated time in which the construction must withstand elevated 

temperatures, 30 minutes. The worst case scenario would be the maximum temperature 

combined with a fast fire progression during the first 30 minutes. When using the iTFM, the 

worst case scenario would be the temperature at the beginning of the compartment, where 

the fire starts.  The resulting maximum temperatures of the iTFM are in most cases higher 

than the temperatures obtained by the established methods according to the tests in this 

work.  

 

Another important aspect of this method is the fact that there is no consideration taken of 

the construction materials of the compartment. According to the iTFM the temperatures 
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would be identical regardless of if the compartment was made of wood, concrete or steel. 

Construction material is a parameter that could be of great significance when designing fires, 

since the temperatures could vary significantly depending on how the material behaves in 

elevated temperatures. How much of the heat is absorbed in the ceiling and how much 

emits back into the compartment could affect the final temperature in the compartment. 

 

One of the disadvantages of the method is that it is relatively complicated to use. It consists 

of several variables and without clear guidance the risk of making involuntary mistakes 

increases. It is also time consuming compared to the established models which may 

discourage the use of it. A consequence when a method consists in various variables is the 

risk of choosing incorrect input values. There is some guidance to several of the variables but 

in general the values are chosen by assumptions and qualified guesses conducted by each 

user. This leads to uncertainties and lack of continuity and consistency in the design process 

and in conclusion a more insecure result than the established models. The fact that the 

method consists in several variables is also an advantage. The method is adjustable 

depending on different geometries of compartments and different scenarios. This leads to a 

result more similar to reality than for example the standard fire curve. Through the tests 

conducted in this work, it has been possible to produce a rough estimation on how the 

results differ depending on different variables and compartment sizes.  Both the 

compartments with 500 m2 and the 5 000m2 area resulted in relatively conservative 

temperatures in the majority of the cases and more non- conservative in a few.  

 

In the conducted comparison between the iTFM and the standard fire curve and the 

parametric curve, three different situations with associated curves were chosen to represent 

the results. The curves are taken from the tests with slower spread rate. The interesting 

results of this comparison are primarily the maximum temperatures after 30 minutes since 

that it is the required time the construction must withstand in elevated temperatures. The 

maximum temperature conducted by using the improved travelling fire method are in most 

cases higher, with some exceptions, than the established models used today when designing 

for fires. The exception was when applying the method to the compartment of 5 000 m2 

with a ceiling height of 8 meters, which resulted in temperatures lower than the standard 

fire curve. This means that the methods are quite similar in their conservatism, even though 
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the iTFM could be considered slightly more conservative due to a higher frequency of high 

temperatures. Though, the iTFM is significantly more adapted to reality i.e. the results differ 

depending on specific cases, compartments and fires. The method is also based on real fire 

tests conducted in the 70’s, from where the correlations were developed.  

 

In summary, the iTFM produces temperatures that in the majority of the cases exceed 900 

°C and are higher than the established methods. There are though two exceptions among 

the cases conducted in this work where the temperature is lower than 800 °C. This is when 

the area of the compartment is 5 000 m2 with a roof height of 8 meters and the spread rate 

is low. The result shows that the temperature is greatly dependent on the height of the 

compartment when exposed to a fire with low spread rate. The final equations of the iTFM 

to calculate near and far field temperatures are as previously mentioned further 

developments of Alpert’s correlation where parameters such as fire spread rate, flapping 

lengths and geometries of the investigated compartments are added. The method is based 

on fire-induced convection, i.e. physical parameters and does not consider the mass or 

energy balances. According to Swedish regulation standards temperature distribution of a 

fire that is considered fully developed should be calculated through mass and energy 

balance equations and if the fire is local it should be calculated by considering the conditions 

that might occur in the compartment. The iTFM would be described as most similar to the 

latter considering the calculation model. Though, there are no clear guidance on whether 

the method assumes a fully developed fire or not but it rather seems to depend on the fire 

size, i.e the spread rate.  

5.5 New MT model II 

The new MT model II results in high temperatures fast for both floor areas used in the case 

study. The temperature development is similar to the temperature development of the 

standard fire curve which can be noticed in Figure 35. 

 

The temperature-time curves for the smallest opening factors starts at elevated 

temperatures for both the 500 m2 and the 5 000 m2 floor area calculations and then the 

temperatures slowly increases with time. The large opening factors results in a delay of the 

temperature increase but after around 10-15 minutes they result in fast temperature rise to 



 90 

high temperatures. The resulting temperatures for the large opening factors reach 

considerably higher temperatures than the small opening factors which start at elevated 

temperatures at the initial time. The maximum temperatures of the smallest opening factors 

are generally around 700 °C after 30 minutes and the larger opening factors temperatures 

are around 900-1 000 °C according to the case study carried out in this work. 

 

The opening factors used in the case study, 0.002 and 0.004 for the 500 m2 floor area, were 

chosen based on the same basis as the parametric temperature-time curves. Also the 

opening factors of 0.0074 and 0.015 used in the calculations for the 5 000 m2 floor area was 

chosen based on the same basis as the parametric temperature-time curves. Another reason 

was because they gave the most reasonable temperatures in the compartments for the 

entire fire progression, except in the initial phase.  

 

The New MT model II is a research programme under development and therefore not a   

finished or ready method to use for determination of fire progressions in either tunnels or 

compartments. Parameters that the method takes account for is conductivity, density and 

heat capacity of the surface areas which the parametric fire curves does as well. The mass 

flow rate through openings in also taken into account by calculations of the mass flow rate 

based on the heat and mass balance equations. Comparing to affecting parameters used in 

the New MT model II and the parametric temperature-time curves, the parametric fire 

curves takes more parameters affecting the fire progression in fire compartments into 

account. 

