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FOREWORD

This handbook describes a rational fire engineering design process for loadbear-
ing structures and partitions of steel on the basis of performance requirements.
The design methods presented are based on the regulations, advisory notes and
recommendations given in the Swedish Building Regulations and in the separate
publication on rational fire engineering design which has been compiled on the in-
structions of the National Swedish Board of Physical Planning and Buijlding. The
methods presented in this handbook have been given the general approval of the
Board (General Approval Certificate No 2698/73).

The handbook is primarily intended for buildings for which, requirements are

given in the regulations with respect to fire resistance of load bearing structures
and partitions. For buildings such as single-storey industrial and warehouse
buildings for which there is generally no requirement with regard to fire resistance
the handbook is supplemented by the publication "Fire engineering design of single-
storey industrial and warehouse buildings with a loadbearing frame of steel”, issued
by the Swedish Institute of Steel Construction.

The handbook discusses the principles which govern rational fire engineering de-
sign and alsogives a detailed method for practical application. Owing to compre-
hensive informationin the form of diagrams and tables, practical design can nor-
mally be carried out quickly and easily, A rational fire engineering design often
permits a considerable reduction in the costs of providing the necessary protect-
ijon for structural steelwork, in comparison with the more standardised type of

design,

The handbook is primarily intended for application in practical design. It has how-
ever been drawn up in such a way that it can also be used in the course of instruct-

ion in technical schools,

The handbook has been drawn up in continuous cdllaboration between the Division
of Structural Mechanics and Conerete Construction, Lund Institute of Technology,
and the Swedish Institute of Steel Construction, In this connection, extensive use
has been made of material previously produced at the Division of Structural Mech-
anics and Conerete Construction, which has been published in its most detailed
form by Sven~Erik Magnusson and Ove Pettersson in the Chapter "Fire Engineer-
ing Design of Steel Constructions" in the NJA Structural Steel Handbook 1972, pp.
556-641, More recent work at both the Division of Structural Mechanics and the
Swedish Institute of Steel Construction has been added to this, Considerable parts
of the handbook are of international news value,

The rational fire engineering design method, as well as its assumptions and gene-
ral characteristics, was first described by Ove Pettersson in a series of publi-
cations during the period 1962-1965, A partial summary of these publications is
given in Chapter 2, The results of research and development work which form the
basis of this handbook have also been largely produced by research carried out by
Ove Pettersson himself or under his leadership.

The position regarding the origin of the various sections of the handbook is as fol-



lows. The assumptions and general characteristics in Chapter 2 were drawn up by Ove
Pettersson. Statistical data in Chapter 3 concerning the magnitude of the fire load in diffe-
rent types of premises and buildings are based on surveys carried out by the Division of
Structural Mechanics and Concrete Construction and the Swedish Institute of Steel Construc-
tlon. Chapter 4 concerning the temperature-time curve in the fire compartment has been
mainly based on previous original work by Sven-Erik Magnusson and Sven Thelandersson.
Chapters 5-8, which deal with the calculation under fire exposure conditions of the tempera-
ture-time curves for different types of insulated and uninsulated steel constructions, may to
a large extent be regarded as the result of previous original work by Sven-Erik Magnusson
and Ove Pettersson and, with regard to rational consideration of the effect of radiation, new
research results produced by Jorgen Thor. A new analytical model for determination of the
temperature-time curve under fire exposure conditions for a steel construction with insula-
tion in the form of a suspended ceiling, developed by Sven-Erik Magnusson and J trgen Thor,
is presented in Chapter 7. Determination of the loadbearing capacity under fire exposure con-
ditions, in Chapter 9, of steel structures in flexure is based in all essentials on work carried
out by Jorgen Thor, while treatment of structures acted upon by an axial load, in Chapter 10,
mainly comprises new contributions by Torbjorn Larsson and Ove Pettersson. Chapter 11
concerning materials for protection of structural steelwork has been compiled by Jérgen Thor.
A separate section dealing with an alternative design method which permits the conversion of
standard fire test data into the action of an actual fire, has been drawn up by Ove Pettersson.

Research and development in the field of structural fire protection in the broad sense of the
-term has been characterised in recent years by a considerable increase in effort on an inter-
national scale. This is likely, in the relatively near future, to enable some improvements fo
be made to the design data presented in this handbook. A further development of urgent impor-
tance is more rational consideration of the type of fire process.

Work on the actual arrangement of the handbook and the preparation of data has been divided
about equally between the three authors. In addition, Jérgen Thor has been responsible for co-
ordination of the text and design aids, compilation of worked examples and editorial treatment
and production, and Sven-Erik Magnusson for most of the numerical computer calculations ne-
cessary for production of the design data in the handbook,

The Swedish Institute of Steel Construction wish to take this opportunity of thanking all those
who contributed to the production of this handbook, and hope that it will prove to be of great

practical utility.

Stockholm, October 1974,
SWEDISH INSTITUTE OF STEEL CONSTRUCTION

This handbook was published in Swedish during 1974 and the present publication is a literal
translation of the original handbook. Since 1974 a new edition of the Swedish Building Regula-
tions, SBN 1975, has been issued. When references in detailed matters are made in the hand-
book to the Building Regulations these apply to the previous edition of the Regulations,

SBN 1967. This circumstance does not affect the use of this handbook. In the new edition of
the Building Regulations, SBN 1975, the alternative of the more rational fire engineering de-
sign, which this handbook deals with, is more strongly marked.

Stockholm, February 1976,
SWEDISH INSTITUTE OF STEEL CONSTRUCTION

- m—————
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1 THE ARRANGEMENT OF THE HANDBOOK

This handbook consists of four, more or less independent, parts namely the Main
Section, the Design Section, Worked Examples and Alternative Method of Design
Based on the Concept of Equivalent Fire Duration. At the end of the handbook there
is also a list of references which is common to all the sections,

Chapter 2 of the Main Section is introduced by a general description of the different
principles which govern planning and design of structural fire protection measures
and total fire protection measures, In the light of this overall problem, an account
is given in Section 2.5 of the principles governing standardised fire engineering de-
sign of loadbearing structures and partitions according to a fire engineering clas-
sification based on a standard fire curve, Section 2.6 gives a description of the prin-
ciples underlying a more rational design process governed by performance require-
ments, based on an actual fire process. The difference between the standardised
and rational design method is illustrated in Figs, 1 a and 1 b, Chapters 3-19 of
the Main Section deal with the various stages which make up this rational design
process, in which connection there is a comparatively detailed discussion of the
theories and calculation methods employed, In Chapter 11 of the Main Section, an
account is given of the different materials and methods used in providing protection

for structural steelwork,

There are several reasons for this comparatively detailed discussion of the prin-
ciples, theories and calculation methods. In the normal case, practical design can
be carried out very easily with the aid of only a few designdiagrams and design
tables, in spite of the great complexity of the underlying theories in many cases.

In order, however, to ensure that the design process is applied in the correct way
in different cases, it has been considered essential to give a comparatively detailed
description of the background of the diagrams and tables. This is also necessary in
order that cases which are not fully covered by the design diagrams and tables may
be dealt with. Furthermore, it is important from the point of view of the authorities
which serutinise caleulations and issue permits that the theories and calculation
principles underlying the diagrams and tables should be clearly set out, By virtue
of the detailed discussion in the Main Section, the Handbook can also be used as a
textbook, and algo provide the stimulus for further research and development work
in the fields of fire protection and fire engineering design of buildings.

[ sctivity

[ Building height Swedish Building Renuisite fire

I Building volume Regulations resistance
Consequences of

structural collapse

Method description BR 5§

Design data for of the National Swedish Fire resistance Yes
the structure Institute for Testing and in fire tests
: Stop
Metrology according to
regulations

No

Fig. 1 a. Flow chart for standardised fire engineering design of a loadbearing structure
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Combustion properties
of the fire load

- Rate of combustion
S1ze_and geometry of and energy released
the fire compartment per unit time
Ventilation conditions in ‘
the fire compartment Gas temperature-time
Thermal properties of the curve for the fire
coenstruction surrounding compariment
the fire compartment

Design data for
r the structure

- Temperature-time field
Thermal Enropertles-of the | for the structure acted
construction materials upon by the fire
Surface coefficients of I
heat transfer for the sur-
faces of the loadbearing Imposed forces, imposed Permitted temperature- Yes
structure moments and thermal [ time field for the struct- Stop
Mechanical proporiies of stresses in the structure ure and its components
the construction materials ‘} No

1 Load characteristics

Activity, building height

and volume, compartment-

atjon, extinguishment char- ——w
acteristics, statistical
influences, ete

Fig. 1b. Flow chart for rationai fire engineering design of a loadbearing structure

The sections in the Main Section which give the background of the principles govern-
ing the planning and design of structural fire protection and total fire protection,
Sections 2.1 - 2,3, deal with a very complex problem, It i& therefore unavoidable
that thorough understanding of these sections should demand that readers are reason-
ably familiar with fire engineering design, and it may be advisable for those who
have had no previous experience in this field to defer study of these sections until
they have read the remainder of the book,

The Design Section contains diagrams and tables and instructions for practical
application of the rational design method, These diagrams and tables are normally
sufficient for fire engineering design of loadbearing structures or partitions,

The Design Section is introduced by a flow chart which illustrates the design pro-
cedure, This Section is subdivided in the same way as the Main Section, Specific
references are also made in conjunction with each diagram and table to the Main

Section,

The Worked Examples consist of 10 examples with detailed solutions which deal
with different problems and different types of construction and building,

A description of an Alternative Method of Design Based on the Concept of Equival-
ent Fire Duration completes the handbook, This concept has recently been intro-
duced into the international discussion as an aid in converting conditions applicable
to standard fire tests to those in an actual fire, and vice versa. Certain principles
of fire engineering design, based on this concept, have also been developed. This
is the reason why there is a brief discussion in the handbook of the concept of equi-
valent fire duration, as well as a number of diagrams with the assistance of which
the equivalent fire duration can be determined in a rational manner for different
conditions. A design process based on the equivalent fire duration can in certain
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cases prove to be a valuable complement to the fire engineering design method
described in the Main Section and Design Section, which is based directly on the
actual fire process. The diagrams for a quick determination of the equivalent fire
duration in various applications also permit utilisation of a comprehensive body of
data obtained from standard fire tests performed on insulated and uninsulated steel
structures in designing for the effect of a realistic fire process, Practical applica-
tion of the concept of equivalent fire duration is illustrated by two examples.,

The system of technical units so far used in the Swedish building industry is used
in the handbook. The corresponding SI units are given alongside in curly brackets
{ | in the body of the text, equations and figures. As a result, some duplication
of equations and scales on the axes of diagrams has been necessary. However, it
is considered that the inconvenience which this may cause in some cases is com~
pensated for by the advantage of having both systems included until the SI units
have gained general acceptance.
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2 THE PRINCIPLES GOVERNING THE DESIGN
AND SCOPE OF FIRE PROTECTION

2.1 The extent of damage due to fire and the principles
of economic optimisation

Over the past 50 years, the annual cost of damage directly attributable to fire
rose in Sweden from about Skr. 40m to 350m. The cost curve is shown in Fig,
2.1a. In terms of current prices, the cost of fire damage has more than doubled
over the past 10-year period, and has approximately quadrupled over the past
20-year period. In real terms, the increases for the above periods amount to
12% and 70% respectively, To these direct fire damage costs must be added in-
direct costs due to breakdowns, stoppages in operation, defaults in deliveries
and missed economic opportunities, as well as losses of human lives, work and
dwellings, Tt is difficult to calculate these indirect costs, but they may be rough-
ly estimated to be of the same order as the direct costs due to fire damage,

The annual costs of fire prevention measures amount to about 2% of the volume

of investment in buildings, or about Skr. 250m, The State and municipal fire
fighting services in Sweden cost Skr. 150-200m annually, to which must be added
the costs of industrial fire services, sprinkler plants, etc, If the costs incurred
in administering the fire insurance system are also added, then the total annual
costs of fire protection and fire damage in Sweden are in the order of Skr, 1500m,

On the national level, the endeavour guiding investment in fire prevention and fire
fighting services must be (1) - (5)

Skr._ million

360

320

280 et

240

-
[
=

200

HAY

80 s

“ MNAAAY

Year

0
18 22 26 30 34 38 42 46 S0 54 58 62 66 70 74

Fig. 2.1 a. Direct annual fire damage costs in Sweden over
the period 1918 - 1971, --.__ valueg with index correction,

values without index correction
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to design and allocate fire protection measures in such a way, within the
framework of the total investment costs, that the effect is the optimum

possible

to make the level of this optimally allocated total investment cost such that
the sum of fire damage costs and investment costs is a minimum

This principle is illustrated in Fig. 2.1b. In the figure, a designates the optimally
allocated total investment in fire prevention and fire fighting, and b total cost due
to fire damage including the cost of fire insurance administration, An increase in
the investment a in fire prevention and fire fighting is accompanied by a reduction
in direct and indirect fire damage and the total cost b of damage due to fire, For
a certain level of investment a, the sum of fire protection and fire damage costs,
a+b, will be a minimum as shown by point A in the figure. In relation to this level
of investment, both an increase and a decrease in the investment in fire prevention
and fire fighting will lead to a rise in the aggregate total fire protection and fire
damage costs, as shown by points B and C in the figure,

This principle of optimising fire protection and fire damage costs at natjonal levels
also applies in an approximate manner to €.g. a municipality, a fire brigade dis-
trict, an industrial area or a major industry with its own fire fighting resources,
i.e. to units which are unambiguously delineated from the point of view of total
costs. On the other hand, the principle must be modified when it is applied to indi-
vidual buildings, since the investments made in fire prevention and fire fighting
measures with respect to a single building are an integral part of the overall fire
protection service, of which the municipal and State fire fighting and rescue re-
sources are the most essential components,

Fire damage and
fire protection costs

Fire damage costs

Investment

Fig. 2 1 b, Relationship between total investmentof fire
prevention and fire fighting a, total cost due to fire damage
b, and the aggregated total fire protection and fire damage
costs a+b (1) - (5)
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2.2 Minimum conditions for structural fire protection

In designing according to the guidelines outlined above concerning economic op-
timisation of the aggregate total fire protection and fire damage costs, the fire
prevention measures and fire fighting services must normally meet a certain
minimum standard. In the case of loadbearing structures or partitions, the con-
ditions to be satisfied can be explained with reference to Fig. 2.2a. The figure
contains three curves showing the relationship between the required fire resis-
tance period T and the effective fire load q for a loadbearing structure or a par-
tition. The curves depend on the ventilation conditions and thermal properties of
the fire compartment concerned,

‘In Figure 2.2a curve 1 describes the fire resistance time for different fire load
levels for the heating phase of an undisturbed fire development process, This is
the least fire resistance period for which the structure must be designed if its
loadbearing or separating function is to be ensyred during the heat ing phase.

If the requirement is raised to the effect that the function of the structure affected
by the fire must be ensured during the complete fire process, comprising both
the heating phase and the subsequent cooling phase, the relationship is expressed
by the analogous curve 2, In this case, the required fire resistance time T for
the given fire load q can be regarded as the equivalent length of a heating phase
which produces the same maximum action as the complete fire process which com-
prises both the heating and cooling phases, In the case of a loadbearing structure,
curves 1 and 2 are characterised by the requirement that the loadb earing function

__________ / |

g

T

Fig, 2,2 a. Relationship between equivalent fire resistance
time T and effective fire load g for given fire compartment
characteristics and a given type of structure. Curve 1 takes
into account only the heating phase of the fire, while Curve 2
also allows for the effect of the cooling phase. The relation-
ship according to Curve 3 applies when stringent requirements
are imposed regarding the serviceability of the structure im-
mediately after 2 fire, Tjp denotes the time required for com-
plete evacuation of people, and T2 the time required for the
evacuation of people combined with partial or complete evacu-
ation of property, T3 denotes the fire resistance time which
is required in view of the safety of e.g the firemen against
collapse of the structure
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must be maintained in respect of the static load which may be considered as rep-
resentative in the event of a fire,

In the case of buildings accommodating activities which are very significant from
the economic point of view, it may be justified to raise the fire protection require-
ment further to a level that ensures that the building can be used again after a fire,
either straight away or after repairs of only limited extent, for the intended activity
on the same scale as before. An effective way of ensuring this is to endeavour to
limit the spread of fire, for instance by installing an automatic sprinkler plant. An-
other possibility is to raise the fire resistance of the loadbearing structure to such
an extent that its original loadbearing capacity is either relatively unchanged at the
end of an undisturbed complete fire process, or has not been reduced to such an
extent that it cannot be restored to its original state by a moderate amount of work,
In Figure 2,2a, curve 3 is taken to correspond to a loadbearing framework whose
fire engineering design satisfies this requirement. This requirement has been
indicated in terms of an equivalent fire resistance time T, defined as the length of
a heating phase which produces the sameaction as the complete fire process com-
priging beth the heating and cooling phases, at the static load which may be regard-
ed representative in the event of a fire. The requirement that the building must be
capable of use after a fire must be satisfied for the static load for which the build-
ing was originally designed. Fire engineering requirements at the level associated
with curve 3 will, in the case of loadbearing structures and partitions impose re-
serviceability criteria as a supplement to the more conventicnal fire resistance

criteria.

It is normally a minimum condition which fire prevention and fire fighting mea-~
sures must satisfy that evacuation of people must be guaranteed in the event of a
fire, From the point of view of international regulations, this may imply either
complete evacuation of people from the whole building or, as stipulated in the case
of very tall buildings, removal of people situated in part of a building which is di-
rectly affected by the fire, to a safe place of refuge inside the building, The re-
quirement stipulates that design with respect to separation of fire compartments,
sectioning and evacuation routes must be such that the necessary evacuation or
removal of people can take place in such a way that there is no risk due to smoke,
toxic gases or heai. In the case of a loadbearing structure or partition which is
exposed to fire, the requirement that the building must be completely evacuated is
equivalent to stipulating that the loadbearing or separating function is to be ensured
during the required evacuation time Ty. In Figure 2. 2a, this gives a minimum fire
resistance period T which, as the fire load q increases, is determined by the curve
2 up to the level Ty and therealter by the horizontal line corresponding to the evacua-

tion time Tl-

In the case of buildings which house vital and particularly expensive equipment
and fittings, there may be reason to increase the minimum stipulation applicable
to fire prevention and fire fighting measures to such an extent that combined
evacuation of peopie and property is ensured, Such an increased requirement is
associated with a requisite evacuation time Ty which is greater than the time Ty
that relates only to evacuation of people, The requisite fire resistance time T
according to Fig, 2,2a is determined by curve 2 up to the level T,, after which
it remains constant,

In the case where people must be moved from the part of the building which is ex-
posed to fire to another part of the building, the requirement concerning the minimum
fire resistance period T of the loadbearing structure and partition must be further
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intensified. It must be possible for the intended function to be guaranteed with the pre-
scribed factor of safety during the complete fire sequence or during the time T4 which
is needed under the most unfavourable conditions in order that a fire with the actual
fire characteristics should be brought completely under control. With reference to
Fig. 2.2a, this gives a least fire resistance period T which, as the fire load g in-
creases, follows either the curve 2 or curve 3 or some other specified curves hetween
these {o the level T3 and remains thereafter on the horizontal line corresponding to the
level T3. A requirement concerning the necessary fire resistance at this level can he
based, apart from the requirement concerning the safety of people in the building, on
a factor of safety against collapse of the loadbearing structure which is stipulated in
view of the safety of firemen,

In cases where a structure has a higher residual loadbearing capacity at the end
of a fire and the subsequent cooling period than the least loadbearing capacity
during fire exposure, then the stipulated fire resistance requirement guarantees
the safety of clearance personnel, In the case of structures in which cooling after
fire exposure causes further reduction in loadbearing capacity, the requirement
concerning ine safety of clearance personnel may necessitate a further increase
of the required least fire resistance period beyond the level T3,

2,3 Factors which influence the extent of total fire protection measures

In order that fire prevention and fire fighting measures may in practical cases
be designed according to the above principles of overall economic optimisation,
knowledge of a large number of often very complicated statistical variables is
necessary. Examples of such variables are

the risk of occurrence of fire

the risk that a fire will cause flashover in the fire compartment concerned
the statistical variations in fire load and various types of static loading

the statistical scatter in fire compartment and fire characteristics

the statistical variation in material and product properties at different tem-
peratures

deviations in workmanship, unavoidable in practice, from the specifications
and recommendations given in various documents

the risk that safety regulations set out with regard to fire prevention mea-
sures are not complied with in all particulars

uncertainties in the function of detectors, alarm and extinguisher systems,
control systems for smoke and other products of combustion, and evacuation

routes

Preliminary estimates of the economic consequences of different types of fire
damage are further examples of factors which cause complications, Present know-
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ledge of the exemplified variables and factors is very limited and is very far from
the stage that it normally enables design of fire protection measures to be carried
out in the form of overall economic optimisation, Even if there is very extensive
research and development work in this field in the future, it is not realistic to ex-
pect that the conditions necessary for a more general application of overall econo-
mic design, according to the structure outlined above, will be satisfied over the

next few decades.

In spite of this, it is essential that practical design of fire prevention and fire
fighting measures according to simplified design procedures should, today and

in the future, be carried out with the aim of attaining an overall economic opti-
mum. Overall economic examinations and analyses of experience data obtained
gradually, as well as functionally based rational design methods for part problems
in the field of fire protection, constitute essential aids in this connection. The ra-
tional procedure described in this handbook for the fire engineering design of load-
bearing structures and partitions is an example of such a design method for an

essential part problem.

The point system introduced in several countries, which defines different levels
of safety for fire prevention and fire fighting measures in a gqualitative manner,
is of great interest in this context. An example which may be mentioned is the
Swiss system for classification of buildings into four danger classes (6). In this,

by an aggregation of a number of points, each of which has been allocated marks,
consideration can be given to

the magnitude of the fire load

the occurrence of components which burn explosively
. storey height

. building height

the size of the fire compartment

. the design of the roof

the exposure to fire of parts of the building

. the number of people in the building

the organisation of the fire fighting service and the time taken by this to
become operational

Mention may also be made of a systems analysis approach proposed in lhe USA
in 1971 for a qualitative description of the total fire protection systeimn {7). This

systems analysis approach, which bears a relationship to the Swiss point system,
has the following components

. detector system
a warning system

the fire resistance of structural components
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. sectioning
. evacuation system
. extinguisher system

control of fire load

control and inspection to ensure that functions inside the building which are
essential in this context are not changed in an unfavourable direction

There is a direct relationship between several of the system components comprised
in such an analysis, The fire resistance of structural components - the extent of the
extinguisher system relationship is shown schematically in Fig, 2.3 a,
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Fig. 2.3 a. Relationship between the sys-
tem components fire resistance of the load-
bearing structure and extent of the fire ex-

o tinpuisher system

0 Extent of extinguisher system 100/,

This proposal has recently been developed further into a goal oriented system, de-
signed for practical application, for determination of the probability of success in
limiting the consequences of a fire, for fires of different sizes. The system, which
is built up in the form of a design procedure containing both interchangeable compo-~
nents and components which are of necessity coupled together, can be applied for
the fire engineering design of tall buildings (8).

2.4 Performance requirements and loading and safety problems in fire engineering
design of loadbearing structures and partitions

According to the current regulations governing fire engineering design of loadbearing
structures and partitions, the Swedish Building Regulations SBN, it is to be proved,
theoretically or experimentally, that a structure exposed to fire satisfies the stipula-
ted performance requirements with regard to the fire load, fire process and fire
duration which apply in the case under consideration.
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2.4,1 Loadbearing structures

In the case of structures for which performance requirements are stipulated in
the SBN, it is specified that the loadbearing capacity of the structure during the
heating and cooling phases of the fire under consideration must be shown not to
drop below a value which corresponds to a reasonable factor of safety against
collapse due to the loads in the actual case. The principle of the relevant safety
problem may be summarised in the following way.

The loadbearing structure is acted upon by a load which may be a combination of
dead load and live load, This load is subject to a statistical variation, This can
be described by means of a frequency function comprising all the values of load
to which the building in consideration, or parts thereof, will be subjected during
its whole life span, At ordinary room temperatures, the loadbearing capacity of
the loadbearing structure is B, see Figure 2,4,1a. The loadbearing capacity is al-
so subject to a statistical variation which is mainly determined by the scatter in
material properties and manufacturing accuracy. This scatter can also be described
by a frequency function, During fire exposure, the loadbearing capacity corres-
ponding to ordinary room temperatures is reduced, For a given fire compartment
design, this reduction is determined by the fire load q. The fire compartment is
characterised by its geometry and ventilation properties, and by the thermal pro-
perties of the surrounding construction, The fire load is subject to a statistical
variation with its associated frequency function, Taken together, the frequency
fenctions relating to the loadbearing capacity at ordinary room temperatures and
to the fire load form the basis whereby the frequency function relating fo the mi-
nimum loadbearing capacity during fire exposure, By, is determined. In sucha
determination, the change to which the scatter in material properties may be sub-
jected as a result of a rise in temperature, must be included, Consideration must
also be given to the uncertainty which characterises the calculation of the fire
process and the temperature-timme field,as well as the loadbearing capacity of the
loadbearing structure under fire exposure conditions.

L;ay/*__._p— L8,
-3
9 .

Fig. 2.4.1 a. Illustration of the safety problem in fire engineering design of a loadbearing

structure
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If the frequency functions relating to the load L during the fire and to the loadbear-
ing capacity By for the structural design in question, which is reduced as a result
of the action of fire, are known and are independent of one another, then the asso-
ciated risk of failure can be calculated by using a frequency function (L, Bf) . This
is obtained by direct multiplication of the two frequency functions relating to L and
B¢, As illustrated in Fig, 2.4,1 a, the frequency function (L, By describes a
volume above the horizontal L - B¢ base plane. By means of a vertical plane L. =B £
through the origin, this volume is cut into two parts, and the size of the volume
in the region L>B ¢ Tepresents the risk of failure of the structure in the event of an

undisturbed fire process,

A risk of failure calculated as above corresponds to a probability of 1 that fire
will break out and cause flashover in the fire compartment under consideration.
The risk of failure must therefore be corrected by muitiplying it by the probabi-
lity that fire will occur and that flashover will take place in the fire compartment.
Values given in the literature for this probability are 0. 3 for industrial buildings,
0. 04 for office buildings and 0. 02 for residential buildings with assumed lives of
50 years (9). The above values are applicable to complete buildings of representa-
tive average size and not to individual fire compariments in the building. Further
essential reductions in the calculated risk of failure will be due, for instance to
the arrival of the fire brigade within a certain time, subject to variations in the
time of arrival and the extent of operations, and to the presence of detector,
alarm and sprinkler systems, with statistica] variations in their reliabilities.

