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THE CONNECTION BETWEEN A REAL FIRE EXPOSURE AND THE HEATING CONDITIONS
ACCORDING TO STANDARD FIRE RESISTANCE TESTS, WITE SPECTIAL APPLICATION

TQ STEEL STRUCTURES

The present development of building codes and regulations towards function-
' ally more well-defined requirements continually inereases the need of
methods for a differentiated structural fire engineering design. During
the last years several such design methods have been presented in the
literature. Mainly, these methods can be referred to one of two different
groups With respect to the use of the basic data of the process of fire
development. Characteristic for the metheds of the first group is a

design procedure with the varying properties of the fire development

taken into sccount over an equivalent time of fire duration, connected to
the heating according to the standard time-temperature curve. The methods
of the second group are characterised by a design procedure, directly based
on gastemperature-time curves of the complete process of fire develcpment,
specified in detail with regard to the influence of the fire load and the
geometrical, thermal and ventilation properties of the fire compartment.
The methods of the two groups, which in their basic principles are equival-
ent znd in their more specific details complete each other, are generally
taking into account the complete process of real fire development - the

heating period as well as the subsequent cooling down period..

i, Basic characteristics of the process of real fire development

The basic characteristics of a compartment fire depend on a large number of
influences of which the most important are:
(a) the smount and type of combustible materials in the compartment -
the fire load,
b)  the porosity and particle shape of the fire load,
c)  the distribution of the fire load in the compartment,

{
{
(d) the ventilation properties of the fire compartment,
(e} the geometry of the compartment, and

(

e
f) the thermal properties of the structures, enclosing the compartment.

In spite of a large number of important investigations, our present state

of knowledge on the detail characteristics of compartment fires is far from

satisfactory.
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Somewhat simplified, fully-developed compartment fires can be divided into
iwo types of behaviour {1} . For the first type, the combustion during the
flame phase is contreclled by the ventilaetion of the compartment with the
burning rate approximately proporticnal to the air supply through the open-
ings of the compartment and not in any decisive wa& dependent on the amount,
porosity and any particle shape of the fuel. For the second type, the com-
bustion during the flame phase is controlled by the properties of the fuel
bed with thelburning rate determined by the amount, porosity and particle
shgpe of the:fuel'and largely in@ependent of the air supply through the open-
ings. The boundary between the two kinds of fire behaviour is not sharply

marked.

The phenomenon is illustrated & litile more in deteail by -Fig: II, 1.{2},
which shows the relation between the average gastemperature for the active

part of the fire 9, and an inverse opening factor Atz/Avﬂh, vased on the re-

T
sults of a comprehensive C.I.B. co-cperative programme on scale model studies

of compartment fires with. fuel of piles of wooden sticks, Av = the area of
the window opening of the compartmentyh = the height of the window opening,
and AtZ = the surrounding area of the compartment, excluding flcor and open-
ing areas. In the figure, the numbers at the ends of rangs of temperature
represent fire load a4, in kg/m2 floor area. Fuel bed controlled fires are
to be found to the left and ventilation contrelled fires to the right of the
maximum point of the gastemperature %T. The results verify a large depen-—
dence on the amcunt of the fuel within the former region while the corre-

sponding dependence is comparatively unimportant within the latter region.

For ventilstion controlled compartment fires, we know from extensive invest-
igations at varying scales - summarized in {3} = that the average burning
yate for the active part of the fire R is aspproximately related to the air

flow factor Ath by the formulsa

R=kAv/h (17-1)

where k is a constant. TFor fire loads of piles or cribs of wood, fiter
insulation board cribs and furniture, it is stated in {3} on the basis of
experiments, carried out in Denmark, Japan, USA, UK and USSR, that the
velue of k is about 5.5 to 6 kg/min/m 54f2,pro*v*i<ied the area A/ is

approximately one-quarter of the area of one side of the compartment, or



iT - b

121

oobo

o ' 10 20 30 40
Fig. 11,1

Felation between average gastemperature for the active part

of a fire b, and an inverse, modified opening factor Atz/Av/h.
Summary of resuits of a comprehensive CIB co-operative pro-
gramme on model scale studies of compartment fires with fuel

of piles of wceden sticks. The three figure code for the shape
of the ccmpartment characterizes the three principal dimensions
of width, depth and height, relative to height, e.g. a 221 com-

partment measures 2 units wide, 2 units deep and 1 unit high {2}
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iess, -and provided there is sufficient fuel for the burning rate of the

fire to be ventilation controlled. At very small opening area Av’ one-=

tenth of the area of one side of itle compartment or less, k can increassa
to values of the level 9 to 10 kg/mln/m@fz . However, so small opening

areas are of very little practical relevance.

The values of k, obtained from a aumber of small-and full-scale experim—
ents, confirm a theoretical determination of the burning rate R, presented
by Kawagoe and Sekine {4} and giving the theoretical veliue for k of

5.5 kg/min/m5/2 The deductlon ‘then was based on values for excess alr
quantity and a carbon—monox1de—to carbon—dlox1de ratio derived from gas
analysis measurements of experlmental flres; and & relation for the air

flow into a compartment derived by Fujita and Kawagoe. There are theoret-
ical grounds for thinking that k is not a flxed quantlty but dependent per-
hape, on the geometry of compartment and fuel {3} _However, its relative

constangy over a wide range is clearly of practical importance.

Alternatively, Eq. I1-1 can:be given in the following dimensionless form
{5} |

R = 0.0236 & ... - - cee e i e e, (1I-2)
where ¢ is 2 ventilation parameter of the same dimension ds the burning rate

R snd defined by the relation

p = pa/g Ath e P - e cen v ve.  {TI-3)

Pa then is the density of air and g the acceleration due to gravity. With
e, = 1 25 kg/m3 and g = 9.8 m/s?, Eq. (IT-2) corresponds to the value 5.7

kg/mln/m5/2 of the constant k in Eq. (II- -1).

Applying the veﬂt11atlon paramﬂter ¢ and the initial free surface area of
wood UW as pasic quantltles, a plot of R/U versus ¢/U has been presented.
in {5} on the basis of results of full snd model scale compartment burning
tests available from numerous reports - Fig. II,2. The results are connect~

ed to tests with fire loads of piles or cribs of wood.

The experimental data, given in Fig.II,2, are characterised by a consider-
able scatter. In spite of this, two different regimes are recognizable, viz.
the ventilstion controlled regime, marked by an inclined line, and the fuel

bed controlled regime, marked by a horizontal 1ine. The lines correspond to
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Fig. 11,2

Ratio R/UW between average burning rate R and initial free sur-
face area of the fire lcad Uw versus ratic ¢/Uw between vent- -
. ilation parameter ¢. and initial free surface area of the fire
load UW. Summary of results of full and model scale compart-
ment fires, available from the literature. Fire loads of

wooden crib type {5}
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Eq. (II-2) for ventilation controlled fires snd to the relation

R = 0.0062 U_. - . (11-4)
for fuel bed conurolled flres. (II"h)'then-presupposes that R is given

in kg/s ang- Uw in m?, - In Eq (II 2) the constant is dlmenslonless.

A;corﬁing to Egs. (II-2) end (II h}, the transition point between the two

types of fire is determined by the value

$;Uw = 0.263 kg/m? /s e cee e v cee ‘oo (I1I-5)

for compartmeni fires with fuel of wooden cribs.

similar characterlzatlon of compartment fires of wooden crib
On the basis of results

grlnolpally
type has béen deduced and presented earlier in {6}.
from a large mumber of full-scale flre tests performed at various stations
and laborauorles, in*this paper the transztlon between ventllatlon controi-

led and fuel ‘bed controlled fires has been found +to occur at the approximate

value

Ta AT 17000 kg/m?/2 g cee cen
A T | Co o
where B is the total fire ioad'in kg,:and r= V'[U , the hydraulic radius,

expresses the ratlo of the totai volume V of the fuel and its 1n1t1al fres

(11-6)

surface-area-U .. Wlth a presentatlon accordlng to Fig. II; 2, the tran51*
tion: 901nt glven by Eqg. (II ~6) corresponds t5 a somewhat lower value of ¢/U
than the value: determlned by Eq. (II 5) As' has been established above, ther
is no sharply marked bouﬁdary betweenthe twokinds of fire behav1our in re-
ality, but-instead the Veopllaklon controlled and .fuel bed controlled fires

" are separated by a oritical:regiﬁé. :

Eq. (II-5), giving the traﬁsition'ﬁoint according to {5} between ventilation
‘dontrolled and fuel bed controlled compartment fires with fuel of wooden

crlbs, can be transformed 6 the alternatlve relatlon

A
S SR Y 7 i
ST R e cer e

t.

: which not infrequen@}y isﬁconvenient‘fo be used in practice for‘é rough est-



" yalue per unit area of the surrounding com

11~ 8

imation of whether a wooden erib fire will be ventilation econtrolled or not.

In Eq. (II-T7) A /h/A = the opening factor of the fire compartment 1n nﬂ/zg.

A = the area of the window opening in m?, h = the neight of the window open—

ing in m, A = the total surrounding area of the compartment, opening areas

included, in m %, q = the fire load, defined as the corresponding heat

mpartment &rea A in Mcal/m2, and

dw = the width of each individual atick of the wooden crlb in m. Craphicaily,
For smaller values of the opening fac=

the relation is shown in Fig. I1, 3.
(1I-7) or Fig. IT,3, & wooden erib

tor A /n/A than those determined by Eq.

compartment fire roughly can be anbicipated to be ventilaticn gontrolled.