 

The time correction used to take account for the fire growth period results in uncertain 

results. For small opening factors the initial time of the fire progression is calculated to be 

minus, resulting in that the fire progression already have started at the initial time of zero 

minutes. For large opening factors the time correction results in delayed fire progressions of 

around 10-15 minutes. A pre-heating phase is not mentioned in the description of the report 

and therefore the time until the fire progression starts at zero degrees Celsius.  
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6. Conclusion 

6.1 Parametric temperature-time curves 

The parametric temperature-time curves from Annex A in SS-EN 1991-1-2 results in varying 

fire development concerning temperature increase, maximum reached temperature and fire 

duration. The fire development depends mainly on opening factor but also on fire load 

density, geometry and heat penetration coefficient of the compartment materials. The 

calculation method has been developed from real experimental fires tests in large scale and 

model scale compartments but not been validated against larger compartments. To use 

parametric temperature-time curves is beneficial due to the fast and user-friendly 

calculation procedure and that the resulting curves are considered as safe to use. The 

application limits results in that parametric temperature-time methods cannot be used as 

often as wanted by fire safety engineers today. The application limits are set because the 

method does not have enough bearing on reality for the method to be considered as safe to 

use outside the application limits. 

6.2 Localised fires with proposed interpretation 

The interpreted localised fire method results in realistic temperatures of member surfaces 

that are easy to calculate and use in fire safety design. The method results in ultimate 

member surface temperatures expressed as adiabatic surface temperatures. The resulting 

temperatures from the case study are lower compared to the standard fire curve after 30 

minutes of fire and results in similar temperatures compared to the parametric 

temperature-time curves used in the case study.  

6.3 iTFM 

The iTFM is a method based on fire-induced convection and the ceiling jet model presented 

by Alpert in 1972. When using the iTFM as a fire design method, it often results in high 

temperatures, a fast temperature growth and a relatively short time of peak temperature 

exposure per investigated location. The temperature-time curves differs from the 

established due to the fact that a specific location is investigated and not the entire 

compartment.  The maximum temperatures are often similar to the maximum temperatures 

of the standard fire curve. In the majority of the cases in this work, the iTFM resulted in 

higher temperatures than the parametric fire curve. Though, there are a few cases where 
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the iTFM results in lower maximum temperatures than the standard fire curve. The method 

is dependent on the floor area, but that is not the most sensitive variable. For the model to 

obtain low maximum temperatures, the ceiling height and the spread rate are the important 

parameters.  

 

The method is, compared to for example the standard fire curve, more adapted to reality 

due to its several parameters that the method is depending on, such as geometry and heat 

release rate. This does not mean that the method is more realistic or better to use than for 

example the standard fire curve. The iTFM is not the easiest method to use and it is a bit 

time consuming, especially compared to the standard fire curve. With clearer guidance, 

more reliable variables of i.e. spread rate and conduction of real fire tests, the iTFM could be 

a prospect to become an accepted engineering tools used in fire safety design for 

determination of fire progression and temperature-time development in the future. 

6.4 New MT model II 

The New MT model II results in high temperatures, fast temperature increases and long fire 

durations compared to the parametric temperature-time curves. Compared to the standard 

temperature-time curve the New MT model II result is similar temperature development and 

maximum temperatures. The biggest exception for the New MT model II compared to other 

methods to determine fire progression and temperature-time development is that the start 

of the fire progression is delayed with around 10 minutes for large opening factors and starts 

at elevated temperatures for small openings at the initial time. This can be due to the fact 

that the model is developed to determine maximum temperatures and not temperature-

time development. The New MT model II is fast to use but at the moment not very user-

friendly due to some uncertainties in the description of the calculation procedure. 

 

According to the investigation of the method and the result from the case study, the New 

MT model II is not proposed to be further investigated or developed for compartment fires 

because the report is not finished. When the report and the calculation model is finished, an 

investigation concerning its applicability, with changes for use in compartments instead of 

tunnels, could be performed. If further investigations are carried out they should determine 
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if the method should be further developed to determine fire progression and temperature-

time development in large size compartment fires or not.  

6.5 Further studies   

One suggestion for further studies is to develop the iTFM by including the construction 

material properties of walls, floors and ceilings to the model to better predict temperature 

distribution in large size compartments. Gas temperatures in compartments depends on the 

compartments materials and by adding these physical parameters to the existing iTFM it 

could possibly result in a different and more reality adapted temperature development. 

Concerning the New MT model II further development of the model is proposed when the 

final report is published. 

 

Another interesting further study concerning the iTFM would be an update and 

improvement of the correlation developed by Alpert in 1972. The most desirable would be 

to conduct new experiment and perform a regression fit on the new obtained experimental 

data. Maybe a more objective correlation could be developed that would have more bearing 

on reality.  
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Annex A 

Calculation procedure for parametric temperature-time curves 

The calculation procedure for parametric temperature-time curves presented here is the 

same as the procedure in Annex A in SS-EN 1991-1-2, but with more calculation steps and 

explanations of parameters etcetera. 

 

The temperature-time development in the heating phase is calculated according to equation 

A1 below.  

 

𝜃𝑔 = 20 + 1 325(1 − 0.324𝑒−0.2𝑡∗
− 0.204𝑒−1.7𝑡∗

− 0.472𝑒−19𝑡∗
)  (A1) 

 

where  

𝜃𝑔 is the gas temperature in the fire compartment   [°C] 

𝑡∗ is the expanded time coefficient    [h] 

 

The heat penetration coefficient is calculated according to equation A2 below if the surfaces 

are made of one single material: 

 

𝑏 = √𝜌 ∗ 𝑐 ∗ 𝜆      (A2) 

 

where 

𝑏 is the thermal absorptivity of the enclosure    [J/m2s1/2K]  

𝜌 is the density of the boundary of the enclosure    [kg/m3] 

𝑐 is the specific heat of boundary of enclosure    [J/kgK] 

𝜆 is the thermal conductivity of boundary of enclosure   [W/mK] 

 

If the surfaces of the enclosure have different layers of materials a global value of the heat 

penetration coefficient is calculated which takes the different materials into account 

according to equation A3 below:  
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If 𝑏1 < 𝑏2, 𝑏 = 𝑏1      (A3) 