A computerised procedure for failure risk analysis according to the principles
outlined above is described in (10). This procedure, which is based on the Monte
Carlo method, can at present be applied in practice in special cases. The method
enables the risk of failure due to fire exposure to be compared with the risks of
failure due to other types of action, for instance static loading. A more general
application of failure risk analysis in practical fire engineering design is impos-
sible at present due to insufficient knowledge concerning the statistical variables .
In spite of this, however, this procedure can already be made use of for the pro-
duction of information which may facilitate drawing up of code regulations concern-
ing reasonable load and fire load levels to be applied in conjunction with a rational

fire engineering design.,

From the point of view of safety, the procedure at present applied internationally
for fire engineering design of loadbearing structures which must have a stipulated
resistance to fire is characterised by the fact that the structure, when exposed to
fire of standardised behaviour, must not collapse under the action of the design
load in the normal load combination cas e, the fire being of a duration which is de-
termined by the magnitude of the fire load in question. Such a regulation is also in-
cluded in the Swedish Building Regulations for the simplified fire engineering design
alternative which is associated with classification of buildings and building com-~
porents. One of the reasons for the acceptance of a formal factor of safety as low
as 1 is the awareness of the low level of probability that a fully developed fire
will occur, and that full design load will be operative at the time of this fire. Due
to these favourable effects, the real factor of safety in the course of a standard-
ised design procedure as outlined above will therefore be appreciably larger than
1. As a temporary solution, the load factors and safety factors set out below can
be used for more rational fire engineering design according to the procedure de-
scribed in this handbook, unless it is shown by means of detailed safety analysis

fn conformity with the method outlined above that other basic data are more rep-
resentative statistically, The recommendations can he disregarded and replaced
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by the design rules set out in the draft NKB (Nordic Committee on Building Regu-
lations) regulations when these have been approved (11). The load factors and
safety factors set out below presuppose that the level of fire load is in accordance
with Section 3.2 of this handbook,

a) Buildings in which complete evacuation of people
in the event of fire cannot he assumed

Current Swedish regulations concerning the provision of evacuation routes stipu-
late that evacuation of people in the event of fire shall at all times be possible,
This does not imply, however, that complete evacuation of people is always car-
ried out in conjunction with a fire, In buildings such as larger hotels, blocks of
flats, offices etc,it is possible for fire to be in progress in limited parts of the
building without complete evacuation of people taking place. In the case of build-
ings in which complete evacuation of people in the event of fire cannot be assumed
with absolute certainty, it must be shown that loadbearing structural components
will not collapse due to the most dangerous comhination of

dead load-

live load, multiplied by the load factor 1.4
snow load, multiplied by the load factor 1.2,

The following values shall be applied for the live load:

Static load Mohile toad

. 2 2 a2 2
Type of premises kgf/m® { kN/m"™; kgf/m” | kN/m";
Dwelling and hotel rooms,
hospital wards, etc 35 0.35 70 0.70
Offices and schools (classrooms
and group study rooms) 35 0.35 100 1.00
Shops, department stores, assembly
halls (excl, records rooms and ware-
houses containing compact stacked
loading) 35 0.35 250 2.50

In the case of anow load, the values to be applied for the static and mobile consti-
tuents are to he 80% of the values according to current loading regulations.

b) Buildings in which complete evacuation of people
in the event of fire can be assumed

For special types of buildings, complete evacuation of people in the event of fire
can be assumed, Typical examples of such buildings are unsectioned single-storey
buildings, Even in the case of buildings with two or three storeys, there may be
reason in special cases to assume complete evacuation of people in the event of
fire, To this end, it is stipulated that the design of the building and the type of
activity in the building should be such that complete evacuation of the building in
the event of fire is regarded as quite natural, For a building in which complete
evacuation of people in the event of fire can be assumed with absolute certainty,
the values chosen for fire engineering design are to be the same as in case a)
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above, with the difference that the values of live load are to be as follows:

Static load Mobile load

: 2 2 2 2
Type of premises kgf/m” { kN/m“] kgf/m* | kN/m*]
Dwelling and hotel rooms,
hospital wards, etc 35 0.35 35 0.35
Offices and schools (classrooms
and group study rooms) 35 0,35 55 0.55
Shops, department stores, assembly
halls (excl. records rooms and ware-
houses containing compact stacked
loading) 35 0.35 70 0.70

In appropriate cases, an estimate is to be made of the local increase inthe live
load which may occur as a result of people being moved from part of the building
which is affected by fire to another part of the building, or in conjunction with the
.evacuation of the building, and this must be allowed for in design,

The values of loads and load factors set out in a) and b) ahove may be regarded as

temporary values which are substantially on the safe side. On the whole, they pro-
vide a level of safety which is the same as that applied internationally and conven-
tionally in conjunction with the more simplified fire engineering design.

2.4.2 Partitions

The performance requirement imposed for partitions implies that these must be
impervious to the penetration of flames and also, in the case of certain types of
building components, that these must limit the rise in temperature on the unexposed
side of the construction, during both the heating phase and the subsequent cooling
phase. According to current regulations, the risk of fire spread to the adjacent fire
compartment is considered negligible if the average rise in temperature is not
greater than 140°C on the side of the construction which is not exposed to fire, and
not greater than IBOOC over limited areas on the same side. The values of maximum
temperature rise of partitions have been taken from internationally valid require-
ments. These have a limited association with the heating phase of a standardised
fire process, and are chosen in such a way that they also allow for a reasonable
further rise in temperature which it is considered will occur during the cooling phase
{12), (13). In a rational fire engineering design comprising a complete fire process,
the temperature criteria must be modified in view of this, If there is a simultaneous
change to permitted maximum temperatures instead of temperature rises, the result
will be that the average temoperature on the side of the partition which is not exposed
to fire must not exceed 200 C, and the temperature over limited areas of this side

must not exceed 240 C.

On the basis of American investigations, these values of maximum temperature may
be regarded safe even when easily ignitable material is placed very near the unexposed
side of the partition (13), (14). In special cases, a detailed analysis is recommended.
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Such an analysis may comprise determination by means of conventional radiation calcu-
lations of the maximum temperature, on the unexposed side of the partition that is
acceptable from the point of view of the risk of fire spread. As an auxiliary criterion
for the determination of the risk of ignition in adjacent fire compartments, the results
of certain British, American and Swedish investigations can be utilised (15) - (17).
According to these investigations, spontaneous 1gmt10n of dry unpainted wood oceurs

at a radiation intensity of 0.8 cal/cm2 s 133 kW/m }. In the event of combined radia-
tion and short-iterm exposure to flames, igmtmn occurs at the considerably lower ra-
diation intensity of 0. 3 cal/cm s {13 kW/m i

2.3 The principles governing fire engineering design of loadbearmg structures
and partitions by means of classification

The current international procedure for fire engineering design of loadbearing struc-
tures and partitions is based on classification of the building components on the basis
of fire engineering tests according to a standardised method. Such design is also in-
cluded in the Swedish Building Regulations as a design alternative.

Fire engineering classification of building components is unambiguously related

to a standardised fire which takes place according to a stipulated time curve for
the gas temperature during the fire. In the Swedish Building Regulations, this stan-
ard fire curve is described by the relationship

B, — 8, = 1325 — 43002 — 27017t — §25¢-19* (2.5 a)
where t =time (h)

%t gas temperature at time ¢t (OC)
eo = gas temperature at time t = 0 { C}

Il

For the characterisation of the fire resistance of a building component, class de-
gignationg of the type A15, B15, A30, B30, A60, B60, etc are used, The numeral
in the class designation indicates the time in minutes over which the building com-
ponent must be capable of withstanding a standardised fire test comprising a heat-
ing phase with a temperature-time curve according to Equation (2.5 a) and also a
subsequent cooling phase, the stipulated requirements regarding the loadbearing,
separating, or combined loadbearing and separating functions heing satisfied.

The numeral in the class designation is thus directly related {o the length of the
heating phase of the fire test. With regard to the loadbearing function, the require-
ment normally implies that the building component shall not collapse during the
prescribed heating phase and subsequent cooling phase under the action of the de-
sign load in the pormal load combination case, The letter A in the class designa~
tion indicates that the building component consists almost entirely of incombust-
ible materials, and the letter B indicates that the building component contains
combustible materials to an extent that is not negligible from the point of view of
the fire engineering function, In a standardised fire test for classification purpo-
ses, the building component is subjected to a fire action, for instance with re-
gard to the number of sides exposed to fire, that is to the greatest possible extent

representative of its use in practice,
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A list of products for which there is a fire engineering classification, comprising
materials, claddings, surface linings and building components, is published with
an annual revision by the National Swedish Board of Physical Planning and Building,

With regard to buildings, Swedish building regulations distinguish between fire
resistant buildings, fire retardant buildings, and buildings other than fire resist-
ant or fire retardant. There are detailed regulations regarding fire resistance
time , cladding and surface linings, sectioning and provision for evacuation in
the event of fire, for the different types.

Whether a building is to be constructed as fire resistant or fire retardant is deter-
mined by Section 44 Paragraphs 2 and 3 of the Building Ordinance, which state

Paragraph 2, "A building of two storeys shall, if its area is greater than 200 m?
and it is not divided by means of fire resistant walls into units not exceeding this
size, be constructed in such a way that it may be designated as fire retardant,
The same applies to buildings of two storeys which contain more than two flats,
if a dwelling room or workroom is provided in the attic',

Table 2.5 a. Stipulated lowest fire resistance time of building components for fire resistant buildings,
fire retardant buildings, and buildings other than fire resistant or fire retardant, according to
Swedish Building Regulations SBN 67. | The fire load in MJ/m2 is obtained by multiplying the fire
load in Mcal/m“ by 4.2 {. A new edition of the Swedish Building Regulations will be published in 1975

In bulidings In fire In fire resistant bulldings, where the fire load
other than retard- (expressed in Mecal per mé of total surface area)
fire resist- ant is
ant or fire bulldings nol mere more tnan more than more
' retardant than 25 25 hut not 30 but not than
Building component more than more than 100
30 100
1 3 3 1 3 5
1. Vertleal structural elements and structural
elements provided for horizontal stability
3) in bulldings of not more than 2 storeys — B 30° B 30¢ B &0 Bi20 B 240
b) in buildings of 3 or 4 storeys — - A 30 A 60 A0 A 240
¢} in bulldings of more than 4 storeys _— -— A 60 A 90° A 180° A 240
d} in basements situated below the top basement level A 60 A 60 A 60 A 90 A 180 A 240

2. Herizontal structural elements not provided for horizontal
stabiiity, with the exception of roof construction over an
attic space not converted into living accomeodation, which
has a floor with a fire separating functiond — B 30° B 30¢ B 60¢ B 120 B 240

3. Non-leadbearing bullding component with a
fire separating function, with the exception of
external waills and lintels to apartment doors —_ B30 B 30 B 60 B 120 B 240

4. Enclosing ceiling and walls for that part of an attic which
1s used as living accomodation (adjacent to a space that
cannot be used for storage or as living accomodation),

unless a higher fire resistance is required aceording to 1 or 3 — B 30° B 30° B 30° B 607 B 120°
5. Stairs (fllght and landing) with a fire separating function — B 30 A 30 A 6D A120 A 240
8, Stalrs with no fire separating functtonf — — A 30 A 30 A 30 A 30
7. Window, door or trapdoor in a building component with a fire

separation function, uniess the opposite is specially stated — B 30 B30 A 60 A 60 A 60
8. Wall enclosing a ventilation duct (or group of ducts) and refuse

chute which passes through a building component with a fire

separating functien A 30% A 30" A 30 A0 A 60 A 120
9. Joint fire wall A120 A 120 A 120 A 240 A 240 A 240
10. A fire wzll other than 2 jolnt one A 120¢ A 120° A 120 A 120 A 180 A 240
11. Fire resistant wall with prepertles specified in the

Building Ordirance, Section 44, Paragraphs 1 and 2 A 60 — — — — —

a'In bulldings without an attic, er with an attic that cannot be used as a stoerage space or converted Inte living accomodation, the stlpulated require-
ments reed not be satisfied by a roof construction that 1s incombustible or is protected agalnst fire from below by means of an Ignition resistant
Mning. It [s stipulated in this context that the thermal insulatlon must consist of incombustible material,
bIn buildings of not more than 8§ storeys, a minimum class of A§0 may however be used for {loor constructions,
€In bulidings of not more than 8 storeys, a minimum class of 480 may however be used for floor constructions,

In fire resistant buildings, the floor constructlon immediately above the basement shall however be of Ciass A, the numerals applled being those

uoted.
Only against a fire from the inside.
T The stlpulated requirements need not be satisfied by communication stairs Irside a fire compartment other than the stairease.

g Applies only where it is stipulated that the buflding component with a flre separating function must be consiructed in a class not lower than A&0.
ALS5 In the case where It {5 not stipulated that the bullding component with 2 fire separating function must be constructed In 2 class not lower

than Ag9.
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Paragraph 3, "A building of three or more storeys shall be constructed in such a
way that it may be designated as fire resistant. The above also applies in the case
of buildings of two storeys, if the following is to be accommodated in the building:

a) an assembly hall for more than 150 people

b} a teaching institution for more than 150 students

c) a hotel or boarding house for more than 50 clients

d) a hospital, student home or comparable establishment with more than

50 places, or

e) an industrial firm which usually employs more than 50 people or which,
in view of the type of activity, entails a particular fire hazard",

Table 2,5 a which is taken from Swedish Building Regulations SBN 67 gives the
required lowest fire resistance time for building components which are com-
prised in one of the above types of building. For fire resistant buildings in the nor-
mal case, e.g, residential and office apartments, schools, hotels, garages for
cars, premises containing store rocoms for flats, ete, a construction according

to column 4 can be chosen without special investigation, The same column can
also be used in the case of fire loads higher than 50 I\Ical/m2 1 210 MJ/'m2 1if the
conditions are such that it is probable that a fire will have been brought com-
pletelv under control not later than 60 minutes after the ouibreak of fire, For a

Table 2.5 b. Stipulated lowest fire resistance time of building components for fire resistant in-
dustrial buildings in conformity with Swedish Building Regulations SBN 67. The tabulated values
may be used instead of those given in Table 2,3 2 uander conditions specified in Swedish
Bullding Regulations. | The fire ioad in I\/{J/m2 is obtained by multiplying the fire ioad in
Mcal/m?2 by 4.2 |. A new edition of the Swedish Building Regulations will be published in 1975

In fire resistant bulldings, where the flre load (expressed in Meal
per mZ of total surtace ares) is

In a building protected by a sprinkier
instaliatien

Builidlng component not greater than 16 net greater than 100 greater than 100

1 2 3
1. Vertical structural elements and structural
elements provided for horizonial stability
a) in buildings of not more than 2 storeys ™ B 30 B 60” B 120
b) in buildings of 3 or 4 storeys A 30 A 60 A 120
¢} in buildings of mere than 4 storeys A 30 A 90 A 180
A 30 A 90 A 180

dy in basements situated below the top basement level
2, Horizontai structural elements not provided for horizontal
stability, with the exception of roof constructicn over an
attic space not converted intc living accomodation, which
has a floor with a fire separating function % © B 30 B 30° B 60
3. Non-loadbearing building component with a fire separating

function, with the exception of external walls B 30 B 30 B 60
4. Enclosing ceiling and walls for that part of an attic which
1s used as living accommodation (adjacent to a space that
cannot be used [or storage or as living accommodation),
B 30° B 30¢ A 307 orB 607

unless a higher fire resistance is required according to 1 or 3

Stairs {flight and landing) with a fire separating function B 30 A 30 A 60

3.
6. Stairs with no fire separating function® B 15* B 15° B i5
7. Window, door or trapdoor in 2 building component with a fire »
separating function, unless the opposite 1s specially stated B30 B30 B 30
8, Wall enclosing a ventilation duct {or group of ducts) and
refuse chute which passes through a bullding component
A 307 A 30 A 30

with a fire separating function

®In bulldings without an attle, or with an attic that cannot be used as a storzge space or converted into living accommodation, the stipu-
lated requlrements need not be satisfied by a roof construction that is incombustible or [s protected against fire from below by means
of an ignition resistant linieg. It is stipulated in this context that the thermal insulation must be of incombustible material.
b At a fire load ot greater than 50 Mcal per m?2 of tatal surface area, a steel construetion which is shown to have a fire resistance of
at least 10 minutes at the prevatling fire load and material stresses, wlll also be approved.
€ The floor construction immediately above the basement shall however be of Class A, the numerals applied beirg those quoted.

Oniy against a fire from the inside.
€ The stipulated requirements reed not be satisfied by communication stairs inside a fire compartment other than the staircase.
[ 415 in the case where It is not stipulated that the building component. with a fire separating furction must be constructed in a class
not lower than B§0.
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fire resistant building, a construction according to column 3 can only be employ-
ed if it can be shown by statistics representative for this tgpe of building or pre~
mises that the design fire load does not exceed 25 Mcal/m*%| 105 MJ/m2 |} of sur-

face area.

The fundamental regulations in the Swedish Building Regulations are supplemented by
additional regulations for certain types of buildings and premises. As an example
of this, Table 2,5 b gives a summary taken from SBN 67 concerning the least fire
resistance time of different building components to be metin an industrial build-
ing constructed as a fire resistant building, These regulations may be applied in-
stead of the more general regulations set out in Table 2.5 a if, with respect to
column 1, it is shown by means of representative statistics or a special investi-
gation that the design fire load does not exceed 10 Mcal/m? {42 MJ/ mz}of surface
area,As regards columns 2 and 3, these may be applied if the building is protect-
ed in an appropriate manner by means of an automatic sprinkler plant, With re-
gard to the fire engineering design of single- storey industrial and warehouse
buildings.with a loadbearing skeleton of steel, reference should also be made to

(18).

2.6 The principles governing rational fire engineering design
of loadbearing structures and partitions

As an alternative to the comparatively schematic fire engineering design by means
of classification, as described in outline in the previous section, the Swedish Build-
ing Code permits a design procedure which is functionally better substantiated and
more rational. This is based on the gas temperature - time curve relating to the
complete fire process. This is determined in the individual case from heat or
mass balance equations or in some other way, consideration being given to

the combustion characteristics of the fire load, the ventilation characteristics of
the fire compartment, and the thermal properties of the structures enclosing the
fire compartment and contained in this.

In addition to such more general treatment, SBN 67 also permits a simplified ra-
tional procedure for fire compartments with a known opening factor and a fire
load whose properties with regard to rate of combustion and radiation are approx-
imately the same as those of wood, The procedure implies that fire engineering
design may be carried out on the basis of a time curve for the gas temperature

of the fire compartment which is determined according to Fig, 2.6 a on the bas-
is of the opening factor AVh/A;, The duration of fire T is obtained from the re-

lationship

g4, { g4, }
= = 2,6 a
254 VR 1054 Vh ( )

where T = duration of fire (min)
g = the fire load (Mcal/m2) {MJ/m?} of surface area
A, = the total internal surface area of the fire compartment (mz)
A =the total opening area (mz)
h = the mean value of the opening height of the openings in the fire
compartment, weighted in relation to the opening area concerned (m)
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The curves in Fig, 2,6 a are drawn on the assumption that the thermal proper-
ties of the constructions enclosing the fire compartment concerned are approx-
imately representative for concrete and brick, In the case of fire compartments
whose enclosing structures have different thermal properties, a conversion can
be performed by calculating the equivalent values of the opening factor,

With regard to the cooling phase of the fire, Swedish Building Regulations

SBN 67 specifies, as a rough approximation, a linear reduction in temperature
of 10°C/min, A different temperature-time relationship may be employed for
the cooling phase if this can be shown to be more accurate.

In conformity with development proceeding on an international bhasis towards ra-
tional fire engineering design, one of the consequences of which will be tocut the
future need of fire engineering classification, the treatment in the following will
concentrate on a design method of the greatest possible functional structure, bas-
ed on a complete fire process determined by the opening factor AVh/ Ay of the
fire compartment and the fire load q. The fire process is characterised by a
heating phase according to Fig. 2,6 a and a cooling phase with a temperature -
time curve determined on the basis of recent research findings (19), (20}, These
detailed temperature-time curves for a complete fire process , as shown in Fig,
4,3.3 a and Table 4.3,3 a, will supersede the curves according to Fig, 2,6 ain
the new edition of Swedish Building Regulations which will be published in 1975,
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For loadbearing structures, a functional rational design method comprises the
following essential stages (2), (3), (21) - (32).

determination of the magnitude of fire load and the representative com-
bustion characteristics of this

determination of the gas temperature-time curve of the fire compartment
for the complete fire process on the basis of the actual combustion char-
acteristics, due consideration being given to the volume of the fire com-
partment, the size and shape of door and window openings, and the ther-
mal properties of the enclosing structures

determination of the temperature~time curve for the loadbearing struct-
ure affected by the fire, on the basis of the gas temperature-time curve
for the fire compartment

determination of the minimum loadbearing capacity of the loadbearing
structure in conjunction with the appropriate temperature-time curve,
or, alternatively, determination of the time when failure occurs at the

load in question

For a corresponding fire engineering design of structures which have only a

separating function, the last stage is usually omitted.

The various stages of a rational fire engineering procedure according to the above
will be dealt with in detail in the following, accompanied by presentation of tables
and diagrams which facilitate practical design,
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3 FIRE LOAD

3.1 Definition of fire compartment and fire load

The fire load is a measure of the quantity of combustible material in a building
or fire compartment. A fire compartment is defined as such a delineated part
of a building that a fire can freely develop in this without spreading to another
part of the building over a period of time specific to the type of premises, The
enclosing structures of the fire compartment may contain portions necessary
for its function which have a fire resistance lower than that corresponding to
this time, e,g. windows and doors. It is stipulated in this context that spread
of fire through these parts can be prevented by the action of the fire brigade
which arrives on the scene within the normal time, or by some other method.

The maximum permitted size of a fire compartment is regulated by Swedish
Building Regulations. Itis specified, inter alia, that each dwelling and each office
apartment shall be constructed as an independent fire compartment. For hotels

it is specified that each room or suite of rooms shall be constructed as a fire
compartment, and in the case of hospitals it is prescribed that each ward, ope-
rating theatre or similar functional unit shall be placed inside its own fire com-~
partment, With regard to schools, it is stipulated that each teaching room with
its ancillary premises, each assembly hall with its ancillary premises, the gym-
nasium with its ancillary premises, and a separate school dining room together
with the kitchen, shall be constructed as a separate fire compartment, In the
case of assembly rooms, each assembly room with its ancillary premises shall
be placed inside its own fire compartment, Depending on the materials used and
the method of construction, each individual room unit can act as a separate fire

compartment in practice,

The fire load in a fire compartment is the total quantity of heat released upon
complete combustion of all the combustible material contained inside the fire
compartment, inclusive of building frame, furnishings, cladding and floor cover-
ings, The fire load per unit area is given by the total internal surface area of the
fire compartment, and is calculated from the relationship

q =§mA"—H” (Mcal/mz) iMJ/mZ; { 3.1a)
¢
where m, = the total weight of each individual combustible material
constituent v in the fire compartment (kg)
H, = the effective calorific value of each individual combustible
material constituent ¥ in the fire compartment (Mcal/kg) | MJ/kg |
At' = the total internal surface area of the fire compartment {walls,

floor and ceiling) (m2)

The effective calorific value of some solid, liquid and gaseous materials is set
out in Table 3.1 a (32).

The calculation of the fire load using Equation (3.1 a) for a hotel room which is
statistically representative of Swedish conditions is jllustrated in Fig. 3.1 a,
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Table 3.1 a. The effective calorific value H in Mecal/kg of some solid, liquid and gaseous mate-
rials}. { The effective calorific value in MJ/kg is obtained by multiplying the tabulated values by
4,2

Solids_

Anthracite 7.6-8.7 Leather 4,0-5.0 Rubber

Asphalt 9.5 Linoleum 5.0 Foam rubber 7,6
Cellulose 3.6 Masonite 4,8 Gutta-percha 10.7
Charcoal 7.2 Paper and cardboarad 3.8-4.2 Rubber waste 5.0
Clothes 4,0-5,0 Paraffin wax 11.2 Bilk 4.0-5.0
Coal 7.0 . Plastics Straw 4.1
Coke 6.6-8.2 Acrylic resins 6.4 Wood 4,1-4,7
Cork(Grade SP) 8.3 Celluloid 4,5 Wool 5,5
Cork{Grade ) 7.3 Polyester 5,6-6.9

Cotton 4.2 Polyethylene 11.0

Dynamite(75% 1.3 Polystyrene 8.6-9.8

Grain 4,0 Expanded polyurethane 6,0-6.9

Grease 9.5 Polyvinyl chloride(PVC) 4,4-5,2

Kitchen refuse 2,0-5.0 Expanded urea- 2,9-3.6

formaldehyde

The above values apply for materials in the dry state. The following reiationship applies for
the calorifie value Hy (Mcal/kg) of moist materials:

Hg =H(1-0,01 F) - 0,006 F F=molsture content of material in % by weight
Liqulds Gases (H in Mcal/m3 n)
Crude oil 10.3 ‘Acetyiene 13.6
Diesel ofl 9.7-10.1 Carbon monoxide(CO) 3.0
Linseed oil 9.4 Coal gas 4.0
Paraffin 9.8 Hydrogen 34.0
Petrol 10.4
Spirits 7.6-8.2
Tar 9.0
T 4000 T m, (kg) hv {Mcal/kg) mva (Meal)
ol [ Beds (wood) 90 4.4 395
(textiles) 24 4.5 108
g (plastics) 15 7.6 114
Headboards 32 4.4 141
Bedside tables 5 1.4 22
T able 9 1,4 10
Desk 18 1.1 79
Chairs 15 ! 66
s @ T Wardrobe 16 11 202
] Doors 15 1.4 66
Carpet 43 1.5 193
| Soft furnishings 7 1.5 32
Paper 6 1.0 24
Others 10 4.5 45
Zm H = 1527 Mecal
vV .
- A 72 4.00° 5,50 2,85 2(4.00+ 5,50) - 98 m?

g = 15.6 Mcal/m%  {65.2 MJ/m°|

Fig. 3.1 a. Example of fire load calculation for a hotel room
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The design fire load for a certain building can be determined by direct calculat-
ion of the fire load according to the above, This necessitates however that the
types and quantities of the furniture and fittings in the building should be relatively
well known, In this context, the consequences of laying down the fire load far too
rigidly must also be borne in mind, Far too rigid specification of the level of fire
loading may result in certain drawbacks in the event of future alterations and
rearrangements in the building, It is therefore often more convenient to deter-
mine the design fire load on the basis of statistical investigations concerning the
magnitude of the fire load for the type of building or premises in question, This
procedure also agrees with the procedure employed in determining the design
live load.

3.2 Statistica_l determination of the fire load
in different types of buildings

Statistical investigations have been carried out in order to determine the magni-
tude of the fire load, and results are at present available in respect to the follow-
ing types of huildings

. dwellings

' office buildings
. schools

- hospitals

. hotels

One of the ways in which these results are given is the histogram, From these
histograms, the fire load which represents a certain statistic level can be de-
termined, This means that a certain percentage of the total statistical population
has a fire load that is lower than this fire load,

The design fire load recommended is the value which applies in 80% of the cases
for the type of building or premises concerned. This level of fire load in combi-
nation with the loads and load factors for static loads which are recommended in
Subsection 2.4,1 provides, on the whole, a level of safety which is the same as
that obtained in conjunction with the conventional standardised fire engineering
design which is employed internationally,

Table 3 a in the Design Section gives 2 summary of the mean value and standard
deviation of the fire load, and of the fire load which applies in 8% of the cases
for the building types set out above, As a rule, only the fire load due to furniture
and fittings is given, The increment in fire load due to the building frame and
other fixed components such as floor coverings can be controlled by the designer,
and calculated in each individual case by means of Equation (3.1 a),
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Histograms for the magnitude of the fire load in two and three-room flats are
shown in Figs., 3.2.1 a and 3.2,1 b, Both a minimum fire load which includes
only easily ignitable fire load components, and also a maximum fire load com-
prising the total fire load, are given in the Figure, In the histograms in Figs.
3.2.1 a and b the fire load due to the floor covering is not included (see Section

3.3).

An extensive theoretical and experimental investigation of the fire load in dwell-
ings has shown that ignition and complete combustion of the fire load components
which ignite less readily does not occur if the minimum fire load is less than
about 15 Mcal/m? {63 MJ/m?2 }(33), If the minimum fire load is less-than this value,
the actual fire load is therefore represented by the curve for the minimum fire
load, If, on the other hand, the minimum fire load is greater than about 15 Meal/
m2{ 63 MJ/m2} the heavier and more compact fire load components will also be
ignited. In such a case the actual effective fire load must be based on the curve
for the maximum fire load, unless more detailed information is available regard-
ing the actual degree of combustion of the more compact fire load components,
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Fig. 3.2.1 a. Histograms for the magni-
tude of the fire load g in two-room flats,
The fire load due to the floor covering is
not included. The minimum histogram re-
fers only to easily ignitable fire load com-
ponents, while the maximum histogram re-
fers to the total fire load

3.2,2 Office buildings (34)
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Fig. 8.2.1b. Histograms for the magni-
tude of the fire load q in three-room flats.
The fire load due to the floor covering is
not included. The minimum histogram re-
fers only to easily ignitabie fire load com-
ponents, while the maximum histogram re-
fers to the total fire load

Histograms relating to the magnitude of the fire load in office buildings are shown
in Figs. 3,2,2 a - 3,2.2 f, Only the fire load due to furniture and fittings has

heen included,
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A rough division has been made into two different categories of office premises

namely office premises mainly engaged in technical work such as architects of-
fices, design offices, etc and office premises mainly engaged on economic acti-
vity, such as insurance offices, bank offices, etc. Histograms are given for both
these categories and also for the whole of the statistical material, the fire load
being referred to the total enclosing surface area of the office rooms and also to
the floor area of the office premises. The reason why the fire load is referred
both to the surface area and the [loor area is as follows. Regulations stipuiate
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Fig. 3.2.2 a. Histogram for the magnitude
of the fire load q in technical offices, re-
ferred to the total area of the enclosing sur-
faces. The fire load comprises only furni-
ture and fittings

Relative
distribu_tion

100 e

75 J

50 f
|
-
254 F
r 1 200 §
1 w0 ¢ M/ rrv’}
© 2 40 g 60Mal/n'
Fig. 3.2.2 ¢. Histogram for the magnitude

of the fire load g for all the office premises
in the statistical investigation, referred to
the total area of the enclosing surfaces. The
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Fig. 3.2.2 b. Histogram for the magnitude
of the fire load q for economic offices, re-
ferred to the total area of the enclosing sur-
faces. The fire load comprises only furni-
ture and fittings
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Fig 3.2.2 d. Histogram for the magnitude
of the fire load g, in technical offices, re-
ferred to the floor area of the office. The
fire load comprises only furniture and
fittings
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Fig. 3.2.2 e. Histogram for the magnitude Fig 3.2.2 {. Histogram for the magnitude
of the fire load q_ in economic offices, of the fire load g for all the office pre-
referred to the ﬂ%or area of the office. The mises in the statistical investigation, re-
fire load comprises only furniture and ferred to the floor area of the offices. The
fittings fire load comprises only furniture and
fittings

that each office apartment should be constructed as a separate fire compartment.
In the statistical investigation difficulties were however experienced in determin-

ing the surface area of the fire compartment according to regulations. Further-
more, the partition walls between individual office rooms are often constructed

of such materials and in such a way in modern office buildings that they satisfy
the fire resistance requirements for partitions in office premises. In such cases
the fire load as referred to the surface area of the office room can be used in the
design. ‘When division into fire compartments is made arbitrarily the histograms
with the fire load referred to the floor area can be used in converting the fire load
into fire load per m2 of surface area.

