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1 Introduction 

En Suede. I'autorisation d'appliquer de 
faqon generale une mbthode analy- 
tique pour la conception de structures 
portantes et de cloisons exposees au 
feu a 816 donnee officieliement ii y a 
plus de dix ans. La conception est 
directement basbe sur ies caract6ris- 
tiques thermiques du feu total en fonc- 
tion de son importance et des proprietes 
g6om8triques, de ventilation et ther- 
miques du compartiment. Pour faclliter 
I'application pratique de cette mbthode 
de conception, des diagrammes et des 
tableaux ont ete systbmatiquement &a- 
bores et publies par I'lnstitut Suedois 
de la Construction MBtaiiique sous 
forme de manueis indiquant directe- 
ment, d'une part I'btat de la temperature 
de la structure exposee au feu, et 
d'autre part la capacite de charge 
correspondante. Dans sa derniere 
forme, la mbthode de conception esl 
fondhe sur des orobabilitBs. 

2. Condition d'etat iimite 

De par sa nature meme, ia conception 
d'une structure resistant au feu exige 
en gbneral qu'aucun etat limite ne soit 
atteint pendant i'exposition au feu. Une 
ou plusieurs des conditions d'dtat iimite 
Suivantes s'appliquent selon le type 
de realisation : 
- that limite reiatif B ia capacite de 

charge: 
- Btat iimite reiatif B I'isoiation: 
- etat limite reiatif B I'intearite. 
Dans ie cas d'une stru6ture portante. 
les critbres de conception impliquent 
que la vaieur minimale de la capacite 
portante R(t) durant i'exposition au 
feu doit correspondre B I'eflet de 
charge sur ia structure S. 

3. Modele physique - Exposition au feu 

Le modele physique pour ia concep- 
tion de resistance au feu est schema- 
tise Sommairement B ia figure 1 pour 
une structure portante. On commence 
par determiner i'exposition au feu 
d'apres ia courbe de temperature- 
temps des gaz du feu total dans un 
compartiment. Pour une application 
individuelie. on peut donc obtenir 
I'exposition au feu soit par des calculs 
d'equilibre entre )a chaleur et la masse 
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Anforderun Requirements of fire 
den Feuerwiderstand resistance based 
auf der Grundlage on actual fires 
tatsachlicher Brande (Swedish approach) 
(Schwedischer Ansatz) 

1. Einfuhrung 1. Introduction 

im Schweden 1st selt mehr ais 10 Jahren 
a15 praxisnahe AlternativlOsung eine 
anafytische Bemessung der Brandbe- 
iasteten Tragwerke und Trennwande 
amtiich zugelassen. 
Diese Bemessung beruht direkt auf den 
Warmekennwerten eines volientwickei- 
ten Brandabschnitts in bezug aul die 
Brandbelastung die ggometrischen Ei- 
genschaften, die Beluftungs- und die 
Warrneeigenschaften des Brandab- 
schnitts. Zur Erleichterung einer praxis- 
nahen Anwendung des Bemessungs- 
verfahrens wurden Diagramme und 
Tabeilen ersteilt und in Form von 
Handbuchern herausgegeben (Schwe- 
discher Stahlbauverband). aus denen 
einerseits die Temperatur des dem 
Feuer ausgesetzten Tragwerks und 
andererseits eine Ubertragung dieser 
Daten auf die entsprechende Trag- 
fahigkeit zu entnehmen ist. In seiner 
jongsten Form handeit es sich um 
ein Wahrscheinlichkeitsbemessungs- 
verfahren. 

In Sweden, an analytical design of fire 
exposed load bearing structures and 
partitions is officially approved for a 
general practical appiication, as one 
alternative. since more than 10 years. 
The design is directly based on the 
thermal characteristics of the fuiiy 
developed compartment fire as a func- 
tion of the fire ioad and the geo- 
metrical, ventilation and thermal pro- 
perties of the compartment. For facii- 
itating the practical appiication of the 
design method, diagrams and tables 
have been systematically produced 
and published in the form of manuals 
(Swedish Institute of Steel Construc- 
tion), giving directiy, on one hand. 
the temperature state of the fire ex- 
posed structure, on the other, a transfer 
of this information to the correspond- 
ing load bearing capacity. In its latest 
form, the design method is probability 
based. 

2. Grenaustandbedingungen 2. Limit state condition 

Im ailgemeinen schreibt das Entwurfs- 
kriterium der baulichen Brandbemes- 
sung vor, daO wshrend der entspre- 
chenden Beflammung kein Grenzzu- 
stand erreicht wird. GemaO der Art 
der Anwendung sind eine, zwei oder 
aile der foigenden Grenuustand bedin- 
gungen anzuwenden: - Grenuustand in bezug auf die 

Tragfahigkeit; - Grenzzustand in bezug auf die 
Brandisolieruno: - Grenuustand in bezug auf die 
inte~ritat. 

Bei einem Tragwerk setzt das Entwurfs- 
kriterium voraus, daO der Mindestwert 
der Tragfahigkeit R(t) wahrend der 
Beflammung der Lastwirkung S auf das 
Tragwerk entspricht. 

Generally, the design criterion in a 
structural fire design requires that no 
limit state is reached during the relevant 
fire exposure. Depending on the type of 
appiication, one, two or all of the 
foliowino limit state conditions aooiv: 
- limit siate with respect to ioad 'bearing 

capacity; 
-limit state with respect to insulation; 
-limit state with respect to integrity. 
For a ioad bearing structure, the design 
criterion implies that the minimum 
value of the ioad bearing capacity R(t) 
during the fire exposure shall meet the 
load effect on the structure S. 

3. Physikalisches Modeli. Beflammung 3. Physical model. Fire exposure 

Blld 1 zeigt das ilbersichtliche physi- 
kaiische Modell der Brandschutzbe- 
messung der Tragwerke. Die Bemes- 
sung beginnt mit einer Bestimmung 
der Beflammung, dce durch die Gas- 
lemperatur-Zeitkurve des vollentwickel- 
ten Feuers in einem Brandabschnitt 
gegeben ist. Bei der Anwendung im 
einzelnen kann die Beflammung ent- 
weder durch Berechnungen des Gleich- 
gewichts zwischen Warme und Masse 

The physical model for the fire design 
is shown summarily in Figure 1 for a 
ioad bearing structure. The design 
starts by a determination of the fire 
exposure, given by the gas tempe- 
rature-time curve of the fully develop- 
ed compartment fire, in the individuai 
application, the fire exposure then can 
be obtained either by heat and mass 
balance calculations for the fire com- 
partment or directiy from a system- 
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pour ie compartiment en feu, soit 
directement en fonction d'un moddie 
syst6matis4 comme ceiui iiiustr6 d ia 
ttgure 2. La densite du feu q, ia ven- 
tiiation du compartiment en feu expri- 
mbe par ie facteur d'ouverture A GIA,. 
ainsi que ies propribtbs thermiques 
des Structures entourant ie comparti- 
ment constituent ies facteurs dbcisifs. 
Les courbes de tempbrature-temps des 
gaz de la figure 2 s'appiiquent 6 un 
compartiment en feu de type A entour6 
de structures ayant des propribtbs ther- 
miques donnbes. Les matbriaux environ- 
nants se cornposent en gbnerai de 
briques, de bbton et de beton ceiiuiaire. 
Les compartiments en feu dont ies 
structures environnantes ont des pro- 
pribtbs thermiques differentes peuvent 
etre adaptbs eu type A en utiiisant 
des vaieurs fictives pour ia densite 
de feu q, et te tacteur d'ouverture 
(A ~IAJ, .  
Les courbes de ternperature-temps des 
gaz de ia figure 2 son1 appiicabies A 
des comnartiments en feu dont ies ~ ~ 

dlmenstons son1 represenlatlves o'nab!. 
tattons, oe bureadx norrnaux, d'ecooes, 
d'nbpltauk, d'n6tels et oe orol#otneques 
Pour ies compartlments en feu presen- 
rant un volume important, comme par 
exempie des b.%iments industrieis ou 
des haiis sportifs, ies courbes. ainsi 