If 𝑏1 > 𝑏2, a limit thickness 𝑠𝑙𝑖𝑚 is calculated for the exposed materials according to 

equations A4, A5 and A6 below: 

 

𝑠𝑙𝑖𝑚 = √
3 600∗𝑡𝑚𝑎𝑥∗𝜆1

𝑐1∗𝜌1
      (A4) 

 

If 𝑠1 > 𝑠𝑙𝑖𝑚 then 𝑏 = 𝑏1     (A5) 

If If 𝑠1 < 𝑠𝑙𝑖𝑚 then 𝑏 =
𝑠1

𝑠𝑙𝑖𝑚
∗ 𝑏1 + (1 −

𝑠1

𝑠𝑙𝑖𝑚
) ∗ 𝑏2   (A6) 

 

where 

the index 1 represents the layer directly exposed to the fire, the index 2 the next layer and 

so on. 

𝑠𝑖 is the thickness of layer i    [m] 

𝑏𝑖 = √𝜌𝑖 ∗ 𝑐𝑖 ∗ 𝜆𝑖 for layer i    [J/m2s1/2K] 

𝜌𝑖  is the density of the layer i     [kg/m3] 

𝑐 is the specific heat of the layer i     [J/kgK] 

𝜆𝑖 is the thermal conductivity of the layer i    [W/mK] 

 

If 𝑠𝑙𝑖𝑚 is used 𝑡𝑚𝑎𝑥 is calculated according to equation 14 below. 

 

If the walls, floor and ceiling are made out of different materials with different heat 

penetration coefficients, 𝑏 = √𝜌 ∗ 𝑐 ∗ 𝜆 should be calculated according to equation A7 

below: 

 

𝑏 =
Σ(𝑏𝑗∗𝐴𝑗)

𝐴𝑡−𝐴𝑣
       (A7) 

 

where 

𝐴𝑗 is the area of enclosure surface j, openings not included   [m2] 

𝑏𝑗 is the thermal property of enclosure surface j calculated according to equation 4 and 5 

[J/m2s1/2K] 
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𝐴𝑣 is the total area of vertical openings on all walls    [m2] 

𝐴𝑡 total area of enclosure (walls, ceiling and floor, including openings)  [m2] 

 

The opening factor accounts for openings on the vertical walls. A high opening factor means 

more ventilation in the compartment. The opening factor is calculated according to equation 

A8 below: 

 

𝑂 = 𝐴𝑣
√ℎ𝑒𝑞

𝐴𝑡
       (A8) 

 

where 

𝑂 is the opening factor      [m1/2] 

ℎ𝑒𝑞 is the weighted average of window heights on all walls   [m] 

 

The parameter ℎ𝑒𝑞 is the average height of the windows calculated according to equation A9 

below: 

 

ℎ𝑒𝑞 = ∑
𝐴𝑣𝑖∗ℎ𝑖

𝐴𝑣
𝑖       (A9) 

 

where 

𝐴𝑣𝑖  is the area of the vertical opening i    [m2] 

ℎ𝑖  is the height of the vertical opening I    [m] 

𝐴𝑣 is the total area of the vertical openings   [m2] 

 

With values of the heat penetration coefficient and the opening factor the expansion 

coefficient can be calculated by equation A10 below. Γ = 1 represents the standard 

temperature-time curve. If Γ > 1 the temperature increase as a function of the real time is 

faster than the standard temperature-time curve. If Γ < 1, the temperature increase is 

slower than the standard temperature-time curve. 

 

Γ = [
𝑂

𝑏
]

2

/(
0,04

1 160
)2      (A10) 
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where 

Γ is the expansion coefficient     [-] 

 

The expanded time coefficient is calculated according to equation A11 below: 

 

𝑡∗ = 𝑡 ∗Γ       (A11) 

 

where 

𝑡∗ is the expanded time coefficient    [h] 

𝑡 is the time      [h] 

 

The maximum temperature in the heating phase is limited by the duration of the heating 

phase. The duration of the heating phase occurs when 𝑡∗ = 𝑡𝑚𝑎𝑥
∗  which according to 

equation 12 above gives equation A12 below: 

 

𝑡𝑚𝑎𝑥
∗ = 𝑡𝑚𝑎𝑥 ∗Γ      (A12)

    

where 

𝑡𝑚𝑎𝑥 is the maximum duration of the heating phase   [h] 

 

The maximum duration of the heating phase depends on if the fire is fuel controlled or 

ventilation controlled, see equation A13. 

 

𝑡𝑚𝑎𝑥 is the maximum value of 
0.2∗10−3∗𝑞𝑡,𝑑

𝑂
 and 𝑡𝑙𝑖𝑚   (A13) 

 

where 

𝑞𝑡,𝑑 is the design value of the fire load density of the total surface area [MJ/m2] 

𝑡𝑙𝑖𝑚 is the maximum time for a fuel controlled fire   [h] 

 

If the fire is ventilation controlled 
0.2∗10−3∗𝑞𝑡,𝑑

𝑂
 gives the maximum value of 𝑡𝑚𝑎𝑥 



 v 

If the fire is fuel controlled 𝑡𝑙𝑖𝑚 gives the maximum value of 𝑡𝑚𝑎𝑥. 

 

To determine if the fire is ventilation controlled the design value of the fire load density 

related to the total surface area of the enclosure has to be determined. The design value of 

the fire load density should be observed in the range of 50-1 000 MJ/m2 for the Eurocode to 

be applicable. The parameter 𝑞𝑓,𝑑 is the design value of the fire load density related to the 

surface area of the floor. 𝑞𝑓,𝑑 can be determined from SS-EN 1991-1-2, Annex E Fire load 

densities but according to Article 15 in EKS 10, annex E is not permitted to be applied in 

Sweden. Instead article 15 says that the design value for the fire load shall be the value 

included in 80 % of the observed values in representative statistical material. The general 

recommendation is that the fire load should be determined in accordance with Boverket´s 

general recommendation about fire loads. 