3.2,3 Schools (35)

Histograms relating to the magnitude of the fire load in schools are shown in
Figs. 3.2.3 a ~ 3.2.3 d. Separate histograms are given for the junior level,
intermediate level and senior level of the compulsory 9-year comprehensive
school, and also for the whole statistical material aggregated, Only the fire
load due to furniture and fittings has been included.

3.2.4 Hospitals (26), (32)

A histogram relating to the magnitude of the fire load in hospitals is shown in
Fig. 3.2,4 a, The values include combustible materials in wall coverings and

floor coverings,
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Fig 3.2.3 a. Histogram for the magnitude
of the fire load g in junior level schools.
The fire load comprises only furniture and
fittings
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3.2.5 Hotels (35)

A histogram relating to the magnitude of the fire load in hotel buildings is shown
in Fig, 3.2.5 a, Only the fire load due to furniture and fittings has been included,

3.2.6 Other premises and buildings

In regard to other premises and buildings, there is at present insufficient statis-
tical data for the preparation of histograms for the magnitude of the fire load.
For these, calculation of the fire load must be carried out in each individual case
according to Equation (3.1 a) on the basis of an assessment of the composition of
furniture and fittings in the premises or building, Alternatively, the design fire
load may be given a value that is probably the same as, or in excess of, the fire
load which applies to 80% of the cases for the type of building or premises in quest-
ion, Examples of premises and buildings which usually bave a very low fire load
are open multistorey car parks (36), swimming baths and ice rinks,

3.3 The actual degree of combustion and
uneven distribution of the fire load

Asg a rule, complete combustion of all combustible material in a fire compartment
does not take place during a fire, This can be taken into account in the course of
calculation by using a factor which indicates the actual degree of combustion of
each fire load component, and by characterising the fire load in a more detailed
manner than in Equation (3.1 a), The relationship employed (28) is

E v Ld
-2 (3.3 a)

q 4,

where py = a non~dimensional factor with a value between 0 and 1 which indi-
cates the actual degree of combustion for each fire load component v
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Bookeases and floor coverings are examples of fire load components whose act-
ual degree of combustion is low, and whose y values are probably appreciably be-
low unity. At present, however, there is a lack of experimentally substantiated

and verified y values to the desired extent, and it is therefore usually necessary

in the course of practical design to employ a fire load characterisation according

to the more schematic relationship in Equation (3,1 a), Calculation of the fire load
according to Equation (3.1 a) will thus in many cases result in an not inconsiderable
overestimation of the actual effective fire load.

As a rule, the fire load is not uniformly distributed inside the fire compartment,
Owing to the violent turbulence which develops during a fire, however, a moder-
ate lack of uniformity in distribution does not give rise to temperature differences
of practical significance in different parts of the fire compartment. If, on the
other hand, distribution of the fire load is very uneven, then certain structural
components in the fire compartment will be subjected to higher temperatures than
others. A fire load of extremely uneven distribution which may cause unforeseen
temperature effects in certain structural components is regarded as a form of
excessive action and is to be treated in conformity with the regulations of the
National Swedish Board of Physical Planning and Building concerning excessive
action and progressive collapse (37).
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4 THE TEMPERATURE - TIME PROCESS IN THE FIRE COMPARTMENT

4,1 General characterisation of the fire process

A fire entails a complex interaction between several mechanical and heat transfer
processes and a large number of chemical reactions, The nature of many of the
physical and chemical phenomena which occur is far from clear, even in condi-
tions where they are examined in isolation, Essential combustion characteristics
for usual types of fire loads are not available, In the case of wood fuel, for in-
stance, we have no knowledge of the principles governing conversion of the loss
in weight of the wood in kg per unit time into the heat released during different
phases of the fire process . In spite of these difficulties, various models have
been coustructed over the past decade for theoretical treatment of the fire
process..One of the aims has been to facilitate such reliable calculation of the
temperature~time curve of the fire process that the results can be used for rat-
ional fire engineering design. The principal criterion in this context has been

that the analytical model should, in practiecal application, provide an acceptable
description of the temperature-time field and mode of action of structural compo-
nents when these are exposed to the action of fire. On the other hand, it has been
found impossible so far to construct an analytical model for the fire process which
will also provide an acceptable description of e. g. the gas temperature-time curve
of the fire process for all types of fire. However, in relation to a complete design
procedure for loadbearing structures or partitions under fire exposure conditions,
this is not of critical significance.

Some of the essential factors which must be taken into consideration by an analy-
tical model for the fire, which is to be capable of practical use in rational fire
engineering design, are

the quantity and type of combustible material in the fire compartment

the form and method of storage of the combustible material

®

the distribution of the combustible material in the fire compartment
the quantity of air supplied per unit of time

the geometry of the fire compartment, i.e, the areas of the floor, walls,
ceiling and .the openings

the thermal properties of the structural components which enclose the
fire compartment

Owing to the complexity of the fire process , certain approximations must be
made, Of the factors enumerated above, it is chiefly the second and third which

are at present difficult to describe in an analytical model. As regards the third
factor, it is generally assumed that the entire fire compartment attains the same
temperature, and this assumption is well satisfied in the case of fire compart-
ments of normal room geometry. Fire tests namely show that, owing to the violent
turbulence which occurs during a fire, the temperature differences in such fire
compartments are fairly small, In the case of fire compartments of very large
extent and very unevenly distributed fire load, and also in the case of fire compart-
ments of great depth in which ventilation is concentrated to one of the short sides,
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however, it is likely that the condition relating to uniformity of temperature in the
whole fire compartment cannot at all times be considered satisfied (see also Sec-

tion 3,3).

The problem of taking into account in an analytical model the second of the fac-
tors enumerated above is associated with the fact that a fully developed fire
process consisting of ignition phase, flame phase and cooling phase (Fig, 4,1 a)
can be roughly classified as one of two types (20), (38) - (40), (67), (68), (70) -
(72). For one of these types, the rate of combustion during the flame phase is
determined by the ventilation in the fire compartment, the mean rate of combus-
tion of the flame phase, R, being proportional to the air flow factor A'h

Re =kal'h (kg/h) (4.1 a)

where k =a constant which depends on, and can be calculated from, the chemi-
cal composition of the fuel (kg/h m5/ 2)
A = the total opening area of the fire compartment (m?2)
h = the mean height of the fire compartment openings (m)

Equation (4.1 a) holds if the surface area A_ of the fuel which is exposed to fire
has a certain minimum size in relation to the magnitude of the air flow factor
Avh, i.e, if the ratio A /AVh exceeds a certain value, the rate of combustion is
controlled by the air supply. If this is satisfied, then R__ is not influenced to any
significant extent by the magnitude of the fire load or its porosity. This type of
fire is referred to as a ventilation controlled fire. ’

In the second type of fire process , all the inflowing air is not used up for com-
bustion. As a result, ventilation of the fire compartment ceases to be the limit-
ing factor for the mean rate of combustion R,,; and this has a lower value than
that obtained by means of Equation (4.1 a), It is then the properties of the com-
bustible material, primarily its quantity but also its particle shape and method
of storage, which determines the value of R,,,. This type of fire is referred to
ag fire load controlled fire,

Ignition
phase
Flame phase Cooling phase

st

Fig, 4.1a. The phases of the fire process, 9= gas tempe-
rature, t = time



44

Fig., 4.1 b shows an experimentally determined relationship between the mean

rate of combustion R, during the flame phase and the air flow factor Ah or the
opening factor AVh/At, for different values of the fire load g in kg/ m? of floor
area (39), Here, A, is the total internal surface area of the fire compartment,
including the area of openings. The fire load consists of a wood crib, For wood,

the value of the constant ‘k in Equation (4,1 a) is in the range 300-360 (kg/h m5/2) .
It is seen from Fig, 4.1 b how Ry, increases with q,, for a certain value of Ah
within the fire load controlled region, until it ultimately attains a limiting value
corresponding to a ventilation controlled fire,

For a fire load of a given size, particle shape and storage density, a fire becomes
ventilation controlled when the opening factor is less than a certain limiting value,
For opening factors below this limiting value, the rate of combustion is propor-
tional to the size of the opening factor. On the other hand, for opening factors
greater than this limiting value, the rate of combustion does not increase in pro-
portion to the opening factor, .the reason being that the maximum rate of growth
of the carbon layer which applies in a given case, has been reached. The rate of
combustion of the fire is now fire load controlled. The limiting value of the open-
ing factor varies with the size, particle shape and storage density of the fire load,
For a given particle shape and storage density, this limiting value increases as
the magnitude of the fire load increases. Furthermore, for a given fire load, the
less compact the fire load is, the greater the limiting value,

The present state of knowledge is far too limited for a reasonably reliable calcu-
lation of the rate of combustion, in the case of a fire load controlied fire hased
on a realistic fire load of furniture and other fittings, to be possible, This is
due primarily to the difficulty of defining the method of storage and the particle
shape for such a fire load, The gas temperature-time curves set out in the next
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Fig. 4.1 b. Relationship hetween the mean rate of combus-
tion Ry, (kg/h) during the flame phase of the fire and the air
flow factor Avh{(m?/%) or the opening factor A h/A; (m 1/2).
The results of full-scale experiments with a fire load con-
sisting of a wood crib of 4.5 cm thick slats (39). The fire
load g is given in kg of wood/m* floor area
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Section, on which the rational fire engineering design method presented in this
handbook is based, have therefore generally been calculated on the assumption
that the fire is controlled by ventilation during the flame phase, In consequence,
the rate of combustion is independent of the size of fire load, its storage density
" and particle shape, being dependent only on the size of the opening factor. The
caleculated maximum temperature in a steel consiruction exposed to fire is higher
if the calculation is based on a gas temperature-time curve determined on the
assumption that the fire is ventilation controlled than if the calculation is based
on a curve for a fire load controlled fire, 1f, therefore, a fire is really control-
led by the fire load, rational fire engineering design of a steel construction on
the basis of the simplified assumption that the fire is controlled by ventilation,
gives rise to results on the safe side, Overdesign is however comparatively
small in normal cases, Reference should also be made to the discussion set out
in Section 4.4,

4.2 Calculation of the temperature~time curves of the combustion
gages for an arbitrarily chosen type of fire load

4,2.1 Heat balance equations

it was not until the sixties that models for calculation of the gas temperature-
time curve of a fire compartment were developed, In the first projects, a study
was made of the energy balance during a fire based on wood as fuel, and the ex-
pressions constructed for the terms in the heat balance restricted treatment to
the flame phase of the fire (41), (42), A procedure is presented in the following
which makes it possible to calculate the gas temperature-time curve of the com-
plete fire process , i.e. both the flame phase and cooling phase, for any fire
load (19), (20), The theoretical treatment is based on the fact that it is possible
to construct a relationship which, for each time t, describes the balance hetween
the heat energy produced and consumed per unit time in the fire compartment in
question, In its full form, this heat balance relationship reads

Ie =@ tly+1g+1s (4.2.1a)

[

the heat released during combustion
the heat removed due to the replacement of hot gases by cold air

where I

o
9!
It

IY?V = the heat dissipated to and through the wall, ceiling and [loor structures
I = the heat dissipated by radiation through openings in the fire compart-
R ment

I.. = the quantity of heat stored in the gas volume in the fire compartment

per unit time

This Equation is illustrated schematically in Fig., 4.2.1 a. The treatment is based
on the following simplifying assumptions

comhustion is complete and takes place exclugively inside the fire com-
partment
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| Fig. 4.2.1 a. Illustration of the heat balance in the

fire compartment, Equation (4.2.1 g)

at every instant, the temperature is uniformly distributed within the en-
tire fire compartment

at every instant, the surface coefficient of heat transfer for the internal
enclosing surface of the fire compartment is uniformly distributed

the heat flow to and through the enclosing structures is unidimensional and,
with the exception of any door and window openings, is uniformly distri-
buted for each type of enclosing structure

4.2,2 Brief treatment of the terms comprised in the heat balance equation

4,2.2.1 The term TB

In comparison with the other heat quantities in conjunction with a fire, the quan~
tity of heat that can be stored in the gas volume in the fire compartment is of
subordinate significance, This quantity of heat, IB’ can therefore safely be ignored,

4,2,2.2 The term IR

The quantity of heat I, which is dissipated by radiation through the openings in
the fire compartment” can be calculated using the Stefan-Boltzman law

Iy =A(E,~E)  (kcal/h) | W | (4.2.2,2 a)

where A = the total area of the openings in the fire compartment (mz)

; 4
E,= 4.96(1%373) (kcal/h mz)
(4.2.2,2b)
4
E,— 5.77( ‘;’0373) f W/m?|
4 2 )
E,=4.96 (19“1_:)273) {kcal/h m")

5 4.2.2.2 ¢)
W/m®)
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Gt = the gas temperature in the fire compartment °c)
8 = outside temperature (°cy

4.2.2.3 The term [W

The quantity of heat Iyy whichdissipate per unit time to and through the structures
enclosing the fire compartment can be determined by solving the general thermal
conduction equation for unidimensional nonsteady thermal conduction, considerat-
ion being given to the temperature dependence of the thermal material properties,
vaporisation of contained water, as well as any siructural changes which may
occur in the materials comprised in the enclosing structures,

The thermal conduction eguation reads as follows

& o, of
Cyat—ax(/uzax) _ (4.2.2. 3a)
where ¢ = gpecific heat capacity ¢ =temperature
Y = density t =time
A, = thermal conductivity x = positional coordinate

The enclosing wall, ceiling and floor structures are divided into n layers, the
termAxy indicating the thickness of a layer k, Over a time interval At of the
fire, the thermal conduction equation gives the following expressions for the
different layers (see ¥Fig, 4.2,2,3 a)

i Ady 1 _ _ 1 _
.’lxl C(.\, ?3)‘;! Ar _ml N Ax1 (19: ’191) Axl B A.X2 (731 192)
' a()  2i(x, ) 24(x,9) | 24(x, 9)
Ay 1 S S (4.2.2.3b)
Axeolx, ®)y Ar _:ﬁxk—l Ax, (Pu-1— ) Axy . Axper @ — 0 1)
! 2ix, 9 2ix, D) 2:x, D 2ix, R
Ad, 1 By L g
A')‘frl C(x, "9)? A—t - Axn_] N Axn (ﬂnfl 19'11) Ax R 1 (ﬁn 19'0)
2%(x,9) 24x, ) 24(x, ®) "« (B)
where
o, (9) = surface coefficient of heat transfer at the inner surface which is
1

exposed to fire (kcal/m2 °C h) {W/m?2 oC |
surface coefficient of heat transfer at the outer surface

a (% =
" (keal/m2 °C h) {W/m? °C |

Ax,H = thermal conductivity at the section x at the temperature &
(kcal/m2 oc iW/lrn2 e}

c(x,%) = specific heat capacity at the section x at the temperature &
keal/kg °C) {3/kg °C

¥ = density at the section x (kg/ m3)

3 = gas temperature in the fire compartment at time t (°C)

nst = outside air temperature at time t (OC)

52 = temperature in the centre of layer k (°C)

AI-E = thickness of the layer k (m)
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Fig. 4.2,2.3 a. Thermal conduction in enclosing construct-
ion divided into elements

The surface coefficient of heat transfer ; at the inner surface which is exposed

to fire may be assumed to be made up of a radiation component which is dominant

at the high temperatures which occur during a fire, and of a convection component
which, with satisfactory accuracy, can be put constant and equal to 20 kcal/m2 °c h
{23 W/m? °C }. By applying the Stefan-Boltzman law, this gives for o,

496 ¢, + 3 ; *
=2 [(’9‘ 273) —(’9 +273) }+20 (keal/m? °C hy

“= 5 —5, 1\ 100 100
: (4.2.2.3 ¢)
5776, [ (8,273 [0,+273\F] W/m?Z O,
=_"_'°r - m :
“‘ ﬁ:—ﬁj[( ) ( 100 ”*"23 | W/mT ey

where & = the temperature of the internal surface (°C)
51 = the resultant emissivity for the radiation between flames, combustion

T gases and internal surface

€ r is determined from the formula (19).
1
B et ije—1 (4.2.2.3 d)

where € . the emissivity of flames and combustion gases
€ . =the emissivity of the surfaces which are exposed to fire.

The approximate expression'for the surface coefficient of heat transfer o at the

unexposed surface is (19)
&, =~ 7.5+0,0288, (keal/m2h OC) w2250

o, =8.7+0,0339, {W/m2 oC}

where au = the temperature of the outside surface (C)

The system of first order difference equations (4.2,2.3 b) is solved numerically
(see Subsection 4,2,3), after which IW at the time t is obtained from the expression

Iy= (4= )~ (B~ 8)) |
- (keal/h) | W (4,2.2,3 0

Axy

(B) | 24(x, D)
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where A_ = the size of the total internal surface area of the fire compartment
inclusive of the opening area A (mz)

The above relationship assumes that the enclosing structures are of uniform con-
struction. If these enclosing structures consist of different materials or have dif-
ferent thicknesses, which is usually the case in practice, then the calculations are
performed separately for each type of structure, the expression (Ay - A) in Eq,
(4.2.2.3 1) being replaced by the area of the appropriate part structure Atj'

For Iy, at the time t, the expression is therefore

Axy

IW=;IW1=ZAQ{I—"L'_} (S — ) (keal/hy | W | 4.2.2.3 9
@) | 2=, B,

4,2.2.4 The term IL

The replacement of combustion gases by combustion air takes place due to the fact
that the density of the hot gases is lower than that of the cold air outside the fire
compartment. Theoretical treatment of this process is based on the fundamental
assumption that there is a linear pressure distribution in the vertical direction

over the area of the opening in the fire compartment, This means that there is a
neutral layer where there is no difference in static pressure between the outside

and inside (see Fig. 4.2.2.4 a). On the assumption that the whole fire compartment is
at the same temperature and that there exists a neutral layer, the quantity of gas

Qout flowing outwards and the quantity of air Q;, flowing inwards can be calculat-

ed by means of Bernoulli's theorem, According to this {19},

Qu= 3 BV 2g 734 — 1) 3 600 (kg/'h) (4.2.2.4 2)

Q= 3u BV 2g yolyy — 7 3 600 (kg, ) (4,2.2,4 b)

where g = flow coeificient whichisa function of the internal friction of the air
and gas flow and its contraction in the opening
B = width of opening (m)
g = acceleration due to %ravity (m/sz)
¥, = density of air (kg/m®)
7, = density of combustion gases (kg/ m?)
h' = distance from the neutral layer to the bottom of the opening {m)
h'' = distance from the neutral layer to the top of the opening (m)

Fire compartment

Temperature o, Outside
Density 7: Temperature ¥,
b Density %

Neutral layer

Fig. 4.2.2.4 a. Flow conditions for a ver-
tlcal opening of a fire compartment
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The position of the neutral layer (' and h") is determined by the interchange of
gases in the fire compartment. This implies that the net interchange of gases
between the fire compartment and the outside must be balanced by the difference
between the production and consumption of gases during combustion, i,e,

Qu—CQw=GR-LR (kg/h} (4.2.2,4 ¢)
where G, = quantity of gases produced during combustion of 1 kg fuel (kg/kg)

L =quantity of air consumed during combustion of 1 kg fuel (kg/kg)
R = rate of combustion (kg/h)

Qout can be determined from Equations (4,2.2,42 - 4,2,2.4 ¢) and used for the
determination of the term I; . For Iy ,

I = Queci(@,—9,) (keal/hy)
. 4.2,2,4 d)
L= Quc, (8, - 8,)/3 600 (Wi
This relationship can also be written in the form
I =8, —8,) AVh (keal/h)
(4.2,2.4 e)
I =nc(B,—95) AVA3 600 [ W
_ Ou 5/2
P W {kg/h m™" %

Where‘«st = 8as temperature in the fire compartment (°c)
80 = temperature of outside air (°C)

A = opening area of the fire compartment (n12)

h = height of opening (m)

cp = specific heat capacity of the combustion gases (kcal/kg °C) i J/'kg OC§
(see Fig, 4,2.2,4 )

An approximate relationship between the coefficient x and the effective calorific
value H of the fuel is given in Fig, 4.2.2.4 ¢, This relationship has been calcu-
lated on the assumption that the flow coefficient u is equal to 0,7 (see Equation
4.2.2.4 a), The coefficient x is given for gas temperatures of 500 and IOOOOC,
the assumptions made being that all air supplied is used up during combustion

(@ = 1) and that no air is consumed (a = 0}, As will be seen from the figure, the
coefficient ® is dependent only to a relatively slight extent on the effective calo-

Cp

o

5 EF
[a]

Fig. 4.2.2.4 b. Variation in the specific
. heat capacity e¢_ of the combustion gases
0 500 & 1000 1800 C  with the temperature B
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tive calorific value H of the fuel. The co-

efficient » is given for gas temperatures

of 500°C and 1000°C, the assumptions

being that all air supplied is used up du-
26 40 [MJ/kg ring combustion {a=1} and that no air is
10 Meal/kg consumed {a=0)

k* J a=1
e
2@ e
!
!
] —500C Fig. 4.2.2.4 ¢. The coellicient % in Equa-
1000+ ~-1000 T tion (4.2.2.4 e) as a function of the effec-

H

rific value of the fuel, the degree of combustion and the gas temperature. The
value of ® can therefore be put at 2000 kg/h m®/ 2 with an accuracy that is accept-
able in this context when IL is being calculated,

4,2,2.5 The term IC

The heat [ released during combustion can be written as

In=RH (keal/h)
{4,2,2,5 a)

I.=RH[3600 W

where R =rate of combustion (kg/h)
H = effective calorific value of the fuel (kcal/kg) | J/kg |

For a ventilation controlled fire (see Section 4.1), the mean rate of combustion
during the flame phase is

R, =k AVh (kg/h) (4.2.2.5 b)
The heat released is therefore

I=kAVhH  (keal/h)
(4.2.2,5 ¢)
Ie=kAVRH/3600 | W]
where k = coefficient which is a function of fuel characteristics (kg/h mo/z)
A = total opening area of the fire compartment (m*~)
h = weighted mean value of the height of fire compartment openings (m)
H = effective calorific value of the fuel (kecal/kg) | J/kgt

n

!

The coefficient k is dependent on the volume of air that is required for complete
combustion of a definite quantity of the fuel in question, In turn, this volume of
air depends on the effective calorific value of the fuel, and an approximate rela-
tionship between k and the effective calorific value H is given in Fig, 4,2.2.5 a,
This relationship is based on the assumption that the flow coefficient it is equal to

0.7 (see Equation 4.2.2.4 a).

Equation (4.2.2.5 ¢) is valid for the whole fire proéess only on condition that
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3060

i _ 20 ) 40 Mi/kg
5 H 10 Mcal/kg

Fig. 4.2,2,5 a, Approximate relationship between the coef-
ficient kin Equation (4.2.2,5 bland the effective calorific
value H of the fuel at temperatures of 500 and 1000°C

the fire is ventilation controlled and that the fire load is of such type that the com-
bustion characteristics are constant during the whole fire. Strictly speaking, this
holds only in exceptional cases, for instance in the case of liquid fuels which have
no cooling phase or incandescent phase when burning. In other cases, a relation-
ship between time and rate of heat released must be constructed in advance in
order to form the basis for calculation of the temperature-time curve of the com-
bustion gases. The following guidelines can be given

. the maximum value of the quantity of heat IC released per unit time is
calculated according to Equation (4.2,2.5 c), the coefficient k being
according to Figure 4.2.2.5 a

. the total energy released during the complete fire process is equal to
the quantity of heat which is Initially stored in the fuel

§I.dr = MH (4,2.2.5 d)

where M = quantity of combustible material (kg)
H = effective calorific value (kcal/kg)| J/kg |

. for wood fires, comparative calculations have shown (see Section 4. 3)
that an assumption that the flame phase is ventilation controlled gives
results that are on the safe side in most practical cases. In principle
the results should be the same for other types of fire load, In doubtful
cases, itis advisable to perform calculations using alternative relation-
ships between time and rate of heat released, account being taken of
Equation (4.2, 2.5 d)

4.2.3 Calculation procedure

According to Equation (4.2,1 a), the heat balance equation for compariment fires
can be written as

IC =IL+IW+IR+I,B
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It wasstated in Subsection 4.2.2,1 that the term Iy can be ignored. According
to Equations (4.2.2.2 a), {(4.2.2.3 f) and (4.2.2.4 €), we also have that

In=A(E,— Eg)
1
(@) " 33, 9)

1= xc, A Vh(,—By)

The term I is to be caleculated in view of the guidelines set out in Subsection
4.2.2,5.

Calculation of the fire process from the heat balance equation takes place in
increments of time At from time t to time t +Af, The time increment At must
not be made so large that the calculation becomes unstable, Experience has in-
dicated that, when the development of energy Ic is not too high and the surround-
ing structures have a normal thermal inertia, A t should be in the range of 0.1 -
5 minutes. For At of this order, the surface coefficients of heat transfer may,
with a satisfactory approximation, be regarded constant during each time incre-
ment. With the expressions for the various terms inserted into the heat balance
equation, the sought combustion temperature $ . can be determined from the
relationship

- 1
L+ xc, AVROH (A=) 71 51 e
B Mt
B, = - o 24 (4.2.5 a)
%e, A ]/h+(At—A)1 "
[l Wi J
a,‘+ 2}.

This expression is valid for fire compartments with uniform enclosing struct-
ures. For the more general case, the expression can he modified by application
of Equation (4.2.2,3 g).

The temperature 191 in Equation (4,2,3 a} is a function of the sought combustion
gas temperature §,, since the system of equations (Equation 4.2.2.3 b) which
must first be solved in order that 81 may be determined also contains the com-
hustion gas temperature Gt. Solution is by numerical integration, for instance
by the application of the Runga-Kuttas procedure, This stipulates that the system
of equations is solved a certain number of times during each increment of time
At, in the Runga-Kuttas procedure five times. For each solution, the value of
the combustion gas temperature which is employed is that calculated in the im-
mediately preceding step by means of Equation (4.2.33). Ir andcp in the
Equation (4.2.3 a) are also functions of the sought gas temperé.ture%t. In the
same way as for 81, the values of these quantities which are inserted are also
those caleulated in the immediately preceding solution on the basis of the com-
bustion gas temperature,



54

4.3 Calculation of the temperature~time curve of the combustion gases
for fire loads mainly of the wood fuel type

4.3.1 Assumptions

In Section 4.2, the calculation of the gas temperature-time curve wag described
for the complete fire process in the case of a general fire load. The dominant
fire load in residential buildings, office buildings, hotels and similar buildings
has combustion characteristics that are mainly the same as those of wood fuel.
For this reason, the design data in this handbook in the form of tables and dja~-
grams from which the maximum steel temperature can be directly determined
as a function of the fire load and opening factor of the fire compartment, etc,
has been based on the temperature-time curves relating to wood fuel.

In Swedish Building Regulations of 1967, temperature-time curves calculated for
the flame phase of the fire process are presented as a function of the opening fac-
tor Avh h/A¢ of the fire compartment. These curves assume that the fire load is
mainly of the wood fuel type. The curves have been calculated for a standard fire
compartment for which the thermal properties of the surrounding structures are
the same as the average figures for concrete, brick and lightweight concrete. In
the calculations, it was assumed that the surrounding construction has a thickness
of 20 cm. Deviations from this thickness which ocecur in practice have no signifi-

- cance for the application of the presented temperature-time curves. Furthermore,
the curves are based on the assumption that the fire is controlled by ventilation,

i.e. the rate of combustion R during the flame phase must conform to Equation
{4.2.2.5 b). At the time that these curves were constructed, it was not possibie

to allow for the variation in the rate of combustion during the cooling phase. The
Regulations therefore specify that the drop in temperature during the cooling
phase shall be assumed to have a standard value of 10°C /min, unless some other
time curve can be shown to be more correct. It must however be regarded as
very unsatisfactory that different parts of the same fire process should be des-
dribed with entirely different degrees of accuracy. Also, the code specification
of a drop in temperature of 10°C/min results, chiefly in uninsulated and lightly
insulated steel structures, in caleulated steel temperatures which are generally
substantially in excess of the actual steel temperatures. Later work enables
rational calculation of the gas temperature-time curve to be carried out also

during the cooling phase (19), (20).