Going over from fuel of wooden crib type to more realistie fire loads of
syrniture, it can be stated summarily, that the average burning rate of the
active part of the ventilation controlled fires still can be determined from
Bg. {IT-1) or (II-2) with an accuracy which is sufficient in most- practical .
cases of a structural fire engineering design. For fuel bed controlled fires
c0151derable difficulties are added, primarily in defining a represantatlve
free surface area U or hydraulic radius r of & furniture fire load from &
combustion point of view. Furthermore, some full scale tests of compartment
fire. with fire loads of furniture, representative for dwellings seem to in-
dicste s not inconsidersble displacement of the transition point or regime
vetween ventilation controlled and fuel bed controlled fires in the direct-
ion of a larger value of ¢/U or & smaller value of B/r .A‘/h {6}, 7

At present, the only way to take into account in a practical fire engineer-
ing design the specific, favoursble characterlstlcs of & fuel bed coritrolled
fire will be initially to calibrate the real furniture fire load in & full~
scale test. With regard to the large seatter of the fire load propertles

for each single type of compartment in practice ' accentuated in an inter—
national comparison — such a calibration procedure ordlnarlly w1ll requlre
very extensive series of full-scele fire tests with authentic fire loads cho-

sen with the probabilistic characteristics taken into consideration.

2. Theoretical anaslysis of the process. of fire development over the hesb

and mass balance equations

At known input data, a thecretical determination of the gastem@erature—time

- curve. %T-T of the complete proceSS of fire development in a compartment can

be carried out in the single case over the hegt end mass balance equaﬁions_of
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Fig., II.,3 Diagram for a rough determination of whether a wooden crib fire
will be ventilation or fuel bed controlled. The condition is given as a

relation hetween the opening factor of the. compartment Av‘/h/At and the fire
load g, for different values of the width 4 each individual stick of the
wooden cfib. For smaller values of the opening factor than those obtained

from the curves, the fire can be estimated to be ventilation controlled.
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| L{ ///////////j,v}/ erature time curves ab different points of a
compartment for a fire load of kerosene (full—
line curves) compared with a calculated gas-—
7ig. II,4 - The heat and mass tempersture time variation (dash and dotted-

palance of a fire compartment line curve) {10}



II - 10

the fire room. Such a determination is based on the jdentity between re—

‘leased quaatlty of heat and removed. quantlty of heat per unit time, i.e.

- Fig. II,k

= + + + .
IC IL IW IR IB P e . e . PR - “ v (II“B}
where
IC = guantity of heat released per unit fime from the combustion of the fire
load, : .
T_ = guentity of heat removed from the compariment per unit time by change

.
of hot gases against cold air,

IW = guantity of heat transferred to the surrounding wall, floor and roof

structures of the compartment per unit time,

quantlty of heat ra&laied through the openlngs of the compartment per

R
unit time, and
IB qu&ntlty of heat stored per unit tlme in the gas volume of the compart-

ment - ordlnarlly negllglble

A avstemaﬁlzed meﬁhod of caleulatlon, based on Eg. (II -8), was developed
near .imultaneously by Kawagoe - Sekine {4} and Odeen {8}. The problem is
dealt w1th on the simplified assumptions that the temperature in the whole
compartment is uniform at any moment, that the coefficients of the heat tra-
nsfer st the internal surfaces bounding the compartment are equal at all
points, that the heat fliow through the_well, floor, and roof structures en- -
closing the compartment 1is one—dimensional, and that this hest flow is un-

iformly distributed, abstracting from window and door openings.

The method of calculation, deduced by Kawagoe — Sekine and Odeen is restric-
ted 1n appllcatlon to the flame or heating perlod of the process of fire 7
development, as concerns fire loads of the type, representative to building
compartments in pract;ce A generallzed method, which makes p0551ble a
calculatlon of the gastemperaturemtlme curve for the complete process of

fire development has been put forward later on by Magrusson - Thelandersson
{9} , {€}.  The design procedure contains a computer programme, which en-
ables a con51deratlon of temperamure dependent thermal properties and crit-
ical tempersture econditions for decomp081tlon of the materials entering into
the surrounding structures, initial moisture content in the surrounding struc-

tures, effect of heat stored in structures enciosed in the compartment, and
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changes in size and shape of window and door openings during the process
of fire development. The procedure is applicsable Lo compartments, which
contain up to three different types of surrounding structures with one of

these structures composed of up to three different materials.™

A practical application of the design procedure presupposes that the time
variation of the combustion rate, specified as the gquantity of released heat
pef unit of time, is known. Such & variation can easily be given for well-
defined fuels without any smoulder phase. The procedure has also-been
applied successfully in anzlysing the results of compartment fire tests with
fuels of this type {10}. An example is glven in Fig. 11,5, showing exper-
imentally determined gastemperature-time curves at different points of a
compartment for a fire load of kerosene fuel (fuli-line curves), ccrpared
with the corresponding, calculated temperature-time variation {dash and
dotted-line curve). For not well-defined fuels — for instance fire loads of
wooden type — a determination of the time-variation of the amount of the re-
leased heat per unit of time during a complete fire process is connected to
great experimental difficulties. Further development of recently published
laboratory test methods for a amall-scale determination of the rate of heat
release of materials and linings at accurately gpecified heating conditicns
could be a future way of solving this problem cf. e.g. {11}, {12}. At pre-
sent essential, necessary informations are lacking concerning such funda-
mental problems as a transformation of the time curve of the burning rate
expressed as welght loss per wnit of time R to a corresponding time curve

of the burning rate given as the quantity of réleased heat per unit of

time I. or & division of the total emount of the released heat ‘during a

C
fire to the flame and cooling periods.

With the goal of deriving gastemperature-time curves for the complete pro-
cess of compartment fires, which can be used as & provisional basis for a
differentiated structural fire engineering design, giving values which are
not unsafe of the fire resistance of structures, the probiems summarised

shove have been tackled in {6}, {9} in the fcllowing way.

% The computer programme is avallable for unlimited use. For further
particulars apply to the Division of Structural Mechanics and Concrete

Construction, Lund Tnstitute of Technoliogy, Fack 725, 220 07 Lund,

Sweden.
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From the discussion carried thfough‘in Chapter II-1, some general conclus-
ions can be drawn of basic interest in this connection. For ventilation
controlled fires, the burning rate of the active part of the fire can be
determined from Eq. (II-1) or (II-2) for different types of fire loads,
furniture included, with an accuracy which is sufficient in most practical
‘cases ofra structural fire engineering design. For fuel bed controlled
fires, the present state of knowledge is too incomplete to enable a satis-
factory corresponding calculation of the burning rate in practice with the
fire load consisting 5f furniture very difficult to define with regard to
a representative free surface area Uw or hydraulic radius r. In such s
position it seems reasonable to base a differentiated structural fire en-
gineering design on characteristics for the process of fire development
which constantly have been determined on the assumption of the fire to be
ventilation controlled, and then to exclude the influence of varying poro-
sity of the fire load, which influence is of minor importance for wventila-—
tion controlled fires. For fuel bed controlled fires, such a simplifying
assumption leads to a fire engineering design which #ill be on the safe

side in practically every case.

Wit™ this philosophy, full-scale experiments with wood fuel fires in com—
partments which have been reported in the literature in a sufficiently acc-
urate menner are analysed {6}, {9}. For esch individusl experiment a
theoretical Getermination has been carried through of that time curve for
the released quantity of heat per unit of timewhich gives the best agree-
zent for the complete process of fire development between the theoretic-
2liy calculated and experimentally determined gastemperature-time curves
for the compartment. Examples from this snalysis are given in Fig.II,6
anc II,7 {6}, showing comparisons between measured and computed gastemp—
ereture-time curves. for two full-scale tests. The test according to
Fig.II,6 {13} belongs to a test series, carried out at the Fire Research
Steticn, Borehamwood, sné is characterised By a fire load g, = 60 kg/m?
flcor area and an opening factor Avfh/At=O.O6m;f2 where At = total surr-
ounding area of the compartment , floor and opening areas included. The
test, exemplified in Fig.II,7 {1k}, is characterised bty a fire load

qG:BG kg/m* floor sres and an opening fsctor Avfh/At=0.091 ml/Z. The
test is one of a test series, accomplished st the fire laboratory at Metz
within the activities of Committee 3 of Furopean Convention of Construct—

ionel Steelvork Associations. The two full-line curves of the calculated
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7 *Research Station, Borshamwood. Fire load a, = 60 kg/m? floor

area. Opening factor Av/h/At = 0.06 m}/2 {13} {6}

b) Computed, corresponding time curves for IC’ IL’ IW and IR
in Eq. (11-8) {6}
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b) Computed, éorresponding time curves IC’ IL’ Iw‘and IR in

Eq. (11-8) {6}
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gastemperature refer Lo twe different attempts, as concerns the rate of
gas flow from the fire comfartment. In the figures aléo are shown the
corfesponding computed time curves for the terms IC, IL’ IW and Ié.of Eq.

{II-8). Generally, the experiments have been analysed with the condition

HB = [ I,6T ... {11-9)
a -

always fulfilled. B = the total fire lOaé, E = the heat wvalue of fuel per
unit welght, and T = the time co—cordinate. This means that the total fire
exposure of a structure or structural element always will be the same for

a given fire load, independent 5f how the heat release per unit of time Ic

varies with the time T.

The results from calculations of the described type have enabled a construc-
ticn of re?resentative, simplified time curves for the quantity of released
neet per unit of time under varying assumptions. On the basis of these time
curvés very_éxtensive caleulstions have been carried out in a systematic way
of the gqétem@eréture-time curve of the complete process of fire develop-—
ment for varying assumptions concerning the geometrical and thermal charac-
teristice of the room, the opening factor Av\/'h/A,t and the fire load Qs de~
fined as the corresponding heat value per unit area of the total surface
bounding'ﬁhe'fire room*, As a partial illustration of the results presen—
ted, Fig. II,8, reproduces theoretically determined gastemperature—time
curves %T*T at varying fire load 4 and opening factgr Av/h/At for & com—
pa;tment_with surrounding structures, 20 cm in thickness and made of mat-
eriaiiwith a thermal conductivity Aw = 0.7 kcal[m/h/oc and a heat capacity
pCp = hOQ kcal/ms/oc as representative average values within the temp—
erature range assoclated with fires.

