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1. Introduction

1. Introduction
For construction design fire safety is one of the key requirements. Fire loads, which
define the possible fires that can occur, need to be known both in magnitude and
quality. This report describes a simplified approach to fire characterisation that is based
on the concept of fire load entities. Entity means a fundamental ‘unit’ that is describing
the initial fire (not only MJ/m2, but also heat release versus time). This concept utilises
the fact that our empirically-based knowledge on initial fires in premises typically
designed by using Fire Safety Engineering (FSE) is sufficient for setting up simplified
descriptions for the time evolution of the initial fire and, that advanced fire-simulation
programs can to a certain extent extrapolate the fire spread from the initial fire to
secondary igniting objects. This means that it is possible to make conservative
assessment how a large fire – meaning a mega-watt-order fire or larger – may propagate
within the given space.
The fire load entity approach is analogous to the approach used in normal temperature
structural design in which it is assumed that the live loads in some building can be
categorised according to the usage of the building, i.e., we have some live load for
offices, another for warehouses, etc. We are so used to this approach of assessing the
static live loads that we usually do not even think that actually in most cases the live
load used in design will in most cases be inaccurate! With then expression “inaccurate”
meaning that if we would go and measure the actual live load in some building, the
result will most probably differ from the value used in design. Yet it does not matter in
practise as the live load values are selected in a conservative manner, i.e., they are some
high percentile fractile values of the statistical distribution that describes the variability
of the live loads encountered real situations. More precisely, the design live load values
used in normal-temperature structural design are 80 % fractile values which mean that
probability of having an actual live load higher than the design value is 20 % or once
out of five. Such high probability can not, of course, be accepted for structural failures
and this is taken care of by using safety factors that require increasing the capacity to
such extent that the structural failure probability becomes tolerably low.
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Similar approach is applied in the determination of the fire load entities, which
quantify the magnitude of the thermal action exposing the structures. The fire load
entities are a source of heat and the rate at which they release heat affect fire
development. The key factor, the heat release rate (HRR) of the fire load entities, is
selected so that the time evolution the fire load entity HRR includes all the experimental
data within an envelope curve. This approach guarantees a safe-side assessment in full
analogy the live-load design values.
In the following also the necessary background concerning acceptability of the
methods used and the design process are dealt with before describing the methods for
building up design fires and the applications.
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2. Performance criteria and fulfilment of the
criteria
National building regulations (such as the National Building Code of Finland, Part E1:
Fire safety of buildings [1]) may define performance criteria to be applied in structural
fire safety engineering (FSE) design, for example in the following way:
•

a building of more than two storeys must not generally collapse during the fire
or cooling phase

•

a building of not more than two storeys must not collapse during the period of
time required for securing evacuation, rescue operations and controlling the fire.

These are statements which immediately lead to need for interpretations when they are
applied in a building design:
•

What does the phrase “building of more than two storeys must not generally
collapse” mean? It seems that there are some so unlikely fire scenarios in which
the more-than-two-storey building may collapse; the probability of such fire
scenarios just has to be so low that the resulting risk can be tolerated by the
society and other stakeholders. And this ‘rule’ cannot be interpreted as “a building
of more than two storeys never collapses during the fire or cooling phase”.

•

The performance criterion applied for 1–2 storey buildings is much clearer. Yet,
in practice there are difficulties that arise from the quantitative determination of
how long time it actually takes to evacuate, rescue and get the fire under control.

There are basically two ways to attest that a design solution fulfils the performance criteria:
1) Based on absolute values:
•

determination of the risk of non-performance of the solution

•

comparison of this risk with a limiting risk value that has been agreed to
represent a tolerable risk.
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2) Based on relative values:
•

assessment of the risks related to the FSE design solution

•

assessment of the risks that would result from application of the prescriptive
rules of fire regulations (deemed-to-satisfy-solution)

•

comparison of these risks.

Both these approaches have advantages and disadvantages. The approach based on
absolute values has the advantage that the designer has to carry out only FSE design but
the disadvantage is that there may be no well established tolerable risk level available to
compare with. In the approach based on relative values the acceptance is basically
simple as the requirement is that the FSE solution shall have equal or better safety than
the design based on prescriptive rules but disadvantage is that the designer has to carry
out two assessments: First the FSE design and then the analysis of prescriptive design.

2.1 Verification of safety through comparison with a tolerable
risk level
The risks involved in a potential structural failure differ widely, depending on the
damage that might be caused. For example, the collapse of a basically unmanned singlestorey warehouse is completely different from the collapse of a multi-storey building
having a large number of occupants. Fire safety design aims at providing solutions with
risk levels that our society can tolerate. As the risk is composed of the probability pf of
the failure – or more generally, the unwanted event – and the associated consequence C,
high-consequence events must have considerably lower probability of occurrence than
low-consequence events. However, it is important to realise and acknowledge the fact that
there is always some – though very small – probability that the unwanted and unexpected
event will happen. Consequently, a tolerable risk level greater than zero exists.
Eurocodes are based on reliability theory, and Eurocode 1990 [2] actually gives
quantitative, numerically expressed levels of the probability of structural failure deemed
to be tolerably low. It distinguishes between three consequence classes (CC1, CC2 and
CC3), and associates three reliability classes (RC1, RC2 and RC3) to them (see Table 1).
The reliability in each reliability class is quantified by the reliability index β, which for
normally distributed variables is related to the failure probability pf as

β = Φ −1 (1 − p f )

(2-1)

p f = 1 − Φβ
where Φ is the cumulative distribution function of the standardised Normal distribution.
It should noted that these values depend on the risk-relevancy of the building, not on
the potential cause – excessive snow or wind load, earthquake, fire or some other cause
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– of the unwanted event. Hence they give a plausible starting point for the assessment of
the tolerable risk in case of fire.
Table 1. Risk levels set up in Eurocode 1990.

Minimum values for β

Maximum values for pf

1 year
50 year
1 year
50 year
reference period reference period reference period reference period

Consequence
class

Reliability
class

CC3

RC3

5.2

4.3

9.96E-08

8.54E-06

CC2

RC2

4.7

3.8

1.30E-06

7.23E-05

CC1

RC1

4.2

3.3

1.33E-05

4.83E-04

2.2 Verification of safety through comparison with a
deemed-to-satisfy solution
Verification of safety through comparison with a deemed-to-satisfy (DTS) solution is a
straightforward method with the great benefit that the designer is not required to justify
the safety of the solution. The drawback of this approach is that one has to carry out two
analyses, one for the Fire Safety Engineering design and one for the design that
complies with the classes and numerical requirements given in the fire regulations.
In brief, using fire safety assessment of structures as an example, the process is as follows:
1) Establish the design fires using the fire load entities.
2) Carry out the Fire Safety Engineering (FSE) analysis of the design that you plan
to have accepted, including the assessment of structural adequacy.
3) Assess the likelihood of structural failure in the FSE design (against some failure
criterion, e.g. a critical temperature approach in which the structural performance
is deemed to be acceptable if the temperature of the structure does not exceed a
defined critical temperature).
4) Carry out the Fire Safety Engineering (FSE) analysis, including assessment of
structural adequacy for a similar building (or part of it) with design solutions
taken from the fire regulations (the DTS design solution).
5) Assess the likelihood of structural failure in DTS design, using the same failure
criterion as used for the FSE solution.
Compare the results and, if the FSE solution gives at least as low a failure likelihood as
the DTS solution, the FSE solution is acceptable.
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3. The Fire Safety Engineering design process
The Fire Safety Engineering (FSE) design process is schematically shown in Figure 1
and the basic factors of FSE analysis in Figure 2.
DESIGN PROCESS: ISO TC 92/SC 4/WG 10 N55Rev4
AGREEMENT
ON THE
BASIS OF
THE WORK

BUILDING (OR PART OF IT)
FIRE SCENARIOS
- what burns, where & when
- operation/operation failures
of safety systems

- how many people are
threatened
- what is the percentage of children,
elderly people, disabled
ACCEPTANCE CRITERIA

DESIGN FIRES

- maintaining tolerable conditions
for safe evacuation (heat & smoke)
- ensuring operable conditions for
the fire department
- other, if needed

- fire growth rate
- max. fire size (HRR, MW)
- production of smoke &
hazardous gases
- duration

TREATMENT OF UNCERTAINTIES: SENSITIVITY ANALYSIS

FIRE SAFETY
ENGINEERING
ANALYSIS

ANOTHER
SCENARIO

ANALYSIS OF A FIRE SCENARIO
- heat, smoke (fire simulation)
incl. influence of safety measures
- evacuation (evac. calculations)
IS THE RESULT SAFE?
INCLUDING SENSITIVITY ANALYSIS

REANALYSE

- heat, smoke (fire simulation)
- evacuation (evac. calculations)
deterministic

probabilistic

risk-based

- for example:
- for example:
- for example:
ASET > RSET + safety margin P[ASET < RSET] < ptarget acceptable F-N -curve

NO

YES

CHANGE
THE DESIGN

ALL SCENARIOS AND ALTERNATIVES ANALYSED
CHECKING
SUMMARY, INTERPRETATION, FINAL REPORTING
- including statement of service and maintenance
needs as well as statement when potential changes
in the building or part of it necessitate partial or
complete re-design

Figure 1. The FSE design process scheme.
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SCENARIO

VENTILATION:
how much O2 fire gets

DESIGN FIRE

SENSITIVITY ANALYSIS

FIRE SIMULATION

PASSIVE FIRE SAFETY
MEASURES
- load-bearing (R)
- compartments (EI)
- reaction-to-fire
- safety distances

CHANGES IN
CONDITIONS:
- heat
- smoke
- toxicity

ACTIVE FIRE SAFETY MEASURES
- first-aid extinguishing
- fire detection
- smoke control
- suppression systems
- fire department

ASSESSMENT
CONSEQUENCES:
- evacuation
- hazards from heat and
smoke (incl. fire dept.)
- heat transfer and
structural response

• The load-bearing capacity of the construction can be assumed for a specific period of time;
• The generation and spread of fire and smoke within the works are limited;
• The spread of fire to neighbouring construction works is limited;
• Occupants are able to leave the building in case of fire or can be rescued by other means;
• The safety of rescue teams is taken into consideration.

Figure 2. Fire safety engineering analysis scheme.

In performance-based design, the assessed level of fire risk defines the acceptability of
the design. It is therefore essential that all features affecting the total fire risk are
included in the analysis. All factors must be quantified, such as ignition and fire
development, performance of structural elements (including detailed solutions),
performance of the building occupants, level and reliability of fire safety systems
(incorporating both the active and passive measures), intervention of the fire
department, and damage caused by fire.
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In assessing whether the results are safe (the analysis part of the diagram of Figure 1)
the following abbreviations have been used:
• ASET = available safe egress time
• RSET = required safe egress time
• F-N curves are frequency-number plots, showing the cumulative frequencies (F)

of events causing N or more losses (fatalities, injuries, etc.).
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4. Basics of the estimation of the design fires
For defining design fires, an approach in which the combustibles are described as fire
load entities can be used. The procedure is described below. In this approach, the fire
compartment analysed is filled with a suitable number of fire load entities with proper
dimensions and placing. For simplicity of presentation, the fire load entities are
rectangles with all faces except the one directed to floor releasing heat according to the
specifications of the particular fire load entity.
The development of the fire is described as follows:
• One of the fire load entities is selected by the user as the initial fire.
– Typically several initial fire positions must be used, even in a single analysis,
in order to achieve a sufficiently comprehensive picture of the fire incident.
• All other fire load entities are secondary igniting objects that will ignite when
their surface temperature reaches the ignition temperature specified by the user.
After ignition, the ignited fire load entity starts to release heat following the
same time evolution as the initial fire.
• It should be noted that ventilation has a significant influence on fire
development, as combustion cannot continue unless there is a supply of fresh air
and exhaust of smoke gases. Ventilation typically occurs via
–
–
–
–

voids and crack in the building envelope;
normal heating, ventilation and air conditioning systems
windows that break and fallout due to heat from the fire
smoke exhaust systems.

