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Safety Concept and Design for Fire Resistance of Steel Structures
Concept de sécurité et résistance au feu des structures en acier

Sicherheitskonzept und Berechnung des Feuerwiderstands von Stahlkonstruktionen

Jacgues BROZZETTI Margaret LAW

Dir., Dep. Etudes Technical Director
CTICM Ove Arup and Partners
Paris, France London, Great Britain
Ove PETTERSSON Jelle WITTEVEEN
Prof. Prof.

Lund Inst. of Technotogy TNO

Lund, Sweden ' Delft, the Netherlands

SUMMARY

This paper is aimed at describing the principles on which are based the current concepts of fire
engineering design of steel structures. The first part deals with the design methods for fire
safety through the definition of heat exposure and structural models. The second part reviews
the state of art in structural fire calculation methods, according 1o different levels of assumption.

RESUME

Cet article se propose de décrire les principes sur lesquels se fonde la conception et le calcul de
la resistance au feu des structures métailiques. S premiére partie est consacrée a la présentation
de modeies concernant & la fois la description de 'incendie et la maniére de prendre en compte
le comportement de la structure. La deuxiéme partie passe en revue tes différentes méthodes de
calcul de la résistance au feu des structures en acier.

ZUSAMMENFASSUNG

[Der vortiegende Beitrag befasst sich mit den Prinzipien, die dem Sicherheitskonzept und der
Berechnung des Feuerwiderstands von Stahlkonstrukticrnen zugrunde liegen. Der erste Teil
beschreint Modelle flr den Brandverlauf und das Tragwerkverhalten. Der zweite Teil zeigt die
verschiedenen Methoden zur Berechnung des Brandwiderstands von Stahlkonstruktionen.
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1. INTRCDUOCTION

buring the last two decades, remarkable progress has been made in understanding
not only the parameters wiich influence the development of building fires but
alsc the behaviour of fire exposed structural materials and structures. In par-
ticular, for steel structures this progress has resulted in the production of
very detailed rules for the design and calculation of structural behaviour and
load bearing capacity in fire.

Nevertheless, it must be admitted that up to now the greater part of the re-
search effort in relation te the fire behaviour of steel structures has been
confined to the two aspects wentioned above, although in rec¢ent years it has
become cbvious that, whatever progress may have been made in a better assessment
of the role played by compartmentation and structural fire behaviour, the answer
to the preblem of the fire safety of building is an incomplete one.

It must be recalled that the f£ire safety of a building alse depends on other
preventive measures such as automatic fire detection and extinction systems,
smoke control ana extract systems, as well as the thorough analysis of the po-
tential risks (fire loacd, oxygen supply, fire spread, fire exit...).

This paper reviews the most recent developments and new concepts in the field of

fire resistance of steel structures and fire safety.

2. PRINCIPLES OF FIRE ENGINEERING

2.1, Objectives and analvses for fire safety in building

Fire safety objectives at large can be summarized as follows (1,2),
= Reducing the risk of injury and death of people.
- Reducing the risk of damage and loss of the building,

the contents and the envircnment.

Incorrect decisions regarding the level of fire protection are liable to have
sericus conseguences :

- Too low a standard of fire safety may involve unacceptable risk for persons
in the building as well as for fire fighting perscennel and may lead to exces-
sive meonetary losses.

= Too high a standard of fire safety will entail unnecessary expense.

There is an evident need to develop principles and procedures which lead to op-
timal fire safety standards. Fire prevention measures and suppression in general
serve both social and monetary interests simultaneously, The overall objective

15 an optimum return on investment in fire precautions in terms of lives and
property saved. As far as monetary fire losses only are concerned, a cost benefit
analysis balancing gains with losses should be made. In other cases., both mone-
tary losses and social losses, such as injury and death by fire, have to be taken
inte account.

Ideally, a rational analysis for fire safety should comprise the fellowing =le-
ments :

1. agreed levels of life and property safety,
2. quantitative methods assessing potential hazards,

3. quantitative methods assessing the effectiveness of protective measures and
combinations to meet the required levels of safety for the identified poten-
tial hazards.
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The present regulations for structural fire safety and the state of knowledge
however, do noct generally comply with the above conditicns. Therefore, fire
prevention measures for building and in particular the structural perfarmance
reguirements are often a matter of controversy between authorities and desi-
gners. The three elements of a raticnal analysis are discussed briefly below

Element 1.

The intended level of fire safety is usually not explicitly stated in building
ragulations and is not even knownin all relevant aspects. A common feature of
existing regulations is that reguirements for the benefit of human lives and
health are more strongly emphasized than those aiming at protection of pro-
perty.

Element 2.

In assessing the potential hazards for structural safety, the authorities take
into account not only the expected severity and duration of the fire, but alsc
in a rather arbitrary way, factors such as the type of occupancy , the height,
the situation of the building and the importance of the structure or structural
element. The expected duration of the fire and the effect of the additional
factors are "added" and expressed in one single parameter, i.e. the required
fire resistance time (see § 2.3.).

Element 3.

A mixture of objectives for life and property safety and the arbitrary way in
wihich the potential hazards for the structural safety are expressed in the re-
guired fire resistance time makes it difficult,if not impossible,to balance
alternative protective measures to meet the same level of safety. The single
parameter "required fire resistance time" puts the emphasis on structural fire
protection and hampers an assessment of a reduction in structural fire protec-
tion when active measures such as early detection and sprinklers are emplovyed.

puring recent years a changing attitude to existing regulations and codes has
beccme apparent, and attempts are being made to arrive at a more rational ana-
lysis for fire safety (see § 2.3.}.

A related problem is the influence of insurance policies on fire safety in
buildings (3).

Fire insurance companies have, through their grading ané rating systems, an
important influence on fire protection. The insurance industry affects deci-
sions made about fire protection by private individuals and by private and
public bodies. Consider, for example, the fire protection of a single building:
in general, insuwrance companies require certain minimum prevention measures,
ctherwise the insurer will refuse to insure the building. When additicnal fire
prevention measures are employed, such as sprinklers, detectors and compartmen-—
tation, the rating is reduced. Thus the owner cof the building c¢an decide
whetheror not to invest in preventive measures. Such an approach is the best
that ap individual can de¢ to minimize total expenditure. The insurer however
deals with large numbers of different risks. This is the reason why his cri-
teria for assessing risks are global and simple and sometimes even inconsistent
in particular aspects. Therefore insurance grading, based on fire losses at
large, may be a poor indication for optimal fire protection for a particular
building. Insurers show a general reluctance to bring their risk asgessment,
premiums, profit and losg accounts in detail putinto the open. Therefore neo
independent studies of the effect of insurance policies on fire protection are
available.
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2.2. Struetural fire protection and alternative protective measures

Personal risk and structural damage can be prevented or limited by many
measures which generally serve life and property safety simultaneously. If a
limited budget is to be used, how should resources be allecated to provide the
optimum level of fire protecticn ? That is, how much effort should geo inte
active measures such as early detection and sprinklers, and how much should go
into passive measures provided by the building structure jtself ? Apart from
some pilot studies, few data are available foxr defining the input and output
of fire prevention measures in terms of costs and productivity.

In order to reduce injury and less of life,the mest effective preotective mea-
sures are early detection, lay-out of escape routes and ceontrol of combustible
materials. The risk of a large fire occurrencecan be reduced by compartmentation,
the use of automatic sprinkler svstems and early detecticn.

Cne of the oldest and, where steel structures are concerned, the most restric-
tive fire prevention measures is an increase in the fire resistance of the
structural members. It is important to appreciate that protection afforded by
structural fire resistance alene does not generally ensure adequate reduction
in material damage and personal risk. Indeed, experience shows that large fires
cften damage the building so badly that it has to be demclished regardless of
whether the structure has collapsed or not. The investment in structural fire
protection would be useless in that case. Examples are industrial fires where
no sprinklers are available to avoid flash-over or partitions to limit the fire
spread. Instead of an over designed fire resistance of the structural members
the essentizl measures which should be congidered for industrial buildings are:

-~ Sprinklers to avoid flash-cver and fire growth.

- Partitions to limit the fire gspread.

- Fire ventilation to reducesmoke and corrosion damage and teo facilitate the
£ire fighting.

When, for reasons of life and property safety, sprinklers are installed, it
can be argued that the fire resistance of structural elements can be reduced.
Therefore methods should be developed to assess the reduction of structural fire
protection when alternative protective measures are employed.

This matter becomes increasingly important because there is 2 growing use of
autocmatic detection and extinguishing systems in industrial as well as in pu-
blic buildings. Examples of the last category are the increasing number of

large covered shopping developments and high rise buildings. The trend of in-
creasing use of active fire prevention measures is connected with the improved
standard of living and protection in the western countries,

Eigher standards of life and property safety are demanded by public authorities
as well as insurance companies. This change in approach to the design of fire
safety can have an important implication. If fire safety is assured by other
meagures, it seems logical that reduction or even elimination of structural
fire protection should be considered (see § 2,3.3.

An important item is the cost of fire protection {(3). The cost of structural
fire protection foy steel elements depends on several factors, such as the
materials used for protection, the type of structure %o be protected and the
degree of fire resistance required. Alsc an important factor is that some pro-
tective measures fulfil additional funztions as partitions or suspended ceilings.
A rough estimate <f the cost of {ire protection for European non-indusgtrial
buildings in steel is given in the accompanving table. The cost of fire pro-
tection is expressed a5 a percentage of the cost of the steel structure, for
different required fire resistance times. In order to see these figures in
their correct proportion one should bear in mind that generally the cost of
the steel structure only forms 5 to 10% of the total building costs.
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It is alsc emphasized that the figures cannot

Fire PIOtECtLOD Cost be used as a guide when making preliminary eg=
{min ) (%) timates. Deviations of say 30% upwards as well
30 0 downwards are possible. . .
60 20 It appears that the cost of Erotect%on increases
90 5 appreciably with increased fire resistance.
120 30 Bowever, studies as well as examples reveal
that when the fire protection is integrated into
the design from the beginning of the study of

the project the cost of fire protection can be
congiderably reduced (4).

