


ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

lr
il
ECCS g | EUROPEAN CONVENTION FOR CONSTRUCTIONAL STEELWORK
CECM |||| CONVENTION EUROPEENNE DE LA CONSTRUCTION METALLIQUE
E K S | EUROPAISCHE KONVENTION FOR STAHLBAU

ECCS - Technical Committee 3 - Fire Safety of Steel Structures

Design Manual

on the

European Recommendations for the
Fire Safety of Steel Structures

FIRST EDITION

1985 N° 35

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

All righls reserved. No part of this publicetion may ba reproduced, stored in a retrlsval syslam, or

tranamitied In any form or by any means, alecironlc, machanical, pholocopylng, recording. erotherwlse,
without the prlor parmlstlon of the Copyright awnar

ECCS Goneral Becrelarlal
CECM Avenus des Ombrages, 32/38 bte 20
EKS B -1200 BRUSSELS (Belglum)

ECCS asaumes no llablity with respeclt 1o the use lor any applicallon of the matarial and infarmation
contalned in this publication,

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

CONTENTS

FOREWORD

I1

II1

v

FREE Download Publications

INTRODUCTION

FIRE EXPOSURE

1.
2.
3.

Iatraduction
Fire load density
Analytical medels of design fires

TEMPERATURE DEVELOPHENT 1IN FIRE EXPOSED STEEL
HEHMBERS

1.
2.
3.
4.
5.

Incroeduccion
Basic heat conduction equacion

Hear trapafer to unprotected sections

Heat cransfer to protected seccions

Practical applicacions

HECHANICAL BEHAVIOUR OF FIRE EXPOSED STEEL
MEMBERS

l.
2.
3.
4.
5.
6.
7.
8.

Ineroductelon

Strength and deforaatlon properties
Therzal expansfion of steel

Privwnciples of analyasis

The concept “crictical cemperature”
Behaviour of beams uader fire comditians
Behaviour of coluseos under fire condicioms

Praccical applications

FIRE SAFE USE OF STEEL STRUCTURES

1.
2.
3.

Inctroduceion

The rolea of the structural fire scabilicy
Unprotectced steel complyimg with regulacion
requlremencs

Procected sCTUCCUTEC

PAG WO,

Lak

b1

11
1t
13
l6

- &1
Sk
. 4l
&5
- 47
30

b4
64
63
70
Tl
73
T4
B4
92

100
100
1012

103
109

www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

oo

Vi CALCULATION EXAMPLES 121
1. Imercductian 121
2. Cheek on actual fire resistance L23
3, Desipgn for nminfioue insulacion thickness '3
4. Deslgn for adalsslble load 132

APPENDICES

A Accurate form of equivalent time of fire eaxposure 137

B Sctrength and deformaclion preopercies of structural
sceel of varlous grades at elevacted Cemperature 149

c Behaviour of steel elements in structural syscems 1586
L. Incroduction 156
2., Axial restraint of beams and columns 156
3. Eccentrically loaded columns 161

D Design tables 168
l. Sceal propertiess ac elevated Cemperaturea 168

2. Mean temperatures Ln unprotected steel members

vnder standard fire exposure 171
J. Yean temperatures ip protected sceel oembers

uoder standard fire exposure 172

&, ECCS=buckling curves a4t room teamperature

(C-eurves) 176

5. Seccion factors for various scteel mepbers 1217

HOTATION 183
RETERENCES

= Chapcer 1 187

- Chapeer IIL 189

- Chaprter ILIL 195

- Chapter 1IV 157

= Chaptar V 200

= Appendix C 202

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

FOREWORD

This Design Manual i3 a supplement to the European Recommendactions
for cthe Fire Safecy of Scteel GStructures (Elsevier Sciencific
Publishing Company, 19B3), also prepared by Technical Coumittee 3

of the European Conventlon for Conscruccional Sceelwork (ECCS).

The Recoomendations, with cthe particular aim to serve as 2
reference document for nationmal codes of praccice, give che basls
for the applicacica of analycical wmethods for cthe caleculacion of
the behavicur of fire exposed steelwork. In several countrles these
methods are oow being used, wvhere appropriate, as an alcernacive co
the cooventiooal classificacion direcrly based oom the rTesulcsz of

scandard flre resistance tests-

In order ta facllicate an andlycical fire engiloeeriog design 1in
pracctice, the present Design Maoual wvwas prepared offering, besides
comprehensive background information, a variety of tabulaced design
daca and vorked examples leading to siople and svsctemaclc design

procedures.

Like the Recoocendaticons this Design Hanual only covers tradicional
structural steelvork exposed toe the sctandord fire. For analytical
design mechods for composice concrece s5labs with profiled sceel
sheet 1t Ls referred to Publicacien Mo 32 of ECCS, L198&. &
publicaction on cthe fire resistance of composite columns 1s under

sreparation.
The membership of ECCS5 Committee TC3 “Fire Safety of Sceel

Structures- during the preparation of rchis Design Manual was az

follows:
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J. Wicceveen, chalrman M. Finzi F- Pfohl
L. Twilc, secrscary J.=P., Grimaulte J.B. Schleich
P. Arnault J. Janss D. Sfintesco
W. Boogard W. Klingseh J. Thor
5. Bryl L. Kraopf (ms) A: Tovar de Lemos
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following zembership-
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Edicing has been omade malnly at che Inscituce THO for 3Juilding
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1 THTIRODUCTION

Fires afrect the structural perforoance of buildiogs,
because they change the physical and mechapical properties
of oaterials of constTuctlion. As & consequencé a fire
enginenring design system needs Lo gquantcify Ehe fire
exposure on the one hand and cthe effeccs of cthar expesure on
structural behaviour on the other. Presencly, che design
system Ls usually based on grading of eleoents of
construction in & standard fire vesisctance cest: In the
bufldiug regulacions structural perforzance fs8 defined as
the minloum time for which each element would surviwve 1f it

was subjected to & standard flre cest.

Hore generally, a struccural fire enginearing design
includes twoe compoonects i1.&#. quantlification of cthe [ire
exposere (heat exposure model) ond cthe effect of thact
exposure on the structure (structural respoase model) [1,2,

4]- Both models can briefly be described as follows:

a. Heat expogure wmodel H, for the determinacion of cthe rise
of temperature in a furnmece or compartment as a function
of time. The heat exposure wmodel 1is supplemencted by
factors which rtake {ato account the probabilicy of
occurrence of a severe fire, reliability of sprinklers,
occupaney, height and voluee of the building and the
consequence of fallure for the overall stabllity of the
building.

b. Structural rtesponse model 5, for the decerzinacion of =zhe
heat ctransfer to and wvichion cthe structure and the
ultimate load bearing capacicy of the scruccure. The

structural model may be experiaental or snalycical.
The design iloplies a proof that the szructure or the

structural elemen: under a defined load arnd asubjecced to the

speclfied heat exposure, fulfils certaln funccional
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requireoents, expressed by relevant lioic SCACES. The
available heat exposure =odels (H) (see vertical columa In
Fig. I.l1) &and the sctructural response wmodels (S) (sea
horizeontal row In Fig. TI.1} <cam be characterized with
respect to the type of therzal exposure and the cype of
structurnal system. The models are listed Lo & sequence of
improved siwmulation, =and consequently &lse with fncreased

complexicy of application.

Heat exposure models

{Hl} A rlae of cecperature as ﬁ funccion of time according
to tha standard cemperature Ciloa curve.
Tha duraticn of the temperature rise iz equal te cthe
"required tiee of fire duration™, expressed in building
regulacions and codes.

{EE} A rise of ctemperature as a function of Ccime according
to the standard teoperature time curve.
The duraction of the temperature rise {3 equal re che
“"equivalent time of fire eaxposure”, 8 quancicy which
relaces a2 non=-standard or natural fire exposure co the
standard cemperature-~time curve.

{HJ} A rise of CeTpeTature an a funcetion of time
characterizad by an analytical dectermination of the gasa
temperacure—~time curve of a fully developed compartement

flre (nacural fire).

Structural response models

:511 The load bearing structure 1s fdealized as a saries of
single mambers with simplified resttaint condlitions
such as beaas and columne. The oodel can be elther
exparimental (sceandard fire reaistance tese) er

analytical.

(52} The load bearing structure ig ideaiized as o nugber of
sub-assemblies, such as beac-column systems. Although

the model can occasieonally be experimencal (standard
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fire resistance test), an analytiecal appreach will be
prevalent.

{53} The load bearing structure, such ag a building frawme or
a floor slab system is analysed as a vhole. The model

is only suitable for anelytical design.

Structural SI 5: E]

Respense | gomenes
Madel

Sub-apsemblies) Siructures

Harat '; b T At b

Exposure 1' ap T plsls

biodel

= e e W

I50=-834

T lest ar caboud b Han ditference m
H chleulatinn occasienal teat|| sohemalizstion
¥ becamax faa
i |”'l
tra

so-mxe ]

H el ar ER Bl b Liga culzulaitan
5 cnleylathen sccaniensl tewt|| wepraerical
LI
cgrmpartment
T| Fire
calouintinn caloulatien caloulnHen
recanlonal scuplanal wnd

lar regsargh

L
L

tgg ™ required tioe of fire duracion

tag = design equivaleot time of fire exposure

Hatrix of heat exposure and stcructural response =models in
sequence of improved simulacion [1, 2, 3]. Double lined

elements defioe che scope of the Design Manual (see chapter
I.2).

Fig. I.1

Each c¢ombilaacion of heat exposure wmodel and structural

response model, as an element of the macrix im Fig. 1.1,
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represents Iin principle a2 particular design procedura. Ir is
eviden: that not all oodels cam be wused fn all possible
comblipacions. The rule should be to provide a sensiblie
relatlon in the levels of sdvancement of beth models. Im the

text in Fig. 1.1, referemece 13 oade £> this aspect |[l,2,3].

Af digecussed, most countrles use a flre engloeering design
in whieh scructutal perforcance 1s coonected to grading of
elemants of constructien by 8 standard fire resistance cest
(heat exposure model H;) [4]. Gecerally the required tioe of
fire duratlon i3 not only related te the estimated flre
exposure, but 1s also differentiated with respect to safetly
consideraclons relevamt to the structural applicacion and
the building in quescion.

The rige of teoperacture as a function of time according to
the gtandard Ffire and the filire duration are & TrTough
approxisation of the real gas-temperature-tiee curve of a
fully develeoped coQpaTrcoent flire. It is possible Lo
caleulace a complete gas—-temperature-timeé curve uwelng heat
balance equations (heat exposure oodel Hq) [5, 6, 7, B]. The
amount of comsbuscible material (fire load), the coambuscion
characceristics of the fire load 2nod cthe gecmetrical,
ventilacion sand thercal propercies of the fire compartcoent
atre the important factors. Safery considerations are related
to the deteroioation of the deaign fire load via a ser of
parcisl faeteors [Ll, 2, 3]-

The ctemperature=-time curve of a fully developed compartment
fire (heat exposure woodel Ei) wmust be caleculated, i=
principle, for any individual applicacion, from cthe enevgy
and mass balapce egquacions for the fire load and the fire
comportment Iimn questien. For praccicol applicactions =thls
requires a computer or a comprehenpive set of dealgn charts

for differentc fitre loads, ventilation factors and thermal
characteristle of the fire compartment [5, 6]. Horeaver,
heat exposure model Hy cannot be wused I1n comblnacion with
experinental structural models, wvhich are generally based on

the scandard temperature-time curve. This 1s a serlous
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constraint indeed, because for several sEructural appli-
caclons, in parcticular non—-load Dbearing sCructures like
pareticions and doors, the fire resistance test even consti-
tuctes the only method of wverification. S50 far only the load
bearing capacity of steel structures and, in a more limiced
Sense, Cconcrete sCcructures can be obtained by analycical
methods. Therefore, heac exposure wmodel HE has been deve=
loped, which connects the natural fire according te heat
exposure nodel HJ, with the scandard fire (hest exposure
model By). The coonection between the natural fire and the
standard fire comprises a determination of the decisive
ultipacte scace of a4 reference element, representative for a
class of structural systems like steel estructures, for =&
natural fire on one hand and for a thermal exposure accor-
ding to the staodard fire oo the other:. Ao equivalent tCime
of fire exposure caon be defined as chat length of the
heating peried of the scandard curve, which gives the szame
decisive effect on the reference element with respect to
failure ag the complete process of & natural fire [6, 7).

Saferty consideratioms rtelevant cto the bullding in qQuesction
ara related to the equivaleant time of fire exposure via a

set of parcial factors [1, 2, 3, 9, 10, 1l1]).

Most countries use a method of verificaction btased on grading
of elemencts of construction {m a2 standard fire registance
test. Because of limired dimensions of furmaces, only
télatively small alements can be tested wicth simplified and
condieclens: In the matrix of Fig. I.l cthe mecthod applies tco
structural wmeodel 5§, and occasiopally S5,+ Intermatiomally,
the standard fire reslisctance teat according to 150 B34 [&)
is usad very frequently _lnd. for pamy types of structural
applications, it conscictutes the only way at presenc for
obcalining the ipformationm required for a structural firTe
éngineering desigo. In apice of this, the scandard fire
resistance Lest Ccan be sariously ericieized. The
speclfication of the ctest 1is inguffieient {fn savaral

a5pecCs, such a5 heatflow charasaccerlisclcs of furnaces,
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Generally chese svystezs include two =main gtaps, vir.:

ls
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A caleuvlacion tha
the fire load
during the heating process.

teoperacture distributicn within
bearing elemenr or scructure

A cransforostion of these teoperature discributi{cns tao

the wvariacion of cthe load bearing capacicty as a
function of tipe in order to examine vhether or not the
fire exposure will cause a faflure of the struccural

element or structure &t the specified loading.
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Some resulce of fire resistance tegcs on i1dencical conerszce
fi{lled hollow steel sectioons obtained fin wvarious cest
leboratories [1l4].

Fig. 1.2

During the last decade, considerable progress has been made
in developing eanalytlical design waoethods for fire exposed
load bearing elements end structural sssemblies and 1imo
makiaog these deslgn mechads operacional, using design
diagrams and rableg. This approach is most sdvanced 1in the
field of steel structures and applies co the strucctural
response nodels §; and 52 1in the oatrix of Fig. I.l.
Although in principle an analytical fire engineering design
of sctructural models of the cCype 53 1s possible, it =ay be
questioned whether the complexity of the nodel is justified
for design 1o practice, &3 the structural desigo at rToom
tempecacture i3 usually not perforzed on entire load baaring
structures, but i3 limized tec sub—-assemblies of the type So.
The structural pedel S5, hovever, may be a useful ceool fer

research purposes.
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Each @&lement in the macrix of Filg. I.1 represents a
particular design procedure. The oDacrtrix cherefore can be
congidered asz &8 elagssificption asvscem for ocethods of
sgructural fire engineering design.

The design =ecthoed HRy-S; and occasionmally H,;-5, with
exparimencal verification of the fire resiscance [4)
corrasponds to a vast oajority of natiopal codes. In pany
countries improved methods based on heat exposure models Ha
and H3 [5, 8, 9, 10, 11] have occasionally been used, buc,
excapt for Swedean, they are not automatically accepted as
methods which satlisfy the requirements of the bullding
regulacions. In contrasc co :h£ acceptance of lmproved heac
exposure models, there i8 n growing acceptance of design
nerhudnfﬂl-sl enod Hy=5, with an acalycical verificacien of
the fire resistance. In several countries these mathods are
novw belng wuvsed a3 ano alternatlive to the standard fire
resistance tesat-

The European Recoomoendations [l5] co which this documenc s

a Design Manual, apply te design sethods based oo heat
exposure wmodels Hy and H2 (ecandard flre) and amalyciecal

stTuctural response models 51 and 54,
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I

Il. FISE EXPOSURE

Terninuluiz

The folloving cerminology 15 used to desceribe differeac

cypes of Sire:

A real fire is a developed fire 1a & bullding, 1in=

fluenced eor not by an extinccion syscem and/or fire

brigade action.

Aa experimental fire 1s a test fire witch speciiied

:hnractutiu:ic; and may be swmall scale or lactge scale.

A design fire 4s a fire wich a specific chermal expe-

sure, to be used in 4 scructural design. If che thermal
exposure L8 givea by the staodard tcemperacure=time
curve according to cthe IS0 Stamdard 834, the design

fire 15 the atandard fire. TIf rctha rthermal exposurs

Einulaces a real fire in a fire compartment in a simp-

lified apd Lfdealized way, Lt 14 A COMPATTBERDL firm.

Such a £fire can be specified eicher by the variacioo
with time of cthe heat flux to am exposed sTtructure or
structural omember or by the variacion with ctime of the
Zas ctexperacure in the comparctment.

II.1 Introduction

As stated ip chapter I, there has beea {mportcamc pro=
gress during the last cen vears in the developaent of
copputacion mechods for apalytical scructural fire
engineering design. Tor steel structures, this has
reached a stage wheze an analyctical design can be car-
Tied out for most praétical applicatctions oo che basis

of aficther the standard fire or a compartmant fire wvhich

takes into account the combustion cheracreriscics of

the fire load, the vencilaclon of the fire cosparcaoent
and the thermal properties of the stcructures enclosiag
the fire compartaenc.
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In spice of =his development, the s:andard firea resiss=
tance ctest sStfill predominates iLncernatfooamlly as the
basis for filre classificacion and desgsign. That is the
Bain reason whyY che EZCIS5-Recocoendacions ave aizized,
in firsc place, o0 an analytical decerminatica of the
fire resiscence of load bearing steel elecenis and
scruccrural asse=hlies zhermally ex-osed o the standard

fire.

Where analycfical sctructural design for a2 coampartment
£ire i» concerned, this cao be carried ouc eicher by a
direct use of che cime variacionm of cthis exposure or,
mare Toughly, by applyiog - the concept of equivalant
tiose of fire exposure, which relaces rthe coopartment
fire to the scandard f£fire. This comcept cam give an
laproved classificacion for fire ranking or grading of
gctructural elecents, when integrated wich a probabilis~
tic modal, and takieg ince sceoumez, ([1]l=[12]:

* rhe uncertaincies of “he npumarical values af the =

fluence varlables (scochascic variablea),

* the uncertaincies of cthe prediccion waodels for cthe
hea: exposure and =the chermal and scTucturtal re-
sponsa,

* the probabllicy of occurrence of a Jeveloped firg =
depending on che compartmentactlon, the fire brigade

action and an automatic ex:tinccion system, 1f anv,

and

* the consequences of a structural failure = depending
on such faccors as the occupaney, the helght and
voluoe of the buildicg and the i{eportance of che
gtructure or scructural meamber to the overall szab!i-
Llity of che bufldizg.
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The following presenctaction opeos with an sucling
descripeion of :the =ain characteriscics of the fira
load wich exaz=ples of fire load stacistics found {n
TacaAnt fnveg:igsciocs. The m=ain pare sf the chanzars
then deals wich analycical models for the design filre
exposure with relerecce Lo Che cooparioent fire, zhe
standard fire and the conceptc of agquivalent ctipa of
fire exposure. The presentation concepntrates oo The
standard fire and the equivalent cima of fire exposure,
to mateh the ECCE-Recoamendations.

II.2 Fire Load Densi:cy

Ordinarily, thae fire load ina n::ﬂnpartnaﬂ: is defined
as the cocal guancticy of heat  releazsed on comslete

combustion of all ceobusatible wmaterials, contalined
inside cthe fire compartmenc, ioclusive of furnishings,
surface macerial, linings and coverings on walls, toof
and floor as well as cthe load bearing and non-load bea-
Tiog eCructure orf sStructural oembers. Divided By a cha-

racteriscic reference area, Q gives the fire load den-

5ity g§. Mest countries wuse the {loor area Af as cthe’
reference araa, while some councries us e the cotal
interior area i: ef the surfaces bounding the Eire
coaparctmentc, i{neluding all openings. The alternative
use of the bounding area A originactas frow che fact
thac this quanticy is & Eunda:antul parasecer 1o cthe

heat balance of the compartment fire.

The twa versions of che fire load density are given .by

the formulae

2, = ;E%Hu (II-1a)
9 = 1 I, (II=~1b)
where
q£ = fire load dengicy, per wunic fleor area (HJ =x
D J,
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1&

q = -ire load density, peZ unit area ol bounding
surfaces (MJ = - I8

m = total zass of coobustible macerial (kg).

B, = :1E?rifi: value oif coabusclible =zacterial (H. x
kg ),

A_ = floor area of the Tire compartment (= ),

A = total interior area of Ethe surfaces, Dbounding

the fire comparctment, Iincluding all opeaiogs

2
{:. l-i

The calorific values of some solid, liquid and gassous
zaterials are given (o cable II.1.

For a fire compartcaent with a gulrlnﬁned PATDADERE use
and ficcings, che design value of :hi fire load deasicy
can be direccly decerzined ancnrdlng‘tn equation IX-l.
Such an iodividual survey i3 wortliwhile doiag Lf che
fire load stacisctics for the relevanc cype of fire com-
pacctaent have a large coefficient of wvasiation. The
decerminacion may, howevar, resulr in carcain drawvbhaciks
in the event of fucure alceracions and rearrangement in
tha bufldiag. It iz therefore more cooveaolent to decers=
@loe the design fire load densicy on the basis of sca-
tiscical davescigatiocs for cthe type of buildiaog or
premises iom quescion. Such stacistiecal invescigacions
have been carried out in several countries for dwel-
liags, offices, adainiscrtacion buildiogs, schools,

stores, and hospitals = ¢f., for imstance [13)-=[19].

Table I1.2a gives an axaaple of fire load s:tacisctics
according to recent Swedish fovestigacions [135), ([1s8].
The Teporced vealues are L(nscancAneous values, Teferred
to unit area of the surfaces bounding che fire compart-
cent and determined according co equatien II=lb. The
teble gives the avec-age value, the s:iandard deviacion
and tha characteriscic valce, dafined as the 0.8 ZIrac-

tiie value, as auchorized in the Svedish Building Code
at present (23] . In adedicicm, cable II.2b gives cthea
eorrespendiag characeeriscic value of the filire iocad

deasicy qf per unlt fleer area [21) , based oo the
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resulcts of cthe saze scaciscieal survey. Roughly, the
values of the fire load densfizy givenm in tables II.2Za
aod b are oo the same level as corresponding wvalues,
obtained in Gecman, Swiss (13}, [1&4), [17)and US fire
load surveys (18], [(19)]. This ¢s flluscrated ig cable
II.2c (13}, which gives the average value and che scan-

dard deviacion of che fire lead density qf per unit

floor area from a very comprehensive investigation car-
ried out by ECCS for various types of fire compartzen:s
in office buildingsa.

A a rule, complete combustion of all combustible =zace~-
rials in a fire compartaent does aot occur. This cao be
alloved for by using the following :tlltinnsﬁips for
the fira load densicy: ,

: ;
9; = o— Lu = B (II-2a)

x Af
1 ™a -
rt -.Jumuﬂu (II-2b)
“here

wu, = & fracction becween 0 and 1, giving the real degree
of combustion for ee&ch individual component of che

fire lpad.

The non-dimensional factor u varies according cto tha
type of fuel, ita geometrical properties and position
in the fire compartaent, and che fire eavironment (heac
flux and duracion of  heacing). Bookcases, stacks of
papaers and floor coverings atvre examples of fire load
components whose real degree of combustion 13 usually
low, and whose HJvaI“" copsequencly are well below
unicy. At present, there 13 a lack of experimencally
verifiad Uy, values for & range of fire environments so

thact, asormally, formula II=2 cacnot be wused. A cesc

apparatus sad z test procedure for evaluating u, iz one

specific environmenc are described im (L] ana ([2] ,
which foclude comprehensive lists of values, deteraioed
for various macerials, under chis condicfion. A @mora
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differenciaced pr-ocedure for deaer:ininguu, vhich taxes
incte accoun:i the perosity of che fire lead and the cag-
peracure-cios curve of the desigo fire i3 preseanced Ipn
{13) and [14). The procedure i3 icteracive and primarily
applicable to scacks of pajpers in cabinecs. Yowever,
the walues of the fire load densicy reporctec ia cables

I1.2a=-c generally assuame u, = l.

IL.2 Andalyeciecal HModelas of Deasign Filirea

II.3J.1 Compartaent Fire Exposure

Io practice, it 135 the fully developad ragizoe of =zhe
compartmant fire which significancly affects the baha-
viour of the load bearing sCrucCure of Structural én:-
bars. The essencial Iinfluences on cthis parc of the fire

process - the posc-flashover compartment fire =- arae

* goount and type of combuscible materials in zhe éu1-
pattmenc (fire load},

* porosicy and parcicle shape of cthe fire load,

* disctribucion of the fire load ia the compartment,

* azount of air per umic time supplied co che comparc-
Genct ¥

* geometry apd openings of che cocpartzent, and

* thermal propercties of cha atructures, anclesing cthe

comparcment.

For given combusction characteriscics of the fire load,
the wvariacion with zice of che hear [lux toe an exposed
SCructure of Structurtal member or che gasa cecperature-
time curve of che fire compartment cam be calculaced
for an individual coapartzent from the eanergy and mass
balance equations with respect to the oalze, EEOTELTY
and wventilation of the compartzent, and to the theraal
sroperties of the enclosing scruccure [15), [1&], [20] .
[22] ={33]. These compartzent effects are characcerized
by <che so-called ‘“opening factar", A, fﬁ;fat. and
the coefficient, Kf' whera h“ i3 tha area and h”

the mean height of che vencilaticon openings asd X _  is
E

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures
i7

given in table I1.3 for different cthermal propercias of

the enclosing sZrucTuTeEs.

A a siapliffcation, posc=flashover coapartaent Iiras
can be divided into two types of behaviour - ventila-

cion concrolled or fuel comcrolled, [22] . For cthe

firsr ctype, the combustion during the active stage of
ehe fire L5 contcrolled 5y cthe ventilatior of the com-
partoent with the burning rate approxizately proportio-
nal to che air supply chrough the openings of the fire
compatztaent and net 1o aany decisive way dependeat on
the azmount, porosity and parcticle shape of the fuel.
rer the secopd type, the combustlon 135 gainly comcral-
led by the properties of the fuel {(fire load) amd Lis
largely diandependent of the air supply through the ope-
aings. The boundary betveen the two kinds of compart-

gent fires is not elearly marked.

The practical use of cthe anpalytical wmodels developed
far the post-~flashover compartment fire 15 facilicacead
by access to vell documented computer programmes = cf.,
for inscance [30). A elosed-forn approximation, arrang-

ed to suilc hand-calculatiocns, is presenced ia [31].

The abilicy of rthe models 1is {llusctracted in FfLgure II. I
apd IT.2. In figure II1.l, a sat of full-line curves is
reproduced from a Japanese full-scale test, showing the
temperacture—zimeé curves of the combustion gases at dif-
ferant poinots {m the fire cocpartment [34] . The dash--
line curve shows che corresponding cemperacure-tiaze
trelationshilp calculaced by applvyiag the analytical
model derivad im [25].
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—  ~ gastemp. in °*C

time in h

Experinencally deterzined cime curves of the gas te=pe-
rature at different peincse in a fire compartseéent
.{full-lln;' CUrves ) [34) , coopared with a cheoretical
eurve calculated mccording te cthe analytical oodel pre-
sented in [25] (dash=-lime curve). Fire load densiy g
- 140 HJ = ‘*2= fire compartoment wich opaczing fac-

cer A vh /A = 0.0487 -m.l'”' and bounding
strun:ur:s if conecrete fleor, concrece toof and walls

mede of hollow coocrate Slocks

Fig. IIL.1l.

Figure Il1.2 shows the variacion with tipe of the ave:r-
age gas cempeTature inside the fire coopartzenc, zez-
sured {im full-scale <cescs performed at the Tire
Research Sratiom io U [35), compared wich cha corre-
sponéding curves obrained by the a2nalycical model im [I35]
- ¢f. [27]. The figure also illustrates, for oae of :he
teszs, cthe proporcicns between the tazms Io the epezgy

belance equation of the fire compartiment

E g [ )

whera § = rate of heatr release by cozbustien finside
Che aﬂmgnrtments, g = vate of heat loss by coavec=

tiem through che upEnings, ﬁ_ = rtate of Theat lass
through the bounding 21115? floor and ceiling, anc
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experimental

~— -= theoretical

n "C

gastemp.

rate ufeneggylransrer

x 104 W/m

30
——= time in min, — time in min.
Zxperimencal varifazion with time of the ave-age gpgas

0

texperature inside a4 fire coopartmear (full=li7e
eerves) [35), eompared with corresponding cheorecical
curves calculaced according te the analyiical aocdel
preseocted imn [25] (dash-line curves). Fize load decs’:

T = 3l Egesu P), 62 (cesc D), 124 (cest N) a=d 2

[
a1}

M] =2 = feeszs "L); fire compartsent wich opeaing
factesr A Vo Hut = 0.12 = and bounding

w =
structures of cooerete Zloor, refractory comereze cei-

ling and walls of coomen brick. The cize curves for zhe
diffarear cer=s ia the energy balaoce equation for cesc:
¥ are showa at che right [27]

-"iEl- Il.2. -

qR = rate of hear loss by cadiatien :through the ope-
2ings. Geaesally speaking, the <resulss showva verifw
that the appliec analy:tical model is adequace Zor the

siznulation of axparimental full-scale fires.

The available analytical =zodels acd computer prog-so=es
for the posc~flashover coppartmsen: fire provide che
besis for & syscamarficsd design. The gas cecperacurs-
Cize curves E‘"t in figuze I1.3, [15], [16),([20]), [25] .
aTe an exanmple of such a design basis for use i3 az
analycical desigo of load beacing scructures aad parci-
tions exposed o a coapartoent fire. The curves arce

approved by cthe MNacional Swedish Boatd of Physical
Plaoning and 3uilldiag for geoeral praczical applica-

ziea. They apply to a fize cocoact=zest vich su--oumnding
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SErustures, ocade of al:lteri?l with 3 Fharzal coodcepi-=
- ﬁ-
wizy 4 = 0,8] W x = x C aod a heatc
b -1 g =1
capacity 3¢h = 1,67 HY x = « C which
hase K= 1.0, Lt.&., fire coopartmenc EYae A Such &
surrouading oaterial corresponds roughly Co a2 averaze

of brick, concrece acd asrated copcrelfe.

The gas tecperacure-cioe curves 1o £figure II.3 have
been computed frem cthe energy and mags balance equa-
tions of the fire coaparctment under the followving siap-

lifying assumptioas:

* the cocbusction of the fire load cakes place enczirely
wichin cthe fire coaparctoent,

* the fire process is ventilacion concrollad,

" the temperature 8 ig unifore wvicthin tha fire com=
partmestc at say tiae e,

* the coefficienr of heat cransfer for cthe inceroal
surrounding surface Ls uniforo over each individual
part of the surface at any time ¢, and

* the heac cransfer cto and cthrough the surrouading
sctuctures 1§ one-dimensicnal and axcepc wiodow and
door openings, uniformly discributed for each tvpe of

SCTUECUTE .

