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Introduction

The cost of fire-protective measures of an ordinary Swedish office
steel building constitutes a substantial percentage of the totsl

cost of the load—carrying system.

The percentage allocated to secure a fire safe building wust be
related to the degree of sophistication inherent on one hand in the
normsl temperature design, on the cther hand in the standard Tire
resistence design. The discrepancy is obvicus. The basic rules de-
termining the standérd fire design procedure are derived by Ing-
verg /1/ in his piloneer burn-out experimenté during the 1970%s. Eva-
Juation of these tests led to the still universal standard design
methed of measuring the fire resistance as endurance time in a fur-
nace test-with fixed temperature—time curve. The endurance time
required by the code specifications is in genmeral related to only
one of the parameters governing the fire behavicur, the fire load
density. Ingberg in his experiments observed the influence coming
from the ventilation conditions of the fire compartment bul made

no effort to evaluate the actual effect.

After these early Fational Bureau of Standard experiments, the next
major developments in this area were ¢ come from Japan. Fujits
started his work in 1940, and his studies wers continued by Kevagoe,
Yokoi, Sekine and others (see e.g. /2/, /3/). The Jppenese were

the Tirst to mszke an investigation of the gas flow and energy ba-
lance conditions of a compartment fire. The first report written
in English was issued in 1958 /2/ and not widely distributed. The
first explicit stabements of a hest balapes model of the compart-—
ment Tire process were made in 1963 /3/. /5/. These two independent
studies by Kawagoe — Sekine and Qggggﬂpresented similar computa—
ticnal models of the naturai, fully—developed fire behavicur. The
1960's meant & heavy increase of the research activities in this

area with majdr studies e.g. performed at Fire Research Station,

London by Thomaz, Law, Heselden and co-workers 177-

Regarding the over-—all structural design problem, Petigrsson in 1965

presented e comprehensive state-of-art review /6/. As a result of
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this study a design model was proposed, based on the natural fire
behaviour and on the actual response of structursl materiels and
structural components to fire exposure /6/. See Figure 1. In con—
sequence, the Swedish Building Code from 1667 {SEN 67) explicitly
permits the more advanced designed procedure sketched in Figure 1.
So far Sweden is the only country allowing a general application
of such a design system, but there are manifest signs indicating

an international development according to the outlined principles.

It is e%ident that & change form one desigo model {standsrd fire
endurance test) to another (the differentiated model in Figure 1)
is only motivated if the latter procedure results in final relia—
bility levels that are improved with respect to uniformity or con-
sistency. Of the different components of the design model given

by Figure 1, the theoretical analysis of the compartment fire pro~
cess has intermationally been given speeial interest and discussion
in detail. The first three papers /A/, /B/, /C/ are devoted to the
problem of establishing a determiniztic model of the complete wood
fuel fire process. The last paper /D/ presents a systematized pro-
cedure for a probabilistic analysis of the structural safety of
fire exposed load—carrying steel components. An important part of
this paper will demonstrate how the final system uncertainty may

be decomposed into a sum of component uncertainties, making it pos—
sible to discuss the reliability of the proposed fire process model.

within the frame of the over—all reliszbility.

A Theoretical Model of Compartment Fire Behaviour

The heat— and mass~balance model of the compartﬁent fire process

derived by Kawagoe - Sekine and Odeen is shown in Figure 2, where

IC = rate of heat release by combustion,

IL = rate of heat loss by convection in the openings,

Iw = rate of heat loss through bounding walls, floor gnd ceiling,
IR = rate of heat loss by radiation through the opening.

)
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Figure 2 Tilustration of heat-and mass-balance eguation

The gastemperature—time curve of the fire progess is given in &
step by step solution in time of the cguation

o= Iyt I A

+

When Thelanderssen’s and the author’s study sterted in 1963, no

valid connection had been obbtained between the commlete netural

fire process (the decay or cooling dowm veriod included) snd the
constructed heat belance models. OF the four tevms in Bg. {i),

Iw and Iq are of miner importance and sre described with
F

cient eccuracy by classicel hest transfer formulas. More difficult

to snalyze are I_ and I_. Kawagoe - Sekine /3/ computed 1 by assu-
] L

ming fire compartment openings with a neutral pressure level and

a constant pressure gradient. With these assumptions, the gas flow

was shown to be preperiional to the ventilation factor AVE, where
A = ares of openings {doors, windcws)

b = an aversged height of these openings.