• The influence of fire suppression is partially incorporated into the fire load entity
descriptions, and partially it must be assessed by the user:
– The influence of a normal sprinkler system on the HRR development is
incorporated in the fire load entity description (see section 4.6).
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– The influence of the fire brigade is not directly incorporated in the fire load
entity description. It must be taken into account through a post-processing
procedure described in section 4.7.
– The influence of first-aid extinguishing is not incorporated in the fire load
entity description.
The fire load entity approach is analogous to the procedure used in normal-temperature
structural design, in which live loads are categorised depending on the use of the
building, i.e. different live loads for offices, warehouses, etc.

4.1 Description of the initial fire
There are basically two ways to assess the heat release rate (HRR) in fires:
1. analysis and synthesis of experimental data
2. modelling and fire simulation.
Whenever reliable and relevant data is available, it should be used. However, the larger
the initial fire is, the less relevant data exists. In this case, HRR can be estimated using
modelling and fire simulation. These two approaches are described in more detail below.
4.1.1 HRR curves on the basis of analysis and experimental data

The basic constituent of the fire load entity approach is a rectangular object that releases
heat according to a certain time dependent function which is determined from fire
experiments. The procedure is described below for office fires:
1) First, data available in literature is compiled (an example of compilation of data
relevant to office fires are shown in Figure 3 and Table 2) and given a simplified
model representation (an example of this simplification is shown in Figure 4). In the
model used, the growth phase of the fire is modelled by a ~ tp dependence where the
power p is usually 2; after the growth phase at time t1 the fire burns at a steady HRR
until time t2 when it starts to decay; in most cases the decay phase is best modelled
by using an exponential model in which HRR decreases as ~ exp(-(t-t2)/τ), where τ
is the parameter that characterises how fast the HRR decays.
2) Next, the compiled data is analysed to obtain parameters that allow generalisation
of the results: For example, in the office workstation (WS) cases, the data are
obtained from WS’s of different sizes and a suitable generalisation parameter is
the maximum HRR per unit area of the WS (HRR”max). Similarly, with respect
to the total heat released during the burning is the total energy released per unit
area of the WS (q”).
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3) Next, all the characteristic fire parameters are tabulated (see Table 2) and analysed
using statistical methods, see Figure 5.
4) Finally, suitably high or low fractiles1 of the characteristic fire parameters are
selected as the ones that are used to describe the fire load entities.

Ohlemiller et al. 2005: WTC-workstation, 6 m2
Ohlemiller et al. 2005: generic workstation, 6 m2

Kakegawa et al. 2003: 1,5 m2

Time (min)

Figure 3. Data from fire experiments with office workstations [3, 4, 5, 6].

Time (s)

Figure 4. Example of modelling of experimental HRR data by a simplified model.

1

High fractiles are used for HRR”max, q” and τ and low fractile for tg.
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Madrzykowski 1996 [4]
4-panel workstation

Kakegawa et al. 2003 [6]
case 11

Kakegawa et al. 2003 [6]
case 12

Ohlemiller et al. 2005 [3]
generic workstation, test 2

Ohlemiller et al. 2005 [3]
generic workstation, test 3

Ohlemiller et al. 2005 [3]
WTC-workstation, test 4

Madrzykowski & Walton 2004 [5]
County Cook workstation

2

2

2

2

2

2

2

3

225

220

115

150

120

160

200

130

255

3 100

3 800

6 800

1 600

1 900

6 800

5 200

8 000

3 300

t1 (s)

396

429

300

190

165

417

456

368

380

t2 (s)

–

450

–

240

220

–

–

–

–

τ (s)

380

210

190

480

600

660

660

360

480

Qtot (MJ)

1 587

1 422

1 972

958

1 358

5 444

4 225

3 907

1 916

Deff (m)

2.19

2.19

2.19

1.38

1.38

2.75

2.75

2.75

1.97

Ab (m)

3.78

3.78

3.78

1.50

1.50

5.95

5.95

5.95

3.04

HRR"max
(kW/m2)

820

1 005

1 799

1 067

1 267

1 142

873

1 344

1 086 1 156 294

q" (MJ/m2)

420

376

522

639

905

914

710

656

630

641

188

τ (s)

380

210

190

480

600

660

660

360

480

447

177

Qtot (MJ)

1 587

1 422

1 972

958

1 358

5 444

4 225

3 907

1 916

Deff (m)

2.19

2.19

2.19

1.38

1.38

2.75

2.75

2.75

1.97

Ab (m)

3.78

3.78

3.78

1.50

1.50

5.95

5.95

5.95

3.04

HRR"max
(kW/m2)

820

1 005

1 799

1 067

1 267

1 142

873

1 344

1 086 1 156 294

q" (MJ/m2)

420

376

522

639

905

914

710

656

tg (s)
HRRmax
(kW)

20

630

Standard deviation

Madrzykowski 1996 [4]
3-panel workstation

2

p

Average

Madrzykowski 1996 [4]
2-panel workstation

Table 2. Parameters describing office workstation fires.
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a)

b)

c)

d)

Figure 5. Example of statistical analysis of office workstations: a) HRR/m2, b) total heat release/m2,
c) HRR growth time factor tg and d) HRR decay factor τ. (CDF = cumulative density function).

4.1.2 Estimating HRR curve by modelling and fire simulation

When relevant data is not available, it is possible to use modelling and fire simulation to
assess the heat release rate. A novel methodology, enabled by the version 5 of the FDS
fire simulation program [7], has been developed for using the fire simulation program
to predict the heat release rate.
The methodology utilises basic combustion characteristics that are simply measurable, i.e.
− the Heat Release Rate Per Unit Area (HRRPUA [kW/m2]) that can be measured
by the cone calorimeter and hence, due to the simplicity of the measurement, data
is already available for most combustibles in our living environment
− the Effective Heat of Combustion (EHC [MJ/kg]) that can be measured by the
cone calorimeter or some other calorimetric technique such as the bomb
calorimeter.
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The other parameters that have to be specified are
− density ρ [kg/m3]
− specific heat c [JK-1kg-1]
− thermal conductivity k [WK-1m-1]
− ignition temperature Tig [°C]
− timing of the ignition and early HRR evolution: ignition time tig [s] and time-to-peak
HRRPUA tp [s]
− the amount of combustible material and its characteristic thickness [m]
− geometry: overall size (floor area and volume), voids and spatial extensions in the
xyz-directions [m]
− the size of the initial fire (area and heat release rate) that describes the fire ignition,
and its position.
The use of this methodology requires careful analysis and, naturally, the approach must
be validated. The results show that – given the inherent uncertainties involved in our
knowledge of the fire load of a particular building – the accuracy of HRR predictions
obtained by using the methodology is sufficient for FSE usage.
The methodology and its validation are described in more detail in section 6,
including examples and data used.

4.2 Selection of the number of fire load entities
To assess the number of fire load units in a space, one must have an estimate on the
energy Qunit [MJ] that a fire load unit can release in the fire and the fire load density q”
[MJ] that nowadays is expressed per floor area of the space considered.
The energy Qunit that a fire load unit can release in the fire is a weight averaged product
of the effective heat of combustion ∆H c ,eff ,k and the mass M k of the k = 1, 2, …, K
combustibles in the fire load unit
(4-1)

K

Qunit = ∑ ϕ k ⋅ ∆H c ,eff , k ⋅ M k
k =1

K

where the proportions sum up to unity ∑ ϕ k = 1 . The effective heat of combustion
k =1
∆H c ,eff ,k differs from the heat of combustion
∆H c ,k by a factor χ taking into account
that in fires the combustion is rarely complete. Typical values suggested to the factor χ
range around 80 %; a safe-side assumption is to set the factor χ = 1. Heats of combustion
of some typical fuels are listed in Table 3.
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Table 3. Heat of combustion values of typical fuels [8].

4.3 Propagation of fire to other igniting objects
Most commonly, a fire of a single unit can propagate to other igniting objects by

•
•

heating due to direct heat radiation from the flames of the first ignited item
heating due to the build-up of hot smoke layer in the space.

According to Babrauskas [9], some secondary items may ignite readily at 10 kW/m2
heat exposure while others may sustain 40 kW/m2, see Figure 6.
The most important issue in fire spread to other items is that the fire may grow very
large. Therefore, the occurrence of such fire must be kept very unlikely by suitable fire
safety measures. Here the high reliability and efficiency of automatic suppression
systems are of utmost importance.

23

4. Basics of the estimation of the design fires

Figure 6. Relationship between peak mass loss rate and ignition distance for various ignitability
levels (radiant flux) [8, 9].

4.4 Influence of first-aid extinguishers
In practice, first-aid extinguishers have a significant effect on the fire development as a
notable fraction of fires is extinguished by first-aid extinguishers before they grow to an
extent posing significant threats. Yet, as a safe-side assumption the influence of first-aid
extinguishers is omitted in this report.

4.5 Influence of fire detection systems
The operation of fire detection systems can be modelled by using a model that describes
heat exposure and the consequent heating of the sensor. It should be noted that this
approach is applicable also to smoke detectors because in the initial phases of the fire there
one-to-one correspondence between the smoke density and the temperature rise [8, 10].
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Heating of the sensor can be described by the following equation:
(4-2)

dTd 1
= (Tg − Td )
dt
τ

where Td is the sensor temperature [°C], Tg is the temperature of the hot gases and
flames from the fire [°C] and τ is a time constant [s]

τ=

(4-3)

RTI
u

where RTI [m1/2s1/2] is response-time index of the sensor and u is the flow velocity of
the hot gases. The simplest method to assess Tg and u is the use Alpert’s [11]
correlations

Tg − T∞ =

16,9 ⋅ Q! 2 3
, when r < 0,18H,
H53

( )

5,38 ⋅ Q! r
Tg − T∞ =
H

(4-4)
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, when r ≥ 0,18H,

(4-6)

13
⎛ Q! ⎞
u = 0,96 ⋅ ⎜⎜ ⎟⎟ , when r < 0,15H,
⎝H⎠

u=

(4-5)

0,195 ⋅ Q! 1 3 ⋅ H 1 2
, when r ≥ 0,15H,
r5 6

(4-7)

where T∞ [°C] is ambient temperature (typically 20 °C), Q! is the heat release rate
(HRR) [kW], H [m] is the height from the fire origin to the ceiling and r [m] is the
horizontal distance from the fire centre line. In practice, the sensor temperature
development is easy to solve by the forward Euler integration method:
Td (t k + t k +1 ) = Td (t k ) +

u (t k )
RTI

(T

g

(t k ) − Td (t k ) )(t k +1 − t k ) .

