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FOREWORD

The European Recommendations for the Calculation of the Fire Resistance of
Load Bearing Steel Elements and Structural Assemblies Exposed to the Standard

Fire have been composed within the Europesan Convention for Constructional

Steelwork by Technical Committee ) - Fire Safetv of Steel Structures.

During the last decade there has been important progress in the development

of analytical methods for the calculation of the bahaviour of fire exposad
_steelunrk. In several countries these methods are now being used where appro-
priate, as an alternative to the convantional classification directly based on
the results of gstandard fire resistance tests. The Recommendations provide

a reference document for national codes of practice with the final objective

of achieving a single Eurcpean coda.

The present ECCS5-Recommendations deal only with load-bearing steel elements
and structural assemblies exposed to the standard fire, providing an
alternative to the standard fire resistance test. This corresponds to the
majority of national building regulationsz or codes, in which the requirements
are expressed as reguired time of fire duration,i.e. the fire resistance time,
directly related to the standard fire.

A direct analytical design of an element or assenbly exposed to a non-standard
or natural fire exposure is not covered in the present Recommendations.
However, when the natural (non-standard) fire exposure is related to the
standard fire by the concept of the "effective fire duration", the Recommen-

dations can be used.

Tha Recommendations offer a variety of analytical methods, as comprehensive

as possible:

(1) tabulated design data

(2) simple calculationa, using average values of thermal properties for
insulating materials and steel, and variation of vield stress with temperature

(1) more detailed calculations, allowing for variation of thermal properties with

temperature and complete stress straln reolationshins for steel at elevated tem-

peratures.
So far, the Recommendations cover only traditional structural steelwork. It
is intended that technical notes on subjects such as composite structures,
assemblies with suspended ceilings and external steelwork will follow in

due course.
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prafting and other preparatory work for the Recommendations has been made

mainly by the Institute TMO for Building Materjials and Building Structures,

Delft, The Metherlands.

The calculation rules adopted here have been prepared by a drafting group

of ECCS-Committee T3 with the following membership:

J. Witteveen (chairman)
L. Twilk (secretary)
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J. Kruppa

M. Law

0. Pactersson

The menbershis of Committee TI - FPire Salety of Steel Structures - during

the preparation of the Recommendations was as follows:

J. Witteveen (chairman)
L. Twilt (secretary)
P. Arnault

¥W. Bongard

5. Bryl

G.B. Colbridge

.. Demol

H. Ehm

M. Finzi

J. Janss

L. Krampf (Mrs.)

4. Kruppa

M. Law (Mrs.)
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Great Britain

The Recommendations have been agreed with the Code Advisory Panel of the

Fire Commission Wi4 of the Conseil International du Bitiment (CIB)} in which
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the following international organizations participate:

- conseil International du Bitiment (CIB) ,

Comité Europeén du Béton (CEB) ,

Pédération International de la précontrainte (FIP),

European Convention for constructional Steelwork (ECCS),

1

conféderation Eurcpéenne de L'Industrie du Bois (CEI-Bois) .

Research proarammes sponsored by the Europesn community for Coal and Steel
and carried out during tha first half of the nineteen seventies should alse

be acknowledged here.

It is the hope of Technical Committee 3 that these Recommendations will be
well used and be of value not only to pCeCs-member countries, but also to

other nations,

pelft, June 19£2
J. Witteveen,
chairman of the ECCS-Technical Committee E [

Comments to be received by the gsecratary of the ECCS-Technical Committee 3:

L. Twilt,
IBBC-TNO,

r.0. Box 49,
2600 AA Delft,
The Netherlands.
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INTRODUCTION

Internationally, the generally accepted method for the fire engineering
design of load-bearing elements and structural assemblies uses results of
standard fire resistance tests. In such tests, the load bearing element oy
structural assembly is exposed in a furnace in which the temperature is con-
trolled to vary with time according to the Formula [I]:

ut - u-ﬂ = 345 lnr.rm (8t + 1)

Whe ra s

t = time in minutes
ut = furnace temperature in DC at tima t
ﬁb = initial furnace temperature in “c

The fire resistance of a load-bearing element is defined as the time,
expressed in minutes, from commencement of the test until failure occurs
at the applied loading. Normally, the test load is the design load at

service state.

In practice the requirements of building codes and regulations are expressed

directly in terms of a specified fire resistance.

|occuranion |
[Buoms reroat I‘] BULDING CODE REGUIRED FIRE

- DURATION 1y, [~ 1
[BuLOmG VoL F4 : !
IMPORTAMCE OF _.- !

STRUCTURE |

- -{rnurnsiu STRUCTURE |=-

| _STAMDARD FIRE | FIRE MESISTAMCE | __/( 31\';\1&5,_“”

v

DESGM LOAD AT | MEWSTANCE TEST Bip
SIRVICE STATE =

|Hﬁ

o

Figure 1: Main international method for the fire engineering design of
load bearing elements and structural assemblies, based on
classification and results of standard fire resistance tasts.
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The design procedure is illustrated by Fig. 1. According to the circumstances,
the codes and regulations require a time of fire duration tfd’ for which the
structure or structural element must fulfil its load bearing function. This
period is also related to the standard fire exposure and referred to as "fire
resistance time". The design implies a proof that the structure or structural
elemant has a fire resistance tfr' determined in a standard fire resistance

tast, which meets the required time of fire duration tfd'

Internationally, the standard fire resistance test according to IS0 Bl4 is
used very fregquently and for many types of structural members it constitutes
the only way at present for cbtaining the information reguired for a
structural fire engineering design. In spite of this, the standard fire
resistance test can be seriously criticized. In its present form, the test
procedure is insufficiently specified in several respects, for instanca
concerning the heating and restraint characteristics, the environment of the
furnace, and the thermocouples for measuring and regulating the furnace
temparature. Consequently, a considerable variation can arise in the fire
resistance for one and the same structural element, when t&stéd in different

fire laboratories with varying furnace characteristics and varying support

and restraint conditions.

Bacause of these problems and to achieve solutions with greater aconomy and
more uniform safety, there iz a strong need to move towards analytical

structural fire engineering design methods. Generally, these methods include

two main steps, viz.:

(1) a calculation of the temperature distribution within the fire exposed
load-bearing element or assembly during the heating process;

{(2) a transformation of these temperature distributions to the variation of
the lcad bearing capacity as a function of time in order to examine
whether or not the fire exposure will cause a failure of the structural

element or assembly at the specified loading.

DPuring the last decade, considerable progress has been made in developing
analytical design methods for fire exposed load bearing elements and
structural assemblies and in making these design methods operational, using
design diagrams and tables. This approach is most advanced in the fileld of
steel structures and a major contribution has been the extensive
information, experience and studies from many countries coordinated by the

Fire Committee of the European Convention for Constructional Steelwork (ECCS).
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The three available design methods can be categorized as follows:

- Level (1): Method in which the fire resistance of a load bearing element
or structural assembly under standard fire conditions is determined
analytically. The design criterion is that the analytically determined
fire resistance is egual to or exceeds the time of fire duration requirad

by the building regulations or codes.

= Level (2): Method in which the fire resistance of a load bearing element
or structural assembly under standard fire conditions is determined
analytically. The design criterion is that the analytically determined
fire resistance is equal to or exceeds the "effective fire duration”, a
quantity which relates a non-standard or natural fire exposure to the

standard [ire.

- Level (3): Method characterized by a direct analytical design on the

basis of a natural (non standard) fire exposure.

The Recommendations concentrate on the analvtical desion methods according

to level (1), i.e. methods for an analvtical determication of the

fire resistance of load bearino steel elements and structural assemblies
under standard fire conditions, providing an alternative for the standard
fire resistance test. However the Recompmendations can also be used as a COmpo-

nent in a level (2) design.

A design procedure according to level (1) corresconds to a vast majority of
national building codes, in which the reguirements are expressed as a
required time of fire duration, i.e. the fire resistance time, directly
related to thae standard fire. The design procedure is illustrated in Fig. 2.
It is necessary to appreciate that the required time of fire duration may

be related not enly to the estimated fire exposure but also to additional
factors such as the type of occupation and the height and the situation of
the building. This usually leads to a required time of fire duration which
is more severe than the actual fire exposure .,
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RESISTAMCE TEST
PROPOSED STRUCTURE
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]
TRANSFER RESTRAINT FORCES AND It
| o] MOMENTS, THERMAL
STRESSES IN STRUC. HO
MECHAMICAL PROPERTIES TURAL ELEMENTS
OF STRUCTURAL MATERIAL
DESION LD&AD AT
SERVICE STATE

Figure 2: Analytical fire engineering design of load bearing elements and
structural assemblies, based on a thermal exposure according to

the IS0 B34 standard fire resistance teske.

For level (2), the natural (non standard) fire exposure is related to the

standard fire by the concept of an "effective fire duration™, which is a

function of the fire load, the geometry and the ventilation conditions
of the fire compartment. A level (2) design therefore requires an analy-
tical determination of the fire resistance of load bearing elements and

structural assemblies under standard fire conditions in the same way as

for level (1),

Level (3) is characterized by a direct analytical design based on caleculated
gas temperature-time curves of a natural fire and is not covered in the

present Recommendations.

In most countries the level (2) and level (3) methods have occasionally been

used, but, except in Sweden, they are not yet automatically accepted as

methods which satisfy the requirements of the building regulations.

Although the Recommendations offer a variety of analytical methods, the
design basis {s focussed on one basit method, characterized by the following
four assumptions:

= 8 thermal exposure to the IS0 B34 standard fire resistance test,

= constant thermal properties of structural and insulation materials assumed
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to be the average for the temperature range,

= mechanical properties of steel at elevated temperature which are assumed
to be independent of time, i.e. creep effects are included implicitly,

- a uniform temperature distribution over the height of the cross section

and along the members.

These assumptions allow a simplified analytical design procedure in which the
structural analysis at elevated temperatures can be dealt with according to

conventional methods of structural analysis at room temperature (Fig. 13).

| occupation |-
| DAL DG HEIGHT L
! BURLDIRG  CODE o AECLIARD FIRE i
DURTATION Vg N I
| Bu oG voLumE -
IMPORTANCE OF || GASTEMPERATURE -TIME
STRUCTURE CURVE ACCORDING TO
STANDARD FIRE
PROPOSED STRUCTURE L i"ﬁ[
’1 UMIFORM STEEL
THEAMAL PROPERTIES OF TEMPERATUNE AS
STALUCTURAL MATERIALS J FUHCT ION OF TIME {/“x.,
! || TIME OF Famwme « | TES
| |CREFFICENT oF wEAT ! FIRE RESISTANCE 1, "F;@_" e
TRANSFER CRITICAL STEEL
™ | TEMPERATURE V., NO
MECHANIZAL PRIPERTEES -
OF STRUCTURAL MATEFRAL
| DESIGH LOAD AT
SERVICE STATE

il

Figure 3: Apalytical fire engineering design of load bearing elements and
structural assemblies under standard fire exposure; using the
concept of critical steel temperature %, adopted in the ECCS-

Recommendations.

