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Preface

This report describes design fires appropriate for use in Fire Safety Engineering (FSE)
design in general and thus applicable also for building with wood, of which some
specifics are described. 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.

At the end of the report key issues concerning timber structures and design fires are
described with the idea to provide visions for future development.

This report has been written within the European research project FireInTimber (Fire
Resistance of Innovative Timber structures). The project has been sponsored by national
funding organisations within the WoodWisdom-Net framework and by industry through
the European network BWW (Building With Wood).

Espoo 2010
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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/m?, 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.



1. Introduction

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:

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

e 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:

e 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”.

e 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:
e determination of the risk of non-performance of the solution

e comparison of this risk with a limiting risk value that has been agreed to
represent a tolerable risk.

11



2. Performance criteria and fulfilment of the criteria

2) Based on relative values:
e assessment of the risks related to the FSE design solution

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

e 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 single-
storey 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 p, 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 f, which for
normally distributed variables is related to the failure probability pyas

B=0"(1-p,) 2-1)
Pr= 1-0p

where @ 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

12



2. Performance criteria and fulfilment of the criteria

— 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 f Maximum values for p;
Consequence | Reliability 1 year 50 year 1 year 50 year
class class reference period | reference period |reference period | reference period
CC3 RC3 52 4.3 9.96E-08 8.54E-06
cC2 RC2 4.7 3.8 1.30E-06 7.23E-05
CCl1 RCl1 4.2 33 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:

D
2)

3)

4)

5)

Establish the design fires using the fire load entities.

Carry out the Fire Safety Engineering (FSE) analysis of the design that you plan
to have accepted, including the assessment of structural adequacy.

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).

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).

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.

13



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 | BUILDING (OR PART OF IT) |
ON THE
BASIS OF FIRE SCENARIOS
THE WORK - what bums, where & when - how many people are
- operation/operation failures threatened
of safety systems - what is the percentage of children,
elderly people, disabled
DESIGN FIRES ACCEPTANCE CRITERIA
- fire growth rate - maintaining tolerable conditions
- max. fire size (HRR, MW) for safe evacuation (heat & smoke)
- production of smoke & - ensuring operable conditions for
hazardous gases the fire department
- duration - other, if needed
TREATMENT OF UNCERTAINTIES: SENSITIVITY ANALYSIS
FIRE SAFETY
ENGINEERING ANALYSIS OF A FIRE SCENARIO
ANALYSIS - heat, smoke (fire simulation)
—_r incl. influence of safety measures T
- evacuation (evac. calculations)

IS THE RESULT SAFE?
ANOTHER INCLUDING SENSITIVITY ANALYSIS RE-
SCENARIO o . ANALYSE
- heat, smoke (fire simulation)
- evacuation (evac. calculations)
V4 & N
> ¥ -
deterministic probabilistic 1 risk-based
- for example: - for example: | - for example:
ASET > RSET + safety margin P[ASET < RSET] < Prarget | acceptable F-N -curve

—— YES | | NO |_’ 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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3. The Fire Safety Engineering design process

SCENARIO

!

DESIGN FIRE

i 1

FIRE SIMULATION < l

E 2

VENTILATION:
how much O; fire gets

. 4

PASSIVE FIRE SAFETY ACTIVE FIRE SAFETY MEASURES
MEASURES CHANGES IN first-aid exti ishi
CONDITIONS: - first-aid extinguishing

- load-bearing (R) ,ﬁ “ - fire detection
- compartments (El) ) s:'\e:l:e - smoke control

- reaction-to-fire - toxicit - suppression systems
- safety distances y - fire department

¥

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

. 4

=
n
>
-l
<
4
<
>
|:
=
=
N
4
1]
(2]

* 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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3. The Fire Safety Engineering design process

In assessing whether the results are safe (the analysis part of the diagram of Figure 1)
the following abbreviations have been used:

o ASET = available safe egress time
o RSET =required safe egress time

e F-N curves are frequency-number plots, showing the cumulative frequencies (F)
of events causing N or more losses (fatalities, injuries, etc.).

16



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.

e 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.

e [t 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.

e 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).

17



4. Basics of the estimation of the design fires

— 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 ~ # dependence where the
power p is usually 2; after the growth phase at time ¢, the fire burns at a steady HRR
until time #, 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(-(¢-¢,)/ 1), where 7
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”,,.x). Similarly, with respect
to the total heat released during the burning is the total energy released per unit
area of the WS (¢”).