The basis of a rational calculation of the gas temperature-time curve has heen
an analysis of more than 36 well documented fire tests at full scale performed

in different laboratories. Calculated and experimentally determined gas tempe-
rature-time curves are exemplified in Figs, 4.3.1a and 4.3.1 b. The inset
curves are the calculated time curves for the heat released In. The figures

give examples of both a short-term and a long-term fire process. The fundamen-
tal assumption in the theoretical calculation has generally been that the energy

which is liberated by combustion during the fire process, i.e. the area under-
neath the [ -time curve, must be the same as the guantity of heat initially pre-

sent in thecfuel (see also Subsection 4.2.2,5). The close agreement between the
calculated and measured temperature-time curve demonstrates that the heat ba-
lance relationships in Equations (4.2,1 a) and (4. 2. 3 a) are well suitable as the
basis for the simulation of a fire process. Owing to the performed calculations
for the gas temperature-time curve and the comparison of this with correspond-
ing test results, it is possible to construct the time curve for the heat released
IC for the entire fire process, i,e. also for the cooling phase, for different val-
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Fig. 4.3.1 a. Calculated ( ---) and ex~
perimentally measured ( —) gas tempe-
rature-time curves in full-scale test
using furniture as the fire load. Fire load
q = 23 Mcal/m? {96 MJ/m?} of total sur-
face area, opening factor AVh/A¢ = 0. 068
ml/ . The inset curve shows the calculat-
ed variation with time of the rate of heat
release I, in Mcal/h (19)

Fig. 4.3.1 b. Calculated {---) and experi-
mentally measured (—) gas temperature-
time curves in full-scale test using wood
cribs as the fire load, Fire load g - 83. 5
Mcal/m2 {350 MJ/m21 of total surface
area, opening factor Aﬁf/At = (. 0467 ml/g‘
The inset curve shows the calculated varia-
tion with time of the rate of heat release

I, in Meal/h (19)

ues of the fire load and opening factor, Uiing these time-heat curves as input
data in the heat balance equation, it has been possible {o perform systematic
calculations of the temperature-time curves of the combustion gases for differ-
ent fire loads and opening factors, and also for different materials in the struct-
ure surrounding the fire compartment (19). Temperature-time curves for only
one type of fire compartment, designated fire compartment type A or standard
fire compartment, are reproduced in this handbook. This is the same fire com-~
partment as that used for calculation of the gas temperature~time curves in the
Swedish Building Regulations, For fire compartments with surrounding construc-
tion whose thermal properties are evidently different from those applicabie in
this standard fire compartment, the temperature-time curves can be converted
into those in the standard fire compartment by means of equivalent fire loads

and opening factors (see Subsection 4.3.4).

The following assumptions were made in calculating the gas temperature-time
curves:

gas produced during combustion = 6,3 kg/kg wood

air supply necessary for combustion = 5,2 kg/kg wood

= specific heat capacity of the combustion gases, see Fig, 4,2,2.4b

mean rate of combustion during the flame phase =330 AV h kg/h
effective calorific value of wood fuel = 4500 keal/kg wood 118, 800 kJ/kg |

flow coefficient = 0,7

= o EEQUO t‘*OC)
[

]

The temperature-time curves for fire compartment {ype A are given in Subsection
4.3.3, both in the form of diagrams and tables, for different fire loads g and

opening factors Aﬁ/At,
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4.3.2 Calculation of the opening factor A/h/A,

The terms Ic and I; in the heat balance equation are proportional to the air flow
factor AV R, The quantity of heat which enters the surrounding structures per unit
time, the term IW’ is proportional to the internal surface area Ay of the fire com-
partment. These two geometrical quantities can be combined in the concept of the
opening factor, defined as A\f_h/At. In consequence, it is natural to define the fire
load g of the fire compartment as the energy per unit area of the enclosing sur-
face A¢. The opening factor of the fire compartment is thus made up of the fol-
lowing quantities

At = the total internal surface area of the fire compartment, i,e, the area of the
walls, floor and ceiling, inclusive of openings (mz}
A = the total area of the vertical openings in the fire compartment, i,e. the win-

dows, ventilation openings and other vertical openings (mz)
h = a mean value of the height of these openings, weighted in view of the sizes
of the openings, calculated according to Equation (4.3.2 a) (m)

A
k =E—Av . (m) (4.3.2 3-)

whele A =the area of each opening vin the fire compartment (mz)
h,, =the height of each opening y in the fire compartment (m)

For a fire compartment according to Fig. 4.3.2 a which also contains horizontal
openings, the opening factor can be calculated from the expression

'h AVh 1
2 i) wd (4.3.2 b)

where (A h/A t)v = the opening factor for the vertical openings, calculated as
above (m2)

fk = correction coefficient determined from the nomogram in
Fig. 4.3.2 b, The symbols used in the nomogram are set
out in Figs. 4,3.2aand 4,3.2b

Calculation of the opening factor according to Equation {(4.3.2 b) presupposes
that the flow through the horizontal openings is not dominant. This can be deter-
mined with the assistance of the ratio Ahﬁz/Aﬁ which has an upper bound
above which the assumed model of the flow conditions ceases to be relevant, This

upper bound is

A Vhy {176 vid 1000°C
Vi ‘{1.37 vid  500°C (4.3.2 ¢)

Ay, = total area of all horizontal openings (mz}
ho distance between the neutral layers of the vertical openings and the hori-

zontal openings (m) (see Fig, 4.3.2 a),

At this upper bound, the neutral layer is situated at the top of the vertical open-
ing, and hy is then identical with the vertical distance between the level of the
horizontal opening and the top of the vertical opening. For values of Ahﬁz/ (Aavh)
greater than the upper bound according to Equation (4.3.2 ¢), all combustion gases
will be ventilated through the horizontal opening. When the flow of air and gases
takes place mainly through horizontal openings, the flow becomes unstable and
difficult to describe by means of a simple theoretical model, ' '



Fig, 4,3,2 a., Gas flow in fire compartment with vertical
and horizontal openings, A =area of vertical opening, Ap, =
area of horizontal opening, h = height of vertical opening,
h" and h' = height of vertical opening above and below the
neutral layer, hy = vertical distance between the midpoint
of the vertical opening and the level of horizontal opening,
hg = vertical distance between the neutral layer and the
level of horizontal opening

A =
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0.1
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Fig. 4.3.2 b. Nomogram for calculation of the coefficient [, in Equation (4. 3.2 b). Symbols as
in Fig. 4. 3.2 a. Example: Calculate the opening factor {or a fire compartment of the following
characteristics. A = 2 mZ, h=1m, Ap -1 m2, hy =1.5m, A = 50 m2. The input data in the
nomogram are (Ahwrhl}/(m"h) = 0.61 and Ap/A = 0.5. This gives a value of f, = 2.2. Equation
(4.3.2 b) then gives the opening factor = 2.2 [(2/1)/50] - 2.2 -0.04 - 0. 088 m%/2

In calculating the opening factor, it is assumed that ordinary window glass is
immediately destroyed when fire breaks out, In the case of fire compartments

containing windows with reinforced glass or doors of a certain fire resistance
time , it may be difficult to decide whether these windows and doors will remain
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intact for the entire duration of the fire, or whether they will be open right from
the beginning of the fire. In such cases, a calculation of the temperature-time
curve of the fire compartment and of the maximum temperature of the steel
structure should be carried out for both alternative opening factors, As a rule,

the smaller the opening factor, the higher will be the maximum steel temperature
for a given fire load. Design based on the lower value of the opening factor will
therefore, as a rule, yield results on the safe side.
4.3.3 Calculated gas temperature-time curves for fire compartment type A
(standard fire compartment) for different fire loads g and opening
factors A«/"H/At

Calculated gas temperature-time curves for fire compartment type A (standard
fire compartment) for different values of the fire load q and the opening factor
Aﬁ/At are given in Fig, 4,3.3.a and Table 4.3.3.a. The term fire compartment
type A is taken to refer to a fire compartment with surrounding structures whose
thermal properties are the same as the average values for concrete, brick and
lightweight concrete, The thermal conductivity has been assumed to have a value
of 0.7 kcal/mh °C{0.8 W/m °C }, and the product of the specific heat capacity
and density ¢ ¥= 400 keal/m3 °C {1700 kJ/m3 ocl,

9:180 Meai/m®
753NJmE

200

1000 9-240 Meab/mi®

400 400

200 200

2 4 6 h 2 P 6 n

Fig. 4.3.3 a. Calculated gas temperature-time curves for complete fire processes for different
fire loads q and opening factors A\fh/At in fire compartment Type A(standard fire cell), the fuel
being of wooden type (19)
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T
1200 1
c
1000 9-360 Mealsm’ 1000
Q- 900 Mcal/m?
% 3768 MU
800 800
% 2—;’5 030m”
800 600 &75
2876
400 400
200 200
2 t 6 h 2 ¢ 4
AVhi4,=0,01 m2 AVhiA,;=0,02 mue
g (Mcal/m?) g (Mcal/m®%
1.5 3.0 45 7.5 11.25 150 225 30.0 30 60 S0 150 225 30,0 450 600
g {MI/m?} g {MIjm?}
! i
(k) 6.3 126 188 314 47,1 628 942 126 (hy 12,6 251 377 628 942 126 188 251
0.05 272 272 272 272 272 272 272 272 0,05 396 396 396 396 397 1397 397 39§
0.10 395 365 395 395 328 328 328 328 0,10 568 568 568 568 467 467 467 467
0.15 228 390 390 390 360 360 360 360 0,15 322 556 556 556 511 511 511 51
0.20 196 368 401 401 406 406 406 406 0.20 277 519 572 572 581 581 581 581
025 150 313 409 410 405 405 405 405 0,25 210 450 585 587 578 578 578 578
0.30 98 257 385 421 415 415 415 415 0,30 134 381 3549 602 593 593 593 393
0.35 97 241 354 429 425 425 425 425 0,35 131 339 30t 6i5 6l5 615 615 615
0,40 94 218 320 437 434 434 434 434 0,40 126 304 452 624 620 620 620 620
0.45 9] 193 282 441 442 442 442 442 0,45 121 268 397 632 (22 632 632 632
0.50 . 88 167 269 412 449 449 449 449 0,50 117 228 376 586 642 642 642 642
0.60 82 157 229 370 463 463 463 463 0,60 167 212 317 523 662 662 662 662
Q.65 79 150 215 355 460 470 470 470 0,65 102 201 287 485 660 671 671 671
0,70 75 144 187 34 451 476 476 476 0,70 98 193 254 440 642 680 680 680
0.80 69 131 178 302 426 488 483 488 0,80 88 I74 239 419 604 697 697 697
0,90 61 1I8 166 283 399 468 500 500 0,90 77154 220 390 562 666 714 714
1.00 54 104 154 263 367 456 3511 511 L00 66 132 202 35% 513 645 739 729
1,10 46 89 142 242 344 439 521 521 1,10 54 109 184 325 475 618 742 142
1,20 45 74 129 218 331 421 531 533 1,20 51 8 165 289 453 588 756 756
1.30 43 71 116 209 315 400 524 541 1.30 49 82 144 275 429 555 743 768
1,40 42 68 102 199 29% 376 324 530 1,40 47 79 123 260 402 517 740 779
1.50 41 65 88 190 282 366 522 359 1,50 45 75 10t 244 375 498 735 790
1.60 40 63 85 180 263 353 515 567 [,60 44 72 97 229 347 478 721 800
1,70 39 61 8l 170 244 340 506 3559 1,70 43 70 93 214 316 456 706 787
1,80 38 59 79 k60 237 326 496 562 1,80 42 67 89 199 305 434 688 788
1,90 37 58 76 150 230 311 485 561 1,90 40 65 8 184 294 410 669 784
2,00 36 56 74 139 223 296 473 560 2,00 40 63 83 168 284 386 648 780
2,20 35 53 70 117 210 263 448 552 2,20 38 59 78 135 263 335 605 763
2,40 34 51 66 103 197 249 422 542 2,40 36 56 73 113 244 312 562 743
2,60 33 49 63 97 185 235 393 529 2,60 35 53 70 106 225 291 515 719
2,80 32 47 61 92 172 221 361 514 2,80 14 51 66 99 206 270 465 692
3,00 12 46 59 87 159 207 327 497 3,00 33 49 63 94 187 250 410 662
3,20 44 56 83 146 194 301 480 3,20 32 47 61 89 168 230 370 632
3,40 43 55 80 132 181 286 461 3,40 31 46 58 85 148 210 348 601
3,60 42 53 77 118 168 273 441 3,60 31 44 56 81 128 191 328 568
3,80 41 52 75 109 154 261 419 3,80 30 43 54 78 114 172 309 533
4,00 40 50 72 104 140 249 396 4,00 30 42 52 75 108 151 293 496
4,20 39 49 70 100 125 238 371 4,20 41 51 73 103 130 276 457
4,40 39 48 68 96 119 227 345 4,40 40 49 71 99 123 261 417
4,60 33 47 66 93 114 216 323 4,60 39 48 68 95 117 245 384
4,80 37 46 63 90 110 205 307 4,80 38 47 66 91 3112 229 360
500 37 45 63 87 106 1% 292 5,00 37 46 64 88 107 214 337
5,20 6 4 62 85 103 184 277 5,20 36 45 63 85 103 199 314
5,40 35 43 &0 82 100 173 262 .40 36 44 o1 83 100 184 293
5,60 35 42 59 80 97 162 247 5,60 35 43 59 80 96 169 271
5,80 35 42 58 78 94 151 231 580 35 42 58 T8 93 154 250
6,00 34 41 57 77 92 140 216 6,00 34 41 56 76 9t 138 228

Table 4. 3. 3 a. Gas temperature 4, (°C) in fire compartment Type A for a complete fire process
as a function of time t for different values of the opening factor A’\f_h_/At and the fire load g, this

being of wooden type
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AVR{A,=0,04 m11t AVR{A4,=0,06 mi2
g (Mcal/m?) g (Mcal/m®)
60 120 180 30,0 450 60,0 90,0 1200 90 180 27,0 450 675 900 1350 180,0
q {MJjm?} g {MI/m?}

4 4
(h) 25 50 75 126 188 251 377 so2 {h} 38 75 113 188 283 377 365 753

0,05 304 504 504 504 504 504 504 S04 -0,05 575 575 575 515 575 575 575 575
0,10 745 745 745 745 621 621 621 621 0,10 858 858 858 858 704 704 704 04
0,15 422 747 747 747 681 681 6381 681 0,15 493 861 861 861 784 784 784 784
0,20 360 696 767 767 777 77T TIT 117 0,20 404 802 879 879 882 882 882 882
0,25 268 587 784 784 TI6 TI6  TI6 776 0,25 296 679 898 898 889 889 889 890
0,30 164 472 734 799 793 793 793 793 0,30 175 533 838 914 908 908 908 908
0,35 162 437 665 814 808 803 808 808 9,35 174 490 761 928 923 923 923 923
0,40 155 389 593 828 822 822 8§22 81 0,40 166 430 669 942 936 936 937 937
0,45 148 337 513 841 836 836 836 836 045 159 369 572 954 949 949 949 949
0,50 142 381 481 779 848 848 848 848 -0,50 151 303 532 877 961 961 961 96]
0,60 128 259 397 682 874 874 874 874 : 136 277 433 762 982 982 982 982
0,65 120 246 352 626 832 882 8’2 882 128 262 402 694 992 992 992 992
0,70 114 232 307 565 839 894 804 894 0,70 1200 247 326 620 939 1001 1000 001

ep
A

0,80 106 204 285 527 785 912 Si2 912 0.80 104 215 300 574 872 1018 1018 [ 018
0,90 86 178 260 483 720 862 028 928 0,90 89 185 272 520 795 954 1032 1032
1,00 71149 235 437 645 827 042 942 1,60 71 152 243 466 705 909 1044 1044
Li0 34 118 208 388 589 787 0955 955 1,10 SI 116 213 409 637 858 1054 1054
1,20 51 85 183 337 3555 740 967 967 1,20 48 80 184 343 593 803 1064 1064
130 49 82 156 316 518 688 942 977 1,3¢ 43 76 155 327 550 742 1029 1072
A0 46 77 128 296 480 632 931 987 1,40 43 72123 303 505 675 1013 1080
. 45 74 98 276 441 602 919 996 S0 41 68 89 281 460 640 996 1087

40 65 86 259 413 603 966 1093

-

38 62 81 236 364 567 935 1062

41 68 89 235 358 540 870 981
37 59 78 213 348 529 902 1049

80 40 65 85 214 343 507 843 973
1,90 39 62 82 1% 328 474 813 963 36 56 74 191 332 491 866 1036
2,00 38 60 79 174 313 440 781 953 35 54 71 169 317 452 830 1022
2,20 36 56 73 131 288 369 718 923 2,20 33 50 66 121 289 371 736 984
2,40 35 52 69 104 263 339 655 89D 12 47 61 93 263 340 683 943
2,60 33 50 64 96 238 311 587 853 2,60 31 44 57 85 236 310 605 %00
2,80 32 47 61 90 214 28 516 813 2,80 30 42 54 79 210 283 524 854
3,00 31 45 57 84 190 261 442 769 3,00 29 40 St 74 185 257 440 803

1

1,50

1,60 43 70 94 255 400 571 895 104
L70

i

Sl
00~}
32

Iy
83

S

3,20 43 55 80 166 236 388 727 3,20 39 48 70 159 230 381 756
340 42 52 76 141 211 362 682 3,40 37 46 67 131 204 355 705
3,60 4 50 72 115 187 338 635 3,60 36 44 63 103 178 331 652
3,80 39 48 69 99 163 316 587 3,80 35 42 60 8 152 308 597
4,00 38 47 66 94 137 296 537 4,00 34 4 57 81 123 283 541
4,20 37 45 64 89 110 277 488 4,20 33 40 55 77T 95 269 483
4,40 3 4 6 85 104 258 431 4,40 32 38 53 73 90 249 433
4,60 35 42 59 81 99 240 1388 4,60 31 37 51 70 85 230 377
4,80 4 a4 57 78 94 221 360 -4,80 31 36 49 67 81 211 348
5,00 33 40 55 75 90 204 332 5,00 30 35 47 64 77 193 319
520 39 53 73 87 186 308 520 5 46 62 74 174 292
540 33 52 70 83 168 230 540 34 44 59 71 155 265
560 37 50 68 8l 150 255 5,60 33 43 57 69 135 238
5,80 37 49 66 78 131 2% 5,80 32 42 35 66 114 210

6,00 36 48 64 75 111 203 6,00 12 41 54 64 94 185
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AVhiA,=0,08 m AV hiA4,=0,12 mie
g (Mcal/m?) g (Mcal/m?)
12,0 240 360 60,0 90,0 1200 180,60 240,0 180 360 540 90,0 1350 1800 270,0 360,0
g {M3I/m*} g {MJ/m*}

’ I3
(h} 50 100 151 251 377 502 754 1004 (h) 75 151 226 377 565 754 1130 1507

0,05 622 622 622 622 622 622 622 622 0,05 670 670 670 670 670 670 670 670
0,10 935 935 935 935 766 T66  To6 767 0,10 1027 1027 1027 1027 847 847 847 2347
0,15 532 937 937 937 853 853 853 853 0,15 581 1033 1033 1033 933 933 933 933
0,20 432 86% 955 955 959 959 959 959 0,20 465 951 1049 1049 1051 1051 1051 [O05i
0,25 314 734 973 973 965 965 965 965 0,25 333 799 1063 1063 1057 1057 1037 1057
0,30 181 575 903 987 981 981 981 982 0,30 186 620 98I 1076 1071 1071 1071 1071
0,35 180 521 818 1001 995 995 995 995 0,33 185 556 882 1088 1083 1083 1083 1083
0,40 171 454 720 103 1008 1008 1008 1008 0,40 176 480 774 1098 1094 1094 1054 1094
0,45 163 386 611 1024 1020 1020 1020 1020 0,45 168 404 650 1107 1103 1103 1103 1103
0,50 155 314 561 937 1031 1031 103i 1031 0,50 159 324 593 1004 1112 1112 1112 1112
0,60 139 285 454 807 1050 1050 1050 1050 0,60 142 292 472 856 1127 1127 1127 1127
0,65 131 265 396 732 1058 1058 1058 1058 0,65 133 275 407 174 1133 1133 1133 1133
0,70 122 253 336 651 996 1066 1066 1066 0,70 124 257 341 681 1060 1139 1139 1139
0,80 106 219 306 598 920 1081 1081 1081 0,30 106 221 309 622 971 1150 1150 1150

0,90 89 186 275 539 833 1005 1092 1092 0,90 88 38 276 556 873 1062 1159 1159
1,00 70 151 245 479 735 953 1102 1102 100 67 149 244 490 765 1001 1166 1166
110 47 113 214 417 659 897 1111 1111 1,10 41 107 211 422 680 937 1173 1173
1,20 44 73 185 352 612 836 D119 119 1,20 39 63 178 351 628 868 1178 1178
1,3¢ 42 70 151 328 564 769 1077 1126 1,30 37 60 145 327 575 794 1128 1183
1,40 40 66 117 304 516 695 1058 1132 1,40 36 56 108 301 523 713 1106 1183
1,50 39 62 81 281 466 657 1038 1138 150 34 53 69 277 469 672 1082 1192
1,60 37 39 78 257 415 618 1004 1143 1,60 33 50 67 253 414 629 1043 1195
1,70 36 56 74 234 363 577 969 1105 170 32 47 63 228 358 585 1003 1131
1,80 35 53 71 210 347 537 932 10%0 1,80 3 45 60 203 343 542 962 1133
1,50 34 51 68 187 331 49 893 1074 1% 30 43 57 180 327 497 919 1114
2,00 33 49 65 163 316 454 853 1058 2,00 29 42 54 155 311 452 874 1096
20 31 46 59 112 287 368 T4 1016 2,20 39 49 100 283 361 789 1048
2,40 30 43 33 83 260 337 695 971 2,40 37 46 70 255 330 704 998
2,60 29 40 51 770233 307 6i1 923 2,60 35 43 64 227 300 613 946
2,80 28 38 48 7 206 279 524 873 2.80 33 40 59 200 272 519 891
3,00 27 37 45 67 180 252 434 820 3.00 32 38 54 173 245 423 834
3,20 15 43 62 153 224 373 769 3,20 37 51 144 216 361 780
3,40 34 41 59 124 198 347 714 3,40 35 48 113 190 336 721
3,60 33 40 35 94 171 323 638 3,60 34 46 83 162 313 660
3.80 32 38 53 77 143 302 599 3,80 33 43 64 132 293 598
4,00 31 37 50 72 113 282 539 4,00 32 42 59 102 273 534
4,20 36 48 68 84 262 478 4,20 40 55 69 253 469
4,40 33 46 65 79 242 415 4,40 39 52 65 233 402
4,60 34 45 62 75 222 368 4,60 37 50 61 213 355
4,80 33 43 59 7t 203 338 4,80 36 48 58 194 325
5,00 32 42 56 68 185 309 5,00 35 46 55 175 297
520 40 34 65 166 282 520 34 44 52 144 269
5,40 39 52 62 146 254 5,40 33 42 50 134 241
5,60 38 50 60 125 227 5,60 33 41 48 112 213
5,80 37 43 57 104 199 580 32 40 46 91 186
6.00 36 47 55 g2 2 6,00 31 38 45 57 158
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AV hiA4,=0,30 m2

¢ (Mcalfm®)
45 90 135 225 338 450 675 900

g {MJjm?*}
H
(h) 188 377 565 942 1413 1884 2826 3768

0,05 T T4 T4 T4 74 T4 774 174
0,10 1193 1193 1193 1193 970 970 97¢ 970
0,15 666 1187 1187 1187 1068 1068 1068 1068
0,20 315 1079 1196 1196 1205 1205 1205 1205
0,25 357 894 1204 1204 1201 1201 1201 1208
0,30 183 684 1098 1211 1208 1208 1208 1208
0,35 188 603 976 1216 1214 1214 1214 1214
0,40 187 513 846 1222 1220 1220 1220 1220
0.45 170 423 701 1226 1224 1224 1224 1224
0,50 161 330 633 1099 1229 1229 1229 1229
0,60 142 295 488 919 1236 1236 1236 1236
0,65 133 277 414 821 1239 1239 1239 1239
0,70 123 258 338 715 1148 1242 1242 1242
0,80 64 219 306 646 1039 1247 1247 1247

0,50 84 181 273 570 922 1136 1251 1251
1,00 60 140 238 495 796 1063 1254 1254
L10 30 95 203 419 700 986 1257 1257
1,20 41 169 341 641 905 1259 1259
1,30 39 132 317 582 820 1195 1267
1.40 37 93 292 524 728 1167 1263
1,50 35 45 268 464 684 1138 1264
1,60 33 42 242 404 636 1092 1266
1,70 32 40 217 344 588 1046 1211
1,30 31 38 191 330 540 998 1188
1,90 30 36 166 315 492 949 1166
2,00 35 139 301 443 898 1144
2,20 81 273 345 304 1089
2,40 43 245 316 709 1032
2,60 39 216 288 609 973
2,80 36 189 261 507 912
3.00 34 161 232 402 849
3,20 130 204 340 790
3,40 99 177 318 726
3,60 63 147 298 660
3,80 39 115 278 591
4,00 36 83 259 523
4,20 ' 35 42 239 454
4,40 39 219 383
4,60 37 200 334
4,80 35 i81 305
5,00 34 161 278
320 33 140 251
3,40 32 118 222
5,60 31 9% 194
5,80 72 166
6,00 41 136

For fire loads and opening factors between those in the diagrams and the tables,
the gas temperature-time curve can be determined by interpolation, It must be

pointed out that the lowest and highest values of the opening factor have no sig-
nificance in practice, They have been included merely to facilitate translation of
fire processes in fire compartments with different surrounding structures into
fire processes in fire compartment A (see Subsection 4,3 .4),

4,3.4 Conversion of fire process in another type of fire compartment into
a fire process in fire compartment type A (standard fire compartment)

For practical reasons, the design data in this handbook in the form of tables and
diagrams for direct determination of the maximum steel temperature have been
based only on the temperature-time curves for fire compartment type A (standard
fire compartment)., However, these design data can also be used for other types
of fire compartments,since the temperature-time curve in the fire compartment
in question can be translated into a temperature-time curve in fire compartment
type A by conversion of the actual fire load and opening factor into equivalent fire
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load and equivalent opening factor. These equivalents are obtained by multiplying
the actual fire load and opening factor by a factor ky. When the transition is made
from one fire compartment to another, Equations (4.2.2.5 ¢) and (4.2.2,5 d) must
both be satisfied at all times, i.e. both the fire load and the opening factor must
be multiplied by the same value of the factor kf. For one and the same fire com-
partment, the value of k¢ can vary as a function of the size of opening factor and
sometimes also as a function of the magnitude of the fire load, InTable 4 a‘in

the Design Section, values of the factor kg are given for the following types of
fire compartment, characterised by their surrounding construction,

fire compartment type A
Materials with thermal properties corresponding to the average values

for concrete, brick and lightweight concrete

fire compartment type B
Concrete

fire compartment type C
Lightweight concrete (densityy~ 500 kg/me‘)

fire compartment type D

50% concrete

50% lightweight concrete (density y=~600 kg/ mS)
fire compartment type E

50% lightweight concrete (density Y500 kg/m
33% concrete

17% composite construction compriging, from the inside outwards,
13 mm gypsum (density ¥ = 790 kg/mS)

100 mm mineral wool (density ¥ =50 kg/m")

hrickwork (density ¥ = 1800 kg/m3)

3y

fire compartment type F

80% uninsulated steel sheeting

20% concrete

This fire compartment represents a warehouse or similar premises
with uninsulated roof and walls of steel sheeting and a concrete floor

fire compartment type G

20% concrete

80% composite construction comprising

double gypsum plasterboard, 2x13 mm (density ¥ = 720 kg/'mS)
100 mm air gap

double gypsum plasterboard, 2x13 mm (density ¥ = 790 kg/ms)

fire compartment type H
Composite construction comprising
steel sheeting

100 mm mineral wool

steel sheeting

The influence of the thermal properties of the construction surrounding the fire
compartment on the calculated gas temperature-time curve is illustrated in Fig.
4.3.4 a, Fig, 4.3.4b shows that the calculated gas temperature-time curves
for fire compartment type B, for different fire loads g and an opening factor

of AV—Ei/At = 0,06 m2, can with fully acceptable accuracy be replaced by gas
temperature-time curves for fire compartment type A in which the opening fac-
tor and the fire loads are 85% of those for fire compartment type B, The con-
version factor k¢ in this case is thus 0.85.
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Fig. 4.3.4 a. Temperature-time curves
| for fire compartments Types 4-G, In all
cases, the opening factor A\/H/At - 06,04

L . . . ’ , . ml/2 and the fire load g = 60 Mcal/m2
1 3 ) Th 1250 MJ/m2} of surface area
&
T L
1000

Q=9 Mecal/m?
38 MU/ m?