In this concept the key-factor is the determination of a unigue critical
steel temperature ‘T, at which the structural element collapses under a given
load. The procedure starts with the load bearing capacity R of the thermally
exposed structural element, put equal to the design load 5. This quantity
and the mechanical properties of the structural material at elevated
temperatures define a critical steel temperature ¥.., at which the structural
element collapses. Given the thermal properties of the structural and
insulation materials and the heat flow characteristics, the uniformly

| distributed temperature in the steel member as a function of time is
calculated. Subsequently the temperature-time relationship in the steel
member and the critical temperature ¥.p define the time of failure tepe
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.

The calculated time of failure tfr is theoretically identical to the fire
resistance time cbtained in a test with the same structural element and
design locad. The design implies a proof that the calculated time of failure

t.. is equal to or exceeds the time of fire duration g required by the

fr
building coda for the structural application in question,

An analytical design based upon the four specified assumptions, generally
results in a level of fire resistance which is conservative, in comparison
with that measured in a standard fire resistance test. Generally, a
comparatively favourable non-uniform temperature distribution will exist
during the test and the actual yield stress of the test piece will exceed
the nominal value used in the calculationas. Therefore a correction for the

degign load is introduced which makes allowance for these discrepancies,

For the experimental determination of the fire resistance of steel structures
and structural elements, see IS0 B34, and for the general background
philosophy and basis of design,see the CIB-Recommendations “The Basis of
Design for the Fire Protection of Building Structures".
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Comments = e

1.1 and 1.2 Traditionally, the fire resistance of building structures has
been designed to meet the requirements of national regulations,
which varyv from country to countrv, or even from region to

region within a country.

The Recommendations give methods and criteria designed to meet
these requirements as an alternative to the standard fire re-
sistance test.

The regquirements generally specify the time of fire duration
during which the structure must fulfil its function. The re-
quired time of fire duration depends on many factors, such as
the type of occupancy, and the height and volume of the buil-
ding. In most countries the required time of fire duration is
expressed as the time the structure or structural element can

resist the standard fire.
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Art.

1.1

1.2
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SCOPE.

Objectives.

These European Recommendations specify methods and criteria for

the calculation of the fire resistance of load bearing steel ele-

ments and structural assemblies exposed to the standard fire.

Field of application.

These Recommendations are concerned with the structural behavi-
our of cased and uncased steel members under standard temperature
conditions.

Other types of construction such as composite structures (steel-
concrete) or alternative protection systems such as watercooling,
heat shields and suspended ceilings are dealt with slsewhere.

See Foreword.

The Recommendations give alternative methods and criteria de-

signed to meet the requirements of national codes and regulations.
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Comments

2.3.1
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The mechanical properties of steel given in 2.3 are

based on data obtained in The Hetherlands and elsewhere. This
does not preclude the use of new data, resulting in different
stress-strain relationships which of course will have an

effect on the critical temperature of beams and in particular

of columns.

It appears that the stress induced strains of steel start to

be affected by creep at temperatures over about 450°¢. This
means that, strictly speaking, in estimating the deformation
behaviour of steel at temperatures over 450“&; the stress and
temperature history should be taken into account. Using creep
laws formalated in [E] , such an approach has been worked out for
beams in [1]; Since the method of calculation is rather compli-
catad, and worked out so far only for beams, it has been decided
to give a more approximate methed for analysing the deformarien
behaviour. This method is based on the fact that, as is shown

in {4], [51, for practical purposes the heating rate does not
significantly influence the deformation behaviour of steel struc-
tures under fire conditions. This means that it is possible to
define stress-strain relationships in which, for practical appli-
cations, the effect of creep is included. The advantage of such
an approach is that the stress and temperature history need not

to be taken Iinto account explicitly.
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Are, 2 STEEL PROPERTIES AT ELEVATED TEMPERATURES.

2.1 Eteel qualities,

The steel properties given in this article are for steel quali-
ties Fe 310, Fe 360, Fe 430, Fe 510 as specified in the Eurcnorm
25=72. In all other cases the reliability of the given design
values must be demonstrated explicitly.

2.2 Density.

The density of steel is considered to be independent of the tem-
perature. In the caleculations the following value, wvalid for all
steel gualities, shouldbe taken: ﬂs = TA50 kquj.

2.3 Mechanical properties,

2-3.1 Stress-strain relationships for Fe 360

e O e —

The stress-strain curves for Fe 360, can, for temperatures in the
range between 20°C and 600°C be approximated by the curves given in
Fig. F.l.
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Comments -16~-

Most investigatiens of the mechanical properties of steel have
been made for temperatures up to about 600°c. Stesl properties
beyond 600°C are not so well known, but there is evidence that
creep becomes significant. On the other hand detailed knowledge

of the steel properties in this temperature region is not essen-
tial, since normally, critical conditions will be reached at

temperatures lower than 600°%. Consegquently no detailed 0-£
diagrams are given for temperatures beyond 600°C.

To apply the elementary plastic theory, the stress=strain curves
are cut off for a certain stress level, as shown by the dashed line
in Fig. c.l. This stress level is defined as the effective yield

stress, and decreases at increasing temperature. See Fig. r.2.

actual behaviour

curve adapted in
recommendations
| effective
yield stress 5-5,_5

——= slress

.
: |
] | v

0lE, 9 056 5 €
w2 Ey.-ﬂ:__.-ﬂ-_ strain

Fig. c=1: Simplification of the stress-strain curves of steocl

at elevated temperatures.

Tabulated values of the recommended stress strain relations,

are given in Appendix I to these Recommendations,

2.3.2 The recommended transformation is based on tne following assumptions:

= For a given grade of steel the reducticn in the affective

Yield stress at a temperature ".1'-5 is assumed to be the same
as for Fe 360,

o
. >
i.e. ¥ = _EL_' for all grades
¥, 20

= For any grade of steel the modulus of elasticity Er_\r at zero stress
is assumed to be equal to that of Fe 360 throughout the temperature

range.

FREE Download Publications www.eccspublications.eu



ECCS Publication = E. R. for the fire safety of steel structures

-1 7= Recommendations

ST o R =mE
S
A s 'I bl ettt -r;-:;-‘::—ii

== .;n;-i= =
:::;I.ua -i:.u_ =-:-. — I*.."-

b I s e T H e éii::ﬂl:!.u_.-. =T

Fig.r=-1: Stress-strain relationships at elevated temperatures

for steel grade Fe 360.

2:3.2 Btresg=strain ralatiahshlE: for other grades of steel,

O S Ol e - o s e e . e —— - i

For grades of steel, other than Fe 360, tha stress-strain curves
may be derived from the curves given in Fig. r.l by the following

transformation:
=

= — 2
0 =0 +¥0, ., = 235 [1/mm*)
ana

(T - 2315)
Emi® 4 ¥ —2ed 100 [+ ]
Et"-:l'
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The transformation is illustrated in Fig. c-2

46 =y (cy 20 - 235)

e L I | it ekt
Jl.‘:'l.l‘.r[ y20 :’m{j I.ds‘ g

E t lﬂ' FI..* E:

14

siress ¢ I'H‘:

in Nfnm? | | curve applying

T 1 to Fe 360
l : for a certain temperature
: | == == transformed curve for
L other grade of steel.
0 e

—» stran £ N %

Fig. e-4: Transformation of the stress strain curves for Fo 360

to other grades of steel (schematic)

The stress-strain relationships for Fe 310, Fe 360, Fe 430
and Fe 510 are given in Fig. c-3. Tabulated values are given

in Appendix I to these Recommendations.

TE {Mimm?) T & (Nimm?)
20 I I |-

280 a0 i-

20 | 240

200 |- s 200

160
120
a0
40

160
120
80
40 |-

fa} Fe 310 ibl Fe 160

Fig. e=3: Stress strain relationships at elevated temperatures

for various grades of steel.
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where:
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2
actual stress IHfmm ]
stress parameter applying to Fe 360 and [HfmmF]

g‘i.'h"En in Fiq-. ek

o
W
— . temperature dependent coefficient in accordance

Q

¥.20 tc2.3.3 and given in Pig. r.2.
nominal yield stress of the used steel at room
temperature as specified in Euronorm 25-72 [Hfmmzl
effective yield stress of steel at elevated
temperature [Hf““E]
actual strain [ v ]

strain parameter applying to Fe 360 and given [ % ]

in Fig. r.l

température dependent modulus of elasticity for
0 = 0 according to 2.3.4 and given in

Fig. x.3. [H’.rmz}
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2.3,

T

T & (Himm?) & [Mimm?)
& T = b1 H
INF 20 200
150
a0 - 175
2 280 300
240 250 |- s
Log
200 |- 200 |- 450
400 :
150 &0 wo |- f, 500
00
120 = e § 50
- 550 120 _:!- &
~ 600 - .
“0 iy
i | 1 1 L
1] 02 [+ 0a 05 %1072 01 02 0 04 as -1
—— —i=
(el e 430 ) Fo S10
Fig. c-3: continued.
3 Although for temperatures aover Eﬂﬂﬂb. no stress-strain curves

are given (cf£.

fully loses

Fig. r-1}), it can be shown, that steel only

its strength at temperatures of about 1000%. For

completeness the relationship between effective yield stress

and temperature in the region between 600 and 1000°C is shown

by the approximate extrapolation in Fig. r.2. This relation-

ship is, because of creep, only suitable for approximate ana-

lyses. More detailed analyses must be based on a proper creep

theory [2], [3}
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2:3.3
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mmmmmm sk e -

The effective yield stress decreases with temperature and may
-for all grades of steel- be approximated by the following

eguations:

0 < e < 600°%

s
o L
¥ = _L‘IE‘- = 1 4+ s
»
v20 g
767 iLn 17506
600°c < w_ < 1000°
v
108 (1- o}
uy“ 1000
Y= -
[n] -
¥20 e 440
where:
u?u = effective yield stress at elevated temperature
GyED = nominal yield stress at room temperatura
ﬁ; = steel temperature in "C
%o
Y = EL—- = temperatures dapendent ceefficient.
y 20
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2.3.4 Due to the curved shape of the Stress-strain relaticnships
at elevated temperature, the modulus of elasticity in fact

will be a function of thae stress. It is noted in this respect
that the recommended values anply to the tancent modulus for

an infinitely small stress,; vie.:

J

= 1im 3

O O

Jn.
m

Et"-"

Since the effect of creep must be analysed explicitly for
teamperatures over Eﬂﬂgb, Etur is not defined in this tempera-

ture range (see also comments to svdnl)s
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a
The relation between ——EEE;- and “i is given in Fig. r-2.
y20
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Fig. r-2: Ratio Y of the effective yield stress at elevated tempera-
ture to the nominal yield stress at room temperature as

a function of the steel temperature.