The consequences of the assusptions are snalysed Lo [15],
[27] and [36], varifyiag their reasonableness gs a2 basils
for the calculacion of the load tbeariag capacicty of

fire exposad prtructures and scructural mecbers.

far fire coopartmentcs wich surroundiag structures, who=-
3¢ thermal propercies avtea differecc from those of fire
CompAaTCBREnE, cype A, an affeccive fire load deosizy
q:! apnd an effaczivae oapeacing facrcor

[ﬂufﬁ:fhtif can be used im the heat balance,

calculaced from the real Ffire load deasicy q: aasd the

real opening factor A VR JA as follows (13}, [16],
(20] : v W

q = K q {II=4a)
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A VR = K A v /i -
4 HVHEIA:JE Ef . Hfat {(II=&%)
“heTe 2he coeiiicient :t is given iz zable 1.1 4=
Severz types of Iire coaparimeni.
The gas tempersture-:ioe curves Zlluszracted In =lgure

[I.3 arte applicable to fice compa-coents of a size re-
presextative of duellicgs, eordinary offices, schools,
hespitala,  theotels and libraries. Fer fire cocpac-caentcs
wich 1'?&:3 large veluzme = for instance, large iodusc-
rial bulldlogs and sports halls - the curves give an
unsatisfaccsory description of the real fire exposure.

Foer such types of bulldiags, ic is cenfirzed by cheaocy

1200 .l--.u'l':- .;F.'l..l oozm/2 B ,ﬁ'ﬁ“fﬂﬂg_g.‘mu'!

n *C

- u 2400 Muimt
E
ar
—t
]
m
=]
| F4 3 i k=] & t . 3 < 3 i
time in h

—= gasltemp. in °C

— time in h

Zxaople of gas temperature-time curves 8 -r of the
t
pest~Ilashover coczpartmen: fire for diffezent values

o
the fire load density gq and cthe opening Zfaz:zor
. :

iu Vh /A . Tire cozpact=ent, typs A = I2rego aczho-
v ot
rized Svediah Scacdard Specificacions [20]
Fieg. I1.3.
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and experinnce [37) cthact flashover will frequeacly no:
gecur. This pre-flashover comparcment fire can give a
local fire exposure cto & structural meober - for iz-
STANCE i bea=, 4 ecalu=a a7 a frama = QOTE SEVETE BT
iass severa than chat assumed for the postz=flashover
compartment fire dlluszrated in Elgure IT1.3. Ar pre-
sent, there i3 no validaced analytical model or design
basis avatlable for a determinacion of the fire expo-
sure, which can be generally applied te firm coampart-

aents wich a very large volume.

I1.3.2 &

In the majoericy of countries, the nacional requireaents
for fire englceaering design of load bearing sctruccural
elemencs and parcicions ara direccly relaced to the
standard fire resliscance cest. lo the design, cthe
results of the ctescs have to ceet the corresponding
requirements spacified {a the buillding codes aod regu-
lacions.

Fire resilscance ceaascy are carried out accordiog to na-
tional aspecifications which vary omly in =inor decails
from councry to country. In primeiple, Cche tast condi-
cions are in conformicy with IS0 Scandacd 834 ([38].

In the cest, the specimen 18 exposed in a furnace to &
temperature rise, which 13 controlled so as to wvary
with tioe wicthin specified lioits accordimg te che

ralationship:
@ =8 = 3&5 1L (Be+1l I1-5)
¢ o °%)0 . :
whase

E = cime, In minucses,
&

= fuyrasce zepperature at time &, in €, and
o
3 = furnace teoperature at cisa =0, ia C.

The tezsperature=-time curve givenm by equatica II-5 Is
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shewa Zn figu-e ZI.4&4 Zfoz 2 - Zﬂﬂ:- Fpor eo=parisen,
the Iigure also in:lude: A set ol curves ziving zthe
ave:léa Bas teczpecature Insidie zhe Iire comparz=ez:z,
oziaiped ia Zfull-gcale czes:zs carried ou: a: tha fi-g
tes: scacion at Maizieres-les-Metz for four -diffe-en:

=ite load decszizies I3 a4 Tooz with an opezing facios

I
- 5

FIRE LOAD  a.ddkg/md
L\ |

N

- ok © il
i INN T
EEM ;\\'! lll

100

== lime in min.
The standacd fire accordiog to equatioe II-5 (IS0 cus-
ve), coopared with the time curves of the average gas
Eeoparature determianed in four full-scale experizenczal
Sizes characzezized b7 the saze opening ZFfaccor A
“ﬁ:?ht - 0.157 5111 end a vacying fire lnag dan:
sity q_ = 15, 20, 230 aad 60 kg wood per = <Iloor

LF1]

area Il§]+ Correspoundiag fice load density g =- 4
50, 90 aod 180 MJ @ ', respeczively. Comsart=e=t

“ith bounding sctzuczures of fTicor e2ad one wall of iigh:z

welght concrece, three wellas of gcomzon briex and cei-
ling of refrcaczory cooerete - walls and cefiling Losc-
lazed on che inside by a vermiculita based plascer

Fig. II.&.
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1/2
AVvE JA = 0.157 = [19]. The cuzves
= o E
dezooscrace thac the theroal exposure 1in an  gxrzeri-~

oenzal fire can deviate considerably froe the therzal

exposure In the staocard fire.

Internationally, tha standard fire rTesiscance C&sC Lz
considarad cto be ooe of che mosc thoroughly underscood
test smechods. Io spite of chis, the cest can ba criczi-
elzed. In Lts presenc form, a nuszber of featuraes are
asot clearly defined. These ipclude tha heating and
rescraliae characceriscics, che enviroamenct of the fur-
nace, and the ctharmocouples for measuriag aad ragula-
ting cthe furnmace Cemperature. Comsequantly, a comsider-
able varfacion cay arise in the value of fire resisc~
Ance measured for oae aod the zace structural oember,
whena tesced in differen: laboracories, beacause the fur-=
pace characcericcics and che pupport anod restraimsc coo-
dicions of che cesatc specicens oay be differenct. See for
instance [40) and [41].

The important progress, ooted durinmg che lasc cen years
in the development of computaticn mechods for ao aaaly-
tical scructural fire eogineeriog desigon, enables fi-e
regfisczanpee cto be decermined by caleulaciocn for =many
praceical applicacions. Conssgqueactly, @more azd zore
councries are accepcting analyticel classification of
load bearing scructural eglepencts with rtespec: to the
scandard fLire as an alcernscive to tesctimg. An ILapar-
tant purpose of che ECCS5-Racommendations is to stimula-
te zore countries ro accept this classificaction oethod
off{cially acd cto facilicace the praccical applicatian
of the protedure.

Ircespeczive of cthe fire resistance belng decterzined
acalycizally o by & cest for & thercal exposure accor-
ding te aquatiem [I-3, 4t is importact Co rezenber tndt
the scendard fire registance cest does 0ot CEPTESEnE
the real fire exposurs Iin a building nor does it zen=
sure the behaviour of the scruetural alementc as a par:

of an assecbly 1a e buillding. What the testc or the cor-

-
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respoaoding caleuvlactions do L5 tca gr;de stftucetural ele-
oeats and the bullding codes and regulatiocns then
require differant greding levels of elements according

to che circumstances.

The grading levels cequired depend om such fofluences
a3 the oeccupancy, ctha building hefight and volume anc
the izportance of che structurfé or siructural elezent
for che overall stabilicy of the building. One of the
faczcors ipcluded 15 the severity of fire axposura vhich
might occur, specified as the standard f[fire duratioen
£t . Thia was first quancifiied by Iogherg vho derived

d
the relationship

E ~QJfA_ = {II-=6)
a " A =9,

vhich is scill che basis of mest current tegulacions.

In lacer work, ¢the iloporcance of the wveancilacion and

geosecty of the compartoent was also quantified, a3

degseribad in sectiom II.3J.1J.

When applyiang the scandard fire duration td' ic i
essencia® to remecber that 4t 1s only & tesc duracion

god not A real fire duractlons

I1.3.3 Equivalent Tioce of Fire Exposure

The concept of equivalent time of fire axposure wag
introducad a3 a2 way of relacing a cocparczent Iire
exposura to che heating accordiog to the standard fire
= equation II-5. The concept cao ba used Iin praccice,
for instance, to glive an 1mproved classification for
fire ranklpg or grading of structural elemencs. In
principle, the equivalenot time of fire exposure 1Ls
defined as thar leogech of the heatlng period Iin a stan-
dard fire which gives the saoe, criclecal effec: on a
szructural element wich respect co failure us the com-

place process of the coaparcment fire.

For steel structuras, cwo alcernacive for=s of che con-
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cept are given in che lliceracure. The aost siople ane
gives «che equivalent tilme of (fire exposure tE as a
funccion only of cthe paramecerss influancing the fire
process. Ia a w=ors developed form, che effect of che

structurel parameters 13 also included.

A si=ple foraula, giving the equivalenc ¢time of Zire
exposura a3 Lndependect of che structural parameters,
was derived io [42) and [4)] for procected sceal scruc-
tures as follovws: A referenoce element was chosen, with
therzal characteristics such that for a given expeczi-
cental fire axposure it would attain & maxiaum sceel
cecperature of a fixed value, e.g. S00°C. The equiva-
lent cime of fire exposure € wvas then deceroinead
over the Cemperature-time nu:?t of the standard fire
for che same alemenec co attain cthe same steel Cempara-
ture. By repamacioag chis procedure for different experi-
aenctal fires, an ecpirical formula was obtained givwing
c as & fupeticon of oonly the fire load and che pro-
;:rt£u5 of the fire cooparctment. A sizaflar, but genara-
lized approach, basad on the cooparcment fire exposurs
tlluscracad 4imn figure 1I.3, as presenced in [4&4&) and

[45), gives the followiag approximate foraula:

q:f

Lﬂ = 0.067 m l:ﬂih:l

¢ 1] H}E (I1=7a)

in which qu is the effesccive fire load deasicy per
unic area of che surfaces boundizg the {iTe coopaTCtzent
(2 = u-zl and {hﬂ#ﬁ;fanjf the effeccive

opecing factor of che fire cooparcamenc (
culated accordimg to equacion II-& and cable II.3. In

mlfI}. cal=-

this form, the formuls can take inte ac¢count che In=
fluence of wvaryi=g cherzal properties of =he suTToun=

ding strucctureas of che flre comparcoent.

Alcernacively, equacien I[=-7a cao be wriccen as
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Geghe
t = 0.067 = {min}
a huvr“" l {I.I"'?b}

A_ (=1
c 1: £
wich gq.. = K. q m che effective filre lozd den=-
£ A 4 -

b

sicy per unic floor area (¥J x =

Tigure II.5 demonstraces the validity of equation II=7V
for protected structural sceel mnoeobers [42]+« In the
fi{gure, the symbols give values of the equivaleacr cime
of fire IEPUETrl :E as a function of

QIIEH{AK-AH]] , based on gas cemperacure=-

time ecurves determined in experimental fires in
1argar—snlll: brick and concrete :unpartaents-'ﬁ is the
toeal fire 1éad expressed as the aquivaleat weight of

wood 1im kg. The tests ccomprise differemt types of fire
160 r f;g
P
8 d
140 P
120F .
100+
22 Fprranc o yrew &1 Riiln Ty ol Eurm R lﬂ--u#unh
Ll 3
Eﬂ" o =  EawhCOie= 195 Waiin =ota 1=
T ERyNQ L ] WO E7 i e Bl
- N Rl = e G 3= id
s R e e e 130
60r n GUBvnes e hear +
- FAT ® [E= ¥ ] G R Ik = ED
L L [[57] Parirad, Wi g
3 emgw 1 P svmulsuong bmard 18
4 n L m. PRge T [ JIR—— 1% 38
i EWiTI® (251 Frogdq trem Y
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L HIGER- Lk Byt g T £ 0
ED' i e b
-
-l"-.. . ¥ " | i ] L] j
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— ﬂf[Aw{At—ﬁ.w}]uz in kg/m-2
Equivalent time of fire exposure t as a function of
- 3 ]
GMA (A& -4 )] , derived far insulated steel
= C =
elemects from experiomencal fires in larger-—-scale brick

and coocrete compartments. § is the toecal fire load inm

[42]
Fig.

kg wood equivalent
II.5.
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loads according to che cable iancluded 41ia che Zigure
with a4 range <for cthe fire load densicy qf from 9 co
150 kg wood equivalentc per =wo floor area. For fre-
quent valuas of ¢the openlng helght hu and the quo=
tiene EA_-; /A , the scraighe line inm figure

TI1.5 giv;n :glu:; of the squivalent cioe of fire expo-
sure € vhich are L3 reasonable agreement wich the
values ;btliﬂad by aquacion II-7.

As the foroulae according toe equacticn II-7 are derived
From tha gas temperacture—-time curves lo figure II.1,
this agreement inodirectly demoostracas cthac these
curves are A reasooable ﬁn:il for a fire acginearing
design of load bearing scructures apd strucctural oem-

bers.

The forsulaas ilunn by equation II-7 and the relaciono-
ship shown ian figure II.5 ars based oo a cricical steel
teopevactura of EDDEC. The i{cfluence oa the equivalen:
tine of fire exposure of varylmg cthe value of the cri-
tical sceal temperaturea i3 Llluscrated in figure ITi.6
for protected steel eleamencs, fire exposed according co
!E%url II.3 ac a fire load densictcy qt = 25 HJ =
= (4] . The figure shous chat cthe Lnflusnce on
t of variacions ia che ericical sceel <cecparacure (s
::nsldtruhla for lovw wvalues of che openlag factceor A
h‘E!a‘. For Aufﬁ:“t}ﬂ-ﬂi n”z. this fof-

luence is coopavatively small. A similar effec:t 1a

L

anoted for unproctected structural steel elements.

Suomarizing, the formulae of aquacicn [I-7 hawe DLHeen
showo €to ba applicable to fire exposed unprocecced and
procected scruetural scmel elemants, wich a ericical
steel cemperature of about EDDDC and they can also be
used far ather values of zhe ecritical steel cteapera-
ture, provided chac :the ?ptnin; faccor of the Zice com~-

parzaenct A vh /A »0.05 o « For smaller
values of ;huuﬁpgning faccor, ano Lloproved design basis
fis given Iin Appendix A, showving che equivaleoc cilme of

fite exposure te 45 dependent on che seccion factor
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a3 weal &35 che pacase:zers iafluencizg the £ite oTocess.

5
= X
<
o
In.a
% 002 004 006 008 010 012
*’-"lv;‘*’hw in mi’2
ki

The f=2fluence om the equivalenc time of Jite exsosure

Et of warying level of the cricical scteel rtemparacure

for protecied steel elements. Coppariaent f{ire exposure

aczording to figure II.J); Z£ive load density q = 125

¥ w ° (4d) :
Fig.II.6

Altbough the equivalent time of fire exposuce relaces
the compactoent fire eaxposure and the heating according
to tEhe cemperature=tipe curve of che s-andard fire, ths
conceapt doas nort give aoy usefyl Zoformaciom on, fos
ipstance, cthe expected racte of heatiag or real duzacion
of the real fire. In addicion, tke forouvlae derived zay
not be applicable co large fire coopartzencs and will
have the sacse lisitacioos already dizcuszeed 1o relzaztion
€0 Che ges temperacure=-tizae curves of tche posc=-Zlesh-

over cozpartaent f£ire reproduced in figure II.23.

Iz combipacien with s=zaciscical datca, the equivelent
Elze of fire exposure can be used co deseribe the fire
sevaricy for diZferean:t zTypes of fire compaATT=EOLS.

i
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Tigure 1I.7 1iliugtrates this application of the coacezt:
[48). The fizure gives the freguemey discribuszion of
the ite severlty, expressed as che equivalen: ti=-e of
fire exposure ¢ ia intertvals of one elauts, aaé
estizated by a h:ntl Cazleo sizulacien Zrem data, obzai-
ced from scatlstical survevs of modern office zoopms. A
the siaulacion, I:E was defined by a formula dezer=:=-
ced by the stralight lioe 1o figuze II.35.

—— percentage of rooms
e
—
=

Er '] i i :—1.-.._,..‘.- L i 1 i i
20 40 B0 80 100 120 140 160 180 220
— fire severity teg in min.
Frequeacy disctribution of the fire severicy, EXpTESSRL

43 the equivaleat time of fire exposure €t , for
e
wodern office rooms, obtained by sioulacion [46)
Fig. II.7.

A8 mentioned in the introduction, an analytical struc-
tural design for a compartment fire can be integratecd
wicth a probabiliscic model. Various levels of aobiction
cano then Dbe distinguished. For ordinary applicatiors,

Hia
(£
Ly |

howvaver, such a probabilizy based sctructural [
design mus: folloxr a simplified approach accerdizg to a
practical desigon format caleculation, specifying chacac-
teriscic values aod related partial safery factors for

the action effects and the respomse capacities.
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For a fire design, zelated co the egquivalent ctime of
ilre exposure ¢ , the pracctical design foromat can he

.
given'iz the folloving form [2], [8]:

-
ff E -
'l'_ ‘rn?er'e (I1-8)
4
ia whiech ¢ 13 the fire resiscance of the structu=-

r
ral element - decermined eicher experimentally by a
sctandard fire resiscacce cest or by calculation - and

¥ , ¥, are parclal safecy faccors, telated to che
fire resistance :Ir azd the equivaleanc _:i:n of fire
exposure € , respectively, aod ¥ i3 an adapzion
factor a::n:ntlns far the cnnsaqunnazt of 2 structural
failure (different safecy classes) and special fire
fighcinyg provisions, for imstaomce, cthe " effect of =&
spriakler system or the efficiency of the fire brigade
aceionse. The partial safety factor ¥ chean covers che
uancecrtaincies of the fire load d:n:i:y and che fire

compartoent characceriscice, including cthe wuncercain-
ties of che analyeical model for a4 decerzinacion of the
fire axposure. The parcial safety factor ?f Accounts
f£or the wuncercaincies of the mechanical load and the
tharaal and wmechanical macterfial properties of cha
siructural eleament, inocluding the uncertaioczies of the
analytical =zmodels for a decerminacicn of the load
effecet, tha Ctemperature staca and che load beariog
capacircy, if ethe fire resistance i{s evaluaced analvci-

cally.

The appropriace design load for eavaluacing cthe Zire
tesiscance of the structural elegcent may be determined

by considering the followving accidental combinacion:

G+ I 7.0

L‘k.i III'Q‘J

whereln

G = sarcanent loads,
Q = variable loads {(characterinctic valua),
= cpomblaation coefficients.
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The load coobiostion formula implies thet <the parcial
safezv factors = 1.0 and v__, = 1.0+ Exazple
values of the coegbinacion cnuff?ELtncs &
found in the ZUROCODE publicacion (L984).

can b

The decalled practical application of this probabilisz-
tic approach 1z gilven in [2] and [8].
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Table T1.1: Nez calerilfic wvalue H in ¥HJ =x kghj of sooe
solid, liquid and gaseous =acterials
; =
| 1. Solids
: aathracite 12=-16 Melazine resin 19
Asphalec Lo Fhanol-formaldehyde 2B
Cellulose 15 Foalvascer 30
Charcoal i0 Polyeacer, fibre
Clothes 17=21 teinforced 21
Coal 29 Pelyechylena 47
Coke 28-314 FPolystyrenea 41
Cork (grade 5P) i5 Polyurechane 24
Cork (grade F) J1 Polyurechane-foae 25=2%
Corcon 18 Palyvinvl chlerides 18
Graln L7 Urea-forzmaldehvde 18
Crease &0 Urea-forzmaldehyde
Ricchean Tefuse B-21 foan 12=15
Leaczher 20 Rubber
Linoleun 21 Foam rubber 32
Faper, cardhboard l16=18 Gucca=-percha &5
Pataffin wvax L Rubber wvasce 21
Plascics Silk 17=21
ABS-plascics 40 Strav 17
Acrylle plascies 27 Wood 1720
Celluleid 19 Hool 23
Epoxy 14

The above values apply co caterials io & dry siace.

fic value of
formula HF =

teant {a I by welight.

=ofsc patacrials ElF
HE(1=0.01a)=0.025um,

be

whers o Ls

can

decearained

The calori=-

from tha

the ooistute con-

2. Liquid

| Crude oil &3
S2iesel otll Sl=42
Linsaed oil A9
Methanol 23

saraffios olil
Pezrol

Spirics
Tar

&1
hs
31-1d
38
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Table TI1.1l: (comtinued )
3
3. Gases (H in J/a n)
Acectylene 57 Coal gas 17
Eutagoe 118 Hydrogen 149
Carbon nonoxide 13 Propane B5
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sur-
face ©bounding che fire cempartment, according to

Tabla TI1.2a: Fire load densicey qt per unit arema af the

recent Swedish Lnvescigacions. g dccording rto
t

equacticn IL-lb [15],[18]

Sypa of fire Averige STasdars Coa-gotorisziz
coopATIZE=T zeviaziaz value
(3.5 fraczile)
-] -, L = - - =,
uree™  (ueerea™i| 2™ fmeam T uream? fyzar.=Ti
: 1
1 Ew:::.:a::' |
‘a Two Too=s mz2 | 50 {35.3} 2k, T {303 16 {s0.0; |
L tizzhan
1% Th=ge soc=s 129 133,13 &9.% {L.Z} 1Lg (X2.01
e=d o zitzha=
2 u::i:uE!
23 Tesh=izal 12L - (29,7} 21.5 (7.5} 1L3 fak,s:
sfMiapg
29 admi=igtreiva| G2 (2L.3} 2.2 (1.7} 132 f11.5;
affizes
2e ALY gffices . . - FI—_— -
izres=igezed 1 (27.3; 9. (3.4} 138 {32.9}
3 5¢ﬂn¢LEE}
3a Sekcols - Bk,2 {20.1} 12,2 (3.4} o8.4 (z3.5)
Ju=isx lawel
Ts Schocls - = {23.1} 2.5 {=.9}) 117 {28.5}
sidile levsl
3¢ Schools - a1 tik.8} 18.4  {L.b) 7T1.2 {17.0}
sanior laval i
iovessigited
L Zospiz 118 {a7.58} .o (E.2) 147 135.53
ﬁ - - - - - -
3 Eazals 2) 67.0 {13.2} 15.3 is.5; 1.2 r19.5)
1} Flocr ssvarizg excluded
2) 0=y =oveabls fiss l3ad —c—oosent3 focluded
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Table Il.2b: Fire load densizy q per unic fleor arcea,

according ce [21] . Characteriscic values (C.8
fraccila), calculacted on cthe basis of the sa=me
stacisecical survey a3z used foar che valugs in

cable II.2a. q, accordiag to eguation II-la

Type of fice comparcaent Chazacceriacic wvalua
(0.8 fraceile)
M x (Heal x m o)

! Dwellings
la Badroom 630 {150}
Ib Living-room 510 (120)

2 O0Offficaa

28 Technical offices : 720 (170)
b Adainiscracive offices 640 {155)
1 Schoals

3ia Schools - junlor lavel 370 (90)

Ob Schools = middle level 400 {95)

Ne Schoals - sanior leval 260 {60)

4 Hospitals - bedroom g0 (20)

5 Hocels - bedroom 420 (100)

Oonly acvable filre lcad components facluded
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Table Il.2c:

a7

rire load demnsity gq parT

-4
for various types of fire coo-

ualie Flaopr area,

equation (Il-la,
parc=ents In Gar-z=an oaffiece bulldings,

es [13)

aceording

Tyme of fire Average Stencard
goazagrezens deviatice |
N - -3 - -
H3-a™" [dealee "} | WS (Meai-a |
|
Company —ziagezent 272 [E6L.8} 125 (32} F
Productiop canegecess 355 {558} 188 fuph
Crficiats LYy {1051} 252 (20)
Office szaff L17 (99.€} 210 (50}
S=e=ip' roozs 1172 {250} 758 133}
Taghmieal =ooms 27 166.L) 100 (257
Zoems af cosmumization 183 [ug} 2Lo {57}
ALl types of sozparzoents | =1 fgB}) 334 {ac}
Ouly coveable fire load componments iﬂnlu%ud- In [13], the fira
load density 45 given in kg wood per @ . The values, given ia

che table, are based on a net calovific value of woed H = &

Meal x kg
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Table T1.3: <Coefficienc ¥ 2or =sransforoing =& real fire
Load deasircy fq aad & real opening factor of a
2{rn cCOQDPATCIENC Au #F:Hat to an effective
f£ire load densicy ¢ aad an aeiffeccive ope-
aiag faccor EA“ uIAt}E corresponding Lo
a firg compar=zaent, type A - equation II-4
fopaige TR VRGHR ] RE R
i
Opeaing faccor A vh /a nlf:
v v
vpe of Zirs
CmpaTrCOEnC
0.02 0.04 0.06 0.08 0.10 0.12
Typae A 1 1 1 | 1 |
Type B 0.85 D.85 0.85 E;FS 0.85 0.85
Type C 1,00 3.00 J.00 3.00 1.00 2. 50
Type D 1.125 1.3% 1.35 1.50 1.55 l.65
Type E 1.65 1. 50 1.35 1.50 1.75 2.00
Type F 1) 1.00- 1.00 0.80~- 0.70- 0.70= 0.70~-
0. 50 0. 50 0. 350 0.50 0.30 0.30
Type 1.50 l1.45 1-.35 1.25 .13 1.05
Type H 3.00 3.00 1.00 3.00 1.00 2.5%0
1) The 1;9;35 value of K  applies to a fire load densicy q:
>300 HJ x o , the highest wvalua cte & fire load demsicy

-2
q €60 MJ x = + For iocercediace flre load depsities,
3

iinaar

For an

specified in the cable,
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Fi-re coopartment, tvpa A: Bounding :t:uc:?ru: luf 4 maazerial
— = ﬂ na
with a chermal zonductiviecy ! -jﬂ-ﬂllu = C and
- u -
a Meat capacicy pnb = 1.57 HJ B e .

Fire compartaent, type B: Baunding structuzeas of coacrete.

Fire compartaent, tvype G Bounding setruccuzes of aeraced

3
concrece (densicy o= 500 kg = ).

Fire compartment, cype D: 508 of the bounding structures of

concrece, and 50X of aeraced concrete (deazsicy o = 500 wg

-3
a3 J.

Fire compartment, type I: Bounding structurea wich the fol-
lowing percenctage of bounding surface area:

aeracted concrece (demsicy == 500 kg = 1},

=1
P L

conctaCte, and

Lol T LY
=l e

LE]

, from the interior to tha e&xtarior, of plascerboard panel
(deasicy o= 790 kg = ) 13 om in thickoess, disbase woal
{densicy o= 50 kg n-ig 10 ¢a Ln chickness, and brickverk
{densicy o= 1800 kg = ) 20 e= ia chickoess.

Fire comparctment, cype F: BOI of the Dbounding structures of
sheat sceel, and 20X of concrata. Tha compartment correaponds

to & scoraze space with a sheet sceel roof, sheat walls, and a

canccete flaoor.

Fire comparcment, type G: Bounding structures wich the fol-

loving percencage of bounding surface area:

20% concreze, and

80x, from cthe interiler to the exterior, of double plasterboacxd

3
panel (densicy o= 790 kg = 2} 2 x l) nmm in thickness, alr
space 10 &= in thickneszs, and double plasterboard panel {decsi-

Ly o= 790 kg3 a ) 2 x !J mm in thickness.
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Fire cooparcoent, ctvae H: Boundlng sIcTuetuTés of sheer: scaal

am wath elides of diabase wool (densicy 5= 50 kgz H-J} 10 &=

Ia chickaass.

For fire comparczencs, not directly represeaced Le the cable,
the coefficlient KE can wmicther be detecrcined by a ligear

lacterpolaction batween applicable ctypes of fire cocparcment in
the table or be chosen in such & wvay as o give results on che
safe side. For fire coopartoments with surrounding strucZures of

both coomcrete and lightveight coocrete, cther diffearent values
can be obtaioed of the coefficlenc Ei' depending om the
choice bacween the fire compartaent typea B3, C and D ac the
iaterpolation. This 213 due =o the fact chat the relacionships,
determining K, , are npnon-lioear. Hovever, the K _=values of
the z:zable are such chat & linear facterpolatico always glves
results oo che safe slda, Lrrespaccive of che alcernacive of
incerpolation chosen. In order to avoid an uvonecessarily large
overeastisacion of K, chat alternative of incerpolacice. Ls
recoppendad which glves the lowes: value of KE. Io decearmin-
ing K , it is oot acceptable to combine <cypes of fire cos-

partmencs 1o @such a way as to give a negative concribucticom o
K‘.
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111 TEHMPERATURE DEVELOPMENT IN FIRE-EXPOSED STEEL MEMBERS

ITI.1 Inctroduccian

When estimating structural behavicur in building fires, 1t
is generally NECESSATY Lo calculate cranglent heatr
eonduction t£o the steel section. Where an analycical
solucion 145 not available, ir is possible to adopt a
quasi-stacionary approach, ifteraced for successive time
intervals of 4c(s). This caleculacion gethod can be
gimplified by ceasidering the steel to be & heat sink,
with negligible resistance to heat flow; thus any heat
supplied to the steel section 1s considered cto be ipnstanc=-
1y discribuced to give a uniform steel temperature.

A further sioplification is rto consider the imsulating
material, if any, to have negligible thermal capacity aad
te provide only resisctance to heat Flow.

LIT.2 Baglc heat econductlioan equation

Consider a steel plate procected e¢n two faces by a
material of rthickness di(m), this macerial being exposed
te gases heated to follow cthe standard cemperature-tige
curve given by equatioen IIl.5. The variacion of gas cempe-
rature and steel ctemperature with time is 1lluscraced io
Fig. I11.1:

insukalion matesal

——= lemnperalume

AR TR TRE R LR
FRERS PR FFII R P IR A PR}

Tenperature development im a flre exposed imsulated stee)
plate.

Fig. III.1
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Assuming no heat flow ac the edgee of the placte, cthem the
heat flow i1s sne~dimenzional and cotel heat AGQ(J) trans=

ferred to the steel in time &f 15 given by:
A = K . F. {E: - E’} Le (LII.l)

total heat transfer coefficeciant {Hfmi “C)

vhere K
F = surface ares of stceel place
(excluding edges) {EZ]
@ = spoblent gas temperacure during clme
fnterval 4c  (°C)
B = greel cepperature durlng cime
incerval 4t (°C)

The temperacure rise, ﬁﬁai‘ﬂj. of the sceel 18 given by:

28 .. LS. (I17.2)

Where V = volume of steel place {na}
€, = specific heat of steel (J/kg "C}
ot density of aceel {kg!na}

Combining (III.l) amd {(1I1.2) gives

E

= (6 - B8 ) Aar (IXl.3)
k- Sv & 2

The walue of K dependes oo the heat cracsfer coefflicients

for radiacion and conveccion, . and L tﬂfnz't} respec-
tively, and oo the thermal coenduccivicy, 11 (W/m "C), and

the chicknesas, diim]. of the protective material L{.e.

