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ABSTRACT

Introductory, the characteristics are given for on one side the con-
ventional, highly schematic fire engineering design, connected to classifi-
cation systems, and on the other side a differentiated fire engineering
design procedure, directly based on performesnce criteris and functionally
well-defined requirements. The two different approaches are compared for
an application to load-bearing structures. From this background, the
consequentisl need for standerdized fire test procedures is analysed and
some general conclusions are drawn. Parallelly, fundamental requirements
on internationally standardized fire test procedures — for classification
Or more general purposes - are presented and summarily discussed, as regards
applications to existing ISC recommendations and to & differentizted fire
engineering design. Finally, the concept equivalent time of fire duration
is mentioned and fragmentarily exemplified as a mean of translation from
a real fire exposure to the standard heating conditions in fire resistance

tests.

TRENDS OF DEVELOPMENT OF FIRE ENGINEERING DESIGN METHODS
The different IS0 reccommendations concerning fire test procedures and

the corresponding national standsrds have been developed mainly on the
basis of classification requirements, stipulated in building codes and
regulations. The recommendations and standards then have been drawn up with
the fundamentsl aim that the test results are to be used as data for g fire
engineering design, taking intc account real conditions in practice as well
as possible.

In the light of these facts, it seems natural <o begin a discussion of
the need for an internstiocnal standerdization of fire test orocedures by g

general survey of the present state and the trends of develcpment of fire



engineering codes, regulations and désign methods.

For & long time back, & fire engineering design of buildings and
elements of building construction ordinarily is characterized by & highly
schematic procedure, based on undifferentisted classification systems with

respect to combustibility and ignitability of materials, spread of flame

and smoke production of surface layers. and Tire resistance of structural
elements. For & classification, each property then is determined in a
standardized Tire test with fixed heating conditions. In & fire engineering
design, the results of such standard classification tests directly are to
be compared with the corresponding requirements, specified in the codes and
regulations.

Applied to = load-bearing structural element, the internationally
conventional system of fire engineering design can be illustrated according
to Figure 1 Eﬁ]: The building codes and regulations are giving a required
' tiﬁe of Tire duration, which depends on the occupation, the height and -
the volume of the bullding, and the ilmportance of the structural element.
The fire engineering design comprises a proof that the proposed structural
element has & fire resistance time, determined in a standard fire resis-—
tance test, which exceeds the fire durstiocn required.

A% present, a clear trend can be seen of a development of the building
Cans and regualtions in many countries towards functionally more well-
defined reguirements. As a consequence, the need continuously increases
of methods for a differentiated fire engineering design. As concerns load-
bearing structures or structural elements, several such design methods also
have been published during the last ten years.

Mainly, these methods can be referred to one of two differént groups
with respect to the use of the basic data of the process of fire deveiop—
ment. Characteristic for the methods of the first group is a design proce—

dure with the varying properties of & real fire development taken into



eccount over an equivaleant time of fire duration, connected to the heating
according to the standard time-temperature curve. The methods of the second
group are characterized by & design procedure, directly based on gastempera-
ture-time curves of the complete process of a resl fire development, speci~
fied in detail with regard to the influence of the fire load and the geo-

metrical, thermal and ventilation properties of the fire compartment.

OCCUPATION

BUILDING HEIGHT

BUILDING CODE REQUIRED FIRE

BUILDING VOLUME DURATION

IMPORTANCE OF

STRUCTURE .
v

FPROPOSED m| STANDARD FIRE YRS

STRUCTURE RESIBTANCE TEST END

&

NG

Figure 1. Conventional fire engineering design of load-bearing
structural elements 1]

Such g désign according to the second group methods comprises the fol-
lowing main components [2] to [5:]:

{a) The choice, in each particular case, of representative combustion
characteristics of the fire load.

{b) The determination for these combustion chsracteristics of the gas~
temperature~time curve and the convection and radiation properties of the

complete process of fire development, taking into account the geometry of



compartment, the size and shape of window and door openings and the thermal
characteristics of the structures, enclosing the compartment.

(c) The determination of the corregponding temperature-time fields in the
structure or the structural element, expcsed to fire.

(4) The determination ~ on the basis of data according to (c) and data on
the strength and deformation properties of the structural materials in tem-—
perature range, asscciated with Tires - of the point of time for collapse at
prescribed loading or, alt-erna"tively5 of the minimum load-bearing capacity
of the structure or the structural element for the process of fire develop-
ment valid.

(e) The application of the results according to (d) in a structural design,
based on functional requirements and specifications on load and fire icad
levels, given in building codes and regulations.

The design procedure 1s shown more in detail in Figure 2.

