LUND UNIVERSITY

Characteristics of fire exposure - with particular reference to steel structures

Pettersson, Ove

1985

Link to publication

Citation for published version (APA):

Pettersson, O. (1985). Characteristics of fire exposure - with particular reference to steel structures.
(LUTVDG/TVBB--3034--SE; Vol. 3034). Department of Fire Safety Engineering and Systems Safety, Lund
University.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/819dfa5f-f325-41ee-aba1-49595c347b84

T R
Wm . M“.Wv%mw. wa

=

S

-

-
S

R

i

5

-
-

o

(\\iﬁ%‘wﬁwﬁ

i

o
v
-

\¢.

i

-

w

o m...u
@%

e
L

-
7
s

i

i
o

o =
S
-

i

.

-

S

5

-
ks .w//

-

.

=

i .%wr .

o
G

i
%W%%m ww:
o

N

-

A
i

w«m

I

.
i

.

o .,m“w..
L

i mwv -

.






INTRODUCTION

The following presentation specifies the thermal characte-
ristics of the compartment fire exposure and the standard
fire exposure as a basis for an analytical fire design of
load bearing structures, particularly steel structures.
The connection between the two types of exposure is dealt
with according to the concept of equivalent time of fire
exposure, given in an approximate as well as in a more

accurate form.

The document was drafted for and included as Chapter 1I
and Appendix A in the "Design Manual on the European Re-
commendations for the Fire Safety of Steel Structures”,
Publication No 35 of the European Convention for Construc-
tion Steelwork (ECCS), Brussels 1985. The Design Manual
was prepared within ECCS Technical Committee 3 by a draft-
ing group with the following membership: J. Witteveen,
chairman; L. Twilt, secretary; S. Bryl; J.P. Favre, [J.

Kruppa, M. Law and O. Pettersson.



II.

IT.1

FIRE EXPOSURE

Terminoclogy

The following terminology is used to describe different

types of fire:
A real fire is a developed fire din a ©building, in-
fluenced or mnot by an extinction system and/or fire

brigade action.

An experimental fire is a test fire with specified

characteristics and may be small scale or large scale.

A design fire is a fire with a specific thermal expo-
sure, to be used in a structural design. If the thermal
exposure is given by the standard temperature-time
curve according to the IS0 Standard 834, the design

fire is the standard fire. TIf the thermal exposure

simulates a real fire in a fire compartment in a simp-

lified and idealized way, it 1is a compartment fire.

Such a fire <can be specified either by the wvariation
with time of the heat flux to an exposed structure or
structural member or by the variation with time of the

gas temperature in the compartment.

Introduction

As stated in chapter I, there has been important pro-
gress during the last ten years inm the development of
computation methods for analytical structural fire
engineering design. For steel structures, this has
reached a stage where an analytical design can be car-
ried out for most practical applications on the basis
of either the standard fire or a compartment fire which
takes into account the combustion characteristiecs of
the fire load, the ventilation of the fire compartment
and the thermal properties of the structures enclosing

the fire compartment.



In spite of this development, the standard fire resis-
tance test still predominates internationally as the
basis for fire classification and design. That is the
main reason why the ECCS-Recommendations are limited,
in first place, to an analytical determination o¢f the
fire resistance o¢f 1load bearing steel elements and
structural assemblies thermally exposed to the standard
fire.

Where analytical structural design for & compartment
fire 1is concerned, this can be carried out either by a
direct use of the time variation of this exposure or,
moere Youghly, by applying the concept of equivalent
time of fire exposure, which relates the compartment
fire to the standard fire. This concept can give an
improved clagssification for fire ranking or grading of
structural elements, when integrated with a probabilis-

tic model, and taking into account, [1]~[12]:

* the uncertainties of the numerical values of the in-

fluence variables (stochastic variables),

* the uncertainties of the prediction models for the
heat exposure and the thermal and structural re-

sponse,

* the probability of occurrence of a developed fire -
depending on the compartmentation, the fire brigade
action and an automatic extinction system, if auny,

and

* the consequences of a structural failure - depending
on such factors as the occupancy, the height and
volume 0f the builiding and the dimportance of the
structure or structural member to the overall stabi-

lity of the building.



I1.2

The following presentation opens with an cutline
description of the main characteristics of the fire
load with examples of fire 1load statistics found in
recent investigations. The mwain part of the chapter
then deals with analytical models for the design fire
exposure with reference to the compartment fire, the
standard fire and the concept of egquivalent time of
fire exposure. The presentation concentrates on the
standard fire and the equivalent time of fire exposure,

to match the ECCS-Recommendations.

Fire Load Density

Ordinarily, the fire load in a compartment is defined
as the total quantity of heat Q released on complete
combustion of all combustible materials, contained
inside the fire compartment, inclusive of furnishings,
surface material, linings and coverings on walls, roof
and floor as well as the load bearing and non-load bea-
ring structure or structural members. Divided by a cha~

racteristic reference area, Q gives the fire load den-

sity g. Most countries use the floor area A as the
reference area, while some countries use the total
interior area A of the surfaces bounding the fire
compartment, inclﬁding all openings. The alternative
use of the bounding area A originates from the fact
that this quantity is a funda;ental parameter in the

heat balance of the compartment fire.

The two versions of the fire load density are given by

the formulae

a

9e = Af Zm\}H\J (I1-1a)
q, = 5 ImH (II-1b)
t
where
qf = fige load density, ©per wunit floor area (MJ =x

m )3



q = fire load density, per -unit area of bounding
‘ surfaces (MJ x n 7,
moo= total mass of combustible material (kg),
Hu = cal?rific value of combustible material (MJ x
kg ),
Af = floor area of the fire compartment {(m ),
A = total interior area of the surfaces, bounding
¢ the fire compartment, including all openings
().

The calorific values of some s0lid, liquid and gaseous

materials are given in table II.l1l.