1
A = (111.4)

a
(——) + fl—i".i

c T

The wvaolue of Lo is conscant and may be taken =as 7850

kgfnj. The value of ¢, varies with cemperature, AS £11=
luscraced in Fig. 1II1.2. The curve whiech 1Ls recoomended

for use in calculacions, 13 given by:

£ 38 x 1077 x Enz + 20 % 1072 x B+ 470 (J/kg"C) (IL1.:
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For approximace calculaticns, a conservative value for e

of 520 (J/kg "C) may be uvsed. For a cabulated review of ¢

S

5
4% funcclion of scteel cesperacure, Ic 1is referred to Table
D-1%.
1000
o recommended
E S00 —
e -— == Qpproximate A
- 800 :
£ | ;
th
L 10 / i
I 600 ?;#’H,r }
Em---- I S e e ——— —
<! |
0

200 400 BOO 8OO

—+steeltemperature in G

Specific heat of steel a8 & fumnction of the steel

temperature.
Fign III-.E

In pracecice, the steel section will be heated on cthree
sides (beams) or four sides (columns and beame). The heat
conduction aquaiion can 8till be one-dimensiomnal 1if 1ic 1is
assumed that Ethere 13 no heat loss at the ecds of the
sectlons and the heat conductlon from upper flange of =2
beam to the slabd above cun-ht neglected. I1If the exposad
surface area per unit length i3 denoted by ?{nzfn} and the
volume per umnit length by V{m]fn} then F/V {-_1} becomes
the section factor. The determination of saccion factor is
i1llustrated 1imn Fig. I1.3 for non losulated steel
sections.

For protected steel seccions, it is appropriate to define
the exposed area as cthe fire exposed area of inner surface
over the inrselation materifsl per unit length dencted as Fy
{mzfn}+ Fig. III.4 {lluscraces how F,/V cam be detercined.
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Seetion factor F/V for non losulaced
Fig. 1II.3

gtesl members.

Descriptiono

section factor (F¢/V)

contour encasement of uniform gtael perimeter
thickness steel crose section
prmm— hollow encasement of uniform 2 (b +h)
hI E E thickness gteel cross sectisn
s ]

contour encasesent of unifemm

ehickness oxposed to fire oo

three sides

steel perigeter excl.
width

steel

of one Zlange

croas sectian

Section facctor rifv for imsulated steel members.

Fig. II1l.4
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ITr1.3 Heat ctransfer to unprotected secstions

IL1.3.1 Heac cransfer coeffiliciant

i s e e W EE N W WM CWN B R BN SN BN Em

When there 1s oo claddinmg, Lf.e2. dy = 0, the hear ctransfer

coefficient 1i=:

K = o= g <+ p
. % (III.6)
where, for the standard test, convection cransfer is given
by

a, = 25 : (III.7a)

and radiaction ctransfer by:

!;5?Er E{ + 273 & BE+2?3 &

e "l wmey) (Toe ) - () ] (111.7b)
1

The resulrant emissivicy of the flames, combustion gases

and steel surface i3 dencted by £ s and its wvalue depends
on the type of fire and rche position of the exposed

member. An approxizpce wvalue, wvhieh glves a conservatcive

solution L1a:

e = 0.5
r

Equaction I11.3 therefore becomes:
06 =« —2_— K 5 . 8y ac : (I11.8)
v c s a

I11.3.2 Background co caleulacions

T e B e e -

The cemperzture development of an unprotected steel bean

in a scandard test carried out fn ope laboratocry 18
illuscrated in Fig. III.5.
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1000 _ : . S P
@__ QO @
standard fire _curve : ————— 6 (1D -
Sz w— e =%

HE 1208

500-

—p lemperalure in °C

g 10 5 20 min,
—_— lime in min,

Maggured

) and caleulaced {(===) steel temperature
developmant Iin 8 non-ingsulaced sceel girder.
Fig. 11I.5

The calculaced curve useés eguation III.6 for a, with

.- 0.5. In some test furoaces the radlative contribucion
to heat cramsfer 1s somell. This 1s 1illuscrated In Fig-
ITTI.6, which shows & test result frow another laboratery.
The calculated curve 1s based on & constant value for o of

35 'Ufﬂl *C, wvhich gives better agreecment than equacion

ITL. 6.

]

standard fire curve
-l-l—'-=-
;}g
= -%"

in °C
8

:
|

lemperalure
"x\“

i’

b Y,

%

w00 [ S
J,ﬂ'; e I| 1' | calkculated
y T
200 / measured

o 10 20 20 40 50 60
time in min

Heasured () and calculated (---) steel ctecperature

development in tvo nop-insulmced steel sections.
Fig. I1I1.6
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Fig. III.7 41llustrates the effect of che value of the
gsectien factor F/V on the temperature attained for
o= 35 Wiw® "c.

F,."IA =200

1000 | | W—
I I 1

-
=
| 1 1A LA L] 00
Eam AP Lo
E 7 71 7] 1|
E T A V1 T 1]
D A e
| A L & =35 W/m
Tsmflfﬂlllll
FYYT 18 10
L?f?r P L )
| |
mf!fllll-]l :
[T
A
mv; ] [
/ |
f o
ENEEE
Q X &0 a0

— LiTHE BT TR,

Teaperacure development in noo-insulated scteel sections
for various values of the section factor F/V.
{a = 35 Hfmz “©)

Fig. II1.7

The calculated wvariation of steel temperature with time,

c, for different values of section facter F/V is given ic
Appendix D, Table D.2. In these calculations e_ = 0.5,
e = 30, o 1is given by equations I11.7a sod ITI.7% and €

by equacion IITI.5.

I11.4 Heat transfer to protected sections

II1:4.1 Heat transfer coefficient

Ll R e e T T T T ]

Yhen there is a cladding spplied to the steel section the
heat transfer coefficient K ig:

(111.9)

(=) Lo
|
a
=
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where

a = ur k] 3:
In practice, the value of (1/a) is wsually small compared
with {dfhi} and K s cthen giveo by:

X

¥ ox _E (II1.10)
dy

Equaction III.4 then becomes:
d!.'”i Fi

aAB = (e, - 8) ac 5 {TEY.11)

The caleculated variacion of steel temperature with time =
for different values of seccion factor Fy/V and different
values of difli ig given in Table D.3. In these calcula-
tions 4r = 30s and e, is given by equation IIIL.S.

IIT.4.2 Bachiruund te calculacicns

For most insulatiog materials the value of thermal conduc-

civicy 1i varies with temperature, as Llluscraced ino Fig.

I1I1.8
— mineral wool
& (p =150 kg/m?)
E
¥ 0,20
=z
- vermiculite
f Rert T (p =400 kg/m3)
|
¢ 200 400 600

—= temperature nsulction

The thermal conductivicy {hi} of two insuvlacion macerials
as a funeccion of the temperature of the insulatlen [2].

Fig. I11.8
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Equation III.l1 can be wused taking 1nto account cthis
varlactlion af li with ceamperature and an exacple of a cal-
culation of steal cemperature for twoa thicknesses of arn
lnsvlating material {s givenm Iin Fig. I11.9, compared with

the values oeasured in a3 standard cesc.

20 mm

=~ 1000 L ﬁ
£ : HE
E 800 standard fire curve 1: l 200
= II: B
o
g 600 J F /
E L0 mm
2 400 i
T 200 i

|

0 50 120 180

— time in min.

Measured (—) and caleculated (---) sceel temperature in ilmsulated
gteel sections for different Walues of the ifnsulation thicknesas.
FiE' IIIIg

For 2 given thickness of an i{nsulating material, the steel
temperature attained will depend on the section facter,
Fy/V, as illustrated in Fig. I11.10: cthe higher value of
sectlon faccor heats up more quickly.

A standord fire curve

M.B.:
{"'Eﬁr}l:n-{ Fif"u".l'z

crilcal lemperature
—f

o Lirrie

tire resist (1)
o]

| tiee resist (2) )
r~ L.

Development of steel teoperature for one insulactifion thickness and

different secclon facters. (qualicacive).

Fig. LI1.10
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1t is possible, ctherefore, te construct charts whieh show
hew sceel tegperature varies with d,, Fifﬂ and t for =&
given Llasulacing =materlal, as fllustraced in Fig. ILI-.1l1.

I‘,-m'l: ﬁ',lﬁ'ﬂ't
(=1 1= — - 20 ~ 15 Lo :
] o Eﬂ: m AT - ]
100 700} T v S —
T ook iun : i (1) E R P e o
-!l ¥ & |'|| "l. [ ""n.
S 13 - PO illﬂ_ T M‘; .
LR W 0 . .
1= 3 el e T
:m E G [ :'::-:\.;‘.l j:
£ e i w05 : 3 O L= W
L = I == -~ i wF e -
| & | s o | © e . T
@ I i e Tl L mxa rv ;
- ] ——— 19
s L] Ej = th 4 st om0 | ST B T 0
o 9 " 0 KO =0 0 w0 W

¥ o L o
— T"m 1: ‘—- T‘!'lj

‘Fire resistance of ipsulated steel profiles as fuoctlon of
the 1insulation thickoess aond the section facteor for
eritieal cemperatures of 40O, 500 and 600°C [3].

Fig. 11%.11

TII.5 Practical applicacions

Charcts and calculacion methods for practical use have been
developed by a number of wverkars in the past [7,8,9,10,
11]. Similar methods are described below.

III1.5.1 Unpreotected sections

In practice, the ecricicel scteel temperature wWill wusually
fall wichio the range 400-600"C. Fig. III.12 shows heow the
time to rtaach a given EE within this range varies with
section factor. This has been derived, by interpolacien,

from Teble D~2. Also shawn is a series of eurves given by

the follewing egquation:

= 0.54 (8, - 50) (pivy 06 (111.12)
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8
80+ & pr
600 ) . F\-06
; SE0 l-ﬂ.S&ESEE‘}{V}
@ 500 points from table 0.2

8
> é%a |
Bi0 O ©
% 50 T00 150 200 750 '

Caleulated temperature of 23embers without insulation.
Fig. III.12

This equacticon 1s a good approximation te the caleculated
values of t exceeding 10 wmiautes. Some cest data for
meabers wicthout dosulation [&4,5,6)] are givem in Fig.
I1I1.13 for a steel temperature of 550°C together wich the
eurve given by equation IIL.12 for Bs = 550°C.

This 1llusctraces that the curves glve reasooable agreement
with test dacta. Equation III.1l2 may be expressed {ao three
ways ag showo below:

¢ = 0.54 (8- 50) (F/v) O°8

or 8 = 1.83c {rfv}u'ﬁ + 50

8 - 50
or F/V = 0.36 (—=—-)'*®’

Valid for
t = 10-80 min.
6, = 400-600"C
F/v = 10-300 a~l
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-06

sol t550= 270({)

| O ECCS
E i ¥ Stanzak and Lie

O BSC
|
=
wuy
m -
I 21 -
. T Q
R 00 150 200 250

— N in m-

Measured temperatures af gembars without 41nsulation.
[4,5,6]
Fig. III.13

111.3%.2 PrutecEEE_EEEEEEEE
In practice Lt 1is often possible te use an average value
of hi, derived for & specific temperature vrange, In
caleulations. Typical values arve lisced in Table IIL.1.
These may be used when no other inforemaction Ls available.
The wvalues pgiven for 11 de not include any allowance for
the effect of cthermal capacicy of the material.
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Denmsity Thermal conductivicy

Matcerial kg?éa uf:i':
Sprayed mineral fibre 250=350 0.10
Ferlice on vermlculite places J00=-800 D.15
Asbestos silicate sheets 800 0.15
Fibre silicate sheecs 450-900 0.15
Gypsuom slabs BOO 0.20
Hineral wool slabs 120=1350 0.25
Cellular concrete 600 0.30
Cellular concrete 1000 D.45
Cellular concrete 1300 0.65
Light weight concrece 1600 D.80
Clay brick, and lime brick 2000 1.20
Normal weight concrete .
(malinly emorphous aggregete 2200 1.30
Normal weight concrece (malnly
cryscalline aggregace) 2200 1.70

Table LII.l: Approximate values for the thermal conductivicy of

varlous laosulation macerials under fire condicions.

For a practical raoge of critical steel temperatures, 400

to 600°C and a

value of B depends

malnly

conscant A Ehe
il

tize

en the product {diflij %

ke attain & given

FREE Download Publications

5
(v/FEH*). This 4s 1llustreced io Fig. III.1& where the
caleulated values have been derived by interpelacion froom
Table D-J.
The curves dravn have the equaction
4V v0.77

L -
iFi

t = 40 (8 -140) ( (IIT.13)

O e c———

*)} Uging equation III.9 for K. If equaction IIT.10 45 used
for K, the time depends only on the product {difhij X
(V/IFg)-
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2004
c i
E difAj
-
¥ i C 005
= x Q10
100+ + 020
B i A 030
R d.v.077
t=40 {ﬂs-MﬂJ{rﬂL_.-[}
points from table D-3
o\, I T S S S— T T S S M (U W S —
0 001 ‘002 ‘003 "004 ‘005 006, 007
— Eﬂiin m3 C
AiFi W

Calculated temperature of members with Lfnsulation.
Fig. III.1l4

Equatisn IIIL.13 can be expressed ino three ways:

d'].l"'II }E.TT

WFy

c o= 40 (8, - 140) (

d v
=0, i
e = 0.025¢ (3= 0-77 4 140
¥ 151

di“

T - 0.0083 (z—Epp)
i 1 8

and is wvalid Ffor:
0 £ ¢ € 240 min
400 T. < 600°C

L
10 < V/F; < 300 @~}
0.10 < a4 /3 < 0.3 o?7C/¥
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RELsied Rene Edialey
In practice the value of 11 will depend on the temperature
rise and other physical changes which take place 1in the
insulacing material. Hovever it 1is wusually possible ro
define o nominal value of 11 which may be used in equacion
III.13. Resulers for three insulating materials are plocted
ia Fig. III.l5 for a steel cemperature of 550"C. The cthree

materials vere stated to have the felleving nominal values

A !
of "
Macerial 11 -H/m *C
Vermiculite boards D.116
Sprayed light welght plaster 0.1587
Sprayed fibre 0.058

The calculated curve 1s in reasonable agreement with tche
experimental values for the firet two materials but the

nominal walue of hi for the sprayed fibre appears toc he

incorrect.
When testc data are avalilable, it 1is therefore better to
uvse these directly.
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200+ /
t5s50 =|_s¢x1ﬂ‘-{d_i]m?
L
di Fi
X v
(@) O '0B6-"288 225-831
[ -
= 2 (b) x 076 133 -823
£ (c) A "345 132-823
:ﬁ (@) Vermiculite boards
- {b) Sprayed light weight plaster
i (c) Sprayed fibre
o — — — — :
0 001 002 003 004 005
v . m3C

_— Hr 13 W

Measured timesg for temperature of members with insulacion

to reach 550°C. Nominal values of 11 nssumed. [&)]
Fig., III.15

HUhen two or more test results are avafilable for a given
macerial they c¢can be plotted oo log-log paper as f{llus-
traced Lo Fig. III.16. 1f equatiomn II1I1.13 i3 applicable,
then stralight lines wvith & slope of 0.77 ecan be drawn

through the polots. A opominal wvalue of 11 can cthen be
deduced, or the line can be used directly. These methods

can be used for different values of &‘, accordiag te cthe

defined ecritical temperature.
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200
| O
£ g
E 100t
c
z
T os0d (a) Vermiculite board
T (b) Sprayed light weight plaste
(c) Spmayed fibre
404 pray

Lx10°  6x10° 0 ax0"* &xWO™

Meagured times for teoperature of nambers with insulation

to reach 550°C. Values of hi not assumed.
Fig. ITI.16

It 1a also clear that scaling metheds can be applled. For
example Eor one material (with & single wvalue of 11J the

time to attaim a given wvalue of B. is proportional to
0.77

{divIFi}I 0.77

i
1.5.—.
c {dleFiil

L

vhere t©, 1s the test resulc for {di?fFi}l and £, is the
pradicced resulc for {dl?fFL}E.

Alveropatively

i b L [E1]1.3
(4, V7F, 7, =1

A4 ecaling method should be used with cautionm when extra-=
polating te values of Ea. significancly greater tham T,

{the test resulc). It may be aoted that the methods in
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this sectlon do noc explicicly cake inte account the
effecr, 1if any, of the theromal capacizy of the insulacion.

This is discussed nexc.

111.5.4 Heavy insulacion

e A RN B SN NN ..

The data shown in Fig. TIL1.1l5 are for lightweight mace-
rials, chat {8 the thermal capacity of cthe 1nsulating
saterlal 1a small compared wicth chat of cthe steel-. For
unit length of seccion, the chermal capaclity of the steel
is vns:! and the fnsulaciag nutﬁrill diFinici‘ vhere ey
and ¢, are the density and specific heat respectively of
the material. The material cam bhe considered lighcweighe
{f its thermal capacity is not more tham half thact for the

ateael:

A A
dFypycy ¢ —3

In Table I11.2 approximate values for the speciflec heac cy
and the dansicy ey of {1nsulaction w=materials under fire

conditiens are given.

Density Specific heat
Material & 3 €y
ks?u J/kg "C

Insulatcion macterials with
silicate basils (vermiculite, 250-900 1100
perlite, mineral woel with

bonding material)

Gypsue boards BOO 1700
Insulacion materials with con=
crece basis, clay brick 600-2200 1200

Table IIT.2: Approximste wvalues for the specific heat ¢y

and the densicty o, of insuvlation materials

under fire condicions.
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Since, as shown in Table ILI.2, Ffor most Lnsulating mace-

rials:

d L ¢ 1950 xg/m°

1f the material i{s not lightwelghet, equation III.l1) can be

used by subcituting

d v
(=)
F mod
b
vwhere
2
d, ¥ d. v e, p,.d
i i 1 11
F e " F— *Tc 5 (111.14)
i 1 8 &

This =odiflcacion in effect i{ncreases the theroal capacicy
of the steel by half the thermal capacicy of the

insulacing macerial.

Fig. II1.17 shows results of tests with a sprayed mscerial
vith densicy {ni} of 750 kgfnz- Without omodificacion
= Fig. II1.17a = the rtelacionsahilp 1is poocr. When tegg 19

plocced againsc {dleF = Fig. III.17b -, there i3 a

i]mad
good relacionship.

www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

60

300+

€

E

(=

=

Y

o

T 60— — — —
S ot 2x107° 4Lx107*

— E!i in mé
Fi

d.U

(&) ri— upnmodiflied
1

300

200+

—i tﬁﬁﬂ I .
o
s

604 : . - {
Loa 2x0* 4x107*  6x10-*
d;¥ .
———= (=~)mod in mZ
T '
d ¥
{b) ?l— nodified for effect of
mnte:l:l

Measured times for cemperacture of

weight of Aiasulating

members with a heavy

welght insulating materisl Eo reach 550°C.
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IIT1.5.3 HuiiEEEE concent
The temperacure rise of the steel can be delayed by eva-
poration of molEEUTE. VYhen =& average value of 11 is
derived from tesgt results this effect of molsture may be
included. However, 1t L5 possible te allew for cthe
molsture effect separately, by calculaciog 2 delay time c,
{(=in), when the aceel reaches & cemperature of 100°C, as

fillustraced in Fig. IIL.1l8.

o
32
E I--ngui lemperature
E
x
-
e Liiﬂl temperature
o g
100°Ck or
sl
ra
o . — Lime
-l e

Delay time t, in cthe cemperature increase of a steel

mezber insulated by a oolet Lnmsulation material.
Fig, III.18

The delay time depends e¢n tche molscture content p (2 by
walight), density, cthermal conduectivicy and cthickness of
the insulactiog material and may be approximated by the
follewing equacion:

£ e ﬁiz (II1.15)
L] 5 11
t, = delay time aln
p = molsture content {nsulatien material # by welght
p, = density insulation material h;fml
d; = thickness imsulation material o
kl = thermal conductivity f{nsulacion smaterial H/m"C
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Equation IIT1.15 may be used for molature contemlts corras-
ponding te the hygroscople equilibrium wmoiscure ac a
teaperature of 20°C and a relacive huctdicy of 30I.
Typical values for p are given in Table r11.).

Macerial Density Hygroscoplc equilibrius
o molature coakent = p

(xg/d?) (% by weighe)

Sprayed mineral fibre 250-350 1.0

Perlice or vermiculice boarda | 300-B00 15.0

Agbeatos silicace sheets gocC : 5.0

Tibre silicate shests L50=-900 : 3.0-5.0

Gypsum boards aoo0 20.0

Mineral wool slabs 120-150 2.0

Cellular concrecte 600 2.5

Cellular coocrece 1000 2.5

Cellular conerete 1300 2.5

Light veight concrece 1600 r .

€lay brieck, sand lime brick 2000 0.2

Normal wveight concrete {mainly| 2200 L.5

arcorphous agETegate)

Normal weight concrete (mainly| 2200 1.5

cerystalline aggregate)

Table I11.3: Approxicatce values for the hygroscopic egquilibrium

goleture concent of various insulation materials.
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Table ITI.& glves soae teEsc results using a molsc
ingulating macerfal - vermiculite/gypsus/mineral fibre of
density 540 kg!na = showing the time tgpq for the average

steel temperacture to veach 500°C and the delay tise t,.

Heasured Caleunlated

f, P = 20; A= 0.15|p = 0; A= 0.12
7 | 91 | *v | ®*so0

o v £500 £500
o = nin win min ' ain min
116 |.022 | 5 97 4 . 100 114
116 (032 | 12 L4 13 . L&l 159
216 (.032 | 13 104 13 107 112
2le |.047 | 43 186 a0 . 171 168
359 [.035 14 96 17 29 97
159 |.062 | 55 234 54 215 191

Table IIT.4: measured values of time Esog for EE to reach

500°C and delsy time t, for a moist insula-

v
tion material compared with ecalculated

values.

d, ¥

By plotcing wvalues of {tﬁﬂﬂ'tw} againsct {Fl }ﬂﬂd'

, °f 0.15 W/m"C can be' deduced.

Adopting a value for molscture contantc, p, of 20X, £, can

be caleuvlated using equation III.15. These values and the

an

effective wvalue for A

tesultant caleulated wvalues of tgpg Are shown 1a Table
[I1.4 and are in good agrecment with the measured ones. If
the t, effeect 45 not Eﬂguidared separately, plotcing

values of Eegp o0gainsc { eives an effeccive value

F }nﬁd
for li of 0.12 W/m*C. The talculated values of tsgo vhich
result are not in such good agreeament a5 before, as is

alse 1lluscraced {n Table IIL.4.
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Iv MECHANICAL BEHAVIOQOUR OF FIRE EXPOSED STEEL MEMBERS

iv.l Introduceion

In order te¢ predlier cthe behaviour of & s8ceel struciure
exposed to filre it i3 necessary co know the propercies of
steel art high temperatures. 1o this respect the following
propercies are of particular il@porcance:

- scrength and deformacion,

- thermal expansion.

The variacion of these propercties with steel temperacure {s
covered in Sections IV.2 and IV.3.

If the material properties are kaoowo éi:h gufficient accura=-
cy, it is possible in principla co caleulace the mechanical
behaviour of & steel structure at elevated tomperature and
the fuodamentals of ouch & calculation are given in Seccion
IV.4. However, the particular interest 15 to ascertain the
teaperature at whiech the structure will ecollapse. The
faccers thac play a part In this are discussed ia general
terma In Section IV.5. The gpecific discussionm of scructural
behaviour wunder fire condicions iz confined co sceel
elepents dealt with in the Europesn Recommendacionos for che

Fire Safecy of Steel Scructures [l], wiz.:

- statically decerminacte and indecerminate beams (Section
IV.6)
- centrically loaded columns (Seccion IV.7)

Io Appendix C consideration 1s given to the spacific effects
which may oeccur L{f the above components form o part of =
structural sysctem. Finally, wich the object of providing
praccical i{nformacion, wseccion IV.8 gives design rules for
deter=fning the fallure rtemperatures of both beass and

columna .
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Iv.2 Sctrength and deformation properkties

The sctrength and deformation properties of structural steel
are fairly rapidly impaired vwith rising ceamperature of the
steel. A compliecating feature 1s cthat steel also displays
creep phenomena At temperaCures above about 450°C. This
means that under these circumsstances, the deformationm of a
steel member under constant load will increase with time,
even LAf the temperature and stress remain unchanged. As a
resule, the oember will eventually fall. The process pro-
ceeds more rtapidly as the stress and/or temperature In the
wember is increased. The occurrence of creep means that the
deformation and collapse behaviour of a sceel structure io a
fire depends strictly on the heating-up program té which it
is subjected.

Cn the basls of information obtained from creep CeELE at
high temperactures it is possible to amalyse the creep beha-
viour of structures subjected to a time-remperature pProgram,
but this analysis 18 a rather complax procedure, and with
regard te fire behaviour it has hitherto only proeved possib-
le co find soluciocos For simple cases such as beams [2], [3]
and columns [&4]. Extension of cthe method to structures of
greater complexicy, such as framed structures, runs into
praceical difficulcies. Besides, it is difficele to incorpo-
rate this method inte the existing time independent design
methods to which the desigoer is accustomed. For this reasen
research has been undertaken ioto the effect of the heaclog
rate wupon the behaviour of & s5teel scructure under fire
condieciens [S5), [6). In chis contexe {t is considered that a
fire will in genoeral not be of more than 2 hours' duratien.
Depending on the type and thickrpess of the iessulation, the
racte of heating = assuming it to be linear =- will Tange frex
approximacely 5 *C/eiouce (very well insulated) teo 307 C/
minuta (net insulaced).

The results of the research described im [5) and [6] lead to
the conclusion that the deformation behaviour and thus the

collapse temperature of beams and colusas L1s not signifi-
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cantly influenced by the heating-up program, gsub ject to the
previso that che vate of heating varies becwveen the above
mentioned values and the fipal gteel temperature doas not
exceed B00'C.

Based on the abeve conclusions and with due regard Co Che
regtriccions iandicaced, it 18 evident that there must be
crress-strain relaticons for steel st elevated temperatures

in which the ereep behaviour is implicicly incorporated.

Aow these relations have been. decermined 1s described in
5], [6). Essentlially, Cthe method wvas te carrty ﬁun:nreep
cepts on scendard test specizens (bars) under constanot load
and subjected to a limear rise in Cemperature. The advhocage
of this procedure 1s that the rate of loading 1is chus

eliminated. Scme resulcts are represented in Filg. IV.1.

. HEE

5Q0
8¢ in °C | 10°C/min

b 480 ¢ =175 N/mm?
I €g 2
‘ 00— i:,:cmaa-*tu'
| | s tesl dala
Eﬂﬂ—r_

—— Ihearelcal curve for vorious healing roles
—— experimental curve for 10 °C/ min.

1 | | [ ]

8@ 02 03 Q4 05 Q6 47 08 08 10 1 12 1B 14
_’I--I'.'"E'fn}

Tenmperature-strain relations ar different rates of heating.
Fig. 1Vv.l
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At a temperature of about 300" C and ar stresses above abour
100 anmz, chermally ectivated flewv and straion hardening
vere observed. Thesa pheocomena are not manifesced Iimn creep
tests in which the rtemperature and the load are kept

conztant.

Based on results illustrated im Fig. IV.l, stcress-scrain
relations at elevated ceaperatures have been escablished,

guch as those for Fe 360 {ﬂyz = 235 Hfumzj shown {o Fig.

4]
Iv.2.
250 4
20 *°C
s
E
E 2001 i
> 27530 .
s 3150
= ey 400
f;_ L50
@ 500
w100t =
‘ 600 °C
Eﬂ..
0 0.1 0.2 0.3 0.4 05 06

—— SlrAan e in %

S5tressa-strain disgrams for Fe 360 at elavated cemperacure.
Flil v.2

The thermally accivated flow 1s shoevn In this diagram by the
discontinuicy betwveen the curves for 200°C and 300°C. The
discontinucus transitiom of the curved to cthe straigh: hori-
zoptal portlonm in the stress-strain diagraes should alse to

be mnoted. 1o reality there 1 mne such discootinulcy:
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instead, the stress—atrain relacien displays a continuous
rising curve up to the eccurrence of contraction {reducticn
of area). Hewever in order =3 apply elementary nplascice
theory (see Section IV.4 et seq.), the stress-straln rela-
tions have been truncated. The corresponding level of stress
1s denoced by uya (mw effective yleld sctress). Sinece this
cruncation L3 aspplied at large straip wvalues, at which the
gradient of cthe actual stress-stralm curve 1s relatively
amall, the error due to the simplification is pegligible.

In those cases where cthe collapse behaviour cam be analysed
wicth the aid of elementary plastic theory it is not neces-
saiy tro know the whole stress-scrain diagram at wvarious
tepperatures. All that is needed is Cthe relacion bacween the
effeccive yield stress and the sceel temperature. This rela-
tion is shown in Fig- IV.J gnd can be assumed te be indepen=

dent of the grade of steel.

1.0
0.8
<o 0.6
g‘rm
[E}
0.4
H\
0.2 7
,
o
"u_..“'-‘
— .
i 200 400 500 800 1000

steel temperature in °C

Effective yield scress of scructural steel as a functlion of

Cemperature.

Fig. IV.3
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For temparatures below 600'C the diagram is based on effec-
tive yield scresses as described earlier. The range for
teszperatures above &00°C has been obtaioed froz the liters-
ture [7], but since much less research has been done in this
range, the avallable knowledge is limited. In addition, at
thase temperatureas the effect of creep cannot be dealt with
implicitly. On the other hand, ir i3 known that sceel
retains some stremgth up to & temperature of about 1000°C.
Hence, as an approxicate estipate, the curva for the effec-
tive yield stress betweaen 600" and 1000°C has been indicated
as a broken curve in Fig. IV.3.

The curve uhéulnl the relation betveen effective yleld
atress (”FE] and steel temparature {E.} can be expressed by:

B
a a
o.g [1 + N ] % 20 (Iv.1%)
767 1n 1750
600 < 8 < 1000°C:
ﬂi
bl e 1 1'] g
o0 " | 5. = 440 ]+ ey a9 (IV.1°)

As already stated, these relations are lodependent of Che
grade of steel.

Seress=~straia relacions for steels other tham Fe 360 have
also been derived [B], [%9]- For a survey rtelating te the
steel grades as envigaged Lo Eurnpinn Staadard No. 23, see
Appendix B. Sioce creep plays an importact part at Etempera-
tures above 600°C, ms already explained, no stress—-sctrain
relacions for the range between 600° and 1000°C are given Lo
that Appendix.