18



4. Basics of the estimation of the design fires

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 fractiles' of the characteristic fire parameters are
selected as the ones that are used to describe the fire load entities.

10
i Ohlemiller et al. 2005: WTC-workstation, 6 m?
8 +
L Ohlemiller et al. 2005: generic workstation, 6 m?
—_— /
E 6 + ‘\ Madrzykowski 1996: 4-panel workstation, 3,8 m’
14 \ Madrzykowski 1996: 2- or 3-panel workstation, 3,8 m?
o 4 y! P
I \\,\‘\ Madrzykowski & Walton 2004: 3 m?
i A\\ \‘\ Kakegawa et al. 2003: 1,5 m?
1 \ O
2T RS
0 4 .
0 10 20 30 40 50 60
Time (min)

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

—case-11: no desk partition, no suppression
"""" case-12: with desk partition, no suppression
= = -case-14: steel type desk, no desk partition, no suppression

3 1 ]

Case-11,

HRR (MW)

0 300 600 900 1200 1500 1800
Time (s)

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

! High fractiles are used for HRR” .., ¢” and rand low fractile for ¢,.
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4. Basics of the estimation of the design fires

Table 2. Parameters describing office workstation fires.

o]
<
o
~N ™ ﬁ c
- |« |= |8 |2 |2f|28 |83 |58
o o < 0 0 wo |l lwuh | vy =8
© c © c © c = o oc oc | o8 (LT c
32 38|38 |R |& |RE|RE R3¢ S
TEICE|TE | | | S8 EE g8 %8 B
T2 (8% | 8€(5 |5 |sE|sE|vE | 6% 3
20 20 20 © © « O « O [ ﬁ - [e] ©
3183|1833 2 221231 2% 1204 |
T | 20 | D0 | ST | SN =L | EL I ES| >>| O ]
Ne | Nec | De | DT | DL |ES | ES | ET | NE | &8 | T
38|85 |35 58 38 |25|25 283 |¢ |&
Sd |26 | =4 (2828|668 |68|62 =282 |
p 2 2 2 2 2 2 2 2 3
L, (s) 225 220 115 150 120 160 200 130 255 | 175 | 51
HRRax 3100|3800 | 6800|1600 | 1900|6800 |5200 8000|3300
(kW)
t (s) 396 429 300 190 165 417 456 368 380
t, (s) — | 450 | - | 240 | 220 | - - _ _
7(s) 380 210 190 480 600 660 660 360 480 | 447 | 177

Qiot (MJ) 1587|1422 | 1972 | 958 | 1358 | 5444 | 4225|3907 | 1916

Dess (m) 219 | 219 | 219 | 138 | 1.38 | 275 | 275 | 275 | 1.97
Ap (m) 3.78 | 3.78 | 3.78 | 1.50 | 1.50 | 595 | 595 | 595 | 3.04
:(w;‘"‘za)x 820 | 1005|1799 | 1067 | 1267 | 1142 | 873 | 1344|1086 |1156| 294
q" (MJ/m?) | 420 | 376 | 522 | 639 | 905 | 914 | 710 | 656 | 630 | 641 | 188
7(s) 380 | 210 190 | 480 | 600 | 660 | 660 | 360 | 480 | 447 | 177

Qiot (MJ) 1587|1422 | 1972 | 958 | 1358 | 5444 | 4225|3907 | 1916

Dess (m) 219 | 219 | 219 | 1.38 | 1.38 | 275 | 275 | 275 | 1.97
Ap (m) 3.78 | 3.78 | 3.78 | 1.50 | 1.50 | 595 | 595 | 595 | 3.04
HRR" ax

¥ 820 | 1005|1799 | 1067 | 1267|1142 | 873 | 1344 | 1086 |1156| 294
(kW/m?)

q" (MJ/im? | 420 | 376 | 522 | 639 | 905 | 914 | 710 | 656 | 630 | 641 | 188
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Figure 5. Example of statistical analysis of office workstations: a) HRR/m?, b) total heat release/m?,
c) HRR growth time factor ty and d) HRR decay factor 1. (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/m?]) 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 p [kg/m’]

— specific heat ¢ [JK 'kg']

— thermal conductivity k [WK'm']

— ignition temperature T, [°C]

— timing of the ignition and early HRR evolution: ignition time #;, [s] and time-to-peak
HRRPUA ¢, [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 Ounit [MJ] that a fire load unit can release in the fire and the fire load density ¢”
[MJ] that nowadays is expressed per floor area of the space considered.