Assuming the combustion to be controlled by the ventilation, the

maximen rate of burning Rmax could be evaluated

5/2) (

3k}

T - — S
Rmax/A;h =5 - 6 kg / (min'm



The metual gastemperature-time curve comprising an ignition, flame
and cooling down phase was replaced by a time curve computed on
the basis of a constant rate of burning = Rmax for a duration

M/Rmax’ where
M = the origiral amount of combustibles in kg

The decay period was simulated by prescribing fixed linear rates

of tempersture decrease. In a later publication from 1967 /L/, the
conservatism of this approximation was acknowledged and an effort
made to compute the decay part of the process. There was no attempt
to correlate experiment and theory and as a conclusion, it was
stated that "if the safety duration is necessary, it should be added
on the fire durstion .... instead of inclusion of unreasonable and
uncertain decay line into the estimation of temperature time curve”.
In a design procedure, these curves were to be used by eguating areas
above a certain threshold velue of the gastemperature, i.e. prinei-
pally the approach used by Ingberg. The ffdeen studies were aiso
based on constant rates of burning R, with no coupling between R

and size of ventilation factor Avh.

THe natural way of imprnving our knowledge of the temperature-time
curve of the fire process is to take a closer look at the basie
physical and chemical laws governing the process. A depressing array
of basic unsolved combustion and heat transfer problems immedia- .
tely materializes. Some of these lacking relstions are listed in a
recent survey paper by Fmmons /8/.
- general equations for the flow of multicomponent gas mixtures
with heat conduction, diffusion, viscous friction, and radia-
tion exchange - )
- general cquation system for the movement of reacting pyroiysis

preoducts through a piece of partially decomposed wood

Ag a consequence, it will soon be sbundantly clear to the ambitious
researcher that "when we observe that all these phenomens ccour
intimately intermixed in a complex geomebry, an expert in any field
immediately sbandons fire to the hapless and returns to his special-

ty Tor a "reasonable” problem".



This remerk refers to the over-sll environmental analysis of Fire
initiation and spresd. Looking at fire from =a structural enginesring
point of view {see Figure 1) many detail problems are of negligible im-~
portence due to the fact that our attention will be limited tc the
stesdy buruing of a fully developed compartment fire and its im-

pact on structural components. Bub even with this restriction, we

are forced to recognize that our kncwledge of the heat transfer and
ccmbustion phenomens iteking place admits omiy a simplified analysis.

To the author’s knowledee, there is only one paper taking a more ad-

vanced equilibrium combustion theory into /i0/. The puper
does not include any correlations between Theory and experiment.

At the same time, a systematic approach bazed on experimants 1s met
with difficuities. The number of variables. some of which interact
in an unknown way, implies thal the necessary guantity of tests will
be prohibitive. 211 these Tactors led to the conclusicn thet =
simplified theorstical approach was justified and, as a matter of

fact, the only possible aslternative.

The greastest uncerteinties in Eq. 1 were related to the term IC
and, to & smaller extent, to the term IL' %egarding 'IC, both its
instantaneous valus and the time integral Jl cht are unknown. T
latter quantiiy determines the average deg?ee of complete combustion

or the average effective heat value of the fuel, The time curve

of Ic veries in a complex way with a mumber of Taz . There ere
three main parameters governing the hehavicur of the natural com-—
part;ment rire: size and Torm of vertilation cpenings, smount of
combustible material snd the fire expogurse geomeiry. mainly porosi-
ty and specific surface arsa, of this meterial. For su

small valunes of the ventilation factor &vh combined wi

of the fire load, or rather fire ewposed surface area

tensive best series have shown that the maximm rete of turaing

Rrax is approximately given by Eg. 2, which was derived by thecrsti-
%
el cowbustion analysis. The process is celled Trenti

- s R . . .
trolled”. For larger values of the ratio 4vhfh, where the available

T
air supply is no longer the limiting feetor, the rate of burning
will be determined by the specific interrelated fual bed properties
sueh as average thickness, particle size and poroeity. In thie
Mruel bed controlled” regime, the maximum rate of burning furing

a fire process can vary from almost zerc Lp to the valus given



by Bg. {2). The value of Af/AJE denoting the transition point is
fluetuating ever if the type of fire load is restricted %o cribs

of wooden sticks /11/. If fire loads with a more authentic eXpo-
sure geometry, such as furniture, are included, the difficulty in
predicting the actual maximum rate of burning will incresse. Hven
with known maximum rate of burning Rmax’ our incomplete knowledge
of the pyrolysis and combustion processes governing the effective
heat release would still make the corrvesponding value of IC’ IC,MAX’

to some degree unknown.