The differentiated design system according to Figure 2 is to be seen’
primarily as a pure, theoretical procedure. The system can be applied in
this wey at present to, for imstance, steel structures and isostatic, rein-—
forced ceoncrete beams and siabs, For these itypes of structures, now also
design diagrams exist which considerably can facilitate 2 practical applica-
tion. Fragmentary examples of such diagrams are given in Figure 3 and .

In Figure 3 [ﬁ], [6], then some design curves are presented, giving
directly for & complete process of fire development the corresponding
maximum steel temperature ﬁi for an inswlated steel structure at varying

nax
fire load q » and structural gquotients U/F and d/Ai. The curves are re-

] 2,

lated to an copening factor ¢f the compartment AGJEYAt = 0,04 m1 <A is

the cpening area, h the opening height, and At the total interior sur-
rounding surface of the compartment. U is the interior surface of the

insulation per unit length, F the volume of the steel structure per

unit length, 4 the thickness of the insulation, and ki the thermal
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Figure 3. Maximum steel temperature ’L%S for a fire exposed, insulated steel
max

structure st varying fire load ay and structural characteristics.

Opening factor Av\/_h/At = (0,04 1111/2 [5:!, [6]



conductivity of the insulation materisl. The fire load Gy is defined as

the corresponding heat value per unit area of the surrounding surface At.

0.5 m*:i?
N

0 100 200 300 400 500 600 ¥

Figure 4., The critical load Py for a fire exposed steel beam with an
I cross section, simply supported at one end and built-in

at the other. Uniformly distributed leoad p [T]

Figure 4 [TJ exemplifies another type of design diagrams, enabling

a direct trenslation of the maximum steel temperature'ﬁg for a fire
exposed steel structure toc an adherent load-bearing capaf?iy or critical
load. The exemplified diagram applies to a steel beam with an I croos
section, simply supported at one end and built-in at the cther, acted
upon by a uniformly distributed load p. In the formula for the critical
load Pop? % denotes the yield point stress of the material at ordinary
room temperature, and W the elastic moedulus of resistance of the cross
section. The curves I, II and III are connected to a rate of heating of

100, 20 and MOC, respectively, and a rate of subseguent cooling, which

iz one third of the rate of heating.



CONSEQUENTIAL NEED OF STANDARDIZED FIRE TEST PROCEDURES.
GENERAL REQUIREMENTS AND REMARKS

In a conventional fire engineering design, based on classification

systems, standardized fire test procedures are of primary importance.

It is reasonable to assume, that this will be the case alsc in the

future for & considerable time. By reason of that, the need of an irter-
national standardization of the test procedures is obvious. The need is
further emphasized by the fact that the test procedures are comparatively
expenslve in many practical applications.

In peinting this out, it is essential to realize the development in
progress towards a more differentisted approach to a fire engineering
design, which will lead to a successively decreased importance of classi-
fication fire tests. Moreover, improved knowledge continucusly will
increase the possibilities to replace in a classification procedure
parts of a fire test or a whole fire test by theoretical calculations. .
Such possibilities already exist for certain types cof structures, for
instance uninsulated or insulated steel beams, fremes and columns.

In developing internationally standardized fire test procedures ~
for classification or more general purposes - certain fundamental re-
gquirements must be fulfilled. The most important requirements then are:
(a) A test method shall comprise a determination of either one single,
well-defined physical, chemical or mechanical property or & more global,
integrated effect, based on & number of relevant, well-defined properties.
(b} A test method shall give relevent and useful results. That means, that
the exposure conditions in the test must simulate important and typical
parameters of a real fire and, for instence, for the loading and restraint
conditicns, the decisive parameters of the fire behaviour of a real struc—
ture.

(c) A test method must give reliable and guantitative results with an

acceptable degree of reproducibility among lsboratories and repeatability



within a laboratory.

(d) A test methoé must comprise a recording snd reporting of data of

measurements in such an extent, that different practical applications

of the test results carn be Facilitated. That means, for instance, that

the results of = fire test, made in one country, should be directly

sppliceble as & basis for classification in different countries with

varying classification requirements. This gives as a consequence, that

a test method crdinarily ought to provide continuous scales of measure

and that a test method should include & full description of the proce-

dure of the test together with general test criteria, while detailed

classificaticn reguirements are to be excluded [8]. It can be useful to

supplement internaticnal fire test procedures with commentaries to serve

as a guidance for planning, performance and reporting of a fire test and

for an application of the test results to various situations in practice.
As concerns the existing ISO-recommendations for fire test procedure%,

it can be stated, that the test method for s determination of the calorific

potential of building materials - IS0 / R 1716 [9] - is giving values of

the amount of heat released by a complete ccombustion, which now are gene-

raliy epplied in calculating the fire load c¢f a compartment. Against the

test method can be said, that the combusticn conditions in the calorific

potential test are more severe than in real fires. The importance of this

difference can be iliustrated fragmentarily by referring some test results,

reported in Bcﬂ, giving for a compact fire load component of paper a

comparison of the calorific potemtial H according to IS0 / R 1716 with

the heat releasge Hf guring a Tire exposure, characterized in relation to

the temperature—- time curve of a standard fire resistance test. The resuits,

summarized in the following table, are giving evidence of the great in-

fluence of the fire exposure conditions on the heat release for this type
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Fire exposure Hf/H