It is particularly useful to consider combining functions such as anti-corrosiocn
or aesthetic finishes with fire protecticn, or combining fire protection with
thermal insulation for energy conservation.

2.3 Design methods for structural fire safety

2.3.1 Introduction

Internationally, the generally accepted method for the design of load bearing
structural elements exposed to fire is based on a classification system, com-
prising two main components (5}

I. A fire exposureraccording to ISO 834, with a reguired time of duration
t a’ stipulated in building regulations and codes for the structural application
ifi question - usually expressed in multiples of 30 minutes,

2, A standard fire resistance test according to ISO 8324 by which the fire re~-

sistance time t__ of the structural element in question is detexmined experimen-
r D es . A :

tally - usually classified in multiples of 30 minutes.

The design implies a proof that the structural element has a fire resistance
tfr' which meets the required time of fire duration tfd'

Although the classification system has been in use for over half a century, it
has some serious weaknessess. These weaknessess apply to both components of the
design procedure and can be summarized as follows

1. The rise cf temperature as a function of time according to ISO 834 and the
fire duration are a rough approximaticon of the real gas-temperature time curve
of a fully developed compartment fire,

The required time of fire duration is generally related, not only to the esti-
mated fire exposure, but also to various safety considerations relevant for the
building in questiop. This usually leads to a required time of fire duration,
which is more severe than the actual fire exposure, The estimated fire exposure
and the safety considerations are intermingled inextricably, which is a conse-
quence of the fact that the building regulations do not provide any guidance as
to the safety levels that they imply (2).

2. The specificaticn of the fire resistance test according to ISC 834 is insuf-
ficient in several aspects, such as heat-flow characteristics of furnaces, ma-
terial properties and imperfections of the specimen, temperature distribution
along members and restraint conditions. Thus, repeated tests in the same furnace,
not to mention different furnaces, may yield a congiderable variation in results.
The structural element to be tested is supposed to be modelled with respect to
actual conditions expected in the structure. However, deviations from conditions
in the actual structure areunavoidable because of the limited dimensions of the
furnaces, idealized characteristics of the loading device and insufficiently
defined support conditions during the test (6,7).
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The deficiencies of the present classification system have certainly stimulaced
the development of ratjcnal methods of fire risk assessment and analytical me-
delling of thermal process as well as structural response, which potentially
give the possibility of achieving sclutions with greater economy and a defined
and more uniform safety (8,%,10,11,12,13). Moreover, it is recognized that,
following probabilistic design procedures in other fields of design for acci-
dental events, structural fire engineering desgign should be probability based.
In contrast to the prasent classification system, probabilistic design includes
a methodology by which all relevant factors, such as safety considerations from
both the human and econcmic point of view, probability of flash-ovex, uncertain-
ties in fire exposure apd structural response, the effect of fire brigade ac-
tions and sprinklers can be dealt with systematically (14,15).

2.3.2, Main elements for a structural fire engineering design

Generally a structural fire engineering design includes two main elements, cor-
responding to the components as described in the introduction-

1. A heat exposure model ®, for the determination of the rise of temperature as
a function of time.

2. A structural model §, for the determination of the heat transfer to and within
the structure and the ultimate load bearing capacity of the structure. The struc-
tural model may be sxperimental or analytical,

The design implies a proof that the structure or structural member, under a de-
fined load and subjectad to the specified heat exposure, fullils certain func-

ticnal requirements, expressed by the limit states with respect to load bearing
capacity, thermal insulation, fire integrity.

The available heat expogure models (H) and the structural medels (8) can be cha-
racterized with respect to the type of thermal exposure and the type of struc-
tural system. The models are listed in sequence of improved shematic idealiza-
tion, with a consequent increase in complexity of solution. For both types of
model the listing starts with the components of the present deterministic clas-
sificatvion system, discussed in paragraph 2.3.1. The improved models are proba=-
listic, including the explicit treatment of safety considerations and the effect
of active protection measures, such as sprinklers (14,13).

The following probabilistic agpects are considered :

=~ intrinsic randomness of design parameters and properties,

- model uncertainties of the analvtical models for the heat exposure and the
structural response.

- assessment of frequency determined by the probabilicy of flash-over, the
effect of fire brigade actions, -thé reliability of detection systems ana
sprinklers.

- safety considerations from both the human and economic point of view such as
the height, velume and occupancy of the buildings, the availapility of escape
routes and rescue facilities, as well as the consecuences of reaching a limit
state.

Heat exposure models

{Hi) A rise of temperature as a function of time according to IS0 834,
The duration of the temperature rise is egual to the "required time of
fire duration", expressed in building regulations and codes.

(Hz) A rise of temperature as a function of time according to IS0 834.
The duration of the temperature is egual to the "equivalent time of fire
exposure”, a quantity which relates a non-standard or natural fire exposure
to the standard temperature-time curve (see Chapter 3.2.3.).
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(H.,} A rise of temperature as a function of time characterized by an analytical
determination of the gas temperature-time curve of & fully developed com-
partment fire.

Structural models

(S )} The locad bearing structure is composed of a series of single members with
simplified restraint conditions such as beams and ceolumns. The model can
be either experimental - standard fire resistance test - or analytical.

(52) The load bearing structure is composed of a number of sub-assemblies, such
as beam-column systems. Although the model can cccasionally be experimental-
standard fire resistance test - an analytical approach will be the norm.

(53) The load bearing structure, such as a building frame or a flocor slab system

is analysed as & whole. The model is only suitable for an analytical design.

A Classitication System for Methods of Structural Fire Engireering Design

Structural S-| S'Z S3
Model
Elements Sub -assembly Structures
f ; i o v &
M v ¥ ¥
Heat — L N EE
E xposure R ; R |
Mode! Ly e S AR
150 - 834
tesl or calcutalion difference in
colculation occasionel tesl schemalization
{deterministic} {deter ministic) becomes loo large
test or caiculation catculotion
calculation occasional test {probatalistic}
{probabilislic) {probabilistic) unprectical
ted
cormpariment
T Fire calcuialion caiculation calcuialion
H { probabilistic) (probabitistic) {probabilistic)
3 occasienal ocecasional
and lof research

lig = required Lime of fire duration
leg = design equivalent time of fire exposure

Figure ! : Matrix of heat exposure and structural models in sequence
of improved idealization.
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2.3.3. Combinations of heat exposure and structural models

In the table of fig.l the heat exposure models and structural medels are combined
in a matrix in sequence of improved idealization. In principle,each element in
the matrix represents a particular design procedure. The matrix thersfcore can be
consicered as a classification systen for metheods of structural firs engineering
design, It is evidant that not all models can beused in all combinations and the
rule should be to provide a sensible pairing at each level of advancement. In
the text of figure 1 reference is made to these aspects. In principle, a diffe-
rentiated fire engineering design offers problem-ocriented choice for the combi-
nation of heat exposure meodel and siructural model.

The final choice may also depend on naticnal preferences, the simplicity of ap-
plication and on the particular design situation (14,15}

The design method H, - 5, and occasicnally H, - 5, with experimental verification
of the fire resistance, corresponds to the vast mdjority of national building
codes (see § 2.3.1.). In many countries improved methods based on heat exposure
models B, and H, (8,9,10,13) have occasionally been used, but, except in Sweden,
they are not yel automatically accepted as methods which satisfy the requirements
of the building regulations.

In contrast te the acceptance of improved heat exposure models, there is a growing
acceptance of design methods H, - 5, and B, ~ S5, with an analytical verificaticn
of the fire resistance. In several countriés thése methods are now being used as
an alterpative to the standard fire resistance test. Recently the Pire Committee
of the Eurcopean Convention for Constructicnal Steelwork (ECCS) completed Recom—
mendations providing & reference document for national codes of practice (i1}

3. STATE OF THE ART IN STRUCTURAL FIRE CALCULATION METHODS

3.1 Limit state condition

Generally, the design criterion in a fire design requires that no limit state is
rezached during the fire exposure. Depending on the type of practical application,
ane, two 2r all of the following limit state conditions apply

- limit state with respect tec lcad bearing capacity.
- limit state with respect to insulation,
- limit state with respect to integrity.

For a load bearing structure, the design criterion implies that the minimum value
of the lead bearing ¢apacity =(t) during the fire exposure shall meet the load
effect on the structure S, i.e.

min [ R(t)} - 520 [3.:]

The criterion must be fulfilled for all relevant types of failure - pending fai-
lure, shear failure, torsion failure, instability failure, etc...

For & separating structure, the design criterion with respect to insulation can
be fcrmulated analogously as
. r eyt
ropmax { Toix)izo [3.2]
where

T = maximum temperature of the unexposed side of the separating strucrure, ac-
ceptabln with respect to the requirement to prevent a fire spreaé from the fire
compartment ©¢ an adjacent compartment, and

T_{t) = highest temperature on the unexposed side of the separating structure at
time t of the relevant fire process,

For the requirement with respect to integrity, which can be decisive for some
types of separating elements - for instance, doors - there 15 no anaiytically
expressed design criterion available at oresent.
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In the form given by Eqs.[B.i]and[B.Z], the design criteria are directly

adapted to structural fire design methods, based on the characteristics of the
natural fire exposure - heat exposure model Hy according to fig.!. in fire design
methods, based on a thermal exposure according to the standard temperature~time
curve as specified in IS0 834 - heat exposure models Hy and Hz - the time to
reach the decisive limit state defines the fire resistance of the structural ele-

ment tfy and, consequently, the design criterion is transferred to the alternative
form:

- > -
tfr tfd £ 0 13.3]

where t a is the reguired fire resistance or time of fire duration, specified
in the guilding codes and regulations,

The design criterion then applies to lead bearing as well as separating struc-
tural elements.