B un feu total dans un comparlrment 
7 Denslte de la charge a" feu 2 Comparllmenl 
en feu 3 DonneeS sfrucfurelles 4 Exposlllon 
au feu 5 Nlveau de temperature 6 Cepaclte 
potlanle mlnlmale R. 7 Non 8 Out 9 Fin 
10 Eflet de charge avec un feu S 

Physlkallsches Modell etner analyllscnen 
BrmdsChUlzbemeSS~nO von Tiaawerken dwekl aut 
aer orunalage aer ~eliammvngsliennwerle 
der v011 entwickelten Abschn8ttbiandes 
1 Brandbelastungsdkchfe 2 Biandabschnllt 
3 Sfrukt~relle Daten 4 Beflammung 
5 Temperalurzustand 6 Mlndesllragfahlgkell R. 
7 Nebn 8 Ja 9 Enae 10 Belsslungswlrkung 
be4 Brand S 

Phy~lcs l  model lor an anaiyf~cal tire engmeersng 
des,gn 01 load bearing strucwies based dlrectly 
on the exposure characler#sl#cr ol the lul iy 
developed compartment lire 1 fire load dens,iy 
2 Flre compailmenl 3 Sfruciuial data 
4 Fire exposure 5 Temperature $!ale 
6 Mcn#mum load bearlnq capacity R" 7 No 
8 Ye5 9 End 10 mad eflecl a i  t ire S 
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des Brandabschnitts oder direkt aut- 
grund einer systematischen Bemes- 
sungsgrundiage, wie sie im Biid 2 bei- 
spieisweise gezeigt wird, ermitteit wer- 
den. Die Brandbeiastungsdichte q, die 
durch den bffnungsfaktor A ~ I A ,  aus- 
gedruckte Beiilttung und die WBrrne- 
eigenschatten der den Brandabschnitt 
einschiieRenden Bauten sind die maR- 
geblichen GrORen. 
Die Gas-Temperatur-Zeitkurven im 
Biid 2 geiten fur einen Brandabschnitt 
mit vorgeschriebenen WBrmeeigen- 
schaften der umgebenden Bauten bei 
einem Brandabschnitt von Typ A. Das 
umgebende Material besteht im wesent- 
lichen aus Ziegel. Beton und Poren- 
beton. Brandabschnitte mit anderen 
WBrmeeigenschaften konnen unter Ver- 
wendung fiktiver Werte der Brandiast- 
dichte q, und des Otfnungsfaktors 
( A T ~ I A , ) ,  auf den Brandabschnitt vom 
Typ A ubertragen werden. 
Die Gas-Temperatur-Zeitkurven gemBR 
Biid 2 sind auf Brandabschnitte an- 
wendbar, deren GrtlRe WohngebBuden. 
normaien BurogebBuden. Schuien. 
Krankenhsusern. Hotels und Bibiio- 
theken entspricht. Oei Brandabschnit- 
ten mit einem sehr groRen Raum- 
inhait - LB. IndustriegebBude und 
Sporthaiien - iiefern die Kurven und 
die entsprechenden Gieichgewichts- 
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atized design basis of the ype ex- 
emplified by Figure 2. The ire ioad 
density q, the ventilation c the fire 
compartment ex ressed by ie open- P ing factor A hlA, and th. thermal 
properties of the structures nciosing 
the compartment are the decisive 
factors. 
The gas temperature-time urves in 
Figure 2 apply to a fire cor Dartment 
with specified thermal prope les of its 
surrounding structures, fire zompart- 
ment type A. The surroundir material 
roughly corresponds to an c ,erage of 
brick. concrete and aerated soncrete. 
Fire compartments with mciosing 
structures of deviating the nai pro- 
perties can be transferred to tire com- 
partment type A by using fictitious 
values ol the tire ioad dens y q, and 
the opening factor (A ~ I A , ) , .  
The gas temperature-time r lrves ac- 
cording to Figure 2 are ap[ icabie to 
fire compartments of a s e repre- 
sentative of dwellings, ordin; y offices, 
schoois, hospitals, hotels, an. libraries. 
For tire compartments wil a very 
iarge voiume-for instance, ~ndustrial 
buildings and sports hails-! e curves. 
and the corresponding heat ind mass 
balance equations behind 1' ? curves, 
gives an unsatisfactory des -iption of 
the reai fire exposure. At pre ent, there 

2 Courbes de temperalure-temps des ga l  pour un teu total dens un comparlimenl en tancl i de 
ta denslte de charge du teu q et du tacteur d'auvertwa A JhlA,.  A represente ralre de b i r  w r e  lotale 
hest une moyenns pondere de la hauteur der ouvertures par rapport a ieur dlmensmn e'  esl I 'me  
tnterne lotale environnsnt le compartlmenl, avec les ouverlures. Compartment en tsu ae l, A 

G85-Temperal~r-Zellkuuven ernes v011 entwlckellen Abschnlnbrandes in Abhnngtgkeat "on 
der Brendbelaslungsdlchle q und dem Oftnungstaktor A JhlA, .  A tst ale gesamle Oflnung? tche. 
h eln gewichteter Mitlelwert der Hbhe der Otfnungen aufgrund lnrer Grbsre und A, rst ale p amle 
umgebende lnnenfleche des Brandabschnitts einrchlienlich der Offnungen Brsndabschnit% ,p A 

GRI ~emperafure-!#me curves lor a tully developed compsitmenl tire ar a luncl8on al the 1%. oad 
densty qmdtheopenmg l8clor A J h l A  Alsthefotalapening area hisawecghtea meanvalui the 
helght of the openings based on thelr sue and A, is  the lots1 tnternal surrounding area of the >mparlmenl 
tncludlng openmgs Fire compmmenl type A 
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que ies equations correspondantes 
d'equiiibre de ia chaieur et de ia masse 
au-del8 des courbes, ne donnent pas 
une description satisfaisante de I'expo. 
sition au feu reeiie. II n'existe sctuei- 
iement aucune base de conception 
vaiabie pour determiner I'exposition au 
feu dans des compartiments ayant un 
tres grand volume. 
On revient ensuite au modeie physique 
indique 8 ia figure 1 en transposani 
I'exposition au feu de maniBre anaiy- 
tique aux champs de temperatures 
transitoires dans ia structure exposbe, 
puis en determinant ia variation dans 
ie temps de ia capacite portante. 
Une comparaison entre ia vaieur R, 
minimaie de R(t) durant ie processus 
d'incendie et I'effet de charge avec 
un feu S permet de determiner si ia 
structure est A m6me de remplir ou 
non la fonction portante en cours 
d'incendie, conformement ia condition 
d'btat limite. 
Pour une structure de cloisonnement, 
ie rnodeie physique dome i'Btat de 
temperature transitoire, en precisant 
ia vaieur maximale de la temperature 
ia plus &levee du cat6 non expose 
de ia structure durant i'exposition au 
feu. On obtient ainsi la condition dWai 
limite concernant le niveau requis d'iso- 
lation. La condition d'6tat limite relative 
au degre d'integrite doit Atre prouvee 
expbrimentaiement iorsque c'est nbCeS- 
saire. 