The energy Quni that a fire load unit can release in the fire is a weight averaged product
of the effective heat of combustion AH, ,, and the mass M, of the k=1, 2, ..., K
combustibles in the fire load unit

K (4-1)
Qunit = Z (Dk ' AHC,@/f,k : Mk
k=1

where the proportions sum up to unity i(p,C =1. The effective heat of combustion
AH,, . differs from the heat of combustidn AH , by a factor y taking into account
that in fires the combustion is rarely complete. Typical values suggested to the factor y
range around 80 %; a safe-side assumption is to set the factor y = 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].

Fart 3 — Data — International Fire Engineering Guidelines

Solids Caforrﬁr_: value Plastics Calorific value
(MJ/kg) (MJ/kg)
Anthracite 34 ABS 36
Asphalt 47 Acrylic 28
Bitumen 42 Celluloid 19
Cellulose 17 Epoxy 34
Charcoal 35 Melamine resin 18
Clothes 19 Phenol formaldehyde 29
Coal, coke 3 Polyester 31
Cork 29 Paolyester fibre 21
Cotton 18 reinforced
Grain 17 Polyethylene 44
Grease 41 Polystyrene 40
Kitchen refuse 18 Polyisocyanurate foam 24
Leather 19 Polycarbonate 29
Linoleum 20 Polypropylene 43
Paper, cardboard 17 Polyurethane 23
Paraffin wax 47 Polyurethane foam 26
Foam rubber 37 Polyvinyl chloride 17
Rubber isoprene 45 Urea formaldehyde 15
Rubber tyre 32 Urea formaldehyde 14
Silk 19 foam
Straw 16 )
Wood 18 conversionacior 1MJIKg = 430 Btusib
Wool 23
Particle board 18

Conversion factor:
1MJ/kg = 430 Btu/lb

4.3 Propagation of fire to other igniting objects

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

e heating due to direct heat radiation from the flames of the first ignited item
e 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/m®
heat exposure while others may sustain 40 kW/m?, 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.
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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:

dT, 1

Y (4-2)
?_T(Tg Td)

where T, 1s the sensor temperature [°C], T, is the temperature of the hot gases and
flames from the fire [°C] and zis a time constant [s]

_R1T (4-3)

N

where RTI [m"?s"?] is response-time index of the sensor and u is the flow velocity of

r

the hot gases. The simplest method to assess 7, and u is the use Alpert’s [11]
correlations

NoRs 4-4
-1, =297 Ghenr<o0,18, 4
© H /3

{o/r)" (4-5)

RS . L K
) 3 (4-6)

u=0,96- [EJ , when r <0,15H,

LAV g2 4-7
u= 0195-0 " -H ,whenr > 0,15H, *-7)

5/6
B

where T, [°C] is ambient temperature (typically 20 °C), O is the heat release rate

(HRR) [kW], H [m] is the height from the fire origin to the ceiling and » [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:
yu(t,)

T,(t, +t.,,) :Td(tk)+W(Tg(tk)_Td(tk)xtk-ﬂ ~1,).

(4-8)

The sensor activates when its temperature reaches its activation temperature 7,.,.. When
RTI index, T, and r are known, the sensor activation depends on the HRR growth time
factor ¢, and the distance between the fire origin and the ceiling /.

A smoke detector can be modelled as a fast low-temperature-activation heat sensing
device. For heat detector, the following parameter values are typical:

e RTI=50,..., 150 m"*s"? [12]
o T,,=57°C or higher [13]
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o 7 =0,..., "maxn, Where r ~,/A,/2 =4 m is the maximum distance of the

max,h

heat detector from the fire determined by the maximum protection area
(4, = 30 m®) of a heat detector [13].

For heat detector, the following parameter values are typical:
e RTI=5,..,10m"%s" (uniform distribution) [§]

o T, =T, + AT, where AT, =13,..., 20 °C (applicable distribution is the uniform
distribution or the more elaborated one given in ref. [10])

e =0, ..., "maxs, Where r ~ 1/AS/Z ~ 5,5 m is the maximum distance of the

max,s

heat detector from the fire determined by the maximum protection area
(4, = 60 m?) 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

e slowing down the fire growth
e reduction of the peak heat release rate

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

e 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 #,, €.g., using the formulae given in 4.5.
2. Look at what is HRR at the time #,, Q(taa ).

3. The design HRR, Q,, is obtained by doubling this value Q, =2xO(z,,,
the fire is assumed to burn on the design HRR until the end of calculation.