¥ The corresponding fire load qys defined in a more conventional manner &as
the heat value per unit floor area A or as the equivalent amount of wocd
per unit.floor area A, then is given by the formulae:

A , A,
= = q = — 2 ' -
@ v 4 (Mcal/m®) and a4, HWA a (kg/m) ... - . ... (IT-10)

respectively, 9 in Mcal/mz. Hw = the heat value of wood per unit weight.
For wood in a dried condition H varies from 4.1 to %&.7 Mecal/kg, depending
on the species of wood. The heat value of moist material me follows the

relation me {1-0.01m) - 0.006m with m = the moisture content 1n percentage

of welght.
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It is important to stress that the gastemperature—time curve, published

in {9} and exemplified in Fig.I1,8, géneraliy have been determined on

the assumption of ventilation controlled fires. Ac a conseguence, the
curves are not intended to be used directly for theoretical comparisons
with experimentally obtained results from wooden crib compartment fires

of strongly marked fuel bed controlled type. In such a connection, the
method of calculation according to {6}{9} of course is to be based on Eq.
(11-L) for the rate of combustion. The agreement petween the theoretical
and experimental results then will be satisfactory too. Qne principle re—
ascn for choosing ventilation controlled fire characteristics as a general
assumption for the determination 6f the gastemperature~time curves accord-
ing to {9} is dictated by the great difficulty in finding a representative
value of the free surface area OT the hydraulic radius of & real fire load
of furniture for a combustion descriptién of s fuel bed controlied fire.
Ancther principal reason is connected to the fact that the gastemperature-
time curves themselves do not constitute the primary interest of the prob-—
lem in this connection but an intermediate part of & determination of the
decisive gquantity, viz. the minimum value of the load-bearing capsacity of
& fire exposed structure during & complete process of fire development.
For fuel bed controlled fires, the assumption of ventilation control in
~ombination with the fulfilment of the condition, given by Eq. (11-9),
ieads to a structural fire engineering design which will be on the safe
side in practically every case, giving an overestimation of the maximum gas-
temperature level and & similtaneous, partly balaneing underestimation of
the time of fire duration. For the minimum load-bearing capa01ty or the
fiyre resistance time, the gastemperature~tlme curves according to {9} give
reasonably correct resuits, which has been VerlfiedApartlally in {5} and

also will be confirmed further in chapter II-h.

The gastemperature-time curves %T_T’ reproduced in Fig.1I,8, belong 1o

s Pire compartment with surrounéing structures 20 em in thickness and made
of a material with a thermal conduct1V1ty A = 0.7 kcal/m/h/ ¢ and a heat
capacity pC = LOO kcal/ma/ C as representatlve average values within the
temperature range associated with fires. This compartment will be named

fire compartment, type A in the following treatment and all design dia-

grams will be directly referred to this type of compartment. For enabling
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a more general fire engineering design, in Table 11-1 ¥ are specified
rules for a tfansformation - via fictitious values of the fire load 9 and
the opening factor Avr/h/At - of the gastemperature—time characteristics for
compartments with other thermal properties of the surrounding - structures
to the gastemperature—timé curves for fire compartment, type A. The

following types of compartmenis then are included.

Eigg_gggggggggggl_gzgg_gi 50% of the boundary structures of concrete, and

50% of lightweight concrete {demsity p = 500 kg/m3).

Fire compartment, type E: Boundary structures with the following percent-
age of boundary surface area. ' .

50% lightweight concrete (density o = 500 kg/m?)

33% concrete and the reméining

17% made up from the interior to the exterior of plasterboard panel (den—
sity p = 790 kg/m®), 13 mm in thickness — @iabase wool (density p = 50 kg/m?)
10 cm in thickness - brickwork (demsity p = 1800 kg/m®), 20 cm in thickness.

Fire compartment, type F: 80% of the boundary structures of sheet steel,

and 20% of concrete. The comparﬁment corresponds to a storage space with

a sheet steel roof, sheet steel walls and a concrete floor.

Fire compartment, type G: Boundary stfuctures with the following percent-—
age of boundary surface area.

20% concrete

80% made up from the interior to the exterior of double plastefboard

panel (density p = T90 kg/m3), 2 x 13 mm in thickness - air space, 10 cm
in thickness — double plasterboard panel (density p = T90 kg/m?), 2 x 13 mm

in thickness.

* Tgples TI-1 and II-2 are printed et end of text
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The basic gastemperature—time curves %T_T’ reproduced in Fig.1I,8, have
peen determined without taking inte consideration the influence on the
heat and mass balance of structures or structural elements inside the com=
partment. As & conseguence a direct spplicaticn of the curves can lead to
a not inconsiderable overestimation of the fire exposure for compartments
.with heavy interior structures or structural elements. In solving the
heat and mass balance equations, this influence can be included in the
term I and in the computer programme, referred to on P. II-8, the influ-

ence also has been regarded. A partial 11lustration of the influence is

given in {8} and {26} .

The gastemperature—tlme curves according to Fig.iI, 8, are intended prim-
arily tec be used in a differentiated fire engineering design of structures
or structural elements located within the fire compartment or forming a
pars of the surrounding structures of the compartment. For the thermal
conditions outside a fire compartment, which are decisive in a fire eng-
ineering design of external steel columns, several of the influences, en-—
umerated {a) to (£) in chépter II-1, are éharacterised_by s considerably
stronger importance than for the properties of the Tire development within
s compartment, e.g. the amount and distribution of the fire load, flammable
linings, and carpets. The diagrams in Fig.II1,5 therefore have to-be applied
with & certain caution in a fire engineering design of load-bearing struc-

tures outside a facade.

3. Heating conditions sccording to standard fire resistance tests

The different national regulations and the corresponding IS0 Recommendation
{16} concerning fire resistance tests of elements of building construction
have been developed on the basis of the classification reguirements, stip-

ulated in the building codes and regulations {177

The scope of the test method consists of & determ1naxlon of the fire re-
sistance of an element of building construction, defined as that pericd of
+ime which extends from the beginningof & fixed heating process to an '
‘instant when the element no longer complies with the funcﬁional require-
ments to be fulfilled. The function required then can be

{a) a load-bearing function (e.g. a column or a bheam},

(v) a separating function (e.g. a partition or a non-load-bearing wall),
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and
(¢) & loasd-bearing and separating function (e.g. a lcad-bearing wall or

a floor).

Fundamental for a fire resistance test is that the test resuits shall be
reproducable. This necessitates very accurate detail specificaticns of
the test conditions, as regards the preparation of the test specimens

and the characteristics of heating, loading and restraint during the test.

Another fundamental for a fire resistance test is that the test results

can be used in a structural fire engineering design as data represent-
ative of real conditions. This presupposes that the test characteristics
and results have to be specified, measured and reported to such an extent
and with such a degree of accuracy that the element of building construct-
ion, corresponding to the test specimen, can be analysed for a fire action
with regard to its real functional behaviour in the complete structure. In
detail accurately specified, measured and reported data for a fire resist-
ance test will alsc facilitate a qualified classification and an internat-

ional wtilization of the test data in countries with different classificat-—

ion requirsments.

In certain essential respects the present ISC Recommendation on fire re-
sistance tests of elements of building construction has not been given such
a form that the fundamentzl aims of the test, sumarized sbove, can be gua—
ranteed. Especially, this relates to the heating and restraint.conditions

Speéifiéd in the recommendation.

.

As concerns the heabting conditions, the recommendation specifies only a time
curve of the furnace temperature (fhe'standard'time—temperature curve), con-
nected to additional direction; for temperature tolerances and measurements.
The specification is that the temperature rise within the test furnace should
be controlied so as %o vary with time T, in minutes,.according to the relat-

ionship

2 _& = _ L _ o
T Bhsloglo (8T + 1) ... (II-10)

where %T is the furnace temperature at time T in OC, and %o is the initial
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.0 . . . .
furnace temperature in C. The relationship gives the values shown 1n

Teble IT-2. *

A specification of a time curve of the furnace tempersture is not suff-
icient as an external characteristic for a determination of the time—temp-
ergture fields in an element of building construction exposed to a fire.

In addition, another decisive factor in this connection is the coefficient
of heat transmission for the exterior surfaces of the fire exposed element.
This coefficient is primarily influenced by the convection and radiation
conditions. For a prescribed furnace time-temperature curve the convect-
ion and radiation characteristics can vary considersbly from one furnace
to another, depending on the detail design of the furnace and the type of
fuel. For that reason comparative estimations of test results, cbtalined
in different fire engineering laboratorles, can be very difficuit - and
sometimes impossible - to carry through. In order to facilitate such com-
parisons of test results, it is recommended in the commentary on ISO/R 834
{17} that the thermal properties of the furﬁace shall be calibrated with
reference to a well-defined standard test specimen and be given in terms of
that variation in the coefficient of heat transmission with the time which
is associated with fhe standard time-temperature curve. It is also re—
commended that this calibration curve of the furnace generally shall be

included in the test report.

As concerns the restraint conditions of a test specimen, it is well-known
that variations of restraint characteristics considerably can influence
the structural behaviour and the time of fire resistance for an element of
building construction. Usually the effect of_inéreased degree of restraint
is beneficial for the fire resistance of a structual element but sometimes
e detrimental effect can be introduced. For instance, a thrust restraint
can accelerate an instability failuire in fire. TFor a concrete structural
element, a thrust restraint also can give rise 1o an increased risk of

spalling.

Trom these facts it is obvicus that results from fire resistance tests car-
ried out urder undefined restraint conditions - which is not infrequent
today - are very difficult to use in & differentiated structural fire

engineering design as well as for a gualified classification. Additions

* After text.
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to the present IS0 Recommendation on this poinmt - successively leading to, -
for instarce, a series of precisely defined restraint conditions relevant

in roal structures - cousequently have high degree of priority.