(4-8)

The sensor activates when its temperature reaches its activation temperature Tact. When
RTI index, Tact and r are known, the sensor activation depends on the HRR growth time
factor tg and the distance between the fire origin and the ceiling H.
A smoke detector can be modelled as a fast low-temperature-activation heat sensing
device. For heat detector, the following parameter values are typical:

•

RTI = 50,…, 150 m1/2s1/2 [12]

•

Tact = 57 °C or higher [13]
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•

r = 0,…, rmax,h, where rmax,h ≈ Ah / 2 ≈ 4 m is the maximum distance of the
heat detector from the fire determined by the maximum protection area
(Ah = 30 m2) of a heat detector [13].

For heat detector, the following parameter values are typical:

•

RTI = 5,…, 10 m1/2s1/2 (uniform distribution) [8]

•

Tact = T∞ + ∆Ts, where ∆Ts ≈13,…, 20 °C (applicable distribution is the uniform
distribution or the more elaborated one given in ref. [10])

•

r = 0, …, rmax,s, where rmax,s ≈ As 2 ≈ 5,5 m is the maximum distance of the
heat detector from the fire determined by the maximum protection area
(As = 60 m2) of a heat detector [13].

4.6 Influence of automatic fire suppression systems
Properly designed, constructed and maintained automatic suppression systems [14] shall
be able to detect the fire and activate accordingly. After activation, the system shall
either suppress the fire or keep it under control so that the fire can be extinguished by
other means. The relevant physical mechanisms are

•

slowing down the fire growth

•

reduction of the peak heat release rate

•

cooling of the gases flowing in the fire plume and consequently reduction of the
heat exposure from the hot smoke layer

•

reduction of the direct heat exposure from the burning item to other items.

As a rule on thumb, one may assume that if there is an automatic suppression system
that functions as designed, fire remains limited to the first igniting item.
An expert-judgement which is fairly frequently applied in FSE design may be also
used. This very simplistic model is as follows:
1. Calculate the time tact, e.g., using the formulae given in 4.5.
2. Look at what is HRR at the time tact, Q! (t act ) .
3. The design HRR, Q! d , is obtained by doubling this value Q! d = 2 × Q! (t act ) , and
the fire is assumed to burn on the design HRR until the end of calculation.

4.7 Influence of fire brigade
The influence of the fire brigade depends on the time when it arrives at the fire scene,
resources available and the time when being ready to start fire fighting. These issues are
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thus dependent on the relative distance to the fire department and allocation of resources
in community level.
There is another issue that may become important especially in fires where the
performance of automatic suppression systems is inadequate. It is the ability of the fire
brigade to extinguish the fire. This issue has been quantified in the NFPA Fire
Protection Handbook [15] as curves on the ability of different kinds of fire fighting units
to extinguish a fire of a given size. The units considered are
1.
2.
3.
4.

an average person with an extinguisher
a trained fire brigade
an average fire department
the strongest fire department.

The results can be summarised as follows:

• “an average person with an extinguisher” is likely to be able to extinguish a fire of
size of ~ 2 m2
• “a trained fire brigade” is likely to be able to extinguish a fire of size of ~ 5 m2
• “an average fire department” is likely to be able to extinguish a fire of size of
~ 50 m2
• “the strongest fire department” is likely to be able to extinguish a fire of size of
~ 100 m2.
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5. Design fires for different occupancies
5.1 Sports and multipurpose halls
Examples of typical fire load objects of sports and multipurpose halls are described
below. In order to define a design fire for specific premises and fire scenarios, the total
amount of fire load and the assumed development of fire must be determined.
5.1.1 Halls used for sports training

In halls used for sports training, the fire load and number of persons inside the building
are typically low. Combustibles typical for sports training halls are listed in Table 4.
However, the hall can also be used for other purposes, such as exhibitions. In this case,
the amount fire load may increase considerably, and also the number of persons may
rise to hundreds or even thousands. In this case, the hall is used as a multipurpose hall
which is dealt with in Section 5.1.2.
Table 4. Some combustible items in sports training halls.

•

Pole vault and high jump mattresses

•

Miscellaneous wooden items that may be treated as
– wooden cribs
– wooden pallets.

•

Vehicles used for service purposes

•

Chairs that may be used to form small-scale audience stands
– plastic chairs that may be piled and stacked in some corner when not in use, and
placed next to each other when in use
– wooden chairs (with configurations as plastics chairs).

•

Gym bags

•

Combustibles in changing rooms
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5.1.2 Multi-purpose sports halls

Multi-purpose halls are typically used for sports training, competitions, exhibitions,
concerts, etc. The sports training usage was treated in the previous section and the other
usages are analysed separately below.
5.1.2.1 Fire loads and design fires relevant to sports competitions

All fire loads and design fires established in the previous section for sports training halls
are relevant also to halls where sports competitions are held. Additional features of the
sports-competition halls are, e.g.

•

fixed audience stands that are typically inclined so that uppermost chairs may
come rather close to the structures

•

the audience stands are larger than in training halls

•

There may be the media present with commentator booths, cablings and other
equipment.

5.1.2.2 Fire loads and design fires relevant to concert usage

In concerts, there may be a large area covered with chairs for the audience. Another
important fire load concentration is on the stage, which may be large both in horizontal
and vertical direction and which may have combustible constructions, curtains and other
fixed fire load. In addition to this, in many concerts, the amplifiers and other equipment
of the performers may form a notable fire load.
5.1.2.3 Fire loads and design fires relevant to exhibition usage

In exhibitions, the fire load consists typically of

•

exhibition booths that – if constructed so that they form an enclosure – may
cause a severe, local flashover fire

•

items that are displayed that may be, e.g., leisure-time vehicles such as
motorbikes, buggies or caravans.
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5.2 Dwellings
5.2.1 Fire load density

Holm and Oksanen [16] published in 1970 a research on fire loads of blocks of
dwellings in Finland. In the study, fire load in 62 dwellings was calculated for buildings
built in year 1966. Fire load density was reported using old units: dwelling’s fire load
was presented using the equivalent amount of dried wood that has the same energy
content as the original furniture in the dwelling. Fire load per floor area was reported
using the unit ‘dried wood per floor area’. This fire load density can be converted to
more common units by using wood’s calorific value (16.7 MJ/kg).
Holm and Oksanen found that 1) different types of dwellings had roughly the same
fire load density and 2) the ratio between the fire load entity of furniture and of
immovable fittings differs in various parts of the dwelling so that 60 % of the whole
dwelling’s fire load comes from furnishing in average. However, this number is 85 % in
the living room, 64 % in the bedroom and 13 % in the kitchen. The other way around,
87 % of the kitchen’s fire load comes from immovable fittings.
This research analyses further the results obtained from the study by Holm and Oksanen.
Analysis is done by fitting a Gumbel distribution to the fire load results. Same kind of
statistical model is used also in Eurocode 1 [17]. Analysed results from fire load study by
Holm and Oksanen are presented with the fire load density obtained from Eurocode 1, see
Figure 7. Units used in the figure are ‘dried wood per floor area’. In Figure 8, the same
results are presented in more familiar units (MJ/m2). Key figures like average value and
80 % fractile from fire load density distribution are presented in Table 5.
Figure 7, Figure 8 and Table 5 clearly point out that the fire load density in Eurocode
1 is about twice as high as presented in the study by Holm and Oksanen. Why is the
difference so big? Perhaps the improved economical situation in Europe shows as
increased fire load density in dwellings. However, the values presented in Eurocode 1
are based on 25–40 year old fire load density studies. Studies carried out in Sweden by
Nilsson 1970 [18], Kersken-Bradley 1983 [19] about fire load in dwellings, and in
Switzerland by Bryl 1975 [20], Kersken-Bradley 1983 about multi-storey buildings fire
load, have had an influence to values presented in Eurocode 1.
In the studies on the background of Eurocode 1, the fire load densities were typically
presented in MJ per unit area of the surfaces bounding the fire compartment (i.e. the
combined area of the ceiling, walls and floor). For Eurocode 1, the fire load densities
were converted to MJ per unit floor area by multiplying with a factor 5.2. This value is
the ratio of bounding surfaces area and floor area in a room with a height of 2.9 m and a
floor area of 3.2 × 4.3 m2 (14 m2). If the chosen room would have a height of 2.6 m and
a floor area of 4 × 5 m2 (20 m2), the multiplying factor would be 4.3! The values
presented in Eurocode 1 were possibly chosen to be definitely on the safe side.
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Figure 7. Comparison between results on block of dwellings fire load density distribution from
Holm and Oksanen [16], a study published in 1970, and Eurocode 1 [17]. Units presented in
a) cumulative distribution function and b) density function are kg dried wood per floor area (m2).
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Figure 8. Holm and Oksanen [16] research results and values presented in Eurocode 1 (MJ/m2).
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Table 5. Key figures of fire load density distributions.

Whole
dwelling

Dwelling’s
furniture

Living
room

Bedroom

Kitchen

Average
value

391

247

354

505

511

80 %
fractile

443

300

422

670

574

Average
value

780

-

-

-

-

80 %
fractile

948

-

-

-

-

Average
value

320

-

350

390

290

80 %
fractile

425

-

430

485

415

Average
value

445

-

-

-

-

80 %
fractile

565

-

-

-

-

Holm ja Oksanen [16]

q" (MJ/m2)

Eurocode 1 [17]

q" (MJ/m2)

USA, 1970’s [21]

q" (MJ/m2)

Canada 2004 [22]

q" (MJ/m2)

The increase of prosperity may result in the increase of fire load in dwellings. There are
no recent studies about the amount of fire load in Finland or in Europe, and the increase
of fire load since 1970 is therefore unknown. However, there are two comparable
studies performed in USA 1970 and Canada 2004: fire load in dwellings in USA by
Cambell [21], and fire load in living rooms in Canada by Bwalya [22]. These two
reports can give us the growth rate of fire load in North America. Figure 9 and Figure
10 show the results of these studies. The distribution parameters have increased about
30–40 % in 30 years.
In order to roughly estimate the fire load density in dwellings at present, the values
presented by Holm and Oksanen are updated 30 % upwards. The distribution shown in
Figure 11 and the parameters presented in Table 6 have been created based on the
results in North America.
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Figure 9. Fire load density of dwellings measured 1970 in USA and the values presented in
Eurocode.
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Figure 10. Fire load density in living rooms in Canada 2004 with comparison to a congruous
study in USA 1970: a) cumulative distribution function and b) density function.
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Figure 11. Results presented by Holm and Oksanen rounded up by 30 %.

Table 6. Estimation2 of fire load in apartment buildings in Finland.

Average value
q" (MJ/m2) 80 % fractile

2

Whole
dwelling

Dwelling’s
movables

Living
room

Bedroom

Kitchen

509

321

460

656

665

575

390

548

871

747

It should be pointed out that these values are formed like described in the text. There could be
significant uncertainty with the presented values. Fire load in dwellings and other buildings should be
updated with present real data.
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5.2.2 Defining the rate of heat release

The fire load in dwellings comprises several materials that each has a specific rate of
heat release. It is not possible to assess the heat release rate of the fire knowing only the
fire load from the statistics. Rate of heat release can be evaluated using different fire test
results and simulation. It must be recognised that the heat release rate evaluation is
always case-specific.
In this study, two different approaches are used to transform the fire load entities to
heat release rate:

•

Trivial models can be used to evaluate the heat release rate using parameters that
describe the essence of fire load [23, 24]. The uncertainties of the models are
taken into account by stochastic processing.