), and

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. an average person with an extinguisher
2. atrained fire brigade

3. an average fire department

4. the strongest fire department.

The results can be summarised as follows:

e “an average person with an extinguisher” is likely to be able to extinguish a fire of
size of ~2 m®

e “atrained fire brigade” is likely to be able to extinguish a fire of size of ~ 5 m’

e “an average fire department” is likely to be able to extinguish a fire of size of
~50 m’

e “the strongest fire department” is likely to be able to extinguish a fire of size of
~ 100 m’.
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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.

e Pole vault and high jump mattresses

e Miscellaneous wooden items that may be treated as

— wooden cribs
— wooden pallets.

e Vehicles used for service purposes

e 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).

e Gym bags

e 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.

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

e the audience stands are larger than in training halls

e 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

e cexhibition booths that — if constructed so that they form an enclosure — may
cause a severe, local flashover fire

e 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/m?). 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 x 4.3 m* (14 m?). If the chosen room would have a height of 2.6 m and
a floor area of 4 x 5m? (20 m%), the multiplying factor would be 4.3! The values
presented in Eurocode 1 were possibly chosen to be definitely on the safe side.

30



a) 100 %
80 %

60 %

Distribution

40 %
20 %

0%

b)

Density distribution

5. Design fires for different occupancies

0 20 40 60 80 100
Fire load density (kg/m?)

whole dwelling
dwelling’s furniture
living room
bedroom

kitchen

Eurocode 1 (whole dwelling)

0,
15 % whole

dwelling °
furniture v
living room

10% + W\
kitchen

bedroom
Eurocode 1

|

[

I

5% T |
!

I
)

0%

Fire load density (kg/m?)

(whole dwelling)

100

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 (mz).

31



5. Design fires for different occupancies

a) 100 % —— whole dwelling
80 % + — - dwelling’s furniture
- — living room
L 60% T
5 — bedroom
2
‘E; 40% T ~ kitchen
A — .
20 % + Eurocode 1 (whole dwelling)
0
0% E—
0 500 1000 1500
Fire load density (MJ/m?)
b)
15 %
whole
. dwellin
furniture | v g
g \ living room
g 10% T+ W\
=
e} |
2 I
2
o I
2 5%T |
2| I Eurocode 1
o | (whole dwelling)
0 %
0 20 40 60 80 100

Fire load density (kg/m?)
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Table 5. Key figures of fire load density distributions.

Whole Dwelling’s | Living
dwelling | furniture room Bedroom |Kitchen

Holm ja Oksanen [16]

A E 247 354 505 511

value

80 %
q" (MJ/m’)  fractile 443 300 422 670 574
Eurocode 1 [17]

Average 730 ) ] ] _

value

80 %
Q" (MI/m®)  fractile |00 - - - i
USA, 1970’s [21]

Average 320 ) 350 390 290

value

80 %
Q" MIm)  fractile |+ - 430 485 415
Canada 2004 [22]

Average 445 ) ] ] _

value

80 %
qQ" (MJ/m?)  fractile 565 - - - -

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
3040 % 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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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. Estimation® of fire load in apartment buildings in Finland.

Whole Dwelling’s | Living
dwelling | movables room Bedroom | Kitchen

Average value 509 321 460 656 665

q" (MJ/m®) |80 % fractile 575 390 548 871 747

2 1t 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:

e 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.

e 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
oo f . Expert evaluation
- ’ . .
_ 12000 | FDS variations
=
=
@ 80007
©
=
4000 T
0 R H " + }
0 10 20 30 40 50 60
time (min)
c) d)
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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:

2 _510.FF.-PF-SF-FC- M (5-1)
kW kg

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:

Factors | Description Values for specific materials

FF Fabric factor 1.00 for thermoplastic fabrics (e.g., polyolefin)
0.40 for cellulosic fabrics (e.g, cotton)

0.25 for PVC or polyurethane film-type coverings

PF Padding factor 1.00 for polyurethane foam, latex foam or mixed materials
0.40 for cotton batting or neoprene foam
CM Combustion mass User's input
(kg)
SF Style factor 1.5 for ornate convoluted shapes

1.25 for intermediate shabes
1.0 for plain, primarily rectilinear construction

FC Frame combustibility | 1.66 for non-combustible frames
factor 0.58 for melting plastic
0.30 for wood

0.18 for charring plastic

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 F'C 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, 1020 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/m?).

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 