4 .  Conception probabilistique 

Pour i'integration du moddie probabi- 
iistique au modeie physique, on peut 
distinguer differents niveaux d'objectif : 
- une evaluation precise de ia proba- 

biiite de ruine, en utiiisant une inte- 
gration muiti-dimensionneiie ou une 
simulation de Monte-Carlo; 

- une Bvaiuation approximative de la 
probabiiite de ruine, basee sur des 
methodes de fiabiiite de premier ordre 
(FORM), et 

- i e  caicul d'un format pratique de 
conception, base sur des facteurs 
partiels de s6curitd et tenant compte 
de vaieurs caracteristiques pour ies 
effets d'action et ies capacites de 
reponse. 

iI n'est pas possible, pour des raisons 
pratiques, d'evaiuer avec precision ia 
probabiiite de ruine. Les approximations 
de ia methode FORM sont 4gaiement 
trop complexes pour une conception 
courante, et ii taut utiiiser ies formats 
pratiques simplifies de conception. 
La figure 3 montre ie caicul d'un format 
pratique de conception pour une struc- 
ture portante exposee au feu. A partir 
de ia densite de charge du feu et 
des caract6ristiques geometriques de 
ventilation et thermiques du compar- 
tment en feu, on determine i'exposi- 
tion au feu soit par ie caicul d'un 
equiiibre entre i'energie et ia masse. 
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gieichungen zwischen Warme- und 
Masse nicht zufriedensteiiende Werte 
der wirkiichen Befiammung. Gegen- 
wartig steht noch keine gultige Be- 
messungsgrundiage zur Bestimmung 
des Feuereinfiusses von Brandabschnit- 
ten mit sehr groRem Rauminhait zur 
Verfugung. 
indem wir auf das im Biid 1 dargestelite 
physikaiische Modeii zurilckgreifen. 
wird bei dem nachsten Schritt die 
Befiammung analytisch auf instationare 
Temperaturfeider bei dem Feuer aus- 
gesetzten Tragwerk ilbertragen und 
dann eine Bestimmung der zeitlichen 
Veranderung der Tragfshigkeit vorge- 
nommen. 
Ein Vergieich zwischen dem Mindest- 
wert R, des R(t) wtlhrend des ent- 
sprechenden Brandvorgangs und der 
Befiammung bei Brand S ist entschei- 
dend dafur, ob das Tragwerk die vor- 
geschriebene Lastaufnahme wahrend 
des Brandes erfulien kann oder nicht. 
wie es durch die Grenuustandbedin- 
gung vorgeschrieben ist. 
Bei einer Trennstruktur ergibt das phy- 
sikaiische Modeii den instation8ren 
Temperaturzustand, wobei der maxi- 
male Wert der hdchsten Temperatur 
an der nicht dem Brand ausgesetzten 
Seite der Konstruktion wtlhrend der 
Befiammung bestimmt wird. Es foigt 
die Grenuustandbedingung, die der 
notwendigen Aufgabe der isolierung 
entspricht. Die Grenuustandbedingung 
bei integritat muR, wenn veriangt, expe- 
rimenteii nachgewiesen werden. 

4. Probabilistischer Entwurf 

Zur Eingiiederung des probabiiistischen 
Modeiis in das physikaiische Modeii 
kann eine der folgenden Bedingungen 
gewahit werden: 
- eine genaue Berechnung der Mbglich- 

keit des Versagens durch Anwenduhg 
einer mehrdimensionalen Integration 
oder der Monte Cario-Simulation; 

- eine Naherungsberechnung der Mbg- 
lichkeit des Versagens auf der Grund- 
lage des Zuveriassigkeitsverfahrens 
ersten Grades (FORM), und 

- eine praxisnahe Berechnung des Be- 
messungsformats auf der Grundiage 
von partielien Sicherheitsfaktoren, wo- 
bei die Kennwerte von Wirkungseffek- 
ten und die Verhaltensfahigkeit be- 
rucksichtigt werden. 

Fur den praktischen Bereich ist eine 
genaue Berechnung der Wahrschein- 
iichkeit des Versagens nicht mbgiich. 
Auch die Ntlherungen nach dem FORM- 
Verfahren sind fur die ilbiiche Brand- 
bemessung zu umstandiich, so daR 
vereinfachte, praxisnahe Bemessungs- 
arten angewendet werden mussen. 
Bild 3 zeigt die Berechnung einer 
praxisnahen Bemessung eines dem 
Feuer ausgesetzten Tragwerks. Auf- 
grund der Brandbelastungsdichte und 
der geometrischen Eigenschaften, der 
Beiuftungs- und der Warmeeigenschaf- 
ten wird die Befiammung bei der 
Brandbemessung entweder durch die 

. . , .'.P> 
is no validated design basis available 
for the determination of the fire ex- 
posure in compartments with a very 
large volume. 
Returning to the physicai rnodei, as 
shown in Figure 1, in the next step, 
the fire exposure is transferred ana- 
lytically to transient temperature fields 
in the exposed structure and then a 
determination is carried out of the time 
variation of the load bearing capacity. 
A comparison between the minimum 
vaiue R, of R(t) during the relevant 
fire process and the ioad effect at fire S 
decides whether the structure can ful- 
fil Its required ioad bearing function 
or not during the fire, as specified 
by the iimit state condition. 
For a separating structure, the physicai 
model gives the transient temperature 
state, defining the maximum vaiue of 
the highest temperature on the un- 
exposed side of the structure during 
the relevant fire exposure. The cor- 
responding limit state condition foi- 
lows, as concerns the required func- 
tion of insulation. The iimit state 
condition with respect to the integrity 
function has to be proved axperi- 
mentally, when required. 

4. Probability based design 

For the probabiiistic modei to be 
integrated with the physicai rnodei. 
different levels of ambition can be 
distinguished: 
- an accurate evaiuation of the faiiure 

probability, using muiti-dimensional 
integration or Monte Carlo simuiation; 

- a n  approximate evaiuation of the 
faiiure probabiiity, based on first order 
reliability methods (FORM), and 

- a  practicai design format calculation, 
based on Dartiai safetv factors and 
taulns rnto accodnt characterlsltc 
values for actton effects an0 response 
capacities. 

For practicai purposes, an accurate 
evaiuation of faiiure probability is not 
possible. Also, the FORM approxima- 
tions are too cumbersome for everyday 
design and the more simplified prac- 
tical design formats have to be used. 
Figure 3 illustrates a practicai oeslgn 
tormat calculation for a fire exposed 
ioad bearing structure. From the design 
fire ioad densitv and the oeometricai. " 
vent lat<on ana tnerma characterfst CS 

