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ABSTRACT: The broad technical objective of this proposal is to disseminate effectively Structural 
Fire Safety Engineering Knowledge, gained in numerous ECSC funded projects during the last 25 
years, into practical use. The aim is to this as widely as possible, in various countries and in the 
various national languages. The first part of this work is covered by Work Package 1, which describes 
the current tools for the determination of the Thermal actions, as they are implemented in the current 
the Eurocodes.  
 

1 INTRODUCTION 

In the sixties, a number of dramatic fires, such as the fire at the supermarket “Innovation” in Brussels 
which left more than 300 dead and the fire at the discotheque 'Le cinq Sept' in Saint-Laurent-du-Pont 
in France led to a lot of new regulations everywhere in Europe. 
Current regulations deal with a number of areas, including: 
− Means of escape 
− Fire spread: including, "fire resistance" and "reaction to fire". 
− The fire resistance of the structure in terms of resistance periods, R30, 60, 90 or 120. 
− The smoke and heat exhaust ventilation system. 
− Active fire fighting measures such as hand extinguishers, smoke detectors, sprinklers. 
− Access for the Fire Brigade. 
Even if the general context and general notions of fire safety are the same everywhere in Europe, the 
requirements are non-uniform. This was analysed in the frame of the project NFSC1 [11] and has been 
updated thanks to data gathered during the recent ECSC project “Risk Based Fire Requirements” [18]. 
For example for a single storey building, the fire resistance required is up to R120 in Spain but no fire 
resistance is required in Switzerland [18]. For a medium rise office building a Fire resistance R60 is 
required in the Netherlands compared to R120 in France [11]. The main parameters defining the 
requirements are the height of the building and the occupancy of the building related to the number of 
occupants and type of activities. Fire resistance requirements should be based on the parameters 
influencing fire growth and development. These include: 
− Fire [probability of Fire occurrence, Fire spread, Fire duration, Fire load, Severity of fire…] 
− Ventilation conditions  
− Fire compartment (type, size, geometry) 
− Type of the structural element  
− Evacuation conditions 
− Safety of the rescue teams 
− Risk for the neighbouring buildings 
− Active fire fighting measures 
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The current regulations do not take adequate account of the influence of sprinklers in suppressing or 
extinguishing the fire. The collected data in [11, 18] show that, except for very few cases, the present 
requirements are identical whether sprinklers are present or not. In order to consider all these physical 
factors in a systematic way, a more realistic and more credible approach to analyse structural safety in 
case of fire to include active fire fighting measures and real fire characteristics has been developed 
through different ECSC research projects and based on the “Natural Fire Safety Concept” [11, 12, 13, 
18]. This methodology has been developed based on statistical, probabilistic and deterministic 
approaches and analysis. This method is applicable to all structural materials and buildings.  
 Figure 1.1 shows a comparison between the "natural" fire curves for different configurations 
(compartment size, fire loads, walls insulation, combustible characteristics,...) and the standard ISO-
Fire curve.  
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Figure 1.1  Temperature-time curves from natural fire and from ISO-Fire 
 
This shows the difficulties to understand the behaviour of elements in case of real fires using data 
obtained according to the single ISO-Fire curve. A real fire has characteristics that are not taken into 
account in the standard ISO-Fire curve. The characteristics of a real fire are shown in Figure 1.2 and 
include: 
− A smouldering phase: ignition and smouldering fire at very low temperature with a duration that is 

often difficult to estimate. This phase is not shown in Figure 1.2. 
− A growing phase called pre-flashover (localised fire): the duration of this phase depends mainly on 

the characteristics of the compartment. The fire remains localised up to a possible flashover. 
− A flashover: the flashover is a generalised fire. This phase is generally very short. 
− A post flashover fire: this phase corresponds to a generalised fire for which the duration depends on 

the fire load and the ventilation. 
− A decreasing phase: the fire begins to decrease until all the combustible materials have completely 

burnt. 
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Figure 1.2  Natural fire phases 
 

2 METHODOLOGY  

2.1 Introduction  

The determination of the fire development in a fire compartment requires knowledge of a large 
number of parameters. A number of these parameters are fixed by the characteristics of the building. 
Nevertheless, the main characteristic, the "fire load" is generally a function of the activity and may not 
be a constant during the life of the building. The fire load can be defined as a statistical distribution. 
For structural design at ambient temperature, the mechanical loads such as self-weight, imposed load 
and wind are also defined by a statistical distribution. 
In the same way, the fire safety in a building has been determined through a probabilistic approach. In 
the global natural fire safety concept, the objective is defined by a target value of failure. The 
objective is not to change the safety level actually existing through the prescriptive codes but to 
quantify it through corresponding realistic failure probability or safety index. The combination of 
active and passive measures can be used to reach an acceptable level of safety.  
The general method of safety quantification is based on the method used for structural design at 
ambient temperature and defines a design fire load taking into account the probability of fire 
occurrence and the influence of active fire fighting measures. 
The design fire load is then used in the fire calculation models to assess the structural fire behaviour. 
Models to determine the temperature within the compartment are described here.  
 

2.2 Objectives 

The objective is to reach an acceptable safety level. This acceptable safety level can be defined by 
comparison to the other existing risks in life including the structural collapse of the building in normal 
conditions. The target probability to have a structural collapse in normal conditions is 7,23 10-5 per 
building life [10]. The objective is:  Pf (probability of failure) ≤ Pt (target probability) 
As it is defined in the Eurocodes, the fire is an accidental action. A large statistical study has been 
realised in order to determine the probability to have a fire occurrence. This ignition is a function of 
the activity of the building. A good correlation between statistics coming from different European 
countries has been found [11]. When the fire has started, a collapse can occur only if the fire reaches 
severe conditions. It is necessary to define the probability that the fire grows to a severe fire. In this 
phase, the active measures, the occupants and the firemen have an important role to play. It means that 
in a large number of cases, this fire will be stopped very quickly, and will never grow. According to 
statistics, the actions of active measures and fire brigade intervention considered in the building have 
been assessed to determine the probability to have a severe fire. So according to the active (sprinkler, 
detection, …) and passive (compartmentation) measures used in the building, the activity in the 
building and the fire brigade intervention, a design fire load is calculated from the target probability. 
This procedure is developed and detailed in the chapter 5. 
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2.3 Fire development calculation method 

Different levels of fire development calculation methods exist: 
− simple models: mainly the parametric fires  
− zone-models: these models take into account all the main parameters controlling the fire 
− field models: too complex for use as a general design tool. However field models are the only tools 

valid for sophisticated geometry [19]. 
The assumptions of the one-zone model are related to a generalised fire with uniform temperature in 
the compartment while the two-zone models are related to a stratified smoke layer from a localised 
fire. 
The main parameter of the fire development is the rate of heat release (RHR). This rate of heat release 
is a function of compartment size and activity and a function of time. The fire is initially a localised 
fire in the pre-flashover phase. The beginning of this phase is characterised by a fire growth that has 
been quantified according to a t2-fire assumption. This means that the rate of heat release is defined by 
a parabolic equation. The buildings are classified into 4 categories according to the fire-spread 
velocity: low, medium, fast and ultra-fast. The rate of heat release will reach a maximum value 
corresponding to a steady state defined by fuel or ventilation control conditions.  
One of the assessments is to know the RHR evolution and to define whether the fire will grow to a 
flashover or will remain a localised fire. When the conditions of flashover or generalised fire are not 
reached, a fire remains localised. In this condition, a two-zone model is used to estimate the general 
effect of the smoke layer. The local effect near the fire is also studied by empirical models developed 
in a previous research 'natural fire in large compartments' [8]. Hasemi [17] performed experimental 
investigations to determine the localised thermal actions from a fire, from which a simplified method 
was developed. The combination of both models allows the determination of the temperature field 
near and far away the fire. 
 