Ie, Max ' ¢ T,

1000 +

Figure 3 The time variation of rate of energy release IC and gag-
temperature Tf for the ventilation controlled (:) Pire
process and one of the possible processes in the fuel
bed controlled regime (:). IC, way = the meximum rate of
energy release for the ventilation-comtrolled process

The consequences of different fire behaviour are sketched in Figure 3,
where two possible © -~ IC curves are shown for a given combination of
fire load ¥ in kg and ventilation opening. Assuming that the maximus
level of curve 1 is determined by the rate of air supply, it follows
that this curve corresponds to a ventilation controlled fire process.
If the geometric properties of the fire load display are changed in

such a way that the process becomes fuel bed controlled, see curve




2, the maximum level of Ia will be lower but the duration longer.

As a first spproximation it may be assumed that the transformation
does not change the average degree of complete combustion, implying
that the time integral J cht is regarded as a constant. The change
from curve 1 to curve Eocould be produced e.g. by an increase in
the average thickness of the fuel. Obviously, ohe of the main pur-
posee with an analysis of compartment fires. must be to investigate
which I -curve is valid for the individual combipation of ventila-

C
tion opening, fire load density and fuel bed display.

Turning our attention to the ventilation term IL’ earlier investi-
gations of the gas flow conditions in the compartment openings were
velid for the flame phase of the ventilation-controlled burning /2/.

In an examination paper by Ahlquist and Thelandersson /9/, the de-

pendence of the gas flow on the rate of burning was examined in
detail. The assumption of a constant pressure gradient was kept un-
changed. Coupled with a compubter program of considerably lncreased
general validity, the problem could now be tackled in the follo-

wing way:

For tests with sufficient data for a calculation with the equation
of heat balance to be possible, a time graph of Ic was chesen on
trial. On the basis of this e time-temperature curve was calculated
and compared to the measured temperatures. If needed, the time
graph of IC was changed and used for a new calculation. This was
repegted until the calceulated and measured time—temperature cur-
ves were in agreement. Such comparative celculatioms were in /1/
performed for some 30 full scale tests. For all trials of a cer-

tain test, the time integral of IC was to be equal to a constant

value M-ﬂeff’
o

T = M- {
JLC At = MW, (3}
[+]
where

M = comtents of combustibles in kg

weff = effective average heat value

By neglecting the possible combustion taking place ocutside the com-—

partment and taking the value of weff = the nominsl heat value, cor—

)



rected with respect to the humidity contents, it was for all 30

tests possible to determine & © -

I ks leading ¢ lose co—
* TC curve, leading to a closs co

incidence between theoretical wvalues and the curve rapresenting

the meximum experimentel Fire compartment temperature. A typleszl

similation result is shown in Figure U4.

°c ¥f
1200
1000
800
E00
400
200
0 13 L L} T F H L3 E] i
o 0z 0& 06 08 iC .2 14 1.6 h )
I Ml/s™ @
10 4
8 -
5 4 63,1 1
4
2 - ZA,S“J’.,IW
?EZIZT;\\\““\
i
1] T T Y e ——— 7
il 0z {4 08 08 1.0 1.2 L4 1.6 h
b

Figure % a) Measured (dash-lire curve)} and computed (full-line cur-

ve) gastemperature-fime curves for a full-scale test, car-

ried out at Fire Research Siation, Boreham Woeod, and cha-—

racterized by

an opening fector AJE/At = (.061m

b) Computed corvesponding time curves for I,, I
C

(1) /B/

IR in Eg.

. 2
& fire load g = 60 kg/m” floor ares and
1/2



Considering the wran test specification and testing laborato-

ries, which exciudes any possible bias due to specific testing cir-

cunstances . mst be seen as a confirmation of the va-

1idity of

cussions are performed regarding the translation

In /L) some

Tzetor rate of burning - rate of energy release, the dependence of

rature~time curve on thickness and porosity of fuel,

ce of the smme curve on varying thermal properties of

lpor and ceiling, the influence of horizontal

The agreswent betveen theory and experiment must be connected to the

uvncertainties izherent in the analysis. There are two basiec uncertain-

ties:

- the varisbility in accepting or rejecting a trial simulation by
means of eye inspectlon only