ol lne f re compartmenl, tne Oes,gn I re 
~~~~~~re is oelerm~neo eltnel b) energ) 
and mass balance calculations or from 
a systematized design basis. Together 
with the structural design data. the 
design thermal propertiesand thedesign 
mechantcal strength of the structural 
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soil A I'aide d'un modeie S~StbmatiSe. Gieichgewichtsberechnung zwischen materials, the design fire exposure 
Avec ies donnBes structureiies de con- Energie- und Masse oder durch eine provides the design temperature state 
ception, ies DroprietBs thermiques et systematische Bemessungsgrundiage and the reiated ioad bearing capacity 
ia r6sistance mecanique des maleriaux bestimmt. Zusammen mit den bauli- for the lowest value of the load bearing 
de ia structure, l'exposition au feu chen Bemessungsdaten, den Warme- capacity during the relevant fire process. 
perrnet de connaitre le degre de tem- eigenschaften und der mechanischen The probabiiistic influences are con- 
perature et la capacite portante cor- Festigkeit der Baustoffe ergibt die sidered by specifying characteristic 
respondante pour la valeur ia plus festgestelite Befiammung den Tempe- values and related partiai safety factors 
faibie de ia capacite portante duranf raturzustand und die entsprechende for the fire load density, such structurai 
le processus d'incendie. BemessungstragfBhigkeit des niedrig- design data as imperfections, the 
On tient compte des infiuences proba- sten Wertes der Tragfahigkeit wahrend thermai properties. the mechanical 
biiistiques en sphcifiant pour la densite des jeweiligen Brandvorgangs. Strength and the loading. 
de charge du feu des vaieurs caract&- Die probabiiistischen Einflusse werden The functional requirements to be laid 
ristiques et ies facteurs de securite durch einzelne Kennwerte und entspre- down for the fire design must be dif. 
partieis qui s'y rapportent, notamment chende Sicherheits-Teiifaktoren der ferentiated with respect to such aspects 
des elernentsde conception des struc- Brandbelastungsdichte angenommen, as the occupancy, the height and 
tures tels que ies imperfections, les sodaOsoicheBemessungsdaten,wielm- volume of the building, and the import- 
propriBtBs thermiques, la resistance perfektionen, die WBrmeeigenschaften, ance of the structure or structural 
mecanique et la charge. die mechanische Festigkeit und die member to the overall stability of the 
Les specifications fonctionneiles eta- Belastung als unvoiikommen angesehen building. This can be done by, for 
biir pour la conception au feu doivent werden. instance, a system of safety classes 
etre differencibes en fonction d'aspects Die fur eine bauiiche Brandbemessung with allocated faiiure probabilities, af- 
tels que I'occupation, ia hauteur et le festzulegenden Bestimmungen miissen fecting the design strength. The effect 
volume du bEtiment, ainsi que i'impor- in bezug auf Beiegung, HBhe und of the probabllityof occurrenceofa post- 
lance de la structure ou des Biements Rauminhait des Gebaudes und den flashover compartment fire, the fire 
structurels pour ia stabiiitB generaie du EinfluO des Tragwerks bzw, des Bauteils brigade actions and an installed fire 
batiment. On peut par exemple, A cet aUf die Stabilitat des gesamten Ge- extinguishment system, if any, can be 
effet, Biaborer un systeme de classes baudes unterschieden werden. Dies accounted for principally in the same 
de securite correspondant aux proba- kann LB. durch ein Sicherheitsklassen- way. An aiternative solution is to in- 
bilites de ruine qui influencent ia System mit den die Bemessungsspan- clude these influences in the deter- 
resistance de la structure. Les cons&- nung beeinfiussenden zugeordneten mination of the design fire load density 
quences de is probabiiite d'un incendie Mliglichkeiten des Versagens erfoigen, and the design fire exposure, as indicat- 
post-embrasement en compartiment, de Die Foigen der Wahrscheiniichkeit des ed in Figure 3. This latter way is 
i'intervention des pompiers et d'un Auftretens eines NachfeuerUber- chosen in the Swedish probability based 
eventuei systbme d'extinction local peu- sprungsbrandabschnitts, der Einsatzder design method by dividing the structures 
vent etre comptabiiisees principaiement Feuerwehr oder die Wirkung einer or structurai members into categories 
de ia meme manihre. On peut Bgale- Feuerioschanlage, tails vorhanden, with a related differentiation of the 
ment tenir cornpte de ces infiuences kbnnen im Prinzip gieicherweise be- design fire ioad density and the length 
pour determiner ia densite de charge rechnet werden. of the fire process, to be considered 
du feu et I'exposition au feu de con- Eine aiternative LBsung dient dazu, wie in the design. The presence of an ap- 
ception comme indique A ia figure 3. Biid 3 zeigt, diese Einfiusse in die Be- proved sprinkier system then is taken 
Cette derniere possibiiite a et4 adoptee stimmung der bauiichen Brandbeia- into account in a very simplified way 
dans la methode suedoise de concep- stungsdichte und der entsprechenden by a transfer of the structure or 
lion probabiiistique en divisanf ies struc- Befiammung einzubeziehen. Dieser Weg structurai member to the next lower 
tures ou les Bibments structurels en wurde bei dem schwedischen Wahr- category. 
categories avec une differentiation cor- scheiniichkeitsbemessungs - Verfahren 
respondante de la densite de charge gewahit. indem die Tragwerke oder 
du feu et de fa duree de t'incendie. Bauteile in Kategorien mit einer bei 
dont on doit tenir compte dans ia der Bemessung zu berucksichtigenden 
conception. La presence d'un systeme Unterscheidung der jeweiiigen Brand- 
approuvb de sprinkier est aiors prise belastungsdichte und der Brandvor- 
en consideration d'une maniere tres gangsdauer eingeteilt wurden. Das Vor- 
simple en transferant la structure ou handensein zuiassigen Sprinkeranlage 
I'el6ment structurei dans la categoric wird dann in einer vereinfachten Weise 
immbdiatement inferieure. berucksichtigt, indem fur die Struktur 

oder das Bauteii die nachstniedrige 
Kategorie angenommen wird. 

3 Procedure de calcui d'un larmst prslique de conception d'une structure 
portanle exposee a un leu nature1 en comparllmenl 
7 CaracterlslmUes de lufte el d'sxtinctlon du leu 2 Caraclerislloues au 
c~mpsrl~rnenl en leu 3 Dengile de la charge du feu de cslcul q 4 Exposll#on 
au feu de calcul 1 - 1 5 Proprietes lhermlques de calcul 6 Niveau de 
temperalure de caicul 7 DonnB~s de concepllon slruclurelle 
S ReslLlanCe mecanique de calcul 9 Capsclte Dorlsote de calcui 
10 Ellel de charge de caicui eu leu 

Vorgenen fur em praxmahes Enlwurlbemessungslormaf sines elnem 
Naturbrandabschnltl aurgeseizlen Tragwerks I Feuerlosch-. 

10 Bcandbekampl~ng~.Keeeeeele 2 Brsndsbschnitt-Kennwsrfe 
3 BiandbelaSlung~dichfe q 4 Enlwudsbeflammung 7 - 1  

sdiSIGd .od) 5 Enlwurlswarmeelgenschalt~n 6 Entwurlstemperalurzustaad 
7 Sfwkturelle Enlwurlsdaten 8 Enlwurlsme~hanlsche Festlgkei, 
9 Enlwutfsliaglahigkett 10 Eolwurtslaslwlrkuog be8 Brand 

Procedure tor a oracf,cal d w o n  formal calculetion ol a load beailna 



5 Dtstr!butfon oe la lemperaturt 5 Temperaturverlell~nQ 5 Temperature OlstrlbJtlon 
oans des elemenls oe struclures I" Stanlbauietlen be III slr~ctural  Stee, elements 
metaiiiques exposbes au feu 

Pour une structure mdtallique non isol6e 
exposbe au feu. l'bquation d'bquilibre 
bnergetique donne ia formule permet- 
tant de determiner ia courbe de tem- 
perature de i'acier en fonction du 
temps (fig. 4 ) .  
De m h e ,  pour une structure m6tsl- 
lique holbe exposee au feu, une equa- 
!ion d'bquilibre Bnergbtique simpiifiee 
donne la formule qui permet d'btablir 
directement ia courbe de tempbrature 
de i'acier en fonction du temps (fig. 5 ) .  
Dans ie cas d'un matbriau specifique 
d'isoiation, des diagrammes ou des 
tableaux systbrnatisbs peuvent &re 
caicuies avec beaucoup de precision 
en ce qui concerne l'influence sur ia 
temperature des propribtes thermiques 
de i'acier ainsi que du matbriau lso- 
lant. On peut aussi tenir compte de 
I'effet d'un taux initial d'humiditb et 
d'une dbsintegration du materiau iso- 
iant. Dans la pratique, ces caiculs 
peuvent Btre eftectues par ordinateur 
avec un traitement numbrioue des don- 