For a fire compartment with a guaranteed permanent use
and fittings, the design value of the fire load density
can be directly determined according to equation II-1I.
Sueh an individual survey 1s worthwhile doing if the
fire load statistics for the relevant type of fire com-
partment have a large coefficient of variation. The
‘deterwmination may, however, result in certain drawbacks
in the event of future alterations and rearrvangement in’
the building. It is therefore more convenient to deter=
mine the design fire load density on the basis of sta-
tistical dinvestigations for the type of building or
premises in question. Such statistical investigations
have ©been carried out in several countries for dwel-
lings, offices, administration buildings, schools,

stores, and hospitals - cf., for instance [13]1-119].

Table II.2a gives an example of fire load statistics
according to recent Swedish investigations [153], [16].
The reported values are instantanecus values, referred
to unit area of the surfaces bounding the fire compari—
ment and determined according to equation II-l1b. The
table gives the average value, the standard deviation
and the charactetristic value, defined as the 0.8 frac-
tile wvalue, as authorized in the Swedish Building Code

at present [20]. In addition, table II.2b gives the
corresponding characteristic wvalue of the fire load

density qf per unit floor area {21)] , based on the



results of the same statistical Ssurvey. Roughly, the
values of the fire load density given in tables II.Z2a
and b are on the same level as corresponding values,
obtained 1in German, Swiss [13], [14), [17]and US fire
load surveys [18], [19). This is illustrated in table
IT1.2¢c [13], which gives the average value and the stan-
dard deviation of the fire load density qf per unit
floor area from a very comprehensive investigation car-
ried out by ECCS for various types of fire compartments

in office buildings.

As a rule, complete combustion of all combustible mate-
rials im a fire compartment does not occur. This can he
allowed for by using the following relatiomships for

the fire load density:

1

qp = K; Lu m B (I1-2a)
q, = ?i-ZuvmvHv (IT-2b)
where
. = a fraction between 0 and 1, giving the real degree

of combustion for each imndividual component of the

fire ioad.

The non-dimensional factor H)varies according to the
type of fuel, its geometrical properties and position
in the fire compartment, and the fire envirconment (heat
flux and duration of Ttheating). Bookcases, stacks of
papers and floor <coverings are examples of fire load
components whose real degree of combustion 1is usually
low, and whose R}values consequently are well ©below
unity. At present, there is a lack of experimentally
verified u, values for a range of fire environments so

that, normally, formula II-2 cannot be wused. A test

apparatus and a test procedure for evaluating u, in one
specific environment are described din [1] and [2] ,
which include comprehensive lists of values, determined

for various materials, under this condition. A more
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I1.3.1

differentiated procedure for determining1%, which takes
into account the porosity of the fire load and the tem-—
perature~time curve of the design fire is presented in
{13) and [14]. The procedure is iterative and primarily
applicable to stacks of papers in cabinets. However,
the wvalues of the fire load density reported in tables

IT.2a-c generally assume “v= 1.

Analytical Models of Design Fires

Counpartment Fire Exposure

In practice, it is the Ffully developed regime of the
compartment fire which significantly affects the beha-
viour of the load bearing structure or structural mem-—
bers. The essential influences on this part of the fire

process -~ the post—-flashover compartment fire - are

* amount and type of combustible materials in the com-
partment (fire load),

* porosity and particle shape of the fire load,

* distribution of the fire load in the compartment,

* amount of air per unit time supplied to the compart-
ment,

* ppometry and openings of the compartment, and

* thermal properties of the structures, enclosing the

compartment.

For given combustion characteristics of the fire load,
the variation with time of the heat flux to an exposed
structure or structural member or the gas temperature-

time curve of the fire compartment can be calculated
for an individual compartment from the energy and mass
balance equations with respect to the size, geometry
and ventilation of the compartment, and to the thermal
properties of the enclosing structure [15], [16], [20] ,
[22] -{33]. These compartment effects are characterized

by the so-called ‘"opening factor”, Aw Vhw/At, and

w
the mean height of the ventilation openings and Kf is

the coefficient, Kf, where Aw is the area and h



given in table II.3 for different thermal properties of

the enclesing structures.

As a simplification, post-flashover <compartment fires
can be divided into two types of behaviour -~ ventila-

tion controlled or fuel <controlled, {22] . PFor the

first type, the combustion during the active stage of
the fire is contrelled by the ventilation of the con=~
partment with the burning rate approximately proportio-
nal to the air supply through the openings of the fire
compartment and not 1in any decisive way dependent on
the amount, porosity and particle shape of the fuel,
For the second type, the cowmbustion is mainly control-
led by the properties of the fuel (fire load) and 1is
largely independent of the air supply through the ope-
nings. The boundary between the two kinds of compart-

ment fires is not clearly marked.

The practical use of the analytical models developed
for the post-flashover compartment fire is facilitated
by access to well documented computer programmes - cf.,
for instance [30]. A closed-form approximation, arrang-

ed to suit hand-calculations, is presented in [31].

The ability of the models is illustrated in figure 1I.1
and II.2. In figure JI.1l1, a set of full-line curves 1is
reproduced from a Japanese fullwscale test, showing the
temperature-time curves of the combustion gases at dif-
ferent points in the fire compartment [34]. The dash-~
line curve shows -the corresponding temperature~time
relationship calculated by applying the amnalytical

model derived in [25].
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Experimentally determined time curves of the gas tempe-
rature at different points 1in a fire compartment
(full-line curves) [34] , compared with a theoretical
curve caleculated according to the analytical model pre-
sented in [25] (dash-line curve). Fire load densiy gq

= 140 MJ x m—z; fire compartment with opening fac-
tor A VR /A = 0.0467 ml/z and bounding

struc?ur:s Ef concrete ficor, concrete roof and walls

made of hollow concrete blocks

Fig. II.1.