•

By using fire simulation in which all different substances are fire tested as
follows: Substances are tested using the cone calorimeter, SBI or ignitability test
method. Quantities describing the fire behaviour of the substances measured in
fire tests and calculated in fire simulations are compared. Material parameters
obtained from the tests are fixed so that the simulation reproduces the test results
as accurately as possible. Those parameters are then used in the real scale to
calculate the heat release [25].

The heat release rates of the materials and items forming the fire load in dwellings can
be estimated by expert opinion. Approximations are usually based on values presented
in literature and on experience obtained in fire tests. Only essential pieces of furniture
and equipment are taken into consideration. Only materials constituting the majority of
the fire load are taken into account. Typically, the fire load in a living room consists of
sofas, armchairs, shelves, carpets and entertainment electronics.
Mass and calorific value are evaluated for each object. Energy content for each item
is evaluated by multiplying its typical mass and calorific value (ranges of mass and
calorific value rather than exact values). The fire load density can be calculated by
dividing the fire load by room area. An estimate of fire load density is also available
based on statistics as explained before. The number of movables in a living room can be
adjusted so that the fire load density matches the statistical value.
When the number and the quality of the furniture in the room are determined, the
simplified models can be applied to evaluate heat release rates of different pieces of
furniture.
The rate of heat release of a room can be evaluated by adding up the rates of heat
release of different movables. A partially closed space (walls and ceiling) tends to
increase the fire development compared to fires that burn in open air. The effects of an
enclosure can be calculated quantitatively from fire tests where same materials are
burned both in open air and in a partially closed space [26].
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Another possible way to determine the heat release rate is to use FDS 5 [7] fire
simulation program. The fire load is calculated as before, but the heat release against
time is solved directly using simulation. The FDS program has been validated by
comparing calculations and fire test results. Validation studies have been performed at
VTT [25, 27, 28, 29], in NIST [30, 31, 32, 33, 34, 35], and in many other research
institutes [36, 37, 38, 39, 40, 41, 42]. As several references prove, the FDS simulation
program is thoroughly validated, and it fulfils the National Building Code of Finland
part E1 requirements for a simulation program [1].
The two approaches described above have been used to evaluate the heat release rate
in a room fire. A comparison between these two methods is presented in Figure 12a).
The heat release rate results of both methods look similar.
a)

b)
16 000
asiantuntija-arvio
Expert
evaluation

tg = 150 s

HRR (MW)

12 000

FDS
variations
FDS: eri
variaatioita

8 000

4 000

0
0

10

20

30
time (min)

40

50

60

d)

c)

Figure 12. a) Comparison of two different approaches for determining heat release rate. An
example of fire development in an apartment is shown in b)–d).
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5.2.2.1 Heat release rate calculation using simplified models
•

Babrauskas [23, 24] has presented a model which predicts maximum heat release Q of
upholstered furniture. This model is valid only when the fire can develop freely. The
model predicts the heat release based on the mass of the combustibles and certain
characteristic factors:
Q!
m
= 210 ⋅ FF ⋅ PF ⋅ SF ⋅ FC ⋅ ,
kW
kg

(5-1)

where the factors FF, PF, SF and FC depend on the fabric, padding, framework and
shape of the upholstered furniture. Babrauskas gives the following numerical values for
the parameters:

.
The values above can be stochastically applied as in the following example:
Each parameter was randomly selected from its probability distribution. In practice,
for the parameter FF, a value of 1.0 was given in 10 % of the cases, 0.4 in 70 % of the
cases, and 0.25 in 20 % of the cases. In Finland, the fabric is seldom thermoplastic.
Cotton and neoprene foam are evidently rarer than polyurethane foams. Therefore, the
parameter PF was always set to 1.0. Furniture used in Finland is usually relatively simply
shaped. So the parameter SF got a value of 1.25 in 50 % of the cases, and 1.0 in 50 % of
the cases. The frame was assumed to be wood based; so the parameter FC was 0.3.
Excluding the mass, all the parameters in equation (5-1) include some uncertainty.
The uncertainty was assumed to be normally distributed and described by a function
with an average value of 1 and a standard deviation of 0.1.
The floor was supposed to participate to the fire. The floor thickness varied in the
range of 5–20 mm. Calorific values typical for PVC plastics, 10–20 MJ/kg, where taken
for floor thicknesses under 10 mm. For floor thicknesses over 10 mm, calorific values
typical for wood based materials, 12–18 MJ/kg, were used. The burning intensity was
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estimated using heat release rates per unit area limited by the values of typical wood and
PVC (120–240 kW/m2).
The quantities of different pieces of furniture included in the fire model were adjusted
so that the energy content of the movables equalled the value of the fire load density
distribution normalized to the room size. Statistical distributions on furniture’s mass and
calorific value are presented in Table 7. Distributions are mainly based on reference
[22] and careful expert judgement. It is noteworthy that the model does not try to
reproduce an exact copy of the furniture layout in a room. It rather tries to describe the
factors which have a major effect on the burning. Furniture energy contents calculated
from Table 7 are presented in Figure 12.
The results of fire intensity in a living room are given in Figure 14. An example of
this case would be: average maximum heat release in a room with an area of 20 m2 is
about 13 000 kW (20 m2 × 640 kW/m2), and 80 % fractile is about 15 500 kW (20 m2 ×
770 kW/m2).
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Figure 12. Energy content distributions of movables calculated from the values presented in
Table 7: a) three-person sofa, b) two-person sofa, c) armchair, d) coffee table, e) book shelve
and f) TV.

The maximum heat release rate value is not all needed for the fire simulation. The
development of heat release from the ignition to the decay phase is also needed. The
following model was used (see Figure 15):
•

Heat release rate increases by the power of two, so that 1 000 kW is reached in
150 seconds.
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•

Maximum heat release is reached and the decay phase starts as in Figure 15. The
decay phase is adjusted so that the heat release rate curve integrated with regard
to time equals with the energy content released in the fire.
Table 7. Some movable-related attributes for fire engineering model.

Piece of furniture

Statistical distribution of
mass

Statistical distribution of calorific
value

three-person sofa

triangular distribution:
min = 46 kg
max = 91 kg
mode = 65 kg

triangular distribution:
min = 15 MJ/kg
max = 33 MJ/kg
mode = 18 MJ/kg

two-person sofa

triangular distribution:
min = 38 kg
max = 60 kg
mode = 48 kg

triangular distribution:
min = 15 MJ/kg
max = 33 MJ/kg
mode = 18 MJ/kg

armchair

triangular distribution:
min = 27 kg
max = 53 kg
mode = 41 kg

triangular distribution:
min = 15 MJ/kg
max = 33 MJ/kg
mode = 18 MJ/kg

coffee table

triangular distribution:
min = 9 kg
max = 32 kg
mode = 24 kg

triangular distribution:
min = 16 MJ/kg
max = 18 MJ/kg
mode = 20 MJ/kg

bookshelf

triangular distribution:
min = 10 kg
max = 48 kg
mode = 30 kg

triangular distribution:
min = 16 MJ/kg
max = 18 MJ/kg
mode = 20 MJ/kg

TV

triangular distribution:
min = 4,5 kg
max = 5,5 kg
mode = 5,0 kg

triangular distribution:
min = 27,5 MJ/kg
max = 31,5 MJ/kg
mode = 29,5 MJ/kg
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Figure 14. Intensity of fire in a living room. The distribution shows how much heat is released
per floor area (average 640 kW/m2, 80 % fractile 770 kW/m2).
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Figure 15. An example of heat release rate development.

5.2.2.2

Validation of the model

In this section, the presented model is validated by comparing calculated and tested heat
release rates. Experimental data is available from three similar fire tests with a furnished
room of 16m2 performed by Blomqvist et al. [43].
The room and furnishing used in the fire experiments are shown in Figure 16a. The
measured heat release rates are shown in Figure 16b. The heat release rate from the
model (open space fire and oxygen restricted fire) is presented in Figure 17. The
measured and modelled heat release curves are compared in Figure 18, showing good
consistency.
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a)

b)

Figure 16. a) Furniture setting in the room fire experiment series performed by Blomqvist et al.
[43], and b) the measured heat release rates.
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Figure 17. Modelled curves based on the results of room fire experiments by Blomqvist et al.
[43]: the heat release rate curve using methodology explained above for open space fire
(dashed line) and for oxygen restricted fire (solid line).

Time (min)
Figure 18. Comparison of heat release rates measured in the room fire tests (Blomqvist et al.
[43]) and calculated using the presented model.

5.2.3 Summarising results

Table 8 summarises the analysis results for the fire load density and the rate of heat
release per unit area. Distributions are formed using Gumbel distribution which fits well
to the measured fire load density [17]. Gumbel distribution density function f(x) and
cumulative function F(x) are
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f (x ) =

exp[− ( x − a ) b − exp[− ( x − a ) b ]]
b

(5-2)
(5-3)

⎡
⎛ x − a ⎞⎤
F ( x ) = exp ⎢ − exp⎜ −
⎟
b ⎠⎥⎦
⎝
⎣

Gumbel distribution parameters a and b are presented in Table 8.

Table 8. Summary of results for fire load density and heat release rate per unit area.

Room

Fire load density

Heat release per unit area a)

Living room

a = 405 MJ/m2

a = 565 kW/m2

b = 95.6 MJ/m2

b = 134 kW /m2

average = 460 MJ/m2

average = 642 kW/m2

80 % fractile =548 MJ/m2

80 % fractile = 766 kW/m2

a = 522 MJ/m2

a = 805 kW/m2

b = 233 MJ/m2

b = 191 kW /m2

average = 656 MJ/m2

average = 916 kW/m2

80 % fractile = 871 MJ/m2

80 % fractile = 1 092 kW/m2

a = 613 MJ/m2

a = 816 kW/m2

b = 88.9 MJ/m2

b = 194 kW /m2

average = 665MJ/m2

average = 928 kW/m2

80 % fractile = 747MJ/m2

80 % fractile = 1 107 kW/m2

a = 467 MJ/m2

a = 624 kW/m2

b = 72.4 MJ/m2

b = 148 kW /m2

average = 509 MJ/m2

average = 710 kW/m2

80 % fractile = 575 MJ/m2

80 % fractile = 847 kW/m2

Bedroom

Kitchen

Whole apartment

Q! ′′ distribution in the living room is calculated as explained in this
! ′′ chapter. Heat release rates per unit area in other rooms are defined using the living room Q

a) Heat release rate per unit area

distribution and the fire load distribution for that particular room as follows: Adjusting parameters a

! ′′ -distribution’s 80 % fractile value and average value match to
and b for each room so that the Q
values defined using scaled fire load density distributions (average value and ratio between 80 %
fractile and average values were used as fitting parameters).
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5.3 Warehouses
5.3.1 Burning of stored goods

Direct assessment of the heat release rate of the combustibles in warehouses on the basis
of experimental data involves some difficulties:

• The fires can be very large, of the order of tens of megawatts, and the amount of
experimental data with so high HRR values is limited (but fortunately not entirely
non-existent).
• The combustibles are not very well defined because
– the stored items vary
– the lay-out and storing height vary.
To overcome these problems, the methodology described in detail in section 6, enabled
by the FDS fire simulation program, can be used to get an estimate the heat release
rate. The results show that – given the inherent uncertainties involved in our knowledge
of the stored goods and their configuration – the accuracy of the HRR predictions
obtained by using the methodology is sufficient for FSE usage.
5.3.2 Heavy-goods vehicle fires