2.4 Structural fire behaviour 

According to this thermal action, the thermal transfer to the structural elements has to be calculated. 
The models of different levels can be used. From the temperature field in the structure and from the 
combination of the mechanical loads in case of fire, the structural behaviour can be assessed with 
models also having different levels.  
Simplified models using element/element calculations can be applied. Generally this model is based 
on the notion of critical temperature. If the heated temperature is below the critical temperature there 
is no failure and if the heated temperature is higher than the critical temperature there is failure. It is a 
'pass or failure' criterion. The objective is then reached if the time to reach the failure is greater than 
the required natural fire exposure. 
More sophisticated models, for example using finite element calculations, can be used. The results of 
the model are generally in terms of deformation during the whole fire duration. In some cases, the 
performance criteria (to measure at which level the objectives are fulfilled) can be given in terms of 
deformation.  
Knowledge of the structural fire behaviour allows for an assessment against a range of performance 
criteria in terms of limited deformation or structural damage. 
The choice of performance for design purposes will be dependent on the consequences of failure and 
the function of the building. For certain high-profile multi-storey buildings this may mean that no 
structural failure must take place during the whole duration of the fire. 
The characteristics of these models will be developed in the Work Package 3. 
 

2.5 Required data  

In order to apply this methodology, the characteristics of the building have to be known. This 
methodology is applied compartment by compartment. The compartment has to be defined in terms 
not only of the geometry, but also the thermal characteristics of the walls that are able to accumulate 
and to transfer a large part of the energy released by the fire, and the openings which allow the air 
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exchange with the outside of the compartment. Some rules and tables will be given in chapter 3 in 
order to determine all these data. 
 

3 CHARACTERISTICS OF THE FIRE COMPARTMENT 

3.1 Introduction 

In the “Natural Fire Safety” approach, the fire safety design is based on physically determined thermal 
actions. In contrast with conventional design, parameters like the amount of fire load, the rate of heat 
release and the amount of ventilation play an important role in the natural fire design. In most 
buildings, the number of possible fire scenarios is infinite and need to be reduced. Only "credible 
worst case fire scenarios" will be studied. If the design fire scenarios are chosen, a number of fire 
models are available to calculate the thermal actions. 
 

3.2 Boundary elements of the compartment 

In the Natural Fire Safety Concept, the fire development is described in the fire compartment. The 
assumption is that the fire will not spread to other compartments. Whether this is true, depends on the 
fire behaviour of the boundary constructions (floors, wall [including doors], etc.). 
It is necessary to understand this behaviour in order to assess their capability to function as fire 
barriers. The following options are available: 
− Ad-hoc tests: the element can be exposed to a temperature-time curve in a furnace as calculated 

with fire models based on the worst-case fire scenarios. 
− Expert judgement: this approach makes use of the available test-data of ISO-resistance tests on 

separating elements 
− Direct use of ISO-requirements: national rules define fire compartments with ISO-fire resistance 

for walls, ceilings, doors and floors, depending on the use and the geometry of the building.  
The first two options can be used for a limited number of separating elements, and will lead to high 
costs. In practice, often the 3rd option has to be used. 
 

3.3 Wall: thermal characteristics 

The heat loss from the compartment is an important factor for the temperature determination. Heat 
losses to the compartment boundaries occur by convection and radiation. The thermal properties of the 
walls have to be known. 
The three main parameters characterising the thermal properties of a material are: 
− heat capacity cp 
− density ρ 
− conductivity λ 
The conductivity and the heat capacity depend on temperature. 
In simplified models, only the thermal inertia, called b-factor, is used. The b-factor is determined by 
the following equation (3.1) from the thermal properties: 
 

pc = b ⋅⋅ ρλ   (3.1) 

− For the calculation of the b factor, the density ρ, the specific heat capacity cp and the thermal 
conductivity λ of the boundary may be taken at ambient temperature [1]. 

 
In case of multi-material walls, it is suggested to deduce the b-factor from the following method: 
− When a material (2) is insulated by a heavy material (1) , so b1<b2, the b-factor is the b-factor from 

the material 1: b = b1. 
− in the opposite, if b1 > b2 , we can define a limit thickness for the material 1 equal to (3.2): 

 
11

1
lim,1 ρ

λ
c
tS d=  where td is the time of the fire up to the decrease phase. (3.2) 
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Then the b-factor is determined by: 
 
   If s1 > s1,lim  then b = b1 
 

        If s1 < s1,lim  then 2
1

1
1

1

1 1 b
s
sb

s
sb 


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
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
−+=

lim,lim,
 

The table 3.1 gives the thermal characteristics of the most commonly used materials for different 
temperatures. 
 
Table 3.1 Thermal material characteristics 

material Temperature 
(°C) 

λ (W/m/K) ρ (kg/m3) cp (J/kg°K) 
Normal weight concrete 20 2 2300 900 
 200 1,63 2300 1022 
 500 1,21 2300 1164 
 1000 0,83 2300 1289 
Light weight concrete 20 1 1500 840 
 200 0,875 1500 840 
 500 0,6875 1500 840 
 1000 0,5 1500 840 
Steel 20 54 7850 425 
 200 47 7850 530 
 500 37 7850 667 
 1000 27 7850 650 
Gypsum insulating 20 0,035 128 800 
 200 0,06 128 900 
 500 0,12 128 1050 
 1000 0,27 128 1100 
Sealing cement 20 0,0483 200 751 
 250 0,0681 200 954 
 500 0,1128 200 1052 
 800 0,2016 200 1059 
CaSi board 20 0,0685 450 748 
 250 0,0786 450 956 
 450 0,0951 450 1060 
 1050 0,157 450 1440 
Wood 20 0,1 450 1113 
 250 0,1 450 1125 
 450 0,1 450 1135 
 1050 0,1 450 1164 
Brick 20 1,04 2000 1113 
 200 1,04 2000 1125 
 500 1,18 2000 1135 
 1000 1,41 2000 1164 
Glas 20 0,78 2700 840 

 

3.4 Opening characteristics 

Openings in an enclosure can consist of windows, doors and roof vents. The severity of the fire in an 
enclosure depends on the amount of openings in the enclosure.  
Concerning the opening factor O used in simplified models, it is defined according the equation (3.3) 
for a single vertical opening: 

HAO W=   (3.3) 
When several vertical openings have to be considered, the global area and an equivalent height have to 
be used. They are determined by equations (3.4) and (3.5): 
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∑= wiW AA   (3.4) 
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∑
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where Aw is the opening area, H the opening height and i is relative to the opening n°i. 
 

3.5 Mechanical ventilation 

The use of pressurisation is an interesting way of protection for staircases.  
The mechanical ventilation is also often used for smoke and heat exhaust ventilation system 
(SHEVS). 
 

4 CHARACTERISTICS OF THE FIRE 

It is the aim of this chapter to provide all the information needed by a designer when he faces a fire 
problem. The first data necessary to design a building against fire is to define the energy that is going 
to affect the structure. A way of knowing it would be to perform a real fire test in the building. This is 
uneconomic and besides would only provide information for one of the multiple fires that could 
happen in the building. Information from fire tests, existing models and fire dynamics have been 
combined so that a characterisation of the fire for different cases can be obtained. 
 

4.1 Fire load 

The first problem is to know which is the fire load to be considered in design. It is very rare that the 
fire load is known in a deterministic way. Generally it must be defined in a statistical way. 
 

4.1.1 Deterministic approach 

The fire load Q in a fire compartment is defined as the total energy able to be released in case of fire. 
Part of the total energy will be used to heat the compartment (walls and internal gas), the rest of the 
energy will be released through openings. Building components such as wall and ceiling linings, and 
building contents, such as furniture, constitute the fire load. Divided by the floor area, the fire load Q 
gives the fire load density qf.  
In EC 1, the characteristic fire load density is defined by the equation (4.1): 

( )∑ ⋅⋅⋅=
i

iuiii
f

f MHm
A
1  q ψ  (4.1)   

where: 
Mi = the mass of the material i (kg)  
Hui = the net calorific value of the material i (MJ/kg) (see Table 4.1) 
mi = the factor describing the combustion behaviour of the material i 
Ψi =  the factor of assessing protected fire load of the material i 
Af = the floor area of the fire compartment (m²) 
 

Hui · Mi represents the total amount of energy contained in material i and released assuming a complete 
combustion. The 'm' factor is a non-dimensional factor between 0 and 1, representing the combustion 
efficiency : m = 1 corresponds to complete combustion and m = 0 to the case of materials that do not 
contribute to the fire at all.    
A value of m = 0,8 is suggested for standard materials. For wood, a value of 17,5 MJ/kg is suggested 
for Hu leading to 14 MJ/kg for (mHu). 
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Table 4.1 Recommended net calorific value of combustible materials Hu (MJ/kg) 
for fire load calculation. 
 