100 % IS0 curve 0,732
67 % IS0 curve 0 55
50 % IS0 curve 0.27

of fire load. Further developments of laboratory test methodsP recently
published D%], Eé], for a small scale determination of the rate of heat
release of materials and linings at accurately specified heating condi-
tions, relevant to real fireé, could be a future way of sclving this
problem.

The non-combustibility test according to IS0 Recommendation R 1182
@3] for a determination of whether a building material is nom-combustible
or combustible, is now frequently used for a classification in building
code specifications. In spite of this fact, the test method does not ful-s
fil the fundamental reguirement (a} of giving precise inf'ormation on one
or several well-defined physical or chemical, material properties. A
development, leading tc & future replacement of the present ncn—combus-—
tibility test by either a number of single tests or an integrated test,
connected to functionally based, distinet and well-defined material
properties, therefore has a high degree of pricrity. About the ssame
principal characterization is valid for that family of different natio-
nal fire tests which is concerned with the contribution of materials,
usually combustible linings on walls, to the initiation and spread of a
fire.

The international research work in progress concerning the behaviour
of building materials in connection with fire, has initiated a thinking
in terms of "reaction to fire of materials" [HJ R Ewﬂ. In Dlﬂ then an

integrated test method is presented, comprising the following relevant
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properties:

(a) the rate of heat relesse C,

(b) the inflammability I, which describes the ease with which an exothermic
reacition occurs in the solid material (I?) and in the gases set free by
the material in the form of flaming (IE)’

(e) the flame propagation at the surface of the material P,

(d) the smoke opacity O, divided into the opacity when the material is in
smouldering corndition (OS) and the opacity when the material is in flaming

).

The different material properties are integrated into & reaction to fire

condition (0

y

index
. ) k1C + k211 + k322 + th + kS

rf
k1 + k2 + k3 + kh + k5 + k6

Os " kGOf

where k_ to k6 are dimensionless coefficients of relative importance of
the relevant properties.

In a long-term perspective, it is urgent toc direct the research work
towards a deduction of theoreti;al models which can describe, with
acceptable degree of accuracy, different well-defined components of
reaction to fire of building materials and/or the integrated concept as
& whole. Such theoretical models then must take into account not only the
relevant material properties but also the influence of varying environmen-—
tal conditions, as concerns geometrical, thermal and ventilation charscte-—
ristics.

The IS0 Recommendation R 834 concerning fire resistance tests of
elements of building comstruction fulfils the above requirement (a) in
comprising a determination of the functionally based properties load—
bearing capacity and Tire separating capacity with respect tc insulation
and initial snd ultimate integrity failure Béﬂ . E?ﬂ . As regards the

requirements (b} and (c), the ISC recommendation comprises insufficiently
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accurate specifications in several respects, for instance concerning the
heating and rest;aint characteristics, the environment of the furnace and
the thermocouples for measuring-the furnace temperature @ ], ﬁ }. From
& basic functional point of view, it would be a fundamental improvement
of the existing fire test procedufe to replace the stipulation concerning
a fixed temperature-time curve by a requirement, which specifies fixed
realistic time curves representing the cowbustion energy supplied per unit
time to the fire testing furnace [2], [3], [19] . [20] .

Going over from a conventional fire engineering design, based on
classification systems, to a differentiated fire engineering design, the
following summary statement can be: made, as concerﬁs a design of fire
exposad, load-bearing structures or structural elements, cf. Figure 2.

A structural fire engineering design, directly based on differen-
tiated gastemperature-time curves is characterized mainly by a theoretical
design procedure. The spplicability in practice of this procedure, essen:
tially can be facilitated by design diagrams, calculated for different
types of structures ér structural elements by meansg of computers. The
design procedure is not connected to any need of classifications and
gives a low priority to the present standard fire resistance test of
elements of building construction. In the design procedure, the results
of such standard tests can be used either for a confirmstion, point by
point} of the theoretical treatment or for getting basic information, e
necessary for the calculstions. In those cases, when the basic informa-
tion depends on the detsgil characteristics of the process of fire develop-
ment -~ for instance, basic égta concerning the disintegraticn of strue-
tural materisls, enlarged short-time effect of creep and shrinkage, effect
of crack formetion and spalling, behaviour and strength of fastening
devices for different types of insulation, rate of increase in the depth

of the charred layer at timber structures — the design procedure can
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necessitate experimental investigations at gastemperature-time curves
diverging from ﬁﬂe standard time~temperature curve. In mest cases, the
data required then can be determined by essentially less extensive
experiments than the standard fire resistance test. The importance cf
internationally coordinated efforts for a development of such tests for
essential material and component properties, connected to a differentia-
ted fire engineering design, has been stressed at the "Collogue sur les
Principes de la S&curité au Feu des Siructures", held in Paris 1971, and
alse within CIB Commission Wik EEﬂ,
THE CONCEPT EQUIVALENT TIME OF FIRE DURATICH