1 11 1 A 1

05 n 15 20 t 25 h

Fig. 4.3.4 b. Temperature-time curves for fire compartment Type B (—) with an opening
factor A\/H/At =0,06 ml/2 for different fire loads q, and temperature-time curves for fire
compartment Type A,standard fire compartment, {---) with an opening factor and fire loads
that are 85% of those in fire compartment Type B

4.4 Transition from a ventilation controlled fire
to a fire load controlled fire

The temperature-time curves presented in Subsection 4.3,3 are based on the
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assumption that the combustion process is ventilation controlled and that the
mean rate of combustion of wood during the flame phase, in kg per unit time,
is thereby known and proportional to the air flow factor AVh, In practice, there
are many cases where this condition is not satisfied. It is mainly a combination
of low fire load and large opening surfaces which can result in rates of combust-
ion that are clearly less than those in a ventilation controlled fire (see Section 4.1).
Further determination of the rate of combustion in these fire load controlled fires
is very difficult, since, apart from the size of the fire load, the combustion pro-
cess is also governed to a decisive extent by the method of storage and degree of
distribution of the fuel. This difficulty is greatly accentuated when the fire load
consists of furniture, textiles and similar materials,

The fire load controlled combustion process is further complicated by the fact
that it mainly occurs in fire compartments with large openings, The interchange
of gases between the fire compartment and the outside, for the gas temperature-
time curves presented in Subsection 4,3.3, has been caleulated on the assumption
that the flow configuration is in conformity with Fig, 4.2,2.4 a. This implies, in-
ter alia, that the gas flow through the openings has a velocity component only in
the horizontal direction. For small openings, this has been confirmed experiment-
ally. Tt is however known that this assumption gradually ceases to be valid as the
opening area increases (38). When the height of the opening area increases in re-
lation to the other dimensions of the fire compartment, a zone of increasing size
is formed at the bottom of the opening in which the gas temperature is the same
as the prevailing outside temperature. The vertical air and gas flow which is a
consequence of the vertical temperature difference next to the opening reduces the
horizontal pressure difference, This has the effect of reducing the interchange of
gases between the fire compartment and the surroundings. There is no reliable
theoretical model available at present for the flow configuration in these condit-
ions, and approximate methods must be employed, An investigation of the effect
on the gas temperature-time curve due to an increase in the openings in the fire
compartment is described in (20). In Fig, 4.4a which is reproduced from this
investigation,the dashed line curve shows the measured gas temperature-time

Fig. 4.4 a. Calculated (—) and measured (---) tempera-
ture-time curves for a fire compartment with a large ope-
ning. Curve 2 was calculated on the assumption that the
heat removed by ventilation is given by Equation (4.2.2. 48},
and curve 1 on the assumption that the heat removed is 80%
of that according to Equation (4.2.2.4 ¢)
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curve for a fire compartment in which the opening is large in relation to the other
dimensions, and the full lines 1 and 2 represent the calculated gas temperature~
time curves, Both curve 1 and curve 2 were calculated on the assumption that the
rate of combustion during the flame phase is 60% of the corresponding rate of
combustion in a ventilation controlled fire, A further assumption made in calcu-
lating curve 2 was that a quantity of heat was being removed as set out in Equation
(4.2.2.4 e), which implies a flow configuration according to Fig, 4,2,2.4 a, As
will be seen in Fig. 4,4 a, agreement between the measured gas temperature-time
curve and that calculated according to curve 2 is not too good. On the other hand,
curve 1 is in good agreement with the measured gas temperature-time curve., In
calculating curve 1, the gas interchange and thus the heat removed was assumed
to be 80% of those under flow conditions according to Fig, 4.2.2,4 a,

Fire load controlled fires mainly oceur in fire compartments with large openings
in which the flow conditions are difficult to determine, The rate of combustion in
fire load controlled fires is furthermore dependent on the method of storage and
degree of distribution of the fire load, which are also difficult to define. Since,
however, the assumption regarding ventilation controlled fire processes may be
considered to produce steel temperatures on the safe side, it is natural that ven-
tilation controlled fires should generally be assumed in the course of practical

design,

The reason why the assumption that a fire is ventilation controlled produces re~
sults on the safe side is as follows,

It was seen in the example above that the interchange of air in a fire load con-
trolled combustion process may remain at a level as high as 80% of the air in-
terchange in a ventilation controlled fire, in spite of the fact that the rate of
combustion during the flame phase is, for instanc e, only 60% of the rate of com-
bustion in the ventilation controlled fire, This implies that the fire compartment
is continually supplied with an excess of cool air which has no part in the com-
bustion process, but only has a cooling effect. The greater duration of fire that
is a consequence of the combustion process being fire load controlled is compen-
sated for by the fact that, owing to this excess air, the temperature is lower
than in a ventilation controlled fire. The maximum steel temperature in a fire
load controlled process is therefore lower. This is also borne out by Fig. 4,4 b
which shows the calculated maximum steel temperature max &5 2 function of
the fire load q for an uninsulated steel structure and also for insulated steel
structures with different insulation capacities di/)ti . The dashed line curves
relate to gas temperature-time processes caleulated on the assumption of a ven-
tilation controlled combustion process, with an opening factor AVl h/At =0,08
m2, The full line curves have been determined for fire load controlled combustion.
the rate of combustion being assumed to be 50% of that in a ventilation controlled
fire, In addition, the air interchange has been assumed to be 80% of that in a ven-
tilation controlled fire. Fig, 4.4 b shows that the assumption concerning a ven-
tilation controlled fire yields maximum steel temperatures on the gsafe side, In
conjunction with high steel temperatures, which chiefly occur in uninsulated and
lightly insulated steel structures, this is particularly pronounced,
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500

i =020 m Th/keal
Q7mCrw}
200 ; 00 _{msrmi}
50 a 100 Mcal/m?

Fig. 4.4 b. Calculated maximum steel temperature €py,,x in steel structures with different in-
sulation capacities di/A; as a [unction of the fire load q. d; denotes the thickness of insuiation
and A; fhe thermal conductivity of the insulation. The dashed line curves were calculated on

the assumptlon that the fire is ventilation controlied, the opening factor AV h/At being 0. 08m
The full line ciurves were calculated on the basis of a fire load controlled fire, the rate of com-
hustion being 50% of that in a ventilation controlled fire. It was assumed that the air interchange
in the fire load controlled fire is 80% of that in a ventilation controlled fire
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5 TEMPERATURE - TIME CURVES FOR UNINSULATED
STEEL STRUCTURES

5.1 The heat balance equation

The quantity of heat @ which passes through the boundary layer between the com-
bustion gases and the steel section per unit length over a short interval of time
At can be written (see Fig. 5.1 a)

0 =aF(d~9)Ar (kecal/m) | J/m| (5.1 a)

where = surface coefficient of heat transfer in the boundary layer between the
combustion gases and the steel section (kcal/m2 °c h) { W/m? oc |
Fg= the,surgace of the steel section per unit length which is exposed to
fire (m“/m)
‘9t= the gas temperature in the fire compartment at time t (°C)
%s= the temperature of the steel section at time t (°c)
At = the length of time interval (h){ s |

In order to increase the temperature of the steel section byA SS °c, a quantity of
heat Q per unit length is required, the expression for this being

Q0 =, A8V, (keal/m | J/m | (5.1 b)

where G, = the specific heat capacity of the steel (kcal/kg °C) | J/kg °Ct
A%y = temperature rise in the steel section (°C)
V4 = volume per unit length of the steel section (mS/m)
¥ g = density of the steel (kg/ mg)

]

The quantity of heat supplied according to Equation (5.1, a) is equal to the quan-
tity of heat required according to Equation (5.1 b) to increase the steel tempera-
ture byAGS °C. This gives the following expression for the rise in temperature
A § in the section over the time interval At during the fire

x

A9, B g (O ©c) ' 5.1¢)

s vps 5

s

-

r—————-—T!

")

uw

/

ey

l
!;__"
|

anhand

I

Fig, 5.1 a. Uninsulated steel section exposed to fire on ail
sides, 9, = gas temperature in fire compartment, 9, =tem-
perature of steel section
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Derivation of Equation (5,1 ¢) is based on the assumptions

that, at every point of time, the steel temperature is uniformly distribu-
ted over the cross section of the steel member. The thinner the parts of
the cross section, the greater the validity of this assumption.

that heat flow is unidimensional, The smaller the corner effects, the
greater the validity of this assumption

Owing to the high thermal conductivity of steel, these assumptions give satisfac-
tory accuracy in ordinary cases, Sections of extremely thick walls constituie

exceptions to the above.

If the gas temperature-time curve and thus St is known for a fire compartment,
the maximum steel temperature can be determined by calculating the riseAsg
in steel temperature for each time interval by means of Equation (5.1 ¢}.

In Tahle 5 ¢ in the Design Section, maximum steel temperatures £ ... calculat-
ed by computer are presented for different fire loads q and opening factors
A’fPh/At in the fire compartment, The calcilations were performed by means of
Equatijon (5,1 c¢), the different gas temperature-time curves for fire compartiaent
type A (the standard fire compartment) according to Subsection 4,3.3 being used

as the input data,

5.2 The quantities included in the heat balance cquation

5.2.1 The length of the time intervalAt

Since the gas temperature ¢, and the steel temperature g vary with time, the
accuracy in calculating temperatures according to Equation (5.1 ¢) depends on
the length of the time interval At, As a rule, a time interval At corresponding
to one tenth to one twentieth of the duration of the whole fire process provides

fully satisfactory accuracy.

5.2.2 The density of steel y ¢4

The density of steel v is 7850 kg/m?’.

5.2.3 The specific heat capacity cpg of steel

The specific heat capacity Cps of steel varies with the temperature of steel and

its composition, Representative values of the specific heal capacity for ordinary
structural steels at different temperatires are given in Table 5,2.3 a,

Temp O Cps {kca”kg LC) Cps {k'”kg EC]

0 0,115 0,482

100 0,115 0,482

200 0,125 0,522

300 0,134 0,560

400 0,143 0,600 - . .

500 0,153 0.640 Table 5.2.3 a. Representative values of the spe-
600 0,163 0,682 cific heat capacity ¢ lor ordinary structural

5 .
700 0,166 0.69 steels at different temperatures
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9.2.4 The surface coefficient of heat transfer & of the boundary layer

The surface coefficient of heat transfer & of the boundary layer is made up of a
convection portion and a radiation portion. With an accuracy that is sufficient in
a fire engineering context, the convection portion& ;. can be put equal to 20 kecal/
m? °C h {23 W/m?2 °Cl. The temperature dependent radiation portiond ¢ is deter-

mined from the expression

4 4
_ 4.96e, [(19;6—273) _ (195+273) } (keal/m? °C hy

%" 5—. L\ 100 100
5.2,4 a)
_ 577, [(8,+273\* (?95+ 273)* 26
“‘_at—as[( 160 ) 100 | W/m? o
where € r = resultant emissivity
B ¢ = gas temperature in the fire compartment at time t (OC)
¥ ¢ = temperature of the steel section at time t (°C)
The total surface coefficient of heat transfer ¢ =« x ¥¢g is thus
- 4.96e, [ (8,+273\* (§,+273 £ 20
“_20+1‘/‘:—195[( Too ) i%0 ) (keal/m“ "C h) |
(5.2.4 b)

a7 [ (B4 273\ 9.+ 273\9T 2 o
w2+ | (M) (i J1' twm? e

The resultant emissivity ¢ _ is dependent on the emissivities €, and € _ of the
flames and the steel structure and on the sizes of the flames and the steel struc-
ture and their positions relative to one another. In the case of two infinitely large
parallel surfaces, all radiation from the one surface impinges on the other sur-
face, and vice versa. The expression for the resultant emissivity is then

1

T e+ e, —1 {(5.2.4 c)

&

where €, = emissivity of the flames

€g ~ emissivity of the steel section

]

Equation (5.2.4 ¢) can be used for calculation of €.. for a column placed in the
fire compartment which is exposed to fire on all sides, since if it is assumed
that the flames completely surround the column, all radiation from these will
impinge on the column, and vice versa, The emissivity of flames ¢ ¢ which var-
ies, inter alia, with the size of the flames, is usually in the range 0.6 - 0.9
{(43). The emissivity of the steel structure ¢ g can normally be assumed to be
0.8 (43). Taking the emissivities of the flames and the steel structure as 0.85
and 0.8 respectively, Equation (5,2.4 c) gives a resultant emissivity of € =
0.7,

In the event of fire inside the building, a column placed outside the facade will
be exposed to less radiation from the flames than a column placed inside the

fire compartment, Furthermore, the cold outside air retards the temperature
rise in the column. This can be approximately taken into consideration by using
a lower value of the resultant emissivity € p than that applicable to an internal
column, An analysis of the conditions shows that a value of €r = (.3 can be used
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Fig, 5.2.4 a, Floor construction where the flames or sus-
pended ceiling are in their entirety below the floor girders

for a rough assessment of the maximum steel temperature, which is on the safe
side, in a column placed immediately outside a window opening (43).

In the case of floor girders situated in rooms of sufficient height and floor girders
protected by a suspended ceiling,: the whole of the heat emitting surface, i.e. the
flames or the top of the suspended ceiling, is below the girders. Some parts of the
girder surfaces will not be subjected to full radiation in such a case, since they
are partly shielded from the flames by other parts of the girders (see Figure
5.2.4 a). The radiationto which the girders are subjected is dependent on the
width-height ratio b/h of the girders and on the spacing~height ratio ¢/h of the
girders. The resultant emissivity €, as a function of these geometrical condi-
tions is shown in Fig, 5.2,4 b for different values of the emissivity € ¢ for the
flames or the suspended ceiling, The girder and floor emissivities €, and b
have been taken as 0,8 throughout.Unless some other value is shown to be more
correct, it is recommended that a value of 0.85 should be taken as the emissivi-
ty €, of the flames in fire engineering depign.

Er . Er

0,51 E5=E;=0,8
£4=07 = ~c/h=em —— o

5
Lo =7 ° ="
-\ _‘\c/h-_—m
\c/hﬂb

5

e ,
0.5 1,0 b/h 0,5 1,0 b/h
£ Eg=£,.=0,3
' 55— P — &/h=@
0.5 =09 _ - 5
— — -

h=
\C/ ? Fig, 5.2.4 b, Resultant emissivity €, for steel floor gir-

ders under fire exposure conditions, with the flames or the
- suspended ceiling situated below the girders.

€. = emissivity of steel girders, Ebj = emissivity of ffoor
. slab, €, = emissivity of the flames or suspended ceiling,

T e 1o b/h of girders, =1 sections, =---- =box sections

b/h = width-depth ratio of girders, ¢/h = spacing-depth ratio
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Fig, 5.2.4 c. Floor construction where the flames penet-
rate between the girders

Where the flames penetrate between the girders (see Fig, 5.2.4 ¢), the girders
are exposed to greater radiation than floor girders which are situated completely
above the flames, The resul tant emissivity € r for I girders carrying a floor slab
on their top flanges, with the flames penetrating between the girders right up to
the soffit of the slab, is given in Fig, 5.2.4 d as a function of the width-height
ratio b/h of the girders, for different values of the flame emissivity € £ The
emissivity of the girders ¢4 was assumed to be 0.8, Unless some other value
can be shown to be more correct, it is recommended that the value of the flame
emissivity €, is taken to be 0.85 in fire engineering design.

For floor girders of box section, the resultant emissivity €. is to be calculated
in the same way as for a column placed inside the fire compartment, if it is as~
sumed that the flames reach the soffit of the floor slab. If the emissivities of
the flames and the girders are taken as 0.85 and 0.3 respectively, Equation
(9.2.4 c) gives a resultant emissivity of €, = 0.7.

In the case of floor girders where the bottom flanges carry the concrete floor

slab and it is consequently only the underside of the bottom flange that is directly
exposed to fire, heat is conducted away from the flange up into the rest of the gir-
der and the concrete slab. This condition can be approximately taken into account
by basing the calculation of the steel temperature development on a value of the
resultant emissivity that is lower than the value of 0.7 determined purely on the
basis of radiation geometry. A value of €, = 0,5 of the resultant emissivity is
recommended in this case, which gives a steel temperature on the safe side (43).

A summary of the recommended values of the resultant emissivity €. to be used

EI'
0.5-&
£e=0.9
. 0.8
x 0.7
.6
) 0.3 Fig. 5.2.4 d. Resultant emissivity €y for
< I section floor girders where the flames
penetrate up to the floor slab. €; =emissi-
- vity of flames, b/h = width-depth ratio of
girders. The emissivity of the girders is
" o5 10 bfn assumed fo be 0. 8



Fig. 5.2.4 e. The ratio@ /¢, as a func-
tion of the gas temperature §, in-the fire
‘ ) ] . compartment and the temperature &g of
500 > o Tt the steel section

in fire engineering design of different structures is given in Table 5 a in the De-
sign Section. The values quoted give steel temperatures on the safe side,

When the value of € .. is known, the radiation portion &g of the surface coefficient
of heat transfer according to Equation (5.2,4 a) can be calculated with the assist-
ance of Fig. 5,2,4 e, after which the total surface coefficient of heat transfera
is given by Equation (5,2.4 b).

5.2.5 The F /V ratio of the steel section

The ratio FS /VS between the fire exposed surface of the steel section and its
volume per unit length varies as a function of the section dimensions and the
method of construction,

For a floor girder where the floor slab is carried on the top of the top flange, the
fire exposed surface Fs is equal to the total surface area of the section per unit
length, less the area of the top of the top flange, and the volume Vg is equal to
the total volume of the girder per unit length.

In the case of a floor girder where it is only the bottom of the bottom flange that
ig directly exposed to fire, only the volume of the bottom flange and not the whole
volume of the girder is to be takenas V g This approximation, which yields re-
sults on the safe side, means that Fg/Vg is put equal to 1/t, where t is the thick-
nessg of the flange in metres,

For a column placed inside a fire compartment and exposed to fire on all sides,
the fire exposed area Fg is equal to the total surface area of the section per unit
length, and the volume Vg equal to the total volume of the column per unit length.
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In calculating the temperature in a fire exposed column placed outside the facade,
it is best to put the fire exposed area Fg equal to the area of the flange facing
the building plus the area of both sides of the web per unit length, The whole vol-
ume ofthe column per unit length is to be taken as Vg {43).

Examples of the way in which Fg / Vg is to be calculated for different structures
are given in Fig, 5a in the Design Section, Table 5 b in the Design Section also
gives values of the Fg / Vg ratio for rolled T girders for free-standing columns in-
side the fire compartment and for floor girders carrying a floor slab on the top
of the top flange,

5.3 Dependence of the maximum steel temperature on ¥ /VS s €pand Gt

As a rule, the ratio of the fire exposed surface Fg to the enclosed steel volume
Vg exerts a great influence on the maximum steel temperature Bma.x- The max-
imum steel temperature is further dependent on the value of the resultant emis-
sivity€,, Finally, the gas temperature-time relationship Gt& primarily deter-
mined on the basis of the opening factor A\/—h-/At of the fire compartment and the
fire load q, is of great significance for the value of the maximum steel tempera-

ture.

An example of the influence of the Fg /VS ratio on the maximum steel tempera-
ture #, . for two different values of the fire load q, a given resultant emissi-
vity €, and a given opening factor AVh/A,, is given in Fig. 5.3 a.

An-example of the influence of the resultant emissivity €. on the maximum steel
temperature 4,,,. at a given Fgq/Vg ratio and a given opening factor Aﬁ/At
is given in Fig, 5,3 b,

An example of the influence of the opening factor AV-E/A,; on the maximum steel
temperature € .. for a given resultant emissivity € rand a given F/V_ ratio
is given in Fig, 5.3 c,

1000#

hax |

Fig. 5.3 a. Maximum steel temperature

¥max a8 a function of the Fg/V4 ratio of

the steel section for fire loads of q = 10

i {42} and 20 Mcal/m2 {84 MJ/m2}. The

- resuitant emissivity €. = 0.5 and the

- . - . L 4 opening factor of the fire compartment
50 100 15€)F§/V5 200 m Aﬁ/At: 0. 08 m]_/z
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Fig. 5.3 b. Maximum steel temperatfure Fig. 5.3 ¢. Maximum steel temperature
Bmax 25 a function of the resultant emissi-  8py5x as a function of the opening factor
vity €, for fire loads g = 10 {42} and MAh/A¢ of the fire compartment for fire
20 Mcal/m? {84 MJ/m2}. The Fg/Vg loads @ 10 |42} and 20 Meal/m2 L
ratio - 100 m™! and the opening factor of 184 MJ/mzi. The Fg/Vg ratio = 100 m~

the fire compartment AVh/A; - 0. 08 ml 2 and the resultant emissivity €, = 0.3

5.4 Worked example

Calculate the maximum steel temperature under fire exposure conditions for an
uninsulated floor girder shown in Fig, 5,4 a which carries precast concrete floor
units on its bottom flange. Tt is assumed that values of the gas temperature ¥, in
the fire compartment at various times are given in column 3 in Table 5,4 a,

According to Equation (5.1 c),

«
Vs Vs

A= (B —D0)Ar . (°C) (5.4 a)

According to Subsection 5.2.5, the Fy/V ratio for a girder as shown in Fig,
5.4 a can be calculated as 1/t, where t is the flange thickness per metre This
gives Fg/Vg =1/0.02 =50 m™", The density of steel yg = 7850 kg/m>, The spe-
cific heat capacity c,g varies w1th the temperature according {o Table 5,2,3 2,
In this worked examp e however, cpg is assumed to be constant and equal to
0.13 keal/kg °C{ 0,54 kJ/kg oC i, which may be regarded as a reasonable mean
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Fig, 5.4 a, Steel floor girder carrying precast concrete
floor units on the battom flange
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Table 5.4 a. Calculation of the steel temperatu-
re-time carve for a floor girder of the configu-
ration shown in Fig. 5.4 a

Line Time a(kcall (B, ~d)
"~ Rad (min) #,(°C} m*°Ch) (°C) AD°0) ,(°C)
6] 2 &) “@ (5) 6} @

1 0 20
2 207 27,5 187 9
3 2 29
4 622 47,5 593 46
5 4 5
6 850 70 775 8%
7 & 14
3 894 33 730 100
9 8 264
10 937 98 673 109
i1 10 373
12 $00 102 527 38
13 12 461
14 850 105 389 67
15 14 528
16 734 85 206 32
17 16 560
18 620 85 60 8
i9 18 ' 568
20 540 75 —28 -4
21 20 364

value of c,5 at the steel temperatures in question, The léngth of the time in-
terval At is made 2 minutes, i,e. t=1/30 h,

With the above values substituted into Equation (5.4 a), we have

o

A’&s = aia (ﬁt - 'ﬁs) (OC)

. (5.4 b)

The surface coefficient of heat transfer o is calculated according to Equation
(5.2,4 b) with the assistance of Fig, 5.2.4 e, the resultant emissivity € rin
accordance with the recommendation in Subsection 9.2.4 being put equal to 0,5,
Calculation of the steel temperature~time curve by means of Equation (5,4 b) is
illustrated in Table 5.4 g, '

The steel temperature at the beginning of the fire is assumed to be & g =20 °c
(line 1, column 7), In the middle of the first time interval the temperature of
the fire compartment, 8 » is given as 207°C (line 2, column 3), With these tem~
peratures, Fig, 5.2.4 e gives a value of 15 keal/m? °C h for & s/ €p. With € r=
0.5, Equation (5.2.4 b) gives a value of @ =275 keal/m2 °C h (line 2, column
4). The difference between the temperature of the fire compartment 'St and the
steel temperature fg is 187°C (line 2, column 5), These values of & and the dif-
ference in temperature give the rise in steel temperatureA$ g during the first
time interval as 9°C (line 2, column 6). The steel temperature after 2 minutes
is thus 20 + 9 = 29°C (line 3, column 7). Calculation is to be continued in the
same way for each time interval until the steel temperature has attained a max-
imum, As will be seen in the table, the maximum steel temperature of 568°C is
reached after 18 minutes,
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5,5 Comparison of the calculated steel temperature-time curve
with that measured in fire tests

The calculated steel temperature-time curve is compared in Fig, 5.5 a with the

temperature-time curve measured in fire tests for an uninsulated steel floor

girder (43), With the exception of the top flange of the girder, agreement between
the calculated and measured temperature-time curve for the section is good, The
temperature in the top flange is consistently lower than in the rest of the girder.
This is due to the fact that the top flange is exposed to less direct radiation than
the bottom flange, and also that there is continuous conduction of heat away from

the top flange into the cooler concrete slab. No account has been taken of this
conduction in calculating the steel temperature-time curve,

%
1000 __ 4\ K
o L G2
1}1 155 ‘:%.—.——-
Standard fire curve j’@%’, @ @ g © 5 ®
L = —— HE 2208
= = e
7 g /
/// = i/ // !
5 10 . 15 20 min
Fig. 5.5 a. Calculated(---) and measured (—) steel temperature-time (8_ - t) curve for unin-

sulated HE 220 B steel girder
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6 TEMPERATURE - TIME CURVES FOR INSULATED
STEEL STRUCTURES

6,1 The heat balance equation

The quantity of heat Q which is supplied to unit length of an insulated steel sec-
tion over a short time interval At of a fire can, on the assumption that the tem-
perature gradient in the insulation is linear, be written (see Fig, 6.1 a)

i
Q = Jat g, 0= 8 M (kcal/m) |J/m} 6.1 a)

where d; = thickness of insulation (m) '
thermal conductivity of the insulation material (kcal/m °C h)| w/ m°c}

Y; =
&« = surface coefficient of heat transfer in the boundazry Iayer between
the combustion gases and the insulation (kcal/m* °¢C n{w/ m2 °C | !
A, = mterual surface area of the insulation per unit length of the section

i
(m /m)

#; = gas temperature in the fire compartment at time t ( C)
#5 = temperature of the steel section at time t (°C)
At = length of time interval (h)|s |

In order t{o raise the temperature ofjthe steel section by A C a quantity of
heat Q per unit length is required dccording to the expression

@ =c A0 V., (kcal/m) {J/m} (6.1 b)

where Cpg = specific heat capacity of the steel (kcal/kg %y {J/kg °C}
temperature rise in the steel section (°C)
volume per unit length of the steel section (m3/ m)

density of steel (kg/m3)

N
oo
[

If the heat capacity of the insulation in comparison with that of the steel is ig-
nored, the rise in temperatures 39 in the steel section over the time interval

At of the fire is obtained by puttmg the quantity of heat supplied as set out in
Equation (6,1 a) equal to the quantity of heat which, according to Equation (6,1 h),
is required to raise the temperature of the steel section byA%S °C., 1t follows

Fig, 6,1 a, Insulated steel section exposed to fire on all
sides, with an assumed linear temperature gradient in the
insulation,®; = gas temperature in the fire compartment,
Y3 = temperature of steel section
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from this that

(1-""1 + d{lfﬂ‘-i) Vs Cos (4

Ad; (& — B At (°c) (6.1 ¢)

Derivation of Equation (6.1 c) is based on the assumptions

that, at every point of time, the temperatureisuniformly distributed over
the cross section of the steel member, The thinner the parts of the cross
section, the greater the validity of this assumption

that the temperature gradient is linear and that the quantity of energy needed
to heat the insulation is negligible,. The smaller the insulation thickness,
the greater the validity of this assumption

that heat flow in the steel section and the insulation is unidimensional, The
smaller the corner effects, the greater the validity of this assumption

At the temperatures which occur during a fire, the thermal surface resistance
1/¢ can normally be ignored in comparison with the thermal resistance d; /)ti
of the insulation, and Equaticn (6,1 c) can therefore be written in the form

A A AL

__mdiar L o
=z Vs}’scps(ﬁt By) (7C) 6,1 d)

Af,

In comparison with the heat capacity of the steel structure, the heat capacity of
the lightweight insulation materials normally used today is very small, 1t is
therefore generally justifiable to ignore completely the heat capacity of the in-
sulation, as in Equations (6.1 c¢) and (6.1 d). In addition, this is an approximat-
ion on the safe side, If, however, heavier insulation with a greater heat capacity
is used, there may be reason to take into account the quantity of heat stored in
the insulation when the rise in temperature A%, in the steel is being calculated.
In order to approximate this quantity of heat, it is assumed that the mean tempe-
rature rise in the insulation over the time interval At during the fire is equal to
the mean of the rise in gas temperatures Aﬁt and the rise in steel temperature
A‘BS over the same interval of time, i.e. 3 (&3+8% ), The quantity of heat Q;
required per unit length to increase the mean temperatureof the insulation by
3 (A% +A% ) can be written

Q; =, HAD, + AB)d, Ay, (kcal/m) { J/m} 6.1 e)

where cp; = specific heat capacity of the insulation material (kcal/kg °C)} J/kg OC |
A#, = rise in gas temperature over the time interval At of the fire (°C)
y ; = density of the insulation material kg/ m3)

If the quantity of heat supplied, as described in Equation (6,1 a), is put equal to

the sum of the quantity of heat required, according to Equation (6.1 b), to raise the
temperature of the steel by AS 4 OC, and the guantity of heat required accord-

ing to Equation (6,1 e) to raise the temperature of the insulation by SO5 #8 ) °C,
the rise in temperatureAd in the steel section over a time interval At of the fire
is given by the following expression (27), (32)

(8, —9,) At A,
e - 6.11
Vx di Y1 Ai) 2])3 Cps Vs -
i A7 —_ -+
(I/-a.i_d,/‘}l,) YsCps Ag (1 2}’361,3 Vx d:- " CpiA!-+ 1
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The influence of the heat capacity of the insulation is thus taken into account
approximately in Equation (6.1 ),

When the gas temperature $ ¢ in the fire compartment at a given time is known,
the maximum steel temperature can be determined by ealculating the rise in steel
temperatureAd, for each time interval by means of Equation (6,1 ¢), (6.1 d) or

6.1 1.