Solids 
Wood 17,5 
Other cellulosic materials 

• Clothes 
• Cork 
• Cotton 
• Paper, cardboard 
• Silk 
• Straw 
• Wool 

20 

Carbon 
• Anthracit 
• Charcoal 
• Coal 

30 

Chemicals 
Paraffin series 

• Methane 
• Ethane 
• Propane 
• Butane 

50 

Olefin series 
• Ethylene 
• Propylen 
• Butene 

45 

Aromatic series 
• Benzene 
• Toluene 

40 

Alcohols 
• Methanol 
• Ethanol 
• Ethyl alcohol 

30 

Fuels 
• Gasoline, petroleum  
• Diesel 

45 

Pure hydrocarbons plastics 
• Polyethylene 
• Polystyrene 
• Polypropylene 

40 

Other products 
ABS (plastic) 35 
Polyester (plastic) 30 
Polyisocyanerat and polyurethane (plastics) 25 
Polyvinylchloride, PVC (plastic) 20 
Bitumen, asphalt 40 
Leather 20 
Linoleum 20 
Rubber tyre 30 
NOTE The values given in this table are not applicable for calculating 

energy content of fuels. 
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4.1.2 Statistical approach 

The fire load density can be estimated by summing all the fire loads present in a building: it is a 
deterministic approach. Some information is available on the fire load density for specific building 
types such as offices and schools. This statistical approach is only valid for building types where 
similar amounts of fire load can be expected. In those cases the fire load density can be given as a 
statistical distribution with a mean value and a standard deviation.    
In the next table for a number of building types these values are given. The values are based on the 
Gumbel type I distribution. The values (for 80, 90 and 95% fractiles) are calculated using this 
distribution, assuming a variation coefficient of 0,3. These values of table 4.2 are derived from a 
compendium of commonly accepted values extracted from international documents [2, 21, 22]. 
 
Table 4.2 Data on fire load density for different buildings [MJ/m²]  
(Fitting with a Gumbel type I distribution). 

  Stand. 
Deviation 

Mean 80%  
fractile 

90 %  
fractile 

95 % 
fractile 

 Dwelling 234 780 948 1085 1217 
 Hospital 69 230 280 320 359 
 Hotel (room) 93 310 377 431 484 
 Library 450 1500 1824 2087 2340 
 Office (standard) 126 420 511 584 655 
 School 85,5 285 347 397 445 
 Shopping centre 180 600 730 835 936 
 Theatre (cinema) 90 300 365 417 468 
 Transport (public space) 30 100 122 139 156 

 

4.2 Type of fire 

Another question to be answered is what amount of the total fire load is going to burn in case of fire 
and how will this affect the Temperature-time curve occurring in the scenario. 
Fires never (except for arson or explosion, which are not in the scope of the research) start at the same 
time in a whole fire compartment. They always start as a localised fire that, depending on a series of 
conditions, will develop to a major fire. 
Main differences between a localised and a fully developed fire are listed in Table 4.3 
 
Table 4.3 Differences between localised and fully engulfed fires 

 Fire load Gas temperature 
Localised fire Only a part of the compartment 

is in fire 
Two zones  
(two temperature-time curves) 

Fully developed fire The fire load uniformly 
distributed in the whole 
compartment is in fire 

One zone  
(one temperature-time curve) 

 
In situations in which the whole compartment is involved in the fire, a uniform gas temperature is 
assumed. In a fully developed fire all fire load is burning so that the whole compartment is filled with 
smoke, combustion products and air that mix so well that the gas in the whole compartment can be 
considered homogeneous and represented by a single temperature. A method that allows for 
determining the Temperature-time curve(s) (T-t) to be used for the structural behaviour in case the fire 
is localised or fully developed is described in details in chapter 6. 
 

4.3 Design fire 

Once the fire load has been characterised it must be known at which rate the fire load will burn. This 
will lead to the RHR. 
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4.3.1 Fuel control and ventilation control fires 

The fire load defines the available energy but the gas temperature in a fire depends on the Rate of Heat 
Release. The same fire load burning very quickly or smouldering can lead to completely different gas 
temperature curves. 
 

RHR 

[MW] 

Time [min] 
 

Figure 4.1  Two RHR curves corresponding to the same amount of fire load, as the surface beneath 
both curves is the same. 
 
The RHR is the source of the gas temperature rise, and the driving force behind the spreading of gas 
and smoke. A typical fire starts small and goes through a growth phase. Two things can then happen 
depending whether during the growth process there is always enough oxygen to sustain combustion. 
Either, when the fire size reaches the maximum value without limitation of oxygen, the RHR is limited 
by the available fire load (fuel controlled fire). 
 Or if the size of openings in the compartment enclosure is too small to allow enough air to enter the 
compartment, the available oxygen limits the RHR and the fire is said to be ventilation controlled. 
Both ventilation and fuel-controlled fires can go through flashover.  
This important phenomenon, flashover, marks the transition from a localized fire to a fire involving all 
the exposed combustible surfaces in the compartment. The two regimes are illustrated in Figure 4.2, 
which presents graphs of the rate of burning vs. the ventilation parameter Aw √h, with Aw being the 
opening area and h being the opening height. Graphs are shown for different fire load densities. 
Starting on the left side of the figure in the ventilation controlled regime, with increasing ventilation 
parameter the rate of burning grows up to the limiting value determined by the fire load density and 
then remains approximately constant (fuel controlled region). 
 

Fuel controlled 

Ventilation 
controlled 

 
Figure 4.2  Mass rate for different fire load densities. 
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4.3.2 DESIGN RHR 

The rise of the rate of heat release to the maximum value (see Figure 4.3) is given by (4.2): 
( )2

αt / t = RHR   (4.2) 
where:  
 

RHR  =  Rate of heat release of the fire during growth phase  (MW)  
t    =  time (s) 
tα   =  time constant given in Figure 4.4 (s) 

 

Flashover

RHR
[W]

Fuel bed controlled

Ventilation controlled

Decrease phase

Time

Rising phase

 
Figure 4.3  Rate of Heat Release in function of  Time 
 
Three phases are recognised, rise, stationary (post flashover) and decrease. 
 
The fire growth parameter given in the code [1, 2] varies according to building types and some 
guidance towards the classification and determination of this parameter is shown in Figure 4.4. 
 
After the growing phase, the RHR curve follows an horizontal plateau with a maximum value of RHR 
corresponding to fuel bed (see figure 4.4) or ventilation controlled conditions. 
In [1, 2] and [7] this decay phase is assumed to show a linear decrease of the RHR. Formulae are given 
to calculate the time of commencement of the decay period and the duration of the decay period. 
Based on test results, the decay phase can be estimated to start when approximately 70% of the total 
fire load has been consumed. 
In the following Figure 4.4 the proposal for the RHR curve for the NFSC project is given. The curve 
includes the growing phase, steady state and the decay phase.  
 

PDF vytvořeno zkušební verzí pdfFactory Pro www.fineprint.cz

http://www.fineprint.cz
http://www.fineprint.cz


1-12 

4

Fuel bed controlled

RHR [W]

Rising phase

Time

Flashover

θg 500 C≥ °

RHR=
t

t

2

α























MW

6 744444444444444 844444444444444

Fire growth
rate

Typical
equivalent
materials

tα: Time [s]
for RHR
= 1 MW

Slow
Medium Cotton/polyester

sprung mattress

Full mail bags,
plastic foam,
stacked timber
pallets
Methyl alcohol
pool fire, faster
burning upholstered
furniture

Fast

Ultra-fast

600
300

150

75

Occupancy

Dwelling, Hotel- & Hospital-room,
Office, Classroom of a school
Shopping centre, Theatre, Cinema

Transport (Public Space)

OCCUPANCY /
ACTIVITY

Fire load (80% fractile)

Dwelling

Office
Classroom of  a school
Shopping centre
Theatre (cinema)

Hospital (room)

RHR dt = A qfi f0
t fi, end∫

6 74444444444 8444444444

RHR = A RHRfi f⋅

tfi,end

RHR  A h    (EN 1991-1-2)w a÷ ⋅

Ventilation controlled

Decrease phase

70% of the fire load has already burnt

q
f,k [MJ/m2]

Hotel (room)
Library

Transport (public space)

948
280

347
511

730
365

377
1824

122

no uniform fire load

For stacked wood pallets of height 0.5 m
For stacked wood pallets of height 3.0 m
For plastic bottles in cartons, stacked of 4.6 m
For PS insulation board, rigid foam, stacked of 4.3 m
Building use is theatres, cinemas, and libraries
Building use is offices, dwellings, shopping centres, transport public spaces