Modulus of elasticit

e

?

The modulus of elasticity for 0 = 0 decreases with temperature and
may -for all grades of steel- be approximated by the following

equation:
0 <v < 600%
E =2 (~17.2 x107 v s 11,8 x 1077 o L
A 3 B8
34.5 % 1077 “_.z + 15.9 X 1::1'5».1; +1)
[/
v > 600% : B__mot defined.
|~
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where:
E., = modulus of elasticity at elevated temperature for
g =0 Hfmm?
E = modulus of elasticity at room temperature
(= 2,1 x lﬂs H.-"mzl
w! = gteel temperature in %

The relation between Et

and “5 is given in Fig. r-3.
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2.4 The coefficient of thermal expansion of steel is a funcion of stoel
temperature. This is illustrated in Fig. c.4 for a practical
temperature range. The dashed line in this figure corresponds
to the equation:
' =g 2 =5 -4
gm0 x107w 4122107 v - 310 [m/m ]
If necessary this line may be used as an alternative to
the approximatien recommended in 2.4 and ranresentad by Lthe dashod
line in Fig. c.4.
2.5

The specific heat of steel is a function of steel temperature.

This is illustrated in Fig. c.5 for a practical temperature

range. The drawn line in this figure corresponds to the equa-
tion:

- -5 2 -2 o
g = 38 x 1077 v % 4+ 204107 w + 470 [3/%g"c]

If necessary this equation may be used as an alternative for the

fairly rough approximation as given in 2.5 and represented by
the daghed line in Fig. c.5.

12 1000
———— recommended 1 é"' —===—recommended
o ) = o 900} -
= alternative 2 ~ —alternative
£ a o 8OO
o8 (= /
.| - T 700 <
;%,. w /
T a > I 600
7 Hﬂ:,#’f
0z 50— F——=f~==g—-=—x
e
0 200 400 600 BOO

0 200 400 600 800

——= steeltemperature in°C

—ssteeltemperature in °C
Fig. c-4: Thermal expansion of steel

Fig. c-5: Specific heat of steel as a
as a function of the steel

function of the steel tempe-
temperature.

racure.
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2.4 Thermal expansicn.

The coefficient of thermal expansicn may, as an aporoximation, be con-
sidered to be independent of the steel temperature.
In calculations the thermal expansion, valid for all grades of

steel, may be defined by:

L Sl g
Ji—- = 1.4 x 107 LA [m/w]
where:
L = length at room temperature

1 e

AL = temparature induced expansion

| — ]

—
L]
L)

u-s = gteel temperature

2.5 Specific heat.

The specific heat may as an approximation, be considered to be
independent of the steel temperature.
In calculations the following value, valid for all grades of

steel may be taken:

e = 520 [J,-"'Rqac]

FREE Download Publications www.eccspublications.eu



ECCS Publication - E. R. for the fire safety of steel structures

F.d
|

Comments
3.1 Fig. ¢ shows the standard fire curve [!]

: =345 1095 (81.1)

8

[

f [ [ | i 1 i

&0 120 180 240 300 360
—— lime t {min.)

Fig. e-6: The standard fira curve.

1.2.1 The steel iz assumed to offer no resistance to heat flow and

therefore to be at a uniform temperature. The insulating mate-

rial is assumed to have negligibla thermal capacity and thoere-

fore tc have a linear temperature gradient between the fire exposed

surface and the inner surface next to the steal r!ﬂ. |:'l2_']1 The re-

sistance to heat flow between the inner surface of the insulating

material and the steel is assumed to be neagligible. Heat flow is

therefore calculated as one dimensional with a temporature distri-

bution as illustrated in Fig. c.7.

insulation
Sleel

ﬂmm_wgfz

N

Sleel-temperatlure

IR

—

Fig. e=7: Temperature distribution in insulation material and

steecl.
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=20= Recommendations

STEEL TEMPERATURE DEVELOPMENT LRMDER STAHDARD FIRE CENDITIONS

Ambient gas temperature.

The ambient gas temperature used in the calculations is the same
as that specified in IS0 B34 and given by:

wt - \:u} = 345 mgm (Bt + 1)

where:
t = time Ll:ni n]
o
v, = fumace temperature at time t e ]
o
w = furnace temperature at time t = 0 [ c ]
o

Heat flow characteristics.

A o o e e i e S B o P

3.2.1.1

The heat flow transmittad from the fire compartment to unit length
of the steel member is calculated using the follwing eguation:

q = = W/m

Q K.F. (9 el [. ]
whera:
Q = heat flow [wm ]

2o
K = coefficient of total heat transfer [?Hm Cﬂ
P = surface area of the merber per unit length
4
exposed to heating [m /m ]

L = ambient gas temparature at tima ¢ [nc ]

E
» = temperature of the steal member [nc ]
3.2.1.2

The coefficient of total heat transfer K has three components

and is given by :
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b=

x5

The recommended value of G, is based on experimental investiga-

tions of standard fire exposure as well as of natural fire

exposure.
The recomménded value of ﬂr i1s based on the Stefan-Holtzmann law

of radiation. The value Er will depend on the type of fire and
the position of the exposed member. The desiqgn value of Er
however, is an approximation which gives a conservative solution.
A more accurate evaluation of €, is given in [ﬁ]+

For heat transfer to members outside the facade sce [?], fa].
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Z o
K= : a [H,.l"'m ":]
1 . i
X
uc 2 I::"r i
whera:
i} = coefficient of heat transfer due to convection
[
from the fire to the exposed surface of the
20
menber [H.i"m L‘]
nr = coefficient of heat transfer due to radia-
tion from the fire to the exposed surface ;
&
of the member [#w/m c)
= thermal conductivity of the insulation -
:-ki e ¥ ['“j,m ﬂt i
material
d, = thickness of the insulation [h }

e ————— e

et i ———— P L

3.2:2 .1

For non-insulated members the eguation for heat Flow given in

3.2.1 reducos to:

3.2.2.2

The wvalues of u= and ur are as follows:

2 o
a_ = 25 [H,.-"m E]
5.77 €, : v, + 273 & v+ 273 ‘q] [wmz o)
o e v -V 100 100 '
wherea:

B ™ resultant émissivity of the flames, combustion gases and

exposed surface.
For the meaning of the other symbols see 3.2.1.

In calculations the following value for the resultant emissivi-

ty may be taken: Er = 0,5.
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3.2.3.1

S
g + Q0
value of _I___ Thus, for iﬁsulnied members the cnufficianﬁ of

In prnctic& the value of is small compared with the
total heat transfer (= K, see 3.2.1.2) reduces to § K = 'd_
For very small values of di/Al this simplification may laaditn
rather conservative solutions. A more precise analysis, accounting

for the effect of ur and Hc on the heat flew is then recommended.

Jeiduded

It is emphasized that the value of li is not identical with the
conventicnal value of the thermal conductivity as given in the
handbooks on heat transfer.

In general 11 will not only depend om the temperature of the
insulation but also on the deformation of the structural ele-

ment on which the insulation is attached, where cracks and/or
chinks may occur in the insulation material.

Type of material, thickness and heating rate play an important role

in this respect. For these reasons it is preferable to deduce an ef fec-
tive value of hi from the results of fire tests.

To allow for the thermal effects, small scale experiments with
unloaded test specimens exposed to standard fire conditions will
generally be sufficient. From such tests, for practical values
of di' the value of li can be determined over a range of tempe-
ratures of the insulation material by using the equation des-
cribed in 3.4,

To cover the effect of the mechanical behavieur, at least one
test on a loaded, fire exposed large scale member must be per-
formed. The test load is chosen as the design load at service

atate.

The range of 11 - values measured in the small scale tests may

then need to be adjusted in order to agree with the result of the

loaded large scale test.
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J.2.3 Heat transfer to insulated members.

- ——— R v . R — — ———

3.2.3.1.

For insulated members the equation for heat flow given

in 3.2.1 reduces to:

Ay
{.nqptﬂ-ﬂ;}

For the meaning of the symbols see 3.2. 1,

Jodedod

The value of lishuuhibe determined experimentally as a function
of the mean temperature of the insulation material, taking into
account the influence of the thermal and mechanical behaviour

af the insulation material under standard fire conditions.

FREE Download Publications ’ www.eccspublications.eu
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For a comprehénsive description of possible testing procedures,

see [ﬁ], [91, [1(]1 and [1..11.

3. 8:3:3

As explained under 3.2.3.2, 1.1. will norrally vary with the tempe-
rature of the insulation material. For practical purposes a mean
value,selected for a given temperature range, may ba used. Since
the mean temperature of the insulation material will be a func=
tion of the amblent gas temperature as well as the steel tempe-
rature, the mean value of .'-'u:L to be taken into account will de-
pend on the time the structure is required to withstand the

fire exposure and on the critical steel temperature conditions.

For some simplifying and ready-to-use information see [ﬁ} and

[10].

3.2.3.4

Some single values of }".L are given in table ¢.l. See also [-51,
h3]. It is emphasized that these are approximate and give con-

servative results.

FREE Download Publications www.eccspublications.eu
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3.2.3.3
A mean value of A,, selected for a given temperature range, may
1

be used in calculations.

3.2.3.4

Where no detailed information is available and only an Approxi-
mate answer is reguired, the calculation may be based on a

single value of A, , assumed to be walid for the whole tempera-
i

ture range.