Relatively frequently it is possible to enter a warehouse by lorries or trailer trucks. In
this section, these vehicles will be referred as heavy-goods vehicles, HGV’s.
Data on HGV fires have been obtained from experiments which in most cases have
addressed fire hazards in tunnels [44, 45, 46, 47]. Tunnels make up a confined geometry
in which fires would most likely die out due to lack of oxygen. Hence, in most HGVtunnel fire experiments, additional ventilation has been provided. It is important to take
these issues in account when interpreting the heat release rate data of HGV-tunnel fire
experiments for design fire usage in warehouses:

• The enhanced radiative feedback in the enclosed geometry of a tunnel increases the
measured HRR as well as the fire growth rate (i.e., reduces the growth time factor tg).
• The forced ventilation applied in the experiments increases the measured HRR
and the fire growth rate.
The geometrical HRR enhancement factor ΨG has been studied by Carvel et al. [48]
who propose the following expression for ΨG:
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ψG

⎛ w fire
= 24 ⋅ ⎜⎜
⎝ wtunnel

(5-4)

3

⎞
⎟⎟ + 1
⎠

where wfire is the width of the fire and wtunnel is the width of the tunnel. For example, if
wfire/wtunnel = 0.5, the enhancement factor is ΨG = 4 and for wfire/wtunnel = 0.75, the
enhancement factor is ΨG = 11.
The Runehamar experiments carried out by Ingason and Lönnermark [46] constitute
the most recent set of data on really large HGV fires with the estimated peak HRR
exceeding 200 MW. The HRR data recorded in these experiments are shown in Figure
19a. The theoretical combustible energy (fire load) of the burned items varied from ca.
60 GJ (60 000 MJ) to ca. 250 GJ and there appears to be a correlation between the fire
load and the maximum HRR value that varied between ca. 70–210 MW, see Figure 19b.
The cross section at the site of the fire in the Runehamar experiments is shown in Figure
20. The corresponding geometrical HRR enhancement factor is
3

ψ G , Runehamar

a)

⎛ 2.9 ⎞
= 24 ⋅ ⎜
⎟ + 1 = 2.6
⎝ 7.1 ⎠

(5-5)

b)

Figure 19. HRR results of Runehamar experiments [46]. The coloured curves represent t2models that reproduce the growth and decay phases as well as the peak HRR with reasonable
accuracy (adjustment of the curves to fit the data is done only visually by the author of this
document). b) Display of the apparent correlation (R2 = 0.97) between the fire load of the
burned item and the maximum HRR.
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Figure 20. Cross section at the site of the fire in the Runehamar experiments [46] and the
corresponding estimate to the geometrical HRR enhancement factor ΨG.

With respect to the enhancement of HRR by forced ventilation, factor ΨV, results of
Carvel et al. [48, 49] are given in probabilistic terms. For example, the results indicate
that the HRR of a HGV could increase by much more than a factor of four for a
longitudinal flow rate of 3 m/s, but the most likely HRR enhancement is about a factor
of four at 3 m/s and a factor of ten at 10 m/s. It was also established that the fire growth
rate could increase by a factor of five for 3 m/s and by a factor of ten for 10 m/s [50]. A
more rigorous quantitative analysis of the results presented by Carvel et al. in [48] is
shown in Figure 21.
An application of the results of Figure 21 to estimate the ventilation induced
enhancement of HRR in the Runehamar experiments where the flow speed was 2.4–
2.5 m/s [45] is shown in Figure 22.
An estimate for the total HRR enhancement can be obtained by combining the
ventilation and geometrical enhancement factors. For the Runehamar case, we obtain
(5-6)
ψ~
=ψ
⋅ψ~
= 2.6 ⋅ψ~
,
total , Runehamar

v , Runehamar

G , Runehamar

v , Runehamar

where the tilde above the total and ventilation enhancement factors denotes that they are
stochastic quantities. Factor ψ total , Runehamar is shown in Figure 23. The estimate for the
non-enhanced maximum HRR is evaluated by Monte Carlo analysis. Its distribution is
shown in Figure 24 and the characteristic values of the distribution are
– median value = 16 MW
– 80 % fractile = 30 MW
– 95 % fractile = 50 MW.
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The International Fire Engineering Guidelines [8] suggest that for fire load a reasonable
design value would be a relatively high fractile, 95 %. Following this suggestion, we
propose that the design value for an HGV maximum heat release rate is the 95 %
fractile, 50 MW. The resulting HRR curve and a simplified description for the FDS
program are shown in Figure 25.
a)

b)

Figure 21. a) Estimated distributions of ψv for flow speeds based on the fractiles presented by
Carvel et al. [49] and b) 5–90 % fractiles of ψv vs. the flow speed.

Figure 22. Estimated fractiles of the ventilation enhancement factor ψv in the Runehamar
experiments.
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Figure 23. Estimated fractiles of the total enhancement factor ψtotal in the Runehamar
experiments.

Figure 24. Estimate for the distribution of the HGV maximum heat release rate.
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a)

b)

Figure 25. Estimate for HGV fire HRR corresponding to 95 % fractiles of the maximum HRR
(50 MW) and fire load (245 GJ). The parameter values are: tg = 60 s, t1 = 424 s, t2 = 3 600 s,
τ = 1 600 s. b) Simplified description of a burning HGV for the FDS fire simulation program
(dimensions selected to fit e.g. a 20 cm or 40 cm computation mesh).

5.4 Shops and other commercial occupancies
5.4.1 Heat release rates

The shop type that is common in a warehouse type of a shop includes a wide range of
goods with the idea getting basically all the goods needed in household from one shop
or from several shops adjacent to each other. The goods sold include
• groceries ranging from dry items such as flour and bread to moister items such as
meat and beverages
• textiles including clothing, furnishing fabrics and even some pieces of furniture
such as plastic/wooden chairs and tables for balconies and verandas
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• toys, shoes, etc.
• cosmetics and cleaning products
• magazines, books and other basically cellulosic items
• entertainment electronics and their equipment
• hardware items such as tools and domestic appliance.

In the 1990’s, Bennetts et al. [51] carried out a series of large-scale fire experiments to
characterise fire hazards of shopping centres. The HRR data obtained in non-sprinklered
experiments is presented below. The fires were very big, reaching up to 40–50 MW:
• heat release rate of a flashover fire in a shoe storage room (Figure 26)
• heat release rate of a flashover fire in a specialty shop (Figure 27).
shape: tpp = 3
tg = 150 s

•
•

Q! max = 40 000 kW
t1 = 513 s

•
•
•
•
•
•
•

t2 = 570 s

τ = 540 s
Qtot = 28 200 MJ
Deff = 4.5 m (estimate)
Ab = 16 m2 (estimate)

′′ = 2 500 kW/m2
Q! max
q ′′ = 1 760 MJ/m2

•
•

Figure 26. Heat release rate of a flashover fire in a shoe storage room [51].

•
•
•

shape: tp, linear decay
p=2
tg = 71 s,

•

Q! max = 47 000 kW

•

t1 = 487 s

•
•
•
•
•

t2 = 595 s
t3 = 2 055 s
Qtot = 47 000 MJ
Deff = 4,5 m (estimate)
Ab = 16 m2 (estimate)

•

′′ = 2 900 kW/m2
Q! max

•

q ′′ = 2 900 MJ/m2

Figure 27. Heat release rate of a flashover fire in a specialty shop [51].
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5.4.2 Example of influence of fire load on HRR development

In this example, the shelves system shown in Figure 28a is considered. The basic fire
load characteristics are:
•

Heat release rate per unit area (HRRPUA):
– 150 kW/m2 which corresponds typically to cellulosic materials such as wood
and paper products.
– 300 kW/m2 which corresponds typically to fire load that may have cellulosic
materials and some plastics that are fire retarded or otherwise not very highly
combustible such as PET, POM, etc. Furniture fire load may fall to this or
the next category.
– 500 kW/m2 which corresponds to such fire loads as mixtures of cellulosic
materials (major ingredient) and highly combustible plastics such as ABS,
PE, PP and PS, or fire load with such plastics as PET, POM, PMMA as the
principal ingredient. Furniture fire load may fall also to this category.
– 1 000 kW/m2 which corresponds typically to fire load that contains notable
amounts of non-fire retarded highly combustible plastics materials such
ABS, PE, PP and PS. The other ingredients may be, e.g., cardboard boxes,
etc.
– 2 000 kW/m2 which corresponds to fire load that has a very high percentage
of non-fire retarded highly combustible plastics materials such ABS, PE, PP
and PS.

•

Effective heat of combustion is EHC = 20 MJ/kg

•

Ignition temperature 320 °C

•

Density 500 kg/m3

•

Specific heat 1 500 JK-1kg-1

•

Thermal conductivity 0.2 WK-1m-1

•

Ignition delay is taken as zero (instant ignition as the fuel surface temperature rises
to the ignition temperature).

Other characteristics are summarised in Figure 28b. Illustration of the influence of the
fuel HRRPUA on the strength of the fire is given in Figure 29 and evolution of the shelf
system HRR for different fire load HRRPUA values is demonstrated in Figure 30.
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a)

Fire load entity

b)

Figure 28. Model for the shop shelve fire load entity: a) schematic presentation and b) some
calculated characteristics.
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a)

b)

Figure 29. Illustration of the influence of the fuel HRRPUA on the strength of the fire: a) fuel
HRRPUA = 150 kW/m2 corresponding to cellulosic materials such as wood and paper products and
b) fuel HRRPUA = 1 000 kW/m2 corresponding to fire load that contains notable amounts of non-fire
retarded plastics materials such ABS, PE, PP and PS.
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a)

b)

c)

d)

e)

f)

Figure 30. Evolution of the shelf system HRR for different fire load HRRPUA values:
a) 150 kW/m2, b) 300 kW/m2, c) 500 kW/m2, d) 1 000 kW/m2, e) 2 000 kW/m2 and f) maximum
HRR vs. HRRPUA. The blue curves in a-e show t2-shaped fits to FDS results.
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6. Predicting heat release rate and data used
6.1 Overview of the prediction methodology
The fire simulation program FDS5 includes possibilities for calculating the pyrolysis
and burning rates on the basis of the reaction kinetics of the material. This approach can
already produce very good results regarding modelling of small-scale fire experiment
data (typically the cone calorimeter data), see e.g. Figure 31. As there is extensive
research going on related to this topic, e.g. [52, 53, 54], also large-scale heat release rate
(HRR) predictions will evidently be possible in the forthcoming years. Yet, meanwhile,
cruder phenomenological solutions are presented.
a)

b)

Figure 31. Examples of FDS5 predictions of small-scale fire experiment data (the cone
calorimeter) on the basis of the material reaction kinetics: a) PVC and b) PMMA [55].
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The methodology described in this report utilises the basic, simply measurable,
combustion characteristics, i.e.
•

the Heat Release Rate Per Unit Area (HRRPUA [kW/m2]) that can be measured by
the cone calorimeter and hence, due to the simplicity of the measurement, has been
measured for most combustibles in our living environment.

•

the Effective Heat of Combustion (EHC [MJ/kg]) that that can be measured by the
cone calorimeter or some other calorimetric technique such as the bomb calorimeter.