Tables 6 b and 6 ¢ in the Design Section give values of the maximum steel tem-
peratures &,,,,, calculated by a computer, for different fire loads g and fire
compartment opening factors AV’E/At. For Table 6 b the calculations were per—
formed in accordance with Equation (6.1 ¢}, and for Table 6 ¢ by means of a
special computer program which takes into account the thermal data and their
temperature dependence accurately and according to the principles set out in
Subsection 4.2,2.3, The different gas temperature-time curves for fire compart-
ment type A (standard fire compartment) according to Subsection4.3.3 were used
as input data,

6.2 The quantities included in the heat balance equation

With regard to At,y s» Cps anda , referehce is to be made to Subsections 5,2,1 -
5.2.4, ?

6.2.1 Thermal conductivity A of the insulation

Asg a rule, the thermal conductivity % of the insulation varies with the tempera-
ture. This can be taken into account when calculating the steel temperature by
using the value of A applicable for the actual insulation temperature for each

step in the calculation,

Another possibility is to use a constant value of A; during the whole calculation,
This value should be the mean value of '\i for the entire fire process, Such a mean
value can be estimated by assuming a value for %max= the maximum steel tem-~
perature during the fire (see Fig, 6.2.1 a), The gas temperature-time curve

(‘St - t){see Subsection 4.3.3) is followed to the time during the cooling phase of
the fire when the gas temperature has dropped to the assumed value of Ymax.
This time is about the same as that for the maximum steel temperature, provid-
ed that this is the same as the assumed value of 8,,,,, The mean gas tempera-

A,

Fig. 6.2.1 a. Schematic representation

of the gas temperature-time (§ - t)curve

and the steel temperature-time (Bg-t)

curve. The chain line curve shows the

temperature variation in time in the middle
1 of the insulation
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ture during the fire up to this time is determined by dividing the area underneath
the gas temperature-time curve by the time, The mean value of steel temperature
can be approximately estimated as the mean of the initial temperature of 20°C and
the final temperature ¢ max (@8 assumed). The temperature at the outside of the
insulation can be assumed to he the same as the gas temperafure, and the tempe-
rature on the inside can be assumed to be the same as the steel temperature, If
the temperature in the insulation is assumed to vary linearly from the outside to
the inside, the mean temperature in the middle of the insulation can be determined
from the calculated mean values, i.e. it will be the mean of the gas temperature
and the steel temperature, The calculated mean value of the temperature in the
middle of the insulation is used for the choice of the )1 value, The value of Ai at
different temperatures is given for different insulation materials in Table 6 a in
the Design Section, Using the chosen value of ki, the steel temperature~time
curve and the maximum steel temperature are calculated, If it is found that the
maximum steel temperature is substantially different from the assumed tempe-
rature ® maxs it may be necessary to make a new estimate of the suitable value

of Ai'

Instead of calculating the mean temperature of the insulation, it is possible to
use directly the value of )\i which applies for a temperature equal to the maximum
steel temperature, since calculations show that the mean temperature of the in-
sulation is generally approximately the same as the maximum steel temperature,

6.2,2 The specific heat capacity c,.. of the insulation

pi
As a rule, the specific heat capacity c; of the insulation varies with the tempe-
rature, but usually to a lesser extent than the thermal conductivity A;. If the heat
capacity of the insulation is to be taken into account in calculating the steel tem-
perature, as set out in Equation (6,1 ), a suitable value of Cpi can be determin-
ed in the same way as for A i

6.2.3 The A, /V4 ratio of the steel section

The ratio A. /V_ of the inner surface area of the insulation to the volume of the

steel section per unit length varies as a function of the dimensions of the section
and the method of construction. Fig. 6 a in the Design Section gives examples of
the calculation of the A; /Vg ratio for different methods of construction,

6.3 Dependence of the maximum steel temperature on A; Vg, 44 A and B¢

The ratio of the inner surface area A; of the insulation to the enclosed steel vol-
ume Vg generally exerts a great influence on the maximum steel temperature
¥ pax- Furthermore, the maximum steel temperature is greatly dependent on

the value of the insulation capacity d;i/¥;j. Finally, the gas temperature-time
relationship 8, primarily determined on the basis of the opening factor AVh/A :

of the fire compartment and the fire load q, is of great significance for the value
of the maximum steel temperature,

An example of the influence of the A; /VS ratio on the maximum steel tempera-
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Fig. 6.3 a. Maximum steel temperature Fig. 6.3 b. Maximum steel temperature
Bnax &5 a function of the A; /v ratio for ¥max 25 a function of the insulation capa-
fire loads of 25 {105] and 200 Mcal/m?2 city d;/Aj for fire loads q = 25 {105} and
{420 MJ/mzf. The insulation capacity 100 Mcal/:rn2 {420 MJ/m2}|. The Ai/Vg
di/A; = 0.20 m2 h OC/keal {0.172 m2 . ratio = 100 m™1 and the opening factor of
oC/W} and the opening factor of the fire the fire compartment AVh/A; = 0. 08 ml/2
compartment Aﬁ/At = 0.08 ml/2
o
1000}
Fn |
500t
S Fig. 6.3 c. Maximum steel temperature
L 925 fios #max as a function of the opening factor
] of the fire compartment AVh/A, for fire
loads g=25 {105} and 100 Mcal/m2
L o {420 MJ/m2|. The A;/V ratio =100 m™}
0 ayp 008 o)z m” and the insulation capacity d;/A; = 0. 10
v m2h °C/keal {6. 086 m? OC / W}

T

ture Sm for two different values of the fire load g, and given values of the
ratio d;/A; and the opening factor A\/H/At, is given in Fig. 6.3 a,

An example of the influence of the insulation capacity d; /Ai on the maximum steel
temperature ©,,,, for a given A/ Vg ratio and a given opening factor A“/_If:/At is
given in Fig, 6.3 b,

An example of the influence of the opening factor AV h/A¢ on the maximum steel
temperature &, for a given A; /Vg ratio and a given insulation capacity d; A
is given in Fig. 6.3 c, .

6.4 Worked example

Calculate the maximum steel temperature for an HE 200A column insulated as
shown in Fig. 6.4 a with 15 mm slabs of a vermiculite bagsed material and
exposed to the action of fire on all sides. The values of the gas temperature© ¢
in the fire compartment at different times are given in column 3 in Table 6,4 a,
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Fig. 6.4 a. Steel column insulated with 15 mm thick slabs
of vermiculite based material

According to Equation (6.1 d},

_hd 1 e e
~a',-Vsyscm(§‘ ) At - (G (6.4 a)

Ad,

With dimensions as in Fig, 6.4 a, we have
A;=0.20- 2+0,19- 2=0.78 m%/m, V =0.00538 m%/m, A/V_ =145 m™!

The temperature dependence of the heat capacity is ignored, and Cps is put
equal to a constant value of 0,13 keal/kg®C | 0.54 kJ/kg°C}, which may be re-
garded as a reasonable mean value at the steel temperatures which obtain, The
density yo = 7850 kg/ m®. The length of the time interval At is made 6 minutes,
i.e, At =1/10 h. The insulation thickness d; = 0.015 m,.

The thermal conductivity A; of the insulation is a function of the temperature.
In order to estimate a suitable mean value of A is it is assumed that the maxi-
mum steel temperature is about 550°C. Column 3 of Table 6.4 2 shows that the
gas temperature Bt will have dropped to this value after about 50 minutes. The
mean gas temperature over this period will be approximately

1/9(622 + 937 + 973 + 1001 + 1024 + 872 + 732 + 625 + 569) = 820°C

The mean temperature of the steel section over the same period will be approx-
imately % (20 + 5350) = 285°C,

The mean temperature in the middle of the insulation will thus be approximately
(285 + 820)/2 = 55000, i,e. about the same as the assumed maximum steel tem-

perature.

It will be seen in Tabie 6 a in the Design Section that the thermal conductivity of
slabs of vermiculite based material at 550°C is approximately 0,12 keal/m °C h

{0.14 w/m°cl,

When the above values are substituted into Equation (6,4 a), we have
e (°C) (6.4 b)

Calculation of the steel temperature~time relationship using Equation (6.4 b) is
illustrated in Table 6.4 a, ) :
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Table 6.4 a. Calculation of the temperature-
time curve for the steel construction in Fig. 6. 4a

Line Time(min)2,(C) (8—8)(CC) Af (O 8,(°C)
0y 2 ) @) &3] (6}

1 0 20
2 622 602 68
3 6 88
4 937 349 97
5 12 185
6 973 788 90
7 18 275
8 1001 726 83
9 24 358
10 1024 666 76
11 30 434
12 872 438 50
13 36 434
14 732 284 28
15 42 512
i6 625 113 13
17 48 525
18 569 44 )
19 54 530
20 508 -21 -2
21 60 : 528

It is assumed that the steel temperature "Ss = 20°C at the beginning of the fire
(line 1, column 6). In the middle of the first time interval, the temperature &
of the fire compartment is given as 622°C (line 2, column 3). The difference
between the temperature ﬁt of the fire compartment and the steel temperature
95 is 602°C (line 2, column 4). When these values are substituted into Equation
(6.4 h), the riseA\‘}S in steel temperature during the first time interval is
given as 68°C (line 2, column 5), The steel temperature after 6§ minutes' fire is
thus 20 + 68 = 88°C (line 3, column 6). The calculation is to be continued in the
same way step by step until the steel temperature reaches a maximum, It wiil
be seen from the Table that the maximum steel temperature of approximately
530°C is reached after about 54 minutes. The calculated maximum steel tempe-~
rature is in good agreement with the assumed temperature, and there is there-
fore no need to correct the assumed value of Ai.

Instead of using a constant estimated mean value of Aj as in the example, it is
possible at each step in the calculation to use the value of A ; which applies at
the temperature that occurs in the middle of the insulation at the middle of each
time interval, This temperature may be assumed to be equal to the mean value
of the gas temperature 'St and the steel temperature 'Bs' Normally, these two
methods give practically identical results with regard to the maximum steel tem-

perature,

6.5 Comparison of the calculated steel temperature-time curve
with that measured in fire tests

Calculated steel temperature-time curves are compared in Figs. 6.5a, 6.5b
and 6.5 ¢ with curves measured in fire tests on steel sections insulated with slabs
of mineral wool which were exposed to fire on all sides, There is consistently
good agreement between calculated and measured temperature-time curves, The
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calculations were performed using the more accurate one of the methods present-
ed, which means that both the heat capacify of the insulation and the temperature
variable thermal conductivity were taken into consideration,

O

o B
1000F T

Fig. 6.5 a. Calculated {---) and measured
(—) mean temperature-time{¥, - f) curve
in a steel section insulated with 40 mm
thick mineral wool slabs of density v -

140 kg/m3. The Aj/Vg ratio of the section
= 250 m~1. The chain line curve indicates
the gas temperature-time (8; - t) curve

o
1000~ P
-
—
L~
o~
800 -
V'
/ o
500k | _z
ii Fig. 6.5 b. Caleulated (---) and measured
400_!’ pd {(—) mean temperature-time {&5 - t} curve
j < in a steel section insulated with 60 mm
I - thick mineral wool slabs of density v -
200,— 140 kg/mS. The Ai/Vs ratio of the section
: _.—" = 250 m~L. The chain line curve indicates
. 3 : TR the gas temperature-time (8, - ) curve
5 |
< B e
1000 i
Fig. 6.5 ¢. Calculated (---) and measured
{——) mean temperature-time (45 - t) curve
in a steel section insulated with 60 mm thick
mineral wool slabs of density ¥ = 140 kg/m"™.
The A;/Vg ratio of the section = 400 m™ ~.
The chain line curve indicates the gas tem-
perature-time (&, - {) curve
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7 TEMPERATURE -~ TIME CURVES FOR STEEL STRUCTURES
WITH INSULATION IN THE FORM OF A SUSPENDED CEILING

7.1 The heat balance equation

Calculation of the steel temperature-time curve during a fire for a floor carried
on steel girders which is insulated in the form of a suspended ceiling (see Fig,

7.1 a) is more complicated than the corresponding calculation for steel structures
where the insulation is placed around the structural element itgelf, In the latter
case, the gas temperature in the fire compartment is used directly in the course
of calculations, while in the case of a structure with insulation in the form of a
suspended ceiling it is necessary first of all to determine the surface temperature
at the top of the suspended ceiling and at the soffit of the floor slab before the steel
temperature can be calculated in a second calculation stage.

! - - > > B - A » [

- - » »> [ R Y S > 2,

' , |
! !

[ !

=

Fig, 7.1 a. Steel girder floor construction with insulation
in the form of a suspended ceiling

7.1,1  Calculation of the surface temperature
of the floor slab and the suspended ceiling

Calculation of the surface temperature of the floor slab and the suspended ceiling
can generally be carried out without considering the heat capacity of the steel gir-
ders, the air gap and the suspended ceiling, This approximation is a reasonable
one, since it is usually the heat capacity of the floor slab which predominates, The
approximation also yields calculated temperatures on the safe side, In the calcula~-
tion the floor slab is divided into a number of elements as shown in Fig, 7.1,1, a,
If the heat capacities are ignored, the temperature drops in the various surfaces
and layers from the fire compartment to the floor slab are proportional to the ther-
mal resistance of the surface or layer concerned. Using the symbols set out in Fig.
7.1.1. a, the following expressions therefore hold for the surface temperatures

1
By = — K— (9, — By (°C)
&1
I 4 o
By=t—K|—+ ) — ) (°C) (7.1.1 a)
oy Ay
ﬁy,&ﬂt—K(iﬂ%i)(m—ﬁl) ©c)
oy A o
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K Ao

®g, 7.1.1 2, Division of the floor slab into elements

where ﬁt = gas temperature in the fire compartment at time t ey

9, = temperature in the middle of the lowest strip of floor slab at

time t (°C)

d; = thickness of suspended ceiling
A, =thermal conductivity of suspended ceiling (keal/m oC h) W/m °C |
%; = surface coetficient of heat transfer in the boundary layer between
o the combustion gases and the suspended ceiling (kcal/m2 oC hy [wW/ m?2 °C}

5 = surface coefficient of heat transfer for radiation and convection between
the suspended ceiling and the floor slab (keal/m? °C h) {W/m? °C |

The coefficient K can be written

K (keal/m2 °C h) {Ww/m2°C } (7.1.1. b)

Lo 1 ox

o3
A a2y

thickness of the lowest floor slab strip (m)

where Ax

X

bi thermal conductivity of floor slab (keal/m %C h) {W/m Rof

The surface coefficient of heat transfer ¢y can, with sufficient accuracy, be con-
sidered composed of a constant convection portion and a temperature dependent

radiation portion (see Subsection 4.2.2.3}.

496 [[HE 2T (B, 273
a=20+ 525 | (M) - (45 )] (keal/n? C
(7.1.1. c)
L 5 T7e [(B 213\ (8, 273\ 26
xl—za.@t_ﬁw[( 100) ( 100 )] | W/m™C|

The resultant emissivity fr can be calculated from the formula

: 7.1.19)

&= lie,+1je;— 1
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where € =emissivity of the flames
€; = emigsivity of the surface of the suspended ceiling

With the emissivity of the flames € t = 0.85 and the suspended ceiling emissivity

€; = 0.8, Equation (7.1.1, d) gives a resultant emissivity €, = 0.7 (see Subsection
3.2.4),

As regards the surface coefficient of heat transfer & 2, the convection portion can
be assumed to be smaller than in the case of 04, since the surfaces involved are
not exposed to the fire directly, A reasonable value for the convection portion of
the surface coefficient of heat transfer’' in this instance is 7.5 keal/ m? °C h
8.7 W/m2°C i(19). Furthermore, the resultant emissivity can be calculated on
the assumption that the emissivity of both the suspended ceiling surface and the
slab surface is 0,8 (43). According to Equation (7,1.1 d), this gives the valune

‘¢ = 0.67. The surface coefficient of heat transfer &g can therefore be written

o 496-0,67[ (8, 273\ (8, +273)* o

=75+ P [( 100 ) ( 50 ) (keal/m? C h)
{(7.1,1e)

o 577-0,67 0y,+273)4_(39y,+273 4} 90

SR [ ) W/m=C |

In order to calculate the surface temperatures according to Equation (7.1.1 a),
we musi know the temperature 91 in the lowest strip of the floor slab according
to Fig, 7.1.1 a, in addition to the combustion gas temperature ¥, in the fire
compartment. The temperature «91 is calculated from the heat batlance equation
of the floor slab elements by division of the fire into a number of short intervals
At, in analogy with the calculation of the temperature field in the constructions
surrounding a fire compartment (see Subsection 4,2,2,3), This gives a system of
equations

A, 1 1

Ax; elx, ﬁ)ym = An (ﬁy,—ﬁﬂ—m(ﬁl—%)
4o —Ta
. 2i(x, §) 24(x, 9) " 2A(x, #)
Ad, 1 I
M YR T B b W TR T w0
] 2ilx, 9 24(x, D) 20(x, &) 2ix, P
?
A9, 1 o 1 ~
Ax,elx, 0}y AL —m(ﬁnvl 4,) Ax, 1 (F,— )
24(x, ) 24(x, 9) 2x, 8) " ()

where c(x,%; = specific heat capacity at section x at temperature (keal/kg ©C)
{J/kg °C ]
¥ = density at section x (_kg/m )
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A (x, 8) = thermal conductivity at section x at temperature % (keal/m °C h)
{w/m oc} :

Gk = temperature at the centreof layer k (°C)

Ax,  =thickness of layer k (m)

& ,(4) = surface coefficient of heat transfer at the top of the floor slab

(keal/m2 °C h) {w/m2 °c |
For &, , the approximate expression is (19)

% =7.5+0,0284,  (kcal/m2 OC h)
(7.1.1 g)

%, =87+0.0334,, |1W/m2°c}

When the expression for By according fo Equation (7,1.1 a) is substituted into
the system of equations (7 .f.l 1), this can be solved by numerical integration,
for instance according to the Runga-Kuttas procedure, The surface temperatures
8 .5 18 i i
vt Uy and Vs are then obtained from Equation (7,1.1 a),
If the heat capacity of the suspended ceiling is alse to be taken inte account, the
ceiling must also be split up into a number of strips, and the system of equa-
tions (7.1.1 ) must be extended by heat balance equations for these strips. This
eliminates Equation (7.1.1 a), The required surface temperatures are then ob-
tained from the extended system of equations.

7.1.2 Calculation of the steel temperature

The quantity of heat Q per unit lergth of steel section which is required to
raise the steel témperature byA 4§ OC is

0=, AF, Vyy, (kcal/my) {J/m} (7.1.2 a)
where Cps = specific heat capacity of the steel (kcal/kg©C) {J/kgOC |
(see Subsection 5.2.,3)
A%, = temperature rise in the steel section(°C)
Vg = volume of the steel sectlon per unit length (m /m
Y, = density of the steel kg/m ) {(see Subgection 5.2.2)

It is assumed that the steel section is exposed to heat radiation from the top of
the suspended ceiling and the soffit of the floor slab, and to heat transfer by con-
vection, If the air temperature in the space between the suspended ceiling and
the floor slab is assumed to be the same as the mean of the surface temperatures
%y, and %, (see Subsection 7.1,1 a), then the quantity of heat Q which is sup-
plied to the Steel section per unit length over the time interval At can be written

B,
o= Olse Fs(ﬁya Vﬁs)At T, Fs(ﬁy: s) Ar T ( m;—ﬁy!dﬂ's) Ar (kcal/m) {J/m i
(7.1.2 b
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where Fg =surface area of the steel section per unit length, with the exception
of the part carrying the floor slab (m2/m)
¥ 4 = temperature of steel section at time t ( °C)
$ yo© temperature of the top surface of the suspended ceiling at time t (°C)
& 7 temperature of the surface of the floor slab soffit at time ¢ g)C)

&, ,%s = surface coefficients of heat transfer due to radiation (keal/m<°C h)
{w/m=°c |

&y = surface coefficient of heat transfer due to convection (keal/ m20C h)
fw/m2?°c |

The radiation portions Ugo and 0553 of the surface coefficients of heat transfer
are obtained from the expressions

_ 495, (79,,,+273 t(9,+ 273\ oo
B 100 100 (kcal/m* °C h)

_ 577 [{8,+273)¢ (195+273)4] 26
%'_ﬁy,—ﬁs[( 100 ) 100 {w/m= °c |

{7.1.2 ¢)
496z [(d,+273\% [&,+273\*

%7, -, [( 100 ) "( 100 )) (kcal/m? °C h)

_ 577, [(ﬁy,+273)4_ (ﬁs+273ﬂ 9
%75 9, \" 100 100 {W/m? °c |

Calculation of the resultant emissivity € r between two radiating surfaces, in

accordance with Equation (7.1.1 d), presupposes that zll radiation from one of
the surfaces strikes the other surface, and vice versa. This does not occur in
the case of steel girders in a construction as shown in Fig. 7.1.1a. For this

reason, apart from the emissivities of the surfaces, the value of €y, will also

depend on the shapes and spacing of the girders, The value of €y can be found
from Fig. 5.2.4 b, a convenient assumption being that all surfaces on the sus-
pended ceiling, floor slab and girders have an emissivity of 0,8,

The convection portion ay of the surface coefficient of heat transfer can, with
sufficient accuracy, be put at a constant value of 7.5 keal/m2°C h|8.7 W/m2°C §
(see Subsection 7,1.1).

From Equations (7.1.2 a) and (7.1.2 b), the rise in temperatureABS in the steel
section over the time interval At is obtained as

FoAL % %,
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7.2 Comparison of the calculated steel temperature-time curve
with that measured in fire tests

Calculated steel temperatures in girders insulated with a suspended ceiling are
compared with those measured in the course of fire tests in Figs. 7.2a - 7.2 ¢,
In Fig. 7.2 a the suspended ceiling consists of mineral wool slabs, and in Figs.
7.2band 7.2 ¢ of gypsum plasterboard,

In all cases, thefloor slab is of concrete. Consideration was given in the caleu-
lation to the possibility that the plasterboard may disintegrate. The assumption
made was that disintegration occurs when the temperature on the unexposed side

reaches a calculated value of 550°C. Agreement between the calculated steel
temperature~time curve and the measured one is satisfactory.

°C

200+

Fig., 7.2 a. Calculated (---) and measured
{—) steel temperature-time (&5~ t) curve
for a floor girder IPE 140 with insulation
in the form of a suspended ceiling of 40 mm
thick mineral wool slabs of density

¥ = 150 kg/m>. The figure also gives the
calculated (- 0 -) and measured (- x -)
temperature-time curve for the top of the
50 mm thick concrete floor slab. The
curveg are drawn on the assumption that
the gas temperature-time curve conforms
to the standard fire curve

Fig. 7.2 b, Calculated (---) and measured
(—) steel temperature-time (&5 - t) curve
for a floor girder IPE 270 with insulation in
the form of a suspended ceiling of one 13 mm
thick slab of gypsum plaster of density

v =790 kg/m3. The floor slab is of con-
crete. The figure also gives the calculated
{- 0-) and measured (- x -) temperature-
time curve for the top of the suspended
ceiling. The curves are drawn on the
assumption that the gas temperature-time
curve conforms to the standard fire curve
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Fig, 7.2 ¢, Calculated (~--) and measured (—} steel tem-
perature-time (SS - t) curve for a floor girder IPE 270 with
ingulation in the form of a suspended ceiling of three 13 mm
thick slabs of gypsum plaster of density ¥= 790 kg/m3. The
floor slab is of concrete. The figure also gives the calculat-
ed (- o -) and measured (- x -) temperature-time curve for
the fop of the suspended ceiling,- The curves are drawn on

the assumption that the gas temperature-time curve conforms
to the standard fire curve

7.3 Influence of the material and thickness of the floor slab
on the steel temperature

The heat capacity of the floor slab has a great influence on the surface tempe-~
ratures on the suspended ceiling and the slab (see Subsection 7. 1.1), and con-
sequently on the steel temperature, in the event of fire. This is illustrated in

Fig. 7.3 in which the calculated steel temperature-time curves are compared

for floor slabs of concrete and lightweight concrete with a density ofy = 500 kg/ m3,
The steel sections and the suspended ceiling are identical in the two cases.
When the floor slab consists of lightweight concrete, the heat capacity of which

is considerably less than that of ordinary concrete, the steel temperature is
appreciably higher than when the floor slab is of ordinary concrete.