 

The design value of the fire load density related to the total surface area of the enclosure, 

𝑞𝑡,𝑑, is calculated by equation A14 below: 

 

𝑞𝑡,𝑑 = 𝑞𝑓,𝑑 ∗
𝐴𝑓

𝐴𝑡
      (A14) 

 

where 

𝐴𝑓 is the total surface area of the floor    [m2] 

 𝑞𝑡,𝑑 is the fire load density related to the surface area of the floor  [MJ/m2] 

 

If the fire is ventilation controlled, 
0.2∗10−3∗𝑞𝑡,𝑑

𝑂
= 𝑡𝑚𝑎𝑥, equation A12 above is used to 

determine 𝑡𝑚𝑎𝑥
∗ .  

 

The temperature-time curves in the cooling phase for a ventilation controlled fire is given by 

the equations below: 

𝜃𝑔 = 𝜃𝑚𝑎𝑥 − 625(𝑡∗ − 𝑡𝑚𝑎𝑥
∗ )    for 𝑡𝑚𝑎𝑥

∗ ≤ 0.5 

𝜃𝑔 = 𝜃𝑚𝑎𝑥 − 250(3 − 𝑡𝑚𝑎𝑥
∗ )(𝑡∗ − 𝑡𝑚𝑎𝑥

∗ )   for 0.5 < 𝑡𝑚𝑎𝑥
∗ < 2 

𝜃𝑔 = 𝜃𝑚𝑎𝑥 − 250(𝑡∗ − 𝑡𝑚𝑎𝑥
∗ )    for  𝑡𝑚𝑎𝑥

∗ ≥ 2 

 



 vi 

If the fire is fuel controlled, 𝑡𝑚𝑎𝑥 = 𝑡𝑙𝑖𝑚,  𝑡∗ used in equation A11 is replaced by equation 

A15 below: 

 

𝑡∗ = 𝑡 ∗Γ𝑙𝑖𝑚      

 (A15) 

 

where  

Γ𝑙𝑖𝑚 =
[

𝑂𝑙𝑖𝑚
𝑏

]
2

(
0.04

1 160
)

2 , 

 

and 𝑂𝑙𝑖𝑚 is calculated according to equation A16 below: 

 

𝑂𝑙𝑖𝑚 = 0.1 ∗ 10−3 ∗
𝑞𝑡,𝑑

𝑡𝑙𝑖𝑚
       (A16) 

 

If 𝑂 > 0.04, 𝑞𝑡,𝑑 < 75 and 𝑏 < 1 160, Γ𝑙𝑖𝑚 has to be multiplied by k given by equation 

A17: 

 

𝑘 = 1 + (
𝑂−0.04

0.04
) (

𝑞𝑡,𝑑−75

75
) (

1 160−𝑏

1 160
)     (A17) 

 

Value of 𝑡𝑙𝑖𝑚 as a function of the growth rate can either be determined by the fire growth 

rates below or by advanced fire growth rates.  

 

In case of slow fire growth rate, 𝑡𝑙𝑖𝑚 = 25 𝑚𝑖𝑛 

In case of medium fire growth rate, 𝑡𝑙𝑖𝑚 = 20 𝑚𝑖𝑛 

In case of fast fire growth rate, 𝑡𝑙𝑖𝑚 = 15 𝑚𝑖𝑛.  

 

The temperature-time curves in the cooling phase for a fuel controlled fire are given by the 

equations below. 

 

𝜃𝑔 = 𝜃𝑚𝑎𝑥 − 625(𝑡∗ − 𝑡𝑚𝑎𝑥
∗ ∗ 𝑥)    for 𝑡𝑚𝑎𝑥

∗ ≤ 0.5 

𝜃𝑔 = 𝜃𝑚𝑎𝑥 − 250(3 − 𝑡𝑚𝑎𝑥
∗ )(𝑡∗ − 𝑡𝑚𝑎𝑥

∗ ∗ 𝑥)   for 0.5 < 𝑡𝑚𝑎𝑥
∗ < 2 
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𝜃𝑔 = 𝜃𝑚𝑎𝑥 − 250(𝑡∗ − 𝑡𝑚𝑎𝑥
∗ ∗ 𝑥)    for  𝑡𝑚𝑎𝑥

∗ ≥ 2 

 

where 

𝑡∗ =  𝑡 ∗Γ  

𝑡𝑚𝑎𝑥
∗ =

0.2∗10−3∗𝑞𝑡,𝑑

𝑂
∗Γ  

𝑥 = 1 if 𝑡𝑚𝑎𝑥 > 𝑡𝑙𝑖𝑚 and 𝑥 =
𝑡𝑙𝑖𝑚∗Γ

𝑡𝑚𝑎𝑥
∗  if  𝑡𝑚𝑎𝑥 = 𝑡𝑙𝑖𝑚 
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Annex B 

Calculation procedure for localised fires 

The calculation procedure for localised fires are described in Annex C, Localised fires in SS-EN 

1991-1-2 and presented below.  