- indeterminecy in the physical model deriving from the insensitivi-
ty of the computetionail procedure to & simulianeous proportional

change in I, and M-W__
£ L B e

The problem of Pinding the optimum time distribution of the rate of
energy release may be transformed from the area of subjective esti-
mztion to a objective assessment by use of some of the minimum-see-

programming. Regarding the second

sl
physical measurements ol IL and M'weff

to reletively large errors. The value of the term

degree of complete cowbustion. Equating weff
hieat value iwplies an assumption of perfect com-

ana vormed (see e.g. /2/) indicate that

may be in the range O — 20 per cent.
The gas flow term IL on & contraction coefficient, which

is krown with approximately the same degree of accuracy as M'Weff'
It follows that acceptabie agreement between experimental and theo-
retical zastemperature—time curves may be obtained simultancously
as Eg. (3) ic zstisfied for different combinations of LA time
curves of IC and IL. The sbsolute values of IC’ IL’ IR and IW given
by Figure 4 must be seen against this background.




Using the results from the comparative caleulations, generalized
rate of heat release-time curves were constructed for the complete
ventilation controlled fire process with fire load of wood-fuel
type. With these curves as a basis, gastemperature-time curves
were computed for a systematic variation of fire load density,
opening factor A/E/At end type of structure. At = total surface
of surrounding structures (walls, floor and ceiling) bounding the
fire compartment. The computed curves, exerplified in Figure 5,
are accepted by the Swedish National Board of Urban Planning as a
base for a differentiated design of fire-exposed structural ele-

ments.

Publication /B/ and /C/ may be seen as a sequence to /A/ and dis-
cuss in some detail the genersl validity of the vemtilation comtrol—
led desigr curves. In particular, it is investigated how the trans—
formation from the ventilation controlled to the fuel bed controlled
regime influences the different terms in the heat balance eguation.
The problems associated with a determination of the rate of energy
release IC have been touched upon earlier., Regarding the rate of
gas Tlow, Thomas et al. /T/ pointed out that the assumption of constant
horizontal pressure gradient will no longer satisfactorily describe
the situation as the opening area-grows larger. For openings larger
than a certain size, the vertical acceleration of the gases will have
to be considered, which means that the horizontal pressure differen-
ces and velocities decrease. In this ares, the mathematical models
of the physical opening size and gas flow has to be determined em-
pirieally.

b,
Fifteen full-scale tests form testing laboratories in England and
France are theoretically analyzed together with some small scale
tests performed at LTH by Nilsson /11/. This analysis generally
confirmed the value of a numerical simulation ss a tool in dis—
cussing the natural fire behaviour. In particular, it was demonstra-—
ted how the simulation method permitted an empirical investigation
of to what extent different parameters influence the rate of bur—
ning and rate éf gas flow and consequently the gastemperature-time

curve. The following is & summary of the general conclusicns.

~ For fires where the fire losd consists of wood sticks piled in

11
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cribs the comparative theorestical analysis has given results that
can be formulated in this wey: As a rough estimate, the process

of fire development ceases to be ventilation controlled when

M/avh & 175 kg-m_5/2 or

M/ (rAYT) € 17000 kgom /2

where r = the average hydraulic radius of the fuel

- In this area, the fuel bed controlled regime, the mean rate of
burning for all the full scale tests is approximately propor-—
tiopmal to M and M/r. The rate of burping for the irdividual test,

however, can considerably diverge from the mean value.

Swedish tests with the fire load consisting of furniture and with
-5/2

M/A/E < 175 kg'm have in a number of cases resulted in a ven—

tilation comtrolled process of fire development.

- The rate of gas flow out of openings is proportional to AvR as
deduced by Kawagoe. For compartments with large openings and a
rather small fire loed, there is a reduction of this proportic-
nality but only to a factor 0.7 - 0.8 for openings up to A/E/At =

= 0.12 m1/2.

We are primarily interested in the natural fire behaviour from the
standpoint of structural engineering. The important thing must be
to snalysze how, for a given design parameter combinastion of opening
factor Aﬁﬁ/ﬂt and Tire load density, the structural impact of the
fire exposure changes with possible fire developments deviating from
the ventiletion-controlled design curves. The problem was penetra~
ted in /C/ and it was demonstrated that for fire-exposed insulated
structural steel members, the maximum steel temperafure was to a
high degree insensitive to changes in combustlon characteristiecs.
The maximum steel temperature is obtained from the two pessible
fire exposures shown in Figure 3 by an integration procedure, where
differences in gastemperature level and 3urasbtion as a rule largely
compensate each other. The size of the counterbalancing effect de-
pends on choice of reference structure. For an uninsuisted steel
structure, the use of the ventilation—controlled design curves wili

in some ceses give result markediy on the conservative side.