Figure II.2 shows the variation with time of the aver-
age gas temperature inside the fire compartment, mea-—
sured in full-scale tests performed at the Fire
Research Station im UK [35], compared with the corre-
sponding curves obtained by the analytical model in [25]
— wf. [27] 4+ The figure alsa illustrates, for one of the
tests, the proportions between the terms in the emergy

kalance eguation of the fire compartment

% =@ b o A o I1I-3
t qg qE qR ( )
where &t = rate of heat release by combustion inside
the compartments, ég = rate of heat loss by convec-—
tion through the opénings, ¢ = rate of heat 1loss

through the bounding walls, floor and ceiling, and



10

C TEMPERETURE

. e EXPEREMENTA L
1000 4 - h
: = THEOREYICAL ok g

8004

G 0t

4G

290

Experimental variation with time of the average gas
temperature inside a fire «compartment (full-line
curves) [35], compared with corresponding theoretiéal
curves calculated according to the analytical model
presented in [25] ({(dash-line curves). Fire load density
g = 3} (test P), 62 (test D), 124 (test N) and 248
ME ® m“2 (test L1); fire compartment with opening
factor 4 Vh /A4 = 0.12 ml/2 and bounding

structurgs gf goncrete floor, refractory concrete cei-
ling and walls of common brick. The time curves for the
different terms in the energy balance equaticn for test

D are shown at the right [27]

Fig. TII.2.
qR = rate of heat loss by radiation through the ope-
nings. Generally speaking, the results shown verify

that the applied analytical model is adequate for the

simulation of experimental full-scale fires.

The available analytical models and compotel programmes
for the post-flashover compartment fire ©provide the
basis for a systematized design. The gas temperature-
time curves Btut in figure 11.3, [15], [16], [20], [25] ,
are an example of such a design basis for use in an
analytical design of load bearing structures and parti-
tions exposed to a compartment fire. The curves are
approved by the National Swedish Board of Physical
Planning and Building for general practical applica-

tion. They apply to a fire compartment with surrounding
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structures, made of a material with a thermal conducti=-
-1 c -1
vity A = 0.81 W x m x C and a heat
b -3 o -1 .
capacity pcb = 1l.67 MJ 2 m x C which
has Kf = 1.0, 1i.e. fire conpartment type A. Such a
surrounding material corresponds roughly to an average

of brick, concrete and aerated concrete.

The gas temperature—time curves in figure IL.3 Thave
been computed from the energy and mass balance equa-
tions of the fire compartment under the following simp-~

lifying assumptions:

* the combustion of the fire load takes place entirely
within the fire compartment,

% the fire process is ventilation controlled,

* the temperature 0 is uniform within the fire com-
partment at any time t,

* the coefficient of heat transfer for the internal
surrounding surface 1s uniform over each iadividual
part of the surface at any time t, and

* the heat transfer to and through the surrounding
structures 1is one-~dimensional and except window and
door openings, uniformly distributed for each type of

structure.

The consegquences of the assumptions are analysed in {15],
[27] and[36], verifying their reasonableness as a basis
for the calculation of the load bearing capacity of

fire exposed structures and structural members.

For fire compartments with surrounding structures, who-—
se thermal properties are different from those of fire
compartment, type A, an effective fire load density
qt and an effective opening factor

(AWVH;/At)f can be used in the heat balance,

calculated from the real fire load demnsity qt and the

real opening factor A Vh /At as follows([15),][16],
w w
[20] :

9 . = K_ g (II-4a)
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(A Vh /A ), = K_A Vh /A (II-4D)
w o ow ot f fw w ot
where the coefficient Kf is given in table 1II.3 for

seven types of fire compartment.

The gas temperature-time curves illustrated in figure
I11.3 are applicable to fire compartments of a size re-
presentative of dwellings, ordinary offices, schools,
hospitals, hotels and libraries. For fire compartments
with a very large volume =~ for instance, large indust-
rial buildings and sperts halls - the curvés give an
unsatisfactory description of the real fire exposure.

For such types of buildings, it is confirmed by theory

1200 - r AVR/A,20.0am!/2
AYE/A 2 0.02m!/2 '

100G - - 944:500 MJ/m?

800 - Q42250 MJ/m?

600
400
200
i 2 3 4 5 [ | 2 3 4 5
Time (h)
1200 - AJR/A=0.08m /2 - AVh/A 202 mi /2
000

94: 1000 MJ/m? Q1500 My/me

8060
600
400
2001+ \ :
3 ] S i A E— ] ==
| 2 3 4 5 6 I 2 3 4 5 6
Time (h)

Example of gas temperature-time curves & -t of the

post~flashover compartment fire for different values of
the fire 1load density q and the opening factor
A Vh /o . Fire compartme;t, type A ~ from autho-
r?zedewzdish Standard Specificatiomns [20]

Fig. II.3.
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and experience [37) that flashover will frequently not

occur. This pre-flashover compartment fire can give a
iocal fire exposure to a structural member - for in-
stance, a beam, 4a column or a frame -~ more severe or

less severe than that assumed for the post-flashover
compartment fire dilliustrated in figure IX.3. At pre-
sent, there is no validated amalytical model or design
basis available for a determination of the fire expo-
sure, which can be generally applied to fire compart-

ments with a very large volume.
Standard Fire Exposure

In the majority of countries, the national requirements
for fire engineering design of load bearing structural
elements and partitions are directly related to the
standard fire resistance test. In the design, the
results of the tests have to meet the corresponding
requirements specified in the building codes and regu-

lations.

Fire resistance tests are carried out according toc na-
tional specifications which vary only in minor details
from country to country. In principle, the test condi-

tions are in conformity with IS0 Standard 834 [38].