nees seton m e  metnooe ae o~flerence 
lime OL 0'81emenI fm. .in grana nombre 
oe lab,eadx on1 elb reatlses se on certe 
procedure precise 

4 8 5 Slruct~res mBtall8q~e6 non 
16016e I41 et lsot4e (51 exposees 
BU teu T, = temperature des gal  
danS te compartsment en teu 
T, = temperBtVie de I m e r  
a" moment I 

Betlammung ernes nlcht brand- I41 
und ernes brandsoilerten 15) 
Slahllraowerkr 
i ,  = ~asiemperatui in dem 
Brandabschnitl. T. =Temperatur 
aes Slahis be* eloer Zeit I 

Beflarnmung 

Bei Beflammung eines nicht brand- 
isolierten Stahltraowerks eroibt die Ener- ~~~~ ~ " 
g.egtc~cngew~cntsgte.ctiLns ale Forme 
zur Beslmmung oer Slan.-Temperat~r- 
Zeitkurve (Bild 4). 
In iihnlicher Weise erhtllt man bei 
Beflammung eines brandisolierten 
Stahltragwerks eine vereinfachte Ener- 
gieglelchgewichtsgleichung mkt der For- 
me1 for eine dlrekte Bestimmung der 
Stahl-Temperatur-Zeltkurve (Bild 5). 
Fur ein bestimmtes isolierungsmaterial 
kdnnen systematische Bemessungsdia- 
gramme oder Tabeiien unter Beruck- 
sichtigung der Temperaturabhtlngigkelt 
der Wiirmeeigenschatten des Stahls so- 
wie des isoliermaterials mit groRer 
Genauigkelt erstellt werden. Der Ein- 
fiuR einer Anfangsfeuchtigkeit und einer 
Zersetzung des isoiiermateriais kann 
auch berucksichtigt werden. Praktisch 
kann eine soiche Bestimmung aul der 
Basis einer finiten Differenz oder eines 
finiten Eiementverfahrens mit Hille nu- 
merischer Datenverarbeitung durch 
Computer erfolgen. Elne groRe Anzahl 
der genauen Bemessungstabellen, die 
nach einem solchen Verfahren berech- 

at fire exposure 

For a fire exposed, uninsulated steel 
structure, the energy baiance equation 
gives the formula for a determination 
of the steel temperature-time curve 
(Fig. 4) .  
Similarly, for a fire exposed, insulated 
steei structure, a simplified energy bal- 
ance equation gives the form'uia for a 
direct determination of the steel tem- 
perature-time curve (Fig. 5). 
For a specific insuiating material, sys- 
tematized design diagrams or tables 
can be computed very accurately with 
regard to the temperature dependence 
of the thermal properties of the steei 
as well as the insuiating material. The 
influence 01 an initial moisture content 
and of a disintegration of the insulating 
material can be considered, too. Prac- 
tically, such a determination can be 
carried out over a numerical data 
processing by computers on the basis 
of a finite difference or a finite element 
method. A great number of design 
tables, computed according to such an 
accurate procedure, have been pro- 
duced. 

6 coett~c~ent permettsnt ae determiner la  charge critique (M. .. P. .. q~ pour ars poulres en I eipos4es au teu 
B V ~ C  ditterents types ae charge et dsns ditlerentes condmons de support, en fonct8on de Is temperature T. 
des oo~tres.   er courbes ont 816 cslculees oaui vn lavx d'echautfement lent de 4 Y m i n - '  avec un relroldlssemenl 

Koettmenl zur Besftmmung aer kritlschen Last (M. .. P. .. Q..) von aem Brand susgeretzten Tragern mtf 
I-Ouerschn~tl be, verschledenen Anen aer Belsstungs- und Autlsgeibedlngungen 8" Abhanglgkell van der 
Stahttragertemperatur T.. Dle Kurven wurden be8 emem langsamen Temperaturanstceg von 4 T m l n - '  
und emer aanech tolgenden ~bkcihlung. bei Annahme emes Dr~ttets des Temperatursnst~egs, berechnet 

F W ~  exposed unlnsulalea 141 and 
mrulamd (51 steel structures 
T =OBS temoerature w n m  !Ire 
c o m b r ~ m e ~ t .  T, = steel 
tempe,a,ure s, ,,me I 
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6 Capacile portante des structures 
metalitques exposees au leu 

En utiiisant ies tableaux mentionnes 
ci-dessus, on peut determiner compa- 
rativement assez vite ia temperature 
maximaie de i'acier T,,,.. dans ie cas 
d'une structure metaliique isolee ou 
non isoibe exposee B un feu en com- 
partiment presentant ies caracteristi- 
ques de temperature-temps des gaz de 
ia figure 2. La capacite portante de 
conception de ia structure est ensuite 
obtenue au moyen de schemas du type 
iiiustre B la figure 6. 
Les courbes des figures 6 et 7 ont 
818 determinees sur base de ia courbe 
de deforrnation des poutres exposees 
au feu, caiculee a i'aide d'un modbie 
anaiytique qui tient compte de i'aiiure 
iegbrement arrondie de ia courbe de 
deforrnation de l'acier a des temp& 
ratures Bievees ainsi que de i'infiuence 
de ia dilatation qui apparait pour des 
temperatures superieures d environ 
450 'C. 

7. Conclusions 

Par rapport B ia conception ciassique 
de resistance au feu basee sur une 
classification et sur des resultats d'es- 
sais normalises de resistance au feu, 
ia procedure de conception anaiytique 
presentee comporte une structure plus 
iogique fondee sur des exigences fonc- 
tionneiies et des criteres de performance 
bien delinis. Les principaux avantages 
suivants en resuitent : 
1. Des niveaux de securite plus rea- 
iistes. 
2. Une meiiieure Bconomie. Le coDt 
de la protection au feu d'une structure 
est. par definition, difficiie B chiffrer. 
et ie gain qui en resuite n'a pu etre 
determine que dans queiques cas. Des 
estimations approximatives font appa- 
raitre que si le colrt de ia protection 

m [-G 

6. Tragfkhigkeit von 6. Load bearing capacity of steel 
Stahltragwerken bei Befiammung structures at fire exposure 

Bei Anwendung der Bemessungstafeln. 
auf die oben hingewiesen wurde. kann 
die maxlmaie Stahltemperatur T,,,. 
eines brandisoiierten oder nlcht brand- 
isoiierten Stahitragwerks bei Beflam- 
mung des Brandabschnitts durch die 
Gas-Temperatur-Zeitkurven gemliR 
Biid 2 verh8ltnismliRig schneil be- 
stimmt werden. DieentsprechendeTrag- 
flihigkeit des Tragwerks wird dann 
durch die Diagramme ermitteit. wie 
sie im Bild 6 dargestelit sind. 
Die Bemessungskurven. Biid 6 und 7. 
wurden aufgrund der Verformungskurve 
der dem Feuer ausgesetzten Trliger 
bestimmt, die durch ein anaiytisches 
Modui berechnet wurden, wobei die 
ieicht angerundete Form der Span- 
nung-Dehnungskurve des Stahis bei 
erhdhten Temperaturen ebenso wie der 
EinfluRvon Kriechen-Verformungskurve. 
die bei Temperaturen von mehr ais 
450 'C zu beachten ist, berticksichtigt 
werden. 

By applying the design tables the 
maximum steel temperature T.,., can 
be determined comparatively quickly 
for an insulated steei structure, exposed 
to a compartment fire with gas tempe- 
rature-time characteristics according to 
Figure 2. The corresponding design 
load-bearing capacity of the structure 
then is obtained by design diagrams 
of the type exemplified in Figure 6. 
The design curves in Figures 6 and 7 
have been determined on the basis of 
the deformation curve of the fire ex- 
posed beams calculated by an analytical 
model which takes into account the 
softly rounded shape of (he stress- 
Strain curve of steei at elevated tem- 
peratures as well as the influence of 
creep slraln, notceable at temperatures 
In excess of abodt 450 'C 

7. AbschiieBende Bemerkungen 7. Concluding remarks 

im Vergieich mlt der tibiichen Bemes- 
sung fijr den bauiichen Brandschutz 
aufgrund der Kiassifizierung und den 
Ergebnissen der Normbrandversuche 
weist der anaiytische Bemessungsvor- 
gang einen Verband auf. der iogischer 
ist und auf eindeutig bestimmten, zweck- 
mliRigen Vorschriften und Kriterien 
beruht. Von den foigenden sich daraus 
ergebenden Vorteiien werden die wich- 
tigsten hier genannt: 
1. Widerspruchsfreiere Sicherheitsstu- 
fen. 
2. Bessere Wirtschaftiichkeit. Die Ko- 
Sten des bauiichen Feuerschutzes iassen 
sich normaierweise nur schwer spezi- 
fizieren. und die kostensoarenden Foi- 
gen sind nur in wenigen ~ i l i e n  bestimmt 
worden. Uberschiagsrechnungen zei- 

Compared with the conventional fire 
engineering design, based on ciassifica- 
tion and results of standard fire resist- 
ance tests. the presented analytical 
design procedure has a more logical 
structure, based on well-defined func- 
tional requirements and performance 
criteria. Of the ensuing advantages, the 
following are seen to be the main 
ones: 
1. More consistent safety levels. 
2. Bener economy. The cost of struc- 
tural fire protection is, as a rule, hard 
to itemize and the cost-saving con- 
sequences have been quantified only 
in a few cases. Rough estimates indicate 
that while the cost for conventional 