3.2 Type of physical model and related fire exposure

3.2.1 Exposure according to standard temperature-time curve

As discussed in 2.3.1, virtually all countries use a fire engineering design
procedure for structural elements based on classification and standard fire
' resistance test according to ISO 834 (with fixed heating conditions}. In the
design, the results of such fire resistance tests are compared directly with

the requirements given by the building codes and regulations. Fig.2 illustrates
this design procedure,

OCCUPATION

BUILDING HEIGHT BUILDING CODE REQUIRED FIRE

DURATION 144

AUILDING VOLUME

IMFORTANCE OF
STRUCTURE

U

w1l PROPOSED STRUCTURE )
: STANDARD FIRE FIRE RESISTANCE f oS Enp
DESIGN LOAD AT RESISTANCE TEST | ér \r

SERVICE STATE

U

NO

Figure 2 : Structural fire engineering design procedure used
in most countries based on classification and results of
standard fire resistance tests.
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In the fire resistance test, the specimen is exposed in a furnace to & tempera-
ture rige, which iz controlled so as to vary with time within specified limits
aceording to the relationship (5} - heat exposure model Hl

T-T_ = 345 log,  {Bt+ 1) [3.41]

where

t = time, in minutes,

T = furnace temperature at time t, in e and
Toa furnace temperature at time t = 0, in OC.

The important progress, made during the last ten vears, in the development of
computation methods for an analytical structural fire engineering design gives
the opportunity for fire resistance to be determined by calculation for many
practical applications. Consequently, more and more countries now permit a
classification of load bearing structural elements with respect to fire to be
formulated analytically, as an alternative to testing. This leads to & design
procedure as shown in £ig.3 {16).

| cccupaTion

BUILDING HEIGHT
BURLDING CODE REUUIRED FIRE
DURTION tey

[BUILDING vOLUME

LT T.T1T

IMPORTANCE OF GASTEMPERATURE -TIME
STRUCTURE CURVE ACCORDING TD
STANDARD FIRE
RESISYANCE TEST

),_#44ﬁuﬁwwm__

1
1""{ PROPOSED STRUCTURE E—‘i E
: HE ¥
{ THERMAL PROPENTIES OF | . \ ! TEMPERATURE-TIME FIELDS
| STRUCTURAL MATERIALS T 10F STRUCTURAL ELEMENTS [T

! TIME OF FAILURE =

P
. i ND
FIR! TA i r
RESTRAINT FORCES AND E RESISTANCE 4y, .
MOMENTS, THERMAL
STRESSES IN STRUC-

COEFFICIENT OF HEAT I_J
TRANSFER |

LWT‘

'
i
i

. —

e e

MECHANICAL PROPEZRTIES i | TURAL ELEMENTS 5“0
OF STRUCTURAL MATERIALS :
i :
b H
DESION LOAD AT i
iSER\rlCE STATE :
Fig. 3 : Analytical fire engineering design of locad bearing structural

elements, based on clagsification and thermal exposure according to the
standard temperature-time curve,Eg. 3.4}

With the gas temperature-time curve accoréing to Eq. [3.4] as thermal exposure,
the temperature-time fields of the structural element ¢an be calculated, using
(&) the structural characteristics of the proposed structure, (b) the thermal
Properties of the structural materials, and {c} the coefficients of heat transw
fer for the various surfaces of the structure as further input data. Intro-
ducing (4} the mechanical properties of the structural materials, and {e) the
load characteristics, the time variation of the restraint forces and moments,
thermal stresses and load bearing capacity can then be determined. The time

at which the load bearing capacity has decreased to the level of the design
load at service state defines the time of failure or t:e fire resistance Lens

and the design criterion to be sarisfied is that te, Ztsg - €f. Eq. f5.25.°"
- Ead -
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3.2.2 Natural fire exposure

In applying data on the fire resistance of structural elements in practice, it
is important to consider that the standard fire resistance test - whether experi-
mental or calculated ~ does not represent the real fire exposure in a building
nor does 1t measure the behaviour of the structural element as a part of an
assembly in a building. What the test or the corresponding calculations do 1s to
grade structural elements and the building codes and regulations,then require
different grades of element according to the circumstances,

These deficiences have given rise to the develeopment of analytical structural

fire design methods, based on the characteristics of natural compartment fires

and on well-defined functional reguirements and performance c¢riteria. Such ana-
lytical design methods have now reached a comparatively advanced level, espe-
cially as far as fire exposed steel structures are concerned. To aid the prac-
~tical application, design diagrams and tables have been systematically produced
and published, giving directly, on the one hand, the temperature of the fire
exposed structure, and on the other, a transfer of this information to the corres-
ponding load bearing capacity of the structure - cf. , for instapce (8), (1l),
{17y, (203,23},

In general, the design methods fall intc two groups with respect to the use of
the basic data of the compartment fire. The methods of the first group are cha-
racterized by a design procedure, based directly on differentiated gas tempe-
rature-time curves of the complete process of a natural fire development - heat
exposure model H,. The characteristic of the methods of the second group is a
design procedure with the varying properties of a natural fire development taken
into account over an equivalent time of fire exposure, related to the heating
according to the standard temperature-time curve - heat exposure model HZ'

The physical model for a structural fire engineering design, based on the heat
exposure model H is shown summarily in fig. 4, for a load bearing sgructure.

3 i
FIRE LOAD DENSITY
FIRE EXPOSURE
FIRE COMPARTMENT
—m=| STRUCTURAL DATA TEMPERATURE STATE

)

MINIMUM
LOAD BEARING
CAPACITY Ry

LOAD EFFECT
AT FIRE S

Figure 4 : Physical model for an analytical fire engineering design of load
bearing structures, based directlv on the characteristics of the natural
compartment fire-heat exposure mecdel H3.
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The design procedure starts by a determination of the fire exposure, given by,
for instance, the gas temperature-time cuyve of the natural compartment fire. In
the individual practicalapplication, the fire expcsure then can be obta%ned
either by heat and mass balance calculations for the fire compartment cf.,

(8), (20),(24) to {30} or directly from a systematized design basig of the wype
exemplified by fig. 5 {B), {20}, (25},

The combustion characteristics of the fire load and the geometrical, ventilation
and thermal properties of the fire compartment are the important Zactlrs.

1200 bVh78 0. 04m 2
i: AR7R:0,02mI2 !
1000i 92500 My/m?
B0 - 0:250 MJ/m?
8500 \\\\
400 \\
200 ‘%\\“‘\nx
\M~“—__
] z 3 4 5 3 ' 2 3 4 5 [
ey Time (B}
< or AR /80:0.08m: 2 - avh/a,:0azm?

371000 Md/m? 9=1500 My /m?

L

Time {h}

Figure 5 : Gas temperature-time curves for a complete, fully developed compart-
ment: fire with varying values for the fire load density gq and the opening
factor A +a/A,_ . A is the total opening area of the fire compartment, h is a
weighted mean value of the height of the openings based on their size, and A

is the total internal surrounding area of the fire compartment, including
cpenings. Fire compartment, type A {3), {20V, {(28).

The gas temperature-time curves T_ - ¢ in fig.5 apply to a fire compartment
with surrounding structures, made of a material with a thermal conductivity

A =0.81 Wi °C and a heat capacity pC_ = 1.67 MJ.i"° °C' , fire compartment
type A. Such a surrounding material corr%sPonds roughly to an average of brick,
concrete, and aerated concrete., For fire compartments with surrounding struc-
tures, whose thermal properties deviates Ifrom compartment type A, the actual
fire process can be transferred to a gas temperature-time curve for fire com-

partment type A by using an effective fire lead density, g_ , &nd an effective
opaning factor (A\/b/A ) , calculated from the real fire load density g and

the real opening factor f'A\/ﬁyAt according to the formulae

ot ~ ]
A =K, @1 (AVHB/AD. = K. AVRAL {5.
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In (8), (¢7), and (20}, the coefficient K. is given for seven types of fire
compartments defined by their surrounding structures,

The fire load density g is given by the relationship

1 4
Q= I ow, w, H [5.6]
A o
t
where
m, = total mass of combustible material v (kg)
Hy = calorific value of combustible material V
(MJ.kg’l)
i = a fraction between O and 1, giving the real degree of combustion for each
y

indjividual component vy of the fire leoad, and

n = total interior area of th§ surfaces bounding the fire compartment,
including all openings (m™ ).

In the opening factor of the fire compartment AV@/At

3

2
A total area of door and window openings (B7}, and

mean value of the heights of the openings, weighted with respect to each
individual opening area {(m).

The gas temperature-time curves according to fig. 5 are applicable to fire
compartments of a size representative of dwellings, ordinary offices, schools,
hospitals, hotels, and libraries. For fire compartments with a very large volume
for-instance, industrial buildings and sport halls - the curves give 4an unsa-
tisfactory description of the real fire exposure. At present, there is no vali-
dated design basis available for the determination of the fire exposure in
compartments with a very large volume,

Returning to the physical model, as shown in fig. 4, in the next step, the
fire exposure is transferred analytically to transient temperature fields in
the exposed structure and then a determination is carried out of the time va-
riation of the load bearing capacity RI{t).

A comparison between the minimum value R of the load bearing capacity Rt}
during the relevant fire process and the load effect at fire § decides

whether the struture can f£ulfil its required function or not during the fire
exposure, as specified by the limit state condition according to Eq. [3.1] .