In the test, the specimen is exposed in a furnace to a
temperature vrise, which 1is —controlled so as to vary
with time within specified 1limits according to the

relationship:

B -8 = 345 log10 (8t+1) (I11-5)

t = time, in minutes,
o
8 = furnace temperature at time t, im C, and
t 0
& = furnace temperature at time t=0, in "C.
0

The temperature-time curve given by equation II-3 1is
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shown in figure II.4 forvr 8 = ZOOC. For comparison,
the figure also includeg a set of curves giving the
average gas tenperature inside the fire compartment,
obtained in full-scale tests carried out at the fire
trest station at Maizieres—les~Metz for four different

fire lcad densities 1in a room with an opening factor

TEMPERATURE
(°c)

1000 j ‘
//1' ; ISO CURVE __
| : et

4y 6o kg /m2

300

"———._,____-

100

A oL
i ; . ; |
5 o % 20 25 30 35 40 45 50 55 &0

TIME (min}

The standard fire according to equation II-5 (IS0 cur-
ve), compared with the time curves of the average gas
temperature determined im four full-scale experimental

fires characterized by the same opening factor A

w

vhih /A = 0.157 and a varying fire loag den~
W t

sity qf = 15, 20, 30 and 60 kg wood per m floor
area [39]. Corresponding gire load density qt = 45,

60, 90 and 180 MJ m , respectively., Compartment
with bounding structures of floor and one wall of light
weight concrete, three walls of common brick and cei-

ling of refractory concrete - walls and ceiling insu=-

lated on the inside by a vermiculite based plaster

Fig. II.4.
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A VR /A = 0.157 n [39]. The curves
w o w ot
demonstrate that the thermal exposure 1in an experi-
mental fire can deviate considerably from the thermal

exposure in the standard fire.

Internationally, the standard fire resistance test is
considered to be one of the most thoroughly understood
test methods. In spite of this, the test can be criti-
cized, In its present form, a number of features are
not clearly defined. These include the theating and
restraint characteristics, the environment of the fur-—
nace, and the therwmocouples for measuring and regula-
ting the furnace temperature. Consequently, a consider-
able variation may arise in the value of fire resist-
ance measured for one and the same structural member,
when tested in different laboratories, because the fur-
nace characteristics and the support and restraint con-
ditions of the test specimens may be differeunt. See for

instance [40] and [4&11.

The important progress, noted during the last ten years
in the development of computation methods for an analy-
tical structural fire engineering design, enables fire
resigtance to be determimed by calculation for many
practical applications. Consequently, more and more
countries are accepting analytical classification of
lcad bearing structural elements with respect to the
standard fire as an alternative to testing. Aan impor-
tant purpose of the ECCS-Recommendations is to stimula-
te more countries to accept this classification method
officially and teo facilitate the practical application

of the procedure.

Irrespective of the fire resistance being determined
analytically or by a test for a thermal exposure accor-
ding to equation II-5, it is important to remember that
the standard fire resistance test does not represent
the real fire exposure in a building nor does it mea-
sure the behaviour of the structural element as a part

of an assembly in a building. What the test or the cor-
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responding calculations do 1s to grade structural ele-
ments and the building codes and regulations then
require different grading levels of elements according

to the circumstances.

The grading levels required depend on such 1influences
as the occupancy, the building height and volume and
the importance of the structure or structural element
for the woverall stability of the building. QOne of the
factors included is the severity of fire exposure which
might occur, specified as the standard fire duration
td. This was first quantified by Ingberg who derived

the relationship

t ~Q/A = (11-6)
T

which is still the basis of most current regulations.

In later work, the importance of the ventilation and

geometry of the compartment was also gquantified, as

described in section II.3.3.

When applying the standard fire duration td, it is
essential to remember that it is only a test duration

and not a real fire duration.
Equivalent Time of Fire Exposure

The concept of equivalent time of fire exposure was
introduced as a way of relating a compartment fire
exposure to the heating according to the standard fire
- equation II-5. The concept can be used in practice,
for instance, to give an improved <classification for
fire ranking or grading of structural elements. In
principle, the equivalent time of fire exposure is
defined as that length of the heating period in a stan-
dard fire which gives the same, critical effect on a
structural element with respect to failure as the com-

plete process of the compartment fire.

For steel structures, two alternative forms of the con-
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cept are given in the literature. The most simple one
gives the equivalent time of fire exposure t as a
function only of the parameters influencing thee fire
process. In a more developed form, the effect of the

structural parameters is also included.

A simple formula, giviang the equivalent time of fire
exposure as independent of the structural parameters,
was derived in {42] and [43] for protected steel struc-—
tures as follows: A reference element was chosen, with
thermal characteristics such that for a given experi-
mental fire exposure it would attain a maximum steel
temperature of a fixed value, e.g. SDOOC. The equiva-
lent time of fire exposure t was then determined
over the temperature—time cuive of the standard fire
for the same element to attain the same steel tempera-
ture. By repeating this procedure for different experi-
mental fires, an empirical formula was obtained giving
t as a function of only the fire load and the pro-
pgrties of the fire compartment. A similar, but genera-
lized approach, based on the compartment fire exposure

illustrated in figure 1II.3, as presented in [44] and

[45], gives the following approximate formula:

5 (min) '
A VD (I11-7a)

in which g ¢ is the effective fire 1load density per
t
unit area of the surfaces bounding the fire compartment
-2
(M} x m ) and (A Vh /A ) the effective
w w t f

1
opening factor of the fire compartment (m

/2 K

), cal-
culated according to equation II-4 and table II.3. In
this form, the formula can take into account the in-

fluence of wvarying thermal properties of the surroun-

ding structures of the fire compartment.

Alternatively, equation II~7a can be written as



Equivalant time of

fire exposure tg -min
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Grphy
t = 0.067 (min)
e AWVE;% {(11-71)
A_ ()
t At £
with qff = Kqu = the effeigive fire locad den-

sity per unit floor area (MJ x m ).