In the revised draft proposal for ISO/R 83k this problem is noticed by the
general prescription: "If restraint is applied in the test, then the re-
straint conditions have to be specified with regard to free movements of
the element and,lso far as possible, those external forces and moments,
which are transmitted to the element by restraint during the test" {16}.

in the commentary on ISO/R 834, further guidance is given for the planning,
performance and reporting of a fire resistance test with respect to re-

strairt conditions, as concerns columns, walls, beams and girders {1T}.

In addition to the heéting and restraint cheracteristics, the IS0 Recomm—
endation on fire resistance tests comprises insufficieﬁtly accurate spec—
ifications in other respects too, for instance concerning the environment -
of the furnace, and the thermocouples for measuring the furnace temperature
{17}, {18}. In {18} also the reproducability of fire resistance tests is
discussed with reference to tests carried out in the same equipment as well
as to tests made in corresponding test furnaces of different fire engineer-
ing laboratories. Important suggestions are put forward for making the pro-
cedure of fire resistance tests more precise. At present, the'poésibilities
of realising such an urgent development are thoroughly studied within the
Working Croups 10 and 11 of ISO/TC 92 in co-operation with the CIB Commisz-
ion W o1k,

.

L, The copcept eguivalent time of fire duration as a means cf translating

from a real fire exposure to standard heating conditions

Cne way.of taking into accoﬁnt the influence of varying fire development
characteristics.in a differentiated structural fire engineering design, is
based on the concept equivalent time of fire duration for meking possible
& direct tramslation from a real fire exposure to the stsndard heating con-—

ditions for fire resistence tests, Eq. (r1z-10).

In principle, the concept equivalent time of fire duration T, can be de-

fined sccording to Fig.II,9which gives an illustration for & fire exposed
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¥ B
TS

Fig. Ii,g

The princij)le of defining the equivalent time of fire duration.
Te, examplified for a fire eqused; uninsulated steel struc-
ture. The full—}_ine curves refer the ga‘stemperature:%T and
the steel temperature %s_ for a real fire action. The dash-
iine curves give the corresponding temperatures at a fire ex~

posure according to the standard time-tempersture curve (S.C.)
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nen-insulated steel structure {18} — {20}. The figure shows by the full-

. line curves the time-variation of the gastemperature.%T and the steel temp-
erature %S corresponding teo a real fire action, determined by the fire

. load 4., the ocpening factor Av/h/A , and the thermal properties of the
structures bounding the compartment. The dash-line curves give the stan-

" dard time-tempersture variation 9 (s.c.), Eg. {II-10), and the appurtenant
time~curve of the temperature 9, (s.0.) of the steel structure. A trans-
fer of the maximum steel temperature %smax for the real fire action to

the curve Bs (8.C.), belonging to the standerd time-temperature curve, de-

termines the equivelent time of fire duration T_.

Defined according to Fig. II,9, the equivalent time of fire duration T,
will be a function of +he basic influences on the process of fire develop-
ment as well as structural parameters. For fire exposed steel structures,

Fig. II, 10 to II, 25 illustrate this in more detail.

Fig. II,310 to II,21 then apply to non~insulated steel.structures, exposed
to & fire with characteristics according to Fig. II1,8 - fire compartment,
type A. The figures given the equivalent time of,fire duration Te as a
function of the opening factor Av/h/At, the fire load S the resultant
emissivity € s and the structural parameter U/F., U is the fire exposed
surface and F the volume of the steel structure per unit of length. As
concerns the resultant emissivity €. it can be estimeted very roughly that
€, = O.7 approx1mately represents the conditions for a steel column within

a fire compartment, €. = 0,5 the condltlons for a steel beam of a celling
structure, a;d Er ¢.3 the condltlons for an external steel column, cf.
however the comments onP.II~13as concerns external structiwes. For a

more precisé determination of the resultant emissivity €, of fire exposed,
non—-insulated steel structures, reference is made to {21}. With respect to
the resultant emissivity €. the curves in Fig. II,i0 to II,2l are based on
the asssumption that €. = O. 5 for the standard heating condltlons of the test

furnace while €. has the value according to the respective diagram for the

real fire exposure.

Fundamental for the diagrahs in Fig. II,10 to II,21 is that the temperature
of the fire exposed steel structure will reach the same maximum value %

max
for the resl, complete process of fire development and for the heating

according to the standard time-temperature curve. As a consequence, the
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level of % will vary with the fire load 4., the opening factor

A /h/A . themg%ructural parameter U/F, and the resultant emissivity Er
For & given practical applicaticn, the actual value.of the maximum steel
temperature 9 can be determined directly from the diagram in Fig II, 32

Smax
to II,43.

In Fig. II,22 to 11,25, design curves are presented, giving the eguivalent
time of fire duration T for irsulated, fire exposed steel gtructures as a
function of the opening factor A,/h/A , the fire lcad Q. » and the structural
parameter UAi/Fd. U is the inside Jacket surface of the insulation per unit
length of the structure, Ai the thermal conductivity of the insulation mat-
eriel, and d the thickness of the insulstion. For insulated steel structures
the influence on the eguivalent time of fire duration of variaticns in the
resultant emissivity is of little importance. The dash- line curves of the
figure are giving directly the level of the maximum stecel temperature 9

Smax
for the different comvinations of g, Avfh/At and Uhi/Fd.

A modified way of defining the equivalenﬁ-timetaf fire duration T has been
presented by Law {22}- {24} with limited application to fire exposed in-
sulated steel structures. Among elements of construction with varying
thermal characteristics with respect to fire exposure that element is chosen,
which for a given gastemperature—tlme curve of a real fire development gels
a meximum steel teméerature of a fixed wvalue. Te is'then determined cver
+the standard time-temperature curve for the same element and the same steel
temperature. By repeating this procedure for different characteristics of
real fires, a diagram can be constructed, applicable to a rough determin-—
ation of the eqﬁivalent time of fire duration Te_for an insulated steel

structure, irrespective of the detail properties of the structure.

Diagrams constructed in this way are exemplified in Fig. 11,26 and II,27.
The first figure {24} then is based on gestemperature—time curves of the
process of fire development, experimentally determined in full scale tests
in brick snd concrete compartments. Most tests are characterized by a

£ire load of wooden crib type, but also some tests with a fire load of
furniture have been included The figure gives the egquivalent time of fire
duratlon T, as a function of the parameter B/JA 1> Where B is the total

flre load 1n kg, A. the window area cf the compartment in m%, and Atl the
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Equivelent time of fire duratlon Te, defined according to Fig.
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opening factor A Jh/A .
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11,9, ‘-forf a fire exposed, insulated steel structure at varying
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terigtics of the complete process of fire development according

to Fig. II,8 - fire compartment, type A..
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Equivalent time of fire duration for insulated steel stfﬁc—‘
tures Te, determined in s more approximate way, as a function
of the parameter'E/Jﬁ;E;; The straight line corresponds to
the formuls

B

JAvAtl

The diagram is based on gastemperature-time curves of full-

T, = 0.95 {min}

L scale tests in brick and concrete compartments. {2k}
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Fig. 11,27

Equivalent time of fire duration for insulated steel structures
Te, determined in a more spproximate way, as a function of the
parameter B/JK;E;;T. The straight full-line corresponds to

the formula

T, = 1.3 5 (min)

j vﬂtz
The figure is based on gastemperature-time curves from & CON~
prehensive CIB model test investigation. For the three figure

code for the shape of the compartment, cf. Fig. II, » {2}
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surrounding area of the compartment, excluding the opening area. The ana-
logous Fig. 11,27 {2} is vesed on the results of a very comprehensive

CIB medel test investigation concerning the process of fire development

with wooden crib firez. The equivalent time of fire duration Te is pre-—
sented as a function of the parameter B/JAVAtZ, where £, , is the ares of
the internal surfaces of the compartment in m? , sxeluding floor and opening
areas. The figure gives a range of variation of Te connected to varying po-
rosity properties or spacing of the fire load.

The experiméntal~theoretical values shown in Fig. 11,26 and II,27 are conn-
ected to a critical steel temperature of 550°C. In calculating the eguiv-
alent time of fire duraticn, the influence of tine height of the windowropehm
ing b is omitted, although the theory behind suggests that it should be in-
cluded. Thé influence was omitted because the values of Te for these exper-—

iments showed no significent variation with h.

Curves, analogous to theose presented in Fig. I1I,26-and I1,27, alsq can be
deduced in a pure theoretical Ways starting from the gastemperatufé*time
curves according to Fig. II,8, valid for a fire compartment of type A. For
B gi.on level of a critical steel temperature %S, such an analysis primarily
results in a diagram, applicsble to un-insulated or insulated steel struc-
tures, presenting the equivalent time of fire duration Te as a function of
the opening factor Avﬂh/At and the fire load 9 - Fig. 11,28, examplifies
such & diagram for insulated steel structures and Fig. II,29, a correspoend-
ing diagram for un-insulated steel structures. Both diagrams are calculated

for a critical steel temperature %S af 500°C.

In Fig. 11,28, the curve for the fire load g = 60 Mcal/m2 is compared with
the related curves according to Fig. II,26 - dash-line curve - Fig. II,27 -
desh-and-dot-line curve. Since the latter two curves are directly based cn
experimental fire development characteristics for ventilation controlled as
well as fuel bed controlled compartment fires, the relatively good agreement’
between the three curves can be seen as an examplifying confirmation on the
stetement in Chapter II, 2, that the gastemperature-time curves according to
Fig. II,8 can be used in practice as an intermediate part of a determination
of the decisive guantity of a fire exposed, load-bearing structure, viz. the

minimum velue of the load-bearing capacity during a complete process of fire
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Fig. II,28 Approximate equivalent time of fire duration for insulated
steel structures Te as a function of the opening factor Avl/h/ﬁ.t
and the fire load q, . The -curves are based on a critical steel
o} .
temperature % ,..=500°C. Fire compartment, type A.
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Fig. 11,29 - Approximate egquivalent time of fire duration for uninsulated

steel structures T &as & function. of the cpening factor A /A, ,
: e _ T : v b
the fire load qt; and the resultant émissivity €. The curves

are based on a critical steel temperature % = 500°C.