For a separating structure, the physical model gives the transient temperature
state, defining the maximum value, max Tty , of the highest temperature on
the unexpoged side of the structure during the relevant fire process . The
corresponding limit state condition follows EBq. 3,2] with respect to the
required function of insulation. The supplementary lim:t state condition regaxr-
ding the integrity function has to be proved experimentally, when required, in
either a fire resistance test or a simplified small scale test.

3.2.3. Eguivalent time of fire exposure

The design scheme for a fire engineering design of a load bearing structural
element, pased on the heat exposure model H_, is illustrated in fig. 6 (14).
The design comprises a determination of the“ultimate state of the structural
element on one hand for a natural fire exposure, on the other hand for a
thermal axposure according to the standard fire resistance test, ISO 834 -
Eg. [3.4].
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Fire lood Fire compart.
density tnent tharne-
q feristics
‘.m_.....__‘ ‘_nl
Fire exposure
Temparature
. state
1 7
| 1
Structurgl et Minimum Strength and Thermal
design load benring deformation properties
garg capacity properties
i
Temperature
state IS0 434
Thermal
exposure
150 834

Figure 6 : Procedure for a determination of the equivalent time of fire exposure.

For the two types of exposure,the temperature state and the related load bearing
capacity are determined for the structural element. Input information is data on
the structural design and the thermal, strength and deformation properties of

the structural materials. The minimum load bearing capacity of the structural
element during the relevant natural compartment fire, put egqual to the minimum
load bearing capacity at the thermal exposure according to the standard fire
resistance test, gives the egquivalent time of fire exposure ¢ . The minimum load
bearing capacity may be defined by a critical value of a maximum deflection, or a
maximum rate of deflection or a maximum temperature.

Te be precise, the equivalent time of fire exposure t, depends not only on the
parameters influencing the natural compartment fire, put also on a number of struc-
tural parameters. For fire exposed steel structures, (8 ), {20}, and (31) give

a design basis which facilitates a practical approach to determining this form of the
eguivalent time of fire exposure.

More roughly, t_ can be described as dependent only on factors affecting the
compartment fire according to the following approximate formula (31)

¢ =0.067 —f_ (min) [3.7]

& (Rv'h/AL) o4
verified for application to unprotected and protected steel structures. In the
formula, g_ is the effective fire load density per unit area of the surfaces
beunding the fire compartment (MJ.m~2!and (A/ﬁ/Ac)f the effective opening fac-
tor ofthe fire compartment { p), calculated accoraing to Egs. [3.5} and [3.6].
Written in this form, the formula enables the influence of varying thermal pro-
perties ¢f the surrcunding structures of the fire compartment to be taken into
account.

The formula has the same limitations with respect to the size of fire compartment
as stated in 3.2.2, for the gas temperature-time curves according to £ig. 5.
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The design criterion in a fire engineering design based on the heat exposure
model H is that the fire resistance of the structural element t__ shall meet
the reqiired fire resistance, expressed as the equivalent time of “fire exposure
t,r i.e - cf .Eq. [3-3)-

tep "t 20 [3.3]
The fire resistance t then can be obtained either experimentally by standard
fire resistance tests according to IS0 834 - or a correspending national stan-
dard - or by calculaticn.

3.3. A probability based structural fire engineering design

The modern development of functionnally well-defined, analytical structural
fire design methods includes a probabilistic approach, based cn either a system
of partial safety coefficients or the safety index concept (9), (10),(14),(32),
{33y .

A probability based structural fire &esign should originate from validated mo-
dels, describing the relevant physical processes and strictly specifying the
connected uncertainties and reliability models. Only design methods, based on
the heat exposure models H2 and H3, fulfil these regquirements from a conceptual
point of view.

For the probabilistic model to be integrated with the physical model, various
levels of ambition can be distinguished

- an exact evaluation of the failure probability P(R < 8} using multi-dimen-
sicnal integration or Monte Carlo simulation,

~ an approximate evaluation of the failure prcbability P(R < S) based on
first order reliability methods (FORM), and

- a practicaldesign format caleculation, based on partial safety factors and
taking into account characteristic values for action effects and response capa-
cities.

For practical purposes, an exact evaluation of failure probability is not possible.
Also, the FORM approximations are too cumbersome £or everyday design and more sim-
plified practical design formats have *+o be used.

T

,
| DESIGN
i MECHARICAL

e i STRENGTH
JFIRE EXTINGHISH- TR DESIGN THERMAL Mo (TY ML (T
[MENT, FIRE FIgH- | oo PROPERTEES artTHMgp T
ITING CHARACTE-
{RISTI

‘ Y

A A i
[FTRE COMPRRTHENT MESIGN FIRE DESION BES 1SN LOAD IDESTER o0 |
|CHARACTERISTICS | o JEXPOSURE TEMPERATURE | el Crppei7y A 4>‘EFFEC1 AT FIRE !
: <R
I T-1 STATE d ’54-5(5¢-Qd
L. - __i S— — R =R{byqy Myp ... )
a1 Mgz
1 'y L

: T
EkSIGN FIRE LOAD STRUCTURAL
{DENSITY DESIGN
gy T DATA
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Figure 7: Procedure for a practical design format calculation of a load bea-
ring structure, exposed to a natural compartment fire - heat exposure model Hiy.

Fig. 7 summarises a practical design format calculation for a fire exposed
load bearing structure, using the heat exposure model Hy (14),(32) to (34).
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From the design fire load density ¢, and the geometrical, ventilation and thermal
characteristics of the fire compartdent, the design fire exposure is determined,
given as the gag temperature-time curve T-t of the fully developed compartment
fire and cbtained either freom a systematized design basis or by heat and mass
balance calculations,

Together with the structural design data, the design thermal properties and the
design mechanical strength of the structural materials, the design fire exposure
provides the design temperature state and the related design load bearing capa-
city Rd for the lowest value of the load bearing capacity during the relevant
fire process.

A direct comparjson between the design load effect at fire §. finally esta-
blishes whether or not the structure can fulfil its reguired function on expo-
sure to fire, i.e the design format condition to be proved is

Ry ~S520 [3.9]
Depending on the type of practical application, the fulfilment of the condition
has to be verified for either the complete fire process or a limited part of it
t., determined by the time necessary for the fire to be extinguished under the
most severe conditions or by the design evacuation time for the building,

The prebabilistic influences are taken intc account by specifying characteristic
values and related partial safety factors for the fire load density, such struc-
tural design data as imperfections, the thermal properties, the mechanical
strength and the loading. The paxrtial safety factors are then derived by a proba-
bilistic analysis, based on a first order reliability method (FORM), with the
following effects and influences taken into consideration.

- .the uncertainty in specifying the fire load density,

- the uncertainty in specifying the ventilation characteristics of the fire
compartment and the thermal properties of the structures surrounding the fire
compartment,

- the uncertainty of the analytical model for the determination of the compart-
ment fire and its thermal exposure on the structure,

- the uncertainty in specifying the design data of the structure, dimensions,
peositions of reinforcement, imperfections, etc... ,

« the uncertainty in specifying the thermal and mechanical properties of the
structural materials,

- the uncertainties ¢f the analytical medels for the calculation of the heat
transfer to and within the structure and the ultimate load bearing capacity
of the structure,

= the uncartainty in specifying the loads,

~ the uncertainty of the model, descricing the lcad effect on the structure,

- the probability of occurrenm of a fully developed compartment fire,

- the efficiency of thefire brigade actions,

-~ the effect of an installed extinction system, and

- the consequences of a structural failure.

Por a structural fire engineering design, based on the heat exposure model B
the practical design format can be given in the following form (14)

SEr oy oy v ot [3.10]

YE = ni 'n2 & e
in which t_. 1is the fire resistance of the structural element, t_ eguivalent
time of fire exposure according to Eq. [3.7], and Y . Yn,,v,, and ve
partial safety facrtors, taking into account all uncertainties in the design
SYStem.

2:
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The partial safety factorY_, covers the uncertainties of the fire load density

and the rire comparument characteristics, including the uncertainties of the
analytical models for a determination of the fire exposure. The partial safety
factor  yg considers the uncertainties of the mechanical load and the
thermal and mechanical material properties of the structural element, including
the uncertainties of the analytical models for a determination of the leoad
effect, the transient temperature state and the load bearing capacity if the
fire resistance is evaluated analytically. The additional partial safety fac-
tors Yy and  Yp, include the effect of the probabkility of a fully de-
veloped compartment fire and the consequences of a structural failure. Then Taz
is a partial safety factor due to average reliability requirements, and vyp,

a correction factor due to deviations from average veliahility requirements,
correcting for instance, for the effect of a sprinkler system or the effi-
ciency of the fire brigade actions.

3.4. Temperature distribution in structural steel elements at fire exposure

For a fire exposed, uninsulated steel structure, the energy balance equation
gives the following formula for a determination of the steel temperature-time
curve TE -t (fig. 8 ).

E———% "X——]

[remp—— |

-y
(]

\

I
===
|

Tigure 8 : Fire exposed, uninsulated steel structure.

T  ='gas temperature within fire compartment, T =
steel temperature at time t. s
o F
AT o —— - °
s 373 = (T~ T) At (°C) [3.11]
3 ps s

where
ATS = change of steel temperature (°C) during time step At(s)

a = coefficient of heat transfer at fire exposed surface of structure
(W.m=2 o°c~i),

py = density of steel material (7850 kg m'3),

CPS = gpecific heat of steel material (J.kg *°C™1),

Fs = fire exposed surface of steel structure per unit length (m)
VE = voiume of steel structure per unit length (m?),

T ® gas temperature (°C) within fire compartment at time t (s).
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£qg. {3.11]presuppeses that the steel temperature TS is uniformly distributed
over the c¢ross section of the structure at any time t.