FREE Download Publications www.eccspublications.eu
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Material Density Thermal conductivicy
Py Ay
kg/m° W/m°c
Sprayed mineral fibre 250 - 350 0.10
Perlite or vermiculite plates 300 - 800 0.15
Asbestos silicate sheets 8600 0.15
Fibre silicate sheets 50 = 900 0,15
Gypsum slabs 800 0.20
Mineral wool slabs 120 = 150 0.25
Cellular ceoncrete 600 0.30
Cellular concrete 1000 0.45
Cellular concrete 1300 0.65
Light weight concrete 1600 0.80
Clay brick, and lime brick 2000 . 1.20
Normal weight concrete (mainly amorphous 2200 1.30
aggregate)
Normal weight concrete (mainly crystalline 2200 1.70
aggregate )

Table c-1: Approximate values for the thermal conductivity of various

insulation materials under fire conditions.
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3.3.1 The equatiocn is based on the assumption of quasi-stationary,
one dimensional heat transfer, with the steel considered as a
heat sink, in which the heat supplied is instantly distributed

to give a uniform temperature.

The temperature development in the member is strongly influenced
by its geometry, represented by the factor F/V. This factor is
called: 'the section factor'. Table c.2? cives some desion values

of the section factor.

b += 24
J al flac steel exposed Lo r"fv ™ = 3 = i_ .-:@ g vl caxgaomed s o= ‘.I'...
- dl fire v all ey i d'.

.t_J:F: fire on all sidps d‘
] if g < {

l F | 1.h1 i 'n?l- 2
\a B felded flat ateel or gy Wt L 2 |
p/ g SRyulac Atesl swposed y ) z s b} T-section with P/ u
'\‘“ o fire on all sides —_R =i bax=reinforce- '.!Hh i
*
v iapplies to all opem sectione with umilore wall i Bant exposed fo —S— W
Ehickness) L& all sidos wliv] erou
I' S&CLiang
n b+ 24 .
4 h: c} flanga of an I-beas Fiy = e LT D
4 or channel section b . "' dt *
5 R T exposed to fire onm : il box=type wolded Ff =
t t all sides section exposcd o
e = to fire on all -~——tt* 4b
I = Bl LLTLTE BSr T
4} open section exposed Ffy = perimeter Lo BT ion
—_—  -— ta fite om all mides Stedl Cro@s Sectlion f
| TR
I B o+ 2d C R} opmm section P -
i 2] flat stesl capossd Lo Fiy = i e —-I r-- cHpadnd to [ife L'
N 1'__".::'." fLlre on thres sides b .4 - d’ OF three sides surface expo-
—td I Sed to firs
l' L steal cross
4 f) hollow section (with Ffy = — sOCt Lon,
_.:- - ™ unlfors wall thickaees d‘;
aleo corner” welded
seccion) exponed on
| all sides

Table c-2: Section factor I-'jv for non insulated steel members,
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=3109- Recommendations

calculation of the temperature development in non-insulated

membars.

Caleulation rule.

- - - - S A S -

The calculation of the temperature increase &ei of a non-

insulated member during a time interval At is based on the

following, simplified eguation:

a F

g B
in which :
o = uc + ur = coafficiont of heat transfer in

accordance with 3.2.2.

B specific heat of steel in accordance with
2.5
P = density of steel in accordance with 2.2
s
F = gurface area of the member per unit length

exposed to the fire
v = yolume of the member per unit length

W = ambient gas temperature during the time

interval At

W = steel temperature during the time inter-

val At

At = time interval

FREE Download Publications
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For convergence, the value of At should have an upper limit as
follows
2.5 x 107

F/V

at <
where At is expressed in seconds and F/Vv in m-l.
Table c.3 gives the temperature development in a steel mepber

as a function of the section factor for Er s 0.5 and es =values

varying with temperature as svecified in the comments on 2.5,

g = 0.5 sucklon Factor FA {--1]
Eima £ PaAsStEsg.
*, 1o 0 i 50 Loo 150 200 250 300
[min] [ [%]

o 20 L] 20 20 0 20 10 20 10 20
5 719 25 bitsal 225 3133 LET | 612 adid &4l 705
Ao Ba2 15 T Sd 637 T Bi4 B24 o9 CET]
45 302 143 552 03 fod ary 1] 053 B 5 JiG T
(] 945 %7 T B14 B4y aia G914 539 a0 a4
75 Lk EL 1] Eoe Ben B T 972 T4 975 TG
w0 1006 LEL I T o54 | o@s iy oo | woz | wea | rous

Famarkss - for sectlon factors F/v <10 t_' Ehe aspusption of a uniform tomperature distribution Scross the section

Bay be & grods approximstion.
= For awction factors F/v 3 3100 n"’ the caleulatod steel topperaturs i almost the saFe as Cha

JAE LeBperstuse.

“able c-3: Calculated temperature of non-insulated steel members as a
function of the section factor F/V and time ¢t “:r = 0.5,

At = 30 secs) .

3.4.1.1

If the recommended condition is meat, 1t can be ansumed that the
heat capacity of the insulation does not affect the heat flow
te the member significantly.
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3.4 Calculations of the temperature development in members with

light weight insulation.

4.4.1 Scope

3.4,1.1

The insulation may be considered light weight if the following

condition is met:

FREE Download Publications www.eccspublications.eu
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The values of c; and to a small degree, also of ﬂi depend on

the temperature of the insulation material.

Normally the calculations can be based on mean values selected

for a practical temperature range. Some values are given in

table c.4; these will give conservarive solutions,

For more precise calculations see [6],[10] ana [i3].

Material Density Specific heat
Pl <4
2
kg/m a/kg %c
Insulation materials on gili-
cate basis (vermiculite, per-
lite, mineral wool with bon -
ding materiall 250-900 1100
Gypsum boardsg BOOD 1700
Insulation materials with con-
crete basis, clay brick e00-2200 1200

Table c-4: Approximate wvalues for the specific heat.ci and the den-

sityiﬁ of isulation materials under fire conditinns.

3.4.1.2

a. Dry materials.

The heat flow in lightly insulated members using dry insu-

lation materials is essentially governed by the thermal con-

ductivity of the insulation material, represented by li' and

the steel temperature can be calculated as indicated in 3.4.2.

b. Moist materials,

Materials often contain water and are then termed moist,

Free water in the pores will avaporate at

FREE Download Publications
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a = gpacific heat of steel in accordance with
2.5

Py = density of steel in accordance with
2.2

v = volume of the member per unit length

€, = gpecific heat of the insulation material

Py = density of the insulation material

di = thickness of the insulation material

Fi = area of inner surface of the insu-

lation material ner unit length of the steel

membe

If the condition is not met, see 3.5,

3.4.1.2

mmendations

[3/xg °¢]

[ko/m” ]
[” /m
[3/xg °c]
[kara” ]

[m

Bmzfm

In calculating the temperature of fire exposed insulated steel

members the fellowing types of insulation material should be

considered separately:

= dry materials
- maist materials

= intumescent materials
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about 1ﬂﬂuc¥ Because water has a large latent heat of eva-
poration, most of the heat supplied to the material at about
100°¢ will be used for removal of the water and only a small
amount is available for raising the temperature of the ma-
terial. Consequently the temperature increase of a member
insulated with moist material will be delayed, the length
of the delay depending on the moisture content of the mate-
rial (see Fig. c.8). The effect of this phenomenon on the
temperature development in the steel section should be

taken into account separately. See 1.4.1].

Q!
(L

E. ambient gas lemperature

o #ﬂ.#’

— " 1‘.‘_-

. -
e ,—-’] sleel temperalure {moist malerial )

B0 7 steel temperature (dry material )

—= lime

Fig. c-B: Delay time 1:1“r in the temperature increase of a

steel member insulated by a moist insulation

material.

For a material like plaster the situation is more comnli-
cated, since water of crystallisation is also present, which
will be removed at temperatures higher than lﬂﬂuﬂ. depending

on the rate of heating.
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c. Intumescant materials.

When an intumescent material is heated, it swells up to

form a foam-like layer or meringue which provides thermal
insulation.

The thickness of this laver may vary during fire exposura.
Consequently it is not possible to define the thermal con=
ductivity by 11.

Instead, the insulation capacity of the material can be ex-
pressed in terms of an effective difli value for each nominal
thickness of application. See also 3.4.4.

The assumptions ara the same as those in the comments o5 3.3.1.

Design values of the section factor are qiven in table -5,

F
Description section factor ( 1/V)
contour encasement of uniform cerimeter
thickness steel cross seccion

h{ dij  hellow encasement of uniform s {54.]11]
thickness steel cross section

contour encasement of uniforp
thickness exposed to fire on surface exposed to fire
threa sides, steel cross section

Table ¢-5: Section factors F/V for insulated steel members.

In tables :.Eal to t:.nE.r'fI the temperature development in a lightly

insulated stﬂgl menber is given as a function of the section

factor and -ri:-- .

i
The specific heat ci was variedwith remparature as maggested in the
comments to 2.5. The effect of the heat transfer by radiation

and convection is, approximately, accounted for by taking:

with nr and nc as recompended in 3.2,2.2. See also the comment

te J.2.3.1.
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Calculation rule for dry insulation material
Using dry insulation material, the calculation of the tempe-
rature increase .E!:"I*E of a lightly insulated steel member during

a time interval At is based on the following, simplified

equation:
e
d F
i i o
.ﬂ.‘ﬂ‘ = - - i "
5 . p v El":’.'l.'. I"’\5'-' ac £C ]
- -
where :
.'-'-.i = thermal conductivity of the insulation material
in accordance with 3.2.3 [H,.-"m n{:‘ ]
d, = thickness of the insulation material [m ]
€. = gpeclfic heat of steel in accordance with 2.5 [.‘_lfkg “r;]
Py = density of steel in accordance with 2.2 [kg,-"‘mj :|
Fi = area of the inner surface of the insulation material
per unit length of the steel member [mz.-"m ]
L] = yolume of the steel memher per unit length [mafm ]
'-&t = mean ambient gas temperature during the time
interval At [°c ]
'-?E = mean steel temperature during the time inter-
val At Enc ]
At = time interval [smﬁ
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Wwhen a constant value of li can be estimated, these tables
enable a guick determination of the steel temperature.
The tables can also be used to estimate li, from test results.
Used in this way —Ii— ineludes any affects of an initinml
moisture content. 1
dif 4= 0,01 -
/ %o mection factor F /v |m '1
12—
"
Lime © | gQastesp.
1o 20 10 LT 100 150 200 250 1 150 400
|min| |°t|
o 20 0 70 20 0 30 20 0 20 20 30 10
15 738 & 13 155 210 173 a2 540 5l 023 647 665
L] az 139 259 iz2i 451 B35 721 Ta% THE B HIDO G
F13 902 s wo | 469 615 780 337 B B3 U 803 Bl
&0 P45 280 467 | sa7 731 066 G4 910 925 e 933 W34
75 G379 L0 559 | gaz BiS 922 S48 954 9L 966 a6 G959
40 1006 426 637 | 758 BTE | 63 i 9y Guy 95 597 T
105 1029 487 705 | o0 ger | w94 §00G T Lo 1020 1ozl T
170 1049 542 ez | an 965 (1020 |09z 1036 1019 Tty waz | 1041

{a)

Table ¢-6: Calculated temperature of insulated steel members
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as a function of the section factor EiIU, thickness a

and thermal conductivity of insulation material,

alid time © (AL = 30 peus).