Figure I11.5 demonstrates the wvalidity of equation II-7
for protected structural steel members [42]. In the
figure, the symbols give values of the equivalent time
of fire exposure t as a function of

Q/ LA (& -A )] H2

time curves determined in experimental fires in

e
, based on gas temperature--—

larger~scale brick and concrete compartments. Q is the
total fire load expressed as the equivalent weight of

wood in kg. The tests comprise different types of fire

L
/:A
_,/
I
s/“.
.//
.f';
.-/“
~
-
- B
/"" o Symbot Source of data Type of lire foad Fire load density
a kg/m?
7y o + KAWAGOE 4 1958 Waste wood 31 - 64
(.»/ ¥ FRSM 1960 Woad cribs and fibre
,}._,"' insulaling board 34 -6t
- ¥ FRSW 1964 Wood cribs 25,38
™ BUSHEWV el at’& 1956 Wood cribs 25~ 150
o n BUSHEY et al't 1956 Rubber 106
o FAS ¢ 1968 Wood cnibs 15 - 60
+ FRS"M 1968 Petrol. kergsene 157
] FRSY 1968 Fibre insutating board 15
[ ] FRS W 1968 Furnilure 15, 25
« METZ 1969 Wood cribs 15 -~ 80
v siiLin 1968 furniure 9~ 227 (approx |
=] SEIGELM™ 1970 Wood eribs 20
" woad equivalent
.h“
e
H | | i 1 ! | ]
20 &0 60 80 100 120 140 160
= 1/2 -2
- - kg/
Q[ A, =4 0] a/m

Equivalent t%mg of fire exposure t as a function of
—_ e
Q/A (A -A )] , derived for insulated steel
W t w
elements from experimental fires in larger-scale brick

and concrete compartments. Q is the total fire load in

kg wood equivalent {[42]
Fig. I1.5.
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loads according to the table included din the figure
with a range for the firezload density qf from 9 to
150 kg wood equivalent per m floor area. For fre-
gquent values of the opening height h and the quo-
tient (At“Aw)/At, the straight line in fi;ure

I1.5 gives values of the equivalent time of fire expo—
sure ¢t which are in reasonable agreement with the

e
values obtained by equation II-7.

As the formulae according to equation II1-7 are derived
from the gas temperature—time curves in figure II.3,
this agreement indirectly demonstrates that these
curves are a reasonable basis for a fire engineering
design of load bearing structures and structural wmem-

bers.

The formulae given by equation II-7 and the relation-
ship shown in figure II.5 are based on a critical steel
temperature of SOOOC. The influence on the equivalent
time of fire exposure of varying the value of the cri-
tical steel temperature is illustrated in figure TII1.6
for protected steel elements, fire exposed according to
figure I1.3 at a fire load density g = 125 MJ x
m“2 [44] . The figure shows that Ehe influence on
t of variations in the critical steel temperature 1is
cﬁnsiderable for 1low wvalues of the opening factor A
\/ﬁ/At. For Aw\/h:/Atm.os m1/2, this inf-

luence is comparatively small. A similar effect 1is

noted for unprotected structural steel elements.

Summarizing, the formulae of equation II-7 have been
shown to be applicable to fire exposed unprotected and
protected structural steel elements, with a critical
steel temperature of about SDOOC and they can also be
used for other values of the c¢ritical steel tempera-
ture, provided that the opening factor of the fire com-

172
partment A vh /A >0.05 m . For smaller

wow ot
values of the opening factor, an improved design Dbasis
is given in Appendix A, showing the equivalent time of

fire exposure t as dependent on the section factor
e
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as well as the parameters influencing the fire process.

0.5 4

o Qo2 004 006 008 010 orzm? Ay

The influence on the equivalent time of fire exposure
t of wvarying level of the critical steel temperature
fgr ptotected steel elements. Compartment fire exposure
according to figure I11.3; fire load density ¢ = 125
MJ m_2 [44] ‘

Fig.TI.6

Although the equivalent time of fire exposure relates
the compartment fire exposure and the heating according
to the temperature-time curve of the standard fire, the
concept does not give any useful information on, for
instance, the expected rate of heating or real duration
of the real fire. In addition, the formulae derived may
not be applicable to large fire compartments and will
have the same limitations already discussed in relation
to the gas temperature—time curves of the post—flash-

over compartment fire reproduced in figure II.3.

In combination with statistical data, the equivalent
time of fire exposure can be used to describe the fire

severity for different types of fire compartments.
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Figure JI1.7 illustrates this applicaticn of the concept
[46]. The figure gives the frequency distribution of
the fire severity, expressed as the eguivalent time of
fire exposure ¢t in dintervals of one minute, and
estimated by a Mgnte Carlo simulation from data, obtai-
ned from statistical surveys of modern office rooms. At
the simulation, t was defined by a formula determi~

e
ned by the straight line in figure TII.5.

" L:

f”jiﬂﬂ&
2~ ’ §

s :
el R“m
Cif
1 L%
g\El !
£ \
g .

? b,
LLL
| N

2C 4C 60 8Q 104G 12C 1aC 16T 80
Fire severily 1, min

Frequency distribution of the fire severity, expressed
as the equivalent time of fire exposure t , for

e
modern office rooms, obtained by simulation [46]

Fig. II.7.

As mentioned in the introduction, an analytical struc-
tural design for a compartment fire can be integrated
with a probabilistic model. Various levels of ambition
can then be distinguished. For ordinary applications,
however, such a probability based structural fire
design must follow a simplified approach according to a
practical design format calculation, specifying charac-
teristic values and related partial safety factors for

the action effects and the response capacities.