13




A possible way to decrease the degree of conservatism is shownm by
Nilsson /11/. He used the described simulation approach to analyze
a large number of small scale burn out tests with wood~cribs as
fuel znd was able to describe and differentiaste the complete T - IC
curve with respect to size of ventilation cpening, amount of fuel,
piling density and woed stick thickness. 1T fuil scele calibration
burn-out tests with authentic types of fire loed ars carried cut
and it appears that realistic fire loads in offices, schools, ete.
may unambiguously be represenied by equivalent values of piling
density and wood stick thickness, then the results in /17/ can be
used to theoreticelly calculate the gastemperature—time curve for

the actuasl fuel-bed controlled fire process.

Summing up, & asimplified theoretical model of the complete fire
process has been developed. The relevance of the model to the natural
fire beheviour has bDeen demonstrated in about 150 simmletions of
small- and full-scale burn—out tests. Toe model hes advenced our em-
pirical knowledge of a very complex process and made possible a
rational structural Pire desiszn model, based on the natural fire

process.

Probsbilistic Analysis of Fire Exposed Stesl Structures

A large amouni of work is presently in progress regarding the opti-
mun level, in an econcmic sense, of the over—all fire protection of
buildings. Structural damages cen b2 prevented or Iimited oy many
measures, such as compsrtmentation, instellation of detectors and

sprinklers, reducing the attendance Hime of the fire brigade etc.
> £

i

Among those steps tzken to reduce the fire damsge, the cldest and
most evident one is to increase the Tire endursnce of the individasl
structural member. For a high-riss building, the fire endursnce

wust reach the level where the stfuctural integrity of the building
is maintsined ever during the most severe fire possible. Fer sco-
nomic ressons, though, the Tire endurance cannot be unlimitedly
high. Some element of risk, however small, has to be anccepted.
Evidently, there is a need for a reliability analysis that mskes

it possible to identify this risk of structural collspse by fire

1k



and compare with the risks due to other kinds of catastrophic

events.

This need has been accentuated by the different design rationales
or systems put forward during the last few years. Particularly
interesting in this connection is the differentiated Swedish method
of Figure 1. The special attention derives partiy from the fact
that for the first time the new developments have been transformed
into a ready-to-use design manual /12/. The manusl is to be pub-
lished during November 1474 and will, with the aid of charts,
diagrams and tsbles, permit the practising engineer to make a ra-
tional design of fire-exposed steel structures. The method is based
on the load factor concept, and as in any other design procedure,
the choice of neminal loads (fire load density, live and dead load)

and load factors will determine the final safety level.

The paper starts by Gescribing and exemplifying the new design
method. An elementary survey of probabilistic methods (first-crder,
second moment theories) used In normal structursl design is given.
(&n explanztion and derivation of basic probabilistic concepts

are given in /13/).

The safety analysis of fire-exposed structures begins with the pro-
cedure critical in every relisbility evalustion; the aszessment of
underlying uncertainties. The paper presents a genersl systematized
scheme for the identifiecstion and evalustion of ihe varicus sources
and kinds of uncertainty possible for & fire—exposed building com—
ponent. With the basic data varisbles selected {type of structural
element, type of occupancy), the different uncertainty sources in

the design proéedure are identified and dissembled in such a way

that availsble information from laboratory tests can be utilized

in a manner as profitéble as possible. The derivation of the total
or system varimnce Var(R) in the load-carrying capacity R is -divi-

ded into two main stages:

- variagbilit T in maxim teel temperature T for =
variab ¥ Var{ max) in al s tempers e 5
given design Tire compartment

- variability in strength theory and material properties Tor known

value of T
max



Consecutively Var(Tmax) is decomposed imbto three parts:

- equation error in the theory of compertment fires and heat trans-

fer from fire process to structursl component,
- vapiability in insulation material characteristics,

- pesgible difference bhetween Tmax obteined in lsboratory tesis

and in a resl ssrviece condition.

In step mumber two, uncertainty in R for a given maximum steel tem—

persture is, in the same way, broken down into three parts:
- variability in material strength,
- prediction errcor in strength theory,

- difference between laboratory test and a real life fire exposure.