Serit

'Fire compartment, type A.
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development. Tae curves generally demonstrate a reduction of the equivalent
time of fire duration with increasing opening factor or ventilation of the

e

Tire ccmpartment,

Fig. 11,29, which is deduced for un-insulated, fire exposed steel struct-
ures, demonstrates fragmentarily the influence on the equivalent time of

fire duration Te of variaticns in the resultant emissivity ef. The curves

in this figure have been calculated on the assumption, that the wvalue of Er
is O, 5 1n the standard fire Pesistance test. For such furnace characterist-
ics, the curves give T as a function of the opening factor A.fh/A and the
fire load 9 for the resultant emissivity at a real fire exposure Er = (0.5
and 0.3, respectively. The curves sccentuate the desirebility of having a
fire test furnace calibrated with respect to the heat transmission character-
istics, with reference to well-defined standard test specimens. This problem
is of -great impgrtance for un-insulated steel structures For a flre ex-

pose q, 1nsulaued steﬁ? ructure, the influence of varlwtwons of the result—

ant. emwsclv1ty usually is practically negllglble

e curves, shown in Fig. II,28, and II,29, are determined on the assump-

=

ticn of a critical steel temperature of 500°C. The influence on the equiv-—
al:-t time of fire duration Te of varying level of the critical steel temp—
erature %5 is illustrated in Fig. II,30 for an insulated steel structure,
fire exposed according toc Fig. I1I,8, at a fire load G = 30 Mcal/m?.  The
curves comprise the steel temperature range 200 to 600°C. At a hasty glance
the results seem to be surprising in giving an increased equivalent time of
fire duration with a decreasing level of the critical steel temperatu;e_ss.
This fact is due to the character of the applied concept of the equivalent
time of- fire dﬁration. At a.given, real fire exposure - given values of

the opening'facﬁor Av/h/At and the fire lcad 9 - e maximﬁm‘steél temperat-
ure of 300°C corresponds to & steel structurs with much better insulation
properties than for a steel structure, for which the seme fire exposure
canses a_@aximum steel temperature of 600°C. It follows from the figure,
that the influence on Te of variatibns iﬁ the criticai steel temperature is
considersble for lower values of the opening factor Av{h/At; Within‘ihe_re-
gime'Avfh/At > 0.05 mllz the same influence is comparatively small. This
can alsc be seen directly from the more accurate curves of Fig. II,22 to
11,25, Fig. 11,30 convincingly demonstrates the great difficulties in sur-
veying the detail'consequences and in estimating the inaccuracies at differ-

ent epplications for a concept of the equivalent time of fire duration, which
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is independent of the structural design.

On the basis of the curves; presented in Fig. II,28, a rough design diagram
can be constructed similar to the diagrams according to Fig. 11,26 and
IT,27. In studying the possibilities for doing so, it was then found ap-
roprlate from a physical point of view to use the parameter B//E_K-Vﬂ-for
a characterization of the compartment and fire load properties instead of
the parameter B//K—K——- or B/Vifir-_whlch of fers the advantage that the in~
influence of varylng the shape of the window openlngs can be taeken into ac-
count. Fig. II,31, shows, in the form of & family of dash-line curves, the
transformetion of the curves of Fig., II,28 to a relation between the
equivalent time of fire duration Te and the paremeter B//K;K;?E: Approx-—

imately, the point values can be summarised by the formuls

B

Te =.G.28 /E;K;?H {min) ... aie . e “en (I1-11)

The formula requires that the total fire load B is given in Mcal, the open-
“ing area Av and the total area, surrounding the compartment, At in m?, and

the opening height h in m.

The fact that a direct transformation of a number of theoretical curves re-
sults in another group of curves according to Fig. IT,31, shows that a
unique relatlonshlp does not exist between the eguivalent time of fire dur-
_ ation T and the fire load-compartment parameter B//K_K_7_. For frequent

. values of the opening height h and the guotient A 1_/A , the formulae accord-
ing to Fig. 11,26, and eq. (II-11} are giving about the same equivalent time

of fire duration Te.

Summing up, . it can be establlshed that" the equivalent time of flre duration
_Te'ean be determined roughly from Fig. 11,28 or st1ll more roughly from Fig.
11,31, or Eq. (TI-11) for insulated steel struetu:es and roughly from Flg.
11,29, fer uneinsulated steel structures. Generally; the curves in these
flgures are deduced on the assumption of & critical steel temperature of
EOOOC._ For 1nsulated steel structures, Fig. 11,28, or II, 31, can be used

- for other levels of critical steel temperature, too, within the reglme

A fh/A > O 051111»*‘”2 For lower values -of the - openlng factor A /h/A s the
curves of Flg. 11,28 and II,31, are toc be applied w1th the greatest eautlon,-'



wher the critical steel temperature cbviously deviates Irom the valus SOOOC
of. Fig. II,30. The concept of eguivalent time of firs “ur=ztion T o valld
for Fig. II:Eé ¢ IT,31, and for Eq. (II-11), mekes T, dependent only on the
compartment and fire load properties, obut independent of the design of the
stranture. fLo & conseguence different combinations of the opening factor

’ A_%n/A; and the fire load‘qch are sszoclated with steel Structures_having giff-
erent characteristics with respect to the structural design. In that way,
estimations of “he inaccuracies of the concept at differen” applications

sre rendered difficult.

A more accurate, differentiated determination of the equiva.ent time of fire
duration Te carn be gquickly carried out from Fig. II,10 to II,21 for wn—insu—
leted stzel structures and from Fig. II,22 to II,25 for insulated steel
structures. These figures are directly based on the cencept of Te accord-
ing to Fig. 11,9 and give T as a function of the fire process - parameters

gs well as the structural parameters. To different combinations of the

fire process and strJgtural parameters then belong different levels of the
maximan steel temperature % . In esch individual case, this level can be -
determined in a direct way from Fig. 11,32 tc 11, h3 for un—lnsulated steel

structures and from Fig. 1I,22 to II,25 for insulated steel structures,“"

5. Main.characteristics of a structural fire engineering desi directl
2 P

based on. differentiated gastemperature-time curves

In chapter IL.L, methods have been described fof a differentiated fife eng~
ineering. design of load-bearing steel structures over an equlvalent time of
fire duration, connected to the heatlng accordlng to the standard t;mEﬂtemr :
perature curve. Alternatively, s differentiated, structural fire englneer—
ing design directly can be based on the gastemperature-tlme curves of the
complete proeess of fire development. Such a design comprlses the follow1ng

main components {20}, {25} to {29}:

(a) The choice, in .esch particuiar case, of representative ccmbustion charac-—
teristics of the fire lcad. ' o ’
{b) The determination for these combustion characteristics of the gastem-

perature-time curve and the convection and radiation properties of the com-

plete @roceés of fire development, taking into.account the geometry of
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Pig. 11,31 . Equivalent time of - fire duration for 1nsulated steel structures
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compartment, the size and shape of window and door openings and the thermal

characteristies of the structures, enclosing the compartment.

{c) The determinstion of the corresponding temperature—time fields in the

structure or the structursl element, exposed to fire.

(d) The determination — on the basis of datsa according to {¢) and data on
'the strength and deformation properties of the structural materials in tem—
perature range, associated with fires - of the point of time for collapse at
prescribed loading or, alternatively, of the minimum load-bearing capacity
of the structure or the structural element for the process of fire develop~

ment valid.

For makiﬁg.a differentisted structural fire engineering design according to
these principles practically applicable for the structural engineer, it is
necessary to supplement the procesdure with design diagrams for different
types of structures or structural elements, The design diesgrams required
mist comprise informafions for facilitating on one hand a calculation of the
determining temperature of the fire exposed structure; on the other a trans-
lation to the corresponding static behaviour and load-bearing capacity of
the structure. Examples of such diagrams for a temperature determination

are skown in Fig., II,32 to II,63.

Fig. II,32, to IT,43 {28} present design curves, giving directly the maxi-
mum steel témperature 9 for a fire exposed, non-insulated sieel struc-
ture at varying opening %ggtor Av/h/A , Tire load P and gquotient U/F.
Three different values of the resultant emissivities €. viz. 0.3, 0.5, and
0.7, &sre covered by the curves. U is the fire exposed surface and F the
volume of the steel structure per unit length., The diagrams are based on
gastemperature-time curves of the fire compartment according te Fig. II,8.
For fire compartments with other thermal characteristics of the surrounding
structures, the same design diagrams for %Smax can be used in combinatidn“
with rules for a transformatlon from one flre compartmert to another v1a

fictitious values of the fire lcad % and the opening factor v/h/At accordr
ing to Table II-1. ' '

Under the same conditions“of'fire exposure, the design disgrams in Fig. II,

LY to II, 59 {28} give the maximum steel temperature ® for an insulated -
ma

steel structure at varying opening factor A /h/A , fire load 9 and guoti-

ents U/F and u/nq, U is the inside jacket surface of the insulation per
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wilt length of the structure, d the +thickness of the insulation and Ai the

thermal conductivity of the insulating waterial.

Fig. 11,60 to II,63 {28} illustrate the corresponding temperature conditions
for a ceiling structure, composed according to Fig. II,64 of a reinforced
conerete slab, load-bearing steel beams and an underlying insulation of
thickness 4. The figures show the maximum temperature %Smax for the steel
waams O6F the structure at varying cpening factor Av/h/A , fire load g, and

guctients U/F and d/Ai.'

£, The determination of the opening factor of the fire compartment

Ls demonstrated in the preceding chapters, the opening factor of a fire com-
partment ié a Turrdamental concept in calculating the gastemperature-time

curve of. the process of fire development.