Structural fire protection may exceed 
30 per cent of the cost for the steei 

7 Augmenlallon.l dducoetllcienid.delerm#neeseionlaf#gure6. 8 Coiits dune prolecllon au leu 1 Protection au feu selon une melhode 
pour un t su i  d'echaullemenl 2 4 -C min-(, en Ionman ae la c l a s s ~ ~ u e  de concept8on normale 2 Protecllon au leu selon une rnelhade 
tem~erature  T, des ~ o u l r e s  metalliques inlegree decancepf,on rationnelle 3 Piotec180n au leu 4 Struclure me$all~que 
Zunachs d bdes gemdo aem Bild 6 besllmmlen Koellmenfen 0 be, Kosfen d e ~  Brandscnutzes 1 Branaschutr geman aem ubllchen 
elnem Temperatuianstmg vonn 4 ~C mln-' m AbnanglgkeiI van Normbemessungs~erlahren 2 Brandschull gemaR dem lnlegr8erten. 
dei Stahllem~eralur T. ral80nalen Beme5sungsuerlahren 3 Branaschut2 4 Stahllraguerk 
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au feu traditionneiie d'une structure 
peut depasser 30 % du c001 des matk- 
riaux metaliiques qui ia composent. 
ce pourcentage peut etre ramene B 10 
avec la procedure de conception basee 
sur une modelisation anaiytique, comme 
le montre la figure 8. Ce chlffre est 
bask sur I'hypothbse d'une exploitation 
totaie des avantages que procure i'inte- 
oration de ia conceDtion de ia orotec- 
I on a. feu oes structures metaimues 
oans ~e processds genera oeconcept!on 
(,l satton oe parols anterleures et erte- 
rieures cornme protection contre ie feu 
chaque fois que c'est possible, place- 
ment des dalies de piancher en beton 
sur ies semeiies lnfbrieures des poutres. 
rbduisant ainsi ia surface B isoier. etc.). 
Enfin, on admet que ie systbme present6 
n'est pas homogbne, car les differentes 
etapes de ia conception ne sont pas 
encore actueiiement toutes connues de 
ia m h e  facon. On peut natureiiement 
en faire ie reproche A ce systbme, mais 
il ne s'agit pas d'un fait essentiel. On 
doit au contraire s'en servir comme 
d'un guide important pour systematiser 
de futurs travaux de recherches permet- 
tant d'ameliorer le systbme. 
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gen, dafl im Vergleich zu den Kosten 
eines ubiichen Brandschutzes, die mehr 
aiS 3 0 %  der Kosten des Stahltrag- 
werkmaterials betragen, der entspre- 
chende Brandschutz bei einem analy- 
tischen Bemessungsverfahren nur etwa 
10% betragt (siehe Bild 8). Diese 
Zahi beruht auf der Annahme. da8 die 
bauiiche Brandschutzbemessung mit 
ihren Vorteilen voli und oanz in den 
Gesamtbemessungsvorgatig e ngeg te- 
oerl htro taooe o,e Snneren anc ate 
a~f leren Wanoe a s Branoscn~tz uen-12: 
werden, wenn dies mdgiich ist, die 
Betondeckenpiatten auf den unteren 
Fiansch der Trgger aufgebracht wer- 
den, um damit eine kieinere FlBche 
fur die Brandisoiierung zu biiden, usw.). 
Schiiefllich mu0 noch darauf hingewie- 
sen werden, dafl das hier vorgesteiite 
Bemessungssystem aufgrund einer un- 
terschiedlichen Basis der gegenwarti- 
gen Kenntnisse der einzeinen Bemes- 
sungstulen einheitiich ist. Und dies 
kann als Kritik gegen das System vor- 
gebracht werden. Eine soiche Bemer- 
kung ist jedoch unwesentlich; und 
diese Tatsache ist vlelmehr als ein 
wichtiger Hinweis dafOr anzusehen, wie 
eine zukunftige Forschungsarbeit zur 
allmahlichen Verbesserung des Systems 
Systematisch elnzusetzen ist. 
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frame material, the corresponding per- 
centage may be as low as 10 with the 
design procedure based on analytical 
modelling, see Figure 8 .  This figure 
is based on the assumption that the 
advantages are fuiiy expiolted of inte- 
grating the design ol the structural 
Steel fire protection into the overall 
design process (inner and outer walls 
are used as fire protection, whenever 
possible, concrete fioor slabs are piaced 
on the lower flange of the girders, 
inherently providing a smaller area to 
insulate. etc.): 
Finally. It is recognized that the design 
system presented is not homogeneous 
due to a varying level of the present 
basis of knowledge for the different 
design steps. Naturally, this can be put 
forward as a criticism of the system. 
However, such a remark is not essential. 
instead, this faci ought to be used as 
an important guide on how to sys- 
tematize a future research work for 
enabling a successive improvement of 
the system. 



REQUIREMENTS OF FIRE RESISTANCE BASED 

ON ACTUAL FIRES (SWEDISH APPROACH) 

0 .  PETTERSSON, Prof. Dr. 

Division of Building Fire Safety and Technology, 

Lund Institute of Technology, Sweden 

Summary 

A rational, analytical approach to a fire engineering design of load 
bearing steel structures is described. The method of design is directly 
based on the natural compartment fire concept and on strictly defined func- 
tional requirements and performance criteria. The method is permitted to be 
generally applied in Sweden, as one a1ternative;since more than ten years. 
For facilitating the practical application, a comprehensive design basis 
has been worked out in the form of diagrams and tables for a direct deter- 
mination of the maximum steel temperature during the relevant compartment 
fire and the corresponding design load bearing capacity of the fire exposed 
structure. The design basis is presented in a manual which has been given 
type approval for practical use by the National Swedish Board of Physical 
Planning and Building. The design procedure has recently been further de- 
veloped in order to arrive at a design method in regard to fire exposure 
which is in principal agreement with modern loading and safety philosophy 
for the non-fire state. 



1 .  INTRODUCTION 

In Sweden, an analytical design of fire exposed load bearing structures 

and partitions is officially approved for a general practical application, 

as one alternative, since more than 10 years (I). The design is directly 

based on the thermal characteristics of the fully developed compartment 

fire as a function of the fire load and the geometrical, ventilation and 

thermal properties of the compartment. For facilitating the practical app- 

lication of the design method, diagrams and tables have been systematically 

produced and published in the form of manuals (2), ( 3 ) ,  giving directly, on 

one hand, the temperature state of the fire exposed structure, on the other, 

a transfer of this information to the corresponding load bearing capacity 

In its latest form, the design method is probability based. 

2. LIMIT STATE CONDITION 

Generally, the design criterion in a structural fire design requires 

that no limit state is reached during the relevant fire exposure. Depending 

on the type of application, one, two or all of the following limit state 

conditions apply: 

* limit state with respect to load bearing capacity, 
* limit state with respect to insulation, 
* limit state with respect to integrity. 
For a load bearing structure, the design criterion implies that the minimum 

value of the load bearing capacity R(t) during the fire exposure shall meet 

the load effect on the structure S. i.e. 

For a separating structure, the design criterion with respect to insu- 

lation reads 

where T . is the maximum temperature of the unexposed side of the struc- l ~m 
ture, acceptable as concerns the requirement to prevent a fire spread from 

the fire compartment to an adjacent compartment. T (t) is the highest tem- 
S 

perature on the unexposed side of the structure at time t of the fire pro- 

cess. The supplementary limit state condition regarding the integrity func- 



tion has to be proved experimentally, when decisive. 

3. PHYSICAL MODEL. FIRE EXPOSVRE 

The physical model for the fire design is shown summarily in Fig. 1 

for a load bearing structure. The design starts by a determination of the 

fire exposure, given by the gas temperature-time curve of the fully deve- 

loped compartment fire. In the individual application, the fire exposure 

then can be obtained either by heat and mass balance calculations for the 

fire compartment or directly frcm a systematized design basis of the type 

exemplified by Fig. 2 ( 1 ) .  The fire load density q, the ventilation of the 

fire compartment expressed by the opening factor AVT;/At and the thermal pro- 

perties of the structures enclosing the compartment are the decisive fac- 