For a tabulated review of yield stress as funcciom of steel

temperature, it 1is referred to Table p-18:0,
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After cooliag, structural steel (hot rolled) will regain ite
erigioal propercles. Scruccural wmesbers wvhich have hscoame
unaceceptably distorced will, on coolinmg, thus have ragain
their origioal streagth. This cam be of Jioportance 1in
connection with demolition work. Bolled steel members which
have undergone little or no deformacion cam be re-used.

Iv.3 Thermal expansion of steel

When the upper and lower flanges of & heated beaw are at
differant temperaturas, there will be additional deflections
1f che beam ig uprestrained, 1.&., 1f 4t can expand freely
or cthere will be eddicional stresses if it 1ig restrained
from expandiog-. Lﬁcnrding to the theory of elascticity chese
stressas can Cheoratically actain very high values. Hovavar,
the stresses cthat actually occur will wsually be lower.
Heasuremeants performed during experimental fires have shovao
that the rtemperatures occurring within one asad the gaze
enclosed space are liable to vary & great deal and cthat che
maximum wvalues are attalpned only Lo & fev places 4in that
space. Also, elastic or plastic movement is possible to mone
extent, 80 that the thermal scresses are levalled down. If
therzal expansion can take place io consequence of "give”™ in
the coonectiaog elemente or the presence of expansion joints,
the structure can undergoe a rise in temparature without
coming to harm. If eloagaciom 1is prevented by adijacent
structural components, stresses will develop which cause
cracks io materials such ss concrete or =z=asonry. Thus, the
expanslon of floors wmay cause the collapse of loadbearing
valls.

However, as will be shown 1in Section IV.6 at seq., the
effect of thermal expansion upon the loadbearing capacicy of
the steel structure icteelf may, in practical cases, often be

negleceed.
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The coefficient of thersal expansicn depends on the steel
temperature [7], bur for wmany practical applicaciens it is
sufficient, as an approximation, to consider the coefficient
to be independent of temperature. The felleowing equactien 1=
then obtained:

AL -5 v,
— 1.4 = 10 3- {1Iv.2)

Where
4t = chermal elongation
L = priginal length over which 41 is measured

EB = steal cemperature
2 E

i recommended /
I--n—:mhnt . ”; I
n i
- a8 i |£J;. |
Iz
w1l
| 1

0 00 400 6800 BOO

in s

A .

DJ

—_—

Q2

——eateellemperature in =

Therzal expansien of steel as & function of the steel
temperature.
Fig. IV.4

IV.4 Principles of analysias

By knowing the properties of steel at elevated cemperature,
as discussaed in the preceding Sections, 1t L8 poessible ro
calculete the mechanical behaviour of a steel structure in a
fire. In principle, such calculationms are similar to those
for structural analysis 4r Toom temperature, provided
plastic analysis is used. Siace the stress=strain relacions
at elevaced temperature are curved from cthe beginning the
linear elastic theory cannot be used for fire design. Am

elasto-plascic approximacion must be adopted.
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In mosc caces only the failure under fire conditions will be
of interesc. If chis scace is not affected by the deforma-
tions that occur, the elemencary plastic theory can be used.
On the assumption of & known temperature distribuction in the
steel, the associsted collapee load cen be caleulated wich
the aid of the teoperature-dependent effactive yleld stress
as indicared {m Fig. 1IV.3. A situation of this kind eccurs,
for example, in beams.

However, iz those cases where stabilicy plays a parc, ecol-
lapse will be determined parcly by the deformations chat
sccur and the alemantary plllgi: theory cannot provide a
solution. Instead, for a given temperature distribucion, the
load wmust be 4increased ipcrecentally. After each loading
stage the doformation and the associated paccern of forces
oust be determined. The collapse load at elevaced tempera-
tures is nov dependent not only onm tha effeccive yield
peine, but on the whole course of the stress—strain diagrams.
See FLlg. IV.2. This m=methed of analysie 1is necessary for
determining the collapse behaviour of columns, for example.
When bucklieg curves are caleculated using this ioecremental
sethod and the stress-straln relationships in Section IV.2,
the solutions are coussrvative. For design purposes, there-
fore, alternative bucklinmg curves have besen prepared, which,
though derived in a more Approximate way, shov good
agreenent with the resulets of full gesle fire tests on
columns. See Seccion IV.T.

During a fire the load oo the structure will remain practli-
cally constant, while the temperature rises. In fire calcu-
lacions it 18 ctherefore wusual to aoalyse the structural
behaviour under constant load and rising temperature. Such a
calculation procedure i1g entirely similar te that Ln which
the load is incresased and the temperature is kept conscant.
In the inecremental method, the temperature instead of the

load is increased in s=all steps.
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The lead acting on the structure in a fire will obviously
nave a great influence upon the deformacion and collapse
behaviour. The “"degree of loading"™ can be expressed as the
quetient {=Y) of the design load 1o a fire (=F) and the
paximum load that the structure cam SsSupport at room Cedpe-

fature {.PF}‘ In forpula:
¥ - Efrp (IV.3}

S5ince the analysis of a structure under fire condiciong has
to be has?d on the plastic theory, in this manusal PP will
alvays be taken to denote the collapse load et reom Campera-
ture likevise caleculated on the basis of the élanti: theary.
1f the design of cthe structure at rToom temperature has also
been based on the plascie ctheory, the load Pp.vill be kpovn
and therefore consctlitucte & given wvalue in the fire safecy
assessment. Alternstively, however, the deslgan &C ToOoBD
cemperature may be based oo the elastiec cthecory, 1o vhiceh
case the value of ?P will have to be separacely calculated.
This situationm 13 more likely to occur with beams (see
Section IV.B). The design of columns at room-temperacure is
alvays bdased oz the limir scate of collapse, so that for
thase members the complication does not arise. The design
load P for fire conditions can be estimated usicg the rTules

in Seccion IV.8.

For a more general discussion oo the primciples of analysis,
it is referred to, e.g. [l0])-[15].

IV.5 The concept "erit{cal temperature”

In the analysils of the behaviour of steel structures under
fire condictions it 1s usual teo assume & uniform temperaturle
digctribution in the steel, both ever the depth of the struc-
tural sec:tion and mlong the length of the member. See also
chapter 111. For this case the ccncept of a “ericiecal cempe-
rature” ¢an be adopted, this beiog defined as Cthe sceel
temperature at wwhich the scructure 1s on the peoinc of

collapsing.
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For a steel sctructure the erictical cempersture L3 In
practice found to be between 400" and 600°C. That a sceel
structure does mot collapse until reaching such falrly high
temperatures fis because a cercaln omargln of safecy agalns:
overloading L5 embodled in its design. Hhen this margin Ls
narrover, the cricical temperature will be lover. Thus the
eritical teoperature of a structure which has been loaded
glmostc to collapse at room temperature will be lictle higher
than 20°C. In the case vhere the structural member has a low
degree of loading, hovever, the cricical rcecperacure Iis
normally not reamched imn real fires.

In practice the ecriciecal :-nptéature will be betwveen Chese
excrepes and tend to be within the range of 400" and 600°C
25 already stated. The effect in question 1is Ctaken LInto
aceount in the analysis by the degree of 1aadinglf - PIPP.
defined in Sectiom IV.4.

Besides belng dependeant on ¥, the critical temperature will
depend or the type of scructural member under consideratioen:
beam or coluzn. The structuTal sysctem = statically

decermipate or indeterminate - can also be of loportance.

IV.6 Bekaviour of beams under flre conditions

An obvious wWay te characterize the behaviour of steel beazs
in fire is to glve the relation betveen the ceamperature asd
the paximue deflectioo at a certalo load. For stacically
deceroinace beams, the thersal expansion will have oo effect
on this relacioc, LIf cthe teoperature {3 assumed to be uni-
formly discribuced through cthe depth and along the leagth of
the beam, and deflection is caused soclely by the diminishing
stiffness. In other words: 1f the stress-strain relacions at
elevated tepperature are known, the relotiom becwveen sceel
cemperature and deflecction - for & glven load - can be
caleculacted. In view of the curved shape of che stress—-stralno
diagrams (see Secelon IV.2) the caleculacion is vrather
laborious and for praccical purposes a computer must Cthere-

fore be used.
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The mathesatical wmodel has been verlfied experimentally. For
this purpose =odel cescs wvere performed on simply sudpporced

small sceel beams (400 ma span, & =x 6 o’

crogs-section)
under concentrated loads P at 1/4 and 3/4 of the span. An
advantage of such scall-scale tests L{s that am approxicazely
uniform temperature discribuction Ln the steel cam be readily
achieved, which facilitates comparisen wvicth the theory. The
relatienship between steel cemperature and aid spaza
deflection vas determlioed for various values of the load P.
In Fig. IV.2> some results are giveo [6]. The dashed curves
refer to cest results; tha full=line :urues1art cealculaced
from the ptress sctralon relationship pgiven im Fig IV.2. The -
temperature-deformation diagram for P = 9.5 N is found LnE
produce large deflectlouns for relatively smell cemperacure
rises for teoperatures between 250 and 300 °*C. For P = 4B6.5 .
and 23.5 N this flactening-off of the curves does not occur.
This behaviour s linked with the phenooencn of chermally -
activaced flow, discugsed earlier. Io the case of the low
load (P = 46.5 and 23.5 N) the stresses are oot high enough
to cause theroally asctivaced flov to capifest ftgelf. See
also Sectiom 1IV.2 and Fig. IV.l. The agreement between

theory aod expericenc 1is sacisfacrtory.
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Expiriu:ntal verificactlion of ¢the wathemstical mpodel for
decermining the behavicur of steel beams under a wunifora
rise of tesperacure [6].

Fip. IV.5

In pracctice, sceel beams generally have I-shaped inscead of
Tectangular cross-sections. The cop flange will often carry
a floor slab. Since tha heat can flow relacively easily out
ef the ateel ioto cthe slab, & difference in temparature
bectwaen top and bottom flange must be expected te occur.
Furtharmoere, & temperature wariacion In the loogicudinal
direction of the beam @must be expected.

Provided that cthe steel temperature disctribuction i3 %nowa,
the deformacion of the beam can be calculated am & functlion
of socme characrteristic teoperature of the bea=a. This is
illusctrated in Fig. IV.6 in which the results of a fire cesc
on A full scale beam are compared with theoretical
predictions.
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Comparison between the ctheoricically and experimentally
determined deformation behaviour of & loaded beam with a

non-unifeorm ctemperature discribuclon aleng and across the

member.
Fig. IV .6

The beam (profile HE 100 A, span 2500 om) was exposed Co
natural fire conditiens [2). During the test a significant
temperature variation was measured both oaver the haight and
tha cross section of the beam. The full-line curve glves the
measured relatioaship between the mid span deflection and
the average steel cemperature in the cross gection at mid
span.

Using the =@measured steel temperatures, the m=id span
deflecclon was caleculated, taking into account the meche-
nical properties and expansion of steel as specified In

Section IV.2 and IV.3 respectively [L6]. These calculated
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results are shown by cthe upper dashed curve (curve I)}. The
other dashed curve ({curve II) refers o results of a
caleulation model in which ecreep L& taken forto account
explicicly [2].

The differcnces betwveen the experimental and the twe calcu-
lgtad curves are only opargical. The analyels {llugcrates
that the approximate way in which the creep phenomenon is
dealer with in the stress stralnm relacioashilp of Filg. IV.2
leads to fully acceptable results, whiech are on the conser-
vacive side. Ic 4ip w=moreover seen that alse under less
1idealized circumstances, & good agreement between expericent
and theory can be achieved. lt is nored hovever chat, in a
proctical dasign, the temperscture distribucion in a fire
exposed sreel osember will oot be kpown In dectall. The
folloving diseussiss will cherefore be Dbased on che
nassumptlion of a uniform steel tesperacure. Lo Section IV.H
the consequences of this sleplification vregarding the
caleulation rtules for che cricical ctemperacture will be

evaluaced.

in the foregolog treatmest of the subject, che behaviour of
steel beams io fire Ls characterized by cthe relation betveen
teamperature and deflecclom. In pracetice, hovever, Interest
will be confined almost entirely to the collapse behaviour.
Collapse oceurs vhen the deflection ipcreases excessively
without appreciable further rise in temperature. In the case
of uniferm temperature discribuction the imstant of eollapse
is decermiped by the so-called ericical rtooperature. See
also Section IV.5. The cricical teoperature can be read from
the disgroms already presenced. Altermactively, Lt can be
decergined aouch more simply by making use of the plastlic
theory. This will be i1llustrated in the next exasple.

Worked example IV.1

Consider a simply supported steel beam (IPE 260 rolled

steel section) corrying o uniformly distribuced load.
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The relevanct data ara:
span : 2 = 4.80 =
load : q = 1%.22 ki/m
plascic section modulus Z - 362 x 107 gm?
yield s5tress at room Cemp. - “yzn = 240 Hfm:u2
effective yvylald stress ac
temperature of EE C. H uFE

It is assumed that the load remalos unchanged durlng the
fire and that the temperatura in the beam 1is uniformly
distribuced, both through tha depth of the section and
along the length of the beam.

Determine the critical cemperature.

Solution: Under the influence ﬁf the rise in the tempera-
ture of the steel, cthe effecrive yileld stress will
decrease. The beam collapses when yield occurs at the
mid-span sgection. The term “plastic hinge™ 18 used in
this context. For the collapse mechanism see Fig. 1IV.7,
where the gstress discribution ac cthe plastic hinge 1is
also shown.

r—q
structural system YYYVYPYVYYYY ¥ g
AW .
£
e >
bending moment distribution qhh“‘ﬁh_____—ﬁﬂfﬂfﬂ? ;i?hq{z
plasie hinge
collapse mechanism \":—L—-"—/—;

atregs distribution at plastic hinge

Collapse behaviour of o simply supported beanm.
Fig. IV.7
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4t & ecrictical cemperature of & C, the notacion ﬁrﬂ
indicates the effective yield stress. The bending meoent
that the plasctic hinge can transmitc - the so-called full

plastic ooment Hpﬂ - 45 expressed by the fermula:

which is entirely similar to the calculatien of «chis
cmoment &t room temperature. In view of the behaviour
of ﬁ?a ag a function of temperature (Fig. IV.3), che full
plastic moment decreases with rising steel temperature.
LE “p! thus dzurﬁrsenz to a wvalue corresponding co Cche
applied =moment (7 qtf ), the beam will be abour o
collapse.

Then:

ar:

g 2
_y® F_.ll___
-] Z a

yi0 yi0

o
In a glven airuvation the gquortlent EIE_ can be caleculaced.

20
In the present case: ’

&

1
“y0  _ 19.22 x {f..a%_: 10

= 0,64
Y920 & x 362 x 10° x 240

The corresponding cricical ctemperature caa QoW quite
simply be read from Fig. IV.3. We thus find: &400°C.

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

81

The resule of che calculation in example IV.l cam be pre-
sented in 2 more generalized form, beariog in miad that the
eallapse load at room temperature 1is! qp = 8 —EEEEL—E .

On substicuring chis inte the expression whiéh has been

f
obtalned for EI—— ve thus find:
yi0

Y8 L3 (a oy (1v.4)
y2o  9q

If the design calculacion at rtoom temperature i3 based on

the plastic theory, 9p is a kroowvn quantity. If the design

%n;d under fire condlctlioos (= q) is known, the quotient

EIE_ and therefore also the critical temperature can be

ﬁtiﬂrmlntd-

The preceding discuesion deals with statically determinate
beams. The calculaction tule derived for the critical tempe-
rature can, however, be applied to statlically indeterminate
beams as well. At first sight this may be surprising since
the pattern of forces iz the beam will - ps contrascted with
what happens in a stacically determinace structure = undergo
a change during fire exposure. The way in which the ceollapse
condiclen is formulated 1s, however, identcical.

This because 30 many plastiec hinges have developed at the
collapse stage that the pattern of forces can be decermined
solely from cousideraclons of equilibrium. For this reason,
too, the thermal expassion will, imn the event of non-unfeorem
distribution of cemperacture, not zffect the collapse load of
A statically indetersinace beam, as will be illustrated by
the following exasmple.

Worked example IV.2

S

Consider a steel beam (IPE 450 rolled saction) with
statically indeterminate support conditions and subjecced
to uniformly distributed load as shown in Fig. IV.8. The

trelevant dacta for cthis beez are:
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span s i = 12 @
load : g = 21 kN/nm
plastic section modulus : 2 0= 1792 x lﬂl ::3
yield stress at rooB Cteamperature : ’yzn
effective yield stress ac sceel
temperature of & “C - an

As io exapple IV.l, 1t is here again assumed that the
steel temperature i3 uniforamly disctribucted boch through
the depth and along the length of the beam.

Determine the ericical cemperature.

Solution: for the collapse behaviour of the beam asee Fi3.
IV.8. With rising sceel cemperacture & plascic hinge will
first davelop cocver the centre support, because here cthe
bending moment at Toom tesmperature L1s highest {see Fig.
I?.Ehj. Hovever, the teoparature cao coantlnue to rilse
until plesctie hinges are formed also io the spans of che
beam. The anssociated discribucion of cthe bending =moment
and the collapse mechaniso are shown in Fig. IV.B% and

IV.B° respectively.

a) structural sysceam

N
|-— !
b) elastic omoment 'J/ﬁkhhh‘_-#gf Bq
discribution -
¢) moment distribution \-/ \—/ MPE
at cellapse I

d) eollzpse mechanise “hHH‘H#ﬂ'#J‘hhhhhh'fﬂgr
- ]
plastic hinge

Cellapse behaviour of & contlauous beas on three Supports.

Fig. IV.8

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

83

When the plascic hinge has developed over the centre
support, the portions AB amd BC of cthe beam behave as
though scacically daterminace. The load corresponding to
the bending moment distribution as shown fn Fig. IV.8% 1g
therefore siople to determioe. If this load is just equal
to the load actually present (= q), the beam fails. The

collapse condition 1s therefore:

1 1 2
Hpﬁ-fq"“ 1) =gy
Therefore:
a = 28 (V2 - 1) = 0.828 ¢
With:
Hpﬂ - u?“ . Z
2 2
1/8 0.828¢% L
it fellows chat 98 " 1 {: ) . 11?? z
Finally, on dividiag by ”315' we obtainm:
uyE i q:i
] 1.7 2 o
v20 ¥w20
a
The quotient ELEF can again be calculated in the given
20
situation. ¥
°s8 21.0 x (12)% x 10°
We thug obeain: I - - = D.563

9.20  11.7 x 1702 x 10° x 240

From Fig. IV.3 the value for the critical temperature is
found: 410°C.

The analysis ecan now again be generalized, bearing 1o mind

that for the collapse load at room temperature we have:

11L.7 2 u?ln
2

]

p
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a
bn combining this with the expression found for EEE— we

20
abrain: s
ot
. L e - 4 (= v) (IV.4)
%y20 i

This egquacion Ls {idencical eo the ene derived earlier for
the statical decterminate beam. 1t is nocted that considerably
higher cricical rtemperactures are poasible than those gliven
by this equation, Lf trassmission of forces through oeobrane
action ean ba taken into account. For a discusslion on chis

subject see Appendilx C.2.

IV.7"° Behaviour of coluons under fire conditions

1t iz commen practice to speacify the performance of a fire
exposed coluon im terms of the result of a2 conventional fire
resiscance test, Iin which the test spécloen 13 ceancrically
loaded. The applied load is keprt conscant during the tesct.
Hence, a similer model can provide the basis for the caleu-
lacion of the critical tepperature. This 13 shown in Fig-
I¥.9. It is sssumed chat the load P is conatant and that the

teaperature is uniforoly discribuced.

P

Y
{i assumptions: = cencrically loaded

- uypifprea CempETrALUTE

digeribuctlion.

+rir

Model for the calculacion of the critfical cesperacure of

colufias .
Flg. IvVv.9
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The analysis of the collapse behaviour of centrically loaded
struts is coomplicated, even in the relatively simple case
envisaged in Fig. IV.9. This 415 crue net only for the strue-
ture wunder fire cocditions, but alse at room teoperature.
The reason i3 chat there 18 & pumber of basically stochastic
factors Involved which, in cogbinacion, influence the
collapse behaviour.

The folleving =may be mentlioned:

= regidual stresases;

- uniantended eccemntcricicies of the load;

= upnincended initial laceral defleccions of che column

Because of rhese complicacing faccors, the deslgn rules for
steel coltmos at rood teamperature are based on statistically
interpreted experimental tesearch. For this purpose a large
number of cests have been performed om columns with variocus
cross=-sectional shapes and slendernmess Tatios, more parcicu-
larly tn experimental werk earried out internationally
within the European Convention for Constructliocnal Steelwork
(ECCS5). For each slenderness ratio, the oean buckling sctress
and cthe standard deviacion were calculated. The results of
the tests, covering a wide range of applicacion, were iater-
prected statiscically amd based oo this analysis bucklling
curves were established (so called ECCS-buckliag ecurves).
Thege curves are given (o Fig. IV-10 in poan-dimeosiocnal

form.

] [ 1 1 ] i [

0 02 0.4 06 08 10 1.2 1.4 1.6 1.8
—_— A
ECCS-buckling curves at roop temperature.

Fig. IV.10
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In Fig. IV.10 the dimensionless buckling load ﬁcr te defined
as the ratio of the buckling stress °cr20 to the nominal
value of the yileld stress at roow temperature oy20 ind is
given as a function of the modified slenderness ractio A

which 18 relaced to the slenderness ratio X as follows:

A = ——7rt——¢ (Iv.$)
I
y20
with
B = Youngs modulus at room temperature
a = yield stress at room temperature

y20

The ecurves can be described by the following general

expression:

2

g " bt o~ \
i m acr20 . 1+a(x-giz>+x Ez V/[1+u (3-0.2y+12 )2-4%2
er y20 23 23
(V1.63)
for X > 0.2
and
N = 0.2
cr
for % ¢ 0.2 (Iv.6%)

The coefficient a (dimensionless) varies with the selected

curve and values are given in Table IV.l.

ECCS buckling curve a8, a b c d

a 0.125(0.206(0.339|0.489|0.756

Table IV.l: Buckling coefficient a for various types of

cross section.
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The cholee of curve a to d depends on the tvpe of cross sec-
tion and the manufacturlng process. Het relled and cold
foroed hollow scteel seccions, for exaople apply te the "a”
curve. Due to the unfavourable effect of residual stresses,
for hot rolled I sectionms cthe a, b or evem ¢ curve holds,
depending on buekling axis and the cross sectional dlsen-

slions.

At room temperature - and for & cercain value of o - che
dimensionless buckling load 48 cthus a funcclion of cthree
paramecers, viz.: the yiald atf:sn uyiﬂ , the Youngs modulus
E and the slenderness ratlo A.

It is poseible to :lckln:thu buckling preoblem at rooo teope-
rature by an analycical approach, e.g., with the aid of che
ECCS ecurves. In that case an inicial deflection of such
gegnitude L3 chosen that the ecaleculaced fallure scrTess
corresponds to that which conforsa to che relevanr ECCS-
curve. All the wuncertaln facters = such as residual
stressscs, incidenctal eccentricicies mtc. - are, o8 iE wWere,
caken intec acecount in the 50 called fictious ipicvial deflec-

Llom.

With the aid of the sctralin-scress relacionshlps discussed in
Ssection IV.2 (see Fig. IV.2) it 15 possible, in priceiple,
to carry out such epalvses also for elevaced cemperatures
[L5]). The resulcs are, however, conservatlve compared to the
putcomes of full scale fire cescs on columnos. The resson 13
that there 153 insufficlent wunderstanding of the wvarious
factors which ipfluence the stabilicy of columne ac elevated
temperatures, such as the unloading cheracterisctics of sceel

and the effecr of residuaml scresses [18), [19]-

Therefore, vhan derlving buckliog curves at elevaced tempe~
racures, a4 more pragmatic approach has beea chosen [20]. Io
this appreoach 1t has been assumed that the buckling curves
at elevated temperatures can be described by an equation

similar to the ocne abhove for room temperature, wiz.:
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-2
a l+a { A, ~0.2)+4 = = —5 A
ct? . . S [1+a (3 ~0.2)+13)% - 412)
a =3 =2 ;] | a
y b Ilﬁ ELE

(IvV.7)

in which the suffix ® geans thac che value of the parameter
in question applies teo a steel temperature Ea' As a hypothe~=
s1s, it 4is furcher assuced thac cthe effect of HE on the

value of L_ can be quantified by substituting cemperature

B
dependent values for the yield stress {uyﬁj and the modulus

of elascicicty [Etﬂj in the equation for the woodified

slenderness ractie ), wiz.:

Ry = —p ~
B -
- ¢tﬂ .
ar e
L1 :
= .3 “y20
Ag = 1 — _ (IV.8)
(4]
“E
‘8 E:B
Since both EI_ and —g vary in a similar way with tha steal

CeapeTAtUTS TEEE. Fig. IV.3 and Appendix B respectively), it

follovs, by approximation:
N

)

Consequently:

a (-]

dll:.'l.'ﬁ - unr!& - Ecr {I_'l;l"g}
ye y20

E:tﬁ

¥ 20

It follows that the buckling load ﬁ::ﬁ (= Yy ac elevatced

o
temparature is given by:

g

8, = =L § (1v.10%)
cr uﬁzn er

The subsequent equaction for ths buekling curves ac elavaced

tenperature i3 theo obrained:

g - =2 = r s
A LR At L L iz Y [1+a (3=0.2)+32)% - 43
“y20 23 23

H:rﬁ

(Iv.l0b)

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

a9

It 15 emphasized that the buckling curves devived in this
way are for centrical loading aomd bifurcation buckling only.

They do not ctake inte aceount oacher cypes of Ilnstabilicty and

axial restraint. Therefore, the room temperature e EUTVE
of Fig. IV.10 has been used as the basis for the elevated
temperacture buckling curves. This correspoods to & value of

0.489 fer a.

These buckling curves are showa 1a Fig. IV.1ll.

1.07

—— Ner g

- 0.2 0.4 0.6 08 1.0 12 1L
_i—j.
Dimensionless buckling curves ac elevated temperatures.

FiE;_Iv.ll

The recoemmended elevared temperature bucklimg curves are ino
good agreement with che rtesulta of recenr full sScale Cescs
carried ocut ino Belgilum aand Denwmark (20), [21). This 1is, for
the Belglan test resulcs, 1lluscrated ino Fig. IV.12 in which
the theoretical buckling scress at elevacted temperacure 13

compared with the actval stress duting the test.
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actual buckling

slress during lesl

[N/men?)
$3E8

&

Irearetical buckling

= giregs Al elevated
1 1
9 1A A lemperature [N/mmi)

Comparison of the resulcs of column tests at elevated
temperatures and theoratical predicciocns [18].
Fig-. 1v.12

Using these buckliog curves, the critical cteaperature of
centtically loaded columns can eaolly be determined, as
1lluscratad by cthe followving example:

Worked example IV.].

TR S A

Consider a centrically loaded column with the following
speciflicacicns:

grade of steel : Fe 360
profile : HE 200 A
elenderness ratio : 100

load : 340 kN
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It is a=zsumed that the load remains unchanged during the
fire and that the cemperature in the column 1s unlforomly
discribuced.

Determine the cricical temperature.

Solution: Note that o _,, * 235 W/zm? (grade of steel: Fe
360) and A = 5.38x10° mm? (HE 200A). The dimensionless
buckling load st elevated cemperature, now follovs
direccly from:

= Eﬁﬂulﬂl

H - = 0,260

eT® . 35x10°x235

The modified slendermess ratile 1 i calculated from:!

- 100

Low = 1.07
- S 2.1%10

235

For cthe combimacion of ﬁ:r b 0.269 and % = 1.07, 1=
]
Fig. IV.11 a critical cesperature of 460°C is read.

The limit scate condicieon for centrically loaded coluens can
aleo be formulacted in & way wvhich 18 sigilar te the one
obtained for beams. The startiog point is the expressioa
derived above for the buckling curves at elevated tempera-
EUTES .
Hnr send M:rﬂ
M
= T
H - —
r AT
5 y20
crf
AT
y20

can respectively be denmoced as:

H:rﬁ

It follows with (IV.10%) for the limic state of fallure:

H
L ; "ura (= ¥ (IV.11)
uyﬂﬂ er
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H:rﬁ
Her
v, it %5 noted that the equation derived this way for cthe

Identifying the queotient as the “degree of loading”™

1imic stace of failure for ecolumas 1s ideatlcal eo cthac
derived for beams.{cf eguatien WVWI.&) If ¥ is %newn, the
eritical cemperature of coluans is defined with cthe ald of
the gquoctient uyEIUTIU' in coobipation with che oDacerial
propercties as envisaged lo Fig. IV.3 or by the equacions foar
the effeccive yield stress 2as & functiom of the steel

ctemperature given in sectlon IV.1. {ef equacion IV.1l)

Mote that cthe equation derived for che limic scate of
failure 18 only wvalid for centriec buckling under comnstant
load. For a discussion on the effect of axial restralpt and

eccentric loading, see Appendix C.2 and C.3 respeccively.

IV.8 Praccical applicacions

IV.8.1 Calzulaction of the crictical cecperacture of beams and

e S R S e e R

coluans

- ———

The discussion 1imn Secclom IV.& and IV.7 proves it possible
te pgive & generally-valid expression for the “critlcal”
temparature of beams and columns. For this purpese che
marzln between the deasign load under fire cooditions (= P)
and the collapse load st room temperature (= P,) i3 repre-
sented by the “degree of Lloadiog™: ¥. Therefore: ¥ = ?IPP
The critical cemperature of beams and columns is defined

victh the ald of che quotient o in combiaation witch

[/ a
yo y20
the material propercies as envisaged in figure IV.3 anpd

follows from:

u}r&!uﬂu - HPP (= ¥) (1v.3)
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Where:
O,sg ™ wield stress AT ToO0D CeapeETazuTeE
dTE s affeccive yield stress at elevated temperacturea,

as discussed Ip Section IV.2
P = the design load om the beam or coluon uander fire
condicicns |
FP = for beamsa : the collapse load at room tempeta-
cure following from elementary
plastcic theory
&r
for columns : the ECCS buckling load correspond-

ing to the so called e=curve.

2o the basis of the above expression, the critical teape-

rature for 4 .nuaber of practical wvalues of v is giveo 1o
Table IV.2.

|'C] SBS 540 430 430 360
crirc

Table IV.2: Values for the eritical tecmperature of steel

beams 3nd columns as a function of the degree of
loading (v =~ Pfrp}.

The wvalues presenced for cthe ecrictical temperature can bae
obtalned direccly from Fig. IV.]) oar cam be calculated using
the egquations for the effeccive yield stress as 8 function

of tcha steel tezperature, glvean by eguatctionm IV.1l.