Tor a fire compartment with only vertical openings, the opening factor is

defined,by the guantity Av/h/At , Where Av = the total area of the window
and docr openings in m? , h = & mean value of the heights of window and door
openings in m, weighed with vrespect to each individual opening area, and At
= the total interior ares of the surfaces bounding the compartment in n? ,

opening areas included, cf. Fig. II,65.

For the opening factor, alternative forms could have been used, for instance
Avfh/Atl or A%ﬁh/ét? , Wwhere Atl is the surrounding area of the compartment,
excluding the opening ares, and Atz the surrounding area, excluding the floor
and opening areas. Applied to a di fferentisted fire engineering design, this
would naturally lead to a fire load definition with reference to a unit area
of Atz and Atz , respectively, instead of giving the fire load as the heat
vaiue N per unit area of the total interior bounding surfaces At. From a
practical point of view, the chosen definitions of the opening factor Av/h/At

snd the fire load 4y, have obvious advantages.

If a fire compartment also comprises horizontal openings, an equivalent cpen-

ing factor {Avﬁh/At)e can be determined by the formule {9}
i = { 3
(6 va/h), = 1 (A /n/a ) ... oo (II-12)

where (Ath/At)v = the opening factor, corresponding to the vertical openings
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Fig. 11,60
Maximun steel temperature %S for a fire exposed ceiling

structure according to Fig. ?%féh, at varying opening factor
Ath/At, rire load g, and structural parameters U/F and ar, .
The %smax - values are insensitive to frequent, practical
varistions in the thickness of the concrete slab. The disgrams
are not to be applied, if the slab is made of other materials,
e;g; lightweight concrete. The curves are baesed on character-
istics of the complete process of fire development according to

Fig. II,8 - fire compartment, type A {28}
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Fig. IT,61
Maximum steel temperature %S for a fire exposed ceiling

gtructure a_ccq‘rding to Fig. %%},Iéh, at varying opening factor
Av/h/At, fire load g, and structural parameters U/F and d/Ai.
The %Sma.x —.values are inSensitive to frequent, practical
variations in the thickness of the concrete slab. The disgrams
ere not to be applied, if the slab is made of other materials,
e.g. lightweight cdncre'te. The curves are based on character-
istics of the coﬁpleté process of fire development according to

Fig. IT,8 - Tire compartment, type A {28}
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Fig. IIZ62
Meximum steel temperature & for a fire exposed ceiling

structure according to Fig. ?%:,(61“ at varying opening factor
Anlh,, fire 1oad q,, and structural parameters U/F and d/A;.
The %sma.x - values are insensitive to frequent, practical
veristions in the thickness of the concrete sleb. The diagrems
are not to be applied, if the sleb is made of other materials,
e.g. lightweight concrete. The curVeé are based on chara.ctér—
istics of the complete process of fire development asccording to

Fig. 1I,8 - fire compartment, type A {28}
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Maximum steel temperature $
structure according to Fig. ?%?6&, &t varying opening factor
Av/h/A » fire load q, end structural parameters U/F and d/?\i.
The 9 - values are insensitive to frequent, practical
variat?gﬁs in the thickness of the concrete slab. The diagrams

are not to be applied, if the slab is mede of other materials,

e.g. lightweight concrete.

for a fire exposed celling

The curves are besed on character-

istics of the complete process of fire development asccording to

Fig. II,8 -~ fire compartment, type A {28}
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Fig. II,6L Ceiling structure, composed of & reinforced concrete sleb, load~
- bearing steel beams, end an underlying insulation.
L, Ml |2 h3 ha
_ b] i b2 I b3| ibé

A\f:AV? @A.V2+.....+AV6:b]h1 + bzhz.p ..... ..bshs
. .
h=— [Av1 hye Ay 2 hg e Ay ghg]
v

Av=2 [Ly Ly Ly Lyelyls]

Fig. II,65 ‘Definitions of the total opening area A, the weighed mean value
of the opening height h, the total interior area of the surr~

ounding structures At, and the opening factor Avs/h/At of &

fire compartment.
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of the compartment, calculated according to Fig. 11,65, and fk = g dimen-—
sionless multiplier, given by the alignment chart in Fig. II,66. For the
notations used in this chart, then see Fig. II,67.

A determination of the equivalent opening factor (A Yh/h )e over Bg. (1I-12)
and Fig. 11, 66 presupposes that the gas flow through the horizontal openings
of the roof is not predomlnant. This can be examined via the quotien®

A.Jh /A h, which has an upper 1imit at which the epplied gas fliow model

ceases tc be valid. This upper limit is gzven by the wvalues

H

Avh 1.76 st 9,_ = 1000°C =
;- © 2 5000 (11-13)
Av/h 1.37 at %t 500°c - cae

Ik«

At these 1imit values, the neutral zone coincides w1th the upper edge of the
vertical bpenihg."Tests have indicated the V&lldlty of the applled model up
to these upper limits {30}. For larger values of the_quotlent Avfhz/Avfh
than these limit values, all combustion gases will be vented through the hor-
izontal openings of the roof and the gas fiow becomes unsteble and difficult

to analyée by a simple theoretical model {31}.

In{%} also a method is outlined for a determination of the equivalent cpen—
ing factor for the case where the compartment is ventilated through air in-

lets.and cutlets by means of a fan instaliation.

7. Summary conclusions

With regard to a differentiated, practical, structural fire engineering de-
sign, the analysis end discussion presented above can be summarized by the

following alternative and equivalent design procedures.

7.1 Design procedure based on the concept eguivalent time of fire duration
The design procedure comprises the following main components.

(&) The determinetion of the fire locad qt‘of the compartment, specified as
the relevant heat value per unit area cof the total intefior surface bounding

the compartment in Mcal/m?.

(b) The choice of representative type of fire compartment with respect to



Fig. 11,66

Tig. I1,6

II - 66

Ayvhy
AV
2.0
~_ Ay=1000°C
500°C
s 16 05 o1 2 3 4 5
ApVhy fy
Ry Vh

Alignment chart for a determination of the equivalent opening
factor (A,/h/Ay)e for a fire compartment with vertical as well

as horizontal openings. For notations, see Fig. 11,67 {9}

Gas flow mechanism for & fire compartment with vertical

and horizontal openings.
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the thermal propertles of the surroundlng structures. Ordinarily, ﬁhis
ch01ce can be done by a direct comp rison with the characterlstlcs of
the dlf ferent types of flre compartments, listed on p. II- 12

(e¢) The debermination of )

the total area of the window and door openings A in m?,
the weighed mean value of the heights cf the w1ndow and door openings h in m,
the tohal interior area of the surfaces bounding the compartment At in mz,

and the opening factor of the compartment Avv’h/At in mi/2

These quantities are given by the formulae in Fig.II,65, for a compartment
with only vertical openings. If the compartment also comprises horizontal
openlngs, an equivalent ¢pening factor (A ﬁh/A ) can be calculated over
Eq. (II -12) and the alignment chart in Fig.IT, 66 Such a calculation then
is jusﬁified, if the conditions specified by Eg. (II-13) are fulfilled.

fd) The transformatlon, with respect t0 gastemperature—tlme characteris-
tlcs of the process of fire development, of the real type of fire compart-—
ment determlned in step (b), to-the basic fire compartment, type A. In
obtalnlng this, the Tire lcad 9 accordlng to step (a) and the opening fac-
tor.Av/h/At or the equivalent openlng factor (Av/h/At)e'according‘to step
{¢) are multiplied by & transformation coefficient Kes given in Table II-1.
The procedure ieads to & fictitiocus fire load qf'and'a fictitious opening
factor (A Jh/ ) which enable thab the subsequent design can be based upon
the dlfferentlaied gastemperature—tlme curves for. the ba51c f1re compart-

ment, type A.

{e) The proof thai the fire exposed steel structure or structural.élement
is sble to fulfill the stipulated functional requirements during the fire
action. For a loadeearing structure that means a proof that the load-
bearing'capacity‘does ndt decrease below the design load - or some other
prescribed load - multiplied by & required factdr of safety, during either
the heating pefiod of the subsequent cooling period of the real process of

fire development.

The design step (e) contains two subcomponents. One component comprises the

Qetermlnatlon of the critical steel temperature 3 " of the actual steel
Seri

or structural element which de ends on the degree of stress utlllzatlon,'

the type of cross section, the _haracterlstlcs of suppert and restralnt
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conditions, the type of fzilure, and the strength and deformation proper—
ties of the material at elevated temperatures, The Zetermination of the
critical steel temperasture is outside the scope of this chapter and there-
fore on this point -eference is made only to chapter IV and to the liter-

sture, e.g. {20}, {27}, {29}, {32}, in this comnection.

The other subcompenent of the design step {e) consists of & proof that the

maximum steel temperature of the fire exposed structure or structural

element ¥ does not exceed the critical steel temperature ¥  during
Smax Serit

the fire process. Over the concept equlvalent time of fire duration T e’

this can be done elther erperimentally or theoreticaelly.

An sccurste, differentiated determination of Te can be carried out quickly'
from Fig.II,10 to II,21 for un-insulated steel structures and from Fig.Il,22
to II,25 for insulated steel structures. Entrance guantities for the dia-
grams in the figures are the fire load e and the opening factor (A vh/A )f
accordzng to step (d) and the structural parameters U/F (Fig.II,10 to II-21)
and UA /Fa - (Fig.II, 22 to II ,25), respectively. U 15 the fire exposéd sur—
face per unit length for un-— 1nsuléted steel structures, and the 1n51de jacket
Surlace of the insulation per wnit length for insulated structures, F the
vblume of the steel structure per unit length, Ai'the thermal conductlvity
of tne insulating material, and & the thickness of the insulation., For un-
insulated steel structures (#ig.II,10 to II,21) the influence of variations

in the resulting emissivity €. is added.

After having found the equivalent time of fire duratiohn Te; the maximum
sﬁeel temperature %Smax ¢an be determined éxperimentally in a standard fire
resistance test by heating a test specimen of the actual structure or struc-
tural element according to the standard timeﬂtemperamurercurve, Eq. (II-10),
during the time T =T . Alternatively, the determination of the meximum
steel temperature ¥ can be carried out by theoretical calculations.