  

The flame lengths of a localised fire is calculated according to equation B1 below 

 

𝐿𝑓 = −1.02 ∗ 𝐷 + 0.0148 ∗ 𝑄2/5     (B1) 

 

where 

𝐿𝑓 is the flame lengths of a localised fire    [m] 

𝐷  is the diameter of the fire     [m] 

𝑄 is the heat release of the fire     [W] 

 

 

Figure 39. Definition of the distance between the fire source and the ceiling, the height along 

the flame axis, the flame lengths and the diameter of the fire 

When the flame is not impacting the ceiling (𝐿𝑓 < 𝐻) of the compartment or in case of fire in 

open air, the temperature in the plume along the symmetrical vertical flame axis is 

calculated according to equation B2 below 

 

𝜃(𝑧) = 20 + 0.25 ∗ 𝑄𝑐
2/3

(𝑧 − 𝑧0)−5/3 ≤ 900 °𝐶    (B2) 

 

where 
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𝜃(𝑧) is the temperature in the plume along the symmetrical vertical flame axis [°C] 

𝑄𝑐 is the convective part of the rate of heat release    [W] 

𝑧 is the height along the flame axis     [m] 

𝑧0 is the virtual of the axis      [m]  

 

The convective heat release rate can be calculated according to equation B3 below 

 

𝑄𝑐 = 0.8 ∗ 𝑄      (B3) 

 

where 

𝑄𝑐 is the convective heat release rate    [W] 

𝑄 is the heat release rate of the fire    [W] 

 

The virtual origin of the axis is calculated according to equation B4 below 

 

𝑧0 =  −1.02 ∗ 𝐷 + 0.00524 ∗ 𝑄2/5    (B4) 

 

where 

𝑧0 is the virtual origin of the axis     [m]

   

When the flame is impacting the ceiling, the heat flux received by the fire exposed unit 

surface area at the level of the ceiling when the ceiling is ambient temperature is given by 

the definitions below 

 

ℎ̇ = 100 000 𝑖𝑓 𝑦 ≤ 0.30  

ℎ̇ = 136 300 − 121 000 ∗ 𝑦  𝑖𝑓 0.30 ≤ 𝑦 ≤ 1.0  

ℎ̇ = 15 000 ∗ 𝑦−3.7 𝑖𝑓 𝑦 ≥ 1.0  

 

where 

ℎ̇ is the heat flux received by the fire exposed unit surface area at the level of the ceiling 

[W/m2] 

𝑦 is a dimensionless parameter    [-] 



 x 

 

the parameter 𝑦 is calculated according to equation B5 below 

 

𝑦 =
𝑟+𝐻+𝑧′

𝐿ℎ+𝐻+𝑧′
       (B5) 

 

where 

𝑟 is the horizontal distance between the vertical axis of the fire and the point along the 

ceiling where the thermal flux is calculated   [m] 

𝐻 is the distance between the fire source and the ceiling  [m] 

𝐿ℎ is the horizontal flame length     [m] 

𝑧′ is the vertical position of the virtual heat source   [m] 

 

 

Figure 40. Definition of the diameter of the fire, the distance between the fire source and the 

ceiling, the horizontal flame length and the horizontal distance between the vertical axis of 

the fire and the point along the ceiling where the thermal heat flux is calculated 

 

The horizontal flame length is calculated according to equation B6 below 

 

𝐿ℎ = (2.9 ∗ 𝐻(𝑄𝐻
∗)0.33) − 𝐻     (B6) 

 

where 

𝐿ℎ is the horizontal flame length    [m] 

𝑄𝐻
∗ is the heat release rate coefficient related to the height of the compartment [W] 
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The heat release rate coefficient related to the height of the compartment is calculated 

according to equation B7 below 

 

𝑄𝐻
∗ =

𝑄

1.11∗106∗𝐻2.5      (B7) 

 

The vertical position of the virtual heat source is calculated according to equation B8 andB 9 

below 

 

𝑧′ = 2.4 ∗ 𝐷(𝑄𝐷
∗2/5

− 𝑄𝐷
∗2/3

) when 𝑄𝐷
∗ < 1.0   (B8) 

𝑧′ = 2.4 ∗ 𝐷(1.0 − 𝑄𝐷
∗2/5

) when 𝑄𝐷
∗ ≥ 1.0   (B9) 

 

where 

𝑄𝐷
∗ is the heat release rate coefficient related to the diameter  [W] 

 

The heat release rate coefficient related to the diameter is calculated according to equation 

10 below 

 

𝑄𝐷
∗ =

𝑄

1.11∗106∗𝐷2.5      (B10) 

 

The net heat flux received by the fire exposed unit surface area at the level of the ceiling is 

calculated according to equation B11 below 

 

ℎ̇𝑛𝑒𝑡 = ℎ̇ − 𝛼𝑐(Θ
𝑚

− 20) −Φ ∗ 𝜀𝑚 ∗ 𝜀𝑓 ∗ 𝜎[(Θ𝑚 + 273)4 − (293)4]  (B11) 

 

where 

ℎ̇𝑛𝑒𝑡 is the net heat flux received by the fire exposed unit surface area at the level of the 

ceiling [W/m2] 

𝛼𝑐 is the coefficient of heat transfer by convection   [W/m2K] 

Θ𝑚 is the temperature of the member surface    [°C] 

Φ is the configuration factor    [-] 

𝜀𝑚 is the surface emissivity of the member   [-] 
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𝜀𝑓  is the emissivity of flames of the fire    [-] 

𝜎 is the Stephan Boltzmann constant (5.67*10-8)   [W/m2K4] 

 

The coefficients above are calculated or determined according to Section 3 Thermal actions 

for temperature analysis in SS-EN 1991-1-2. The coefficient of heat transfer by convection is 

set to 9 W/m2K according to SS-EN 1991-1- when assuming it contains the effects of heat 

transfer by radiation. The emissivity of the member can be set to 0.8 and the emissivity of 

the fire is set to 1.0 according to SS-EN 1991-1-2. The configuration factor can be set to 1.0 

according to SS-EN 1991-1-2 but can also be calculated if position and shadow effects are 

considered. In this work the configuration factor is set to 1.0. The temperature of the 

member surface for steel constructions should be determined according to SS-EN 1993-1-2.  
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Annex C 

Calculation procedure for iTFM 

The first step when calculating according to the iTFM is to later be able to calculate the fire 

size, the first parameter to be developed is the local burning time. The local burning time is 

calculated by equation C1, and represents the time in which all the fuel, independently on 

area, has all burnt out (Rackauskaite, Hamel, Law, Rein, 2015). 