The other parameters that have to be specified have been defined in section 4.1.2.
6.1.1 Heat release rate per unit area

The fire load in practical applications comprises several materials/products that each
have a specific heat release rate per unit area, abbreviated as HRRPUA, and addressed
below with the symbol Q! ′′ , where Q refers to heat, the superscript-dot is the notation of
temporal change and the superscript-double-prime refers to area-specific quantity. It is a
quantity that is dependent on the material and the heat exposure to the material.
The dependence of HRRPUA on the heat exposure, i.e., the heat flux impinging the
surface of the material/product is a more challenging problem as the actual surface heat
flux varies considerably during the fire development. The most commonly used heat
exposure in cone calorimeter experiments is 50 kW/m2, chosen as a representative of a
typical fire exposure. Guided by this selection, HRRPUA values corresponding to the
50 kW/m2 heat exposure are considered as the advisable values to be used in the
methodology.
To reduce the work needed in finding the appropriate HRRPUA values and to make
the methodology simpler, it is convenient to categorise the combustible materials. One
obvious division is that of solids and liquids. Within solids, a working classification is
division to
•
•

cellulosic materials and
other materials (in a simple approach this means plastics).

Naturally, if the combustibles are definitely known in the building design phase, there is
no reason to stick to this categorisation but use the data relevant to the particular
materials: such a case may be, e.g., a chemical warehouse intended for storage of some
defined chemical or a limited range of chemicals.
6.1.1.1 HRRPUA of cellulosic materials

Examples of the Heat Release Rate Per Unit Area (HRRPUA) for cellulosic materials
are shown in Figure 32 [56] and Figure 33 [57].
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a)

b)

c)

d)

Figure 32. Examples of cone calorimeter data on wooden samples at heat exposure of
50 kW/m2: a) and b) Finnish pine with three thicknesses (b shows the first 5 minutes of the
experiment), and c) and d) Finnish spruce with two thicknesses (d shows the first 5 minutes of
the experiment) [56].
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b)

a)

Figure 33. Examples of cone calorimeter data on paper/cardboard samples at heat exposure of
35 kW/m2: a) about 400 g of paper stacked dwelling and b) paper stacked dwelling covered with
cardboard. Data from [57].

6.1.1.2 HRRPUA of plastic materials

The class “plastics” is obviously too wide and shall be subdivided. This subdivision is
based on the heat of combustion of the material. It is commonly known that some
materials burn more intensively than others. Typically (but not always), the following
can be observed: faster burning corresponds to higher heat of combustion. The
categorisation proposed for plastics is the following:
•

EHC < 10 MJ/kg: e.g. PFTE (teflon), heavily halogenated plastics

•

10 MJ/kg ≤ EHC < 20 MJ/kg: e.g., different PVCs, fire retarded plastics

•

20 MJ/kg ≤ EHC < 30 MJ/kg: e.g., PMMA (plexiglass), polycarbonate, PU,
EPDM (rubber)

•

30 MJ/kg ≤ EHC < 40 MJ/kg: e.g., nylon, ABS

•

EHC ≥ 40 MJ/kg: e.g., PE, PP.

The correspondence between the EHC classified according to the above scheme and the
peak HRRPUA, measured using the cone calorimeter with heat exposures of 40 kW/m2
and 70 kW/m2, is exemplified in Figure 34. A clear representation of the combustibility
ranking of plastics is provided in a presentation by Lyon & Walters [58] where they plot
1) the heat release rate in a micro-scale test, i.e., the TGA/DTA test, and 2) the average
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flaming HRRPUA as a function of the “heat-release capacity3”. These results are shown
in Figure 35.
a)

b)

Figure 34. Examples of cone calorimeter fire experiment data on plastics at heat exposure of a)
40 kW/m2 and b) 70 kW/m2. Data taken from [59] and averaged over five EHC classes: EHC <
10 MJ/kg, 10 MJ/kg ≤ EHC < 20 MJ/kg, 20 MJ/kg ≤ EHC < 30 MJ/kg, 30 MJ/kg ≤ EHC <
40 MJ/kg and EHC ≥ 40 MJ/kg.

Examples of cone calorimeter HRRPUA curves for plastics are shown in Figure 36.
Figure 37 shows examples on the effect of the cone calorimeter heat exposure level on
the HRRPUA curves.
a)

b)

Figure 35. Examples of combustibility ranking of plastics given by Lyon & Walters [58]: a) TGA/DTA
data and b) HRRPUA vs. the heat release capacity of the material.

3

A quantity that depends, among other factors, on the heat of combustion of the material.
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a)

b)

c)

d)

e)

Figure 36. Examples of cone calorimeter data on paper/cardboard samples at heat exposure of
50 kW/m2: a) 3 mm thick PP, b) ABS: the dotted curve is a 33-g or about 3-mm plastic sample
from a washing machine [60] and the solid curve data from [61], c) black PMMA (plexiglass), 12
mm [62], d) flexible PU foam studied in the SAFIR project Round Robin exercise [63] and
e) PET [64].
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b)

a)

Figure 37. Examples of the influence of the cone calorimeter heat flux on the measured
HRRPUA: a) PP and b) ABS. Data from [61].

6.1.2 Heat of combustion

The heat of combustion, ∆Hc, is the amount of heat energy that can be released when a
unit mass of the combustible is consumed in burning. The effective value of the heat of
combustion, EHC or symbolically, ∆Hc,eff, is the heat of combustion that actually
realises in fire where combustion efficiency χ is typically less than unity. Formally, we
may write that
∆Hc,eff = χ ·∆Hc, which is actually just one way to define what the combustion
efficiency means.

Compared to HRRPUA, the heat of combustion is a much better-defined quantity. The
effective heat of combustion is less well-defined because of the uncertainties involved
in the combustion efficiency χ which depends e.g. on the time-varying ventilation and
heat exposure conditions in the fire. The formulae developed by Hshieh et al. [65] on
the basis of a study of 75 polymers (see Table 9 and Figure 38) are convenient.
Expressed as molar values they read as follows:
For pure organic polymers
∆Hc,mol [MJ/mol] = 0.41654·(C) + 0.10486·(H) - 0.10631·(O) + 0.02033·(N) + (6-1)
0.42069·(S) - 0.02366·(Cl) - 0.04502·(F),

and for pure silicone polymers:
∆Hc,mol [MJ/mol] = 0.41924·(C) + 0.12189·(H) - 0.12635·(O) + 0.03982·(N) + (6-2)
0.79905·(Si) - 0.08852·(Br) + 0.01492·(I)- 0.25599·(S),

where C, H, etc. denote the number of C, H, etc. atoms in the monomer. The value in
MJ/kg can be obtained by dividing the molar value by the monomer molecular MW:
∆Hc [MJ/mol] = ∆Hc,mol [MJ/mol]/MW [kg/mol].
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For example, the polyethyleneterephthalate (PET) monomer is C10H8O4 and its molar
weight is MW = 0.194 kg/mol. Thus the molar heat of combustion is ∆Hc,mol [MJ/mol] =
0.41654·10 + 0.10486·8 - 0.10631·4 + 0 = 4.58 MJ/mol, and the heat of combustion is
∆Hc = 4.58 MJ/mol / 0.194 kg/mol = 23.6 MJ/kg.
Table 9. Data on the heat-of-combustion prediction studied by Hshieh et al. [65].
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Figure 38. Example of the heat-of-combustion prediction developed by Hshieh et al. [65] for
pure organic polymers.

6.1.3 Density, specific heat and thermal conductivity
6.1.3.1 Cellulosic materials

The density of some cellulosic products are summarised in the Forest Products
Laboratory Wood Handbook [66] as
•

solid wood, typically: 400– 800 kg/m3 (there are also lighter species such as
balsa and heavier such as oak)

•

plywood: 400–800 kg/m3

•

particle and MDF boards: 600–800 kg/m3

•

paper: 500–1 100 kg/m3.

Mikkola [67] quotes the following densities for some wood products:
•
•
•
•
•
•

pine: 510 kg/m3,
spruce: 440 kg/m3,
laminated veneer lumber (LVL): 470 kg/m3,
plywood: 600 kg/m3,
particle board: 620 kg/m3 (surface: 900 kg/m3),
light-weight fibre board: 280 kg/m3.
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The specific heat of dry wood depends on temperature T according to the Forest
Products Laboratory Wood Handbook [66] as follows:

c (w = 0 )
T
= 103 + 3.867 ⋅ .
−1
−1
K
JK kg

(6-4)

For example, at T = 20 °C = 293 K, c(w = 0) = 1 240 JK-1kg-1.
For moist wood with moisture w, the specific heat increases with w as
c(w, T < 100 " C ) c(w) + 4180 ⋅ w
=
,
1+ w
JK −1 kg −1

(6-5)

which is valid for T < 100 °C.
According to Eurocode EN 1995-1-2, the specific heat of wood at moisture content of
12 % depends on temperature as presented in Table 10. Specific heat value estimates for
wood at moisture contents of 0 %, 8 % and 10 % are given in Table 11.
Table 10. Temperature dependence of the specific heat of wood at 12 % moisture content
according to EN 1995-1-2.

T (C)

c(w = 12 %, T) (J/K/kg)

20

1 530

99

1 770

99

13 600

120

13 500

120

2 120

200

2 000

250

1 620

300

710

350

850

400

1 000

600

1 400

800

1 650

1 200

1 650
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Table 11. Temperature dependence of the specific heat of wood at moisture contents of 0 %,
8 % and 10 %.

c(w, T) (J/K/kg)
T (C)

w=0%

w=8%

w = 10 %

20

1 240

1 450

1 500

99

1 430

1 680

1 740

99

1 430

9 550

11 580

120

2 120

9 450

11 480

120

2 120

2 120

2 120

200

2 000

2 000

2 000

250

1 620

1 620

1 620

300

710

710

710

350

850

850

850

400

1 000

1 000

1 000

600

1 400

1 400

1 400

800

1 650

1 650

1 650

1 200

1 650

1 650

1 650

Thermal conductivity of wood at room temperature depends on its density ρ and
moisture content w. According to the FPL Wood Handbook [66], the dependence is

λc (20 " C)
−1

WK m

−1

= 10 −3 ⋅

ρ
kgm

−3

w⎞
⎛
⋅ ⎜ 0.1941 + 0.004046 ⋅ ⎟ + 0.01864 .
%⎠
⎝

(6-6)

and according to McLean [68] and Mikkola [69]

λc (20 " C )

⎡
2 ρ ⎛ 2 w ⎞⎤
= 10 − 4 ⋅ ⎢a +
⎜1 +
⎟
% ⎠⎥⎦
kgm −3 ⎝
WK m
⎣
a = 237 (McLean)
.
a = 200,...,400 (Mikkola)
−1

(6-7)

−1

These relations are illustrated in Figure 39. According to EN 1995-1-2, the generic
thermal conductivity of wood at room temperature is 0.12 WK-1m-1.
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Figure 39. Dependence of the thermal conductivity of wood on its density at room temperature
at moisture contents of 0 % and 10 %.

Thermal conductivities of some wood products and their dependence on temperature as
given by Mikkola [67] are listed in Table 12. A generic temperature dependence of the
thermal conductivity of wood given in the Eurocode EN1995-1-2 is shown in Table 13
and Figure 40.
Table 12. Temperature dependence of thermal conductivity of some wood products [67].

Table 13. Temperature dependence of thermal conductivity of wood according to EN 1995-1-2.

Temperature T
[°C]

Thermal conductivity k(T) [WK-1m-1]

20
200
350
500
800
1 200

0.12
0.15
0.07
0.09
0.35
1.50
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Figure 40. Temperature dependence of thermal conductivity of wood according to EN 1995-1-2.