With an accuracy Whl?ixwlll be sufficient in most practical appllcatlons
%Sﬁag cen then be taken directly from Fig.II,32 to II,43 for fire exposed
un-snsulated steel structures and from Fig.II, 4l to II,59 or from the dash~
line curves in Fig.II,22 to I1I,25 for fire exposed insulated steel struc-

tures.

For a more rough estimation of the eguivalent time of fire duretion Te’ the

curves in Fig.II,28 or II,3l or Eq. (II-11) can be used for insulated steel
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structures and the curves in Flg 11,29 for un~1nsulated steel structures.
Generally, these curves and the formula accordlng to Eq. (II-11) are based
on, the assumpulon of a crltlcal steel temperature 9 ) = 500 C The wval-
ues of T o determlned in this more rough way, dependconly on the fire load
and the flI‘E compartment properties but not on the design of the structure.

Te values of this character belong primarily to & preliminary design stage.

7.2, Design procedure, directly based on differentiated gastemperature-time

CUrves

Such a design procedure, summarily described in chapter II.5, coincides with
the design procedure according to chapter II.T.l, as concerns the design com-

ponents (a) - (d). This part of the design procedﬁre leads to a fictitious

. Ayy/h
fire load qf and a fictitious opening factor of the fire compartment n ]
t Jf

These guantities determine from Fig. II, 8 that gastemperature-tlme curve of
the process of fire development, uponwhlch the further design is to be based.
‘The design step (e) then comprises a determination of the corresponding-time
curve of the steel temperature %S of the fire.exposed structure or structural
element, particularly the maximum value of the steel temperature %Smax during .
the complete fire process. For most practical applications, this determin-
ation can be done very gquickly by the existence of systematized design dia-
grams, Examples of such diagrams, giving directly the maximum steel temper-—
ature 9 , are shown in Fig. II,32 to 1I,43 for un—insulated steel struc-
tures, igaﬁig. 11,4k to II,59 for insulated steel structures, and in Fig.
11,60 to II,63 for a ceiling structure, composed of a reinforced concrete

slab, load-bearing steel beams, and an underlying insulation. Additional dia-

grams can be found in the literature, cf. e.g. {28}

The differentisted design procedureé presented above are to be seen as an
attempt to build up a logical system for a étructural fire engineering design
based on functional reguirements. Fundamentally, such a system is in agree-
ment with the present development of building codes and regulations. It is
well suited to stimulate the architects and the structural engineers to solve
the fire engineering problems in a more scientific manner by & design pro-
cedure which is equivalent to the conventional design procedure applied with

respect to, for instance, static loading. The structural fire engineering
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design system presented is not homogenecus with respect to the present basis
of knowledge for *he different design steps which cén be put forward as ﬁ,
criticism of the system. However; such & remerk is not essential. Instead,
this fact ought to be used es an important guide on how to systematize a fut-

ure research work for meking possible-a succesgive 1mprovement of the system.

8. Applications

Example 1

A Pire compartment has geometrical characteristics according to Fig. i1, 8.
The interior height L, = 2.5 m, the interior width L, = € m, and the interior
ilength LB 15 m. The compartment has one dcor openlng(:)and.flve window
openlngsc:)to(:)w1th positions and dimensions h and b, specified in the fig-

ure. The roef of the compartment comprises six horizontal openings with the

‘to%al area Ah = 6.6 o2,

The compartment has boundary structures with the following percentage cf boun-
dary/surface ares: 18% lightweight concrete of density p = 500 kg/m® and 82%

. cgpcreﬁe.
The fire load q = 15 Meai/m? of the total surrounding surface.

Within the compartment, there are uninsulated steel columns with &a structurgl

design corresponding to U/F = 75 m™*

) Determine
(1) the fictitious opening factor (Av{h/At)f and fire load Aes and

(2} the equivalent time of fire duration Te ané the corresponding vaiue of

the meximum steel temperature § at fire.
Smax

The problem is solved in conformity with the design procedure - step (a) to

(e) - summarised in chapter II.T.1.

Step_(&)

The fire lcad q = 15 Mcal/m? .
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Fig, IT,68 Geometrical characteristics of fire compartment, used in

Example 1.

138 150 180mm

—k

Fig. II,69 Cross section of a fire exposed, insulasted steel column,
g Example 2.



Stez (n)-
The sctusl fire compartment has a boundary structure surface of
18% lightweight concrete and

829 concrate.

‘With respect to the thsrmel properties of the gurrounding structures, the
sctusl compertment liss between the fire compariment, type B, charscterized
by & boundary structure surface of, cf. D. Ii-12,

0% 1lightweight concrete and

100% concrete
end the fire compartment, type D, with a boundsry structure surface ef

50

0% concrete.

R

lightweight concrete and

A

The Fundamentsl characteristics of the actual compartment - the fictitious

fire load g _ and opening factor (Avfh/At)f-— can be calculated from the corré-

T
sponding charscteristics of the fire compartment types B and D by linear in-

terpolation. For the coefficient K according to Tgble II,1, this gives the

T
value
¥ x(x)+-¥§- (K_). = (K.) =061+(.K)+O.36(K) '
vy £f'B 50 | LD £'B IR i £'D vuv s {a)
vhere (ﬁf)B and (Kf)D are the values of XK, for the compartmenf type B and D,
respectively.
step_(c)

This step contains as a first subcomponent a determinstion of the opening fat-
tor (Av/hiAt)v of the verticel openings of the fire compartment. This deter=
mination - based on the formulae in FPig. II,65 — is presented in Table II,;3
with notations sccording to Fig. II,68b. The table gives for the total, ver-
tlcel opening area '

.= = = 2
Av EAW bvh\i 13.59 m ‘e “ee .o ves ves (b)

and for the weighed mean value of the heights of the vertical openings

h=i—=}:fx_ h 'M=l.583m (e)
')

v 13.59
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The total interior area of the surfaces bounding the compartment 1s

e . o : _ i |
A = 2(L,L, + L;L, + LL,) = 2(2.5x6 + 2.5x15 + 6x15} = 285 m Y
Tabie IT 3
: |
_ Opening bv hv Avv = bvbv Avv h\J . hlv Avv hlv
D 1.3 1.5 .95 2.925 | 0.95 | 1.853
® 1.3 1.5 1.95 2,925 | 0.95| 1.853
©) 1.3 1.5 1.95 2.925 | 0.95 | 1.853
) 1.3 1.5 1.95 2,925 | 0.95 1.853
G 2.6 1.5 3.90 5.850 | 0.95 | 3.705
0.9 2.1 1.89 3.969 | L.k5 | 2.7
I 4,713.59 | 21.519 z| 13.858

The calculated values of Av, h and At then give for the opw ..y factor of

the vertical openings

A Vh | .
vy o 13.50V1.583 _ g ogoo ml/2 ... ... oo e e (e

( v
Af v 285

The second subcomponent of step (¢) comprises a determination of the influ~
ence of horizontal openings on the opening factor. This influence can be
teken into account by Eg. (II-12), giving the equivélent opening factor
(AVJh/At)e. The celculation is based on the alignment chart in Fig. II,66
with notations according to Fig. II,67. Additional quantities to be deter-
mined are the total horizontal opening area

Ah‘=‘6:6 m? (f)

and the vertical distance h, from the horizontal opening level to the centre
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At varying centre levels h; is then to

e S van T
o A Tl

leval of the vert openings.
mesn value, weighed with respect to each individual.

e calculeted as &
opeling area by the formuls
. 1 . 13.858 .
A T i = Smeti= = ] .0 aso . ‘e . .
h Y ran = iEes =1 20 m (&)
af, ¥ig.l1,68b and Teble II~3.
Wit
6.6V1.020 i
= = = (. . ‘e h
13.59/1.563 350 (n)
A g - ’
o 6.5 _ . .
i ¥ 5355 0,486 . . oo ()
Av srirance-quantities, Fig.II,66 gives - with the gastemperature
Y = 1000°C .as an estimation on the safe side
= 1.78H 1
= 1760 ... . . ... . ... e v (3)
fiﬁw = 0,39 < upper limit value according to Eg. {II-13).

that the calculstion is justifiedand that the derived fk value

ied for a determination using Eq. (II-12} of the equivalent

This i
cpeling facﬁbr(Av/h/At)e for the asctual fire compartment with the actual

can be sLrl
surréunding structures, i.e.
A vb A Vo ,
(F—) =7, (=) = 1.760%0.0600 = 0.106 nl/2 N 63
T e . t v '
Step. (4} -
vie fictitisus values of the fire losd q. and the opening factor (Av“h/A )fs
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the gastemperature-time

characteristics for the actual fire compartment cai

be transformed to the gastemperature-time characteristics for the fire com-

partment, type A. The transformation is regﬁlated by the transformation

co—

efficlent Kf, given by Eq. (&) in the actual case. For the opening factor

(ay/n/a), = 0.106 ml/? , it follows from Table II,1 that

i

[
\hf)B 0.85

(K 1.58

%

f}D
and from Eg. {a) that

Ke = 0.65%0,85 + 0,36x1.58 = 1.11 ..« . ‘e e R
This determines the fictitious fire load
9, = ¥.oqg, = 1.11x15 = 16.7 Mealm?Z ... ces e ce -

and the fictitious cpening factor

A4/h A Yh .
e = e = ) - 1 . s .
™ )f K, ( Y )g 1.11x0.106 = 0.118 =

witn reference to a fire compartment, type A.

TE (e}

4 determinstion of the equivalent time of fire duration Te can be carried

out from Fig. II,10 to II,21, and of the corresponding maximum steel temper-

gture 9 from Fig. II,32 to IT,L3.