1

-

i
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=40-
Al Sy = D05 =i
2 o section factor F /v |= |
I.l ":I ’.
=
time E qasteng.
Ve 10 20 i &0 ion 150 20 150 300 150 A0
|min] I%¢|
] 20 0 20 20 20 70 b1 20 20 10 i 1]
15 139 1] (1] T hi4 iod 199 s el 4a) ALY ]
ig 42 A iz 153 226 T 467 540 505 616 i 695
a5 902 Wi 167 210 130 505 (¥ (LR 712 67 1932 mil
(] a5 129 an 200 471 Bl 716 760 ] 049 066 ang
75 18 (1] 273 35l 499 (AT 791 B50 A P04, 921 g1
4 1006 191 122 413 L1 62 sl G902 gl REE!] SE0 QA
105 1029 221 160 477 &I 017 ool o043 967 ETT o9 | 097
L0 1049 251 £11 527 &O0 T o440 27 a7 ioog 1014 1021
(]

dif A 0,1 .
4 %-n «10 grction Factor F /v | m I|
=5
i
time & | gastomp.
> 1 20 k1] S0 1060 150 100 50 og 150 Al
jmtnl | %]
1] 20 20 0 20 30 k1] i 20 20 Fii ] 20 I
15 1% 12 43 54 i 126 172 212 249 Fl ) ny 40
1] [iE L1 T4 iy 146 247 127 153 447 491 £31 Shd
i% %032 65 1a7 146 26 153 454 5265 Sl Gl4 &r Tan
60 945 CH) 140 192 201 445 545 611 E90 733 %7 191
75 L] 103 172 217 143 £2]) 617 ELE YA LISV FS @7 [IETi]
0 L 126 P kL] L] ] £01 T 19 029 005 (] G410
10% 1035 119 238 ¥ 445 L49 V52 1 ] aTAa P L] 211 L LE ]
120 loag 158 260 159 498 i) Hig 7 a9 a47 6T il
Table ¢-6: continued. i<}
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I TLF — e e
d]'-"ll:il- = 0,2 secblon factor F Fy !n_ll
) i
£
H L — e - b -
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Table c-6: continued
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The approach is illustrated in Fig. ¢-B (See comments to 3:4.1.2)

The design values of tu are approximate but give conservative
solutions. The use of table r-1 can be illustrated by the follo-

wing example:

Assumptions:

A steel member is insulated by a light weight insulation mate-
rial. Moisture content: p = 10% by weight; 11 w 0,20 W/'m QE:
P, = 500 In:q,.fm!-

The delay time t for an insulation thickness of dL = 0,02 and
0,06 m.

Solution:

P A - a 2 3o
i 2 _ _10 . 500 (0,02) jof o g E €
0,2 . 1000 g

From table r-1 =v = | minute

P-@ d2
For dl = 0.06,the parameter ; i lﬂ2
Jo 1N
m C
egquals to 9 —w - The corresponding delay time is:

t¢ & 17 minutes

Decign values for the moisture content are given in table c-7.
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3.4.3 Calculation rule for moist insulation materials.

- - - —— -

with moist insulation materials, the calculation of the tempara-
ture increasa ﬁﬂs ig based on an equation, similar to the one

under 1.4.2 with the following modification:

At a steel temperature of 100°c, a delay in the steel tempera-
ture rise is calculated to allow for evaporation of moisture,
The delay time t [min] may be determined by using table r-

where @
P s poisture content [1 by wulght]
a4, = insulation thickness [m ]
3
Py = density of the insulation material [ kg/m ]
i
P, = density of water (= i1C00) [ kg/m ]
11 = thermal conductivity of the insulation mate-
o
rial as specified in 3.2.3 [ W/m C ]
p'ﬂi‘ﬂf 2
T 5 x 10 4 a8 12 16 20 24 28
i W
3o
=™ “crm|
t, Imin] § 15 25 30 40 50 S5

Table r-1: Design values for the delay time tg

In calculating the temperature develcpment, the delay in tempe-
rature rise due to the initial moisture content may be taken
inte account up to a moisture level corresponding to the hygros-

copic equilibrium moisture at a temperature of 20°C and a rela-
tive humidity of 40w,
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Material - Density Hygroscopic eguilibrium
dl moisture content

[kg/w’] [e ¢ by weight]

Sprayed mineral fibre 250-350 1,0

Perlite or vermiculite boards 300-800 15,0

Asbestos silicate sheets 800 5,0

Filbre silicate sheets 450-900 3,0-5,0

Gypsum boards BO0D 20,0

Mineral wool slabs 120-150 2,0

Cellular concrete 600 2,5

Cellular concrete 1000 2,5

Callular concrete 1300 2.5

Light weight concrete 1600 2,5

Clay brick, sand lime brick 2000 0,2

Normal weight concrete (mainly 2200 1,5

amorphous aggregate)

Normal weight concrete (mainly 2200 1,5

crystalline aggregate)

Table c-7: Approximate values for the hygroscopic equilibrium moisture

content of various ifinsulation materials.

A more detailed analysis is given in [9], from which the de-
gign values have been darived.

.
j.4.4 Due to possible discontinuity in tne penaviour of fire exposed iLutu- i
mescent materials,; extrapolation siiould be uwsed witiy ceutlion. In the
light of present knowledge it should not be assumed that an intumescent
material woula survive for any significant time beyond that already
shown to be satisfactory by a test result. In addition, the insula-

tion provided may not be directly proportional to the coating thickness.
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3.4.4 Calculation rule for intumescent materials.
Using intumescent materials as insulation material, the calcu-

lation of the temperature increase ﬁ'h is based on an Equstian
i

i

similar to the one given under 3.4.2, with the value of T

derived directly from tests as described in 3.2.13.2.
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3.5.1

3.5.2
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Tha thermal capacity of the light-weight insulation materials
normally used today is very small compared with the thermal ca-
pacity of the steel member. In such cases the equations in 3.4
can be used.

If heavier insulation with greater thermal capacity is used, the
quantity of heat stored in the insulation should be taken into
account when the rise in temperature ﬁi; is being calculated. The
effect is covered, approximately, by the equations specified in
this section.

The use of heavy insulation material is exceptional nowadays
since good insulation can be relatively sasily achieved with
light-weight materials,.

For these reasons, the approach recommended for heavily insula-
ted members is more approximate in that no differentiation is
made between dry and moist materials. With respect to the ther-
mal properties of the insulation material it will hormally be
sufficient to use mean values over the temperature range. (See

3-2-313 l-nd 3-2-]1-111
If the thermal capacity of the heavy insulation material is not
taken into account, the calculated steel temperature will be

over-estimated. Thus, if the equations given in 3.4 are used, the

result will be conservative,

See comments on 3.4.1.1.

Sea also [5}.
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Calculation of the temperature development in members with

3.5
heavy weight insulation.
3.:5:1 Scope
If the condition in 3.4,1.1 is not met, the member is
considered as heavily insulated.
L. Calculation rule.

O O - - - T

The calculation of the temperature increase ﬂ“ﬁ of a heavily in-
sulated steel member during a time interval At may be based on

the following, approximate equation,
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1.5.3.

=Gi=

Since the equatien specified in 3.5,2 gives rise to fair-

ly complex calculations, an alternative, approximate method for
determining the temperature development in a heavily insula-
ted steel member is given.

It is emphasized that the method is te be used only for standard
fire exposure. For a comprehensive discussion of this me thod

see [15], [16].

The following example illustrates the method:

Steel members are insulated as shown in Fig. c.9. An
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L8
d I A=
i i 1 t
by, = e .[:1+£]. (0, - v) . Ae =1 [%e]
and
d F
ok 1P1" s
4 Esp:v
where
11 = thermal conductivity of the insulation ma-
o
terial as specified in 3.2.3 [Wiw “c ]
di = thickness of the insulation material [m ]
e, = gpecific heat of steel in accordance with
5 & [0/kg “c)
p. = density of steel in accordance with 2.2 ﬁtq!mj 3
¢1 u gpecific heat of the insulation material [qfkg ncﬂ
”1 = density of the insuvaltion material [quml J
2
[-"1 = area of inner surface of the insulation material [ml.."'m ]
per unit length 3
v = volume of the member per unit langth [n /m ]
“1 = megan ambient gastemperature during the time
interval At [nc ]
w; = mean steel temperature during the time inter-
val At [®c ]
At m time interval [uun
Lwi = increase of the ambient gastemnerature during
the time interval Ot [nc J
3.5.3 simplified rule

The temporature development in heavily insulated members may

be approximated by a simpler calculation method, using the

egquation for ﬁu; as specified in 3.4.2. In this equation the thermal
capacity of the steel (c_p_v) is then increased by one half of

e
the thermal capacity of the insulation material ( i 1§ i 4 k.
It follows:
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insulation af 50
50 mm concrete is assumed. tdi = 0,05 m)., It is

further given that:

& = 1200 [a/xg °c]

c, = 520 [9/xg °c]

p, = 2200 [ka/m” ]

Py = 7850 [kgfml ]

i‘.i = 1.7 [W/e “c ]

—= = 100 [im ]
Required:

Steel temperature after 1 hour standard fire exposure on all

gides,
l-l-l---l—|—'-‘
i
i
: i
3

A T

L - L

dj
Fig. c-9: Insulated steel members.
Solution:

From the data given:

G
e p._ = 4.1 x 107 < 2 . -
S 8 Ei & di S

B

= 26.4 x 10

So, as defined in 3.5.1 the steel member is consideraed as
heavily insulated.