22

For a fire design, related to the eqguivalent time of

fire exposure t , the practical design format can be

e
given in the following form [2], [8]:

_Yf?r 2y vt (11~8)
in which t is the fire resistance of the structu-
ral elemeig ~ determined either experimentally by a
standard fire resistance test or by calculation - and
yf, Ye’ are partial safety factors, related to the
fire resistance tfr and the equivalent time of fire
exposure te, respectively, and Yn is an adaption

factor accounting for the comsequences of a2 structural
failure (different safety classes) and special fire
fighting provisions, for instance, the effect of a
sprinkler system or the efficiency of the fire brigade
actions. The partial safety factor y then covers the
uncertainties of the fire load dgnsity and the fire
compartment characteristies, including the  uncertain-
ties of the analytical model fer a determination of the
fire exposure. The partial safety factor Y accounts
for the uncertainties of the mechanical load and the
thermal and mechanical material properties of the
structural element, including the uncertainties of the
analytical models for a determination of the load
effect, the temperature state and the load bearing
capacity, if the fire resistance is evaluated analyti-

cally.

The appropriate design locad for evaluating the fire
resistance of the structural element may be determimned

by considering the following accidental combination:

G+ I wiQk,i (11-9)
wherein
G = permanent loads,
Qk = yariable loads {(characteristic value),

s 1

combination coefficients.

=
1
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The load combination formula implies that the

safety factors Y = 1.0 and vy , = 1.0.

1
values of the combination <coefficients v,
i

found in the EUROCODE publication (1984).

partial
Example

can be

The detailed practical application of this probabilis-

tic approach is given in [2] and [8].
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Table II.l: Net calorific wvalue H in MJ x kg_l of
solid, liquid and gaseous materials

1. Solids
Anthracite 32-36 Melamine resin
Asphalt 40 Phenol-formaldehyde
Cellulose 15 Polyvester
Charcoal 30 Polyester, fibre
Clothes 17-21 reinforced
Coal 29 Polyethylene
Coke 28-34 Polystyrene
Cork {(grade SP) 35 Polyurethane
Cork {(grade F) 31 Polyurethane-foan
Cotton 18 Polyvinyl chloride
Grain 17 Urea~formaldehyde
Grease 40 Urea-formaldehyde
Kitchen refuse 8-21 foam
Leather 20 Rubber
Linoleun 21 Foam rubber
Paper, cardboard 16-18 Gutta-percha
Paraffin wax 47 Rubber waste
Plastics Silk

ABS~plastics 40 Straw

Acrylic plastics 27 Wood

Celluloid 19 Wool

Epoxy 34

some

19
28
30

21
47
42
24
25-29
18
18

12-15

32
45
21
17-21
17
17-20
23

The above values apply to materials in a dry state. The calori-

fic value of moist materials HF can be determined from the

formula HF = H(1-0.01lm)=-0.025m, where m is the moisture con-

tent in % by weight.

2. Liquid

Crude oil 43 Paraffin oil 41
Diesel oil 41~42 Petrol 44
Linseed oil 39 Spirits 33-34
Methanol 23 Tar 38
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3., Gases (H in MJ/m n)

Acetylene
Butane

Carbon monoxide

25

57 Coal gas
110 Hydrogen
13 Propane

17
140
86



Table 1I1.Za:
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Fire load density q per unit
t

area

of the sur-

face ©bounding the fire compartment, according to
recent Swedish investigations. g according to
equation II-1b [15],[16]
Type of Tire Aversge tandard Characteristic
compartment deviation value é
{C.3 frectile) :
- -2 - -z -2 -z
MTem 2 {Mealem "} | ¥JTem 2 [Mpglem T} | MTem & {Mealem °3
. 1)
1 Dwellings
12 T™wo rooms and | 150 {35.%8} 2b,7  {5.9} 168 {4G.0}
a kitchen
1b Thres rocms 136 133,13} 20,1 (4.8} 149 {35.3]
and & kitchen
2 Officesz)
za Technical 12k {29.7} 3. {7.5} 1h5 {zbk.3}
frices
2b Administrative| 102 {243} 32,2 {7.7} 132 {31.5}
cffices
2c ALl offices, 114 {27.3} 39.h  {9.u} 138 {23.0}
investigated
3 Schoolsc)
3a Schools - BLk.2 {2¢.1} 1.2 {3.4}) 98,1 {z3.5}
Junior level
3b Schocls - 06.7 {23.1} 20.5  {L.g9} 117 {28.0}
middle level
3c Schecis - £61.1 {1L.6} 18,4 {4 L4} T1.2 {17.0}
senior level
23 All schools, 80.L {19.2} 23.k {5.6} 96.3 {23.0}
investigated
L TFHospitals 116 {27.6} 3.0 {&.6} 147 {35.0}
5 Hotels 2) 67.0 {16.0C} 19.3  {L.6} B1.6 {19.5}
1) Floor covering excluded

2) Only moveable Sire load components included



Table TII.2b:

Fire 1load
according
fractile},
statistical

table II.2a
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density ¢ per unit

to [21] . Characteristic values

calculated on the basis of

floor

the

area,
(008

Same

survey as used for the wvalues in

. qf according to equatrion JI-la

Type of fire compartment

Characteristic value

(0.8 fractile)

-2
MI x m {Mcal x m

2
)

! Dwellings

la Bedroon 630 (150)
i1b Living-room 510 (120)
2 Offices

2a Technical offices 720 (170)
2b Administrative offices 640 (155)
3 Schools

3a Schools = junior level 370 (90)
3b Schools - middle level 400 {95)
3¢ Schools - senior level 260 (60)
4 Hospitals - bedroom 80 (20)
5 Hotels -~ bedroom 420 (100)