The ceoefficient of heat transfer O can be calculated from the approximate
formula

4 4
a = 23+ 5.77 ¢ (Tt * 273) (Ts + 273) (W/m-2.°c~1y [3.12]
T.-T, 100 100

giving an accuracy which is sufficient for ordinary practical purposes.

£ is the resultant emissivity which for practical applicaticns can be chosen
according te the following table, giving walues which are generally on the
safeg side,

4, Column, fire exposed on all sides g = 0.7

2. Column, outside a facade . = 0.3

3. Floor structure, ccmposed of steel beams with a = 0.5
concrete slab on the lower flange of the beams

4, Steel beams with a floor slab on the upper flange
of the beams
a) Beams of I cross-section with width/height 20.5 =0.5
b) Beams ¢f I cross-section with width/height < 0.5 = 0.7
¢) Beams of box cross-section and trusses = 0.7

In (B8), (17), (20}, mere accurate values are given £or £ in the case 4 of

application.

For a given gas temperature-time curve T _- t, the steel temperature T can be
directly calculated from Eqs. ES lﬂ and [3 12} with allowance for the tempera-
ture dependence of C and @ | Such computations have been carried ocut in a

systematized way g1v1ng desgign tables as published ipn (11 ), (18}, (18
(22 ), {23}, for a thermal exposure according to the standard temperature~time
curve apd in (8 ), (17 }, (20 ), for a natural compartment fire exposure accor-

ding to fig.5. The first set of tables give the steel temperature as a function

of the timeof exposure t for varying values of F /V_ ratic and the resultant
e1ssivity £. From the second set of tables, the maXimum steel temperature T
during a complete compartment fire can be determined directly as a fuypction o"nax
the e=ifective fire load density q,, the effective cpening factor (AVR{A )

the FS/Vs ratioc and the resultant emlESlVlty €.

Similarly for a fire exposed insulated steel structure, a simplified energy
palance eguation gives the {ollowing formula for & direct determination of the
teel temperature-time curve T_ - &t (fig,9).

w o
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Figure 9 : Fire exposed, Insulated steel structure
T, = gae temperature within the {fire compartment
T

T = steel temperature at time t,
o

with the additional guantities

A, = internal enclesing surface area of insula-
tion per unit length {(m)

e i

di = thickness of insulation (m),

li = thermal conductivity of insulating material

(wom L oo™t

Eg. [3.13] presupposes that the steel temperature T is uniformly distributed
over the cross-section of the structure at any time t, that for the insulation
the temperature gradient is linear and the heat abscrpticn negligible and that
the heat transfer is one~dimensional.

Computations, coriginating from Egs. ﬁ.lzj and [3.li}provide a systematized
design basis for a pratical fire design. Such a design basis is published in
iy, (18, (19 ), (22}, (23), for a thermal exposure according to the
standard temperature-time curve, giving the steel temperature as a function of
the time of exposure t for varying values of the A, /V_ and d_/li ratios.

(8 ), {17), (20} include a corresponding design basis for a natural compart-
ment fire exposure giving the maximum steel temperature Ts,max for varying va-
tues of the effective fire load density ¢ ,the effective opening factor

(Byh /Ag g and the A, /v and d;/  ratios.

For a specific insulating material, systematized design diagrams or tables can
be computed very accurately with regard to the temperature dependence of the
thermal properties of the steel as well as the insulating material. The influ-
ence of an initial moisture content and of a disintegration of the insulating
material can be considered, too. Practically, such a determinaticn can bhe
carried out over a numerical data processing by computers on the basis of a
finite difference or a finite element method. A great number of design tables
computed according te such an accurate procedure, are presented in | 8 ).

The design basis referred to generally assumes the steel temperature to be uni-
formly distributed over the cross-section of the beam or column at any time f.
A more accurate theory which enables a determination of the temperature varia-
tion over the cross-section of the steel structure, is presented in (35), (36 ),
together with computer routines. The algorithm described can easily be coupled
to most finite element programs,

An illustration of the capability of the theory is given in fig. 10, which

shows calculated temperature distribution along the line of symmetry of a gypsum
insulated steel feam with a concrets slzb at the top flange,at selected times

cf tnermal exposure according te the standard temperature-time curve.
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3.5 Load bearing capacity cf steel structures at fire exposure

A transformation of the transient temperature state of a fire exposed structure
or a gtructural element to data on the structural behaviour and load bearing ca-
pacity requires access te validated mathematical medels of the mechanical beha-
viour of the structural material in the temperature range associated with f{ires.

For steel, such models have been avallable for many years - ©f., for instance,
{37) te (40 ), The models decompose the total strain into thermal strain, ins-
tantaneous elastic and plastic strain , and time and temperature dependent
creep strain. Some of the models operate with temperature compensated time t

according to DORN ( 37), defined by the formula T

£ =/t o T OE/RT 4 [3.14]
T °
where
-
R

T

-1
activation energy reguired for crzep {(J. mol ")

universal gas constant (J.mol ~. X ! ) and
absolute temperature { K )

Analytical models for a determinartion of the mechanical behaviour and load bea-
ring capacity of fire exposed isostatic and hyperstatic steel beams, columns and
frames are presented in,for instance, {38) - (43 ). The most general methed is
the one described in (40), based on a finite element elastic-plastic-creep ana-
lysis ineluding the influence of geometrical non-linearities of the sitructure.
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2 simpiified design basis, giving directly the lcad bearing capacity for a de-
sign load effect can be found in (8 ), (11), (17) to (23 ). The design basis
can be used for the thermal exposure given by the standard temperature~time
curve or the natural fire concept. The design basis is illustrated by figs. 1i,
12 and 15, Figures 11 and 12, { 8), (20), give the load bearing capacity

My, Py, 4y, ) ©Of fire exposed beams of constant I cross section at different
types of loaéing and support conditions, as a function of the steel beam tem-
paerature Ts' The design curves in fig. 1l apply teo a slow rate of heating -
assumed to be 4°C.min"!, followed by a cooling with a rate of 1,33°C.min™* -
and fig.12 gives the correction AR of the load-bearing capacity coefficient B
due to a more rapid rate of heating. In the formula for load-bearing capacity

Jg = yvield stress of steel material at room temperature ( MPa),
L = span of beam (m) 3
W = elastic modulus of beam cross section (m”)
&
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Figure i1 : Coefficient B for determination of critical lead {Mkr R Pkr ) qkr)
for fire exposed steel beams of I cross section at different types of loading
and support conditions as a function of the steel beam temperature T_. The
curves have been calculated for a slow rate of heating of 4°C min~t and a
subseqguent cooling, assumed to be one third of the rate of heating (8}, (20).
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The design curves in figures 11 and 12 have been detormined on the basis of
the deformation curve of the fire exposed beams calculated by an analytical mo=-
del, presented in { 38), which takes into account the softly rounded shape of
the shape of the stresg~strain curve of steel at elevated temperatures as well
as the influence of creep strain. As can be seen from f£ig. 12, this influence
cf creep begins to be noticeable for ordinary structural steels at temperatures
in excess of about 450 °C, i

ag
i
|
| [
0.1 t / \
/ N 2 = 100 °C min—1
0,08 / :
0,06
0.04 / a2 = 20°C min=1
£
" /’
[V -
450 500 550 600 660 °C ¢

Figure 12 : Increase AR of coefficient, 8 determined acceording to fig. 1L,
for a rate of heating a 2 4°C. min ™ , as a function of the steel beam tem-
perature TS (8 ), (20).

in the Eurcpean Recommendations for the fire safety of steel structures (11 ),
an alterpative simplified approach is given for the determination of the load
bearing capacity of a steel structure at wniform elevated temperature T_. The
elementary theory of plasticity is directly applied, related to an effec%ive

vield stress Us,TS in which the influence of creep is included implicitly.

The basic stresg-strain .curves are exemplified in fig. 13 for the steel grade
Fe 360. The large gap between the curves for 200 and 300°C is due tec the so-
called "thermally activated flow" ( 41). For arn ultipate limit state design,
the curves are cut off at certain stress levels, defining the effective yield

‘stress Og T, as a function ofthe steel temperature Ts - fig.14.
150 Ta20°C
r00C
R i
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Figure 13 : Stress-strain curves at elevated temperatures T; for steel grade
Fe 360. In the curves, the influence of creep is included impliciely (11},



& 1ABSE PERIODICA 11983 IABSE ‘SURVEYS §-22/83 23

L T

s, Tg 08
520 06 =N

0.2 .
- =
0 00 200 IO L00 500 600 00 800 900
T, (°C)

Figure 14 : Quotient between effective yield stress Tg py at elevated tempe-
rature T and vield stress at room temperature as a function of steel tempera-
ture T . "The curve applies to steel grades Fe 360 to Fe 510 with an accuracy,
which Is sufficient for practical purposes (11}
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Figure 15-: Relationship between non-dimensional buckling load ﬁb and slen-
defness factor 1 at varying steel temperature 7 for axially compressed
steel columns (11), (44). 5
The curves in fig. 15 {11}, (44) give the variation with the steel temperature
T of the non-dimensional buckling load Ny for axially compressed columns as a
finction of the slenderness factor

A

A e e [3.15]
4
LIV, E/C
where
A = column slenderness ratio
E = modulus of elasticity at room temperature, and
Oz = yield strength at room temperature

The curves are experimentally wvalidated by tests made recently in several
European countries. The curves are applicable under the presumpticn that the
column is unrestrained with respect to longitudinal expansion during the fire
exposure., For a fire design of columns, partly restrained to longitudinal ex-
pansion, see reference (8).
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3.6 Consistency between analytical and experimental approaches

“The analytical determination of the fire resistance of load bearing structural
elements as an alternative to testing has raised a problem of inconsistency,
recently analysed in (43 }, as concerns steel structures.