The equation given in art. 3.5.3 can be written in the form:
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o i
Aw_ P lv, = )

For the meaning of the symbols sees 1.5.2
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e
A
d e p F
i B B i
A = (v = v ) At
o s ps Ea ﬂs ¥ cl I::"i di Fi v . "

2V

Apart from the factor between the Sjuare brackets this equation
is identical with the equation for lightly insulated membars.
For this example the factor is given by:

o

“s Ps " 4.1 4 10 il
e, P,4,F 26.4 :
& ﬂ3+ L 174" 4.1 + r 10

2V

S0, using the equation for lightly insulated members, the effect
of the thermal capacity of the insulation can be taken into
account by simply medifying the value of the section factor:

F
{——i- ) = 0.38 x 100 = 38
v mod.

d
Using this value and 11 = ﬂing = 0.03, gives by linear interpolation

i
o a,;hb
for £ = 1h : 1; = 495" ¢C (cf, tables c-6"'")
If the thermal capacity of the insulation is not taken into account

than the equation in 3.4.72 gives
for t =lh : ¢ = 740°%C  (cf. tables c-g2P)

For other approximate methods by which the effect of the thermal

capacity of the insulation can be taken into account, see

[13].
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4.1 In many cages it will not be necessary to give a complete des-
cription of the deformation behaviour in order to meet the re-
gquirements. In such cases only the failure conditions have to
be determined. The elementary plastic theory (limit state design)
can then provide simple solutions.

In tha IS0 standard B34, the design load (dead lcad + characte-
ristic live load) is considered to act on the structure through-
out the fire This may lead to unduly conservative requirements,
since it can be shown that the probability of the occurence of

a fully developed fire while, at the same time, the full charac-
teristic load is present, is only very small. This is especially
true for live loads. The possibility of reduction of the live
load during a fire should be considered [l?] [IH].

For reasons explained in the introduction, a theoretical ana-

lysis based on the specified parameters, gives lower critical tenpe-
ratures than those measured in conventional fire tests.

From a practical point of view, this cannot be accepted. In the
caleulation method therefore, rules are given to assure consis-

tency between both approaches (sec 5.3 and 5.4).

4,2.1 Since the steel properties givenin2.3 are used, the effect of
creep is included implicitly.

Methods are available to determine the deformation behaviour of

astatically determinate and indeterminate beams, explicicly
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Art. 4 STRUCTURAL BEHAVIOUR AT ELEVATED TEMPERATURE

4.1 Principles.

The required performance of a structural element is defined in terms
of a partiecular failure criterion. This eriterion may be either a
limit on deformation or the capacity to support a given load.

In determining the structural behaviour of fire exposed steel mem-
bers, the following principles of structural mechanics are taken

ints acoount:

= equilibrium

- Bernouilli's thEﬁzem*}

- compatibility theory, resp. yield eriteria and associated
flow rules.

In general the following parameters are taken into account:

- material properties as stipulated in 2

= ambient gas temperatures as stipulated in 3.1

- characteristics of the heat flow from the fire to the mem-
ber as stipulated in 3.2

= steel temperature, calculated as described in 3.3, 3.4 ox
3.5

= the mechanical load considered to act on the structure during
fire; in confirmity with IS0 standard 814 [l]. this load is
assumed equal to the design load (e.g. dead load + characte-
ristic live load).

- static system.

4.2 Deformation behaviour
_'_—-*._—
4.2.1 Basis cf cnlculatiun

---------------- ——

The analysis of deformation behaviocur should be based on the steel

properties given in 2.3 and 2.4,

e e Ll

FPlane during the deformation.
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taking into account the effect of creep [3] [ﬁ] Such methods,
giving a more accurate description of the deformation for tempe-
ratures over about 4EﬂnC. may be used as alternative to the
method specified in 4.2.1.

4.3.1 and Elementary plastic theory cannot be used where instabili ty

4.3.2 influences the lead bearing capacity significantly.

4.4 The specified buckling curves at elevated temporatures are derived
from the ECCS buckling curves at roomtemperature [14] . The latter

curves are given in Fig. ¢-10 in non-diménsional form.

- 10 Oq
Hl:l"
0.8} a
]
Il
0L e
d
0.2
L [ 1 1 L il i i i

0 02 0.4 06 08 1.0 1.2 1.2 1.6 1.8
—

Fig. ©-10: ECCS buckling curves at room temperature.
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4.1 Ultimate load bearing capacity

4.3.1 Basis of calculation

T

If elementary plastic theory can be used at normal temperatures,
it can alsoc be used to calculate the load bearing capacity at

elevated temperatures.

4.3.2 dditional rule

-_— I T o e e e

If the condition given in.4,3.1 isnot met, the reliability of the method

of calculationmust be demonstrated explicitly (sea however also 4.4).

4.4 Buckling curves at elevated temperatures,

In calculations, the dimensionless buckling curves, valid for all the

specified steel grades, are given by the following approximate equation:

= o M +base tl-0.2 %% 3 N 28 .
Mo [ =y o z/flm.ma{:-.-u.zh A7) -4k

for A > 0.2
and
-
cr?-- p for < 0.2

where:

= dimensionless buckling load at elavated temperature,

W = EE_H = temperature dependent coefficient given in Fig. r-2
(sea also 2,3.3).

A
A = -:?=f=5 = modified slenderness ratio,
T ——

ﬂyzﬂ
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In Fig. c=10 the dimensionless buckling load ﬁc: is defined

as the ratio of the buckling stress -::IL_”‘__:,_,,:1 to the nominal

value of the yield stress at room temperature 0O 20 and is given

as a function of the modified slenderness ratio ). The choice of curva
4 to d depends on the type of cross section and the manufacturing
process. These curves can be described by the following general

expression:

o 2 2
W =—cr20 _ lsa (X -0.2)4%° _ 12 J[uq (3=0.2) +X ] _4T2

& Gon oT* %

The coefficient o (dimensionless) varies with the selectad curve

and values are given in table c-8,

ECCS buckling curve a, B b c d

o 0,125 0.206 | 0.339 0.489 | 0.756

Table c-8: Buckling coefficient @ for various types of cross section.

At room temperature -and for a certaipn value of 0- the dimen-
sionless bucklinglead is thus a function of three parameters,
viz.: the yield stress u? 2+ the Youngs modulus E and the

L

slenderness ratio ).

Deriving the specified buckling curves at elevated temperatures,
it has been assumed that tha equation is similar to the cone
above for room temperature i.e,;:

2

a =\
cre _ lsa Xy -0.2) + X, 1 4 -z]z

5 | +ax {Tw 0.1+ e 4‘:2?

'ﬂw El-i 2 Tw -
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Recosmendations

nominal yield stress of the steel at room tempe-—

effective yield stress of the steal at elevated

modulus of elasticity of steel at room temperature

the dimensicnless buckling curves are presented graphically,

{rmn i
B :
BHTH b
i
St PRy
ST g
feHH ¥ $
‘;.;':iz:
T
sanmnl
.“: il
i i
B ] e
S [
3 arrarrrfem =t fu
i i

B2 hitias het

+LEE
=1 0

with
ﬂcr*‘ = buckling stress at elevated temperature
Ton: ™
rature
d
W
tempearature
A = slenderness ratio at room temperature
E ]
+
(= 2.1 x 10*° N/mn?
In Fig. r=-4
. s 3
|r‘l| mn l?l = ke
HE i
FFEEE i PR it 13
iR
Hilh : :
TR FEH
o et EEE ELE L i
FTTEREEEE PR T
H '

H
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S
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H FE &

o e
maadas
T

Fig. r-4: Dimensionless buckling curves at elevated temperatures.

FREE Download Publications

blicati



ECCS Publication - E. R. for the fire safety of steel structures

Comments =70=-

in which the suffix ¥ means that the value of the parameter in guestion
applies to a steel temperature 'ﬂ"i. As a hypothesis, it is furtcher
assumed that the effect of ¥, on the value of X can be quantified
by substituting temperature dependent values for the yield stress lu?“}
and the modulus of elasticity IEt*}I in the equation for the modified

slenderness ratio X, viz.:

) RS,
= Uw
i
or o '
S
o
y20
Iu- - X
L
E
£ T
Since both and -—ﬂ?——,..“:,- in a similar way with the

y20
steel temperature (cf. art. 2.3.3 and 2,3.4), it follows, as

a good approximation:
1'“ = )

Consequently:

a a
cr".'f'_ cr2i -

ﬂ:l"‘"' ﬂ}"iﬁﬂ' L+ 5
. g Ew
It follows that the buckling load W__ (= ﬂ—c-— ) at elevated
temperature is given by: ye0
o .
W ™o T = IR |
cr ?20 or or

The subsegquent equation for the buckling curves at elevated
temparature is then obtained:

=]

2
o .H 142 r‘Ln.zJJ o

| 22 Y
cr :-'IE 52 \4 140 (A=0.2)+) ] -4} 2‘

It is emphasized that the buckling curves in this way are derived

for centrical loading and bifurcation buckling. They do not
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take into account other types of Instability and axial restraint.
Therefore, the room temperature "c' curve of Fig. =10 has been used
as the basis for the elevated temperature buckling curves recommended

in 4.4. This corresponds to a value of 0.489 for a.

The recommended elevated temperature buckling curves are in good
agreemeant with the results of recent full scale tests carried out
in Belgium and Denmark [25] . [IE] - It should be noted however, that
at the moment it does not seem possible to carry out an analytical

determination of the buckling curves based on the stress strain

relationships specified in 2, 3.
The reason is that there is insufficient understanding of the other

factors which influvence the stability of columns at elevated tempe-—
ratures, such as the unloading characteristics of steel and the

effect of residual stresses and geometrical imperfections.

4.5 Since neither in practice nor during tests [19] has failure been
caused primarily by the behaviour of connections, it has been da-
cided to omit specific design rules for connections eXposed to fire.

If bolted connections are used for insulatedsteel members

the bolts should be as well protected as the member. This

will normally lead to a local increase of insulation thickness
as illustrated in Fig.c-11 [19]

Fig. c=11: Increase of insulatieon thickness at a bolted

connection,
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4.5 Connections.

No analysis of the behaviecur of the connections is needed if the

following conditions are met:

= the design at room temperature is based on authorized rules
- the insulation covering any fastener is at least as thick

as the insulation on the adjacent steel member.
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The load considered to act on the structure during a fire is
discussed in the comments on 4.1, It should be noted that to
conform with the ISO £34 standard fire resistance test, the
load has to be equal to the degsign load (dead load +
characteristic live lcad).