Using Table IV.2 feor beams cam give rvise to complications,
if the analysis at room-temperature has been begsed on the
elastic ctheory siance the maxigum losd P, that the beam can
support as an alasctic behaving struccure, and not the

ceollapse load Pp, will be cthe knovn gquanticy. Under other=
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wise equal coodicions a lover walue will be found for P

thanp fer P the reason being that Inm an elasgstic analysis

FI
the plascic reserve of the beas is neot caken Linctoe account.

In = more general vay this phenooenon can be represenced as

follows:
1 1
P: - " E . FF (IvV.12)
where:

a = factor (> 1) represeating the plasciec reserve of
the beam seccion; ' _

@ = factor (2> 1) representing the plastic reserve of
che beag due ¢co a4 posoible rediscribucian of

bending mocents.

The factor a can be expressad Lo the quotienc of the plastie

section modulus 2 and elostic section modulus W, 1.m8.:
-
* ¥

The value of a cthus decermined by the cross-sectional shape
of the beam, ias therefore socetimes called the shape factor.

For the usual I-gectlions o l3 approximately egual te 1.15.

The factor © is deteroined by the redistribution of momentcs
when plastic hinges are formed and {8 therefore asystem-
dependenc. For stacically detercinate beama no redlscribu-
tion of ooments is possible, and cherefore: 8 = 1. Far
statiecanlly indeterminats beama: 8 2 1.

1f P, is known from the design caleculacieon at reoz Cempera-
ture, ic 18 more praceical to express the degree of loading
likevise in P_. The degree of loadiog to be defioed in chls
way L8 denoted by 1*.
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Thus:
Vi (Iv.13)
F
L
] L
By expressing ¥ 1o ¥ (Y = a . @ . y) we ecamn now also
deacermine the values of the ericical teopeTature

*
corresponding ¢to ¥ . This 1s Suomarized 1in Table IV.]
edopting a shape facror a = 1.15.

* F
factor ¥ = o~
il
0.3 D.4 0.5 .6 0,7
statically detercined 605 63 525 475 425
g = 1.00

statically indecermined

& = 1.33 ﬁmﬁ B4l 605 375 345 310

o l o
I™ i ™
0=1.0 Y X | 605 65 525 478 425
0 = 1.47 m 650 615 590  S60 535
. |

B-I.IEH 615 S80 545 505 465
l;i?m 650 515 590 580 535

i
L}

Table IV.3: Values of the eritical temperature of sceel

beams as a fuoccion of the degree of loading
when the latter i3 expressad terms of . che
maxioum elastically supportable load P, {v' -
PIP,)-

The effect of the load 1is clearly apparent froa Table 1V.12
and IV.3. 1t further appears that with elasciec design, che
eritical cemperature may be considerably influenced by Che
structural sysces.
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e —————— ap——————— e L R R R

Comparison of che caleulated eritical cemperatures with the
results of standard fire tests on beams and columns shows
that iIin the former Ccase critical temperatures are found
whieh sre 50° = 100" € lewer tham in the latcer. Hence the
caleulation provides “safe” scluticms 1z relation to the
standard fire tests. The difference between Ehe tvo sets af
resules 1is atctrlbutable to the pecessary idepalizacions on
which the marhematical model fs based. TImportant factors im

this context aFre:

-~ In the pathematical model the design value of tha yield
stress for the grade of steel eomployed is adopted. The
design value is equal to the minioum guatanteed value of
the yield stress, whereas in fire tests it is the actual

value of cthe ylield stress thact =matters.

- In the ealeulation the temperature 1is assumed co be
unifermly distributed throughout rthe structural mewmber-.
In fire tests - &ss in a real fire - considerable varia-
eion ip cemperature both over the height and aleng the
length of the member will occcur. The maxisum measured
temperature at the imstant of collapse is often regarded

as representing the cricleal temperature.

- Srructural behaviesur, especilslly of columna, 13 influenc~-
ed by gecmetrical imperfections and reslidual stresses
which fn tescs can be considered as random samples from a
wide varfety. Io calculations, conservative designm values

are adopted.

Experimencs as well as exploratory calculations show that
the differences between the calculated rasults and those
obtained ip a standard fire test can be slmest completely
explained by the above-menctioned facteors [22], [23]. All the

same, the phenomenon in question does constitute @
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conplicacion. Standard fire testg have Iin fact been
established for a great many years, and thelr results are
generally acceprted as wvalid. It is therefore sozevhat
unrealisrie to offer a ocethod of analysls which yields
systeoatically safer results chas the standard ctests. For
practical reasonms it is, accordingly, proposed that the
design sssusptions be so modified that critiecsl temperatures
are found which are ac the sace level ag those obralned froo

srandard fire tests. This cam be dooe in alternative ways.

One way is to multiply the ealeculaced loasd bearlng capascicty
- corresponding to the ecaleculated uniforoly distributed
steel Ccemperature Ea = by a factor of magnification f which
includes corrections for representative deviagtions from the
assuspclons listed sbove. Such s magnification lactoer then
can be written as

£ = £ ¢ E, § (IV.14)

i
g 1 9c¢" Ra

vhere fn = a correction facter rtelaoted to the mechamical
propertiea of che geructural material at cemperdture 9'.

51 = & correcction factor related te the Lloperfectiooms of the
structural wmember, fug = g corrmcticn Ffactor in respect of
non-unifermicy 1z the cemperature discributien over the
cross sectioan, and !El = a correction factor 1im respectc of
nen-uniformicy 4o the cecperature distribuctien along the

seructural oeober.

Representative values are derived in [23] for the wvarious
correction factors as well as the total magnificatien

factor f. Practically, f then can be given as a function of
the uniforoly discribuced, calculated steel tesperature

ﬂ! with a differentiation with respect to columns, statical~
1y determinate beams and statically indecerminate beams vith

one or more reduendancien.
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The sace results can be achieved by reducing che design load

ia the cal:ulatlnu,Ftll,by a load oulciplier =, l.e.

= (IV.15)
Ftll *"p

vhere PH = the load to be applied on scructural element in

the Fire resilgtance CecC.

values for < derived for beams are presenced in Fig. IV.13

[23]).
@ statically gelerminals beam

e @ slal, ingetfminale beam, with one
b redundancy |
£ D giae ot et oot
Z 101
E A
ﬂ =
8 054
04-
024
02 04 06 08 10
Fa
_—- | —
Pp

Design values for the load sulciplyer = .
Fig. IV.13

The following equations hald:
statically deteroinace beam!

PH A
< @ 0.25 (—5—) + D.75 > 0.8 (IV.167)
P

statlcally indermipace beam wich ope redundancy:
P g

ek = 0,30 ( P—} + 0.50 > 0.6
P

(IV.16%)
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stacieally indetercinate beam with Ewo ar moTa
redundancles:
Py
¢ = 0,75 {P—j + 0.25 » 0.4 {(IV.16%)
P

It it apparent that the value of ¢ for beams depends both on
the design load and on the cype of structural sysctem. The
value of < for statically determinace beams will be higher
than [for lndeterminate ones, the reasen being thet, in the
former, one plasctic hioge will suffice to bring about
collapse, whereas two or more sSuch hioges will be needed for
collapse of a scacically indeterminate beam. The variacions
in temperature along che lenogch of the beam will cherefore
in prioneciple only be of importaoce for statically indeter-
minate beams. In the case of beams with a higher degree of
statlcal indeterminacy cthis effecr 1s greater than Iim those
with first-degree scacical indeterminacy.

Accordiagly, a load wullplier = should alsc be iptroduced
fer ecoluens. In wview of cthe considerable approximacions
necessary +«when deriving the calculation rule for the
critical temperaturae, iz is not realistic to differen-
tlate < in the case of columne. Therefare i single

(conservacive) walue has been chosen: ¥ = 0.85.
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V. FIRE SAFE USE OF STEEL STRUCTURES

V.l Irncroduction

The fire resistance of a strueccure £s the time during wvhich
the scructure, when submitted to the standard fire, continuas

to fulfil its load-bearing function.

Structural behaviour depends oo wmany facters, es hag been

explained previously (chapters 1 to IV}

- the imcensity of the fire which is a functien of the
ambounk, pature and location af cthe coobustibles, the
conditions of vwentilatlom of the compartment and the
thermal insulacing characteristice of the surrouonding
walls of the compartment,

= the type of structure,

= the pature and propercies of the omaterials oaking up the
StTUCEuUTE,

= tha loading lewvel,

= the heating up conditions.

Since the intensicy of the fire has been, and scill remains
to some extant, & difficult parameter co quanclfy, maoy
countries have adopced the “standard f£fire”. Although this
approach provides a comparison of the fire behaviour of maoy
different structures, it does not enable o real structural

fire safety analysis of a building to be carried ouct.

The heatiog of an unprotected sceel strTucture subjecced tTo
this “staodard fire™ 4is often very rapid and collapse may
occur very quickly, within seme ten to thircy minuctes of the

standard exposure-

3y eassucing & uniform distribution of temperature in the
sceel, che calculacion B E the tlme for the ericical
tezperature te be reached ls simple (see chaprer III1). Ac
this tepperature, the structure would collapse as it would be

unable co bear the loads applied.
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From tables or graphs which give the temperature tTteached by
the steel as a funcriom of the ctime aand che section factor
F/v, it 1a possible, knowing the criciecal temperature, CoO
determine the actual fire stabllicy. An exaople 1is given Ln
Fig. V.1, which 1s based on Appendix D.2.

i
-~ 900 .
e BEERE
1] / i : 1 )
= 800
.E 30 min. standard fire exposure
(=8 E
g |
= &OO : ,
: 15 min. standard fire exposure
500 ‘ | ‘
400 : z
S BEE
300 ' : t
. Copo
200 - . | ' i
T | :
;ﬁ S I : ! : - |
II:II:I o i | ' - 1 I
| | [ ‘ | | 215
|| I A
0 50 100 150 200 250 300

FsV [m™)

Temperature of unprocected scteel exposed to the standard fire
as & funeclon of ctlme and section factor {FIH}, accordiang to
the ECCS5-TC3 Recommendacioms [l].

Fig. V.1

Aeccording to these graphs, most unprotected steel strustures
will have a low fire stability. A hascy and unfounded
reaction would lead to the conelusleon that the safecy of
pecple cannot be assured la unprotected asteel bulldings. Such
erroneous thinking is largely based cn the deep seaced {(dea
that adequate fire gsfecy can only be obtained wvhem che

structure haes a large flre resistance.
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Furcthermere, these low valums of fire reslstance arvre related
X the scandard fire which, in the opinicon of pany
specialiscs, ig not representacive of actual fires in

buildings.

Before invesclgatiog the current oeans of therwmal protecclen
aimed at increasing the fire resiscance of steel struccures
{(V.4) 1ir is cherefore of prime lazportance to get down che
circuosctanoces io which unprotected structures can aeet the
requirements of the regulacticns Io force at the preseoc riame
{(¥.3) and above all te analyse the concept of scruccural fire
reglstance in relstion to the safety of both human lives and

property E“-E}-

V.2 The role of acructural fire stabilicy

cubstantial fire scabllicy 1is obviously essentlal for high-
rise bulid:ngs. ginee a fire ctakiog place 1o rche lowver
storeys which lead to the collapse of a2 rall buildipg would
have cacastrophic consequences. On the other hapd, for low-
rise buildings, a thorough analysis should be carried out in
srdar te escablish che precise role played by the structural
fire stabilicy in relaction to the general safecy of che
building.

In the event of a fire, the safecty of the cccupants should be
ensured by escape rtoutes of adequate width vhich are appro-
priacely signposted, easily accessible, proctecced from sooke
and which provide procection from falling debris. The evacua-
tion of the occupants should be compleced before a dangerous
concentration of texie geases eaxiscs anmd before aoblent

temperatures rise above BO - 100°C.

With regard to the safety of the contencs, the cosmbustlbi-
liey of which is quite variable, there is little rthat canm ba
done for the contents of the space where the flre occurs, 1f

autosatie axtinccion measures have not been ipstalled. Om the
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ether hand, firastop walls can prevent extensive flre spread
and, as a consequence, Cthe destruction of parc or sosc, If

net all, of che contents can be avolded.

Fire scabllicy of sctructures in lowv-rise buildings plays a
limited role in the protection of either huoan safecy or

contents safecy.

As an example, consider a single-storey bullding. The greac
diffarence betwean the limic CecpeTACuUTE (100°C) for
sccupants' survival and that likely to cause the collapse of
the building (600°C .- 700°C) indicaces cthat the collapse of
the structure 4s wvery unlikely to be the reason for loss of
l1ife. In this case it 4is met the duracicn of fire stabllicy
duration which 1is }upnrtlnt. but the apblent CtempeTabuTe
rise. 1Ir does not matter whether the critical cemperature of
the satructure i3 resached im 10 or 60 minuces, because well
before the sctage at wvhieh such a rtemperacture would be
reached, the azbient temperature in cthe enclesed space would
have become unbearable and all the occupants would claarly
have needed to have wgade chelir escape. In any case; sSCLTuc-
tural stceel meaobers do not collapse puddenly 41a a f{ire;
depending on how the temperature rises, they deform and so
provide an additional welement of warnming <to occupants

protected from the fire but near the fire zone.

The fire stabilicy of a structure i3 eopecielly imporcant for
occupants above,but muech less for those beneath the part of
the structure exposed to the fire. However, Iin the latter
case it is imporcant thact sudden collapse does nmot occur. The
failure should be gradual, invelving large plasctic cype
deformations and this collapse should be confined only to thea
fire zone. The parcs of the building away Efrom the fire
should re=aln intact s¢o as to allow for the safe evacuaclon

of the pccupants and to permict the firemen te cperate.
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For the safety of contents in sipngle-storey buildings, it is
anly necessary that scructural parts be independent om both
sides of firesctop (compartmenc) walls. In fact, stael
structural members reach their critiecal rcemperature only If
large parts of the contents have caught fire. At this scage,
it would be difficult to intervene Lo save the contents, but
collapse of the strueccture over this area should not damage
the compartment wall and thus endanger the contents of che

ad jacent spaced.

In this type of building, cthe onoly point of previding thermal
protectien to the steel nmambers i to preserve the structure.
A2 & rTesulc, the prnhléu is nna. of ecomomlic Feasibilicy
rather thano of public sai:ty. Very often, the building value
represeats oaly 25 3% of ;ha value of the total bullding plus
coptents ; of this percentage, the structure itself repre-
sents some 25 %, i.e. & % of the tocal cost. Hemce 1t 1is =&
quesction of strikiog an econemlie balance before deciding te

{ocrease the fire resistance of low~rise bulldings [2].

Before geing more deeply ioto the apalysis of scructural fire
stabilicy, 4t should be recalled that {in the regulatiocnos
requiresents have been determined in a most emplrical way ;
many compensating clauses have been introduced in order to
corrsct the initlal approximation caused by usiang the same

standard fire for every type of bullding and activicy.

furthermore the wvalues of £fire grading are expressed =&s
submulciples or oultiples of a ctime unlc : the hour. This may
be of no consequence for protected scteel structures because
an increase from 1 h 20 min to 1 h 30 min of fire stablilicty
tequires omnly some few millimecrres of additional protection
at a rtelacively low cost. However, wunprotected atructures
which preovide a 20 min fire stabllity must bhe protected Co
obtain a2 30 moin fire duratio=m, so the relacive costC involved
in providing this small increase in fire resistance L&

generally high.

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

105

It is thus of prime loportance that regulacing requiremencs
are involwved, which rTeflect cthe actual needs of both the
occupancs and cthe fire services. A correct analysis would
aveid the error wmade by cértain natiomal regulations which
require fire stebilicty for structures with low calorific
potential. For exaople in sports halls, meecing reooms, cthere
are very lov risks of flash-over or of any fire which could
endanger the gptabilicty of unprotected sceel structures. At
the worset, L{f there 1is a concentration of combustible in ane
area, cthere could be & localized fire but without flashover
occurring over the wvhole enclosed space. For fire loads per
unit floor area less than 15 kgﬂmz (wood equivalentc), 1t
would be generally unnecessary afgd furile te impreve the
scructural fire reslstance. Instead, the real dangers posed
by smoke and teoxlie gases should be tackled, usipg auvtomatic

detectors and sooke control.s

Some of the natiomal regulations have begum rto recognise the
true role of the structura im the fire safety of a bullding
and alternative oeasures have already ©beeno ctaken intoe
account, ¢to give more flexible requirements for lov-riage
constructions. A few others take a2 more thorough approach to
the real dangers by ailming te adopt cthe most eappropriate

gaferty meagures.

V.3 Uoprotected steel complying wich regulacion reguirements

Hhea fire stability 18 necessary, the sminimum requirement in
most classification systems 1is 1/4 h. This fire stabilicy is

easlily reached by unprotected steel structures.

However, 1/2 h fire stability under the standard filre condi-
tions 1a certalnly a wmost unfavourable requirement where
eteel econstruction ls coocermed. While steel very often needs
thermal ipsulation te meet this requirewent, other bSuilding

materiale generally achieve it unaided.
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The only structural elements needing to be checked from the
fire reslstance point of view are those which actually
contribute to the general acabillicy. Purlins aenmd cies wvhose
gole function 1z to fix the cladding elemencts need not be
digpensioned to resisc fire effects, whereas wind bracings msay
need te comply with cthe regulation rtequirements for the fire
rasistance of load carrying structural members. However,in
blig warehousea, a reduced fire resisctance for bracings may hbe
adequate, provided that these elemencs are plentiful and well
distributed [3]. In any case purlinsa and the sheeting are
generally capable of providing Fufflcient sttuctural sctabil-

11ty for 20 minuctes or even half an-hour.

1f the sceel wmembers oust comply vith the fire reslstance
requirements, a fire resistance of as wuch as 60 min aay
somecimes be obtalned without any protection either by
correctly applying present day koovledge of the heacing of
scructural steel members and thelr collapse temparature, ot
by usiong cooscruction methods whilch eoable composite accion
of steel and concrece. Alternmatively, by placimg the load
carrylog struccure outside the building the fire exposure may

be reduced.

R A
Table D.2 shoews that after a2 1/2 hour exposure to che
standard fire, aceel eleceats with lov wvalues of sectlon
facter (30 n-1] will have a temperature lower tham the
ericical temperature of 500°C-350°C generally gquoted for
gsteel structures. Under these conditions, the stability of
the elements concerned can be ensured wichout providing fire
protection. These types of wassive eleoents are, howvever,
rarte io steel conmnstruction and elemencs with section factor

-1

values of 200 m are mwore coomonly found.

Furthermore too great an imcresse Iin tche mass of sceel of

such elements would genmetally be too expensive in cosmparisca

with the cesc of A normal protective coating.
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It is therefore necessary to coosider raising the cricliecal
teoperature of the steel elements by decreasing the load

level; see also chapter IV.
This can be done in several wvays ¢

- reduce the applied loads in each omeamber by increasing cha
nuaber of load ecarrying structural wmembers,

- 4increase the pechanical resistance of cthe load carrying
elegents,

= wse statically indeterminate elements or, Lin a woorce
general way, take proper accoumt of the _real end
condictions at the ceoonections betveen tha Etructural

elemants.

Acecordiagly, a coabinacion of & lov gection facktor ;nd a high
cricical ctemperature ci&n provide 1/2 heour fire resistance
Wwithout the need for any protectlion  of course, this
procedure should be embarked on ac the desigon stage of cthe

construccionm projecc.

The folloving example shows that ip order to provide a beam
co support a given uniform load (32 kHInlj over two adjecent
spans of equal length (& =®m), differenmt solutioms can be

obtalped.

The firsc solution consists i1in wusing tvwe simply supported
beams, each buflt up of 2 URP 300 ascendard beam section
connected by steel flacs (Flg- V.2). The maximue scress is

60 ¥/wm?, the load level: Pg/P = 0.22, the load suleiplier
£+ 0.BL and sa PIEP = 0.18.

i
LAY Fata L—A £
1- 'ﬁf'l'l |‘ -ﬁl‘l‘t 1,
T ' I i

Soluction 1: two sleply supported beans
Fig. V.2
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In this case, a cericical temperature of 65B°C is obrainmed and
with a secction facctor of 162 m-l, provides 16 min fire stabi-
licty under the standard fire condiclons (see Filg. V.l).

The second solution consists 1o adopting the same gcandard
beam sectionsa but cleosed to form a bex section and providing
& beam conclinuous ovar the eceéntral support (Fig. V.3). The
maxicum scress based on elascicicy is still 62 Hfunzr bur the
load level Lls oow only 0.1l3, the load mulciplier 0.57 and so
ve obtain PJPF = 0.085.

ﬁ ﬂ ] ﬂ P

-y
-

A-A

Solutien 2: ope continuous beam.

Fig. V.3

The cricical teoperacure {s 753°C and with a section faccer
of 83 n_l. it has & fire scabllicy of 30 min.
It may alternatively be possible to demonstrate that a fire
scabilicy less thanm 30 ein is amply sufficientc, so that an
unprotected steel member could theno be usad.

Yol SoSESSCEA_Lelsadeoncr tou) o cankirectiaNe
By coobiping steel and concrece, it i often possible to
obtain & 1/2 hour fire scability or eves more, without
protecting the ateel. The wosc 4impportant constructions of
this cype ara : concrteteée fillled hollow tubular sectlons wicth
or without ;:uel teinforcement or steel core, rolled sceel
coluons with concrete encasing, and concrerte slabs wich
preflled steel sheet. The design of calculation methods for
these zlements ie the sgsubject of additlonal ctechmical notes
to the European Recocazmendations for cthe Fire Safecy of Steel

Structures [&,5].
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i ot Bt

By placing the columns outside cthe buillding they are thus
moved awvay from the potenctial fire =zone. In this way fire
stablilities wmuech greacer tham % hour can be achieved.
Howvever, on account of the complex process of heacing and the
associated mechanical behaviour of sueh loaded elements, the
accurate calculation of the structural stabilicy is
difficulet. Of course, in this case, exposure to a natural
fire aod oot to tha standard fire oust be assumed [6,7]-

Hevaercheless, existiang approximate caleulation sechods and
experimental results enable ug to zake the folluoing

observactions:

= the hbest pogition for the column is as far as possible
from openinga, and shialded by a wall betveéo the windows
which has an adequate firestop rating;

- 4f there L3 a risk of the coluazn being submitced to severe
chermal loads, the role of cthe mechanical behaviowur of the
beam cto column connection becomes very lmpertant; the best
rasulcts are obtained by wusing rigid comnections, for a
glven scress lavel In the column;

- imn order co restricc exposure ¢to heating, the column
should either be moved as far away as possible from cthe
facade or be protected by & screen;

= pgemerally, the load carrying fleor beams need ne protec-

tion over their extermal parts.
Structures with external components can therefore offer an
interesting solution to the problems of fire scabilicy of

steal pETUCEUTES.

V.4 Procected structures

If bare sceel .5:runturea canaot provide the rvequired fire
stability, cthere 15 always & possibilicy of reducing the
heating rate of the scteel element by usiog thermal proceccive
materials. Depeading on the nature and cthickoess of the

macterial, fire resiscances of %5 to & h can be obrained.
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The various protection methods and procedures available on

the market [8,9) can be grouped as follows:

- protection enclesing the element: intumescent painc,
sprayed macerials or proteccive casing;
-~ proteccion by screens;

- water cooling of the steel.

XNl RNe AN Ee pEo ot
a. Contour protection usiang an infumascnnt paint or a sprayed
producet (figure V.b4.a).
Though similar in appearamce to ordisary palnts, Llotumes-
cent paincs contaln speclal agents which cause expanslono
at about 150 to 300°C to form a "meringue” whose thickness
may rTeach several centimetres: 1cr 1is <this coating of

“meringue” which scts ag the heat shield.

The sprayed products are composed of womacterlals such =ms3
gypsum {(which includes 20X crystallizacted vater), expanded
vermiculice, expanded perlicte, wmineral fibres, ashestos
fibres and bilader. However, asbestos fibre is now prohi-
pited 4in meny countries because of the danger to workers
and occupants. Composite wmatarials are often employed,
guch as gypsum plaster + vermicullte, cement + wvermleu-

lite, gypsum plaster + fibres, ......egtc-

Wheo these materials are used inside a building, the steel
aurface doesa @©oot generally réquirn ag anti-correosion
treatment, unless the relative humidicy of the azmoasphere
i{s high. The main difficulty encountered In permanentcly
damp conditions is oot the risk of steel cerresion, but
the potential loss of protective properties of cthe

coating-
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b. Hollew proctection carrled out by spraying on steel mesh or
by boards (figure V.4.Bb). The composicion of che boards
can be similar to that of the sprayed product menticoned
above, but in addicion other products can be used, e.g.
cimber. As B wmatter of faet, although cimber is a coobus-
tible mataerial, it provides good thermal insulacion and
can be used to protect steel which, while incombustible,
provides poor thermal insulstion.

When using box proceccion, the shrinkage and the deforma-
tien of cthe panels due to rising temperature should be
taken into account te prevent leakamge of hot gases through
the joints. A differemt solutionm consists of simple sceel

sheet which can provide a fire scabillicy of & h.
¢. So0lid preoectection of the steel either 1in cementitous—-type

product or loose £111 such as vermiculite or expanded clay

in steel casing (Fig. V.d.c).

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

112

e) solid proteccion

Methods of fire protectzion

Fig. V.4
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The desireble propercies of these materials are as follows:

- Egood thermal 4insulatico {.e. low rthermal conduceivicy
end/or high thermal capacity;

= satlsfaccory mechanical resistance to shock and impact at
both mpormal temperature and flre temperature and good
attachment or adhesion to the element so that sepatation
or spalling of the protection material is not caused by
rising ctemperacure and/or deformation of cthe supparting

Element.

The coendition of the steel surface, the application technique
and the joianting methods for both sheet to sheet and sheet to
steel, parcticularly in the regiom of etructural connections,
should be given careful attention since the protection plays
8 role of prioary importance ia uchieviu; the fire scabilicy.
Consequently, these =aterials should bhe subjected to ctests
aioed ar checking their thermal and mechsnical charactericics
at steel temperatures up to 700 - BOO'cC.

To facilictate the wuse of sprayed =msterials anpnd sheet
macterials, special graphs have been prapared by authorized
fire testing laboratories. These graphs give the thickpess of
a specific material as a funmction of the section factor, the
critical cemperature of the structural member, and the
required fire resistance period (Fig. V.5) [LO0,11]. Values
given ip Appendix D.3 can also be used.
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Example of a graph from which the raquired insulection chick-
ness canm be derived for a parcticular fire resistance, gilven

the seecion facrtor and the cricical temperature.

Fig. V.5

As regards intumescent palincs, a similar although slightly
simplified graph can be obteslined since only one or two coats
of a8 specified thickness of paint can usually be used (Fig-
V.6}. The graph shows that fire resistance periods vary froa
about 30 min, for structural members with large P,/V walues
and lov eritical temperatures, up to 90 min for wmembers with

small F,/V values and high eritical temperatures.
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Fire protectico provided by & single coat of specified
thickneas of a particular intuoesceant palint.

Fig. V.#

When using tlimber boards as fire protectioo, Fig. V.7, which
incorporates a sizeable safety wmarglion, can be wused to
determine the thickness as a function of the required fire

reaistance. It 1s npot advisable te use ctimber boards less
than 20 om thick [Ll2].
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Fire proteccion by timber boards.
Fig. V.7

V.4.2 Fire prnt:ctlun by screens
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Fire protection by screens cano consist of suspended cellings
or of parcicion wall panels (Fig. V.B).

Protective screens offer the advantage of combioing che fune-
tion of providing safecy againsc fire with cother funccions
such as chermal insulation, sound proofing and aesthecice,
vhich resulets in appreciable reductions in the cost of Cche
fire proctection. Nevertheless, because the behaviour of Che
whole depends oo that of cthe weakest part of the secreen
assemsbly, special arctenciocn should be paitd toe the mechod of
asseobly end i{n particular to the joincts and comnections. I
is alsc oecessary to have regular cavity barriers wicthin che
wall panels or above the suspended ceiling, in order €0
rescrict the movement of combusction gases which could emanatce
from the fire and enter the void at some local perforacion of
the screen. “Yoreover, the voids are often used for inscalling

electric cables and other service facilicies. Such use of the
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volds can often result 1an partisl dawage of the screens,
hence the need for waking che parties respong&ible for che
inscallacion and malntenance of these services aware of the

fire proceccive Ttole of these elements.

Fire protection by screens.

Fig. V.8

He do not yer have at cour dispoesal methods which are general-
ly applicable for the caleculation of the heating up of steel
meobers protected by screens or alabs {(ia the case of Floor
with suspended cz2ilipg). Estlmates cam nevercheless be

obtained by incerpolation and extrapolation of test resulcs.
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Thus, having obtainad a fire ctest rtesulr of & parcicuelar
steel secction, with & section factor {FE?}tes:. protected by
two gcreens, 1t {s possible, to estimate cthe teaperature (and
a0 the fire behaviour) of steel sectlone with different
values of F/V protected by the same screens, by usiog one of

the following:

- the ctemperature recorded im the steel L1f F/fVv > (F!?}tt!t;

= the temperature rtecorded in the wvoid bestween the twvo
screens, 1f F/V < (F/V)  qei

- the teoperature Tecorded oo the interler side of the filre
gﬁpnsed gscreen, L1f the steel profile 1is coe be nearer to

this screen tchanm was Che cage Iinm the CLest.

S5omeé modifications cto the unaxposed screeoc orf slab (io the
case' of a floor with a suspended ceilling) can be made, but
oaly 1f the modified screen or slab does oot rveduce the heat

loss experienced during the reference test.

V.6.3 Hater cooling

—— .

Structural hollow sectlons permanently filled with either
cireulacing or mon circulacling vacter (Fig. V.9) are the maia

features of this method.

Circulating wacer proceadures rely on the heating of the wacter
at the fire leéevel to create a natural thermosiphon acetion but
this circulaction cam be aéqzltt-:¢d by a pump. At the top of
the building, an exponsion tank {s imscalled to aveld over-

PTEESUTE»

Partlicular attention 48 required to ensure that the water
levaels in the members are maintained ac all tliaoes, and that
the inside surfaces of the hollow section are such as Cto
avold rhe foreation or air bubbles which may cause locallzed

ovaer heating of the sectiocn.
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When using neoen circulscing wacer, the meobers - essencially
columns = are filled wich water and the water level wmust be
maincained in each elemenc separately. For isolaced stryc-
tural elements, 41t 18 possible to promocte circulation of
wacer by placing 2 second tube of small diameter inside the

gection.

With any system, alcthough the wster ctemperature can exceed
100*C, depending on the pressure, the steel cemperacure will

alvays be wvell below its critical temperacure [l3].