6.1.3.2

Plastics

Densities, specific heats and thermal conductivities of some polymers are shown in
Tables 14–17 [70, 71]. It can be seen that the data differ to some extent especially for
the specific heat. For the coarse methodology presented here, the data of Tewarson [71]
can be summarised as given in Table 18.
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Table 14. Temperature dependence of density of several polymers [70].
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Table 15. Temperature dependence of specific heat of several polymers. [70].

Table 16. Temperature dependence of thermal conductivity of several polymers. [70].
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Table 17. Density, thermal conductivity and specific heat for some polymers [71].
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Table 18. Thermal properties of some plastics deduced from the data of Tewarson [71].
Standard deviation related to the last digits is shown in the parenthesis.

Density ρ
[kg/m3]

Thermal
conductivity k
[WK-1m-1]

Specific heat c
[JK-1kg-1]

Thermal
diffusivity k (ρc )
[m2/s]

Thermal inertia

PE

1 000 (100)

0,30 (5)

2 250 (750)

1,5 (5)

6,8 (2,7)

PP

1 100 (100)

0,3 (1)

1 600 (300)

1,7 (4)

4,9 (1,7)

PE/PP

1 000 (100)

0.28 (7)

1 850 (550)

1,5 (4)

5,3 (2,0)

ABS & PS

1 100 (200)

0,16 (6)

1 450 (200)

1,1 (6)

2,5 (0,8)

nylon

1 300 (200)

0,27 (17)

1 550 (250)

1,4 (0,9)

5,4 (3,5)

PET

800 (250)

0,12 (13)

1 300 (300)

1,0 (7)

1,6 (2,4)

PC

1 180 (30)

0,23 (6)

1 650 (650)

1,3 (3)

4,8 (3,3)

EPDM (heavy)

1 170 (30)

0,4 (1)

1 300 (200)

2,5 (7)

5,5 (1,0)

EPDM (light)

420 (20)

0,1 (1)

1 600 (450)

2,4 (2,3)

0,8 (4)

PU (light)

120 (60)

0.10 (6)

1 500 (150)

6,6 (4,0)

0,2 (2)

1 400 (400)

0,18 (7)

1 000 (100)

1,4 (9)

2,6 (1,5)

Material

PVC

kρc

2

[J m-2K-2s-1]

6.1.4 Ignition temperature

The ignition temperature Tig of solids is basically not a very well-defined parameter, but
we can define fairly good estimates on it. The thermal response parameter TRP
[(kW·s1/2/m2)] is defined in terms of the thermal inertia kρc and the temperature rise of
the solid above the ambient temperature T∞ as follows [72]:
TRP = (Tig − T∞ ) ⋅

π
4

(6-8)

⋅ kρ c

which suggests that
Tig = T∞ +

TRP

π
4

(6-9)

.

⋅ kρ c

The problem with using the TRP parameter is the large uncertainty associated with the
predicted ignition temperature: the data for TRP reported by Tewarson [71] varies ca.
between 10–40 %. Yet, the above equation for the ignition temperature Tig expressed in
terms of the TRP parameter can be used for comparison purposes.
6.1.4.1 Cellulosic materials

Results of some ignition temperature measurements of wood-based materials using the
cone calorimeter at heat exposure of 50 kW/m2 are summarised in
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Table 19. It can be seen that the temperature range 300–350 °C is characteristic for
(piloted) ignition of cellulosic fuels.
Table 19. Results of some ignition temperature measurements of cellulosic materials using the
cone calorimeter. ρ is the material density and w its moisture content.

Material characterisation

Tig (°C)

Reference

305
343

[73]

-

300–364

[74]

-

296–330

[75]

Particle board, 700 kg/m3

303

[72]

Corrugated cardboard, double-wall, 6 mm

343

[72]

Radiata pine, w = 0 %
Radiata pine, w = 15 %

6.1.4.2 Plastics
Ignition temperatures of some plastics given by Babrauskas [72] are summarised in
Table 20. It can be seen that the temperature range 280–360 °C is characteristics for
(piloted) ignition of plastic fuels.
Table 20. Results of some ignition temperature measurements of plastic materials using the
cone calorimeter [73].

Density (kg/m3)

Tig (°C)

920

363

PMMA

1 180

311

POMa)

1 420

281

PP

905

334

PS

1 040

366

Material
PE

a)

Polyoxymethylene

6.1.5 Time to sustained ignition and time to peak HRR
Time to sustained ignition tig depends e.g. on the material chemical composition, its
thermal parameters (k, ρ and c), type of heat exposure (radiant, oven heating, etc.,) and
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heat exposure level q!" , as well as the moisture content w of the material. Experimental
findings that can be used as guiding values for the selection of tig for simulations are
summarised in this section. Guidance on how different parameters affect the time to
ignition can be obtained from the equations below [67, 72].
2
⎛ (Tig − T∞ ) ⋅ kρ c ⎞
⎛ TRP ⎞
⎟
⎟⎟ = ⎜
t ig ∝ ⎜⎜
⎜
⎟
!
!
q
"
CHF
q
"
CHF
−
−
⎝
⎠
⎝
⎠
2
t ig ∝ (1 + 4w)

(6-10)

2

where CHF is an empirical constant of the order of 10–20 kW/m2 (it characterises the
heat exposure at which the time to ignition becomes very long = practically no ignition).
6.1.5.1 Cellulosic materials

Results of some ignition time measurements of wood-based materials using the cone
calorimeter at heat exposure of 50 kW/m2 are summarised in Table 21. If there is
moisture – as there usually is – the time to ignition, tig, varies between ca. 20–40 s. The
peak HRR is typically reached relative rapidly after the ignition; we can estimate that
the delay to reach the peak HRR, ∆tp, is of the order of magnitude of tig, and hence
tp = tig + ∆tp ≈ 40–80 s [56].
Table 21. Results of some ignition time measurements wood-based materials using the cone
calorimeter at heat exposure of 50 kW/m2. ρ is the material density, w its moisture content and d
its thickness.

Material characterisation

tig (s)

Reference

Spruce, ρ = 440 kg/m3, w = 0 %, d = 37 mm

16 ± 3

[67]

Spruce, ρ = 500 kg/m3, w = 10 %, d = 6 mm

14 ± 4

[67]

Spruce, ρ = 500 kg/m3, w = 10 %, d = 2 mm

16 ± 3

[67]

Pine, ρ = 550 kg/m3, w = 0 %, d = 36 mm

22 ± 3

[67]

Pine, ρ = 500 kg/m3, w = 0 %, d = 36 mm

13

[76]

37 ± 3

[67]

24

[77]

Particle board, ρ = 620 kg/m3, w = 0 %, d = 18 mm
Plywood
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6.1.5.2 Plastics

Results of cone calorimeter experiments (heat exposure of 50 kW/m2) of some plastics
for the time to ignition, tig, and the time to reach the peak HRR, tp, are reported in [71],
see Table 22. The mean values for EPDM, nylon, PC, PE or PP and PVC are (in round
numbers)
•
•
•
•
•
•

EPDM: tig = 14 s, tp = 68 s, ∆tp = 54 s
Nylon: tig = 40 (5) s, tp = 120 (30) s, ∆tp = 80 (30) s
PC: tig = 50 (25) s, tp = 180 (20) s, ∆tp = 130 (4) s
PE or PP: tig = 20 (10) s, tp = 85 (40) s, ∆tp = 70 (30) s
PVC: tig = 23 s, tp = 80 s, ∆tp = 57 s
PET: tig = 40 s, tp = 100 s, ∆tp = 70 s, (from ref. [64]).

The number shown in the parentheses is the standard deviation related to the last digits
deduced from the data.
Table 22. Results of cone calorimeter experiments at 50 kW/m2 heat exposure of some plastics:
time to ignition, tig, and time to reach peak HRR, tp, [71].

tig (s)

tp (s)

∆tp = tp - tig (s)

EPDM Rubber

14

68

54

Fiberglass/polyester/styren

45

83

38

Nylon 6

34

85

51

Nylon 66

36

138

102

Nylon 66

44

135

91

PC

32

165

133

PC

66

193

127

PE/PP

16

85

69

PET

4

20

16

PP

8

43

35

PP

19

125

106

PP

24

108

84

PP

36

128

92

PP/PE

16

95

79

PP/PE

18

78

60

PVC

23

80

57

Material
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6.1.6 Amount of the combustible material and its characteristic thickness

To ensure that a proper amount of combustible material will be included in the model,
one must also know – or estimate – the fire load density q” [MJ/m2] of the building: the
sum of the energy of the fire load entities Qi that can be released in the fire divided by
the floor area Afloor should correspond to a characteristic value of the fire load density.
q"c =

∑Q

(6-11)

i

i

A floor

A value suggested in the International Fire Engineering Guidelines, 2005 Edition [8],
for the characteristic value of the fire load density is 95 % fractile.
The characteristic thickness dc is an FDS input parameter that can be symbolically
expressed as
⎛V
d c = avg ⎜⎜ n
⎝ An

(6-12)

⎞
⎟⎟
⎠

where Vn and An are the volumes and surface areas of the different constituents of the
fire load entity.
6.1.7 Geometrical characteristics

The geometrical characteristics of the fire load entity may be evident by the application:
for example, in modelling of warehouses or shops with storage/selling units of certain
size and spacing, the fire load entities should reflect this geometry. When modelling
targets with more complex or uncertain geometries, it is in the spirit of the methodology
to keep the assumptions as simple as possible, and such target may be modelled by
using, e.g., boxes or rectangles with size corresponding to the FDS spatial mesh
division. Examples of the approaches to the description of the geometrical aspects of the
model are given in next section.
6.1.8 Constructing a fire load entity

In reality, there may be numerous different combustibles in the fire load but it is
advisable to reduce this number to N principal combustibles by combining materials and
products with reasonably similar combustibility properties. As explained above, taking
into account the uncertainties, one should aim at two types of combustibles: cellulosic
and plastic materials. Typically one can make an estimate on the mass fractions µn of
the different combustibles to be used in the process.
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Next, the size and spacing of the units (cubes/rectangles) used to describe the fire load
geometry of the combustibles are defined. There will be K cubes/rectangles and the
decision on their geometry yields the volumes Vk and surface areas Ak of the k = 1,
2, …, K fuel cubes/rectangles. This choice also defines the floor area Af of the fire load
entity and – as described above – combined with the characteristic fire load density q”c
it defines the fire load Q.
Next, the effective heat of combustion of the homogeneous K fuel cubes/rectangles is
determined as a mass-weighted average of the different combustibles:
(6-13)

N

EHC

∆H c ,eff = ∑ µ n ⋅ ∆H c ,eff ,n
n =1

where ∆Hc,eff,n are the effective-heat-of-combustion values of the N combustibles.
The known total heat energy Q of the fire load entity defines the total mass of the K
fuel cubes/rectangles:
total mass M

M =

(6-14)

Q
.
∆H c ,eff

On the other hand, this total mass is the sum of the masses mk of the K fuel
cubes/rectangles:
(6-15)

K

M = ∑ mk .
k =1

which can be used to define the mean density ρ of each fuel cube/rectangle as
DENSITY

ρk = ρ

(6-16)

K

K

k =1

k =1

M = ∑ ρ k ⋅ Vk = ρ ⋅ ∑ Vk .
⇒ρ=

M
K

∑V
k =1

k

With this homogenous density characteristic defined, one can assign a specific area An
for each combustible as follows: the mass fraction of each combustible reads