It appears from the caiculations that the thickness of floor slabs made of con-~
crete and lightweight concrete has very little influence on the steel temperature-
time curve, at any rate in the range which is of practical interest for floor slabs .
The reason for this is that it is only the lower portions of the floor slab which are
heated to any appreciable extent, and thus contribute to the storage of heat, during
the relatively short periods in a fire, This is illustrated in Fig, 7.3 b in which
the calculated steel temperature-time curve has been plotted for different thick-

nesses of the floor slab,
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Fig. 7.3 a. Calculated steel temperature-time (#4 - t)
curve for a floor girder IPE 330 with insulation in the
form of a suspended ceiling, carrying a floor siab of
concrete(}and light-weight concrete of density ¥ =

500 kg/m3@). The suspended ceiling consists of a2 25mm
thick slab of Rockwool mineral wool of a density

v = 150 kg/m?’. The thickness of the floor slab is in
both cases 85 mm. The curves are drawn for a gas-
temperature-time curve for a standard fire

&
‘c
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dy- 5em
oot . _
/db-m‘ 15, 20cm

200

Fig. 7.3 b. Calculated steel temperature
time (£ - t) curve for a floor girder IPE
140 with insulation in the form of a suspen-
ded ceiling, carrving a floor slab of con-
crete ol different thicknesses dy,. The sus-
pended ceiling consists of a 40 mm thick
slab of Rockwool mineral wool of a density
¥y =75 kg/m3. The curves are drawn for

a gas temperature-time curve for a stan-
0E 1 15 h dard fire

100
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7.4  Practical design and the need for fire tests

The maximum steel temperatures under fire exposure conditions in girders in-
sulated by a suspended ceiling have been calculated and set out in Table 7 b in the
Design Section, With regard to fire exposure, the input data used are those relat-
ing to the gas temperature-time curve for fire compartment Type A (standard fire
compartment) according to Subsection 4,3.3, The maximum steel temperature
Bma.x is given as a function of the fire load q, the opening factor A\fH/At, and
the Fg/Vg ratio of the steel section for different values of the insulation capacity
d; / ki of the suspended ceiling, The maximum temperature in the middle of the
suspended ceiling is also given in Table 7 b, The values set out are applicable to

floors comprising a slab of concrete,

Fire tests performed on suspended ceilings have shown that, for many suspended
ceiling constructions, it is not the maximum steel temperature which is critical,
but the resistance to fire of the suspended cejling and the suspension devices., The
suspended ceiling may, for instance, deform so much after a relatively short ex-
posure to fire that substantial cracking occurs or the ceiling wholly or partiaily
falls down after a time, In such suspended ceiling constructions it is obviously im-
possible to assess the maximum steel temperature purely on the basis of the insul-
ation capacity d i/ Ai determined. by the thickness and thermal conductivity of the
suspended ceiling, However, the results of fire tests on such suspended ceilings
permit the determination of fictive values of d; /A 1 for such ceilings, the effect
due to the ceiling not remaining intact during the entire fire being included in
these fictive values. Determination of these d; /A values can be carried out using
Fig. 7.4 a. This gives the calculated steel temperature-time curve for girders
insulated by means of a suspended ceiling when exposed to a fire which gives rise
to a gas temperature-time curve corresponding to that used in standard fire tests,
The steel temperature is given for different values of the FS/VS ratio of the girders
and for different values of the insulation capacity d; / )‘1 Fig. 7.4 a also shows the
calculated temperature-time curve in the middle of the suspended ceiling. The steel
temperature-time curve determined in the course of fire tests is to be compared to
the calculated temperature curve plotted in Fig, 7.4 a, and the suspended ceiling
given a fictive dj /)X value corresponding to the value for that curve in the figure
which agrees most closely with the measured steel temperature-time curve, Fire
tests also frequently provide information on the length of time that elapses before
the strength of the suspended ceiling is appreciably impaired. By reading off the
temperature corresponding to this time in the appropriate curve in Fig, 7.4 a, it
is possible to determine the critical temperature for the suspended ceiling in queg~
tion from the calculated temperature-time curve for the suspended ceiling,

Fictive d;/ A ; values and critical temperatures have been determined for a num-
ber of types of suspended ceilings in a fire test series performed at the National
Swedish Institute for Testing and Metrology in Stockholm (44). The compesitions
of these suspended ceilings and the results obtained are set out in Table 7 a in
the Design Section. The fictive d; /X ; value and the critical temperature are given
for each suspended ceiling type, In all cases, assessment of the d;/A; value and
the critical temperature for the suspended ceiling was on the safe side, With the
assistance of these fictive d; /A i values, the maximum steel temperature under
fire exposure conditions in a girder insulated with one of the suspended ceilings
listed can be determined from Table 7 b in the Design Section as a function of the
fire load q.and the opening factor M/At, This Table also gives the maximum
temperature in the suspended ceiling, This temperature must be checked against
the critical temperature of the suspended ceiling as set out in Table 7 a in the

Design Section,
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{ d/ %02 m*hT fkeal i d/A= Q3 reh T/ keal
a7 mforw 400t / o2sariT/wW)

Fig. 7.4 a, Caleculated steel temperature-time (§g - t) curves for floor girders of different

S/V ratios with insulation in the form of a suspended ceiling, when exposed to action accor-
ding to the temperature-time curve for a standard fire. F denotes the surface area of the
steel girder per metre, excluding the part covered by the ﬂoor siab (mz/m), and Vg denotes
the volume of the girder per m (m /m d denotes the thickness of the suspended ceiling and
)\ its thermal conductivity (kual/m OCHh) | W/m OC] The dashed curve shows the calculated
var1at10n with time of the temperature in the middle of the suspended ceiling
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8 TEMPERATURE - TIME CURVES FOR PARTITIONS

The requirements imposed on a partition are that it should be impervious to
the penetration of flames and also that it should limit the rise in temperature
on the unexposed side. A construction which constitues the boundary of a fire
compartment may include functionally necessary components such as doors and
windows which have a fire resistance lower than that required of the rest of the
construction. The assumption made in relation to these components is that
spread of fire through them is prevented by the action of the fire brigade, arri-
ving within the normal time, or by some other means.

According to requirements in regulations (see Subsection 2. 4. 2}, the rise in
temperatur% on the unexposed side of the partition must not exceed an average
value of 140°C, nor 180 C over limited areas of the surface. Generally approved
constructions which meet these requirements are listed in a schedule of products
of fire engineering classification which is published and annually revised by the
National Swedish Board of Physical Planning and Building. The limitation of the
rise in temperature to 140 C and 180°C respectively is related to the heating phase
of a standardised fire. Furthermore, these values are chosen in such a way as to
allow for an estimated reasonable rise in temperature during the cooling phase of
the fire. In a rational fire engineering design process based on the complete fire
process which also includes the cooling phase, it is therefore reasonable to modi-
{y these figures. On the sidéa not exposed to fire, a maximum temperature (not
rise in temperature) of 200 C on average, and 240 C over limited areas, can
therefore be accepted. '

The temperature on the side of a partition which is not exposed to fire can be
calculated using a heat balance equation in analogy with Equation(4.2.2,3 b), by
dividing the construetion into a suitable number of strips. The input data used in
the calculation is the combustion gas temperature & in the fire compartment, de-
termined according to Section 4.

If a partition contains materials which attain temperatures critical with regard to
disintegration during a fire, this must be taken into account in calculating the tem-
perature field of the construction. The flow chart for the calculation of the varia-
tion in time of the temperature field, under fire exposure conditions, in a partition
of steel stud with sheets of plasterboard, which takes into account the disintegra-
tion of the plasterboard, is shown in Fig. 8 a (26).

The calculation method indicated has been experimentally verified by means of

fire engineering tests. By way of example, Fig 8 b shows measured and calculated
temperature-time curves in different parts of a partition consisting of a lightweight
steel frame insulated with two 13 mm sheets of plasterboard on each side. The posi-
tions of the temperature gauges are shown in the inset figure. On the basis of re-
sults obtained in fire tests on plasterboard, it is assumed that the plasterboard dis-
integrates when the temperature on the side of a sheet which is facing away from the

fire has reached 5500C.

The calculation method has been used for systematic calculation of the tempera-
ture-time field in a steel stud-plasterboard wall, for different gas temperature-
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Fig. 8 b. Calculated (~ - -) and measured (—) temperature-time field for a steel stud wall, in-
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and

exposed to fire on one side. The positions of the temperature gauges are shown on the wall
cross sections. The curves are drawn on the assumption that the gas temperature-time curve
conforms to the standard fire curve
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- time curves in the fire compartment. The results are set out in Figs. 8 ¢ and
8 d in which the maximum temperature &, on the side of the wall. which is not -
exposed to fire 18 given for the complete fire process as a function of the fire

load q for different values of the opening factor AV h/A; of the fire compart-
ment, Fig, 8 c relates to a wall with two 13 mm sheets of plasterboard on each

side, and Fig. 8 d to a wall with one 13 mm sheet of plasterboard on each side.
With regard to fire exposure, the input data used was the gas temperature-time
curve for fire compartment Type A (standard fire compartment) aceording to
Subsection 4.3,3,

Corresponding cailculations of the maximum temperature #max on the side not
exposed to fire have been made for a wall with slabs of mineral wool 50, 100 and
150 mm thick respectively between arbitrarily chosen incombustible external
layers. The results are shown in Fig. 8 e, No account has been taken of the heat
capacity and thermal insulation capacity of the external layer in calculating the
surface temperature of the wall, This implies that, the higher the heat capacity
and heat resistance of the external layer, the more the temperatures given in
the figures are on the safe side, and the greater the underestimation of the real

fire separating capacity of the wall in question.

In the Design Section, Fig. 8 a gives a summary of the results set out in Figs,

§ ¢ - § e. This figure contains the combinations of fire load ¢ and opening fac-
tor AVh/ A; for which the maximum temperature B maxs On the sides of the dif-
ferent types of wall which are not exposed to fire, does not exceed 200 °c, i.e.
the conditions under which the partitions meet the stipulated temperature require-

ments,

%
500}
400+
12
1”“6!
300 Fig. 8 ¢. Calculated maximum temperature
¥max during a complete fire process on the
200} unexposed side of a steel stud-gypsum plas-
ter sheeting wall as a function of the fire
100k load g and the opening factor of the fire com-
partment AVh/A :. The wall is insulated on
C !{MJImZ} each side with two 13 mm gypsum plaster
20 40 60 8O 100 120 40 160 Mcal/m’ sheets of demsity y = 790 kg/m3
Q
T
500+
400r
',;n.'jx
300r Fig. 8 d. Calculated maximum temperature
#pax during a complete fire process on the
200+ unexposed side of a steel stud-gypsum plas-
ter sheeting wall as a function of the fire
100l load g and the opening factor of the fire com-
partment Aﬁ/At. The wal] is insulated on

t 100 200 300 400 500 600 {My/ni) each side with one 13 mm gypsum plaster
20 40 60 80 a 00 120 40 Mealind sheet of density ¥ = 790 kg/m3
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Fig. 8 e. Calculated maximum temperature
"Smax during a complete fire process on the
unexposed side of a wall insulated with
mineral wool as a function of the fire load g
and the opening factor of the fire compart-
ment AVh/A; . The external layers ol the
wall may be of any incombustible material,
The wall is made with mineral wool of an
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No account has been taken of the heat capa-
city and thermal resistance of the external
layers
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9 CRITICAL LOAD UNDER FIRE EXPOSURE CONDITIONS FOR A STEEL
STRUCTURE SUBJECT TO A FLEXURAL, TENSILE OR COMPRESSIVE
LOADING WITHOUT THE CONCOMITANT RISK OF INSTABILITY

9.1 Determination of the critical load on the basis of the yield stress at ele-
vated temperatures or the 0,2% proof stress

Determination of the loadbearing capacity of a steel structure under fire exposure
conditions requires knowledge of the deformation and strength properties of the

steel over the temperature range covered during a fire. In the case of structures
subject to flexural, tensile or compressive loading without the concomitant risk of
instability, such determination is often based on the 0.2% proof stress of the steel,
i.e. the stress which produces a residual strain of 0.2%. This proof stress is em-
ployed instead of the yield stress, since there is no real yield region in usual struc-
tural steels at elevated temperatures. A relationship between the 0.2% proof stress
Tg. 9 a8 a percentage of the yield stress at room temperature, and the steel tempera-
ture 85 is shown in Fig. 9.1 a (45). This relationship has been determined for tensile
test specimens loaded at the temperature concerned at such a slow rate that the values
include a considerable influence of short-term creep at high temperatures,

If the 0. 2% proof siress is employed as the design stress under fire exposure condi-
tions for a steel structure subject to flexural, tensile or compressive loading without
the concomitant risk of instability, it is suitable to base assessment of the loadbearing
capacity of the structure on the limit state theory (46). The stipulation is made that
the shape of the cross section is such, or the structure is braced in such a way, that
instability failure in the form of buckling or lateral buckling is not of critical signifi-
cance for the loadbearing capacity. If the shape of the cross section is such, or the
structure is braced in such a way, that the permissible bending stress according to
Steel Construction Code 70 (54) need not be reduced in view of the risk of buckling or
lateral buckling at room temperatures, then it may be supposed that there is no risk
of such instability failure at elevated temperatures. If, however, the permissible ben-
ding stress at room temperatures must be reduced in view of the risk of buckling or
lateral buckling, limit state design should not normally be employed for the determina-
tion of the critical load of the structure under fire exposure conditions. The critical
load under fire exposure conditions should instead be calculated in the same way in

GQZ'E
%
100 i
: L |
TS me
80 ] : | : X !
e INEN ]
. ™
50 : N \+\ \\\r !
J | " %2
40 1 i | ; NA
| [ | N
i P | 1 ﬂ E Fig. 9.1 a. The 0. 2% proof stress 059
20— ' ? ! and the modutus of elasticity E as a func-
- — tion of the steel temperature $g for a miid
’ I J structural steel (45)

200 " 400 600%C
]



101

principle as at room temperatures, with the difference that the values of the modulus
of elasticity and the yield stress (0. 2% proof stress) used must be those which apply at
the steel temperature concerned according to Fig. 9.1 a.

For a continuous beam of I section, the risk of flange buckling at different tem-
peratures can be determined directly from Equation (9.1 a). In this connection,
it may be supposed that there is no risk of flange buckling if (see {54))

b E
;go,ssl/— (9.1 a)

G,z

where b = width of flange
t =thickness of flange
E = modulus of elasticity at the steel temperature concerned
{see Fig. 9.1 a)
%'27— 0.2% proof stress at the steel temperature concerned (see Fig, 9.1 a)

The requirement according to Equation (9.1 a) is satisfied by all rolled sections
available in Sweden.

Examples of the application of the limit state theory under fire exposure condi-
tions are given in the following for a statically determinate structure, a simply
supported beam carrying a uniformly distributed load, as well as for a statically
indeterminate structure, a beam rigidly restrained at one end and carrying

a point load.

The ultimate bending moment M for a simply supporied beam of length L (cm)
{m} which is carrying a uniformly distributed load g (kgf/cm) {MN/m} is

_aLf (kgfem) {MNm | (9.1 b)

M=73

The ultimate load of the beam is reached when the beam is in a state of full plas-
ticity at the section where the maximum moment occurs. The moment capacity
of a section in a state of full plasticity, which is at the temperature 85, can be

written as

M =g W, (kgfem) | MNm: (9.1c)
where W = plastic modulus of section for the beam (cmS) {msi
g = yield stress or 0. 2% proof stress at the sieel temperature 44 con-

cerned (kgf/em?) {MPal (Fig. 9.1 a)

If the maximum moment in the beam, as in Equation (9.1 b), is put equal to the
maximum moment capacity of the cross section as in Equation (9.1 ¢}, the eri-
tical load ggp of the beam is given by

dor SUu-LzngJ%zf’% (kgt/em) {MN/m | : (9.1 4d)
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& Fig. 9.1 b. Sketch showing procedure for
determination of the ultimate bending mo-
e, ment in a beam rigidly restrained at one
% end and acted upon by a point load

where W = elastic modulus of section (cm®) jm3}
ap = degree of plasticity of the cross section
For ordinary I sections, oy = 1.13 - 1,15, and for rectangular cross sections,
& =1,50,
p

For a beam of constant cross section which is rigidly restrained at one end and
carrying a point load as in Fig. 9.1 b, plastic hinges are formed at the section of
end restraint and at the section below the point load, before the ultimate load is
reached. The relationship between the moments M at these sections and the exter-
nal load P when the ultimate load has been reached can be written, using the sym-
bols according to Fig. 9.1 b, as

Le .
MB+M(6+6/2)=P3— (8.1 e)
which gives
m=2L  (kgfem)! MNm] (9.1

If the moment according to Equation (9.1 f) is put equal to the maximum moment
capacity of the cross section as in Equation (9.1 a), the critical load P, of the

beam is given as

W
P, =750 (kgf) | MN] (9.1g)

One advantage in determining the loadbearing capacity of a steel structure under
fire exposure conditions on the basis of the 0.2% proof stress is that the same
principles of calculation can be used as those employed in design at normal tem-~
peratures. All that need be done is to replace the value of the vield stress at
room temperature with the 0.2% proof stress at the temperature concerned. One
disadvantage in using the 0.2% proof stress is that, often, this is not the signifi-
cant critical stress. Stress-strain curves obtained in tensile tests at elevated
temperatures namely have a very rounded shape, and an increase in stress to a
value higher than the 0,2% proof stress does not, therefore, result in immediate
collapse of the structure. Furthermore, it is difficult in determining the load-
bearing capacity on the basis of the 0,2% proof stress to give due consideration
to the effect of the creep strain in the material at elevated temperatures, The in-
fluence on the loadbearing capacity of the softly rounded shape of the stress-strain
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curves at elevated temperatures, and the effect of the creep strain in the material,
can however be taken into account when the loadbearing capacity is determined on
the basis of the deformations in the structure during the fire,

9.2 Determination of the critical load for beams
on the basis of the caleulated deformation curve

9.2.1 Deformation curve and failure criterion

By calculating the deformation curve of a steel girder under fire exposure condi-

tions, account can be taken of the softly rounded shape of the stress-strain curve.
at elevated temperatures, and alsc of the influence of creep strain, An analytical

mode] for this purpese has been proposed in (47) - (49),

According to this analytical model, the fire process is divided into a number of
time intervals, and the midspan deflection of the girder at the beginning of each
time interval is calculated at the temperature which obtains during this inferval,

on the basis of the stress-strain curves for the material. These curves have been
determined in tensile tests at elevated temperatures performed at such a high rate
of loading that the effect of the creep strain in the material can be considered tobe
negligible (48). The effect of the creep strain on the strain and the deflection is cal-
culated separately by means of certain creep equations {50) - (52). The applicabili-
ty of these creep equations for the calculation of the creep strain in steel structures
under fire exposure conditions has been verified in creep tests on test specimens(52).
The analytical model has also been verified by means of some twenty fire tests on
loaded simply supported steel girders (48). An example of the close agreement bet-
ween the calculated and measured deformation~time curves in these fire tests is

given in Fig. 9.2.1 a,

In principle, the loadbearing capacity of a steel girder acted upon by fire can be
considered exhausted when its rate of deformation is infinitely large. From the
practical point of view, however, it is necessary to apply a failure criterion re-
lated to 2 finite deformation or to a finite rate of deformation, The results of
experimental and theoretical investigations indicate that the following failure
criterion, related to the magnitude of the deflection, is suitable for use in con-
junction with steel girders under fire exposure conditions (48), (53)

L2
Yer™ 30on (9.2.1 a)

where y,,. = critical midspan deflection (cm)
L = span of the girder {cm)
h = depth of the girder (cm)
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Fig. 9.2.1 a. Measured ( ——) and calculated (---) defiection-time (yl - £y curves for two

simply supported steel girders during fire tests (48). The upper chain line is the temperature-
time (-GS - t) curve for the bottom flange at the midpoint of the girder, and the [ower one the
corresponding curve for the top flange. The calculated stress distributions at the heginning and
end of each test are given in the figure. The span of the girders was 2. 50 m. The load consisted
of two point loads symmetrically placed about the midpoint of the girder at a spacing of 0. 76 m.
The deflection ¥y is the midspan deflection calculated for the part of the girder between the load
points. The upper figure relates to a rapid fire process and the lower one to a slow fire process

9.2.2 Evaluation of the critical load under certain given conditions

The deformation curve of a steel girder under fire exposure conditions, and con-
sequently its loadbearing capacity, are dependent on the type of loading and the
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statical system, etc, By means of systematic calculations of the deformation
curve for steel girders acted upon by a fire, and by application of the failure cri-
terion according to Equation (9.2.1 a), it has been possible to determine the cri -
tical load for different types of loading and statical systems. The results have
been shown in the form of a diagram (49). An example of this is given in Fig.
9.2.2a for a simply supported beam with a uniformiy distributed load. The co-
efficient 8 for calculation of the critical load according to the formula in the dia-
gram is given as a function of the maximum steel temperature 'Smax during the
fire. By definition, B is the ratio of the load which, under fire exposure condi-
tions, causes a midspan deflection according to Equation(3.2.1 a), to the load
which, at room temperature, causes the yield stress to be attained in the most
highly stressed cross section, In Chapter 9 in the Design Section, the coefficient
B is also given for other types of loading and statical systems,

Owing to the creep strain, the rate of heating and cooling of the beam influences
the deformation process and consegquently the critical load, at temperatures over
about 450 °C. For this reason, the coefficient 8 has been given for a number of
rates of heating, viz. 100, 20 and 4°C/min. On the basis of the results of fire
tests and calculations of the temperature-time curves of steel girders under fire
exposure conditions, the rate of cooling has been assumed throughout to be one
third of the rate of heating (49}. A rough estimate of the average rate of heating
of a steel structure under fire exposure conditions can easily be made with the
aid of Fig. 9 a in the Design Section, in which the average rate of heating is Ziven
as a function of the fire load g, the opening factor A'\’F/’At, and the maximum
steel temperature &yqx.

Apart from the assumption that the rate of cooling is one third of the rate of heat-
ing, the values of 8 in Fig. 9.2.2 a and in the Design Section have been calculated
on the assumption that the material of the girders is ordinary mild structural steel,
i.e. steel with an analysis and strength values corresponding to those in the 13 and
14 Series in conformity with the appropriate Swedish Standards (see Tahle 9.2, 2 a).
It has further been assumed that the girders have a constant I section of such shape
that there is no risk of instability failure in the form of buckling or lateral buckling.

|
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Fig. 9.2.2 a. The coefficient § for determination of the critical load gy for a fire exposed
simply supported beam of constant I section acted upon by 2 uniformly distributed load. The co-
efficient 8§ is given as a function of the maximum steel temperature 4, for three different rates
of heating and cooling, curvesI, II, III. The rates of heating for these curves are 100, 20 and
4 ®C/min respectively, the rate of cooling being assumed in all cases to be one third of the rate

of heating. The yield stress at room temperature is denoted og and the elastic modulus of section
W
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Table 9.2.2 a. Some characteristics of certain structural steels according o Swedish Standards

Serfe No, Steel group Examples of steel Nominal yleld stress Analysis (%)
kgf/cm? iMpz] ¢ Mn St Pimax S{max)
13 Carbon steel 1311,1312 2200 220 0.12-0.20 0.3-8.7 0.05~0.25 0,06~0.08 0.05-0.06
14 Carbon steel 1411,1412 2600 260G 0.15-0,20 0.4-1.1 0,05-0,25 0,05-0.08 0. 05-0,06
21 Carbon- 2172,2173,2174 3200 320 0.18-0,20 i.6-1.8 0,05-0.5 0.04-0,05 ¢, 04-0, 05
manganese steel
Grain refined 2132,2133,2134 3600 360 9,14-9,20 <1.8 < 0.5 9.035 0.035
steel
Graln refined 2142,2143,2144 4000 400 0.16-90,20 <1.8 < 4,5 0.635 0.035

steel

Finally, it has been assumed that the temperature is uniform over the entire girder,
and that there is nothing to prevent longitudinal expansion. With regard to deviations
from these assumptions, reference is to be made to Subsection 9. 2. 3,

9.2.3 Evaluation of the critical load under conditions
different from those in Subsection 9.2.2

The diagrams in Chapter 9 in the Design Section which are provided for the de-
termination of the critical load in steel girders under fire exposure conditions
can in many cases also be used in conditions different from those set out in
Subsection 9,2.2, in order to yield approximate values of the critical load on

the safe side (49).

Details are given below of the way in which these diagrams can be used for

other types of loading

continuous beams

other steel grades

other cross sections

uneven temperature distribution in the beam

restraint on longitudinal expansion

9.2.3.1 Other types of loading

When the types of loading are different from those specified in the diagrams in
Chapter 9 in the Design Section, the value of 8 applicable to constant bending
moment and the temperature in the actual case can be used for an assessment
of the critical load on the safe side. The critical load is obtained by multiplying
this value of 8 by the load level which, for the type of loading in the case under
consideration, causes the yield stress to occur in the most highly stressed sec-

tion at room temperature.

8.2.3.2 Continuous beams

An assessment of the critical load on tae safe sidefor a continuous beam of con-
stant T section acted upon by a uniformly distributed load or a central point load
can be based on the values of £ for a beam rigidly restrained at both ends which
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is subject to a uniformly distributed load or a central point load. The value of B
applicable to the temperature and type of loading in the actual case is to be mul-
tiplied by that load which causes the yield stress to be attained at room tempera-
ture in the most highly stressed section in the continuous beam.

9.2.3.3 Other steel grades

The diagrams in Chapter 9 in the Design Section are primarily valid for girders
of structural steel with analyses and strengths corresponding to those of an or-
dinary mild carbon steel, i.e. steels in the 13 and 14 Series in conformity with
the appropriate Swedish Standards. Investigations show, however, that these
diagrams can also be used with satisfactory accuracy for fine grained steels of
higher strengths with a basic analysis corresponding to that of ordinary carbon-
manganese steels, e.g. a basic analysis corresponding to that of Steel 2 172

in conformity with Swedish Standard SIS 14 21 72 (see Table 9.2.2 a) (49), (52).

For steels of the carbon-manganese type which have not received grain re-
finement treatment, the diagrams give calculated critical loads which, in
many cases, are not substantially below the actual critical loads. Examples
of this are given in Figs, 9.2.3.3 a and 9,2.3.3 b, in which the values of 8
for a simply supported beam and a beam rigidly restrained at both ends,
respectively, both of carbon-manganese steel and carrying a uniformly distri-
buted load, are compared with the values of 8 applicable to corresponding
beams of ordinary carbon steel.

Fig. ©.2.3.3 a. The coefficient § for simply supported heams of carbon~manganese steel(—)
and carbon steel (---) of constant I section which are acted upon by a uniformly distributed load.
It is assumed in both cases that the temperature Gma is uniform in the entire beam, and that
the beam is free to expand. The curve branches correspond to the different rates of heating and
cooling according to curves I, 1I and‘)III in Fig. 9.2.2 a. The expression used for calculation of
the critical ioads is gep = B 804 W/L", where g is the yield stress of the material at room tem-

perature. W = elastic modulus of section and L = span of the beam
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Fig. 9.2.3.3 b. The coefficient 8 for beams of carbon-manganese steel (—) and carbon steel
(===} of constant I section which are rigidly restrained at each end and acted upon by a uniform-
ly distributed load. It is assumed in both cases that the temperature 85 is uniform in the en-
tire beam, and that the beam is free to expand. The curve branches correspond to the different
rates of heating and cooling according to curves I, II and IIf in Fig. 9.2.2 a, The expression
used for calculation of the critical load is der =8 1204 W/L2, where Og is the yield stress of
the material at room temperature. W = elastic modulus of section and L = span of the beam

9.2.3.4 Other cross sections

The diagrams in Chapter 9 in the Design Section have been calculated on the
assumption that the degree of plasticity of the cross section, i,e, the ratio
of the plastic to the elastic modulus of section, is 1.13. This degree of plas-
ticity is representative for ordinary I sections when bending occurs about the
major axis. In the case of cross sections with a higher degree of plasticity,
the corresponding deformation will be less and the loadbearing capacity con-
sequently higher, However, the increase in loadbearing capacity is not in
direct proportion to the degree of plasticity. The reason for this is that the
design cross section of a steel girder under fire exposure conditions is not
fully plastic at the deflection corresponding to the fajlure criterion according
to Equation (9.2.1 a), due to the softly rounded shape of the stress-strain
curves at high temperatures. In Figs. 9.2.3.4 a2 and 9.2.3.4 b the values of
B for a simply supported beam and a beam rigidly restrained at each end,
respectively, each of rectangular cross section (degree of plasticity = 1.50)
and carrying a uniformly distributed load, are compared with the values of B
for corresponding beams of I section (degree of plasticity =1,13),

Another assumption on which the diagrams in Chapter 9 in the Design Section
are based is that there is no risk of instability failure in the form of buckling
or lateral buckling. As regards the material properties, the risk of instabi-
lity failure is essentially determined by the modulus of elasticity, the percent-
age reduction in which, as the temperature rises, is however less than the re-
duction in the yield stress or the 0.2% proof stress. As the temperature rises,
therefore, the risk of instability failure should diminish in relation to the risk
of flexural failure. This implies that, provided that the shape of the cross sec-
tion is such, or the construction is braced in such a way, that the permissible
bending stress according to the Steel Construction Code 70 (54) need not be re-
duced in view of the risk of buckling or lateral buckling at room temperature,
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Fig. 9.2.3.4 a. The coefficient 8 for a simply supported beam of carbon steel acted upon by a
uniformly distributed load, the cross section being rectangular (—— or [-shaped {---). It is
assumed in both cases that the temperature %max is uniform in the entire beam, and that the
heam is free to expand. The curve branches correspond to the different rates of heating and
cooling according to curves I, I and Il in Fig. 9.2.2 a. The expression used for caleulation of
the critical load is gep = B 80g W/L2, where gg is the yield stress of the material at room tem-
perature, W = elastic modulus of section and L = span of the beam

%0 ' 400 Fnax 80 ¢

Fig. 9.2.3.4 b. The coefficient 8 for a beam of carbon steel which is rigidly restrained at each
end and acted upon by a uniformly distributed foad, the cross section being rectangular ( —)
and I-shaped (---). It is assumed in both cases that the temperature Smax is uniform in the en-
tire beam, and that the beam is free to expand. The curve branches correspond to the different
rates of heating and cooling according to curves I, IT and Il in Fig. 9.2.2 a. The expression
used for calculation of the critical load is gop = 8 1204 W/Lz, where gg is the yield stress of
the material at room temperature. W = elastic modulus of section and L = the span of the beam

then it may be supposed that there is no risk of buckling or lateral buckling in
the event of fire. For continuous beams of I section, the risk of flange buckling

at different temperatures can be directly determined from Equation (9.1 a).

If there is a risk of buckling or lateral buckling, the loadbearing capacity of the
girder under fire exposure conditions should be ealculated in the same principal
way as at room temperature, with the difference that the values of the modulus
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Fig. 9.2.3.4 c. The coefficient 8 for a simply supported beam of constant I section (-+-), a

beam of I section rigidly restrained at each end in which the modulus of section at midspan is
only half as much as at the ends (---), and a beam of constant I section rigidly restrained at
each end {—). It is assumed in all cases that the load is uniformly distributed and that the beam
is free to expand. It {s also assumed Lhat the temperature Bmax 18 uniform in the entire beam.
The values of 8 are those for the lowest rate of heating according to curve Il in Fig. 9.2.2 a.
- The expression used for calculation of the critical load in the simply supported beam is Uop =

B 8ag W/Lz, and in the beams with rigidly restrained ends Qer = B 1205 W/L2, where Og is the
yield stress of the material at room temperature. W = elastic modulus of section {(for the beam
of variable section, that at the ends) and L = span of the beam

of elasticity and yield stress (0. 2% proof stress) employed must be those which
apply at the actual steel temperatures according to Fig. 9.1 a.