—_ — |
el

() (d)

Various possibilicies of wvacer cooling
Fig. V.9%
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Scandard rolled beam and coluon sectioms (I or H) may be
cooled by water spray. The procedure consiscs in direceting
towards these elcments two or three sprinkler sprays vhich
come into operatiom a3 soon as Che aobienr temperature
exceeds, say, 1l00°C. The water flov must be provided inm euch
a4 way that there 15 a continous film of flovipg wvater over
the eotire length of the member {l&]), [13].
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CALCULATION EXAMPLES

Introduceiaon

The calculation of fire resistance consists of the computation
of the temperature development in the fire exposed steal
eleaent and of the computatlon of the cricical temperacture of
this elecentc. The fire resistance isg the time aecessary for
the steel elezent to reach Lts eritical temperature. See Fig.
vi.l.

= A
- 1SO standard fire §, = f(t)
B
o
E
2
F ] B
o |
=1
ol
E x Y
g ° temperature” ot steel element
2(E 8 =f(FV.cs.Ai/di.p.p;)
ol
A= .
I
Oy : -
B fire resistance ty, ) A% domtion s
|

Basis of analyeis
Fig. VI.\

The following data are necessary for such & caleculation:
- propercties of steel at elevated cesperatures, wviz.: che
ie
¥leld scress uyﬂ
- structural behaviour, 5, of rthe steel element; {moscly

and speecific heat c

beam or coluon)

- design load in fire safety caleculation = P

- the section factor of the sceel element F!ﬁ

- thickoess dy and the chermal conduccivicy 11 of che
insuvlaction

- denslcy oy and the moelstura content P{ of thea insulation
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The procedure for caleculatcing tha fire resliscance is,

schemacically, presented in Fig. VI.2.

a I TV, e, |
g8 5
e —
g b ﬁ o — tE — 8 i ] .lrd
| [ + T 2] L i
t:!

Procedure for calculating che fire resistance.
Fig. VI.2

According to the ipicial data si'n;cn. the calculaclion can be

conducted in three different ways, 'to prove charc!

l. the tisme necessary to heatc the sceel to the ericical

teoperacture is longer than the requlired fire resistance

*C

t
(8 = 8_.) rf

2. the teoperature EI'L reached after a fire duration wvhich is
equal to the required fire resistance, la lower than the

critical temperature

3. the loading of the element during the fire ls lower chan
the leading which would ecause, at the temperature reached
st the required fire duractlion, the failure of ¢the

sCtructural elezent
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The wvarious options of the ecaleculation procedure will be
illustrated inm the folloving Sections, using the practical

design tables as presenced in Appendix D.

Finally it is emphasized that ia the following calculations i
is implicicly assumed that stickablilicy of the applied insula-
tion, 1f any, 1s satisfaccory. 1In practical situations this

should be demonstrataed expliecsitly by experimental evidence.

Vi.2 Check on acctual fire Tteslatance

Course of caleulacian:

l. Determine the load level :.PEIPP {= v).
Determioe the crictical tempersture Ec:' )
3. Derermine the time Lg, DECBSSATY for the steel member to
reach a2 temperature EE - E:ri
txample 1:

Steel column protected with light welght, dry iosulation

G S . -

material

Assumptlions:

Cenmtrically loaded column HEE 300 tﬁs - 14.9 x 107 m:z; L, =
75.8 @mm), vich height h = 3.50 m.

Steel grade F, 160, hence uy!ﬂ - 335 anuz
Loading during fire: PE a 1700 kM.

The column 1is protected by sprayed mineral wool In the form of

a contour protection of wniform cthickness. Insulatiom thick-
ness dy = 20 mm, thermal conductivicy 11 = 0.10 W/a"C; hence:

/% = 0.02/0.10 = 0.2 alc/u.
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S5ctep 1

In accordance wicth commen practice in srtandard fire resistance
testing onm columns, the buckling length of the column L{s taken
as equal to 0.7 x the structural heighc. It follows for cthe

slanderness racioc:

s 0.7 h 4 u.?_E 1500 - 37.3
1 5.8
Y
Hence: buckling scress 0 217 ':Haaz (ref. Table D-4&)
and buckling load PF = 14.9 x 217 = 3233 kN

Load mulciplier for columnsg x« = 0.85

The load level then follows from:

£ P
a 0.8B5 x 1700
P = 3733 bR e ST

P

Step 12

o
For Y = ;IEH = 0.647, Table D-1 gives a cricical sceel tempe-

. aY¥Y20 .
rature! E:r = 517°C.

Step 3

For a HEB 300 profile, with contour protection and exposed to

r -
A

fire oo four sides, Table D=5 gives a sectlon factor: F
116 =L,
The steel temperature 95 can, for dlfhi - 0.2 nI'EIH and F,/v=

116 o~ !, be interpolaced from Table D-1:

- T LT T L Ml L b 16 + 461 = 49B8°C
8 50
- after 120 min.: §_ = 627 =208 | 16 + 508 = Su6"C

The eritlical temperacure ﬂ:r = 517°C will be reached afrer:

517 - 498
- +
Ep TS e —ay

15 = 111 =in.
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Insctead of using the Table D-3, the time tge can, for values

of difli » 0.1, be approximacely caleulaced uith the
following equation:

: i 0.77
tep = 40 . (8 - 140) . (4,V/XF))

Io the cage of Example L1:

Conclusion: The fire resistance of the column gmountcs to 111

minuces.

Example I is reviewed 1o Fig. VI.3

[
1000 4+
200 ample 1. (case 1)
pluma HES 300
BOCH light weight insukation 1F=wm kN
i d,=2¢em
-l}:ﬂﬂ w‘rﬂ'l_h-
E F-“,f\r=':|'|5m-'| k= 3500 mm
Z 600t
.:I'..P' p-ﬂu? 5 o
E' 200 1 'ﬂ: &;-—5“' C
L
L00-H ek
P 3
300, S
g
2004 ﬁ;"'“
P
1 l?’
o i , |
£ 80 90 120 min
. Hr:"‘ M 1_|JE ]

Hs b
'

Review of Example 1
Flg. VI.3
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Examplea 2:
Steel calumn protected wich heavy welght, moist ilnmsulation

---------- T R e

material

ol o o o

Assumptions:

The same column as in Exemple 1 i35 now protected by a bex

encasement with the following properties:

thickness fdg = 0.02 m

thermal conduccivity : 11 - 0,2 H/m'C
speclific densicy P 800 kg!m3
specific heat : eg = 1.7 kI/kg'c
polscure content tp = 20 X (by welght)

Scep 1

Y = 0.447 (as 1o Example 1)

Scep 2

E:r = 517°C (as imn Exampls 1)

Scep J

HEE 300, protacted wich & box encasement and exposed to fire
on four sides, gives a section faccor ?11? = BO.5 -'1
Table D=5). Heat capacity of the insulacion:

(ref.:

c «F,.d, = 1.7 x BOO % 1.2 x 0.02 = 32,65 xJ/'C =

Fhlt Bl Gl
Reat capacity of cthe steel section: (ref. Section IIL)

:ﬂ‘p’;v = 0.52 x 7850 x 0.0149 = $0.8 ¥J/*C n
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Decermining the steel temperature developzment, the heart

capacicy of cthe imnsulacion should be cakenm intoe aceount siace:

«F «d = §5.3

1 ] L] - - ‘ L} L]
e P, v 60.8 2 FRLTELM .

Consequently, the section factor Fifv { = B80.5 nrl} is to be
transfered to (Fy /V) .4 using the following equation:

C P
8 8
PylfVpga = Fu/¥ - T T
P i 1 S
a" g 2.Y
80.5 x 0.52 x 7850 -1
0.52 = 7850 + ;—32:65 _~ ' "
X 2 x 0.0L49
Incerpolacing from Table D=3 for difli = g'g; = 0.1 mz.':;u
glves:
- after 90 mpin.: 6 = LR L] « & 4+ L4 = 4B3"C
g 10
= after 105 min.: E‘ - 5£515 300 - & + 500 = 518°¢C

If the effect of moiscure in the fosulation is mnat taken into
account, the critical steal temperature Bcr (= 517°C) will be
reached afcear:

517 - 463

90 + S5 ——3¢3 X 15 = 105 min.

As io Example 1 this time can alse be approximected wicth:
40.¢0 -140).¢d,v/2, 7,32 77 = 40.(517-140).(0.1/64)%77
a Rl S . ). (0. )
104 min.

The evaporaction of wmoisture will proleag the time, necessary
for the steel column to reach Hcr by abouct:

o, .db 2
¢ = 2-71°%1 20 x 800 x 0.02°
v TEW 5 x 0.20 Y AN

Concluglon: the fire resistance of che column amounts to
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Example 2 is reviewed in Fig. VI.&

130 siencarc hre #=§. «JLZ0gy, (BL.1)

152 1700 kN

s

" |

: |

2 h =3500 mm

g | |

; g

= #,=517"C

example 2 (coss1)
eolumn with box type cladding
mais! insulabon

Reviewv of Example 2
Fig. VI.&

VI.3 Design for minipum fnsulatioom thickness

Course of caleculaction:

1. Determine the load lavel f-?nfl' .

Determine the critical steel temperature @

Determine the difli - wvalue necessary for the steel member

to reach a temperature 8 = & .
8 er
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Example 3:
Sceel beam to be deslgnad for a fire resistance of 90 minuces

. ————— i —— - S B SR RS SR B e = e .

Assusptions:

Uniformly loaded, contiouous beam IPE 300 (2 = 628 x lﬂ3 mm3]
with & span of &£ = £.00 m. Steel grade Ba 360, hence “yln -
235 N/mel. Loeading during fire: PE = 36 kN/@. The heat conduc=-
tion from the upper flange of the beam to the fleor slab above

may be neglected.
Required fire resiscance: 90 minuces.

Step 1
Plagstic moment of IPE 300 at room temperature:
-3
M =I . .20 " 628 x 235 x 10 = 147 kNm

The collapse load P_ at room Ctemperature follows from plastic

P
theory:
M 147
P = 16 = m 16 == = £5.3 kN/m
p 12 EE

Load wmultiplier for statlically indecterminate beams with ctwo

tedundaccien:

P
: = 0,75 [Fﬂ} + 0.25 (> 0.4)
P
36.0 :
= 0.75 3% + 0.25 = 0.66 (> 0.4)

The load level then follows from:

E. P
B 0.66 % 356.0
P‘p - ﬁjl} - ﬂl&ﬁj {. T}

Sctep 1

a
For v = EIE_ = 0,363 Table D=1 gives a critical steel tempera-

ture 8 12953'¢.
cCT
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Scep 2

For a IPE 300 proflle sexposed to fire on three sides and
protecced by hollow encasement, Table D.3 gives a seccion
factor F /v = 139 o '.

After a standard fire expoasure of 90 wminutes the steel
temperature 1s: {ref. Table D=3).

far
d. /A, = 0.2 miC/
i i
521 - 410 *
a_ = 510 + 50 x 39 = 487°C
and for
a4 /i = 0.1 mz'EfH i
i i ’ :
705 = 591 5
Ba = 581 + 50 x 39 GBOTC

The critical steel temperature a:r = 558°'C corresponds to:

680 - 558 2

c/w

In order to obrailo a fire resiscapce of 90 minuces, the thick-

ness of & miperal wool spray with, say, 11 = 0.10 W/m"¢
should be at leasct:

{dl}nlu = 0.167 x 0.1 = 0.017 =2 = 17 mm.
Instead of usiog Table D-3, the necessary value of difli cam ~
for 0.10 < dlfli < 0.30 uI'E!H - be approximated with the

following equation:

F

i 1.3
- At SR B - 140
di;hl 0.0083 . 3 (e/¢ a 140) )
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In the present example:
v 13 2.
d,/h, = 0.0083 . 139 . (90/(558=140)) - 0.16 a°"C/y
heaoe:
(dilmin w Q.16 « D1 = 0.0l6 m = 16 mm.

Conclusion: The requirement of 90 minutes fire resiscance for
the beam will be met 1f & hollow encasement of
mineral wool (11 = 0.10 W/m"C) wicth a thickness
of at least 17 am L5 applied.

Example 3 is reviewed ip Fig. VI.5.

C
1000+ :
standard fire # =g, 4345 10g), (81-1)
04 nle 3 lcose )
ntinbus. beam

- ‘hu.mnrchﬂmgg
4 B ¥ F Pu
T o
E_ ™ k-l,,: RpAlf1e /g

3o €0 90 120 mon
Lime 1

Review of example 3
Fig. VI.5
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V1.4 Design for adaissible load

Course of caleulacion:

l. Determime tha steel temperature 5. due to standard fire

exposure during a period of time equal to the required
fire resistance.

2. Determine the yield stress of steel atc E!-
J. Determione the load, necessary ko fall the scfuctural

member At &4 steel temperature of Ba'

Example 4:
unprutnutzd solld steel column, with rouod cross a:::iuu.

Assumptions

Centrically loaded, so0lid round steel columm with diasmeter D =
240 o= and height h = 4.00 m. Steel grade F! 510, hence

2
"120 = 3155 N/ma .

Required f£ire resistance : 60 minutes.

Step 1

The section factor F/V follows from

& & =]
"y 5.~ 6.7 n

E/V = 1Dz
k*D

Table D.2 gives for 60 minutes fire exposure!

700 - 603

5 x 1.7 = BIG"C

8 = &03 +
5

StuE 2

Table D.l gives for EE = §36'C : = 0.201

o/ 7420

9yq ™ 0:201 x 355 = 72 2/ua®
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Step 3

Cress section area of the steel member: *s = 55,2 % 103 mu2
Radiusg of ilnercia 1 1 = &0 mm.

In accordance wich common practice in standard fire resistance
testing on columns, the buckling length of the column 15 taken
a6 aqual to 0.7 x the structural height. It follows for the
slenderness ratio:

= 47

0.7 h _ 0.7 x 4000
i 610

Hence: buckliog stress at room temperature: ﬁ:riﬂ = 276 H!nml.
{ef. Table D.4&)Y

The buckling stress 9.pp BE Hs = 636'C follows from

“ve 72 2
ucrﬂ = ﬂar!ﬂ * uylﬂ = 276 % 3g5 = 56 N/mm

Load multiplier for columns: ¥ = D,85

The collapse load at Ha = 636°C then follows from:

i) _ 56 x 45.2

= 2980 kN

Conclusion: The requirement of 60 mioutes fire resisrance for

the column will be met 1f the columm load 1s not
over 29B0 kN.

Example 4 15 reviewed in Fig. V1.6).
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b
1000+
IS0 stancard fire # = #5345, 109y, (B1.1)
200
Pz ?
& 200+ !
AMD &

,E?ﬁ}- teel 35 i
EEEH} l':r:mut

500,

example & (case )
unprotecied siee] column
fire resistance 80 min

i

6 60 %0 120 mn
Line |

Reviev of Example &
Fi!i TI-E

Example 5:

. e
o e S =

Agsumptions:

Centrically leaded, heavy section steel column HD 400 =x 400 x

T44 wich hzi;ht h = 4.00 m. Sceel grade F, 510, hence ¢ -
y20

355 Hfmm .

Required fire resfstance: 30 minutes.

EtEE 1

The section factor F/V follovs from:

. . _2.59 -1
¥ N goter” 171 a
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Table D.2 gives for 30 mioutes fire exposure:

484 = 429
5

55 - 429 + x 2.3 = 454*C

Scep 2

Table D.l gives for 6_ = 454°C : ﬁyﬂfﬁyzﬂ = 0.561

= 0.561 % 355 = 199 H,I"ml2

Ej’ﬂ'

Scep 3

Cross sectlion area of the steel meaber: Ay = 94.8 x LDJ mnz

Radiuvs uf inercia : i? = 112 mm.

In accordance with common practice in standard fire resistance
testing oo columos, the buckling length of the column 1z taken
as equal ce 0.7 x the structural helght. It followas that the

slenderness ratie 1s given by:

Lo

u.i h _ 0.7 x 4000 _ .

112

Hence buckling sEtress AC rocm Cemperature: g _ag = 332 H!wna.
{Efl TlhlE ﬂ'i'ﬁl}i

The buckling stress ﬂarﬂ at Es = 454"C follows from

o

s yé 199 _ 2
.. p Tr2p ¥ ”gzn 332 x 355 186 N/zm

Load multiplier for columns: £ = 0,85
The collapse load at EE = 454°C then followa fronm:

186 x 94.8
[Pp]a e - | L ) = 20744 kW
]
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Conclusion: The requirement of 30 minuces fire resistance for

the column will be met 1f the column lead 15 not
over 20744 kN, For a load factor of Ll.7 and a
buckling lengcth of 0.7 h, rcthis load 4is higher
than the allowable desige load at room tempera=
ture (= 18584 kN).
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AFPENDIX A Accurate Form of Ecuivalenc Time af Fire ZxXDao=

Sure

As stated in section II.3.3, che equivalent cime of
fire exposurs ¢ fs defined 1in principal as that
lengch of che hnnilng period ia a scapndard fire which
gives cthe same effect on & structural element witch re-
spece ‘to fallure as the complece process of che com-

partment fire.

This concept ia illusctraced in figure Al. The full=line
curves shov the variatiom with ctime of che gas cempera-
ture & and the load bearing capecity R(t) of che
l:tucu:ral elament for a compartment fire exposure,
determined by the f?:e load demsity qt, the opeaing
factor Av fE:fat and the thearmal properties of che
scruccures bounding cthe fire compartment. The dash=line
ceurves give the standard fire ctemperacure-time wvarla-

tien 8 , IS0, ;;;érding to equacion II-3 and cthe cor=-
E

f—

Definiticn of the equivalenr ¢time of £fire exposure
E . Full=-line curves for a compartzment fire exposure,
= -

dash=line ecurves for am exposure accordiag co Cne sCen-

dard fire 150 834, equacioce I1-3. 5= iz §gas Ccempera-
ture and R(t) load bearing capacicy

Fig. Al.
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responding ctice curve of cthe load Tbearing capacicy
R{c), I50. The wminimum load bearing capacicy of the
struczural element during the compartment fire i3
attained during the standard £fire at the squivalenc
cime of fire exposure :.- The mioimum load bearing
capacicy can be defined ia three ways: as a critical
value of 2 paxioum deflection, a maxioum racte of de-

flection or a paximum CempaTACUTE.
For steel structures, it canm norzally be assumed rthact
the wminimum load bearing capacicy is reached at tha

= The
fmax
definition of the eaquivalant tice of fire exposura t
&

time for the paximum steaal tezparature 9

according to figure Al can then be cransferred cto the

definition shown in figure A2.

The aequivalent time of fire axposurs te &g definad by
the géxicum steel Ccempecacure & of a fire ex-
posed procected structural scteel lﬁi:ntnt. Full-line
curves for a comparcment fire exposure, dash-line
curves for an u:pusufe dccording to the scandard fire,
150 814, equation II-35. Et is gas temperacure and

E- steel zemperature

Fig. Al.

A directc appilcation of che definicion accordinmg to
Eigure Al or A2 means cthat che equivalant cime of fire
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exXposure E depends on paramecters Iinfluencinog cthe
fire p:q:;:5 as well as onm strueccural parameters. Fi-
gures A3} anod Aé 1lluscrate this ig more detail for wun=
protected and procecced sceel struccures, respectively
[15), (161, [44].

Tigure A3 applies to unprotected sceel structures Aas-
guming a compartment fire exposure according te figure
I1.3. The diagrams give the equivaleat time of £fire
exposure t = as a funccion of the fire load denasircy
qt' the opening factor of cthe fire compartment
ﬁu vﬁ:f&t and cthe structural parameter F/¥V. F is
tha fire exposed surface aod V the .volume of the steel

structure par wunic lesgch. The .resulcanc emissivicy

£ has been chosen as 0.5 for cthe heating according
t: the standard fire, in conformity wich the ECCS-Re-
compandations, and alternacively as 0.5 and 0.7 for the
compartment fire. Wicth respect to praccical appli-
cations, 1t <¢&an be esctimated roughly chat :r = 0.7

represents che condictions for a steel columm within a

fira compartment and ¢ = 0.5 the condictions for a
5
steal beam. For a given value of € , cthe correspood-
e
ing steel cemperature 9§ can ba calculated from

5
equation III-8 iao chapter III.

Figure A4 presantcs design curves giviag tha equivalenc
time of fire exposure t for procecced sceel scruc-
tures as a function of the Eirl load densicy qt. the
opening factor of the fire compartment A #E:Ihl
and che scructural parameter Filifﬂdi. Fi is

the inside surface area of the procecciom per unic
length of the structure, 11 the thermal conductivicy
of the protecting macerial and dl thn_ thickness of
the procecction. For a giveao value of te' the corre-
sponding sceel teorerature 3 c¢canm be calculacted frem

S
equation III-ll in chapter III.

By us’ng effective values of the fire load densicy 1.
and the opening faccor AuﬁE:IAt according to
equation II-4 and table II.3, cthe influence of wvarylnog
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thermal properties of the surrounding structures of the
fire compartomant can be ctaken ioeco accounct in cthe
decermination of the equivalenc tioe of fire exposure

t from the diagrams in figuras A3 and A4.
&

Exacple 1

A procected steel coluwn has a cross sectiomn as shown
ia figure AS5: The chermal coaductivicy of the insula-
tion X = 0.12 W x l- x °:'1. The coluan

is placed ioc a fire compartment, ctype B, with am ope=-
ning factor A VR /A = ﬂ.ﬂ&?-nl 2. The fire

load densicty “qt“ -t 195 HJ =x mh » including floor

covering.

— ! - |

e |
150
180

Croas section of a protected sceel columm, fire axposed
oo four gides, Example l. Dimeacsiocns in o=

Fig. AS.

Determine che aquivalent time of fire exposura E and
the corresponding maximum steel temparature 5 ?
soax

A transformation of the real fire load denmsity q aad
the real opening factor A“ fﬁ:fﬁt to ao lffgativ:
fire load deasicy qt! and an effective opening fac-
tor {AH ﬁﬁ;fhtﬁf according cto equation II-4 and
cable II.3 gives

Rf = 0.85 (fire compartment, Cype B)

=2
q = 0.85 % 195 = 166 MJ = =

tf
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Lf2

(A VD /A ) = 0.85 x 0.047 = 0,040 m
wOw L 2

The inside surface area of

lengch

2
?i-r. % 0.15 = 0.60 @ /m

the

protection per wunit

The volume of the steel column per unit leagch

2 2
v = 0.15 = 0.132

Hiech the insulariorn thickness 4

mal coanductivicy hi

wie have
F.L, )
1.:11 - 0,680 Dli - 1387 W-m
i 3.46-10 "+0.0135
1/2

For (A VB JA ) = 0.04 m : 4
o W £

ol - c
MJ £ o~% and FoA /va = 1387 W
the diagrams in figure A4 give

g =1
c .

t = J.B8 h = 53 mio
e

-3
= 3.46 x 10

a /o

- ﬂ-glﬁ = and cther-

- 0,12 Wxe ' x ¢

L]

-E.uc-}

= l66
=3

X o x

The corresponding steel cemperacure § fallowvs from
s
@equation IXI1-1] ip chapter III
F. iﬂ.?? 0.77

B_ = 0.025t (J—) +140=0.025-53- (1387)" "' "+140 = 490°C

8 & ?ﬁi i
A more vough estimation of ¢t can be made from equa-

e

tion II-7a. Henca, it follows

e, = 0.067 —° = 56 min

(0.0403*

Example 2
The firte reglacance :Er af a4 load bearing steel
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§Eructure with a complicaced mode of fire behaviour has
beean decerzined in 2 staodard fira resliscance Cest
accordiog te IS0 B8l4. The structure than collapsad

afcer ¢© = 90 min.
(4 4

The s=ructure had a cross sectcion and wae provided wich
an Lgaul:tiun. corresponding to Fi hif?di = 300 W

o =1
X B x C N

Check whather cthe structure will collapsa or pmot 1ima a
degign fire 4io a comparcaenc, type A, wich ao cpeaing
factor ﬁuﬁﬁ:fa: = 0.02 = . The fire load

denaicy qt = 80 MT x o -

From figure A4 wea obtaln

; L. = 1.72 b = 10) mip
" l.s. tl}:fr. vhich =means that che struccure will-
noet survive Lo the comparcmentc firsa sicuacion.

Equacion III-11 io chapter III gives for the corre-
sponding steel Ccemparacure

F.A;

§A4\9- 77 0.77
o, = “*m“.(vd.) 2140 = 0.025 103+ (300)°* 774140 = 350°C
L

Ao estimation of c from cha formula according to
[

equaction II-Ta gives

180 ,
£ = 0,067 = 85 minm
o (0.02) ]

{.0. a value which is abour 17X on the unsafe side com-
pared with the wmors accurate value decermined from
flgure A4,

The results obtained {n the two examples confirm =the
conclusions drawvan from figure TII.6.
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Appendix B: Strength and deformation properties of structural steel

of warious Eradea at elevated temperature

As explaipned in Section IV.2, the iavestigation of the strength and
deforzaticn propercies of sceel at elevated temperature has concen-
trated on grade Fe 360 (nominal vield stress 235 annz}- In prac-
tice, other grades of structural steel may also be wused, wmore
particularly those specified in Eurcnerm 25, namely, Fe 310, Fe 430
and Fe 510.

The strength and deformation prnpertieé of these grades under fire
condictions have likewise been derived, on the basis of the follow-
ing considerations:

= TFor all sceel grades with properties between Fe 310 and Fe 510
the same relation between steel temperature Eﬂ and effective

yield stress, « expressed relative to cthe value at room

ye’
temperature (= dyﬂfuyiﬂ}' is wvalid. See Fig. 1V.3

- For all sceel grades wicth properties between Fe 310 and Fe 510
the modulus of elasticity Et& at the origim 1is independent of
the steel grade. For anm explamation o¢f the meaning ef E Bee

te
Fig. B-1. The relation adepted feor Er. as a function of

f
temperature 13 shown io Fig. B.2.
"t 200x10° TN T
E 5 i ' Y% | |
"l\‘ T‘?E I1G i l \ i 3
: = 1 Eu lﬂi | L | ! |
|~ aclual behaviour e | : B \| |
. = 2 12B5x0° ———— \ :
1 curve adapied in P 1,00 IﬂE 1 .
recommendations ) el + 1 - \ :
| effective 075 x10 p——
yield stress . LB & \
HI 0SOxW———
: | artg e EW {125!1':'5 | ‘ | ! '
1 I e o
01€ye 05E g EI.EII S 0 200 400 600 .
— B in
Scress—-strain relacionshilp at E:H as a function of
elevated ceaperature (schemacic) Cemperature
Fig. B.1l Fig. B.2
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Wicth reference to these two basic aspects, the elevated cemperature
propercies of sceel wich a grade betwveen Fe 310 and Fe 510 can be
derived from those of grade Fe 360. The stress-strain disgrams for
Fe 2320, Fe 430 and Fe 510 determined in this way are glven in Fig.
B.3. For the sake of compleceness astressa=strain diagrame for Fe 3160
have also been Iincluded. See algseo Fig. IV.2. A oumerical presenca-
tlon of these diagrams 1is given in Tables B.la te B.ld. For che
meaning of “effective yield strain™ (= ;?B} see Fig. B.l. The vield
stress adopted in calculations at room temperature corresponds to

the mipleum guaranteed values 1o accordapece with Euronerm 25-72.

A3 an example of how the tables should be used, the relevant valueg
. for the sctress—strain diagram of Fe 510 at 400 “C will now be given
. (see Table B.1d):
| - effective yield stress " 234.6 I'h"mnu2

= effective yield scrain 5?5 - 0.545 per cent (5.45 “/oo)

The above data determine the poiot at which the stress=-scrain

diagram at 400 °C becomes horizontal for strains larger thanm EFH :
For scraios <€ ¢ a the associacted stress can be regd from the table,
e.g., for 0.5 t?g = 0.2775 per cent (2.775 %Joo) we find o = 198.1

annz.

Foer a tabulated review of the yileld scress and Youngs modulus as

function of the steel temperacture ic is referred to Appendix D.,
Table D.1%.
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jcinNHmm‘ i 7 in N/mm?
#ﬂ- ks I
182 = g <00
W 2£0
200
160
i)
30 |
L0
{a) Fe 310 {b) Fe 360
LsthImm' g in H/mm?
i T - 10 °C
A1 J20 = =]
750
290 | 100¢ 20 5,
2:0 | " e, Lo - I 00
290 |- 150 200 - ' s18
i Lon f 563
130 = §50 180 =
. 500 550
ri g e 120~
go = ,f . 80 = &0
L3 [, ) w0 1
1 [ i ] 1 L 1 1
o1 o2 Q3 s o5 Lip? a 02 a3 oL 05 | -2
—_—— : —i— £
(c) Fe 430 (d) Fe 510
Stress-strain diagrams at elavacted temperature, wvalid for

variouvs grades of stael (Mote: only the poertlom of esch curve up
to the effective yileld strain nya has been dravo, 1.e., the
yield range la not shown).

Fig. B.3

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

“{1*q *b7a A0% ‘poydea3 ST 562315 PIETA IATIVNIFR YT PTIA I ujeaas o s Fi9)

123318 jo Eapeib snotava 103 saanjviadua) pajesals ¢ SUTUSVOTILTIT UTEIIR ERBAYS ] *g ATQE,

Dig a4 apwan  (v)

L] ' * |||- L] L} - uh ]
0t 259 Z°60 6*z01 zain 0*Lz1 £ 1cl 9°5€1 1okt | zTost 0"sen 1 0°1
T ¥i9 ¥ia 166 ¥511 ¥oit 9 g2 g zcl 1S | cteke 5*¥LI LI

- - L} = ﬁh v
1iw 915 B 10 5°CG 6001 & 11 £ezzi 1og | oot | eeawt o1 ? 80
Lne 9°¥5 6 oL Lta z°101 'L z'ent 6" b2l eett | seewl 6591 04, ;o
R SE 1"1s 1°ZL ol L 56 096 L°Eor 1611 L | 19Kl 9 ksl =___u L !
Z'ic 1 9°99 0 kL 200 L 99 9°[6 5°Ci1 [ T 9 IT¥I B CCH E.. 0
R atie a‘19 L 0°6L £LL zcn Lot 1REt | weLel FLm 04, Jeq
yar 575t £°Cs 0°Ls &N 9'09 0'EL L6 o 1zl | seszl z'08 045 oo
£z 0-ez 'Ly pear 9% 955 £°29 (€0 s'col | s'sol I'£s 04, n
5L 9" wt veac a°se bozb L'cy »Eb 595 L'z9 | o0'9s b 52 04, g

. . ; : [, *

we'o| stk | aer'e aLk'o | oevto Live | eogto | sstco SHEC0 wz'o | zelto o

. e LT
0ng neg 005 a5k ook st ar sLz 05z naz oz : 2
[%] =g
1y endyg ] Lk |

n

www.eccspublications.eu

FREE Download Publications



Manual on the E. R. of the Fire Safety of Steel Structures

ion - Design

ECCS Publicat

09C o4 ape1g (4q)

{PanuTiuag]

L1-H erqws

LGS 0" on a“ai o Ll L5l G oLl a0 gLl 0" kgl o o0&l o'tar T .?—u a1
n'es 0" k0 o911 4 e i 3 o ESl BELY o' 1oy 0" eey _n_.,,ﬂn.ﬂ, [ ] ¥ _w_n.. Hn

'Ly o an oron n Lz oLl 0 ksl o'am o aLy o'oal Lo ik 0'e2d i
0% 2n

| s

nes oL 0" S0 oorE L T ] 07wkl o o5l 0 ZL (i AL ] (i3 Ll P nr_.... L'm
0" 15 0"EL n oot 0* 511 0'CE L AT 0°591 0901 LY 0" L6t ) 40
o'ne n'e9 (i T 0°Lol o5zl 0" LET DULEN o o9 o en 0" CEE 0591 o, &'
i n* 9 T age | s oeLre o078l o Zs1 0 LLT or9at (i | =_..._ b
0oL 05 06l 0" &N T | a° 501 oo s ooell 0¥l nuiLt °66 ...__...J_ -0

B B " [ a L] 2 J - - - ﬂ"—..
LI a9k a'es o e 0" DG Q06 n-Ion 0" oL o' vl 0Pl L1l O

ﬁ b g B Qh .

asm 0" oc 070 n'ng a'nt 0L 0°oL 0°st 0"zt 0" 29 a'€c 1
5" 0 a0%5"0 005 0 mis"a s a oke"0 ok o6ng " aLL'o alc*o oMo __...____,......_ ]
) _H._.______.m LEFE

L/,E.