tors. 

FlRE LOAD DENSITY 

FlRE EXPOSURE 

F I R E  COMPARTMENT - 
t 

TEMPERATURE STATE 

l 
1 

MINIMUM 
LOAD BEARING 
CAPACITY R, 

LOAD E F F E C T  
AT F I R E  S 1 

Figure 1: Physical model for an analytical fire engineering design of load 
bearing structures, based directly on the exposure characteristics of the 
fully developed compartment fire 

The gas temperature-time curves in Fig. 2 apply to a fire compartment 

with specified thermal properties of its surrounding structures, fire com- 

partment type A. The surrounding material roughly corresponds to an average 

of brick, concrete and aerated concrete. Fire compartments with enclosing 

structures of deviating thermal properties can be transferred to fire com- 

partment type A by using fictitious values of the fire load density qf and 

the opening factor (AVTIA~)~ according to the approximate formulae 



Figure 2: Gas temperature-time curves for a fully developed compartment 
fire as a function of the fire load density q and the o~ening factor A\m/At. 
A is the total opening area, h is a weighted mean value of the height of the 
openings based on their size, and At is the total internal surrounding area 
of the compartment, including openings. Fire compartment type A (1) - (3) 

In (1) - (31,  the coefficient K is given for different types of fire com- f 
partments defined by their surrounding structures. 

The fire load density q is defined by the relationship 

where m =total mass of combustible material v (kg), H =net calorific value v v 
of combustible material v (MJZ1.kg-l) and U = a  fraction between 0 and 1 ,  

v 
giving the real degree of combustion for each individual component of the 

fire load. 

The gas temperature-time curves according to Fig. 2 are applicable to 

fire compartments of a size representative of dwellings, ordinary offices, 

schools, hospitals, hotels, and libraries. For fire compartments with a 



very large volume - for instance, industrial buildings and sports halls - 
the curves, and the corresponding heat and mass balance equations behind 

the curves, give an unsatisfactory description of the real fire exposure. 

At present, there is no validated design basis available for the determi- 

nation of the fire exposure in compartments with a very large volume. 

Returning to the physical model, as shown in Fig. 1, in the next step, 

the fire exposure is transferred analytically to transient temperature 

fields in the exposed structure and then a determination is carried out of 

the time variation of the load bearing capacity R(t). 

A comparison between the minimum value R of R(t) during the relevant m 
fire process and the load effect at fire S decides whether the structure 

can fulfil its required load bearing function or not during the fire, as 

specified by the limit state condition according to Eq. 12.11. 

For a separating structure, the physical model gives the transient 

temperature state, defining the maximum value, max[Ts (t) l ,  of the highest 
temperature on the unexposed side of the structure during the relevant fire 

exposure. The corresponding limit state condition follows Eq. 12.21, as 

concerns the required function of insulation. The limit state condition 

with respect to the integrity function has to be proved experimentally, 

when required. 

4. PROBABILITY BASED DESIGN 

For the probabilistic model to be integrated with the physical model, 

different levels of ambition can be distinguished: 

* an accurate evaluation of the failure probability, using multi-dimensio- 
nal integration or Monte Carlo simulation, 

* an approximate evaluation of the failure probability, based on first 
order reliability methods (FORM), and 

* a practical design format calculation, based on partial safety factors 
and taking into account characteristic values for action effects and re- 

sponse capacities. 

For practical purposes, an accurate evaluation of failure probability 

is not possible. Also, the FORM approximations are too cumbersome for every- 

day design and the more simplified practical design formats have to be used. 



Fig. 3 illustrates a practical design format calculation for a fire 

exposed load bearing structure 4 - 6 From the design fire load density 

q and the geometrical, ventilation and thermal characteristics of the fire d 
compartment, the design fire exposure is determined either by energy and 

mass balance calculations or from a systematized design basis. Together 

with the structural design data, the design thermal properties and the de- 

sign mechanical strength of the structural materials, the design fire ex- 

posure provides the design temperature state and the related design load 

bearing capacity R for the lowest value of d 
the relevant fire process. 

F I R E  EXTINGUISH-  DESIGN THERMAL 
MENT, F I R E  FlGH-  PROPERTIES 
T l N G  CHARACTL- 

the load bearing capacity during 

I 1 
F I R E  COMPARTMENT DESIGN DESIGN LOAD 

BEARING CHARACTERISTICS TEMPERATURE CAPACITY 
STATE 

R = R I M d l  , M d 2 . . )  
A 

DESIGN F I R E  LOAD 
DENSITY 

Figure 3: Procedure for a practical design format calculation of a load 
bearing structure, exposed to a natural compartment fire 

The design format condition to be proved is 

where S is the design load effect at fire. Depending on the type of prac- d 
tical application, the condition has to be verified for either the complete 

fire process or a limited part of it, determined by the time necessary for 

the fire brigade to attack the fire under the most severe conditions or by 

the design evacuation time for the building. 

The probabilistic influences are considered by specifying characteris- 

tic values and related partial safety factors for the fire load density, 



such structural design data as imperfections, the thermal properties, the 

mechanical strength and the loading. 

The functional requirements to be laid down for the fire design must 

be differentiated with respect to such aspects as the occupancy, the height 

and volume of the building, and the importance of the structure or struc- 

tural member to the overall stability of the building. This can be done by, 

for instance, a system of safety classes with allocated failure probabili- 

ties, affecting the design strength. The effect of the probability of 

occurrence of a postflashover compartment fire, the fire brigade actions 

and an installed fire extinguishment system, if any, can be accounted for 

principally in the same way. An alternative solution is to include these 

influences in the determination of the design fire load density and the de- 

sign fire exposure, as indicated in Fig. 3. This latter way is chosen in 

the Swedish probability based design method by dividing the structures or 

structural members into categories with a related differentiation of the 

design fire load density and the length of the fire process, to be consi- 

dered in the design. The presence of an approved sprinkler system then is 

taken into account in a very simplified way by a transfer of the structure 

or structural member to the next lower category. 

5. TEMPERATURE DISTRIBUTION IN STRUCTURAL STEEL ELEMENTS AT FIRE EXPOSURE 

For a fire exposed, uninsulated steel structure, the energy balance 

equation gives the following formula for a determination of the steel tem- 

perature-time curve T - t (Fig. 4 )  
S 

where 
0 ATs = change of steel temperature ( C) during time step At (S), 

a = coefficient of heat transfer at fire exposed surface of structure 
-2.0 -1 

(W-m C ), 

= density of steel material (7850 kg.m-3), 
-1 .o -1 c = specific heat of steel material (J-kg C ) ,  

P S 

Fs = fire exposed surface of steel structure per unit length (m), 
,, 
L 

Vs 
= volume of steel structure per unit length (m ) ,  

Tt = gas temperature ('C) within fire compartment at time t (S). 



Figure 4: Fire exposed, uninsulated steel structure. Tt=gas temperature 
within fire compartment, Ts= steel temperature at time t 

Eq. [5.1] presupposes that the steel temperature Ts is uniformly dis- 

tributed over the cross section of the structure at any time t. 

The coefficient of heat transf,er ci can be calculated from the approxi- 

mate formula 