RHRf   =  1250 kW / m2

RHRf   =  6000 kW / m2

RHRf   =  4320 kW / m2

RHRf   =  2900 kW / m2

RHRf   =    500 kW / m2

RHRf   =    250 kW / m2

, hospital-, hotel- and school class-rooms

 
Figure 4.4  Design RHR curve  [1] 
 

4.3.3 Experimental data  

Another way to obtain the RHR curve is to make a test. Techniques for measuring heat release rates 
(except in a calorific bomb) were not available until a few years ago, when the principle of oxygen 
depletion calorimetry was developed. Earlier attempts required the direct measurement of sensible 
enthalpy, which is very difficult to do correctly. The oxygen depletion technique, however, has 
enabled these measurements to be made easily and with good accuracy. The oxygen consumption 
principle states that, within a small uncertainty band, the heat released from the combustion of any 
common combustible is uniquely related to the mass of oxygen removed from the combustion flow 
stream [6]. This technique has been used and database of test results established. Different sources are 
available in the literature to extract data for the value of RHR [3,4,5,6]. 
The Hazard [5] two-zone simulation model within its framework contains a database where various 
items are laid out and information on their RHR among other things is given. These items tend to be 
only items found in the home, such as chairs, TV's and Christmas trees. This obviously leads to a 
limitation in the field of use. Although in its particular region of use, it appears to be a very good 
source of information, since it includes every phase during a RHR curve. Argos [4] is another database 
found within the framework of a fire simulation programme. In Argos, different equations are given 
for solid material fires, melting material fires, liquid fire and smouldering fires. These equations define 
the RHR as a function of the fire spread velocity in the horizontal and vertical directions. The 
numerical values valid for different materials and objects are given in the Argos database. 
Another source of test result information is the "Initial Fires" document compiled by the University of 
Lund [3]. This has the same format as the Hazard database but contains more results. In this document 
one can find information not only on household objects but also objects such as various vehicle types. 
CTICM in France has performed fire tests on new cars (fabricated in 1996) [9], on hotel rooms and on 
real furniture and measured the RHR. These experimental data are very interesting, because the 
majority of fire tests reported in the literature have been performed with wood cribs as fuel. 
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5 PROBABILISTIC ASPECT 

5.1 Introduction 

The probability that a fire breaks out in a swimming pool is obviously much lower than in a painting 
workshop. The probability that this fire spreads and leads to a fully engulfed compartment depends on 
the compartment area and on the active fire fighting measures such as sprinklers, automatic fire 
detection by smoke or heat, automatic alarm transmission to fire brigade and fire brigade intervention. 
Different ECSC research projects [11, 18] have enabled to gather statistics and to deduce the 
probability that: 
− a fire starts  
− the occupants fail to extinguish the fire  
− the automatic active measures (sprinklers…) fail to extinguish the fire 
− the fire brigade fail to extinguish the fire  
The probability of successful intervention by the fire brigade depends mainly on the time to detect the 
fire (automatic fire detection by smoke or heat) and the time to reach the building (automatic 
transmission of the alarm and distance from fire brigade to building). 
From those probabilities it is possible to deduce γq,f factor on the fire load by a procedure based on the 
Annex C of prEN 1990 [10] and reliability calculations. This procedure is summarised in chapter 5.4. 
This factor γqf has been divided into sub-coefficients δq1, δq2, δni to take into account the compartment 
size, the building type and the different active fire fighting measures. The characteristic fire load qf,k 

has to be multiplied by γqf  =  δq1  x  δq2  x  δni to obtain  the design fire load qf,d . 
The design fire load, qf,d is then used by the “Natural Fire Models” tools (see following chapter 6) 

to calculate the design natural fire heating. 
 

5.2 Statistics 

This statistical study has been based on data [11] from  
 
− Switzerland : detailed information and analysis of all fires (± 40.000 fires) causing damage larger 

than 1.000.000 CHF in Bern from 1986 to 1995 
− France: fires in industrial buildings occurring between January 1983 to February 1984, all fire 

brigade intervention in 1995 (3.253.855 interventions of which 312.910 were for fires). 
− The Netherlands: fires in industrial buildings occurring between January 1983 to January 1985. 
− Finland: all the building fires in 95 (2.109 fires for a total number of buildings of 1.150.494). 

In the scope of [18] additional results for Finland, based on combining the information in the 
national fire statistics database “PRONTO” of the Ministry of Interior and other relevant national 
statistical database, have been added for the year 1996-1999. 

− The Luxembourg fire brigade reports for 1995 and 1997 
 
and international data from different sources on various aspects of fire safety namely sprinkler 
performance. Database on the effects of sprinklers were summarised or collected from USA, Finland, 
Germany, France, Australia and UK [13].  
The following statistics concern mainly dwellings, offices and industrial buildings and have been 
adopted for developing the procedure. This procedure has been extended to other activities by the 
coefficient δq1  given in table 5.6. 
 

5.3 Probabilities 

5.3.1 Event tree analysis 

An event tree (see Figure 5.1) may be established from fire start to describe fire growth, using 
recommended default values from Table 5.1. 
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IGNITION  FIRE STOPPED  FIRE STOPPED  FIRE STOPPED FULLY DEVELOPED
 BY OCCUPANTS  BY SPRINKLER  BY FIRE BRIGADE FIRE / m2 / year

pocc poccup pSP pFB

yes 6.00E-06

0.6

1.00E-05
Fires/m2/year

0.4 yes 3.92E-06

0.98
no 4.00E-06 yes 8E-08

0.02
0.95

no 8.00E-08 COMPARTMENT
0.05 AREA

150 m2

no 4E-09 6.00E-07

 
Figure 5.1  Example for an event tree for fire growth in an office with a compartment area of 150 m2 

 
Table 5.1: Event tree factors 

 Dwelling  
 

Office Industrial 

Fire occurrence [1/(m².year)] pocc 30 · 10-6 10 · 10-6 10 · 10-6 
Fire stopped by occupant poccup 0,75 0,60 0,45 
Fire stopped by sprinkler system pSP see Table 5.5 
Fire stopped by standard fire brigade pFB 0,90 - 0,95 0,90 - 0,95 0,80 - 0,90 

 

5.3.2 Fire occurrence and fire growth 

The probability of a severe fire per year able to endanger the structural stability may be expressed as 
(5.1): 
 
pfi = p1 · p2· p3·Afi · p4  (5.1) 
 
with:  
p1 : probability of severe fire including the effect of occupants and standard public fire brigade (per 

m² of floor and per year) 
p2 : additional reduction factor depending on the fire brigade types and on the time between alarm and 

firemen intervention  
p3 : reduction factor if automatic fire detection (by smoke or heat) and / or automatic transmission of 

the alarm are present 
p4 : reduction factor if sprinkler system is present (p4 is also the probability of failure of sprinkler in 

stopping the fire) 
Afi : surface area of the fire compartment 
 
Note: The factor p1 includes the actions of the occupants and the public fire brigade in preventing a 

fire to grow into a severe fire and is not to be mistaken as the frequency of fire occurrence. 
 The influence of fire brigade types, time between alarm and firemen intervention, automatic 

detection and automatic alarm transmission (p2, p3) has not been considered in the Table 5.1, 
p1 of Table 5.2 is in fact pocc · (1 - poccup) · (1 - pFB). 
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According [11, 18], the following values are recommended for p1, p2, p3 and p4. 
 