Due to high costs, a fire resistance test is usually limited to cne test speci-
men - in a few countries to two test specimens. For a sSingle test specimen, the
actual material gquality represents a random sample from a wide variety. Conse-
guently, a standard fire resjistance test is generally carried out on a test spe-
cimen with a load bearing capacity which is greater - mostoften significantly
greater - than the load bearing capacity related to the characteristic value of
the material strength. In current practice, no corrections are made of the test
results with respect to this.

An analytical determination of the load bearing capacity of a structural element
is based¢ on the characteristic value of the material strength. This gives an apa-
lytically determined fire resistance which iz lower - normally significantly
lower - than the corresponding value derived from a gtandard fire resistance
test.

Simpiified methods for a calculation of the temperature of fire exposed steel
structural elements are, as a rule, based on the assumption of a uniformly dise-
tributed temperature over the cross section and aleong the structure at each time
of fire exposure, In certain types of steel structures, for example beams with

a slab on the upper flange, a considerable temparature variation arises over
the cross section as well as in the longitudinal direction during a fire resis-
tance test. A simplified methed, which neglects this influence gives a further
underestimation of the fire resistance in relation to the corresponding result
obtained in a fire resistance test.

In {45 ) alternarive methods of correction are ocutlined for obtaining better
agreement bhetween the analytical and experimental approaches. One of these
methods is developed further to a design basis that can be applied easily in
practice. In principle,the methed implies that the analytically determined leoad
beariny capacity R is multiplied by a correction factor I, which is a function of
the uniformly distributed calculated steel temperature T_ and the type of structu=-
ral element. Fig. i6 gives the correction factor derived and practically applied
in the ECCS Recommendations for the fire safety of steel structures ( 1i}. The
methed of correction is a rough approach and should be seen as a temporary solu-
tion of the problem,

t

. HYPERSTATIC
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Figure 16 : Cerrection factor £ for leoad
pearing capacity R a5 a function of uni-
formly distributed calculated steel tempe-
rature T for columns,iscstatic beams,

and hype%static beems with two redundan-
cies. For hyperstatic beams with only one
redundancy, f can be chosen as approxima=~
tely the average of the values for isostaw-
tie neams and hyperstatic beams with

two redundancies (45 ).
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SUMMARY

This paper presents a review of the practical aspects of fire protection of stesel structures by
different techniques taking the desired fire rating into account. Some guidelines for correct
practice are given. A number of these concepts of fire protection are illustrated by recent
examples of steel building structures in Dublin, London, Manchester and Paris.

The last part of the paper discusses the priorities for future action and research. The use of cal-
culation methods for the design of structural fire protection is gaining increasing acceptance
and there is a growing recognition of the need to clearly identify the safety objectives related
to fire within the context of overall safety.

RESUME

Cette contribution présente un rappel des aspects pratiques de la protection contre le feu des
constructions métatliques, réalisée au moyen de techniques diverses avec prise en compte de
la durée de résistance souhgaitée, Quelques indications de bonne pratique sont données. Ces
concepts de protection anti-incendie sont illustrés par quelques exemples de constructions
récentes,

La deuxiéma partie est consacrée a la discussion des problémes qui devraient constituer a 'ave-
nir les priorités en matiére de conception et de recherche, |.'utilisation de méthodes de calcul
pour la conception d'une protection efficace contre le feu est de plus en plus largement accep-
tée et la nécessité de définir clairement les objectifs de cefte sécurité dans le cadre d’une con-
ception globate de ia sécurité est largement reconnue,

ZUSAMMENFASSUNG

Dieser Beitrag gibt einen Uberblick Uber die praktischen Aspekte des durch verschiedene Mass-
nahmen und unter BerGcksichtigung der angestrebien Feuerwiderstandsdauer erreichbaren
Brandschutzes. Regein flr die praktische Anwendung werden geoeben. Einzelne dieser Kon-
Zepte werden an Beispielen iilustriert.

im zweiten Teil werden die Probleme besprochen, welchen die Verfasser die grosste Prioritét in
der zukOnftigen Forschungstétigkeit einrdumen. Die Anwendung von rechnerischen Methoden
zur Beurtgilung eines wirksamen Brandschutzes wird immer mehr akzeptiert und die Not-
wendigkeit einer klaren Festlegung der Feuersicherheitsziele im Rahmen eines umfassenden
Sicherheitskonzepts wird in steigendem Masse anerkannt.
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1. INTRODUCTION

The decrease of steel strength properties at elevated temperatures { > 300 °C) is
now well established. This might induce in the public mind & certain reluctance
to use structural steel in buildings. To prevent leoss of strength and consequent
risk of structural failure duve to fire, it is essential to provide protective
measures which isolate structural steel elements from direct heat attack.

Chviocusly the more protection there is, the higher the fire resistance will be,
but the guestion arises, to what extent is the increase in fire resistance
justifiable economically ?

After discussing the cases where it is accepted that it might be unreascnable

to protect steel structures, this paper presents, in its first part, some current
types of passive protection measures and their effectiveness with regard to the
expected fire resjistance duraticn. The second part of the paper gives particular
examples of recent buildings, which illustrate the applications of different types
of structural fire protection, and the third part draws attention to several
priorities for research which counld stimulate the use of structural steelwork for
buildings. :

2. TBE PRACTICAL ASPECTS OF FIRE PROTECTION OF STEEL STRUCTURES, SOME GUIDELINES
FOR CORRECT PRACTICE

Under the conventional procedure to determine standard fire resistance, it has
been proved that unprotected structural steel sections in common use will carry
loads for some ten to fifteen minutes. This period is related to the standard
fire expeosure and is referred to as the "fire resistance time"., With such a
reduced response in fire, it may be thought that steel structures are unsafe
without protection, but it should be borne in mind that this low fire resistance
is related to the standard fire test procedure, which has definite limitations
and has been the subject of numerous criticisms.

A major decision for the designer is to determine, whether or not it is necessary
te provide fire protection for the steel elements, through insulating materials
or cladding, or any protective measures provided by such technigues as screens
{e.g. false ceiling) or systems like water-£illed hollow sections. The decision
is dictated by the necessary safety requirements, the cost and/or aesthetic
considerations,

Some national regulations have begun to reflect the relative importance of the
fire resistance of structural elements among the fire safety measures in buil-
ding. Also some naticnal fire codes do not require fire resistance for low-rise
constructicn (1), or for structures used for activities which do not lead to
excessive fire loads. In sport halls, certain industrial hallsz,zte... there are
very low risks of flash-over or even fire which could result in any danger for an
unprotected steel structure. Experimental evidence {fig. 1) of real fire behaviour
shows that for fire loads less than 15 kg of wood equivalent per square metre

of floor area, it would generally be unnecessary to improve the structural fire
resistance by protactive measures. The costs of fire protection are sometimes

not fully justified in terms of loss reduction, and more advantages ¢an be
obtained from control and fire prevention measures.
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It is generally accepted that casualties, structural damage, and damage and loss
to the contents of the building are more efficiently avoided by using active
fire protection measures rather than passive protection measures.

Active fire protection measures include detection systems, sprinklers, which
suppress a fire at an incipient stage, and smoke controlled dilution or venti-
lation systems.

Clearly, arbitrary requirements for fire resistance serve little purpose. Much
can be gained by a careful and coordinated fire design which makes use of
complementary fire safety measures.

2.1. Accepted cases of unprotected steel structures

In some coultries, the official regulations do not require any fire resistance
for single storey buildings. However, specific safety measures may be reguired
by the regulations or be demanded by the controlling authorities depending upon
the type of activity associated with the building, the fleoor area and the number
of people occupying or using the building. '

2.2, Unprotected steel complying with the 1/2 h resistance reguirements

In relation to fire resistance requirements, many building codes single out
structural elements according to their particular functions. In general, the
only structural elements to be checked for their fire resistance rating are
these which actually ensure the proper general load bearing function of the
structure, or which contribute to the effectiveness of the fire compartmenta-~
tion.



L Y

Compared tc other constructional materials (concrete, wood) the fire resistance
time of 1/2 h under standard fire conditions is certainly the most unfavourable
requirement for steel construction, from an econemical point of view.
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2.2.1. Bare structural elements

The fire rating of 1/2 h may be obtained for structural elements with a so
¢alled "section factor" or “massivity factor" lesg than F_/V_= 30m"1,{where
F_is the fire exposed surface and VS the wvolume per unit length of the steel
structure. Eowever, these massive eléments are rare in building construectien,
whers most steel elements in current use have a section factor greater than
200 w™t, Depending upon the critical temperature of the bare steel element, a
fire resistance of about 15 minutes may be expected when these elsments are
subjected to the standard fire test.

To achieve a greater fire resistance, by increasing the critical temperzture of
the steel elements, it is necessary to alter simultaneously or separately the
section factor, the stress level and the grade of steel. Certainly, the most
efficient way of improving the fire resistance of a steel structure is to make
use of design concepts which involve statically indeterminate structures.

2.2.2., Mixed construction ¢f steel and concrete

By conveniently associating steel ané conerete, fire stability may be improved
beyond the critical 30 min without externally protecting the steel. The structtu-
ral elements of compesite construction comprise

-~ compposite floor consisting of a steel beam and a concrete slab,
- concrete-filled hollow tubular sections,
- composite deck composed of a corrugated metal sheet and concrete slab.

The steel which is associated with the concrete slab to form the composite
structural element does not itself have improved fire resistance. The increase
in fire resistance for standard fire exposure above 30 minutes is generally
provided by additicnal reinforcing bars which are incorperated in and protected
by the concrete. In the case of continuous composite beams, special care must be
taken in choosing the type of reinforeing bars under negative bending moment, as
premature failures have been experienced with low-ductile bars.