As emphasized above, a fundamental aim of a fire test is, that the
test results can be used as data for a fire engineering design taking
into account real conditions in practice. This very essential require-
ment of a fire test method will be discussed a little more in detail in
the following, as concerns the possibilities of a translation for a
load-bearing structure from s real fire exposure to the standardized
heating conditions in fire resistance tests. Today, such & transiation

can be done over the concept egquivalent time of fire duration.

&

'8

1}! (s.c)

1{1’ (AVJEIA‘RJ

Figure 5. The concept equivalent time of fire duration Te
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In principle, the eguivelent time of fire duration Te can be
defined acccrdiné to FPigure 5, giving an exemplification for a fire ex-
posed uninsuliated steel structure [3j5 [5]E EQ}, [é% . The figure shows
by the full=-line curves the time-variation cf the gastemperature’l?’,B and
the steel temperature ﬁz corresponding to a real fire action, determined
by the fire load 9y 0 the opening factor AVJEVAt, and the thermal proper-
ties of the structures bounding the compartment. The dash-line curves
give the standard lime-tempersture variation‘ﬁg (5.C.) and the appurte-
nant time-curve of the temperature UZ (8,C.) of the steel structure. A

transfer of the meximum stesl temperature ﬁz for the real fire action
“max

to the curve ﬁl (8.C,), belonging to the standard time—lfemperature curve,
determines the egquivalent time of fire duraticn Te

Defined in this way, the equivalent time of fire duration Te will
he & function of the basic influences on the process of fire development
as well as structural parameters. This is fragmentary illustrated by ri-"
gure 6 [?ﬂ , 8iving the equivalent time of Fire duration Te for insulated
steel gtructures as é function of the fire lcad = and the structural para-
meter U,\i/dF° The curves presuppose a fire compartment with an cpening
factor AVJE}At = 0.0k m1/2 and with surrounding structures of a certain
type. The dash-line curves of the figure are giving directly the level of
the maximum steel tempersture ﬁi

max

A modified way of defining the equivalent time of fire duration Te
has been presented by Law {%%], [?ﬂ with limited application to fire
exposed insulated steel structures. Among elements of construction with
varying thermsl characteristics with respect to fire expogsure that element
is chosen, which for a given gastemperature-time curve of a reel fire
development gets a maximum steel temperaturs of s fixed value, Te is then

determined over the standsrd time—temperature curve for the same element

and the ssme steel tempersture., By repeating this procedure for different



characteristics of real fires, & diasgram can be constructed, applicable
tc a rough determinstion of the equivalent time of fire duration Te for
an insulated steel structure, irrespective of the detail properties of

the structure.
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Figure 6., Equivalent time of fire duration Te? defined acceording to Fi-
gure 5, for a fire exposed, insulaeted steel structure at va-
rying fire load Q. and structural characteristics. Opening
factor AvVEVAt = Q.04 mT/E

spending maximum gteel temperature?% @3]
Smax

. Dash=line curves give the corre-
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A rough design diagram constructed in this way is exemplified in
Figure 7T Pj], giving a relation between the eguivalent time of fire
durgtion Te anrd the parameter 3/ AvAtVEX B then is the total fire load
in Mcal of the compartment. The different curves of the figure refer to
different values of the fire load Q- The approximating straight line

corresponds to the formuls

B .
T = 0,28 e (mln)
e
\/AVAch

assuming Av and At in m2 and h in m,

25 A x

q,=80 Meal/m?
tan .

L3

o

o0 40
(=]
L4

8

T T T T
500 Mcai/m3/ JAV“E‘!F'-

Figure 7. Equivalent time of fire duration for insulated steel struc~

tures Te’ determined in a more approximate wey., as & func~

tion of the parameter B/ AVAt\/—i 23]

The chosen fragmentary examplés-primarily serve in this connection

to draw the attention to the possibilities of making test results, received
at fixed standard gonditions, generally applicable in a differentiated fire
engineeriﬁg design. A deduction of such means, connecting real fire condie
tions and exposure conditions in standardized fire tests, always ought to
be an evident rule in relation te future developments of new and improved

fire test procedures.
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