Table 5.2  Frequency of fire start and growth to severe fire including standard public fire brigade  

Occupancy/Activity p1 [10-7/(m2 ·year)] 
Office 2 – 4 

Dwelling 4 – 9 
Industrial 5 – 10 

 
Table 5.3  Additional reduction factor depending on the fire brigade type and on the time 
between alarm and firemen intervention 

  Time between Alarm and Action of the FIREMEN 
 p2 ≤ 10’ 10' < t ≤ 20’ 20' < t ≤ 30’ 
 Type of FIREMEN    
 Professional 0,05 0,1 0,2 
 Not-Professional 0,1 0,2 1 

 
Table 5.4  Reduction factor for automatic fire detection (by smoke or heat) 
and automatic transmission of the alarm 

Active Measures p3 
Detection by smoke 0,0625 
Detection by Heat 0,25 

Automatic Alarm transmission to Fire Brigade 0,25 
 
Table 5.5 Reduction factor for sprinkler system 

Type of sprinkler p4 
Normal (e.g. according to the regulations) 0,02 

High standard (e.g. electronically checked valve, two 
independent water sources) 

0,01 - 0,005 

Low standard (e.g. not according to the regulations) ≥ 0,05 
 
5.4 Procedure 

5.4.1 Determination of the design values of actions and resistances -  Safety factor γ  in the 
Eurocodes - Principle for normal conditions of use 

 
The resistance R and the Action S are according to statistical distributions, which are defined by the 
standard deviations (σS,σR) and the means (mS, mR). To ensure a sufficient safety, it is necessary that 
the failure (S > R) occurs only with a very low probability pf represented given by the hatched area 
(see Figure 5.2). This area can be measured by the safety index β. 
The Eurocodes in normal conditions require a maximum failure probability pt of 7,23.10-5 for the 
building life, which corresponds to a safety index βt of 3,8. 
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Figure 5.2 Probabilistic approach 

 
For the two variables S and R, corresponding to action and resistance, the design values are given 
respectively by sd and rd.  

However, there are a lot of actions: (self weight, variable load, snow, wind, earthquake, fire..) and a 
lot of resistances (compressive strength of concrete, yield point of the steel of the profiles, of  
rebars,...) 

Therefore the problem is much more complex than the comparison between two statistical variables. 
That’s why the Eurocodes have adopted a semi-probabilistic approach based on the FORM method 
(First Order Reliability Method). 
This simplification of the Eurocodes consists of assuming: 

22
SR

R
R

σσ

σ
α

+
=   = 0,8 for the resistance.  (5.2) 

22
SR

S
S

σσ

σ
α

+
=  = (-0,7) for the main action and (-0,28) for the secondary action (5.3) 

 
 iSiSid ms ,,, , σβ70ValueDesign +==⇒  
 
 iRiRid mr ,,, , σβ80ValueDesign −==⇒  

 
By considering constant values for the weighing factors αs,I, the design values sd,i for actions can be 
defined without referring to the resistance, as these design values depend only on the safety index β, 
on the mean and the standard deviation of the corresponding statistical distribution and, of course, on 
the type of the distribution (see formulae of Figure 5.2 [10]). 
These design values sd,i of the actions are thus the values of the actions which have to be considered in 
order to obtain the required safety. If β is equal to 3,8 as in the Eurocodes, this implies that the failure 
risk is equal to 7,23.10-5 during the building life. 
As a consequence, for each action, it is possible to define safety coefficient γ, which is the ratio 
between the design value sd and the characteristic value, which is the usual reference value:  

 
k

d

s
s

=γ  (5.4) 

In this way we can find the safety coefficients given in the Eurocodes: on the action side 1,35 and 1,5 
for the self-weight and the imposed loads; on the resistance side 1,0, 1,15 and 1,5 for respectively 
structural steel, reinforcement bars and concrete [1, 16, 20, 24]. 
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Hereafter the calculation of the γs of 1,15 for rebars is given as an example [20]: 
 
− β = 3,8 ; αa =  0,8 
− Statistical law : Lognormal 

− Variation coefficients 





 =

m
σ : 

VR = variation coefficient for the Design Value = 222
fmG VVV ++ = 0,087 

Vm = variation coefficient for Model uncertainty = 0,05 
VG = variation coefficient for Geometry of element = 0,05 
Vf  = variation coefficient or mechanical property = 0,05 

− Design value :     Xd = mX exp ( RR Vβα−  ) 
                             = mX exp ( RVβ80,−  ) 

− Characteristic value :   Xk = mX exp ( fVk−  ) 
  with k = 1,645 corresponding to the 5 % fractile 

− Safety Factor : γs ), fR
d

k VkV
X
X

−== β80(exp  

                                 )05,0645,1087,08,38,0(exp ⋅−⋅⋅=  
                   = 1,198 

 

5.4.2 Target value 

The assumption of a target failure probability pt of 7,23 ·10-5 per building life (1,3 ·10-6 per year) is 
defined in EN 1990 [10]. That safety requirement (β>3,8) for ultimate limit state in normal conditions 
has also been adopted as the acceptance criteria for the structural fire resistance. In fact, the required 
safety in case of fire could be differentiated. This idea has been developed in the final report of [11] 
(chapter 2.8 of the Annex B of WG5 part), where it is proposed to use a target failure probability pt 
[1/year] depending on the people evacuation: 
pt

 = 1,3 ·10-4 for normal evacuation  pt [1/year] 
pt

 = 1,3 ·10-5 for difficult evacuation (hospitals, etc.) 
pt

 = 1,3 ·10-6 for no possible evacuation (e.g. high rise building). 
 It might lead to future interesting improvements but it was decided to keep the value of EN 1990 [10] 
accepted by everybody whereas discussions should be needed to convince the Authorities to adopt 
lower new target values. 
 

5.4.3  Fire design and conditional probability 

The Annex C of EN 1990 [10], which describes the semi-probabilistic concept leading to the design 
values for the actions and for the material properties, has been extended to the structural fire 
resistance. 
At room temperature, the safety factors for the actions γS,i and the material properties γR,i have been 
deduced by a semi-probabilistic approach which assumes implicitly that the failure probability of the 
structure pf is lower than a target failure probability pt of 7,23 ·10-5 per working life of the building, 
which is equivalent to a safety factor β of 3,8:  
 
                             pf (failure probability) ≤ pt (target probability)                              (5.5) 
 
In case of fire, the main action is the fire, which can be quantified by the fire load expressed in kg of 
wood or in MJ. However, this fire load becomes a real action for the structure only when there is a 
fire. 
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The fire load influences the structure only with a certain probability pfi, pfi being the product of pstart 
(probability that a fire starts) and pspread (probability that this starting fire turns to a flash-over or a fully 
engulfed fire compartment). 
In case of fire which is considered as an accidental action the equation (5.5) becomes: 
pf,fi. (failure probability in case of fire) · pfi (probability of fire) ≤ pt (target probability). 
which can be written: 
 
− pf,fi  ≤ (pt/pfi) 
− pf,fi  ≤ pt,fi          ⇒        βf,fi  ≥  βfi,t                                                       (5.6) 
 
Whereas the target value pt of 7,23 ·10-5 leads to the constant safety index βt at room temperature, 
there is not in case of fire a fixed value of the safety index (called βfi,t in case of fire) because the target 
value pt,fi depends through equation (5.6) of the probability of fire pfi. Knowing βfi,t , the design value 
of the fire load can be deduced as explained hereafter. 
 

5.4.4 Design fire load and δ factor  

Reliability calculations (see chapter 7.4 of [11]) have showed that the weighing factor for the main 
action at room temperature is strongly reduced in case of fire and may therefore be considered as a 
secondary action whereas the fire load becomes the main action. 
Moreover these calculations have pointed out that the assumption of the weighing factor of (-0,7) for 
the main action has to be modified and that a value of  (-0,9) should be chosen for αqf . 
According to the fire load densities given in the U.K. document “The Application of Fire Safety 
Engineering Principles to the Safety in Buildings” [14] and Prof. Fontana’s analysis [15], the data of 
fire loads fit well into a Gumbel type I distribution. A variation coefficient Vqf of 0,3 has been chosen 
[11]. 
 
According to [10], the design value (see variable loads) for the Gumbel distribution is given by:  

( )( )[ ]












−+−= tfiqfqfdf Vmq ,, ,lnln, βφ
π

90577061    (5.7) 

with mqf the mean value of the fire load and φ the distribution function of the normal distribution. 
 
As proposed in [16], a safety factor for the model for calculating the action effect γsD =1,05 has been 
considered. 
By choosing a characteristic value qf,k of 80 % fractile (see Annex E of EN 1991-1-2 [1] and [11]), the 
factor δqf becomes: 
 

( )( )[ ]

( )[ ]








−+−









−+−

==

80lnln577061

90lnln577061
051

qf

kf,

df,
qf

,,

,,
,

,

qf

tfi

V

V

q
q

π

βφ
π

δ  (5.8) 

                                       = 2,38 for β =3,8 and 0,82 for β = 0 
 
The evolution of δqf as a function of βfi,t is given by the Figure 5.3. 
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Figure 5.3  Safety factor δqf as a function of βfi 
 
 
The safety index βfi,t can be calculated from the probability of severe fire pfi by the following formula : 











=










=

−
−−

fifi

t
tfi pp

p 5
11 10237 .,

, φφβ  

             1−φ is the inverse of the cumulative Standard Normal Distribution 
The Figure 5.3 enables then to deduce the factor δqf for the fire load. 
 