Ll 5% g {11] il 121§ g SLE LT fnag N _..n._...__ -
0
T LUV ET A

i

www.eccspublications.eu

FREE Download Publications



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

154

0Lk 24 spwid (2)

{p=nujjuod)

Ppeq oTURL

B 69 rUion LoLL Lo6s1 ] ] L6l 1602 {91z [l ¥4 .5 L'BLr o St 14
3 a1

L"09 1°h6 0"sL1 9°551 Lo GLY P 061 6°50L 'tz £ 22z 1"LEZ 0'Ciz 04
260

§°L1 %6 6 021 (11 PUZLL 1°z0 ¥URGI 0602 LU IzT 1802 L*L9T el
100
z2°v9 616 N #4] Z'Cki- (T ]] B cLl 0*oul S L0 rroze 0"t 175 E... Lo

1°19 ' L0 s gl &°9[1 o'ast |+ £oear b L LBl &0z £-zee ¥ Il 4
A .J-.-
LS z'zm 1T ¥ oLl s'ehl | 0°esl 0991 o'061 BrS1Z L*aze s 5ol _..._.,__,_ &0

£'es 2 0° 501 ar | 06t | zhow evst | st | oeeee | vz | Cstom 4,
T K0

PLE (o 96 6 601 C-Lzl LUIE : . : , O s
FA N & L'eat k" 0EN S 0G| O 1L 10
nrag 6°LS L'¥0 2 06 2 cil L &IT 1 "6Z1 1Okl 1°Lel zUzLl 9 bL ______r 2o
Gl L°nc £ 0% 'Ry n a0 1720 9° %0 & on s aL n°59 LoLt E.._ 0
-.-h__.u-.- " L] - & & ] i Fﬂlﬁ 4
; L1570 5150 s18 0 150 TR 7k 0 Lur*o mace | cLecto GLT'0 et
I njgrA
g (1119 nos o5k nav o5t oot GLE sz 007 or

i

Eu il RENIYG

0k o

www.eccspublications.eu

FREE Download Publications



Manual on the E. R. of the Fire Safety of Steel Structures

ion - Design

ECCS Publicat

155

ﬁm._ﬂ:._._.- FALay)

1 "AaLgey,

gls 84 9peIn (pj

16 Loel 9°5L1 T S0z IeT 0" 952 L X g onz 6 60T 9°00C 0" 55T oA
It
206 zeel | 1een cooz | 1tz | 1teez teoe | stz | womez | vaer | cozsr o BA g
van p'szr | 9°9a 1b6 1'izz | €COCE ziasz | vz | owoz | greor | steee 04 o

L0 9 1zt crio1 LLal 0'siz 2 6Le GoLbE g " 59z 9" 992 0" b0t 6 BIC g "
T LN

10 CRETT $ 561 57001 0°80Z a-aiz z-ar 06 9° 402 & 00t U ies 0 A
: 1 9°0
faL LUont "GP e i 0°L02 6 EET 1°252 £ BLE 0°C62 AT Bs, 50
0o Lo rar I 1wl b 1] 6901 Loanl AT L &Lz I L9z 1°9LE e ma”. ¥
b 256 z 0c1 viast | eteen | stem 1osl | 9velr | gtsez | eteiz | etan 0 e
o'tk 9 6L Rl LoveL £ 951 (b $ELl 9v0et | s'ss1 | gsel | 1ti6 045 ;-8
bz A $°69 n'co 6 LG (06 £ an 675N £t Z et v 04y 5o

_“:HL. 1
NS 0 0550 PRS0 ¥H5 0 SPS 0 Lar o G5H ‘D ake "0 12e'o zot 0 Liz*o
Tin HjBITE

nevd 055 N5 A 00k 05¢ ant SL7. sz onz nz " —

[+

WS RO, g ™

T

www.eccspublications.eu

FREE Download Publications



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

156

Appendix C: Behaviour of steel elements in scructural systems

C:l Incroductcion

The European Recommendacions for tcthe Fire Safety of Scael]
Structures concentrate oo cthe behaviour of single load bearing
steel elemencs and structural assemblies under standard fire
conditions. This approach is fully in lioe with standard fire
resistance testing procedures, commonly accepted coday. In a
level 1 design i.8. a simple clasaification system of compo-
nents exposed to the standard fire, the representation of cthe
complex sctructural model by such a simplified model is asccept-
able, because the level of requi}gd Eire resistance generally
includes a large safety margim amd the classification Bystem
is supported by opany years of t:p-rﬂinne. However, in omore
advanced levels of design based upon nomn—=standard or compart-
ment fire conditions, the analysis based on structural
components only, becomes questionable because the uncertaincy
of the structural w=odel may become too large in comparison
with the fire development and heat-flov wmodels. For chis
reason, this Appendix provides some background information en
the behaviour of fire exposed steel elements ss & part of a
complete structural system. In addition, some simple design
rules, implicicly accounting for the statical system involved,

are presented.

C:2 Axial restraint of beams and eolumuns

_— e el T T . .

In the discussion of the behaviour of the comtinuoue bean on
three supports as shova in Fig. IV.B 1t was noted thac its
collapse behaviour 1s noet affected by thermal expansion.
Howewver, a situsatien 1im which the effect of restralined
expansion must be reckoned with - even though the temparacure
discribution im the beam is uniform - 18 shown 4in Fig. C.1l.
The beam im this case is conceived ms supported on two hinge-
type supports which do not allev herizontal movement. If the

beam could expand freely, ics elongation would be :

AL = g A8 . R,
[ = 8
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)
w

£ o

e

a) situation at room temperature (8 = 20°C)

. 2 —3 -
——ll— *_'..
7 : j .

b) sicuation im an inietal scage of the fire (& = ”*“'5711

A —

e) sicuacion in & later stege of che fire [ﬂn - Iﬂ*{ﬂﬂ-}z}

Effecet of restrained thermal expanslon
FIE- 'El-l

In practice thermal expansion is prevenced by the supports, 30
that & herizontal reaceclion H will develop at each of them. The
forces H aet at the botcom flange and are at first directed
iopwards. As has already been mentioned in Secction IV.3, forces
of considerable magnitude can be expected im guch cases. | -
must therefore Bbe cheacked whether the beariogs can Lodeed
resist the horizontal Fforces. In gemeral, the effect envisaged
here occurs at relactively low steel cemperactures, at vhich the
gstiffness of the steel beae has not yetr diminished apprecia=
bly. It should be nocted that the assumption of cooplece
restraint of thermal expansion 13 often nor realisrcie. This,
too, has already been pointed out in Sectiem IV.3.
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If the bearings are assumed indeed to be sufficlenmntly strong
to resist cthe reactions, so that they provide sufflecient
restraiat against expansion, the behaviour pacterm will change
considerably wich rising temperature of the steel, because due
to the decrease in the stiffness of the steel, deflecrion of
the beam will greatly inmcrease. As a result, the beam will be,
as it were, suspended from icts supports. Inm octhar Wwordst: the
{nitial ecompressive force 4im the beam “changes 1ics sign”™,
i.e., becomes a temnsile force (so-called membrane force). The
effect of this uponm the ericical temperature will inm general
be favourable, a fact which can be advantagecusly utilized in
the case, for example, of steel inpf sheetlng riveted onto

roof beams or purlias.

Columns may alsoe be subjected te axial restcraint under fire
conditions. A situation 4ia which such a phenomencn @must be
expected is shown in Fig. €.2%. The relevant mechanical model
is given in Fig. E.Ib. in whiech the spring represencs Che

rescralnt due to adjacent structural members.

L?]

assumptions:

fire . centrical leoad

o . uniform temp.
| | | | E distribution.

by

{a) (b)

Partially restrained expansion of column "a

Fig. €.2
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It 1s presumed that a local fire outbreak occure near column
“a", forming part of a statically indeacterminate bullding
Erame. The cemperacure of the steel rlises, so that the coluamn
strives te expand, but is partly prevented from deing this by
the rest of the bullding, since this does not underge a riase
in temperature. Therefore the load oo the celuma will ip-
crease, with the result that the sctability of the column will
in principle be adversely affected. This aspect could be a
point of ecritism of the basie model, dealth with in Section

IV.7. Therefore it will be discuszsed here in some decail.

Even without a further discussioen of the theoretical back~-
;Eruund it will be evident chat the eritical temperacura 1a ia
. prineiple dependent ¢n the slenderness racion (1), the inicial
ll.tr&ni {ﬂ.i] and the degree of resctralat isposed upon thermal
- expansion. The last-mentioned parameter will be determinmed by

the dimensions of the column itself and alse by the stiffness
"of the purroundiag SEructure. A conservative assusption im

caleuvulacing this sciffness 18 thact the surrounding structure

does not rise gt all in temperature aAnd chact it behaves in a

linearly elastic manner:. In the tentative calculations report-

ed in [2], a building comprising several storeys was consider-
ead. The strucctural supporcing syscem of each storey comprises
fdentical etvo-bay porctal frames, the centre column of which 1is

a rogcker, 1.e., hinged at top and bottom. Ounly che centre

colupn of the ground-floor portal frame 1s assumed to undergo

a rise in ctemperature. The degree of axial restraint can be

varied by varying the number of storeys in the model. For the

same purpose, various versioms of the frame wvere included in
the 1n?tstigatiann,ll: shovn schematically im Table C.l. Some
of the results of the calculations are also given im cthis

Table. It is noted that the ecritical temperatures presented,

are calculacted using the scress-strain relaclonship of Fig-

IV.2, adopting the concept of f£iccious inicial deflectlons.

Therefore the resulcs cannot be compared direccly wiczh the

eritical ctemperatures caleulated using the buckling curves

presencted {Iin Fig. IV.1ll. Since the alm of the present
discussion is relative rather thaa absoluce, this factor does

not affece rhe concluszloans to be dravn.
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The effect of (parctially) restrained therzal expansion en the
eritical temperature of centrically loaded celumas.
Tlh‘lt G-rl.

It appears from the Tsable that 1f cthermal expanslon 1s
restrained by flexurally loaded structural sceel members
{beams) without composice actiomn, the effect of this on che
ericical temperature Lis negligible (maximup difference in
relation to the basic case 18 about 40°C). TIf cherzal
expansion i3 restrained by members in which a normal force is
developed (e.g. members in a wiond bracing), the decline in
ericical temperature will be more severe. Accordimg to Table
€.1 this w=may be as w=much as 100 - 150"C. Howvever, the
assueption that only the colume 1s heated, while the adjacent
braciong is not affected by the fire, is not realistiec. In
practice, all members in the vicinity of the fire will rise in
temperature and consequently the above mentioned temperature
difference of 100* - 150°C 1is an overestimacion. A decidedly
serious situation - not included im the table - arises if
thermal expansion is prevented by dividing walls ar
parcitions. Because of diaphrage action, these cooponente are
relatively wvery scliff. Ic 4is te be noted, hovever, that 2

design in which the partitions develop a stiffening actlien af
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the kind mencioned here, will be unsatisfactory for reasons
ather than Ffire safety a3 well. For example, cracking ef the
partictions under the influence of service conditions of the
building - such as deformation of the steel frame or unequal
settlement of che subgoll - are cases in poinct. The besc
advice would appear cte be that the particiens should be so
designed as to allovw some deformation of the frame without
loading the particions. In general, this will alsec easure that
the thermal expansion of the frame will nmot be restraipoed, at
least not by the parctitions in the building.

The coneclusion therefore i1is that ila geceral axial restraint
may be omitted. It should be recalled also that imn che
standard fire resistance test procedure the loading 15

normally kept ‘constant.

€.3 Eccentrically .loaded columns

e e e S

Eccentrically loaded columns occur in porcal frame structures.

Examples are shown in Fig. C.3.

+ﬁ_iiiiij?__cg . Y §3vev Y
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\
}
i /
/

A A P4

(a) braced frame (b)) unbraced franme

Examples of eccentrically loaded columns
Fi!l Cl3

In the structure 4illusctraced 4im Fig. C€.3%2 che heorizencal
forces are transmitted to the subsoll wvia special arrange=

ments, e&.g., a4 rigid core or wind bracling. For this reason the

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

Lod

term "braced frawme~ {3 epmployed. In the structural analysis it
iz assumed cthat the joints undergo no displacement in relacien
to one sznocther; more particularly, there is no “sidesway”.

A characteristic collapse mode is asheown Iin Fig. C.48,

If these arrangements area absenc, the horizonmtal loads anod the
foreces and bending momencs due te horizonmral displacements
("sidesway”™) have to be resisced and transmitted by the frame
ficself, which in this case 1is referred to as an “"unbraced
frame". A characteristic collapse mode for thig type of framed
gtructure 13 shovn 1n Fii. E.ﬁh.

i

--_-__.._I E

——
— i — —
———— e,

(a) braced frame (b) unbraced frame

Characteristic collapse mode for frames.

Fig. C.4

In view of the difference inm collapse behaviour, the calcula=-
tion of the critical temperature of columps in braced frames
will differ from that in unbreced frames. In both cases, how-
ever, tha calculation is rather complicated, even 1f highly
simplifying assumptions are made. This is due, omn the one
hand, te the curvature of the stress—-strain diagrams for steel
at elevated temperature (so-called physical non-linearity: see
Fig. IV.2) and, on the other hand, to the fact thar the defor-
matfions will have a omajor effeet upon the pattern of forces in
the structure at collapse (se-called gecmetrlc mon-linmearity)-
Computer programmes are available from which the ecalculacicon

of the critical temperature Ls possible in prinmeciple [3], [&4].
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It is 2 very laboriocous calculation, hovever. Besides, wmore
particularly in cthe case of wunbraced frames, Lt involves
making assumptions which have & major affect on the rTesulr. In
actual practice, ctherefore, calculations as discussed above
will ofteo be too elaborate for the purpose concerned. Heance
there is a need for simple rtTules with which an approxicate
estimate of the critical temperature can be made. In deriving
guch rules 1t 1s an obvious decision co discinguish becween

columns Iio braced and in unbraced frames rTeppectively.

Colugns In braced frames

-

Just as 4o the case of centrically loaded columnas, the
critical temperature will be.affected by the magnitude of the
load and by the ﬁlendzrnuls: ratlo. A problem iIin connectlion
with cthis 43: how should the slendernmess ratio under fire
conditions be determimed? In design caleulations for room
temperature condltioms,the slenderomess ratlo is usually based
upon the column height. The underlying consideration is that,
in the event of loss of scabllity, a deformacion pactern as
ahown ian Fig. €.5° will develop ("checkerboard” loading).

rigid core < = |

"1
il _ L

H ToAire exposed F"" A

\ | calumn \ |

L/ | \ \
ol v

(a) E (b} (c)
section through the building rooo campe- elevated temperature

cure

wode of deformation

Structural behaviour of columns in braced frames (schemacic)

Fig. C.5
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In view of this deflection pattern Licr iz not Justifiable ro
rely on suppert from the columns above and below the coluan
concerned. The elascic vestraint due to the beams invelved la
negligible. During a fire a fundawmentally different situacion
is liable to arise, more particularly if the fire is confined
to one storey of the building. The columns exposed to the fire
will undergo a loss of stiffness, 8o that structural stabilicy
will be endangered. Howvever, the columns 1an the storeys above
and below will be protected from the fire by the floors, so
that the temperature of those columns will pot rise and cheir
stiffpness not be reduced. Under such circumstances it ie per-

missible to rely on & certaln amount,K of restraint of the “het
coluens by the columns above and below them, as indicaced

schematically i{m Fig. C.5%. :

From Gctentative calculatiomse it emergas that evam a very
partial degree of restraint has & significant effect on the
eritiecal temperature [5]. This effect 1is furcther 1illustraced
in Fig. C.6.

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

FREE Download Publications

L&5
e
E
S 450
S e
e %
£ P sconsl. S
a -
5 *‘——ﬁ A =L
™ * _ -
o
T 3504 ro | v,
T 00 h = restrainl parameler Ir.:.'l_‘.
-k=0 —» A =80

v - kzoo —w A =40

250l o _

- -~ =]
200 o
A=80
150
< — lr-:%
0 2 A 6 8 10 15

The cricical cemperature of a column 28 funcction of the degree

of moment rescrainc.

Fig. C.6&

In this diagram the critical temperature of a coelumn has been
plotted as a function of the degree of end restrainmtc. The
elastic restraint ia conceived as being due to beams which are
connectad to the top and base of the ¢olump and which have the
same gsection properties as the column. See Fig. C.6. The rela-
tive stiffonesg of asuch a restraint 15 characterized by cthe
quotient of column height and beam length (k = h/2). For k =

= the column 1ls completely restrained; k = 0 corresponds Lo a

column, hinged at both ends. It appears from Fig. C.6 chat
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even for a relacively low degree of restraint the corres=-
poonding critical temperatures are equal to those for coamplece
rescraint. Beslides, im accual practice, the upper and lowver
ends of the column are likely to lag behind in temperature
rise. The effect of this has oot been Llncorporated iate the
diagram, but will likewise favourably influence the critical
temperature. This being so, 1t 1s proposed, as an approximatce
design rule, that the slenderness ratio of a column under fire
condicions should be based on anm effective length equal to
half the system length. Obviously, this rule will have to ba
modifled 1f, for example, there 1s no upper column because the
column exposed to fire happens to be in the top storey of the
building. In chact case only the base of the colummn may be
conceived as restrained and the slenderness ratic under fire
condicions should be based on an effective length ={¥31 to 0.7
timea the syatem length of that c¢olumo. Furthermore, cthe
above-mentioned rule of thumd can permissibly be applied only
if the fire i3 confined to one storey of the building.

Besides the sleaderness ratio, the load will alsoe have an
influence on the cricical temperacure. As distinect from the
load acting on a centrically loaded columan, it will comprise
not only a8 normal force, but alasc bending momencs which are
cransmicced via the top and base to the column. A complicating
factor is that these top and bottom wmoments will change during
the fire. Pending the results of further research, 1t 1s pro-
posed that the effect of the top and bortom moments be neg-
lected inm determining the eritical teamperature, Ll.e., the
analysis is performed on the assumption that the column i1
ceatrically loaded. The e¢ritical ctemperature canm then be
determined on the basls of the buckling curves discussed in
Section IV.7. This approach 1s, however, liable to produce
unsafe solutions. For this reasonm an upper limit of 550 °C
must be applied to the critical temperature caleulated in this
way, l1.e., no higher value than this is alloved to be adoptad-
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Columns in unbraced frames

— S SN W R S RS SN B W e

A3 already explained at the beginning of this Appendix, che
behaviour of unbraced frames 15 wmuch more complicated to
describe than that of braced frames, because of the occurrence
of frame instability. S5uch i1oscabilizsy will noct eceur iz rela-
tively low unbraced frames, however. It 1s therefore proposed
that the rules of thumb for determining the critical tempera-
ture of celumns in braced frames, as discussed above, should
also be applied to unbraced frames, provided that the lacter

do not comprise more thanm Lwo BLOreys.

The rule cannot justifably be applied to unbraced frames more
thao two storeys in helight. Io such cases the critical tempa-
rature of the columns will have to be determined from a calcu-
lation in which the frame inscabilicy fs explicitly taken into
account. If such a caleculacion 18 not performed, am upper
limic of 300°C must be imposed for the ecricical temperature,
i.e., no higher wvwalue than this 1is allowed to be adopted in
the structural calculations. This relacively lew wvalue 1is
imposed for reasons already explained in the foregoimg. See
also [5].
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Table D.1° :
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Steel propercies at elevated tezperatuTes

Temperature

B °C
B

20
o0
310
320
130
340
150
Je0
370
380
390

400
410
420
430
440
450
460
470
480
490

500
210
520
530
340
230
560
570
580
390

600
610
620
630
640
650
660
&70
680
690

700
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%ye
%920

1.000
0.778
0.766
0.754
0.742
0.729
0.717
0.703
0.690
0.676
0.661

0.647
0.832
0.616
0.601
0.585
0.568
0.551
0.534
0.516
0.498

0.480
0.461
D.441
0.422
0.401
0.381
0.359
0.338
0.315
0.293

0.269
0.248
0.228
0.210
0.194
0.180
0.167
0.155
0.144
0.134

0.125

Fe 3
N/

235
183
180
177
174
171
168
165
162
159
155

152
148
145
141
137
134
130
126
121
117

113
108
104
99
94
a9
B4
79
T4
&9

64
58
54
49
b6
42
39
36
34
32

29

¥Yield scress

&E

Fe 510
N/ea

3323
276
272
268
263
259
254
250
245
240
235

230
224
219
213
208
202
196
190
183
177

170
164
157
150
142
135
128
120
112
104

96
B8
81
15
69
G4
59
55
)|
48

L4

E-modu=
lus

£
N/E3e

210000
192460
191190
189820
188340
186730
LB458B0D
183070
180990
178730
176250

173560
170620
167420
163930
160130
156010
151530
146670
141410
135720

129570
122940
115790
108100
99830
90960
8las0
71270
60380
48750

36350

Specific Elongation

heat

e A &/L
kjfkg'c X
0.470 0.03
0.564 0.366
0.569 0.380
0.573 0.3495
0.577 0.410
0.582 0.424
0.587 0.439
0.591 0.454
0.596 0.469
0.601 0.484
0.606 0.499
0.611 0.514
0.616 0.529
D.621 0,545
0.626 0.560
0.632 0.575
0.637 0.591
0.642 0.607
0.648 0.622
D.654 0.638
0.659 0.654
0.665 0.670
O.671 0.686
0.677 0.702
0.683 0.718
0.689 0.735
0.695 0.751
0.701 0.767
0.707 0.784
0.714 0.801
0.720 0.817
0.727 0.834
0.733 0.851
Oa740 0.868
D.747 0.885
0.754 0.902
0.761 D.919%
0.768 0.936
0.775 0.954
0.782 0.971
0.789 0.988
0.796 1.006
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Table D.1P ; ¥Y¥ield stress of steeal ot elevaced temperatures
(Equations IV.1%:7)
a [ =] [+ [] o

_y8 yb vl y8 v
& ﬂy!ﬂ E %20 & %20 B urlu 8 u?En
"C "C C - ‘C

300 0.778 350 0.716 400 0.647 £50 0.568 500 0.480
301 0.777 51 0.715 401  0.645 451  0.566 501 0.478
302 0.776 152 0.714 402 0. 646 £52 0.565 502 0.476
303 0.775 353 0.713 403  0.842 £53 0.563 503 0.4T4
304 0.774 354 0.711 404 0.641 454  0.361 504 0.472
305 0.772 155 0.710 405 0.639 455 0.560 505 0.470
306 0.771 356 0,709 406  0.638 456  0.558 506 0.468
307 0.770 157  0.707 407  D.836 457  0.556 507 0.466
308 109 58 0.706 408 0.635 458 0.555 508 0.465
309 D.768 59 0.705 409 0.633 4549 0.553 509 0.4563

310 0.766 360 0.703 410 0.632 460 0.551 5310 0.461
311 0.765 361 0.702 411 0.630 461 0.549 Jll  0.459
12 0.764 362 0.700 412 0.629 462 0D.548 512 0.457

Iy 0.783 36} 0.699 413 90.627 463  D.5456 313 0.455
314 0.762 364 0.6%98 414 0.626 464 0.544 alé  0.453
315 0.7sl 365 0.696 - 415 0.624 465 0.543 515  0.451
e 0.759 366 0.695 416 0.622 466 D.541 516 0.449
317 0.758 36T D.6%& 417 0.621 467  0.539 517 0.447
31g  0.757 Jeg8  D.692 418 0.819 468 0.537 518 0.445
319 0.756 369 D.691 419 0.618 469  0.536 519  0.443
320 0.754 370 0.69%0 420 D.6lé 470 D.534 520 0.441

32l 0.753 371 0.688 421  0.615 471 0.532 321 0.439
322 D.752 372 0.687 422  0.613 472 0.530 322 0.437
323 0.751 373 D.685 423 D.612 473 0.529 323  0.435
324  0.750 374  0.684 424  0.610 474 0.527 524  0.433
325 0.748 375 0.683 625  D.608 475  0.325 525 D.431
326 0.747 376 0.681 £26  0.607 476  0.523 526 0.419
327 0.746 377  0.680 627  0.805 477  0.522 527  0.428
328 D0.745 378 0.678 428  0.604 478 0.520 528 0.416
329 0.743 319 0.877 429 D.602 479  0.518 529  0.424
330  D.742 380 0.676 430 D.601 480 0.516 530 0.422

331 0.741 381 O0.&74 431 0.599 481 0.514 331 0.420
332  0.740 382 0.673 432 0.597 &2 0.513 532 0.417
333 0.738 383 0.671 433  D.396 483 0.511 233 0,415
3 0.7 3gs  0.670 634 0.594 484 D.509 334 0.413
335 0.736 385 0.668 435 0.593 485 0.507 535 0.411
336 0.735 386  0.667 436 0.591 4B6 0.505 536 0.409
337 0.733 387  D.666 &37 0.589 487 0.504 337  0.407
Jag  0.732 jgg  0.664 438 0.588 488 0.502 338 0.405
339 0.731 389 0.663 439 D.586 489 0.500 539 D.4C3
Jso 0.729 3930 0.661 440  0.584 G50 0.498 540  D.401

&1 0.728 391  0.660 441  0.583 491  0.4596 561 0.399

342 D.727 392 0.658 442 0:581 &92 0. 494 542 D.397
343 0.7286 393  0.657 443  0.580 493  0.493 543  0.395
145 0.724 394 D.655 Ll D.578 484 0.491 544 0.393
345 D.723 395 D.654 445 0.576 495 0.489 545 0.391
346 0.722 396 0.653 446 0.575 £96 0.487 546 0.389
347 0.720 397 0.651 L47 0.573 457 0.485 547 0.387
Jag 0.719 398 O.650 LA D.571 498 0.5483 548 0.385
349 0.718 399 0.64B 459 0.570 499 0.482 549 D.383
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Table D.1° (continued)

a

& L
‘¢ %20
T50  0.380
551 0.378
552  0.376
551 0.374
554 0.372
555  0.370
556  0.368
557  0.366
558  0.364
559  0.361
560  0.359
561 0.357
562  0.355
563  0.353
564 0,351
565 0.348
566 0. 346
567  0.344
568 0,342
569  0.340
570 0.337
571 0.335
572  0.333
573 0.3
574  0.329
575 0.326
576  0.324
577 0.322
78 0.320
574 0.318
580 0.315
581 0.313
582  0.311
583  0.308
S84 0.306
585 0.304
s86 0.302
587 0.299
S88  0.297
589 0.295
590 0.292
391 0.290
592 0.2B8
593  0.286
S94  0.283
595  0.281
566 0.279
597  0.276
598 0.274
599 0.272

170
a ﬂi ] a8 EEE
‘¢ “y20 ‘¢ %az0
BOG  D.270 =0 0.180
601 0.268 651 0.179
602 0.265 652 0.177
603 0.263 £53 0.176
604 0.261 654 0.175
605 0.259 655 0.173
606 0.256 656 0.172
607 0.25&4 657 0.171
608 0.252 658 0.169
609 0.250 659 0.168
510 0.248 660 0.167
L1  0.246 661 0D.166
612  0.244 662 0.164
L3  D.242 663 0.163
614  0.240 664 0.162
615 0.238 EBS 0.161
616 0.236 &6h 0.160
617 0.234 667 0.158
618 0.232 668  0.157
619 0.230 669 0.156
620 0.228 670 0.155
621 0.226 671 0.15%%
622 0.224 672 0.15)
623  0.222 §73 0.l152
624 0.221 674 0.150
625 0.219 675 0.149
626 0.217 676 0O.148
627 0.215 677 0.147
628 0.214 &78 0.146
629 0.212 679 0.145
630 0.210 &80 0.1l44
631 0.209 681  0.143
632 0.207 682  0.142
633 0.205 683 0.141
634 0.204 684 0.140
635 0.202 685 0.139
636 0.201 686 0.138
537 0.199 687 0.137
638 0.197 688 0.1386
639 0.196 689 0.135
640 0.194 690 0.134
£41 0.193 691 0.133
642 0.191 692 D.132
643 0.190C 693  0.131
E4&  0.1B8 694 0.130
645 0.187 695 0.129
646 0.186 119 0.128
647 0.184 697 0.127
648 0.183 698 0.126
649 0.181 699 0.126
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Table D.2: Mean temperatures ino unprotecced steel members under
standard Elre exposure
(initial temperature: 20°C; time scep At = 0.5 min.)

TIME SECTION FACTIOR F/V m~!

Mn 10 15 20 25 30 40 S0 B0 70 80 90 100
15 95 131 164 196 226 282 333 378 41B 454 L86 514
a0 215 296 367 429 484 9572 637 685 721 T47 767 781
45 343 460 552 625 682 760 BOB 836 BS54 865 872 877
(1] 467 603 700 767 Bl& 869 897 511 919 924 828 930
75 580 721 80% B64 B98 934 949 957 961 964 956 067
50 678 BL4 889 930 954 976 985 990 993 995 995 997
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Table D.1l: Mean temperatures Iin protected steel members under
standard fire exposure
(infcisl temperature: 20°C; time scep 4t = 0.5 min.)