𝑡𝑏 =
𝑞𝑓

𝑄"̇
       (C1) 

where 

𝑡𝑏 is the local burning time    [s] 

𝑞𝑓 is the fuel load density     [MJ/m2] 

�̇�" is the heat release rate     [kW/m2]  

 

The leading edge of a fire is called the front and is determined using the fire spread rate. The 

spread rates determine the interval in which fire sizes are possible to occur in that specific 

situation (Rackauskaite, Hamel, Law, Rein, 2015). This is possible by finding the distance that 

the front of the fire would travel before burning out completely at the ignition point, see 

equation C2. Using the maximum and the minimum fire spread rate an interval of fire sizes is 

produced with reduced amount of possible fire sizes. This in turn reduces the amount of 

data necessary to handle and more reliable results.  

𝐿𝑓,𝑚𝑖𝑛/𝑚𝑎𝑥 = 𝑠𝑚𝑖𝑛/𝑚𝑎𝑥 ∗ 𝑡𝑏      (C2) 

 

where 

𝐿𝑓,𝑚𝑖𝑛/𝑚𝑎𝑥 is the minimum or maximum possible fire size in terms of length along the fire 

path [m] 

 

𝑠𝑚𝑖𝑛/𝑚𝑎𝑥 is the minimum or maximum realistic fire spread rate in building fires  [m/s] 

 

It is difficult to obtain relevant, reliable fire spread rate values since very few data is 

available. The data used in this method is based on information provided from several fire 
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tests and relevant real building fire investigation reports (Rackauskaite, Hamel, Law, Rein, 

2015). The fire spread rates can be seen in Table C1. 

 

Table C1 Fire spread rates from fire tests and real building fire investigations 

Details Spread rates, s [mm/s] 

Wood cribs in the open 0.1-2 

Lateral or downward spread on thick solids 1 

Tests on natural fires in large scale compartments 1.5-19.3 

Reconstruction of WTC fires (2001) 2.5-16.7 

St. Lawrence Burns tests (1958) 7.5-13 

First Interstate Bank fire (1988) 14.5 

 

Based on the tabulated values, minimum and maximum fire sizes can be described as 

following.  

 

From  
𝐿𝑓,𝑚𝑖𝑛

𝐿
  to  

𝐿𝑓,𝑚𝑎𝑥

𝐿
 

Far field temperature 

The method to obtain the far field temperature is originally from Alpert’s correlation for 

calculation of ceiling heat temperatures (Alpert, 1972). Considered the constant and uniform 

heat release rate and fire load density the total heat release rate can be calculated by 

equation C3 (Rackauskaite, Hamel, Law, Rein, 2015). 

�̇� = 𝐴𝑓 ∗ 𝑄"̇  ,     (C3) 

where the surface area is calculated by equation C4 below, to represent varying fire sizes at 

different times.  

𝐴𝑓 = 𝐿 ∗ 𝐿𝑡
∗ ∗ 𝑊      (C4) 

where 

𝐿𝑡
∗ ∗ is the dimensionless fire size depending on the location of the leading edge of the fire [-] 

𝐿 is the length of compartment     [m] 

𝑊 is the width of compartment     [m] 

 

The dimensionless design fire size is calculated by equation C5. 
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𝐿∗ =
𝐿𝑓

𝐿
  (C5) 

 

where 

𝐿𝑓 is the design length of the area involved in the fire   [m] 

 

The fire spread rate is calculated by equation C6. 

𝑠 =  
𝐿𝑓

𝑡𝑏
       (C6) 

 

where  

𝑡𝑏 is the local burning time     [s] 

 

The total fire duration is calculated by equation C7.  

𝑡𝑡𝑜𝑡𝑎𝑙 = 𝑡𝑏(
1

𝐿∗ + 1)      (C7) 

 

The location of the leading edge of the fire relative to the end of the compartment where 

the fire started is calculated by equation C8. 

 

𝑥∗ = 𝑠 ∗ 𝑡       (C8) 

 

where 

𝑡 is the time       [s] 

 

A combination of equation 21-26 above results in a new equation for the maximum 

temperatures at specific time and location, equation C9.   

𝑇𝑚𝑎𝑥(𝑥,𝑡) = 𝑇∞ +
5.38

𝐻
(

𝐿𝐿𝑡
∗𝑊𝑄"̇

|𝑥+0.5𝐿𝐿𝑡
∗−𝑥�̇�|

)

2
3⁄

     (C9) 

 

where  

𝐻 is the height of compartment     [m] 

𝑊 is the width of the compartment     [m] 

𝑥 is the location of interest in the compartment    [m] 
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Conditions for equation C10 are given in equation  

𝑇𝑚𝑎𝑥(𝑥,𝑡) = 𝑇𝑛𝑓 , 𝑖𝑓 {
𝑇𝑓𝑓 > 𝑇𝑛𝑓;

|𝑥 + 0.5𝐿𝐿𝑡
∗ − 𝑥�̇�| ≤  0.5𝐿𝐿𝑡

∗      (C10) 

 

where 

𝑇𝑛𝑓 is the near field temperature     [°C] 

𝑇𝑓𝑓 ,  is the far field temperature     [°C] 

 

Equation C9 above represents the near field temperature and sets the temperature for the 

whole length of the area involved in the fire (Lf). It also implies that the far field temperature 

cannot exceed the near field flame temperature according to conditions presented in 

equations C11, C12 and C13, C14 below.  