This global procedure implies: 
− to determine the probability to have a severe fire pfi 
− to calculate (pt/pfi)  
− to deduce the target reliability index βfi,t 
− to obtain the factor δqf  
 
This approach has been differentiated by splitting the factor δqf into 3 coefficients δq1 , δq2 and δni to 
consider the influence on pfi of respectively the compartment size, the risk of fire activation and the 
active fire fighting measures (see table 5.6). 
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Table 5.6  Resuming table of δ factors [1] 
 

Automatic 
W ater 

Extinguishing 
System 

Independent 
Water 

Supplies 
Automatic fire 

Detection 
& Alarm 

by 
Heat by 

Smoke 

Automatic 
Alarm 

Transmission 
to 

Fire Brigade 

Function of Active Fire Safety Measures δ ni 

0 1 2 

Automatic Fire Suppression Automatic Fire Detection 

δ n1 δ n2 δ n3 δ n4 δ n5 
0,61 0,87 or 0,73 0,87 1,0 0,87 0,7 

Work 
Fire 

Brigade 
Off Site 

Fire 
Brigade 

Safe 
Access 
Routes 

Fire 
Fighting 
Devices 

Smoke 
Exhaust 
System 

δ n10 

Manual Fire Suppression 

δ n6 δ n7 δ n8 δ n9 
0,61    or    0,78 * 0,9 or 1 

1,5 
1,0 

* 1,5 
1,0 

* 1,5 

1,90 
2,00 
2,13 

Danger of 
Fire Activation Compartment 

floor area A  [m²] f 

1,50 
1,10 25 

250 
2500 
5000 

10000 

δ 
q1 

0,78 
1,00 
1,22 
1,44 
1,66 

Danger of 
Fire Activation 

δ q2 
Examples 

of 
Occupancies 

artgallery, museum, 
swimming pool   
residence, hotel, office 
manufactory for machinery 
& engines 
Chemical laboratory 
laboratory, Painting workshop 
Manufactory of fireworks 
or paints 

* For normal fire fighting measures, which should be almost always present, such as the Safe Access 
Routes, the Fire Fighting Devices and the Smoke Exhaust System in staircases, the 
corresponding 

 δ ni  should be taken as 1,5 
in case those measures either are unsatisfactory either are not  

 
When the factors δq1, δq2 and δni are determined, the design fire load qf,d can be deduced : 
 

kf,niq2q1df, qq ⋅⋅⋅= δδδ  
The design fire load is then used by the tools presented in chapter 6.  
 

6 FIRE DEVELOPMENT CALCULATIONS 

Introduction 
When simulating numerically the fire development, different simplifications of the fire dynamics can 
be made. The present chapter will explain the models to apply in pre-flashover situation (the models of 
localised fire and 2 zone models) and in post-flashover situation (fully-engulfed fire). The field 
Models (CFD: Computer Fluid Dynamics) are excluded in this chapter. They are too complex and 
time consuming to be used as a simple tool. 
 

6.1 Localised Fire 

In a localised fire, there is an accumulation of combustion products in a layer beneath the ceiling 
(upper layer), with a horizontal interface between this hot layer and the lower layer where the 
temperature of the gases remains much colder.  
This situation is well represented by a two zone model, useful for all pre-flashover conditions. Besides 
calculating the evolution of gas temperature, these models are used in order to know the smoke 
propagation in buildings and to estimate the life safety as a function of smoke layer height, toxic gases 
concentration, radiative flux and optical density.  
The thermal action on horizontal elements located above the fire also depends on their distance from 
the fire. It can be assessed by specific models for the evaluation of the local effect on adjacent 
elements, such as Heskestad’s or Hasemi’s method [17]. 
 

6.1.1 Two zone models 

Zone model is the name given to numerical programs which calculate the development of the 
temperature of the gases as a function of time, integrating the ordinary differential equations which 
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express the conservation of mass and the conservation of energy for each zone of the compartment. 
They are based on the fundamental hypothesis that the temperature is uniform in each zone. 
Zone models give not only the evolution of the temperature of the gases in the compartment, but also 
additional information such as the temperatures in the walls or the velocity of the gases through the 
openings.  
The data which have to be provided to a zone model are: 
− geometrical data, such as the dimensions of the compartment, the openings and the partitions; 
− material properties of the walls; 
− fire data, as RHR curve, pyrolisis rate, combustion heat of fuel.  
In a two zone model the equations expressing the equilibrium of mass and of energy are written for 
each of the two layers and exchanges between the two layers are considered trough air entrainment 
models. 
As a result of the simulation, the gas temperature is given in each of the two layers, as well as 
information on wall temperatures and flux through the openings. An important result is the evolution, 
as a function of time, of the thickness of each layer. The thickness of the lower layer, which remains at 
rather cold temperature and contains no combustion products, is very important to assess the tenability 
of the compartment for the occupants. Figure 6.1 shows how a compartment is modelled by a two 
zone model, with different terms of the energy and mass balance represented. 

Q
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0

Lower layer

Upper layer

mOUT,U

mOUT,LmOUT,L

mIN,L

QC

QR

 mU , TU, VU,
 EU, ρU

 mL , TL, VL,
 EL, ρL

p

Z

 
Figure 6.1 A compartment in a two zone model 
 
Figure 6.1 is typical of a simple situation where the compartment exchanges mass and energy only 
with the outside environment. These kind of models have the capability to analyse more complex 
buildings where the compartment of origin exchanges mass and energy with the outside environment 
but also with other compartments in the building. This is of particular interest to analyse the 
propagation of smoke from the compartment of origin towards other adjacent compartments. Such a 
situation, analysed by multi-compartment two zone models, is depicted on Figure 6.2. 

 
Figure 6.2  A compartment in a multi-compartment two zone model 
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6.1.2 The Heskestad method  

 
The thermal action of a localised fire can be assessed by using the Heskestad method [1]. 
Differences have to be made regarding the relative height of the flame to the ceiling. 
 
The flame lengths Lf of a localised fire (see Figure 6.3) is given by: 
 
Lf = -1,02 D + 0,0148 Q2/5 
 
When the flame is not impacting the ceiling of a compartment ( Lf < H; see Figure 6.3) or in case of 
fire 
in open air, the temperature Θ(z) in the plume along the symmetrical vertical flame axis is given by: 
 
Θ(z) = 20 + 0,25 Qc

2/5 · (z-z0)-5/3 
 
where 
D is the diameter of the fire [m], see Figure 6.3 
Q is the rate of heat release [W] of the fire 
Qc is the convective part of the rate of heat release [W], with Qc = 0,8 Q by default 
z is the height [m] along the flame axis, see Figure 6.3 
H is the distance [m] between the fire source and the ceiling, see Figure 6.3 

 
Figure 6.3  Localised fire model for flames not impacting the ceiling 
 

6.1.3 Hasemi’s method [1, 17] 

Hasemi’s method [1, 17] is a simple tool for the evaluation of the localised effect on horizontal 
elements located above the fire. It is based on the results of tests made at the Building Research 
Institute in Tsukuba, Japan. 
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Figure 6.4  Localised fire scheme and Hasemi Fire description 
The data for the application of the method are: 
 
Q Rate of the Heat Release of the fire [W] 
Hf height between floor and ceiling [m]  
D diameter (or characteristic length) of the fire [m] 
Hs vertical distance between the floor and the seat of the fire source [m] 
The variables are: 
H distance between the fire source and the ceiling [m] 
Q* non dimensional Rate of Heat Release [-] 
QH

* non dimensional Rate of Heat Release [-] 
z’ vertical position of the virtual heat source, with respect to the seat of the fire source [m] 
LH horizontal length of the flame on the ceiling [m] 
r  horizontal distance, at the ceiling, from the centre of the fire [m] 
 
The procedure is: 
Calculate H  sf H HH −=   (6.1)  

Calculate Q* 
5,26

*

D1011,1
Q  Q

×
=   (6.2) 

Calculate QH
*

 5,26

*

H H1011,1
Q  Q

×
=   (6.3) 