giving an accuracy which is sufficent for ordinary practical purposes. E r 
is the resultant emissivity which for practical applications can be chosen 

according to the following table, giving values which are generally on the 

safe side. 

1. Column, fire exposed on all sides 
2. Column, outside a facade 
3. Floor structure, composed of steel beams with a concrete 

slab on the lower flange of the beams 
4. Steel beams with a floor slab on the upper flange of the 

beams 
4a Beams of I cross section with widthlheight 2 0.5 
4b Beams of I cross section with widthlheight < 0.5 
4c Beams of box cross section and trusses 

More accurate values of the resultant emissivity E can be determined r 
for alternative 4 - steel beams with a floor slab, supported on the upper 
flange of the beams - from the diagrams of Fig. 5 and 6, applicable to 
floor structures with the flames completely below the steel beams and reach- 



ing the slab, respectively. For the emissivity of the flames E the value 
t' 

0.85 is to be inserted, if not any other value can be proved to be more 

correct. 

Figure 5: Resultant emissivity E for steel beams with a floor slab, sup- 
ported on the upper flange of thg beams. Flames completely below the steel 
beams. ~ b j  =emissivity of the slab, cs=emissivity of the steel beams, ct= 
= emissivity of the flames. - I cross section, --- box cross section 

Figure 6: Resultant emissivity sr for steel beams of I cross section with a 
floor slab, supported on the upper flange of the beams. Flames reaching the 
slab. ct=emissivity of the flames 



At a given gas temperature-time curve T - t  of the fire compartment, 
t 

the steel temperature Ts can be directly calculated from Eqs. [ 5 . 1 ]  and 

15.21 with regard taken to the temperature dependence of c and a. Such 
P S 

computations have been carried out in a systematized way, giving design 

tables as published in ( 2 ) ,  (3). From such tables, the maximum steel tempe- 

rature T during a complete compartment fire can be,determined directly 
s ,max 

as a function of the fictitious fire load density q the fictitious open- 
f' 

ing factor (A\mJAt)•’, the F / V  ratio and the resultant emissivity E . The 
S S r 

values are connected to gas temperature characteristics according to Fig. 2. 

Similarly, for a fire exposed, insulated steel structure, a simplified 

energy balance equation gives the following formula for a direct determina- 

tion of the steel temperature-time curve T - t  (Fig. 7 )  
S 

with the additional quantities 

A. = interior jacket surface area of insulation per unit length (m), 
1 

d. = thickness of insulation (m), 
1 

- 1  .o -1  A. = thermal conductivity of insulating material (W.m C 1. 
1 

Figure 7 :  Fire exposed, insulated steel structure. Tt=gas temperature with- 
in fire compartment, Ts=steel temperature at time t 

E q .  [ 5 . 3 3  presupposes that the steel temperature Ts is uniformly dis- 

tributed over the cross section of the structure at any time t, that the 

temperature gradient is linear and the heating contribution negligible for 

the insulation, and that the heat transfer is one-dimensional. 



Computations, originating from Eqs. 15.21 and 15.31, provide a system- 

atized design basis for a practical fire design. Such a design basis is pub- 

lished in ( 2 1 ,  (3) in the form of tables, giving the maximum steel tempera- 

ture T during a complete compartment fire for varying values of the 
S .max 

fictitious fire load density q the fictitious opening factor (A\m/At)f, f' 
the structural parameter A./V and the insulation parameter d./X.. The 

1 S' l l 

values are connected to gas temperature characteristics according to Fig. 2. 

For a specific insulating material, systematized design diagrams or 

tables can be computed very accurately with regard to the temperature de- 

pendence of the thermal properties of the steel as well as the insulating 

material. The influence of an initial moisture content and of a disinte- 

gration of the insulating material can be considered, too. Practically, such 

a determination can be carried out over a numerical data processing by com- 

puters on the basis of a finite difference or a finite element method. A 

great number of design tables, computed according to such an accurate pro- 

cedure, are presented in (2). 

6. LOAD BEARING CAPACITY OF STEEL STRUCTURES AT FIRE EXPOSURE 

By applying the design tables, referred to in the previous chapter, 

the maximum steel temperature T can be determined comparatively quick- 
S .max 

ly for an uninsulated or insulated steel structure, exposed to a compart- 

ment fire with gas temperature-time characteristics according to Fig. 2. 

The corresponding design load-bearing capacity of the structure then is 

obtained by design diagrams of the type exemplified in Fig. 8 and 9 ( 2 ) ,  

( 3 ) .  

Fig. 8 and 9 give the design load bearing capacity (M cr' 'cr. qcr) Of 
fire exposed beams of constant I cross section at different types of load- 

ing and support conditions, as a function of the steel beam temperature T . 
S 

The design curves in Fig. 8 apply to a slow rate of heating - assumed to be 
- 1  4•‹~.min-', followed by a cooling with a rate of 1.33•‹~.min - and Fig. 9 

gives the correction A B  of the load bearing capacity coefficient B due to 
a more rapid rate of heating. In the formulae for the load bearing capacity 

o =yield stress of steel material at room temperature (MPa), L =  span of 
S 

3 beam (m), W = elastic modulus of beam cross section (m ) .  

The design curves in Fig. 8 and 9 have been determined on the basis of 
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Figure 9: Increase AB of coefficient B, determined according to Fig. 8, for 
a rate of heating a 2 4•‹~.min-1, as a function of the steel beam tempera- 
ture Ts ( 2 1 ,  ( 3 )  

the deformation curve of the fire exposed beams calculated by an analytical 

model, presented in ( 7 ) ,  which takes into account the softly rounded shape 

of the stress-strain curve of steel at elevated temperatures as well as the 

influence of creep strain, noticeable at temperatures in excess of about 

450'~. 

For a structural fire design of columns, unrestrained or partly re- 

strained to a longitudinal expansion during the fire exposure, reference is 

made to ( 2 ) .  

7. CONCLUDING REMARKS 

Compared with the conventional fire engineering design, based on clas- 

sification and results of standard fire resistance tests, the presented 

analytical design procedure has a more logical structure, based on well-de- 

fined functional requirements and performance criteria. Of the ensuing ad- 

vantages, the following are seen to be the main ones: 

1. More consistent safety levels. 

2. Better economy. The cost of structural fire protection is, as a rule, 

hard to itemize and the cost-saving consequences have been quantified 

only in a few cases. Rough estimates indicate that while the cost for 

conventional structural fire protection may exceed 30 per cent of the 

cost for the steel frame material, the corresponding percentage may be as 

low as 10 with the design procedure based on analytical modelling, see 



Fig. 10. This figure is based on the assumption that the advantages are 

fully exploited of integrating the design of the structural steel fire 

protection into the overall design process (inner and outer walls are 

used as fire protection whenever possible, concrete floor slabs are 

placed on the lower flange of the girders, inherently providing a small- 

er area to insulate, etc). 

Finally, it is recognized that the design system presented is not homo- 

geneous due to a varying level of the present basis of knowledge for the 

different design steps. Naturally, this can be put forward as a criticism 

of the system. However, such a remark is not essential. Instead, this fact 

ought to be used as an important guide on how to systematize a future re- 

search work for enablinga successive improvement of the system. 

Flre protect ion according to Flre p ro tec t~on  acco rd~ng  to 
conuent~onal standard design ~n tegra ted .  ro t~ona l  deslgn 
method method 

Figure 10: Costs for fire protection 
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