 

𝑓𝑜𝑟 �̇� ≤ 𝐿   

→  𝑥�̇� = 𝑠 ∗ 𝑡       (C11) 

→  𝐿∗ 𝑡 = 𝑚𝑖𝑛 [𝐿∗,
(𝑠∗𝑡)

𝐿
]      (C12) 

 

𝑓𝑜𝑟 �̇� > 𝐿  

→  𝑥�̇� = 𝐿       (C13) 

→  𝐿∗ 𝑡 = 1 +
(𝐿𝑓−𝑠∗𝑡)

𝐿
      (C14) 

 

The definitions of the sizes and locations of the leading edges are depending on what stages 

the fire is in. Equations C11, C12 and C13, C14 represent if the fire is still increasing, at its 

maximum size, or if it has reached the far end of the compartment and are in the decay 

phase. (Rackauskaite, Hamel, Law, Rein, 2015) 

Near field temperature 

The near field temperature is represented by the peak flame temperatures. The flapping 

angle is predetermined for the iTFM, but data for other angles are available in the article by 

Rackauskate, Hamel, Law and Rein. An angle of 6.5˚ was chosen in the iTFM based on results 

from experiments by Quintiere et al. (Quintiere, Rinkinen, Jones, 1981). . The reduced near 
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field temperature due to flapping is calculated by equation C15. It is then combined together 

with the temperatures from the far field temperature, to create temperature-time curves.  

 

𝑇𝑓 = 𝑇∞ +
𝑇𝑛𝑓(2𝑟𝑥1+𝐿𝑓)−2𝑇∞∗𝑟𝑥1

𝑓
+  

32.28�̇�
2

3⁄

𝐻∗𝑓
(𝑟2

1
3⁄

− 𝑟𝑥2

1
3⁄

)   (C15) 

where 

𝑟2 =
𝑓

2⁄    

𝑟𝑥1 = 𝑚𝑎𝑥 [0, 𝑟0 −
𝐿𝑓

2
]  

𝑟𝑥1 = 𝑚𝑎𝑥 [
𝐿𝑓

2
, 𝑟0]  

𝑇𝑛𝑓 = 1 200       [°C] 

𝑟0 = (
5.38

𝐻(𝑇𝑛𝑓−𝑇∞
)

3
2⁄

  

Transfer gas temperature to steel temperature 

The far field temperature and the near field temperature are combined to create a 

temperature-time relation where the temperature distribution is presented. The next step of 

the designing process is to investigate how the temperature transfers from gas temperature 

in the compartment into the steel temperature in the structure. The calculation method 

used for this purpose is from the basic TFM and is presented in equation C16 below. It is 

applicable on unprotected steel structures and is originally given by Buchanan (Buchanan; 

Abu, 2012).  

 

∆𝑇𝑠 =
𝐻𝑝

𝐴

1

𝜌𝑠𝑐𝑠
[ℎ𝑐(𝑇𝑔−𝑇𝑠) + 𝜎𝜀(𝑇𝑔

4 − 𝑇𝑠
4)]∆𝑡    (C16) 

 

where 

𝑇𝑠 is the steel temperature    [K] 

𝑇𝑔 is the gas temperature      [K] 

𝐻𝑝 is the heated perimeter of the beam    [m] 

𝐴 is the cross section of the beam     [m2] 

𝜌𝑠 is the density of steel     [kg/m3] 

𝑐𝑠 is the temperature dependent specific heat of steel   [J/kgK] 
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ℎ𝑐  is the convective heat transfer coefficient    [W/m2K] 

𝜎 is the Stefan- Boltzmann constant (5.67*10-8)    [W/m2K4] 

𝜀 is the radiative and reradiative emissivity of the material and gas combined  [-] 

∆𝑡 is the time step, (10s) (Buchanan; Abu, 2012). 

 

The temperature distribution obtained in previous section is applied as the gas temperature 

in equation 34. The temperature received, ΔTs, is the expected steel temperature that the 

structure will obtain.  
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Annex D 

Calculation procedure for New MT model II 

The New MT model II is based on the mass and energy balance equation. With constant 

thermal properties of the conductivity, density and heat capacity and a fixed modified 

adiabatic flame temperature the gas and surface temperature can be calculated according to 

equation D1 below 

 

𝑇 = 𝑇0 +ΔT′
𝑎𝑑[1 − exp(𝛽2) ∗ 𝑒𝑟𝑓𝑐(𝛽)]    (D1) 

 

where 

𝑇 is the gas temperature      [K] 

𝑇0 is the ambient temperature    [K] 

ΔT′
𝑎𝑑 is the modified adiabatic flame temperature    [K] 

𝛽 is a dimensionless parameter     [-] 

 

The modified adiabatic flame temperature is independent of the structural materials but 

depend on the adiabatic flame temperature for diffusion flames. The modified adiabatic 

flame temperature can be calculated according to equation D2 below 

 

ΔT′
𝑎𝑑 =ΔT𝑎𝑑 − 𝜑 ∗ 𝜀 ∗ 𝜎 ∗ 𝐴0 ∗ (𝑇4 − 𝑇0

4)/( �̇�𝑔 ∗ 𝑐𝑝)   (D2) 

 

where 

ΔT𝑎𝑑 is the adiabatic flame temperature for diffusion flames   [°C] 

𝜑 correlation factor     [-] 

𝜀 emissivity       [-]  

𝜎 is Stefan-Boltzmann constant (5.67*10-8)    [W/m2K] 

𝐴0 is the area of openings in the compartment    [m2] 

�̇�𝑔 is the mass flow rate      [kg/s] 

𝑐𝑝 is the heat capacity of air     [J/kgK] 
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The adiabatic flame temperature for diffusion flames is assumed to 1 581 °C. The correlation 

factor is assumed to be equal to 1 and the emissivity is assumed to be 0.8 in compartment 

fires. 

 

The dimensionless parameter 𝛽 is calculated according to equation D3 below 

 

𝛽 = 𝐾𝑒𝑓√
𝑡

𝑘∗𝜌∗𝑐
      (D3) 

 

where 

𝐾𝑒𝑓 is a coefficient comparable to the coefficient of the total heat transfer from the modified 

adiabatic flame temperature for diffusion flames to the surface temperature.  