The limit states given hera correspond to the limit states
used in a standard fire resistance Eest; as may be elucidated as

follows,

Strictly speaking, only the limit state of failure is significant
and corresponds to an infinitely high rate of deformation. During
tests however, it will often be difficult, or even impossible,

to decide when the deformation rate is "infinitely high" because

of difficulties with the loading equipment or a limited depth of the
furnace. However, a maximum permissible deformation rate can be
defined which will be on the safe sSide. The limiting rate fre-
quently used for beams is:

2
a2 fn/v]
where:
§ = max. deflection [am ]
| 3 = span Dwm ]
hx = height of the steel section Eﬂm I
t = time D‘ ]

The limit state of deformation has been added to avoid impractical
situations in which actual failure occurs at extreme deformation,

Under such circumstances it must be quastioned whether adjacent
structural elements can still Fulfil their function and/or spread

of fire to other rooms can still be contained. Obviously the actual
value by which the deformation is limited has an arbitrary character,
More generally the recommended deformation criterion can be expressed
as:

2 (1]

.

800 h
X
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LIMIT STATES AND CRITICAL TEMPERATURE.

Limit sctates.

Definition.

I L

A limit state is considered to be attained if it may be assumed

that certain, well described functions can no longer be fulfilled
by the load bearing element or structural assembly,

Limit state of !Eélurﬂ.

The limit state of failure is reached when the load bearing
capacity of the structural load bearing element or structural
assembly decreases to the level corresponding to the load considered

to act on the structure under fire conditions.

Limit state of deformation.

TN N N e e o B s o e e e e e e

) R B

The limit state of deformation should be considered to boe attained

if the maximum deflection exceeds w%a~ th of the characteristiec
dimension of the structural member under consideratien [see

Fig. r=5).

Jelede2

If it can be demonstrated explicitly that a limit to the defor-

mation is not justified on functional grounds this criterion may
be dispensed with,
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whare §, L and h:-: are already defined above. For a practical range
of the span-to-height ratio (that is to say 15?-ﬁ-*} 25) this genera)

criterion tends to % > f%-tcf. - e ) ”

The combination of the criteria:

2
dd [
a = “T5h_ [mm/n]
and 12
6 2 800h_ (]

is known as the Robertson-Ryan criterion and is used for beams and

glabs in fire tests. For columns such criteria are not relevant,

In an analytical approach, confined to structural steelwork, it is

prore convenlient to use the criteria as given in 5.1.2 and 5.1.3,

If the analysis is based on a determination of the complete de-
formation behaviour (4.2), both the recommended failure and de-
formation criterion can easily be checked.

If the analysis is based on a determination of the ultimate load
bearing capacity (4.3), the deformation will generally be unknown.
Consequently the deformation cannot be checked using such analysis.
However, for practical values of the height-to-span ratic of
structural steel members and if no membrane forces are involved,
it is not necessary to check the deformation criterion, since in
these circumstances it can be shown that the collapse criterion
and the deformation criterion lead to practically the same fire

resistance,
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. .
R p— I
L A ] |

(a) (c)

characteristic dimension: (a) = L
(bl = h
(e} = h (lateral deflaction)

L ({verzical deflaction]

Fig. r-5: '"Characteristic dimensions' referred to in 5.1.2.

B.2 Definition of the critical temperature.

The critical temperature of a load bearing steel element or
Structural assembly is that temperature at which the limit
state of failure is expected to be attained,
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The rules given are based on the assumption of a uniformly distri-
buted temperature over the length and the cross-section of the

heam, Moreover; the nominal value of the yield stress iz adopted.

As explained in the Introduction, calculations based on such
assumptions give substantially lower critical temperatures than

those measured in conventional fire tests. See also the comments

on 4.1. Since this discrepancy is unacceptable in practice., a load
multiplier ¥ is introduced, which allows for, approximately, the effect
of both a non-uniform temperature distribution and the discrepancy
between nominal and actual yield stress. This is discussed more

fully in [22], which is the scurce of the recommended values of K.

The factor © will be egqual to one for statically determinate beams,
gince it can be assumed that there will be no redistribution of moments.

Far statically indeterminate beams howsver: G.i 1.

The following example illustrates the determination of critical

temperature .

Assumptions.

- - -

Consider a uniformly loaded beam as shown in Fig. ec=12.

-
------- -

a. critical temperature of the beam if the design at room temperature
is based on the theory of elasticity.

b. critical temperature of the beam if the design at room temperature
is based on the theory of plasticity.
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Critical temperatura of beams.

Basis of calculation.

W E e e e i e =

If the analysis can be based on a determination of the ultimate
load bearing capacity according to 4.3.1, the critical tempera-

ture of beams is dorived using the temperature dependent coefficient

d
¥ (= _u."f"'_. ) according to the following rules:
y20

Calculation rg!g§=

5.3.2.1

If the design at room tomperature is based on the theory of elasti-
city, the limit state of failure is given by the following equation:

= a |
?-.&_E_Eﬂ_ {,,__E...]
% ™ ur!ﬁ
wherae:

L 4 = temparature dependent coefficlent specified in 2.3.3 and
given in Fig. r-2

L& = factor > 1, representing the plastic reserve of the beam

due to redistribution of moments

W = glastic section modulus

A = plastic section modulus

q' = load considered to act on the beam during fire and specifiaed
in 4.1

qu = yltimate elastic load at room teémperature

(4 = load maltiplier in accordance with 5.3.3

':'yur = gffective yield stress at elevabed temperature

“yzu = pominal yield stress at room temperature

5.3.2.2

If the design at room temperature is based on the theory of

plastiecity, the equation given in 5.3.2.1 reduces to:
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static system t

_— ]

collapse mechanism

: -
moment distribution at faflure i Hp Fﬁ\i fﬁi]
My v

gat? R A
-zl_;:ql ey

_F

alastic moment distribution

Fig. c-12: Structural behaviour of a uniformly loaded beam
with built-in support conditions.

Eolution :

ad a2 Design condition at room temperature : (theory of elasticity)
2
1/12 qii =W . Dy:ﬂ ----------------------------- (a)

Failure condition at alevated temperature

9 s
1/Bg™ =22 . 0 e e e

Combining (a) and (b), and introducing the load multiplier K :

o L& B gt
Uﬂzg 453 * L " 9g

“
Note that the factnr-i-is. in general, denoted as €., Thus in this

example : @ -'-% = 1,33,

Z
Taking . = 1.15 theri & W% G858 .
- 'As . A
EFEG qa

*
For a certain value of .d—_, k¥ can ba obtained from table r-2,
qt‘
LI
Thus, 3xzh = ¥ can be calculated and the corresponding critical
¥
temperature can be obtained from Fig. r-2.
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qp = the ultimate plastic load at room temperature,

E.3.3 Load HultiElinr K for beams.

ER=l R T P S, S ap—_p—

———

The load multiplier ¥ is a function of the load level and the

static system. Design values of ¥ are given in table r-2.

T =
Load level . B roap. -
qi
o, ¥ G, 3 o, d o,% 0,8 0,17 [ 0,0 i, O
Bracically determinated boam 0, ik 0,83 o,8s% 0, ma 0,90 0,81 0,95 0,90 i ;00
Statically imdeterminsted
beas with one tedundancy 0,60 0,6% a,%m% 0,75 0,80 0,8% 9,90 .04 1,00
Braticslly indstarsinated
Loas Wwith two o @ore re=
dundancies 0,40 0,40 0,55 0,63 a,70 0, T O, w8 0,93 1,00

Table r-2: Design values for the load multinlier K.
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Design condition at room temperature : (theory of plasticity)

1/8 ﬂlF LE = 22 g i e e - ———— - e — -]

Failure conditions at slevated temperature :

x 2 - e e
1/8qg L™ =22 ﬂwa_ (d)

Combining (¢)}] and (d) and introducing the load multiplier x,

B e
920 W%

Tahle c=9 shows the value of 0 in combination with the critical tempe-

rature for some practical examples. | E'" 1.15}).
kg kg
factor —i— resp. - ST
G o
static svstem 0,3 0,4 0,5 0,6 0,7
1 =

3 19 statically determined
5 - -
: E"‘: SISkt 585 540 490 430 360
g 5§23 i
g statically date-mined 605 565 525 475 425
= = - - = ==
- statically indeter-
e by mined
& -
- U
"] - .
$| 3 o= 1,00 $EEEEDN [ a0 e0s  s35  sas  swo0
2 { 3 )
v e ke
E -5 o= 1,0 § R | 805 565 525 475 425
3 >
H b
2 8 §£EE:E%_
s 5 B= 1,47 650 615 590 560 535
n
- 3 i I
3 = 1,12 e 615 580 545 505 465

B@= 1,47 -EEEEE. 650 Bl15 5590 260 235

Table c=9 : Critical temperaturs of beams
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It is common practice to specify the performance of a fire
exposed column in terms of the result of a conventional fire
resistance test,in which the test specimen is centricly loaded.
It has been decided therefore to give approximate rules for
calculation the critical temperature in these circumstances.
Rules which implicitly take into account the statical sys-
tem involved are given in Appendix II.

For further information on the elevated temperature buckling

curves see the comments on 4.4.

Column failure is assumed to occur if the design load at elevated

= —
t t KN 1s th iti
emperature (= equals @ critical buckling load {"crﬂfh'uyzul‘
ie.xN =W AC
S cro " y20
From 4.4
H::'r"# = THE‘:
Tharefore:

: v
K N ¥ .
N=¥ N Ao,

With N = N
cr

er* A “y?ﬂ' the specified calculation rule can be derived

easily,

The following example illustrates the determinatien of the critical

temperature ;

AsnumEtinns:

- e s A . A e

Consider a column in a braced frame, with the following specifications:

grade of steel : Fe 360
profile : HE 200 A
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Critical temperature of columns classified according to standard

fire resistance test conditicns of loading.

anin of calculation.

- S . . -

The critical temperature of columns, under the loading con-
ditions of the standard fire resistance test, may be based on
the buckling curves specified in 4.4. Under these conditions
the critical tamFe:ﬂturﬁ is given by the temperature dependent

coefficient ¥ ( = -—EELH-H ) according to the following rule,
Y. 20

B B . e o e e

The limit state of failure is given by the equation

e N (m “yw )

: Noe %20

where:

¢ = temperature dependent coefficient specified in 2.3.3 and
given in Fig. r-2,

K = load multiplier given in 5.4.3,

N> = normal load considered to act on the column during
fire and specified in 4.1.