Only movable fire load components included



Table IT.2¢c: Fire

equatiaon

28

density
II1~la,

e

for various types of fire con-

per

unit floor area,

partments in German office buildings,

according

to [131

1Type of Tire Average Standard
compartment deviation

f MIem ™ (ealem ) MTem ©  {Mcal-m -}
Company management 272 {64.8}) 126 {30}
Production management 355 {8L.8} 168 {40}
Officiels Lh {105} 250 {60}
Office staf? L7 {99.6} 210 {50}
Special rooms 1172 {280} 766 {190}
Technical rooms 278 {66.41 109 {26}
Rooms c¢® communication 168 {L0} 240 {571}
ALY tyves of compartmen k11 {08} 33k {80}

Ouly moveable fire load components

load density is given in kg wood per m .

the table, are based on a net calerific value of

-1
Mcal x kg

incluged. In [13],

The values,

wood

the fire
given in

H = 4
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Table TII1.3: Coefficient K far transforming a real fire

load density qt and a real opening factor of a

fire compartment A Vh /At to an effective
W w

fire locad density qtf and an effective ope-
ning factor (AW Vﬁ;/At)f corresponding to
a fire compartment, type A - equation II-4
Tee 7 K9 (A VB /8D = R A VR
Opening factor A Vh /A ml/2
woow t
Type of fire
Compartment
0.02 0.04 0.06 D.08 0.10 0.12
Type A 1 1 1 1 1 1
Type B 0.85 0.85 0.85 0.85 0.85 0.85
Type C 3.00 3.00 3.00 3.00 3.00 2.50
Type D 1.35 1.35 1.35 1.50 1.55 1.65
Type E l.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 0.50 0.50 0.50 0.50
Type G 1.50 1.45 1.35 1.25 1.15 1.05
Type H 3.00 3.00 3.00 3.00 3.00 2.50

1) The lowesg value of Kf applies to a fire load density qt
>500 MJ x m , the thighest value to a fire load density
q <60 MJ x m + For intermediate fire load densities,

t

linear interpolation gives sufficient accuracy.
The different types of fire compartment are defined as follows

Fire compartment, type A: Bounding structures of a material
-1 o -1
with a thermal conductivity lb =30.81 W om c and
-3 o -
a heat capacity ch = 1.67 MJI m c .

Fire compartment, type B: Bounding structures of concrete.
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Fire compartment, type €: Bounding structures of aerated

concrete (demnsity p= 500 kg = ).

Fire compartment, type D: 530% of the bounding structures of

concrete, and 50% of aerated concrete (density o = 500 kg

m )o

Fire compartment, type E: Bounding structures with the fol-

lowing percentage of bounding surface area:
. -3
50% aerated concrete {(density = 500 kg m )},
33% concrete, and
17%, from the interior to the exterior, of plasterboard panel

(density p = 790 kg m ) 13 mm 1in thickness, diabase wool

3
(density p= 50 kg m )} 10 em inm thickness, and brickwork

1l

(density p= 1800 kg m ) 20 cm in thickness.

Fire compartment, type F: 80Z of the ©bounding structures of

sheet steel, and 20% of concrete. The compartment corresponds
to a storage space with a sheet steel roof, sheet walls, and a

councrete floor.

Fire compartment, type G: Bounding structures with the fol-

lowing percentage of bounding surface area:

20% concrete, and

8G%, from the interior to the exterior, of double plasterboard
panel ({(density p = 790 kg m—3) 2 x 13 mm in thickness, air
space 10 cm in thickness, and double plasterboard panel (demnsi-

-3
ty o= 790 kg m )} 2 x 13 mm in thickness.

Fire compartment, type H: Bounding structures of sheet steel

-3
on both sides of diabase wool (density p= 50 kg m ) 10 cm
in thickness.

For fire compartments, not directly represented in the table,
the coefficient Kf can either be determined by a linear

interpolation between applicable types of fire compartment in
the table or be chosen in such a way as to give results on the

safe side. For fire compartments with surrounding structures of
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both concrete and lightweight concrete, then different values
can be obtained of the <coefficient Kf, depending on the
choice between the fire compartment types B, C and D at the
interpolation. This is due to the fact that the relationships,
determining Kf, are non-—linear. However, the Kf“values of
the table are such that a linear interpolation always gives
results on the safe side, irrespective of the altermative of
interpolation <c¢hosen. In order to avoid an unnecessarily large
overestimation of Kf, that alternative of interpolation is
recommended which gives the lowest value of Kf. In determin-
ing Kf, it 1is not acceptable to combine types of fire com-
partments in such a way as to give a negative contribution to

K .
f
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APPENDIX A Accurate Form of Equivalent Time of TFire Expo-

sure

As stated in section IT.3.3, the equivalent time of
fire wexposure t is defined 1in primcipal as that
length of the heaiing period in a standard fire which
gives the same effect on a structural element with re-
spect to failure as the complete process of the com-

partment fire.

This concept is illustrated in figure Al. The full-line
curves show the variation with time of the gas tempera-
ture & and the load Dbearing capacity R(t) of the
structiral element for a compartment fire exposure,
determined by the fire load demsity q , the opening
factor A Vh /4 and the thermal pioperties of the
structureg boxndgng the fire compartment. The dash-line
curves give the standard fire temperature-time varia-

tion 6 , 150, acceording to equation II-5 and the cor-
t

Definition of the egquivalent time of fire exposure
t . Full-line <curves for a compartment fire exposure,
dgsh“line curves for an exposure according to the stan-
dard fire ISO 834, equatiomn II-5. St is pgas tempera-

ture and R{t) load bearing capacity

Fig. Al.
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responding time curve of the load bearing capacity
R{(t), I80. The minimum load bearing capacity of the
structural element during the compartment fire is
attained during the standard fire at the equivalent
time of fire exposure t . The minimum Jload bearing
capacity can be definzd in three ways: as a critical
value of a maximunm deflection, a maximum rate of de-

flection or a8 maximum temperature.

For steel structures, it can normally be assumed that
the minimum lecad bearing capacity is reached at the

time for the maximum steel temperature § . The

smax
definition of the equivalent time of fire exposure t

e
according to figure Al can then be transferred to the

definition shown in figure A2Z.