TIME SECTION FACTOR F,/V m t

Mn 30 40 S0 60 70 80 90 1 150 200 250 300 400 500
INSULATION d /), = 0.90 a'C/M
15 28 29 31 32 33 35 42 49 S7 64 717 s
30 38 41 44 48 51 55 71 87 103 118 147 174
45 48 54 59 65 70 76 101 126 150 172 214 252
60 60 68 75 83 30 97 132 1K5 196 225 277 a2k
75 72 81 51 100 110 119 163 203 240 274 336 389
30 83 95 107 118 130 141 192 239 282 321 390 44B
105 95 109 123 136 149 162 221 275 322 365 439 S0l

120 107 123 139 154 165 1B3 250 308 360 406 485 549

INSULATION d /) = 0.80 w2

L3 28 30 32 33 35 37 45 53 Bl B9 B4 99
30 40 44 47 51 55 59 7T 95 112 129 160 190
45 32 58 64 70 76 B2 111 138 164 188 233 274
60 65 73 82 %0 98 106 144 180 214 245 301 351
75 78 B8 99 110 120 130 178 221 261 298 363 419
90 91 104 117 129 142 154 210 261 307 348 420 4BO
165 104 119 134 149 163 177 242 299 349 394 471 534
120 117 135 152 169 185 201 272 335 389 437 518 583

INSULATION d /), = 0.70 m’'c/u

L LY W
15 30 31 33 35 37 39 48 ST &6 75 92 109
3o “42 4T 51 55 60 B4 85 105 124 142 177 209
43 56 63 70 77 84 90 122 152 181 208 257 301
60 71 80 50 9% 108 117 160 199 236 269 330 382
75 85 97 109 121 133 144 197 244 288 327 395 453
90 100 115 129 143 157 170 232 287 336 380 455 516
105 115 132 149 165 181 196 267 328 38l 429 508 572
120 130 149 168 187 205 222 300 366 424 474 556 622

T - 24
INSULATION d, /A, = 0.60 =”‘C/W

15 31 33 36 38 40 42 53 63 T3 B3 103 121
30 4 51 56 61 66 71 94 117 139 159 198 234
L3 62 70 78 86 93 101 137 171 203 232 286 332
60 J8 B9 100 111 121 131 180 223 264 300 2365 420
715 95 105 123 136 149 162 221 273 320 362 434 494
90 112 129 145 161 177 191 260 320 372 418 496 559
105 129 149 168 186 203 221 298 364 420 470 551 616
120 146 168 189 210 230 249 334 405 46S 517 601 666
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Table D.3 (continued)
TG SECTION FACTOR F,/V = !
Mn 30 40 S50 60 70 B8O 90 100 150 200 250 300 400
. 2.

INSULATION di‘-;h 0.50 me*C/W

15 T 8 41 44 46 59 7l 83 95 117
30 51 57 63 69 74 8O 108 134 159 182 226
45 70 79 88 98 107 115 157 196 232 265 324
60 89 102 115 127 139 151 206 255 299 339 409
75 109 125 141 156 171 186 252 310 361 406 482
90 129 148 167 L1B5 203 219 296 361 418 466 547
105 148 171 192 213 233 252 338 409 459 520 603
120 168 193 217 241 263 284 377 453 516 569 653
INSULATION d /A, = 0.40 &’*C/d

LS 36 40 43 46 49 52 6B B3 97 111 138
30 58 65 73 80 87 94 127 158 187 214 264
45 81 93 104 115 126 136 186 231 71 jog 373
60 105 120 135 150 164 178 242 298 347 391 465
75 129 148 167 185 202 219 295 360 415 464 543
90 152 175 197 219 239 258 345 416 476 527 609
105 176 202 227 251 274 296 2391 468 S31  SB3 666
120 199 228 256 283 308 332 434 515 S80 633 716
INSULATION d /A, = 0.30 m2°C/d

15 33 37 4 46 S0 54 S8 62 82 101 119 136 169
30 50 60 70 79 88 97 106 115 157 195 230 262 320
45 69 B& 99 114 128 142 155 168 229 282 329 371 442
60 B8 109 129 149 168 186 203 220 296 360 415 463  S40
75 108 134 159 183 206 228 249 269 358 430 490 54D 620
90 127 159 189 217 244 269 293 316 414 492 555 607 687
105 147 183 218 250 2B0 308 335 360 466 547 612 664 743
120 166 207 246 281 314 345 374 4OL 513 597 662 7146 792
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Table D.3 (contloued)
TIME SECTION FACTOR F,/V !
M 36 40 S0 60 70 BD 90 100 150 200 250 300 400
- 2'
INSULATION d, /A, = 0.20 m‘'C/u
15 39 45 51 5T €3 69 T4 8O 108 134 158 181
10 64 78 91 104 117 130 142 154 209 258 302 341
45 90 112 133 153 172 191 208 225 302 2366 421 467
&0 118 147 174 200 225 249 271 292 1385 458 518 %568
75 145 181 215 246 276 303 329 354 457 536 598  64H
90 172 214 253 290 323 354 383 410 521 603 666 715
105 198 247 291 331 368 402 433 461 57T 660 723 7171
120 224 278 326 370 409 445 478 508 627 711 772  BlA
TTME SECTION FACTOR F,/V m -
Mn 10 20 30 40 SO &0 70 80 S0 100 150 200 250
INSULATION d /A, = 0.10 a?'c/u
15 56 65 76 86 97 107 117 126 172 212 249
10 9% 123 146 168 1B9 209 228 247 1327 393 447
45 146 182 216 247 276 304 329 353 454 529  Sa8
50 192 239 281 320 355 388 418 445 555 £33 £90
75 237 292 342 386 &26 462 494 521 63T 714 768
a0 279 343 398 446 4BY 527 S60 S91 705 779 829
105 320 390 449 500 545 S58B4 619 649 762 832 AR
120 359 434 496 550 595 635 670 700 810 876 919
2.
INSOLATION d /), = 0.05 =*‘C/u
15 40 60 78 96 114 131 147 163 178 193 259 315
30 68 112 153 191 226 259 289 317 343 368 467 540
&5 98 167 228 2B2 330 373 411 445 476 505 612  6B3
60 129 221 298 364 421 469 512 549 S5B2 6L1 716  7BO
75 160 273 363 438 499 551 595 633 666 694 793  B50
30 191 322 423 503 568 B21 665 703 734 762 B53 902
105 222 368 477 561 628 681 725 761 791 BL7 901 943
120 251 411 527 613 680 733 776 811 839 864 940 977
= 2.
INSULATION d, /2, = 0.04 a’*c/u
15 45 66 B8 109 129 148 166 184 201 217 3290
a0 76 128 175 218 257 293 326 356 B4 409 517
5 112 191 260 319 371 &17 457 493 525 S$53 658
60 148 252 338 409 469 519 563 600 632 660 759
75 184 311 409 4BB 552 604 648 EB5S 716 743 812
90 220 365 473 557 622 675 718 753 783 808 888
105 254 416 531 617 683 735 776 B10 838 BHL 932
120 288 463 5B1 470 735 786 B26 857 883 S04 087
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Table D.3 (continued)
TINE SECTION FACTOR F,/V o %
Mn 10 15 20 25 30 &0 50 60 70 80 90 100
INSULATION d, /A, = 0.03 m?*C/W_
L5 48 62 75 gg 101 126 149 172 193 213 232 251
30 BA& 120 150 178 204 254 298 Jas az4 §06 436 463
45 131 180 224 265 303 369 428 474 516 553 584 612
60 175 239 296 346 1392 468 531 S8 626 662 693 719
15 218 296 362 420 470 553 618 669 TLL 746 174 798
80 260 349 421 4B6 539 b5 689 740 780 812 838 B59
105 300 399 479 545 600 GBS 750 798 B35 865 888 907
120 339 4646 530 598 654 739 a01 B&7 B8l 908 9249 946
IHEHLA:I&H_dIill.u_ﬂ.ﬂz_mELciu_
15 56 73 8% 106 121 151 180 206 231 255 217 299
a0 107 146 182 217 249 306 357 402 441 476 507 535
45 161 221 275 323 366 &40 SOL 552 594 630 661  GA7
&0 216 293 360 &41B 4GB 550 6l4 B&S 705 738 166 788
75 269 361 437 501 554 £39 702 751 788 a17 B4l BeD
90 320 424 506 573 618 713 773 Bl8 851 B77 897 213
105 369 4BY 568 63T 692 774 831 A7L 901 924 041 954
120 £15 534 623 692 746 B25 878 915 942 2961 a75 986
INSULATION d, /A, = 0.0l =2*C/W
15 L1 g1 L13 135 155 194 230 263 294 322 349 373
30 139 191 239% 283 2323 393 451 501 543 579 609 635
45 215 292 160 418 469 551 615 664 703 734 759 7BO
60 289 387 467 S32 SB7 671 731 775 808 832 851 866
75 360 472 S59 627 682 762 BlS  BS53 g7re B98 912 8922
90 426 547 K37 706 758 B3Z BYE 509 930 945 955 963
105 487 614 705 771 820 887 927 953 969 9681 989 994
120 542 673 762 826 871 931 965 987 1000 1009 1015 1020
WITHOUT CLADDING 4 /), = O
15 95 131 164 196 225 282 333 378 418 454 486 514
3o 215 296 367 429 4B4 572 637 GBS 721 74T 767 781
435 343 460 552 - 625 682 760 BOB B3s BS54 865 872 877
60 467 603 700 767 Bl4 Be9 B97 911 9519 924 928 930
75 580 721 BO0O9 BG4 898 934 949 957 961 964 966 967
90 678 B8l& 889 930 954 876 985 990 993 895 996 987
105 762 BBE S4B 977 993 1007 10013 1016 1018 1020 1021 1022
120 833 942 989 1011 1021 1031 1036 1038 1040 1041 1042 1043
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Table D.4: ECCS-buckling curves ar room temparature (C-curves)

Buekling stresses anuz

A 0 1 2 3 4 5 [ 7 8 g
FE 360
10 235.0 235.0 235.0 235.0 235.0 235.0 235.0 235.0 235.0 234.7
20 233.5 232.2 230.9 229.6 228.4 227.1 225.8 224.6 223.3 223.0
30 220.7 219.5 218.2 216.9 215.6 214.3 213,0 211.7 210.3 209.0
40 207.7 206.3 205.0 203.6 202.3 200.9 199.5 198.1 1%6.7 195.3
50 193.9 192.4 191.0 189.6 188.1 186.6 185.2 183.7 182.2 180.7
60 179.2 177.7 176.1 174.6 173.1 171.5 170.0 170.0 168.4 166.9
70 163.7 162.2 160.6 159.0 157.5 155.9 154.3 152.8 151.2 149.6
80 148.1 146.5 144.9 143.4 141.8 140.3 138.8 137.3 135.7 134.2
50 132.7 131.2 129.8 128.3 126.8 125.4 124.0 122.5 121.1 119.7
100 118.3 117.0 115.6 114.3 112.9 111.6 110.3 109.0 107.8 106.%
110 105.3 104.0 102.8 101.6 100.5 99.3 9B.1 97.0 §5.9 04,8
120 937 92.6 91.5 90.5 B89.4 BB.4 B7.4 B6.6 BS.4 @L.S
130 . 83.5 82.6 81.6 ®80.7 79.8B 78.9 T7B.0 77.2 76.3 75.5%
140 *  74.7 73,9 72.3 71.5 70.7 69.9 69.2 6B.5 67.7 &7.0
150 © 1 B7.0 66.3 65.6 64,9 64.2 63.6 62.9 62,3 6l.6 1.0
160 0.4 59.8 59.2 58.6 58.0 57.4 56.B 56.3 55.7 55.2
170 - 54,6 54.1 53.6 53.0 52.5 52.0 51.5 51.0 50.6 50.1
180 49.6 45.1 4B.7 4B.2  47.B  47.3  46.9  46.5  46.1  45.5
190 45.2 44,8  A4.4 44,0 B3.6 43.2 42.9  42.5  42.1  41.7
FE 510
10 335.0 355.0 355.0 355.0 355.0 355.0 353.3 3%50.9 34B.6 346.2
20 3463.9 341.5 339.2 336.8 3344 332.1 2329.7 327.3 324.9 322.4
30 320.0 317.5 315.1 312.6 310.1 307.6 305.0 302.5 299.9 297.3
40 294.7 292.0 289.4 286.7 284.0 281.2 278.5 275.7 273.0 270.2
50 267.3 264.5 261.7 258.B 255.9 253.0 250.1 247.2 244.3 241.4
60 238.5 235.6 232.7 229.7 226.8 223.9 221.0 218.1 215.3 212.4
70 209.6 206.7 203.9 201.1 198.4 195.56 192.9 1%90.2 187.% 184.%
BO 182.3 179.7 177.2 174.6 172.1 169.7 167.3 164.9 162.5 160.2
90 157.9 155.6 153.4 151.2 149.1 146.9 144.8 142.8 140.8 13B8.8
100 136.8 134.9 133.0 131.1 129.3 127.5 125.7 124.0 122.3 120.6
110 119.0 117.3 115.8 114.2 112.7 111.1 109.7 108.2 106.8 105.4
120 104.0 102.6 101.3 100.0 94.7 97.4 96.2 95.0 93.8 92.6
130 91.4 90.3 89.2 88.L 87.0 85.9 B4L.9 B3.8B B2.8 Bl.8
140 80.9 79.9 79.0 78.0 TT.1  76.2 75.3 T74.5 Ti.6 72.B
150 1.9 71.1 70.3 °69.5 6B.8 6B.0 B7.2 66.5 6B5.B E5.1
160 64.4 63.7 63.0 62.3 61l.7 61.0 6GO.4 59,7 59.1 58.5
170 57.9 57.3 36.7 56.1 55.6 S55.0 S54.4 53.9 S53.4 52.8
180 52.3 51L.8B 51.3 50.8B 50.3 49.8 49.3 &8.9 48.4 4B8.0
190 47.5 4T7.1 46.6 46.2 45.B  45.3  4L4.9  &4.5 44.1 &3.3
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Table D.5: Section factors of various steel sections F,/V o~ !

L \IJ p— L ) w4 # =
IrE -I- “! o | - -i|i-_ iF~ -I- .m- = | = - ;.
T s = N Lt Y J‘I\,_ It F Y [ I Y e
BO 430. . 3 ;
100 | 3803 | 301.0 3385 [aeree 80| wo1.1| 3209 | 345.6 | 266.5
120 | 359.1 | 278.8 [310.6 [230.3 100 | 349.1) 283.0 | 301.0 | 235.8
140 335.4 | 259.8 |290.9 [215.2 1201 309.2 | 250.7 | 268.3 | 209.9
180 292.1 | 226.8 |254.0 [188.7 160 | 252.2 | 205.3 | 219.7 | 172.8
200 269.5 | 210.5 |234.4 [175.4 180 | 229.4 | 187.8 | 200.0 | 158.4
240 235.5 184.1 204.9 153.5 220 195.7 160.6 171.0 115.9
270 226.6 | 176.5 |197.2 [147.1 240 | 183.1 | 150.1 | 160.1 |127.1
300 215.6 .| 167.3 |187.7 [139.4 260 | 169.7 | 139.7 | 148.5 | 118.5
330 199.7 *| 156.5 |174.1 {131.0 280 | 15B.1 | 130.6 | 138.6 | 11l.1
360 185.7 .| 145.8 |162.3 l122.4 300 | 149.1 | 123.0 | 131.0 | 104.9
400 174.0 | 137.3 |152.7 [L16.0 320 | 140.1 | L15.9 | 123.3 99,1
450 163.0 .| 129.6 |143.7 R10.3 340 | 132.5 | 109.9 | 116.7 94,1
S00 150.0 | 120.7 132.8  [03.4 360 | 124.6 103.6 | 109.9 88.9
550 140.3 | 113.4 [124.8 |97.8 380 | 118.7 | 98.9 | 104.8 | 85.0
600 129.5 -| 105.1 |115.6 |91.0 400 | l12.7 | 94,1 | 99.6 | 80.9
750x137 143.5 | 116.4 |128.5 Q0L.3 425 | 106.8 89.1 94.5 76,7
750%147 133.9 | 108.6 |119.8 94 .5 450 | 100.7 85,4 89.1 72.8
750x%161 123.4 |100.2 |110.4 87.2 475 | 95.1 80.1 B4.2 | 69.2
750x173 114.5 | 93.0 [102.& |80.9 500 | 90.6 | 76.1 | 80.3 | 65.8
750x185 107.9 87.7 96.5 76.4 550 B4.5 70.4 75.1 61.0
750%196 101.7 | 82.8 | 91.0 |72.1 600 75.6 | 64.2 | 67.1 | 35.7
750x210 95.7 77.9 85.6 67.8
| 150x222 90.6 73.9 8l.1 644
:En E LB i
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Table D.5 (concinued)

‘t* %4 s " g oL # ¥ - £ b bean
ANEEIT(E | ~ [T |0 T 5
(TR P PEw P rIt ] LA -"-_'J'«-
BO 283.56 227.3 242.7 186.4 100 A54.6 2644.9 290.5 180.8
100 275.6 222.2 238.5 | 185.2 120 J60.6 246.9 295.9 i82.32
120 255.3 205.9 222.9 173.5 140 341.7 232.8 230.9 172.0
140 239.7 196.1 210.3 166.7 L&D 296.8] 202.9 244,1 150.2
160 227.5 1B7.5 200.4 160.4 180 278.7 190.0 229.5 160.7
180 218.2 178.6 193,2 153.6 200 256,1 174.9 210.8 129.6
200 2053 170.8 182.0 147 .3 220 242 .3 165.2 199,68 122.4
220 192.0 160.4 170.6 13920 240 225.1 153.7 185.3 « 114.0
240 | 183.2 | 153.7 | 163.1-| 133.6 260 213.7| 146,21 176.0 ' 108.5
260 | 172.7 | 144.9 | 154.0: [ 126.3 280 204,1] 139.4 | 16B.3 | 103.6
280 167.0 140.7 1&9_2: 122.9 300 191.7 131.1 158.0 97 .4
300 16l.6 136.1 144 .6 119.0 320 183.9 127.1 152.2 895.4
320 129.6 110.8 llﬁfk_ 897.6 350 176.8 123.4 146.19 893.5
350 135.4 116.4 122.5 103.5 360 170.1 119.9 1462.0 91.7
380 138.1 119.9 125.4 107 .2 400 160.56 115.2 135.1 83.7
400 129.2 111.5 117.2. 89.5 &50 156.1 114.1 132.5 90.5
500 151.7 112.:8 129.8 90.9
P 550 142.3 L07.6 122.7 87.9
=l = " 600 13B.5 106.2 120,2 a7.9
! = 650 135.8 106,7 117.7 87.6
700 129.2 101.6 113:5 85,9
a0 121.8 97.% 10B8.0 B4.2
900 113.3 92.8 101.& 80.9
1000 108.3 90.0 977 T79.4
L 1000 105,1 83.3 92.9 T1.2
X 1000 100.4 TB:l 8B.0 65.7

A T P
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Table D.5 (concinuad)
L w_ b 4 FEEE, L LI e i
w | -T-| 0| T | wo | o | AT | FT0 |
oy FE Y P For N ' % L F i % 'l
100 | 265.1| 184.9| 217.9 | 1377 o | Seeall. aaien] AR 1E
140 252.9| 173.9 | 208.3 | 129.3 160 169.1 ] 117.9 | 138.6 | 88
180 225.12 135.0 185.4 115.2 200 187.2 102.4 121.6 T4
200 211.9| 145.0| 174.7 | 107.8 220 139.6 | 96.7 | 115.4 | 72
260 170.5( 117.5| 140.6 | -B7.6 280 1230 | 852 | 2.0 | &3
280 164.4| 113.1 | 135.7 | [B4.3 100 116.0 80.5 | 95.9 | &0
300 152.9| 104.9 | 126.2 | -78.2 120 109.7 76.9 91.1 53
340 134.1 Q4.4 | 111.6 | -71.9 160 102.4 71.1 85.8 55
260 128,2 91.0 | 107.1 70.0 400 97.6 70.8 82 4 ts
400 120.1 B&.B | 101.3 67.9 450 581.3 GB.8 7.5 55
500 106.8 80.0 91.6 64,8 seq 87.4 56.9 75 & e
550 104.3 75.3 90.2 65.2 500 BS.9 667 74.8 55
BO0 102.0 T8:6 B8.T 65.3 £50 B .6 66 .4 74,1 Eg
650 99.6 | 77.8 | B87.2 | 65.4 700 82.2 | 6s.3 | 72.4 | 35
700 96.2 76.0 B4.6 bh.5 A00 a::z ﬁslu ?2'1 6
BOO 94, 4 76.3 B3.9 65.8 400 78.4 5¢:5 Tuiz 55
900 0.4 74.3 B1.0 Gh.9 1000 77.8 &5.0 '.-'I}',‘i P
1000 B9.2| 4.4 | 80.6 | 63.7 |1, y1pgo 74.4 | 59.3 | 65.9 | 50
L 1000 85.5 68.0 715.7 S8.2 X 1000 73.0 57.0 &ﬁil |
X 1000 79.9 62.3 70.1 52.6 T 5 2
L L :E‘ P
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w0 @ L i e A AR
HEM -Ib . e = I = -E | e
100 1l6.4 85.0 96.4 65.0
120 111.1 80.1 92.2 6l.1
140 103.6 75.9 85.5 57.8
160 99.9 71.3 82.8 84,2
180 96.2 68.1 79.8 51.7
200 91.4 64,9 75.7 £9.2
220 BB.4 62.4 73.2 47.1
240 73.1 51.9 0.7 35.5
260 71.5 50.8 59.3 38.6
280 70.4 49.8 58.4 37.8
300 60.4 42.9 0.1 32.7
320 59.9 §2.8 50.0 3.9
340 E0.2 43.4 50,4 33.7
360 60,5 44,1 50.9 34.4
400 61.4 5.4 52.0 35.9
450 62.6 4b.8 53.5 i7.7
500 63.3 L8.2 54 .4 30.3
550 64,3 £9.5 55.7 40,9
600 65.2 50.9 26 .8 £2.5
650 66.0 22.1 57.9 L3.9
700 66.8 53.3 58.9 45.8
800 &7 .9 55.3 60 .4 47.8
900 69.3 57.2 2.1 S0.1
1000 T0.5 59.0 63.7 52.2
L 1000 67.3 58.8 59.7 46.1
X 1000 66.1 51.7 58.1 43.7

L

FREE Download Publications

ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

FREE Download Publications

181
Table 0.5 (continued)
1
L [ T | stgnsss ;
HD 'I‘ ' = - 'i | E'
Foan P '™ P T Y
210 x6 204 140 169 105
52 180 124 149 93
59 161 111 134 B4
71 134 93 111 10
a7 111 78 93 59
100 98 69 81 52
118 B4 &0 70 Lé
138 T4 53 62 40
161 65 1 54 36
198 54 39 45 30
249 45 3 37 26
260%x73 160 109 132 a2
" BO 146 100 12l 75
89 112 al 110 68
101 117 81 97 61
115 104 12 B85 54
131 92 64 77 49
149 82 57 68 b
167 74 52 62 40
191 66 &6 55 3s
219 58 &l 4B 32
252 51 37 43 28
288 Gb i3 3B 26
329 4l 30 34 23
310x97 L4k 99 120 T4
107 132 90 109 68
117 121 g3 101 63
110 110 76 g1 57
143 100 69 81 3
158 gl 63 76 4B
179 81 57 68 43
202 73 51 61 39
227 65 LB 54 as
253 39 a2 50 iz
283 54 38 45 29
313 49 k 1 4l 27
343 45 i3 38 25
375 42 30 35 23
415 19 2 A2 22
454 a6 26 30 20
500 33 24 28 19
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Table D.5 (continued)

L [ F L™ [ 3 ﬂ-—r#’ ECE P
3602134 125 BS 103 63
148 114 78 45 58
162 104 71 87 53
179 95 65 79 48
196 B8 60 71 45
400x187 94 64 78 47
216 B2 56 68 42
237 75 51 62 18
262 69 &7 57" 15
288 63 &3 52 - 32
314 58 40 48 10 .
347 53 17 44 28 °
188 49 % 40 25
422 45 31 37 23 |
LE3 41 29 14 22- !
500 38 27 31 20 |
551 15 25 39 19 i
593 13 23 28 L8
634 1 22 26 17 |
678 30 21 25 16
744 a7 20 23 15
B18 25 18 71 14
00 23 17 19 13
990 22 16 18 12
1086 20 15 17 12
# U Fle

FREE Download Publications www.eccspublications.eu



ECCS Publication - Design Manual on the E. R. of the Fire Safety of Steel Structures

183
NOTATION
Ag = floor area of the fire compartment [mz]
Ag = cross sectlion area of the steel member [nnz]
Ay = total interior area of the surfaces, bounding
the fire compartment, including all openings [nz]
A, = total area of deor and windew cpenings [mz]
E = modulus of elasticity of asteel at room tamperature iﬂfnnzi
) = rangent modulus of Elilti:;tr of steel ac elevated
teaperature for o= 0 N/mm [Hfunz]
F = fire exposed surface per unit length of the steel
mesber [ulfmj
Fi = fire exposed area of luner surface over the '
insulation material per unit length of che steel k
zexber (= /m]
B = horizontal force | [(H]"
H, 1- calorific value of combuacible material v (MI/kg)
Eur = calorific value of moilsc combustible material v ¥ 7eg]
K = coefficient of che tocal heat transfer [anz'cl
K¢ = coefficienc for tramsforming a real fire load
denaity (=q,) and a real opening factor of a fire
compattment [‘hﬂfﬁaﬂﬂn} to effective values (=]
My = plastic moment At Toom Cemperature [H=]
HpIE = plastlic wmoment at elevated temperature [Ne)
N = design load on a column under fire conditions (H]
E:t = dimensionless ECCS-buckling lead &t room temperature [—)
H“ﬁ = dimenslonless buckling load at elevated temeperature [-]
3 = design load under fire conditions [M] or [HImI]
Py = ulcimace elastic load at room temperacure [K] eor [HI:IJ
PF = ultimate plastic lead at room temperature [H] or [H!ui]
’, = actual load during fire [N] or [N/=?]
Q = total quantity of heat, released on complete com—
bustien of all combustibla materials in a fira
compartment [J]
or: = heat flow to structural steel elemenc [mezj
Q = total fire leoad ic kg wood equivalent [kg)
R = mechanlical resistance [w]
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s = pachanical actlion effect (8]
v = yaoluze of the ateel member per unit length [mafm]
W = glastic section modulus Ennaj
Z = plastie section modulus [nm3]
a = discance between mid span plastic mopent and end

sSupport (=]
b = flange width of the ateel member [m]
Cy = gpecific heat of the bounding structural compooents

of the fire compartment [I/xg)
ey = gpacific heat of the imsulation material [J/kg"C)
Cy = gpecific heat of steel - [I/kg'C)
dy = thicknesa of the imsulation [m]
dg = web or flange thickness of the steel member (=]

= height of steel profile, column, storey [m=]

e = mean value of the heights of window and door openings

in & fire compartment, weighted with respect to each

individual opening area (=)
% = relative sciffness -]
L = length, span of beam or frame [mm], [m]
=, = total mass of combuscible material [kg]
p = maisture content by weight of the insulation

material (%]
q = design load under fire condicions [Hfuil
e = yleimate elagtic load at room temperacure [Hfml]
ag = fire load density, per unit floor area [Hwa;]
Qeg = gffective fire load densicy, per unit floor area [HmeE]
% = ylrimate plastic load at room Cemperature (/al]
q = fire load density, per unit area of bounding

surfaces [HanI]
Qe s = gffective fire load danaity, per unit area of

bounding surfaces [Hquzl
;E = rate of heat loss through structural components,

bounding the fire compartment (W /m?)
;t = rate of heat loss by convection in the openings of

the fire compartment {HIHE]
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= rate of heat loss by radiation through the cpenings

i of the fire compartment [Hfulj
;: = rate of heat release by combustion inside the fire
comparcment W /m?)
t = cime [sec],
[=in], [h]
k4 &= gtapdard fire duration [min]
ta = gquivalent time of fire duraciom [min]
Ceg = fire resistance [min], [h]
Eef = required fire resistance [min]
By = delay time due to oolsture content [min]
A = difference, interval =]
a = facter * 1, representing the plastic reserve of
a beam at room temperature due to rediscribuction
of moments =1
¥ = temperature dependent coefficlent equal to the
ratio bectveen the effecrive yield stress at elevacad
tecperature and the nominal yleld stress at room
temperature =]
a - coefficient of heat cransfer Wizt c)
or: = coafficient in the ECCS-buckling curves dependent
of type of cross section -]
or: = fgetor {? 1) representiog the plascic reserve of a
steel beam due to a possible reduction of bending
moments (= éﬁ (=]
a_ = coefficient of heat transfer due to convection from
the Eire to the exposed surface of the member [ani‘c]
a, = coefficient of heact transfer due te radiation from
the fire to the exposed surfsce of the member [HIIZ‘G]
a. = specific thermal elongation of steel (= AR/2'C) =1
= degree of loading relaced to the ultimate plascie
: load (= P/P) (-]
Y = degree of loading related to the ultimare elastic
load (= P/P,) =)
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1
Ter T
Y LY f = partial safety factors [=]
nl" m2
§ = paxizum deflection [mm)
£ = gtrain (%]
‘35 = grrain at which the effective yield stress at
elevated cemperatures is reached (%]
€ = resultant emissivity of the flames, combustion
gases and exposed surface (=]
Enr = gritical sceel temperature [*c]
Hﬂ = initial ambient gas temperature [“C)
Hn = gteel temperature [*C)
at = ambient gas temperature &t time cC . [‘c)
< = lead multiplier < 1, introduced in order to assure
congistency between the analytical approach and
conventional fire tests bl
A = glenderness ratio at room temperature -]
% = modified slenderness ratio At rToom temperature -1
A = modified slenderness ratio at elevated temperature [-]
1h = thermal conductivity of the bounding structural
components of the fire comparcment [W/m"C)
11 = thermal conductivity of the insulation [W/im*C]
u, = fraction between ¢ and 1, givipng the real degree
of combusticn for each individual component of the
fire load (-]
Py = density of the material of the bounding structural
components of the fire compartment [kgfni]
Py = density of the insulation material [kgfmzl
oy = density of steel [kg/m’]
a = gtress [Hfﬂﬂzl
%20 = ECCS buckling stress at room temperature [Hfm111
“nrﬂ = ECCS buckling stress at elavated temperatura [HJnn;]
I = initial stress [annij
H}Iﬂ = pominal yield stress at room temperature [Hﬁmmz]
dfﬂ = effective yield stress at elevated temperature [HImnzj
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