Calculate z’ ( )3/2*5/2*' QQD4,2  z −=     *Q < 1,00 (6.4) 

  ( )5/2*' Q00,1D4,2  z −=     *Q ≥ 1,00 (6.5) 

Calculate (LH+H)/H 33,0*

H
H Q90,2  
H

HL
=

+
  (6.6) 

Calculate LH from the value calculated in the previous equation and from the value of H 
Calculate the value of the flux q’’ in [kW/m2] at a distance r, according to 

100q '' =  y < 0,30 (6.7) 
y00,12130,136q '' −=       0,30 < y < 1,0 (6.8) 

7,3'' y15q −=  y > 1,0 (6.9) 

where     
'

H

'

zHL
zHry

++
++

=  (6.10) 

The flux q’’ received by the ceiling decreases as a function of the ratio y and increases as a function of 
Q. In the Figure 6.5 these functions are shown for the case: 
r = 0      H = 5 m  D = 3 m 
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Figure 6.5  q” as a function of y and Q 
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6.1.4 Combination of  2 zone model and localised fire model 

In a localised fire the gas temperature distribution in the compartment may be estimated by a 2 zone 
model. In this model the gas temperature in each layer is calculated with the hypothesis that it is 
uniform in each layer. This average temperature in the hot zone is generally sufficiently accurate as far 
as global phenomena are considered: quantity of smoke to be extracted from the compartment, 
likelihood of flashover, total collapse of the roof or ceiling, etc. 
When it comes to estimating the local behaviour of a structural element located just above the fire, the 
hypothesis of a uniform temperature may be unsafe and the two zone model has to be combined with 
the localised fire formula given at the 6.1.3 paragraph. 
The temperatures close to the beam are obtained by – for each point alongside the beam – taking the 
highest temperature predicted by each of the models. 
 
 
θ

Y = Height
       of the
       free zone

Two zone model

floor

20°C
θ

θ (Smoke layer)

x

z

= Air Temperature
   at ceiling level given by formulae for

localised fires

θg

 
 
Figure 6.6  Combination of two-zone- with localised fire model 
 
The height of the smoke zone and the temperatures of the hot gases at the level of the steel structures 
at different distances from the fire can be calculated by the model TEFINAF [8]. This model combines 
a two zone model which provides the height and the mean temperature of the hot zone and the 
localised fire formula which gives the temperature peak just above the fire and at different distances 
from the fire.  
 

6.2 FULLY ENGULFED FIRE 

To model a fully engulfed fire within a building there are several types of models. Some of the most 
widely used are described in this chapter. 
The natural fire concept is an alternative to the nominal fires defined in prescriptive codes (ISO,  
hydrocarbon curves...).  
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Figure 6.7  Standard- and Hydrocarbon fire curves 
 
The field models (CFD) are not included in this chapter. They are too complex and need too much 
time and data in order to use them as a simple engineering tool.  
 

6.2.1 Parametric fires 

Parametric fires provide a simple means to take into account the most important physical 
phenomenon, which may influence the development of a fire in a particular building. Like nominal 
fires, they consist of time temperature relationships, but these relationships contain some parameters 
deemed to represent particular aspects of reality. 
In almost every parametric fire which can be found in the literature, the parameters taken into account, 
in one way or another, are: 
− the geometry of the compartment 
− the fire load within the compartment, 
− the openings within the walls and/or in the roof and 
− the type and nature of the different construction elements forming the boundaries of the 

compartment. 
Parametric fires are based on the hypothesis that the temperature is uniform in the compartment, which 
limits their field of application to post-flashover fires in compartments of moderate dimensions. They 
nevertheless constitute a significant step forward toward the consideration of the real nature of a 
particular fire when compared to nominal fires, while still having the simplicity of some analytical 
expressions, i.e. no sophisticated computer tool is required for their application. 
A proposal is made in the informative annex A of EN 1991-1-2 [1] for such a parametric fire. It is 
valid for compartments up to 500 m² of floor area, without openings in the roof and for a maximum 
compartment height of 4 m. b must be in the range 1.000 to 2.200 J/m2s1/2K, and O must be comprised 
between 0,02 and 0,20. (O and b are defined here below). 
 
Some corrections have been made to improve the proposal of the ENV1991-2-2 [23]. They are: 
− a more correct way to calculate the thermal effusivity (b factor) in walls made of layers of 

different materials; 
− the introduction of a minimum duration of the fire, taking into account a fuel controlled fire when 

the fire load is low and the openings are large; 
− a correction factor which takes into account the large mass flow through opening in case of fuel 

controlled fires. 
 
This new formulation of the parametric fire is now presented and is valid for any b. 
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The evolution of the gas temperature within the compartment is given by : 
( )***

,,,, ,, ttt
g

197120 e4720e2040e324013251 −−− −−−=θ  + 20° C (6.11) 
with 

tt Γ=*   (6.12) 

( )
( )2

2

1601
040

b
O ,=Γ   (6.13) 

tv AhAO =   (6.14) 
and 
t time, in hour, 
Av area of vertical openings, in m², 
h height of vertical openings, in m, 
At total area of enclosure (walls, ceiling and floor, including openings), in m², 
b  is the so-called b-factor in [J/m²s1/2K]. It is function of the thermal inertia of boundaries 
         (see § 3.3 for b calculation). 
The duration of the heating phase is determined by: 

( )lim,
3

max ;102,0max tOqt dt
−×=           [hour]  (6.15) 

with: 
qt,d  design value of the fire load density related to At, in MJ/m², 
tlim   20 minutes, similar to the free burning fire duration τF assumed in Annex B of EN 1991-1-2 [1]. 
 
When applying equation 6.15, two different possibilities exist: 
− Either the duration of the heating phase of the fire calculated from the first term of the equation, 

Oq dt,
31020 −×, , is larger than the chosen limit time tlim, in which case equations 6.11 to 6.14 and 

equations 6.21 to 6.23 are applied as such, without any modification. 
− Or the duration of the heating phase of the fire calculated from the first term of the equation, 

Oq dt,
31020 −×, , is shorter than the chosen limit time tlim . In this case, equations 6.11 to 6.14 are 

applied with a modified opening factor, Olim, calculated as the one leading to the chosen limit time 
from the following equation:  

 limdt,
3

lim 1010 tqO −×= ,  (6.16) 
Equation 6.15 and 6.16 are modified in the following way: 
 ttl limim Γ=*  (6.17) 

 ( )
( )2

2
lim

lim 1601
040

b
O ,

=Γ  (6.18) 

 and *
limt  is used in equation 6.11 instead of t* . 

Last, in order to take the effect of the ventilation during the heating phase, in the case of limttd = :   
1601and75and040If dt, <<> bqO ,  








 −







 −






 −

+=
1601

1601
75

75
040

0401then bqOk dt ,

,
,  (6.19) 

( )
( )2

2
lim

lim 1601
040and

b
Ok ,=Γ   (6.20) 

The temperature-time curve during the cooling phase is given by: 
( )xtt .*

maxmaxg 625 −−= θθ    for           50,* ≤dt  (6.21) 

( )( )xttt .maxmaxmaxg 3250 −−−= θθ    for          0250 ,, * ≤≤ dt  (6.22) 

( )xtt .*
maxmaxg 250 −−= θθ    for          *, dt≤02  (6.23) 
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with θmax maximum temperature at the end of  the heating phase given by 6.11 where t = td given by 
6.15. 

( ) Γ×= − .,* Oqt dt,
3

max 1020  

1x =  for   limmax tt >  

*
.

max

lim

t
tx Γ=  for limmax tt =  

An example of results (fire load qt,d = 180 MJ/m2, b = 1.160 J/m2s1/2K, opening factor O from 0,04 m1/2 
to 0,20 m1/2) is shown on Figure 6.8. 

 
Figure 6.8  Example of parametric fires [1] 
 
With the parametric fire, the comparison has been made between the results of tests [12] and the 
results of the improved predictions. Figure 6.9 concerns the maximum temperature in the gas. The 
coefficient of correlation, which had the value of 0,19 with the formulas of the ENV 1991-2-2 [23], 
has now a value of 0,83. 
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Figure 6.9  Maximum gas temperature in the compartment 
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6.2.2 Zone models 

Zone models have been already introduced in the chapter 6.1.1, where a short description of a two-
zone model was presented. The application field of a two zone model is the pre-flashover phase of the 
fire. For a fully engulfed fire a one-zone model should be used.  
 