A great number of experimental results jis given in the literature (2} for these
elements, and the data are still being analysed. Calculation methods are being
developed, and as soon as their reliability has been established, the metheds
will be incorporated, in the form of technical notes, in the European Recommen-
dations for the calculation of fire behaviour of steel structures {3). In addi-
tion, much information exists in the form of data bases, which may be useful

in evaluating the fire resistance of such structural elements by means of a
judicious analegy.

2.2.3. External structural elements exposed to fire

It is known that structural elements which are in the open air outside the fire
compartment, and thus not exposed directly to the fire, mav not reach a critical
temperature.

The fire exposure of elements such as external columns and beams varies not only
with the peosition in relation to distance from the fagade, but also with the fire
load of the compartment, the window opening and shape, and random influence of
wind speed and direction.
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In corder to lower the rate of temperature rise, external columns should be placed
at & certain distance from the fagade, or should be protected by screens, so as
not to be placed in édirect contact with the flame and alsc to be protected from
radiated heat, A screen may be naturally provided by the mullicns. Furthermore,
experimental evidence shows that beam to column connections are of major impor-
tance and much can be gained from using rigid connections (4).

But, on account of the very complex fire behaviour, the knowledge concerning the
heating process of the external steel elements during these last years has been
greatly improved, the evaluation of the external heating process tending to
become as reliable as the determinatiocn of the temperature field evolution
inside the compartments. Compared with experimental observations, calculated
structural response gives prediction on the safe side (4,5).

Tests on pins ended columns may provide us with some useful information on the
heating process, but more may be gained from sub-assemblies of structural
giements. They show the role played in the fire resistance by the connections
{4,5) ; together with the non uniform temperature field, this may explain the
remaining difficulty in getting inaccurate predictien of the outside column
fire response,

2,3. Protected structures

Depending wpon the fire insulation material and its thickness, 1/2 hour to 4
hours fire resistance for load bearing structures subjected to the standard
fire exposure can be achieved.

A great variety of fire-protection methods and technigues exist which may be
summarized under the following headings :

- intumescent paint

-~ spray appiied material

- individual encasement of the stesl structural element with wallboard
type of material or concrete

- structural elements protected by membrane systems.

2.3.1, Intumescent paint

Although similar in appearance to normal paintwork, intumescent paint is a
coating which swells at about 150°C to 300°C to form a "meringue" whose
thickness may reach several centimetres and which acts as a heat shield.

Generally, intumescent paint applied to a steel structural element provides
a fire rating of up te one hour. Particular attention should be paid to the
guality control of those coatings, and particularly to the durability of the
intumescent crust.

2.3.2., Spray applied material

The composition of sprayed products generally involves gypsum, which includes
20 % crystalisation water, or cement and expanded vermiculite, perlite, glass
or mineral fibres,

The use of abestos fibres mixed with gypsum or cement has been prohibited in
many countries, because of the health hazard they represent, both for workers
and occupants.
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The fire performance of these spray compound product depends largely on

~ the thermal conductivity, specific heat capacity and thickness of the materisl
itself. Test methods have been proposed for measuring these properties
(7, 113.

~ the mechanical behaviour of the material under impact if subjected to knocks
at ambient temperatures and the tendency to fall off during a fire. Goed
adhesion to the steel surface is an ipportant requirement for spray applied
fire protection materials. Spray material may be applied directly to the steel
element or on metal lath fixed to the steel. High fire resistance up toc 4 hours
may be achieved with such protection.

Several methods of calculation now exist which give the thickness of the protec-
ticn to be sprayed on structural steel elements. The most sophisticated and general
(3,8) takes into account the loading to determine the critical temperature, and
then the resistance time. Others have derived (9) empirical formulas based on tests
which give directly the resistance time for a fixed critical temperature { 550°C).

2.3.3. Individual steel structural elementsencased with concrete or boards

In this case, the concrete encasement serves only as a protective material and
does not carry any load. An empirical eguation has been developed (9) which is
based on the thermal properties of concrete and on the eguilibrium meisture
centent by volume of the concrete.

References (3,8) alsoc provide a general aprproach to evaluating the fire resistan-
ce of steel sections encased in concrete.

Columns or beams may also be protected against fire by gypsum wall-boards, supplied
in a range of thicknesses, which are assembled around the steel shape. The fire
resistance is very sensitive to the fabrication and special care should be taken,
on site, to verify that the wallboard assembly fixing system (type and spacing af
fasteners), furring channels, seam jcints, and sheet steel covers, if any, are

the same as for the particular fire-resistance assembly tested.

2.3.4. Structural elements protected by membrane protection svstems

Because of the complexity of a load carrying stress system, the best method of
achieving the desired standard of protecticon is to encase the whole structural
element between partition walls, thus preventing the passage of fire. In this
tase, 1t is particularly important to give careful consideration to any construc-
ticnal details which may cause the fire to spread.

The technique of compartmentation is also very important in floor and roof
construction. Floors in multi-storey buildings generally constitute the major
compartment boundaries which prevent the spread ¢f a fire and provide horizontal
barriers which force the smoke into the shafts.

Many tests, under standard fire, have been performed on all types of construction
systems. The meost common type of floor system used in steel construction is the
composite floor, with structural steel beams (steel Jeoist, castellated beams,
rolled or welded shape) shear-connected to a concrete slab or a composite slab
{cold formed steel floor and concrete) . Fire protection methods for these types

of floor consist of various suspended ceiling systems and spray-applied fire
protection. No calculation method exists for such types of fleor systems, and fire
resistance performance should be evaluated from results of available tests. Mono-
graphs (2) have been published which show how to estimate, on a comparative basis,
the structural fire resistance of the proposed constyruction.
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2.3.5. Water filled hollow section

Many of the protection systems which have been described do not allow the structu-
ral steel to be exposed, and this is detrimental to the architectural character of
steel structures.

The idea of ligquid-filled columns between floors and unconnected with pipe loops
was coriginally patented in 1884 by G.F. WRIGHT.

Impertant structural systems have been achieved using the technigues of water-
filled hollow structural elements; they are now well accepted methods in the
U.8.A. and Europe.

The applicaticn of this technigue requires particular attention to the design

of the water circulation system. The replenishment of the water evaporated

is assured either by gravity through a storage tank or by a pressure pump system.
Corrosion inphibitors should be incorporated in the water and in cold climates

an antifreeze agent is required. The water flow pattern of a locally heated

column  is not yet well understood.

An experimental standard fire test on a 230 x 250 mm column filled with water shows
a fire resistance of 30 minutes. Water cooled steel columns will be largely below
the critical temperature value of the steel, if water cirgulates properly and if
the formation of steam traps is avoided.

The concept of water filled structures has been largely extended to £fulfil more
than one function. Several examples (10) of water filled structures coupled with
an integrated heating and cooling system have been built which have permitted
greater economies of the project. Moreover truss systems have been erected whose
main members are hollow sections, filled with water, which serves as a network
for a sprinkler system.

3. iNTERESTING USES OF STEEL IN BUILDINGS IN RELATION TO FIRE SAFETY

The building described in this chapter illustrate some of the design approaches
cutlined in paragraphe 2.

3.1, U.S. Steel Corporation Headguarters, Pittsburgh, USa (12)

Architects : Harriscn & Abramovitch and Abbe
Structural Engineers : Worthington, 8killing, Helle & Jackson, and Edwards &
Hjerth.

For this 64-storey cffice building the external columns are of weathering steel
and are filled with water for fire protection. The columns are fully connected
and designed on the assumption that the water flow will be induced when fire
heats some columns while others remain cocl. Despite the columns being at a
distance of about 0.9 m from the external fafade, the authorities regquired a
fire resistance of 4 hourgs and it was necessary to provide storage tanks to
replenish the water which would be boiled off by this length of exposure, The
height of the building (about 257 m) could have produced very high water pressu-
re and therefore the system is divided irnte 4 vertical zenes, The performance
of the cooling system and the amount of water storage was established by calcu-~
latien (13).

3.2 W.D. and H.0. Wills, Head Office, Bristol, England (14)

Architects : Skidmore, Owings and Merrill, Chicago ;
York Rogenberg Mardall, London
Structural Engineers : Felix J Samuely and Partners

This an exampie of the use of exterior weathering steel without cladding, the
waiver of the requirements of building regulaticns for fire resistance being
based on calculations.
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The head office building for W.D. and E.O. Wills nas a five-steorey steel frame
section above a two-storey concrete podium, the upper floors being 67 x 28.8 m
on plan. The exterior structure stands about 1.8 m in front of the glazing line

on all sides of the building. The outer coliumns and the tie beams c¢onnecting them
in the outer plane are in exposed weathering steel, The transverse beams that
penetrate the fagade are encased in concrete and c¢lad in weathering steel sheet.A
weathering steel grille is placed at each floor level, between the racade and the
exterior structure. Calculations were made of flame projections from the windows
and the heat transfer to the exterior steel, in conjunction with the Fire Research
Station, Borehamwood, to support the application for a waiver.

3,3. Liberty Plaza Building, New York City (15}

Architect : Skidmore, Owings and Merrill
Structural Bngineers : Weidlinger Associates and Weiskopf & Pickworth (jeint
venture)

Tnis is an exampple of using Gesp spandrel girders to form the fagade of the buil-
ding. Because tests demenstrated that the fire expasure above the window open;ngs
would be low, the external face of the web is fully expased.

The S4~storay office building was developed by the Galbreath-Ruffin Corporation

in association with the US Steel Corporation. Each floor is approximately 88.5

% 49.5 p with 2,59 m floor te ceiling height. The structure is a rigid steel frame
with wide bays on the exterior and clear span Ifrom the exterior te the core.