Hcr = ECCS buckling lecad at room temperature corresponding to
the so called c-curve(= hil??ﬂ'ﬁ;rj'

with:

A = cross section area of the column

ﬂ?zn = nominal yield stress of the steel at room temperature,

E;r = dimensionless buckling load at room temperature.
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From the design at room temperature:

A = 100 (see however also 5.4 .4)

N® = 400 kN

= i o - ———

KRR ]

Mote that HY 2p = 235 Hfﬁmﬁliqrade of steel:Fe 360) and calculate Xi:

100

p - 1.07
I ;}!. 1x10

235

Substitute this value of A in the specified equation for

the dimensicnless buckling load at room temperature and

obtain:
N_. = 0.50
3 2
With A = 5.38 x 107 mm~ (HE 200 A) and

2
uy?ﬂ = 235 N/mm" :

N__ = 5.38 x 10° x 235 % 0.50 = 632 kN

With N = 400 W and K = 0.85 {see 5.4.3) it follows for ¥

0.85 x 400
632

¥ = = 0.54

For ¥ = 0.54, Fig.r-2 gives acritical temperature of 4EU“E.

Note that this value of the critical temperature can also be obtained
directly from the buckling curves given in Fig. r-4 for

3
— 0.85 x 400 x 10
Mo = 3 = 0.269 and A = 1.07.
5.38 » 107 = 21%
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' 2 2 2
140,489 (3-0.2)+% ] -4}

wheéra:

a _ _1+0.489 ¢ o2y & T

cr - T 2 2 IE
for A > 0.2

=} o

cr =
X = modified slenderness ratio

A

=
v ==

y20

A = slenderness ratio at room temperature, in accordance with
5.4.4

E = modulus of elasticity at room temperature

(2.1 x 10° N/uwm’) .
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Table c=10 qiva: the critical temperature as a function of

2
the factor ,.{%___
‘er
=
:" 0.3 0.4 0.5 0.6 0.7
cx
v 585 540 490 430 160

Table c=10: Critical temperature for columns classified according
to standard fire resistance test conditions of loading.

Tha load multiplier ¥ varies with the leoad level and the
static system [?2]*but because of the other approximations,
a single value for ¥ has been adopted for calculating the

critical temperature of columns.

The specified slenderness ratio depends on the fire resis-

tance test procedure. In some countries columns are tested under
pin ended support conditions, which means that the buckling
length {8 equal to the system height of the column. In other
countries there is one fully built-in and one pin ended support
condition so that the buckling length equals 0.7 system height,
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£.4.3 Load multiplier for columns .,

P ——— e e e L ]

In calculations the load multiplier ¥ may be taken equal to 0.85,

,d.4 Slendernass ratio.

e — ———

In caleulations the slnnﬁernesu ratioc A should ba the value,

specified in the standard fire resistance test procedure,

FREE Download Publications www .eccspublications.eu
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APPENDIX I: Tabulated values of stress strain relationships at

elevated temperatures.

In tables A*lhtn a—f’num&rical information is provided on stress strain
relationships at elevated temperatures for steel grades Fe 310, Fe 360,
Fe 430 and Fe 510, For an explanation of these relationships see section

2.3,

The use of the tables may be illustrated by reviewing the astress strain
curve for Fe 510 at 500°C (see table nridj.

2
- gffective yield stress : GF* = 175.6 N/mm

- gffective yield strain : Ey# = 0,544 %

This combination of stress and strain determines the point at which

~for increasing strain- the curve is horizontal, For strains smaller than
= the corresponding stress can be read from the table. E.g. : for

Y-
€= 0.4, =028%, it follows : 0O = 141.1 N/mer .
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APPENDIX II: Critical tnmaﬁraturu of columns in frames.

I1-1 Motivation.
The standard fire resistance test does not provide a realistic input for
the design of steel columns under fire conditions, which are generally
loaded by both axial force and moment and have variable restraint
conditions. In a lavel 1 design i.e. a pure classification system of
components connected to the standard fire, the rough approximation of the
complex structural model by a simplified fire test is acceptable, because
the required fire resistance generally accounts for a large safety margin
and the classification system is supported by many years of experience,
However, in more advanced levels of design, the column test becomes
questionable as the uncertainty of the structural model may become too
large in comparison to the fire development and heat-flow models.
The deficiencies of the standard fire resistance test have certainly
stimulated the development of analytical methods, which potentially give
better possibilities to achieve solutions with greater economy and more
uniform safety. For steel structures, this development has now arrived at a
poeint which enables an anlytical fire engineering design to be carried out

in most practical applications. As an alternative for the calculation rules

given in 5.4 which are derived for standard fire resistance test conditions
of loading, the following, still simplified method for assessing the critical
temperature of columns in frames, 1s therefore recommended. Distinction is

made between braced and unbraced frames.

II=2 Critical temperature of columns in braced frames,

II-2.1 Basis of calculation.
The critical temperature of columns in braced frames may be based
on the buckling curves specified in 4.4, taking into account the
average stress only. Under these conditions the critical temperature
is given by the temperature dependent coefficient y
aQ
(= *—-EILEL— ) , according to the following rule,
y .20
The critical temperature derived in this way should not exceed ESDﬂC.
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In faet, the eritioal temperature will be a.function of both the
normal foree and the moment distribution. Since tha interantion

of normal force and moment distribution at elevated temperatures

i8 not very well known, simplified rules are given, derived for
centrie loading (see also 5.4). If the stresses due to the normal
force are small compared to the etresses due to the bending moments,
unrealistio high values for the aritical temperature may be caloula-
ted. T'o avoid this, an upper limit is recommended for the caculated
value of eritical temperature. For further information on the ele-
vatad temperature buckling curves gee commentis om 4.4,

11-2.2 Calculation rule.

- e - -

The limit state of failure is given by the same equation as specified
in 5.4.2. For the load multiplier ¥ and the slenderness ratio A to be
adopted sea II-2.) and II-2.4 respectively.

For information and a caleulation example see the commenta
on 5.4.2.

I11-2.3 Load multiplier K for cc-.'&u“run!i in Ermdugramg.

In calculations the load multiplier ¥ may be taken equal ta 0.85.

Sge comments on 5.4.3.

II=2.4 ‘_.iiendg rness rgtin .

The slenderness ratio should be taken equal th the value used in the
design at room temperature, unless it can be shown that under fire

exposure more favourable conditions hold. \
|

Initially the fire will oceupy one room and in general it is
likely to be limited to one storey. Consequently the structural
memberes adjacent to the colum wunder comsideration will rematin
relatively cold. If the colum is rigidly conmected to the ad-
Jacent members, calculations show that the asswmption of built-
tn end conditions can be assimed. This eanmmot be assumed at room
temperature when it is wusual to base the elenderness ratio on
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a system length of the column equal to the colum length. Thus,
under fire conditions a smaller slenderness ratio may occastonally
be taken inte account. See aleo Fig., II-1. For a coliem on

the top floor, this condition will not generally be met as

far as the conmection of the colum with the roof girderas is
soncerned: at the top, the colum itself and all the adjacent
members are normally affected by the fire in a similar way.
Consequantly, at the top of the colwm, a hinge must ba assumed.

rigid core .

NS00
A

fire exposed
i | column |
!
'.-.F
B

\

|

. o — 4

{a} {b) {c)
section through the building room tempe- elevated temperature
rature

mode of deformation

Fig. II-1: Structural behaviour of columns in braced frames

(schematic)

I1=3 Critical temperature of columns in unbraced frames,

I1-3.1 Basis of ca!gglating.

The calculation of the critical temperature of columns in unbraced
frames should be based on a full analysis of the structural behaviour
at elevated temperature, taking into account possible effects of frame
instability. In the absence of such an analysis, a critical temperature

of 300°C should be taken. See however II-3,2,

A theoretical analysis of the structural behaviour of fire
exposed unbraced frames would be complex especially 1f frame

ingtability to involved. So far, there only has been some

FREE Download Publications www .eccspublications.eu



ECCS Publication - E. R. for the fire safety of steel structures

=) =

limited investigation in this area [21], which indicates that
second order effects can significantly influence the atability
behaviour wunder fire conditions. For this reason, a low eritical
temperature has been recommended, if a full analysis 18 not
carried out.

II-3.2 Calculation rule,

In the case of unbraced frames with no more than two storeys the
critical temperature of the columns may be determined by applying

the rules given in II-2.
The rule is based on the fact that, wunder the specified

eondition, frame tnetability will be of minor importance. The
eolums will mainly be loaded on bending.
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cross section area of the steel member
modulus of elasticity of steel at room temperature

tangent modulus of elasticity of steel at elevated

2
temperature for 0 = 0 N/mm

fire exposed surface per unit length of the steel

membd

fire exposed arca of imer surface over the insulation

matorial per unit length of the steal member
coefficient of the total heat transfer
plastic momant

normal load considered to act on the column during

fire
ECCS-buckling lead at room temperature

dimensionless ECCS-buckling load at room tempe-=

ratura

dimensionless buckling load at elevated température {-

heat flow

mechanical resistance

mechanical action effect

volume of the steel member per unit length
elastic section modulus

plastic section modulus

flange width of the steel member
gspecific heat of the insulation material
spacific heat of steel

thickness of the insulation

web or flange thickness of the steel member
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h = height of the column, storey

hx = height of the steel member

1 = length, span of beam or frame

p = moisture content by weight of the insulation
material

x

g = load considered to act on a steel member during
fire

q, = ultimate elastic locad at room temperature

qp = yltimate plastic load at room temperature

t = time

tfd = required fire duration

tes = fire resistance

l;‘,‘r = delay time due to moisture caontent

A = difference, interval

C) = factor > 1, representing the plastic reserve of
a4 beam at room temperature due to redistribution
of moments

¥ = temperature dependent coefficient equal to the
ratio between the effective yield stress at ele-
vated temperature and the nominal yield stress
at room temperature

o = coefficient of heat transfer

or = coefficient in the ECCS-buckling curves dependent

on the type of cross section
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coefficient of heat transfer due to convettion

from the fire to tha exposed surface of the member

coefficient of heat transfer due te radiatieon from

the fire to the exposed surface of the member
maximum deflection

horizontal deflection

lateral deflection

actual strain

strain parameter applying to Fe 360

strain at which the effective yield stress at
elevated temperatures is reached

resultant emissivity of the flames, combustion

gases and exposed surface
critical steal temperature
initial ambient gas temperature
steel temperature

ambient gas temperature at Eime t

load multiplier < 1, {ntroduced in crder to assure
consistency between the analytical approach and

conventional fire tests

gslenderness ratio at room temperature

modified slenderness ratio at room temperature
modified slenderness ratic at elevated temperature
thermal conductivity of the insulation

density of the insulation material

denszity of steel

density of water

actual stress

stress parameter applying to Fe 60
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ﬁcrzﬂ = ECCS buckling stress at room temperature

s = ECCS buckling stress at elevated temperature
ﬂ}_m = nominal yield stress at room temperature

U&..‘,, = gffective yield stress at elevated temperature
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