𝑡 is the corrected time      [s] 

𝑘 is the conductivity      [W/mK] 

𝜌 is the density      [kg/m3] 

𝑐 heat capacity     [J/kgK] 

 

For a compartment fire 𝐾𝑒𝑓 is calculated according to equation D4 below 

 

𝐾𝑒𝑓 =
�̇�𝑔∗𝑐𝑝

𝐴𝑤
       (D4) 

 

�̇�𝑔 is the mass flow rate      [kg/s] 

𝑐𝑝 is the heat capacity of air     [J/kgK] 

𝐴𝑤 is the total internal area except the openings    [m2] 

 

The mass flow rate through the openings for a fully developed compartment fire can 

according to the heat and mass balance equation be calculated according to equation D5 

below 

 

�̇�𝑔 = 0.5 ∗ 𝐴0√𝐻0      (D5) 
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where 

𝐴0 is the area of openings in the compartment    [m2] 

𝐻0 is the height of the openings in the compartment    [m2] 

 

Equation 38 and 39 can be combined to a single expression for 𝐾𝑒𝑓, equation D6, with the 

heat capacity for air set to 1 000 J/kgK. 

 

𝐾𝑒𝑓 =
500∗𝐴0√𝐻0 

𝐴𝑤
       (D6) 

 

Normally a fire has a growth period which in this calculation model is taken into account by 

time correction in order to calculate a full expression of the gas temperature as a function of 

time (Li & Haukur, 2016). The corrected time should be used for calculations of the 

dimensionless parameter 𝛽 when calculating the gas temperature. 

 

The corrected time is calculated according to equation D7 below  

 

𝑡𝑐 = 𝑡 + 𝑡02 − 𝑡01      (D7) 

 

where 

𝑡𝑐 is the correlated time      [s] 

𝑡 is the time       [s] 

𝑡02 is the time it takes for the gas temperature to reach a temperature rise of 800 °C if the 

structure is immersed in large flames from the beginning   [s] 

𝑡01 is the time corresponding to a temperature rise of 800 °C for a known heat release rate 

[s] 

 

In the early stages of a fire development, before the flames starts to affect the ceiling gas 

temperature, the heat loss to boundaries and the limit for adiabatic flame temperatures can 

be ignored when determining the maximum ceiling gas temperature. This is because their 

effect on the maximum ceiling gas temperature is small in the initial stage of a fire. From 

comparisons between test data and calculated values a distinction point at a temperature 
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rise of 800 °C was noticed. Before the distinction point the structural response was found to 

have insignificant effect on the gas temperature rise. 

 

The heat release rate corresponding to a temperature rise of 800 °C with a known fire 

growth rate is denoted 𝑡01. A t-squared heat release is assumed in the initial stage of the fire 

according to equation D8 below 

 

�̇� = 𝛼 ∗ 𝑡2       (D8) 

 

where  

�̇� is the corresponding heat release rate    [kW] 

𝛼 is the fire growth coefficient     [-] 

 

For a compartment fire a medium fire growth coefficient of 0.01172 is assumed (Kristopher 

Overholt, 2017) and used to calculate 𝑡01 by rewriting equation D8 above to the equation 

below, equation D9. 

 

𝑡01 = √�̇�/0,01172      (D9) 

 

The corresponding heat release rate at 𝑡01 is calculated according to equation D10 below 

 

�̇�(𝑡01) = max (𝐻𝑒𝑓

5

2 (
Δ𝑇

17.5
)

3

2
, 𝑢0 ∗ 𝑏𝑓0

1

3 ∗ 𝐻𝑒𝑓

5

3 ∗Δ𝑇)    (D10) 

 

where 

𝐻𝑒𝑓 is the effective height      [m] 

Δ𝑇 is the temperature rise of 800     [°C] 

𝑢0 is the longitudinal ventilation velocity    [m/s] 

𝑏𝑓0 is the fire source radius     [m] 
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In a natural ventilation fire the longitudinal ventilation velocity is assumed to be 0 m/s 

(Haukur & Li, 2016) resulting in an expression for the corresponding heat release rate as 

equation D11. 

 

�̇�(𝑡01) = 𝐻𝑒𝑓

5

2 (
Δ𝑇

17.5
)

3

2
      (D11) 

 

The effective height is the vertical distance between the bottom of the fire source and the 

ceiling height. 

 

𝑡02 specifies the time it takes for the gas temperature to reach the distinction point, a 

temperature rise of 800 °C, if the structure is immersed in large flames from the beginning. 

𝑡02 can not be calculate directly but it has been noticed that the modified adiabatic flame 

temperature for diffusion flames only slightly differs with time. If the modified adiabatic 

flame temperature for diffusion flames is considered to be a constant, a rough estimation of 

𝑡02 can be made. 𝑡02 could then be calculated according to equation D12 below 

 

𝑡02 =
𝑘∗𝜌∗𝑐

𝜋∗𝐾𝑒𝑓
2 (

∆𝑇

∆𝑇´𝑎𝑑−∆𝑇
)2      (D12) 

 

When determining 𝑡02, ∆𝑇 is set to 800 °C and from a series of calculations it has been found 

that when determining 𝑡02,  ∆𝑇´𝑎𝑑 can be set to 1 500 °C. Equation 46 above can then be 

rewritten with equation 40 to equation D13 below 

 

𝑡02 =
𝑘∗𝜌∗𝑐

𝜋∗(
500∗𝐴0√𝐻0 

𝐴𝑤
  )2

(
∆𝑇

∆𝑇´𝑎𝑑−∆𝑇
)2      (D13) 

 

To make the time correction the parameter 𝜙 is calculated according to equation D14 below 

 

𝜙 = 1 − exp(𝛽2) ∗ 𝑒𝑟𝑓𝑐(𝛽)     (D14) 

 

The temperature for a compartment with a single material can be calculated according to 

equation 36 and equation 48 above to equation D15 below 
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𝑇𝑔 = 𝑇0 +ΔT′
𝑎𝑑 ∗ 𝜙      (D15) 

 

To receive a temperature-time development iteration of equation 35 and equation 36 with 

assumed gas temperatures are produced for determined time intervals, i.e. every minute, 

for 𝑡𝑐 larger than zero. 

 