Spax . .
Entrance-guantitlies are
the fictitious fire load q, = 16.7 Meal/m?,
the fictitious opening factor (Avfh/At)f = 0,118 m!/2
the structural gquotient U/F = 75 m~% , and '
the resulting emissivity er==O.?, of, p. II-17.

By using a linear interpolation, this determination gives

T =0.286h ... e . cen . ces e e
=]

o . e}
Vspax = SHOC ... et ‘e oo coe ‘e cas e

(o)
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Consequently, the real fire exposure of the steel columns iz eguivaient te
@ heating in & standard fire resistance test during the tlme T = 0.28 = T

win. © In such & test as well as under real fire condltlons, the maxlmum steel

_temperature will then be & = 540°¢.
Smax

Exemple 2

A fire exposed steel column with e cross section according to Fig. II,69 is
protected with en insulation, 15 mm in thickness. The column is placed in &
fire compsrtment, type A, with an opening'factor Avfh/At = 0.02 mi/2. The
fire load qt = 35 Mcal/m? of the total surrounding surface of the compart-

ment .

Determine the equivalent time of fire duration Te and the corresponding value

of the meximum steel temperature ¥4 ax at fire. The thermal conductivity of
. pust

the insulation Ai = 0.10 Keal/m hOC, chosen as s mean value within a tempera-

ture range from O to about BOOOC.
The steel volume per unit length

= (152 ~ 13,82 )x107H = Bbd0™ W et e e a8
the inside jacket surface of the insulation per unit length

= MXIS.OxlO;z = 60.0x1072 m®/m ... e o . cee o (0)
and the thickness of the insulation

= 1.5x107% m ‘e cas P A e vee P {e)

These values give for the structural parameter

YA 60,0%x1072x0.10

Fd " 3b.6x10"x1.5¢10°2 - 1177 Keal/m3n°C e e (4)

With this structursl parameter and the fire load q = 35 Mcai/mzuras entrance

- -gquantities, Fig. 11,22 gives the equivalent time of fire duration

= 0.9Th ens s - e s . e . (e)
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and the maximum steel temperature

~O
8 = 515°C e ces - - e ceo s vl (£

Smax

A more rough estimation of the equivalent time of fire duration Te can be

made from Eg. (II-11). Hence 1t follows

A .
r-0.28—E— =028 it =028 —E— =028 £
VA A _vVn V& A vh . Vi va J0.02
Vb v b Ty T
A
t

£0 min = 1,15 &

Txample 3
‘An insulated steel column has a structural perameter Uh. /Fd = 2000 kcal/mahoc.
The c6lumn has been heste@ in & standard fire re51stance test durlna 0.8 h.
‘The max1mum steel temperature %S at the test was measured to oOO C.
. max
Determlne that relationship between the cpening factor A /h/A and the fire
1oed Ay » which - corresponds to the same maximum steel tem@erature %S £00°c

: max
1f ‘the column is Tire exposed within & fire compartment, type A.

Iin Fig. 11,22, the full-line curve for Uli/Fd =. 2000 kcal ®¢ and the dash=~
line curve for % = 600°C intersect on the level T, = Ve h, which is in
agreement with'fhgﬁ%est fesults. Thecorrespoﬁdingcurves'in Fig. T1,23, II,2h
and II,25 are giving the same confirmition. To these intersection poliats be-

long according to Fig. 11,22 to I1,25

for A #h/A = 0.02 mt/2 q, =35 Mcal/m®
for. A /h/A = 0.0k ml/? g = 39 Mcai/m2
' for Av/h/At = 0.08 ml/? q, = 5k Mcal/m®
for Avfh/At = 0.12 m!/2 94 = 75 Mcal/m?

This relationship is shown by the full-line curve in Fig. IT,70.

A rough determination of the relgtionship asked for, can be carried out by

{II-11). For Te = (0.8 n = 48 min this equation gives
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qa  Meaiim?

60 <
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002 004 006 008 0.1 g12m"?

di“Fig; 11,70 Relationship between the opening factor A fh/A and the fire
N o load g, for an insulated steel column w1th the structursl
parameter UA, /Fd 2000 Rcal/mah C, fire exposed W1th1n a_'
fire compartment type A; to a max1mum steel temperature
Bsmax = 6Boo%c. The full-line curve corresponds to an
accurate calculation, based on Fig.II,22 to II,25. The
dotted-line curve corresponds to an approximate determin-

stion, based on Eg. (II-11).

1 mm

Fig, II,71 Fire exposed ceiling structure, composed of a reinforced
conerete siab, load-bearing steel beams, and an underlying

insulation, Example k.
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48 = 0,28 —=—

A7 f—

]

gt

corresponding to the dash-line curve in Fig. Ii,TO.

A ceiling structure, composed of a reinforced concrete slab, load-bearing
steel beams, and an underlying insulation according to Fig. II,T1, ig fire
exposed from below. The insulation is made of & material with & thermal con-
duct1v1ty A = 0.12 kcal/m 1°C'as & representatlve meen velue within the
temperature range from 0 to about 500 ®c.  The structure is placed wlthin &
fire compartment w1th a fire load qt =100 Mcal/m of_the total surround- .

ing surface.

Determlne
_'(l) the’ maxamnm steel temperature %S ,', corresponding to-the opening fac-
tor values A vh/A = 0. 0k, 0:08 srid 0°1o ml/2, if the fire compertment is of

type A and

(2) the maxlmum steel temperature % . 1f the fire compartment is of type

C with an openlng factor Av/h/A O of ml/2
The problem can be solved over the diagrams in Fig. II,60 to II,63.

{1) Fire compartment type A

The entrence quantltzes of Flg. II 60 to II 63 are:

exposed steel surface per unit length
= {30.0 + 2x28.9 + 2x30.0)x1072 = 1.478 m¥/m ... (a)
steel’ volume per umit; length

= 1.491x1072 m3/m (from catalogue} ves e cee e _ (p)
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steel besm quotient g = E:ﬂgigiatj =99 m ces ces Ve ves ()

. -2
= 2:2X2077 5 105 p nOC/keal

‘and insulstion quotient *%— =85 . ive (@)

i
1

With these values of U/F and d/A;, Fig.II,61 to II,63 give for the fire

losd g, = 100 Mcal/m?
gf = 0. 1/2- I = . o
A, h/At 0.0k m* “: | S e 360°C
A Vh/a, = 0.08 m/2: 5 = 2u5%
V. t Emax
A fu/a, = 0.12 /2 s =195 .. e e (@
mex .

The low steel temperature values, calculated for a comparatively high fire
load 9 = 100 Mesl/m? demdnstrate the high degree of fire resistance of

this type of structure. The %é values also clearly demonstrate the
max '
great influence of varistions of the opening factor Avfh/At.

{2) Fire compartment, type C

The gastempersture-time characteristics of this type of fire compartment can
' be transformed to the corresponding gastemperature-time characteristics of
s Fire compartiment, type A, via fictitious fire load 4 and opening factor
(Ath/At)f‘ Table IT-1 then gives for the transforination coefficient Kf in

this case -'Aﬁfh/At = 0.0k ml/z

K, = 3.0

which means that q. = K.q, = 3.0x100 = 300 Meal/m? ve. (T)
'= J = I = /2

(AYn/A ), = KA /n/A = 3.0x0.0k 0.12 m/_ oo ()

With these values and with U/F = 99 ™! and d/Ai = (,125 m?hoc/kcal, it
follows from Fig.II,63 that

£ = 400°¢c ve (1)
nax

Consequently, the influence on the meximum steel temperature of variation
in the thermal properties of the surrounding structures is comparatively

.small in this case.
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Table II-1. Coefficient K, for transformlng real fire load q, and real
opening factor A /h/A of a fire compartment to fictitious fire load qf and

opening factor (Av/h/At)f corresponding to a flre compartment type A,

Qe = Koy (4, h/a ), = KA, /a/a,
Type of fire , Opening factor Avfh/At_m}/z
compartuent 0.02 0.0k 0.06 | ©0.08 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 3.0 | 3.0 3.0 | 3.0 | 3.0 2.5
Type D :.'f 1.35 1.35 | 1.35 | 1.50 1.55 | 1.65
Type B | 1.65 | 1.50 1*35_ 1.50 | 1.75 | 2.00
type ¥ . | 1.00 | 1.00 | 0.80 | 0.0 | 0.0 | 0.70
' : to- to - to to %o to
©0.50 | 0.50 | 0250 0.50. | 0.50 | 0.50
Type G 150 | 1.5 | 2.3 | 1.es | 1.5 | 1.05

L The hlghest value of K, applies to a fire load q > 120 Meal/m®, the
lowest velue to a flre load a < 15 Mcal/m . For 1ntermed1ate fire loads,

iine#sr 1nterpolat10n glves gsuffieient accuracy.

' For the @efinition dfrthe_differént types of fire compartment, cf. P, II-9,

10 and 12.

If the celeulated value of-(A Vn/A), is greater than 0.12 wl/?2 | the dia-

~grams in Fig. II lO to II,25 an& IT, 32 to 11,63 are insufficient feor a
,determlnatlon of the equlvalent time of ‘fire Guration T snd the maxlmum
‘steel temperature SS , respectively. In such a case, the disgrans belong-

ing to (Av/h/ t) = 0 12 m!/2 can be used as an approxlmatlon on the safe

side. The corresponding value of

Q.12 ' . . .. :
Kf = =Zi==~ - thenrn must be applied in determining qf-too.

VAVVh/At
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" Tgble II=2. In ISO Recommendstion R 83k specified relationship between
the tempersture rise within the test furnace %T - %o and the time T,
Eq% (II=10).

i .. Time'T : Elevation of furnace temberature
dn o _%T = 30 o
m?nutes o DegC : DegF

s 556 1001

10 : 659 1186

el X5 - 718 1202
30 - 821 | | 1478

60 925 ' ' 1665

0. . . 986 1775

120 1029 . 1852

180 1090 1962

ebo | 1133 | 2039

360 - o 1193 - 21k7
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