6.2.3 One zone model 

The one zone model is based on the fundamental hypothesis that, during the fire, the gas temperature 
is uniform in the compartment. One-zone models are valid for post-flashover conditions. 
The data have to be supplied with a higher degree of detail than for the parametric curves and are the 
same, as those required for a two-zone model. 
Figure 6.10 shows how a compartment fire is modelled, with different terms of the energy and mass 
balance represented. 

H
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mIN,L

QC

QR  m, T, V,
 E, ρ(Z)

p = f(Z)
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        combustion products

QC+R,O

Z

 
Figure 6.10   A compartment in a one zone model 

 
In the scope of the ECSC projects NFSC 1 & 2 [11, 12] the two-zone model OZone, has been 
developed at University of Liège together with PROFILARBED-Research and has been validated, 
taking as reference the results of 54 experimental tests. Figures 6.11 gives a comparison of the 
maximum gas temperature as measured in the test and computed by the model. Each point is 
representative of a test and the oblique line is the location of the points giving a perfect fit. The dotted 
line is the linear regression among all points. 
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Figure 6.11  Maximum gas temperature in the compartment 
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Another comparison is represented in Figure 6.12. For each test, the temperature evolution was 
computed in a typical unprotected steel section - HEB 200, Am/V = 147 m-1 - first submitted to the 
recorded gas temperature, then submitted to the computed gas temperature. This allowed to draw the 
graph where each test is represented by the maximum temperature in the unprotected steel section. 
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Figure 6.12  Maximum temperature in the unprotected steel section 
 

6.3 Combination of 1-zone and 2-zones models. Choice of the model 

After having defined the fire characteristics, i.e. RHR curve, compartment geometry, wall 
characteristics, it is necessary to choose the natural fire model to apply according to the considered 
scenario. This choice will be made in accordance with the application domain of the models. 
In this consideration, it is assumed that the first application has to be a “two zone model” application. 
The question is how and when the transition from the “two zone model” application to a “one zone 
model” application occurs. 
The results of a “two zone model” are given in the form of two main variables: 
− temperature of the upper zone Tu; 
− height of the interface of the two zones Hi  
These two variables will condition the simulation with the zone model (see figure 6.15). The four 
following conditions are able to limit the application of a “two zone model”: 
− condition 1 (C1): Tu > 500°C 

the high temperature of combustion products (higher than 500°C) leads to a flashover by radiative 
flux to the other fire loads of the compartment; 

− condition 2 (C2): Hi < Hq and Tu > Tignition 
the decrease of the interface height (Hi) is such that the combustible material is in the smoke layer 
(maximum height with combustible Hq), and if the smoke layer has a high temperature (higher 
than Tignition which is assumed be 300°C), leads to propagation of fire in all compartment by 
combustible ignition; 

− condition 3 (C3): Hi < 0,1 H 
the interface height goes down and leads to a very small lower layer thickness, which is not 
representative of two zone phenomenon; 

− condition 4 (C4): Afi > 0,5 Af 
the fire area is too high compared to the floor surface of the compartment to consider a localised 
fire. 

In fact, the conditions 1 or 2 lead to a modification of the initial rate of heat release (simulation with 
two-zone model), for a one-zone model simulation. This modification is made as indicated in Figure 
6.13. 
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Figure 6.13  Design curves for rate of heat release of the fire 
 
The above approach presented in the scheme of Fig. 6.14. In this scheme it is shown under which 
conditions (two- or one-zone modelling) the design temperature curves have to be determined. 
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Figure 6.14  Combination of 1 and 2 zone 
model 
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7 MECHANICAL ACTIONS ACCORDING TO EUROCODES 

Under fire situation, the applied loads to structures can be obtained according to following formula 
(see relation 6.11b of EN1990): 

 
∑ ∑

≥ ≥

Ψ+ΨΨ+
1i 1i

i,ki,21,k1,21,1j,k QQ)or(G  

 
where: 
Gk,j: characteristic values of permanent actions 
Qk,1: characteristic leading variable action  
Qk,i: characteristic values of accompanying variable actions 
ψ1,1: factor for frequent value of a variable action  
ψ2,i: factor for quasi-permanent values of variable actions 
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The recommended values of ψ1 and ψ2 are given in table A1.1 of EN1990 but could be modified in 
National Annex. 
 
Table 7.1 - Recommended values of ψ factors for buildings 

Category A : domestic, residential areas 0,7 0,5 0,3
Category B : office areas 0,7 0,5 0,3

Action ψ
0 1 2

Imposed loads in buildings, category (see EN 1991-1.1)

Category F : traffic area
vehicle weight ≤ 30kN

Category G : traffic area,
30 kN < vehicle weight ≤ 160kN

0,7

0,7

0,7

0,5

Category C : congregation areas 0,7 0,7 0,6
Category D : shopping areas 0,7 0,7 0,6
Category E : storage areas 1,0 0,9 0,8

0,6

0,3

Snow loads on buildings (see EN1991-1.3)
Finland, Iceland, Norway, Sweden
Remainder of CEN Member States, for sites located at altitude
H > 1000 m a.s.l.
Remainder of CEN Member States, for sites located at altitude
H ≤ 1000 m a.s.l.

0,70
0,70

0,50

0,50
0,50

0,20

0,20
0,20

0

Wind loads on buildings (see EN1991-1.4) 0,6 0,2 0

Temperature (non-fire) in buildings (see EN1991-1.5) 0,6 0,5 0

Category H : roofs 0 0 0

ψ ψ

Category A : domestic, residential areas 0,7 0,5 0,3
Category B : office areas 0,7 0,5 0,3

Action ψ
0 1 2

Imposed loads in buildings, category (see EN 1991-1.1)

Category F : traffic area
vehicle weight ≤ 30kN

Category G : traffic area,
30 kN < vehicle weight ≤ 160kN

0,7

0,7

0,7

0,5

Category C : congregation areas 0,7 0,7 0,6
Category D : shopping areas 0,7 0,7 0,6
Category E : storage areas 1,0 0,9 0,8

0,6

0,3

Snow loads on buildings (see EN1991-1.3)
Finland, Iceland, Norway, Sweden
Remainder of CEN Member States, for sites located at altitude
H > 1000 m a.s.l.
Remainder of CEN Member States, for sites located at altitude
H ≤ 1000 m a.s.l.

0,70
0,70

0,50

0,50
0,50

0,20

0,20
0,20

0

Wind loads on buildings (see EN1991-1.4) 0,6 0,2 0

Temperature (non-fire) in buildings (see EN1991-1.5) 0,6 0,5 0

Category H : roofs 0 0 0

ψ ψ

 
 
Another important notation largely used in fire design methods of Eurocodes is the load level for the 

fire situation t,fiη  which is defined as 
d

fid,
tfi, E

E
=η  with Ed and Ed,fi  respectively design effect of actions at 

room temperature design and design effect of actions for the fire situation. It can be alternatively 
determined by: 

Q + G

Q + G

k,1Q,1kG

k,1fi,1k
tfi, γγ

ψ
η =  

where γ Q,1  is the partial factor for leading variable action 1. 
 
In fact, the load level ifη  depends strongly on the factor ψ 1,1  which varies as function of building 
categories. In EN 1993-1-2 (fire part for steel structures) and EN 1994-1-2 (fire part for composite 
structures), following figure (figure 4) is provided to show clearly the influence of both load ratio 
Qk,1 / Gk  and the factor ψ 1,1  on load level. 
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Figure 7.1 - Variation of the reduction factor ηfi with the load ratio Qk,1 / Gk   

 

8 CONCLUSION 

In this WP we have seen the various models available to calculate the temperature inside a 
compartment as a function of time as well as the needed data. To know the temperature of the 
structural elements as a function of time, it is necessary to calculate the heat flux to these elements. 
Convective and radiative heat transfer occur between the hot gases, the flame, the surrounding 
boundary constructions and the structural element. Emissivities and convection coefficients govern the 
heat transfer. 
The heating up of a structural element depends on the type of element (e.g. pure steel or composite-
steel/concrete) and of the nature and amount of fire protection. This is the subject of the WP2. 
 Knowing the temperature field in the structure and the accidental combination of loads, its thermo-
mechanical behaviour can be determined. It is the subject of WP3. 
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