The equivalent time of fire exposure t as defined by
the maximum steel temperature 6 ¢ of a fire ex~
posed protected structural steel Sgizment. Full-~line
curves for a <compartment fire exposure, dash-line
curves for an exposure according to the standard fire,
150 834, equation II-5. Bt is gas temperature &and

6§ steel temperature

8
Fig. A2.

A direct application of the definition according to

figure Al or A2 means that the equivalent time of fire
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exposure t depends on parameters influencing the
e

fire process as well as on structural parameters. Fi-

gures A3 and A4 illustrate this in more detail for un-

protected and protected steel structures, respectively
[15],[16], [44].

Figure A3 applies to unprotected steel structures as-
suming a compartment fire exposure according te figure
I1.3. The diagrams give the equivalent time of fire
exposure t as a function of the fire load density
q , the ogening factor of the fire compartment
AW Vg;/At and the structural parameter F/V. F is
the fire exposed surface and V the volume of the steel
structure per unit length. The resultant emissivity
€ has been chosen as 0.5 for the heating according
tg the standard fire, in conformity with the ECCS-Re-
commendations, and alternatively as 0.5 and 0.7 for the
compartment fire. With respect to practical appli-
cations, 4t <can be &estimated roughly that ¢ = 0.7

r
represents the conditions for a steel column within a

fire compartment and ¢ = 0.5 the conditions for a
r
steel beam. For a given valuwe of t , the correspond-
e
ing steel temperature 0O can be calculated from

s
equation III-8 in chapter III.

Figure A4 presents design curves giving the equivalent
time of fire exposure t for protected steel struc-
tures as a function of the ?ire load density qt, the
opening factor of the fire compartment A VH /A
and the structural parameter Fili/Vdi. Fi is ¥ vor
the inside surface area of the protection per unit
length of the structure, A the thermal ceonductivity
of the protecting material and d £ the thickness of
the protection. For a given vaiue of t , the corre-
sponding steel temperature ® can be calgulated from

s
equation IXII~il in chapter IIIL.

By using effective values of the fire load density qt

and the opening factor A Vh /At according to

woow
equation II-4 and table Il.3, the influence of wvarying
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thermal properties of the surrounding structures of the
fire compartment can be taken intoe account in the
determination of the equivalent time of fire exposure

t from the diagrams in figures A3 and A4.
e

Exanmple 1

A protected steel column has a cross section as shown

in figure A5. The t?ermal fonductivity of the insula-
— 0-—
tion A = 0.12 W % n ¥ € + The c¢olumn
i
is placed in a fire compartment, type B, with an ope-

2
ning factor A Vh /At = 0.047 m . The fire
W W

load densgity g = 195 MJ x m , including floor
t

covering.

____]

138
150
180

138
B0 |
180

¥
S—

Cross sectiom of a protected steel column, fire exposed

on four sides, Example ]. Dimensions in mm

Fig. AD.
Determine the eguivalent time of fire exposure ¢t and
e
the corresponding maximum steel temperature & .
smax

A transformation of the real fire load density qt and
the real opening factor Aw Vﬁ;/At to an effective
fire load density qtf and an effective opening fac-
tor (Aw VH;/At)f according to equation II-4 and
table 1I1.3 gives

Kf = 0.85 (fire compartment, type B)

-2
qtf = 0,85 % 195 = 166 MJ x m
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1/2
(A VR /A ) = 0.85 x 0.047 = 0.040 m
w oW t f

The inside surface area of the protection per unit

length

2
F =4 x 0.15 = 0.60 m /m
1

The volume of the steel column per unit length

2 2 -3 3
Vv = 0.15 -~- 0.138 = 3,46 x 10 m /m

With the insulation thickness d = 0.015 m and ther-
i o ~1
mal conductivity X = 0.12 W x n !l x ¢
1
we have
A
Fi%  0.60-0.12 3.0 -1

SeT = - = 1387 Wem ~-°C
i 3.46-10 7-0.015

1/2
For (A _vh /A = 0.04 = 166
or ( v, oA oo Sy T
MJ x m and F X /vd, = 1387 W x m X
- i i i
C , the diagrams in figure A4 give

t = 0.88 h = 53 min
e

The corresponding steel temperature 6 follows from
equation III-11 ian chapter III

F. .
ii

vd,
i

g.77

0.77
SS = 0.025te( ) +140=0.025-53-(1387) +140 = 490°¢

A more rough estimation of t <can be made from equa-
e

tion II~7a. Hence, it follows

£ = 0.067 —288 ;= 56 min
€ (0.040)
ExamEle 2
The fire resistance ¢t of a load bearing steel

fr
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structure with a complicated mode of fire behaviour has
been determined in a standard fire resistance test
according to IS0 834. The structure then collapsed
after t = 890 min.

fr
The structure had a croess section and was provided with
an insulation, corresponding to Fi Ai/Vdi = 300 W

-3 o -1
X m x C .

Check whether the structure will collapse or mnot in a
design fire in a compartment, type A, with an opening
1
factor A Vi /A = 0.02 m « The fire load
t -2

woow
density g = 180 MJ x n
|

From figure A4 we obtain

t = 1.72 n = 103 min
[

i.e. >tf , which means that the structure will
e r

not survive in the compartment fire situation.

Eguation III-11 in chapter II1 gives for the «corre-

sponding steel temperature

/Fiki 0.77 0.77
8 = 0.025t +140=0.025+103-(300) """ "+140 = 350°¢C
8 e\Vdi
An estimation of t from the formula according to

e
equation II-7a gives

180 .
t = 0.067 = 85 min
& (0.02)3

i{i.e. a value which ig about 17% on the unsafe side com-

pared with the more accurate value determined from

figure A4.

The results obtained in the two examples confirm the

conclusions drawn from figure TII.60.
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