These uncertainty terms must be superimposed ‘upen the basic varia—
bility due to the stochazstie cheracter of fire load density. Mean
and variance of lead effect S are evaiuated using results Trom pub-

lications covering the non—fire loading case.

To get appliszble and efficient finsl sefety measures, the reliebili-
ty calenlations are illustrstad for the struoctural compenent, where
the strencth and defermation theories predicting the member perfor-
mance under fire sxposure seem most complete: ap dinsulated simply
supperted steel beam of I-cross section as a part of a floor or

roof assembly. The chcsen statistics of dead and live load and fire

load density are representative for office buildings.

The component variences are quantified, whenever possibel by com-
paring the design thecry with experiments. System variance is
evalueted in two ways: by Monte Carlo simulation and by use of &
truncated Taylor series expansion. Employing the Monte Carlo pro-
cedure, the mean and variance of R and S have been computed for
different values of venmtilation factor of fire compartment, insu-
lgbion parameter ® and ratic Dn/Ln’ where Dn = nominal dead and

LH = nominal live load@ used in the normsl temperature design. The
second moment relisbility as a function of these design parsweters
is evaluated by the Cornell and Esteva-Rosenblueth safety index

formulations /13/.



The accuracy of the distribution-free second moment theories to
uniquely define the reliability is touched upon, and the varia-
tion in safety-index value with varying uncertainty measures

cheracterizing the insulation and the degree of complete combus-—

tion is examplified.

The Taylor series expension method is compared with the Monte Carle
method and demonstrated to give surprisingly gcod agreement. The
mathematical structure of the partial derivatives method makes it
natural to use it as a basis for a closer investigation of how the
total uncertainty in e.g. load-carrying capacity R varies with the
uncertainties arising from different scurces. Such information is
necessary in a systematic study of how to economically opfimize

the avoidance of a structursl failure.

Table 1 gives an example of such a decomposition. Of special in-
terest is the variability inherent in the largely empirical design
gastemperature-time curves of Figure 5. The varisance of these curves
was measured by comparing design maximum steel temperatures with
the corresponding experimental values for 97 natural fire-exposed
insuleted steel columns. The comparison was made for well-known
tﬁermal characteristics of the insulation material, but includes
scatter due to the approximate heat transfer theory used in com—
puting steel temperature values. From Table 1 it may be deduced
that the uncertainties deriving from ventilation-controlled gas-—
temperature—-time curves is of minor importance for the Tinal safe-

ty index value.

The fellowing section turns to the problem of comparing the relia-—
bility levels of the traditicnal and the new, differentiated de-
sign method. Tt is demonstrated how the flexibility of the new
method results in draétically improved consistency for the failure

probsbility Fe.

At the same time it is shown that the temporary nominal loads
end lozd factors given by the manual /12/ do not result in relia-
bility levels that are independent of the ratio Dn/Ln' Using the

linearization factor defined by Lind, see /13/, it is examplified

i



how statistically more consistent load factors

U

lerived. Finally it is pointed out how mathemat
aigorithms may be employed to obiain load factors or partisl
sefety factors that for a broader range of design parameters

ses The difference between the demanded, preselected snd

the actual relispility level.

These lcoad factor evaluation studies underline a fundamental fact.

In sharp contrast to the standard design procedure, the Geslgn mo—

dei of Figure 1 has the capability of being systemevically end

raticonally improved as knowledge increasss.

Summing wp, thiz pilot study has demomstrated that a safety analys is,

using probabilistic methods, of fire expesed structurel stesl com—

penerts is today well within the bounds of possibil
cstion is that one of the main components in the over—all fire-
safety problem for the first time has been retionally assessed,
re-

thus cpening the way for an integrated system approach with e

liability optimization as final objective.



Variability in load-carrying capacity R dus to

per cent of to-
tal variance

stochastic character of fire load density

uncertainty in insulation material properties

10

uncertainty in theory transforming fire load
density into maximum steel temperature
(theory of compartment fires and theory of
heat transfer burning environment - struc-—
tural steel component )

difference between lsboratory test and an
actual complete process of fire

n

uncertainty in yield strength of steel
at room tempergture

uncertainty in the deformation analysis
giving the design capacity

difference between the impact of fire on R
in laboratory test and under service condi-
tions

Table 7 Decomposition of the total variance of load-carrying
capacity into a sum of component variances for an in-—
sulated steel beam designed according to the diffe-

rentiated Swedish model
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