µn =

ρ n ⋅ Vn
M

=

ρ ⋅ Vn

⎛ M ⋅ µn
⇒ ⋅ An = ⎜⎜
⎝ ρ

M
⎞
⎟⎟
⎠

≈

ρ ⋅ An 2 3

(6-17)

M

32

where the conversion between the volume and area is made on purely dimensional
basis. If some better knowledge is available, it should naturally be used.
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With the specific area An of the combustibles calculated, the HRRPUA of the
homogenous fuel is obtained as an area-weighted property as
N

HRRPUA

Q! " =

∑A
n =1

(6-18)

⋅ ∆H c ,eff ,n

n

N

∑A

n

n =1

The thermal conductivity is obtained as a thickness-weighted property as
CONDUCTIVITY

k=

(6-19)

d
N

∑d
n =1

n

kn

The ignition temperatures Tig, ignition times tig and time-to-peak-HRRPUA values tp
are obtained as averages
(6-20)

N

IGNITION
TEMPERATURE Tig =

∑T

ig , n

n =1

N

(6-21)

N

IGNITION TIME

t ig =

∑t
n =1

ig , n

N

(6-22)

N

TIME-TOPEAK-HRRPUA

tp =

∑t
n =1

p ,n

N

6.2 Examples of use and validity of the methodology
6.2.1 Wooden crib of mass of 920 kg

As the first example, the fire experiment W31 with large wooden cribs carried out in the
EUREKA project [78] is presented. The wooden cribs consisted of 950 kg of wooden
sticks stacked 3.2 m long by 0.8 m wide and 2.4 m high. The heat released during the
first hour of the experiment was about 13 000 MJ. These pieces of data form all the
information used in the FDS5 model for the geometry shown in Figure 41a. The model
parameters are shown in Figure 41b. The agreement between the measured and the
simulated HRR curves is very good as shown in Figure 42.
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The key input values and their justification are as follows:
• HRRPUA = 200 kW/m2 corresponding the average HRRPUA of wood burning
during 30–60 s after the ignition
• EHC = 18 MJ/kg; selected to produce the approximate heat released in the
experiment during 1 hour with the density given below and the geometrical
arrangement shown in Figure 41a
• density ρ = 450 kg/m3: a typical value for spruce/pine
• specific heat cp = 1 500 JK-1kg-1: a typical value for wood
• thermal conductivity k = 0.1 WK-1m-1: a typical value for wood
• ignition temperature Tig = 320 °C: a typical value for wood
• timing of the ignition and early HRR evolution: from 45–60 s in accordance
with the data shown above
• amount of combustible material: 700 kg (not all of the 950 kg will burn; this
value corresponds to the heat released during the first hour of the experiment)
• characteristic thickness 0.2 m = FDS Mesh size.

b)

a)

Figure 41. a) FDS5 model of the EUREKA fire experiment W31 and b) model parameters.
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Figure 42. Comparison of the measured and simulated heat release rates of the EUREKA fire
experiment W31 [78].

6.2.2 PET bottles stored in cardboard boxes

The next example is a fire experiment on plastic bottles made of PET in cardboard
boxes. The detailed description of the experimental set-up is given by Babrauskas in the
SFPE Handbook [79]. The measured HRR curve is shown in Figure 43. The heat
released during the experiment was about 5 800 MJ.
The experiment was simulated on the basis of the cone calorimeter data on cardboard
and PET. The quantities used in the FDS5 model construction are shown in Table 23.
The FDS5 model is shown in Figure 44. The simulated and measured HRR curves are
compared in Figure 45: the agreement of the calculated and measured results is
reasonable.

Figure 43. Heat release rate measured in the fire experiment with PET plastic bottles in
cardboard boxes. Reproduced from [79].
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Table 23. Description of the fire experiment on PET plastic bottles in cardboard boxes for the
FDS5 model.
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a)

b)

Figure 44. The FDS5 model of PET/cardboard fire experiment: a) schematic description and b)
the actual model.
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Figure 45. Comparison of the measured and simulated heat release rate of fire experiment on
PET plastic bottles in cardboard boxes.

6.2.3 Office workstation fire

The third example is a fire experiment of an office workstation carried out and reported
by Madrzykowski and Walton [57]. Such workstation consists of several different kinds
of combustibles with more complex geometries than those addressed of the two
examples described above. Thus its modelling is very challenging for the simple
methodology considered here.
The description of the combustibles of the fire experiment is given in detail in Table
24. The heat released during the experiment was about 1 600 MJ. The experiment was
simulated on the basis of the cone calorimeter data reported in [57] using the FDS5
model described in Figure 46. The simulated and measured HRR curves are compared
in Figure 47. It can be seen that taking into account the complexity of the modelled
target, the agreement of the calculated and measured results is very good.
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Table 24. Description of the combustibles of the office workstation fire experiment carried out by
Madrzykowski and Walton. Reproduced from [57].
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a)

b)

Figure 46. The FDS5 model of the office workstation fire experiment: a) schematic description
and b) the actual model.
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Figure 47. Comparison of the measured and simulated heat release rates of the office
workstation fire experiment carried out by Madrzykowski and Walton [57].
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7. Timber structures and design fires
7.1 Methods for analysing structural performance
A full analytical procedure for structural fire design would take into account the
behaviour of the structural system at elevated temperatures, the potential heat exposure,
and the beneficial effects of active fire protection systems, together with the
uncertainties associated with these three features, and the importance of the structure
(the consequences of a failure).
At the present time, it is possible to undertake a performance based procedure for
determining adequate performance which incorporates some (if not all) parameters, and
to demonstrate that the structure, or its components, will give adequate performance in a
real building fire. Also in the procedure based on a nominal (standard) fire and the
related classification system, which calls for specific periods of fire resistance, an
overall structural performance with associated uncertainties is assumed to be taken into
account (though not explicitly). Options for the application of Part 1–2 of EN 1995 [80]
are illustrated in Figure 48.
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Figure 48. Design procedures according to EN 1995-1-2.

In this section, some methods and concepts for analysing non-standard fire exposure
conditions are shortly summarised.
The informative Annex F of EN 1991-1-2 [17] defines Equivalent time of fire
exposure concept. However, it is not applicable to timber structures because material
specific data has not been available. In this method, the equivalent time of standard fire
exposure is dependent on
-

the design fire load density
a conversion factor which is related to the thermal properties of the enclosure
a ventilation factor taking into account vertical and horizontal openings
a correction factor (function of the material composing structural cross-sections).

The principles of fire safety engineering approach for structural performance of timber
elements are shown in Figure 49.
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Figure 49. Design concept for structural performance of timber.

A cumulative radiation energy method [81] has been demonstrated in New Zealand to
predict failure times of wooden doors under different fire exposures. The method assumes
that the predominant mode of heat transfer in a fire compartment is by radiation rather
than by convection. The radiant heat transfer is therefore a function of the absolute
temperature T (K) raised to the fourth power. The severity of a fire can therefore be
quantified by calculating the cumulative radiation energy over the exposure time.

7.2 Charring and design fires
The heat flux (to which the building element is exposed) can be calculated according to
the following expression (including convection) for the standard fire curve

((

HF std = α c ⋅ (T std − T0 ) + Φ εσ ⋅ T std + 273 " C

) − (T
4

0

+ 273 " C

))
4

t
⎞
⎛
Tstd = 20 " C + 345 " C ⋅ log 10 ⎜ 8 ⋅
+ 1⎟
⎠
⎝ min

(7-1)

where α c is the convective heat transfer coefficient, Φ is the configuration factor, ε is
the emissivity of the surface and σ is the Stefan-Boltzmann constant. For non-standard
fire exposure, here named FSE curve,

((

) (

HFFSE = α c ⋅ (TFSE − T0 ) + Φεσ ⋅ TFSE + 273 " C − T0 + 273 " C
4

90

))
4

(7-2)
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where TFSE is a case-specific temperature representing the chosen design fire of the case
of concern. The standard temperature-time fire curve and an example of a design fire
curve (FSE) are shown in Figure 50. The corresponding heat flux curves are presented
in Figure 51. Integration of these heat flux curves over time results in cumulative values
of energy received by the building element as a function of time (see Figure 52).

Time (min)
Figure 50. Standard fire curve and an example of a design fire curve (FSE).

Time (min)
Figure 51. Heat fluxes of standard fire curve and FSE curve of Figure 50.

91

7. Timber structures and design fires

standard fire

Time (min)
Figure 52. Integrated heat fluxes of standard fire and FSE heat fluxes of Figure 51.

In the example case shown in Figure 52, the total energy received by the structural
element is just above 100 MJ/m2, which corresponds to the total energy in 30 minutes of
the standard fire curve.
The mean value of charring rate for a given period of time is dependent on the total
energy received during that time, which means that the resulting char depth during a
defined period of time can be calculated if the charring rate is known. The following
expression applies for standard fire exposure
⎞
⎛ t std
d std (t std ) = F ⎜ ∫ HFstd dt ⎟
⎟
⎜
⎠
⎝0

(7-3)

and for the FSE exposure
d FSE

⎛∞
⎞
= F ⎜⎜ ∫ HFFSE dt ⎟⎟
⎝0
⎠

(7-4)

where F is a function describing the dependence between char depth of a specific timber
product and the integrated heat flux for a given time (in the simplest case, F can be a
constant).
For the standard fire exposure, charring rates are well known. In cases where the two
curves do not essentially differ from each other, mean charring rate estimates for the
FSE curves can be made based on the standard fire value. For other cases, experimental
data close to the FSE curve of concern are needed.
The principles of the reduced cross-section method of EN 1995-1-2 [80] could be
used for calculating the mechanical performance of timber structures. The char depth is
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calculated as described above, and the material close to the char line is assumed to have
zero strength and stiffness. The strength and stiffness properties of the remaining crosssection are assumed to be unchanged. However, use of the zero-strength layer (d0) value
of 7 mm used in EN 1995-1-2 [80] does lead to unsafe results in the parametric fire
exposure cases of Annex A in EN 1995-1-2. Thus, more information is needed to take
into account correctly thermal and mechanical properties in the non-charred timber to
define d0 and its time dependence.
In FSE analysis char depth and zero-strength layer calculations based on standard fire
exposure charring rates and performance are safe side assumptions for cases when the
FSE exposure curve is under or only shortly exceeding the standard fire curve.
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8. Conclusions
For construction design fire safety is one of the key requirements. Fire loads, which
define the possible fires that can occur, need to be known both in magnitude and
quality. This report describes a simplified approach to fire characterisation that is based
on the concept of fire load entities. Design fires appropriate for use in Fire Safety
Engineering (FSE) design are generally valid and thus applicable also for building with
wood. In the approach used the initial fires are quantified using heat release rates which
are dependent on the usage of the building. Assessment of fire growth and spread is
based on the capability of the FDS fire simulator to make conservative estimations how
rapidly and to how large a fire may grow within a given space.
This report summarises the basics of performance criteria, fire safety engineering
process and procedure for estimation of initial fires and fire development. Design fires
for different occupancies are described in detail: sports and multipurpose halls,
dwellings, warehouses and shops. The used prediction methodology for heat release in
fires utilises the basic, measurable combustion characteristics, i.e. the heat release rate
per unit area and the effective heat of combustion. Also examples of use and validity of
the methodology are given.
At the end of the report key issues concerning timber structures under design fire
exposures are described with the idea to provide visions for future development by
utilising new possibilities in fire safe building with wood.
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