The long slevations have five structural bays, with three bays on the short sides,
™e& deep spandrel girders are the same depth as the window openings, 1,78 m. The
flanges are protected with sheet steel flame shisld and sprayed mineral fire
protection is applied to the inside surfaces. The webs of the spandrel girders are
fully exposed extarnally, and painted black.

Approval for the use of the exposed spandrel girders was only given by the New
York City authorities after full scale fire tests on a mock-~up of one bay had
been carried out (16,17).

3.4. The Roval Exchange Theatre, Manchester, England (18)

Architects : Levitt Bernstein Associates,
Scructural Engineers : Ove Arup & Partners

For this building, figure 2, a fire engineering appraisal was used to demonstrate
that cladding of the steel was not essential for the purposes of building regula=-
ticns. The Royal Exchange Theatre is a cancentric auditoriwm standing within the
Great Hall of the Manchester Royal Exchange - formerly used for trading in cotton.
There is an open-stage auditorium, seven-sided in plan with stage and seating for
450 at the level of the Exchange floor and two galleries above, esach of which
seats a further 150 people. The Theatre is clad with toughened giass and roofed
with metal decking, It was imperative to develop as light a structure as possible
and this, taken together with the desire to achieve a high degree of transparen-
cy, led to a system of tubular steel trusses from which the galleries are suspen-
ded, the trusses being supported by existing brick piers. i

A full fire engineering appraisal was carried out, in cooperation with the city
authorities, and this led to an agreement that the steelwork could remain unprotec=
ted, thus avoiding the cost and additional weight and bulk of fire cladding. The
appraisal included an examination of means of escape, smoke generation and crowd
movements being carefully analysed, and a generous number of exits was provided.

It was established that should the fire remain unchecked after evacuation, the
floor of the Exchange could survive collapse of the structure and consequently
there would be no additional hazard to fire fighters. )
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Non-combustible or low flammability materials are used throughout, and arrangements
have been made to ensure detection of a fire and for surveillance Dy the theatre
staff whenever the public is present.

3
) ﬁ
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;

Fig. 2 Royal Exchange Theatre-Manchester

3.5) Centre Pompidou, Paris, France {(19)

Architects : Pianc and Rogers,
Structural Engineers : Ove Arup & Partners

Much of the structure of this building is exposed externally (figure 3). Where
calculation of the external fire exposure showed protection of the elements to

be necessary to reach the 2 hours fire rating required, protection was provided
generally by water coocling or by shielding although a few parts have conventional
fire protection. The Centre Pompidou has a steel superstructure rising above

a concrete substructure. The main building has siz storeys above ground, each

7 m high and 166 m long. The main lattice girders span 44.8 m betwgen short
cantilevers projecting from the main columng, the outer ends of the cantilever
members being restrained by vertical ties. The glazing line generally follows

the junction between the lattice girders and cantilever brackets. The main coclumns
are 1,6 m ocutside this line and are water filled for fire protection, circulation
being achieved within each column by pumps. The cantilever brackets are 7.6 m
long; thus the outer line of tension “columns" and associated bracing members are
7.6 m from the windows. Calculations showed that in the event of fire, all the
members on the outer plane are protected by virtue of the 7.6 m distance from
the windows; the cantilever brackets are shielded by fire-resistant panels in the
fagade. There are sprinklers on the external walls and the cantilevers. Horizon-
tal bracing members close to the windows would be lost in a fire, but with each
floor divided into two compartments, the loss of a proportion of the bracing does
not endanger resistance.
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Fig.3. - Pompidou Center
2g.J. |
Paris

3.6) Bush Lane House, London, England (20).

Architects & Structural Engineers : Arup Associates.

Pricr to the construction of this building (figure 4), water cooling had only
been used for the protection of vertical columns, since its use for beams raises
considerable difficulties in ensuring that adegquate contreoclied water flow occurs
and no steam pockets develop.' In Bush Lane House, water cooling is used for the
external structural steel and protects columns, lattice members, and a critical
top horizontal member. Bush Lane House provides eight office fioors above a first-
floor plant room. Each typical floor is approximately 35 m long x 16 m wide,
supported by the 1ift core and three columns set 11 m from the extremities of
the building. The stainless steel lattice which transmits the floor loads is exter-
nal to the building envelope and leaves the office space uninterrupted. The steel
members are water filled and inter-connected, so that in the event of fire the
water circulates and steam is vented at high level or separated in a tank on the
roof., This tank also serves as a reservoir to replenish and keep the system full
cf water. The patterns of water flow, maximum potential steel temperature, and

the amount of water storage were all established by calculation.
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Fig. 4 - Bush Lane House
London

3.7} Central Bank Offices, Dublin, Eire {21}

Architects : Stephenson Gibney and Associates,
Structural Consultants : Ove Arup & Partners, Dublin.

For this building {figure 5) the critical condition for failure of the steel
hangers was established by caiculation, since no standard test method was appro-
priate for tension members. In addition, the fire exposure of the hangers, being
external, was calculated sc that the necessary cladding could be determined.

The main building of the Central Bank offices complex in Dame Street, Dublin, is
an eight-storey block with 8500mZ of cffice space. Uninterrupted floor areas and
minimal obstruction te windows were considered te be of significant architectural
advantage. The floors, measuring 45 m x 30 m are supported at 12 hanger points
arcund the perimeter and on twin reinforced concrete cores. From the hanger peints
the loads are transmitted directly to roof level through pairs of high tensile
Macalloy steel bars. Cantilever frames transmit the vertical reactions to the
cores,. The fire protection of the Macalloy bar hangers presented a somewhat un-
usual -problem. They were to be exposed on the fagade of the building and it was
of congiderable architectural importance that they be expressed as separate bars.

It was essential therefore to provide a fire cladding which would give adeguate
protection without being very thick, since each 40 mm bar was to be encased in an
aluminium tube not exceeding 120 mm diameter. A research programme was necessary

to establish the Macalloy steel characteristics, thus leading to a definition of
the critical condition for the structure under fire exposure. Fire engineering
calculations established that the bars would be less severely exposed than internal
members and the cladding finally adopted was 20 mm thick Marinite machined te form
interlocking sections round the bars.
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Fig. 5 - The Central Bank,
Dublin

4. PRIORITIES FOR FUTURE ACTION AND RESEARCH

During the last two decades a great deal of research has been devoted to studying
structural behaviour under different fire conditions. Certainly the knowledge
gained by the experimental and analytical studies is the reason why the calcula-
tion methods to determine fire behavicur and resistance are now recognized on a
regulatory basis as equivalent to laboratory tests. Now is the time for a change
of priorities for research programmes. They should be more oriented towards a
better assessment of fire risks in relation to safety considerations in order to
establieh more rational requirements for structures and components (25),

a) Most of the existing building regulations for fire safety are not based on a
clear definiticn of safety cbjectives. The reason may be attributed to the fact
that existing building regulations are the results of a compilation of rules
based on history and past experience in the country concerned.

Obviously, comparison of the national fire building requirements of different
countries will show considerable discrepancies. Conseguently, it is thought
that harmonizatjon of regulations is unlikely to be achieved through & compa-~
rison of existing national code reguirements, but it should be the consequence
of a thorcugh examination and definition of the potential risk that society is
ready to accept. It should be borne in mind that in some circumstances, it is
impossible to guwarantee full protection against fire, e.g., when fire has a
criminal origin.

Seme tentative appreocaches have been made in this direction (22,23,24,26 ) and
they need to be more widely developed and justified,

In this context, a thorough examination of data and a survey of potential hazards
is certainly of a major importance,
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Quantitative methods need to be derived, to evaluate the fire risks, and to
scale the regquired structural fire protection together with alternative pro-
tection measures. For example, statistics indicate that the risk of a serious
fire ocourring in open parking place is pegligible ; despite this fact, not
all countries accept unprotected steel structures in cpen car parks.

b} Substantial reduction in structural fire resistance requirements should be
allowed in the presence of an approved automatic sprinkler system. For some
countries but not all, recommendations exist for the design, the installation,
the guality contrel and the inspection of sprinkler systems, and the reliasbility
of such systems has been established.

c) Studies should be carried out to determine the fire endurance of various
structural compenents such as floor and ceiling assemblies, leoad-carrying strucs-
tural members or stability members encased between wallboards. Attentien should
be paid to the overall fire behaviour of such assemblies ; for example,a very
flexible floor system under fire may fail to prevent flame passage at the ho-
rizontal intersecition between the floor and the wall or the ceiling and the wall.

d) Codes of good practice need to be developed for architects, and decision
mekers, which explains when structural fire protection is needed, and which
give information on different methods of providing fire protection to steelwork
and their relative costs.

&) It has been argueed that at present in several countries the insurance pelicy
for individual buildings often discriminates againt structural steel.Efforts
should pe intensified to remove the difference in insurance premiums for steel
and concrete structures.

5. CONCLUSIONS

The competitiveness of structural steelwork for buildings, in relation te other
structural materials, is impaired both by excessiverequirements with regards to
fire protection and also by higher insurance premiums for steel than concrete
structures. Certainly & rethinking of the current fire regulations, with a view
to a betrter assessment of the fire risk and safety objectives, would give a
better approach te an optimum level of fire protection design.

Despite the implications of the above mentioned problems on the use of steel in
buildings, much will be gained if suitable fire design strategies relative to
active or passive protection measures, are clearly defined at an early stage, in
the conception of a project. In such a design within the frame work of these
strategies, the load bearing structure should be dealt with as a component in
an integrated fire hazard evaluation of the total active and passive fire pro-
tection for a building. This would open the door for assessing the effects of
trades of and for comparing alternative designs for the total fire protection
with the same level of safety from the cost point of view.
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