For a simply supported beam of variable cross section, the value of B appli-
cable to the loading type of constant bending moment can always be used for
an assessment, on the safe side, of the critical load, The value of 8 appli -
cable to the actual temperature must be multiplied by that load level which,
for the actual beam and type of loading, causes the yield stress to occur at
room temperature in the most highly stressed cross section,

For a rigidly restrained beam of variable cross section, an assessment of the
critical load can always be based on the value of 8 applicable for a simply
supported beam carrying the same type of loading, However, this often re-
sults in an assessment of the risk of failure which is rather too much on the
safe side, This is illustrated in Fig, 9,2.3.4 ¢ where the values of B fora
beam rigidly restrained at both ends, with a modulus of section at midspan
that is only half as much as at the ends, are compared with the values of 8
for a rigidly restrained beam of constant cross section and also with the val-
ues of B for a simply supported beam of constant cross section. In all cases,

a uniformly distributed load is assumed,
9.2.3.5 Uneven temperature distribution in the beam

As a rule, the temperature in the top flange of a steel girder which is exposed
to the action of fire is lower than in the bottom flange. This is due to the fact
that there is less direct heat applied to the top flange than to the bottom flange,
and also that there is conduction of heat from the top flange to the floor slab or
the roof, The results of fire tests show that the temperature difference between
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the top and bottom flange can often be as much as 100-200°C. This difference
in temperature causes the beam to deflect, On the other hand, since the top
flange has a lower temperature, this can takeup higher stresses and thus re-
duce the stresses in the hotter bottom flange, In conseguence, the total deflect-
ion is less and the loadbearing capacity is greater than if the whole beam had
had the same temperature ag the bottom flange, Calculations of the eritical
load for beams in which there is an uneven distribution of temperature over

the cross section show that this increase in loadbearing capacity is of the or-
der of 5-20% (49).

In many cases, the temperature at the ends of a beam is lower than near the

centre,This also results in an increase in the loadbearing capacity compared
with the case where the whole beam has the same temperature as the central

portion, Particularly in the case of statically indeterminate beams, this rise
in loadbearing capacity can be considerable (49).

9.2.3.6 Restraint on longitudinal expansion

If thermal longitudinal expansion of a steel girder under fire exposure condi-
tions iz wholly or partially prevented, for instance due to limited provision
for movement at the supports, forces are imposed on the girder, There are
several factors which govern the magnitudes of these imposed forces, such
as the temperature conditions, the degree of restraint on longitudinal expan-
sion, the stiffness of the girder, the size of transverse load, etc,

Forms of construction in which there are very limited facilities for movement
at the supports often occur in practice, An example of this is a stiff floor slab
which limits horizontal movement of the supporting columns and thus the beam
supports.It is probable that some movement occurs in spite of this, for in-
stance as a result of end play or plastic deformation at the junctions.

The greater the deflection is in 2 beam whose supports can move in the hor-
izontal direction, the more the ends of the beam will tend to move closer to
one another, due to the difference in length between the centreoidal axis of the
beam and the corresponding chord (see Fig, 9,2,3.6 a). On the other hand,

L
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Fig, 9.2.3.6 a. Exparision and imposed forces in a beam
which.is free to expand longitudinally {fo the left) and in &
beam in which there is no provision at all for horizontal
movement at the supports (to the right)
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a rise in temperature in the beam causes longitudinal expansion. At the begin-
ning of a fire process, when deflection of the beam is still relatively small,
the thermal longitudinal expansion AI& takes precedence over the contraction
ALy due to the deflection, The ends of the beam thus endeavour to move away
from one another through a distance AL = AL 5 " ALy . If the supports of
the beam are rigid, an axial compressive force is imposed on the beam, If it
is agssumed that the resultant of this compressive force coincides with, or lies
above, the line joining the centroids of the two end cross sections, then the
moment increases over the whole beam, causing increased deflection. At this
stage, therefore, the deflection ¥ in this beam is greater than the deflection
¥1 in a similar beam whose longitudinal expansion is not prevented. Later on
during the fire, when the deflection has assumed sufficiently large values, the
contraction AL, due to the deflection takes precedence over the thermal longi-
tudinal expansionAlg .Due to this, the distance between the ends of 2 beam
with movable supports will be less than the original distance between the sup-
ports. In a beam in which longitudinal expansion is prevented there is instead
an imposed tensile force which reduces the moment along the beam, As a re-
sult, the deflection in such a beam is less than that in a beam which is free to
expand longitudinally, i,e, at this stage ¥o is smaller than yq (see Fig,
9.2,3.6 a).

If the resultant of the compressive force in the beam in which longitudinal ex-
pansion is prevented is instead below the line joiniag the centroids of the end
cross sections, then at the beginning of the fire when the deflection is small,
the compressive force reduces the moment along the beam, and the deflection
Y9 is consequently smaller than the deflection ¥1. However, as the deflection
gradually increases during the fire, the moment becomes greater along the
beam and at last exceeds the moment in a beam which is free to expand in the
longitudinal direction, The situation after this is the same as in a beam where
the resultant of the compressive force coincides with, or lies above, the line
joining the centroids of the end cross sections. The deflection y, in the beam
with restraints on expansion will be greater initially, but later on, when the
deflection again increases and gives rise to tensile forces which reduce the
moment, will be smaller than the deflection ¥1 inthe beam which is free to
expand longitudinally,

If the deflection criterion Yop = L2/800 h according to Equation (9,2.1 a) is
applied as the failure criterion also for a beam which is wholly incapable of
horizontal movement at the supports, the critical temperature for this beam
may be either higher orlower than for a beam which is free to expand longi-
tudinally, depending, inter alia, on the magnitude of the load and the stiff-
ness of the beam, The greater the load and the more slender the beam, the
greater the probability that the critical temperature will be higher in a beam
that has no movement facilities at the supports than in a beam which is free

to expand (49),

One condition which must be satisfied in order that the deflection criterion in
accordance with Equation (9,2.1 a) should be applicable as the criterion of
failure for a steel girder under fire exposure condifions is that the deflection

of the girder should increase very rapidly as the temperature rises once the
deflection according to Equation (9.2.1 a) has been reached, Normally, this
does not occur in heams in which longitudinal expansion is prevented. The
increase in deflection after the attainment of a deflection large enough for ten-
sile forces to he formed is at a considerably slower rate than the increase in
deflection in a corresponding beam which is free to expand longitudinally, Some
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modification of the failure criterion may therefore be justified in beams which
have no axlal movement facility. In practice, however, it is diffieult to make a
quantitative assessment of any great accuracy of the ability of a beam to move
under fire exposure conditions. Owing, inter alia, to end play and plastic flow at
the end junctions, the actual state of affairs is in many cases probably interme-
diate between that applicable to a beam which is wholly incapable of movement at
the support and one which is completely free to expand. Owing to the difficulty of
making a relevant assessment of the ability of a beam to move at the supports, it
would therefore appear to be appropriate from the practical point of view gene-
rally to base the determination of the loadbearing capacity of a steel girder under
fire exposure conditions on the assumption that the girder is free to expand longi-
tudinally. It is true that the deflection in a beam in which the movements at the
supports is subject to restraint may be somewhat larger than that given by the de-
flection criterion y,. = 1.2/800 h, especially if the depth of the beam is large in
relation to its length and the load is small. However, the failure load in such a
beam, if the failure load is taken to mean the greatest load which a beam is able
to carry at a certain temperature without consideration of the magnitude of the de-
flection, will always be greater than the failure load in a similar beam which is
free to expand longitudinally (49).

If movement of a beam which is exposed to fire is subject to some restraint at

the ends and it is in addition sufficiently slender in the direction of the minor axis.
then there is a risk that the beam will deflect laterally due to the forces imposed
in it. There is however no question of instability failure in the actual sense of the
term, since the compressive force diminishes as the beam deflects and attains

a new position of equilibrium. This is a fundamental difference in relation to the
state of affairs in a vertically loaded column in which, owing to the fact that the
column is subject fo an axial compressive force during the whole of the deflection
process, an increased deflection gives rise to an increase in moment,

Even if it is impossible for buckling in a horizontal direction to take place in a
fire exposed steel girder which is subject to imposed compressive forces as a re-
sult of a restraint on longitudinal expansion, a deflection in the lateral direction
may result in the girder heing subjected to torsion. If, however, the restraint on
longitudinal expansion is due to a stiff floor slab, then the girder will at the same
time, as a rule, be effectively braced laterally by the slab, and lateral deflection
is therefore impossible or very limited.

The risk of Iateral deflection in a girder under fire exposure conditions which has
no axial movement facilities at the supports and is not supported laterally by a
floor slab or similar structural elements is not directly comparable with the risk
of buckling in a column. In spite of this, a comparison with a column may give an
idea of the factors which have a bearing on the risk of lateral deflection in such a
girder, For this reason, the variation in the imposed force under fire exposure
conditions in simply supported beams acted upon by a uniformly distributed load
and restrained against horizontal displacement at the level of the centroids of the
end sections was determined at the same time asthe deformations in the heams
were calculated, The calculation has been carried out for beams of different siiff-
nesses and load levels, From the results, the imposed stress U. i.e, the im-
posed force divided by the area of the beam, has been determined as a function of
the steel temperature., This imposed stress has then been compared with the buck-
ling stress ,_ at the same temperature, calculated according to Section 10,1 for
columns of the same slenderness ratio as that of the beams in the direction of the
minor axis, In calculating the slenderness ratio, it was assumed that the beams
are pinjointed at both ends.
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The ratio crt/ o). of the imposed stress calculated as above to the buckling stress
is plotted in Fig, 9.2,3,6 b as a function of the steel temperature 85. It will be
seen from the curves in the figure that the risk of lateral deflection in a steel gir-
der under fire exposure conditions, which has no movement facilities at the ends
and is not supported laterally, appears to increase as the value of the slenderness
ratiol increases, and decrease as the vertical load ¢ increases, It is also evident
from the figure that the risk of lateral deflection is greatest in the temperature
range 100-200°C, The fundamental difference in this context between a beam and a
column, i,e. that a column buckles at a stress equal to T while the beam, owing
to its lateral deflection, is gradually relieved of the stress imposed in it, must
however be emphasised.

g
S
16¢ —A=120 (B =T/30)
R ——~A=180 (Nf=1/g)
A // \‘\_\ ~ = A=240 {hf= s}
T
/ /// \\\ \\\
bt / / N '\,\
.

r / ™ |
0.8 |
04r A

200 400 0 800 'C

Fig. 9.2.3.6 b. The ratio of the imposed stress 0 in beams in which there is no provision at

all for movement at the supports, to the buckling stress O} in columns of the same slenderness
ratio, as a function of the steel temperature 8 for different slenderness ratios and different
transverse loads. In calculating Oy the slenderness ratio of the column was assumed to be the
same a5 that of the beam with respect to lateral deflection perpendicular to the minor axis, and
it was also assumed that both ends of the column are pinjointed. The transverse load on the beam
is denoted g and the load which causes the yield stress to occur at room temperature in the most
highly stressed section is denoted q;. The depth of the beam is denoted h and its length L
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16 CRITICAL LOAD UNDER FIRE EXPOSURE CONDITIONS FOR A
STEEL STRUCTURE SUBJECT TO AN AXIAL COMPRESSIVE FORCE

10.1 Determination of the buckling load under in-piane instability
conditions when there is no restraint on longitudinal expansion

The methods employed in designing steel columns acted upon by an axial compres-
sive load with regard to buckling at ordinary temperatures may be classified in
two principal groups.

In principle, the method of approach used for one of these groups is as follows,
The buckling load Nk is first of all determined for the ideal case of an initially
straight column subject to a central compressive load, account being taken of the
actual stress-strain curve of the material in question, The ideal buckling load is
usually determined according to the tangent modulus theory, The compressive
load Nk r which is permissible with regard to buckling is then obtained by di-
viding the load Ny by a safety factor s. This safety factor allows for the effects
of the initial curvature and unintentional load eccentricity which are unavoidable

in practice, This implies that the safety factor s is dependent on the slenderness
ratio of the column,

According to the other principal group the buckling load Ny is determined on the
basis of a column of representative initial curvature and unintentional load eccen-
tricity.The maximum compressive stress cmax in the column is determined for
this case, consideration being given to the effect of additional deflections, The
critical axial compressive force is defined as the compressive force Ny which
causes M, .. to attain a value, usually the yield stress 0 or the 0.2% proof
stress 0 o of the material, which is critical in this context., The permissible
compressive force N is then obtained from the buckling load Ny by divid-
ing this by a safety facior sg which is independent of the slenderness ratio of the

column,

Steel Construction Code 70 specifies a procedure for design with regard to buck-
ling which is closely related to the first type of method (54). A design procedure
in accordance with the latter type of method is specified in the Draft Code for
Aluminium Constructions (55}, (56).

It is natural to base approximate treatment of in-plane huckling in axially loaded
steel structures under fire exposure conditions directly on the methods in the latter
principal group, particularly for the case in Section 10,2 which deals with in-plane
buckling in columns under fire exposure conditions when longitudinal expansion is

partially prevented.

For a column which is free to expand on being heated, the buckling stress

ak=j—zf (kgf/cm?) IMPa; (10,1 a)

can be calculated from the following expression (26), (27), (32}

*E
t=afouat wE (480107 4 | = —o0, (10,1 b)
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where Ny = buckling load of the column (kgf) [MN}
A area of cross section of the column (cm?) { mzi
0'0 o = yield stress or 0,2% proof stress at the actual steel temperature
’ (kgf/cm?) {MPal :
E = modulus of elasticity at the actual steel temperature (kgf/ cm2) {MPa |

It

The fictive slenderness ratio A  of the column in Equation (10,1b) i3 defined by
the expression

1=8L

i (10,1 ¢)

length of column (cm) {ml

nondimensional coefficient which is a function of the end fixity condi-
tions of the column, the variation of cross section and the variation of
the axial compressive force along the column, and which can in a large
number of cases be obtained directly from mannals {57)

1 = the radius of gyration of the cross section with respect to the neutral
axis through the centroid (cm) {m/

It

where L

o
It

In Equation (10,1 b) the sum of initial curvature and unintentional eccentricity of
the load is described by a pure initial curvature which has the same mathematical
form as the ideal buckling deflection and has a maximum value { of (58)

_s (BL)
f=48-107" 2= (10.1 &
where d = distance from the neutral axis to the extreme fibre of the cross section

in compression at the section which governs design (m)

With the actual stress-strain curves of the steel material in question at different
steel temperatures approximated by the associated elasto-plastic stress-strain
curves, as defined by the modulus of elasticity and the 0.,2% proof stress 4.2

at the temperatures concerned, the buckling stress 7 k during fire exposure con-
ditions can be calculated from Equation (10,1 b}, Owing to the softly rounded shape
of the stresg-strain curve at elevated temperatures, however (see Section 9. 1),
functionally better substantiated values of the buckling stress will be obtained if
the initial modulus of elasticity E in Equation (10.1 b} is replaced by the secant
modulus, and the 0.2% proof stress 9y.2 by the 0.5% proof stress 04 5. This
latter stress is more significant as critical stress at elevated temperatures than
0'0_ g (47), (48). Examples of design diagrams calculated in this way are given in
Fig, 10.1 a (27), (59), (60), The diagrams give Oy = X curves for different steel
temperatures €4 for steel columns of material grades with yield stresses of

Og = 2200 {220f, 2600 {260} and 3200 kgf/cm? {320 MPa| at ordinary room tempe-

ratures,

With the action of fire defined according to Chapter 4, the maximum steel tempe-~
rature 'Smax for uninsulated columns can be determined from Table 5 ¢ and for
insulated columns from Table 6 a or 6 b in the Design Section, The minimum load-
bearing capacity Ny of the column, with regard to in-plane buckling due to a com-
plet e undisturbed fire process, can then be obtained from the diagrams in Fig,
10.1 a, The requirement with regard to the loadbearing function of the steel column
is satisfied if this minimum loadbearing capacity is not less than the value of the
axial force pertaining to the load factor and safety factor specifications set out in

Subsection 2,4,1,
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The g, - A curves given in Fig. 10.1a have a somewhat different background in
principle than the design diagrams and tables given in Steel Construction Code 70
for buckling at ordinary temperatures. This deviation does not give rise to any
differences of decisive practical significance in buckling stress, either at room
temperatures or elevated temperatures. For buckling at ordinary temperatures,
the design data in Steel Construction Code 70 are recommended to be used, and
for this reason the gy - X curves for gg = 0°C in Fig. 10.1 a have been marked
by a dashed line.

The calculated O -~ A curves in Fig, 10.1 a are based on the temperature de-
pendence of the 0,5% proof stress g ; 5 and on the temperature and stress depend-
ence of the secant modulus E as set out in Fig, 10,1 b, These material quantities
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have been determined on tensile test specimens which were loaded to failure at the
appropriate temperature level at a constant rate of loading of 18 kgf/em?2/min

{1.8 MPa/min |, i.e. at such a slow rate of load increase that a considerable effect
due to short-term creepat high temperatures has been included,

By comparing the results of full-scale fire engineering tests, it has been found that
the diagrams presented in Fig, 10,1 a constitute a satisfactory basis, in the normal
case, for practical fire engineering design (60), If a more accurate set of design
data ig to be produced, the deflection curve of the steel column due o the action of
fire must be calculated on the basis of the actual temperature dependent stress-
strain curves, account being taken of short-term creep at high temperatures, Such
a refined treatment will yield o) - A curves which, apart from the maximum steel
temperature, will also be dependent on thd rates of heating and cooling, Work on
the production of such more aceurate design data is in progress,

10,2  Determination of the buckling load under in-plane instability
conditions when longitudinal expansion is partially prevented

If there is no restraint on longitudinal expangion, the expansion of an unloaded steel
column under fire exposure conditions is given by the expression

AL i=a#,L (cm)|m | (10,2 a)
where o = coefficient of linear expansion (°C “1)

# 4= steel temperature (°C) .
L = original length of the column (cm) {m|

If the column is at the same time subjected to an axial compressive force N, the
expansion is reduced owing to the drop in the value of the modulus of elasticity of
the steel as the steel temperature «SS rises, This reduction of the expansion is

ALEI%(—I*l) (cm) {m | (10.2 b)
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where E = modulus of elasticity (secant modulusg) of the steel at the stress and
steel temperature in question according to Fig, 10.1b (kgf/cmz) iMPa
Eo = modulus of elasticity of the steel at ordinary room temperatures
(kef/cm2)|MPa
A =area of cross section of the column (cm?2) | m2;
N = magnitude of the compressive force (kgf) {MN ;

The resultant expansion AL of the column when this is completely free to expand
is therefore

NL{T 17 -
AL o - — 4 Al P i :
AL=AL —AL=x0,L y (‘E Eu) {cm)im: (10,2 ¢)

If adjacent structural elements partially prevent longitudinal expansion of the col-
umn under fire exposure conditions, the expansion is reduced, This reduced expan-

sion AL, can be written
AL, yAL (em) {m) (10,2 &
where ¥ = degree of expansion, a nondimensional coefficient whizh has a valuc
hetween 0 and 1

The value ¥ = 0 is equivalent to the case where expansion is completely prevented.
and ¥ =1 to the case where there is no restraint on expansion, In Subsection 10,21
an account is given of the way in which the degree of expansion ¥ of a column duc
to the action of fire can be determined in practical cases, Further, in Chapter 10
in the Design Section there is a diagram which makes possible easy calculation of
the value of ¥ for some cases which are of common practical occurrence,

When longitudinal expansion is partially prevented, exposure to [ire causes the
axial compressive force in the column to increase. In turn, this causes the column
to buckle at a lower initially imposed external load than in the case where expansion

is not restrained.

With the same assumptions in principle as those made in the treatment presented
in Section 10,1, calculation of the buckling stress in a steel column exposed to
fire whose longitudinal expansion is partially prevented gives design diagrams ol
the same type as those shown in Fig, 10,1 a, Apart from the degree of expansion
y , there is the further parameter of the cross sectional factor i/d, The cffect
of this latter parameter is however relatively limited,

Apart from design diagrams for columns which are iree to expand longitudinally

( ¥=1), Chapter 10 in the Design Section also presents design diagrams which
permit approximate determination of the buckling stress Ti for in-plane huckling
of a steel column under fire exposure conditions in which longitudinal expansion is
partially restrained, These diagrams give Gy - A curves for different steel tem-
peratures 4 and degrees of expansion y for steel columns of materials with a
yield stress Og = 2200 {220 , 26001260 ;and 3200 kgf/cm2 | 320 MPa jat ordinary
room temperatures, The curves have been calculated for 1/d = 0.5, which yields
design values on the safe side for steel sections of the usual shapes.

As regards the accuracy of data, the comments relating to the design diagrams
for the case when longitudinal expansion is partially prevented are essentially the
same as those made in Section 10,1 with regard to the analogous diagrams for
columns which are completely free to expand longitudinally (¥ = 1).
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10.2.1 Determination of the degree of expansion y

More accurate determination of the degree of expansion 7y which, according to
Equation (10.2 d), describes the degree of expansion in a steel column under fire
exposure conditions when the longitudinal expansion is subject to restraint, is a
comparatively complicated process. A worked example of such more accurate
determination is given in (59) and (60), The presentation here will be confined to
an approximate procedure which makes for ease of calculation and consistently
vields values somewhat on the safe side. The procedure is illustrated by means

of the case shown in Fig, 10.2.1 a in which a steel column CD which is exposed
to fire is hinged at its top end into a simply supported girder AB, The column and
girder may either have the same or different temperatures,

At ordinary room temperatures, the axial compressive force in the column is N.
Under fire exposure conditions, there is an increase of AN in the compressive
force due to the connection between the column and the girder AB, This is accom~
panied by an upwards bending deformation ¥1 inthe girder AB at the junction
point. Assuming elastic conditions, using the symbols in the figure,

_ ANa*b* {mi
¥1 3ELL (cm) {mi | (10.2.1 a)

where AN = additional force in column (kgf) |MN;
E,, =modulus of elasticity of the girder at the temperature concerned

according to Fig. 9.1a (kgf/cm?) {MPa;
I = moment of inertia of the girder with respect to vertical deflection

em?¥) {m%;

The deformation condition which must be satisfied is that vertical displacement
vy of the girder shall be equal to the partially restrained longitudinal expansion
AL, = ¥ L of the column, i,e,

B

N
A
mhr E 1 C E,. = ]
3
E.A .

l
1
|

N

Ly |_

C | YAL = AL.=Y.

Fig. 10.2.1 a. Fire exposed structure
_l made up of a column CD hinged at its top
%4 end into a simply supported girder AB

N+AN
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AN B
gL AF (10.2.1 b)

This partially restrained longitudinal expansion ALr is determined by

the free thermal longitudinal expansiona® g L of the column

contraction of the column due to the axial force N, as a result of the de-
crease in the modulus of elasticity (secant modulus) consequent upon
the increase in temperature (see Equation 10,2 b)

elastic contraction of the column due to the additional axial force AN

reduction of the distance between the ends of the column due to increased
deflection

As an approximation somewhat on the safe side, the last of the above deformation
components can be ignored, and AL, =yAL can therefore be written

yAL = - Y e
PAL=ed L= e~ e )" B ~AL 5 (10.2.1¢)

NL(I I)MANL ANL

If AN is found from the first and last terms of this eguation and this expression
for AN is substituted into Equation (10,2.1 b), we have

1
————— 2
v }‘_35,,1,,1_51, (10.2.1q)
'\ Eddh?

Alternatively, Equation (10.2.1 d) can be written in the form

1
_ y=m._L__ (10.2,1 &}
14—
EAylAN:I

aﬂbE N
where Mav T3 7L, {(cm) {m] (10.2,11)

denotes upwards defliection in the girder at the point where the column is connect-
ed for the unit load AN =1,

In calculating vy using Equation (10,2.1 d) or (10,2.1 e¢), the secant modulus of
the column according to Fig. 10.1 b shall be used, This modulus is dependent on
the temperature of the column and its actual stress as made up of an initial stress
and an additional stress due to the longitudinal expansion of the column being par-
tially restrained. The latter stress component is unknown., As an approximation on
the safe side, however, it is possible to use the value of the secant modulus E
which corregponds to a stress egual to the buckling stress of the column at the tem-—
perature concerned, its actual slenderness ratio and unrestrained longitudinal ex-
pansion, i,e, at a value ¥ =1, The approximation this entails in the calculation of
the value of ¥ will be the greater, the lesshighly stressed the column, If the stress
in the column is low, there may therefore be reason to determine the actual stress

by means of an iteration procedure (5%), (60).
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Fig. 10.2.1 b. Fire exposed structure
made up of a column CD hinged at its top
end into a girder AB which is rigidly

. fixed at both ends
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EA

Fig. 10.2.1 c. Fire exposed structure
made up of 2 column CD hinged at its top
end into a girder AB which is elastically
f{ixed at its end

For the case where the girder AB,as shown in Fig. 10,2,1 b, is rigidly fixed at
both ends, an analogous treatment will show that ¥ can be determined from Equa-

tion (10,2.1 e) by putting

ab?

MarrT3E L L8 (cm) { m}

(10,2,1 g)

For the more general case where the girder AB is elastically fixed at its ends as
shown in Fig, 10.2.1 ¢, Equation (10.2,1 e) still holds, but the deflection Y1AN=1
due to unit load must be determined from the expression

(
I

a’b®—

Pan1T3E LT,

a2 24\ 2 32
I [a2(1 - %) (1+3k) + b2(1— ”—2) a +3kb)fab(1 - 12) (1— 92)] }
2 Ly Ly L L; ;
0+ 3k + 3k =1 (em) {mj
(10.2.1 k)

It has been assumed in this context that elastic fixity of the ends A and B of the
girder in adjacent structures can be described by the expressions

L,

G.=k
a aEbIb

M,

where

6, and6 |, = rotations at the ends A and B

(10.2,1 1)

M, and My, = fixing moments at ends A and B (kgf cm) {MNm }

k, and kb = nondimensional coefficients which describe the degree of elastic
fixity, For the special case when the girder is simply supported,
k =« , and for the special case when the girder is rigidly fixed,

k=0,
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Fig. 10.2.1 d. Fire exposed structure
. . made up of two symmetrically placed
' colurans hinged at their top ends into a
I e e ) M| girder AB which is elastically fixed at
M TAN T:;N M, its ends

A procedure according to Equation (10.2,1 e} can also be used for the case shown
in Fig, 10.2.1 d where a symmetrical structure is made up of two columns hinged
at their top ends into a girder AB elastically fixed at both its ends, Using the sym-
bols in the Figure, the following expression holds for the deflection y; AN=1 due
to the two symmetrically acting unit loads AN =1

5L} 4 ‘ .
Va1 TI62E, 7, [I_S(E-I—Zki)} (em) jm | (10.2.1 1)

The nondimensional elastic fixity coefficient k., is determined from the condition,
analogous to that in Equation (10.2,1 i), that

_p Lo
b=k g M (10.2,1k)

For the case where the girder is simply supported, k; = =, and

5L

IR TS TWA (cm) {m | (10.2.1 1)

For the case where the girder is rigidly fixed, ki =0, and

L

Frava™ 162E, 1, (cm) | m | (10.2,1 m)}

Finally, in order to complete the treatment, a description will be given of the
approximate procedure for the determination of the coefficient ¥ in a somewhat
more complicated case. The siructure considered is that in Fig. 10.2,1 e where
three columns are hinged at their top ends into a girder elastically fixed at both
its ends A and B. The three columns have different initial axial compressive for-
ces Ny, Ny and Ng, different cross sectional areas Ay, Ag and Ag, and different
moduli of elasticity (secant moduli) Eq, E, and Eg due, for instance, to differences
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Fig. 10.2.1 e. Fire exposed structure
made up of three columns hinged at their
top ends into a girder AB which is elas-
tically fixed at its ends, the fixity charac-
teristics being given by Equation(10.2.1 1)

in column temperatures. On being exposed to fire, the three columns expand
through the distances y, , y., and ¥, respectively, These expansions are related to
the corresponding free longitudinal ‘expansions AL_, AL_ and AL. in columns in
which there is no restraint on longitudinal expansion by tﬁe expressions

=y AL
Y=y AL, (em) {m| (10.2.1 n)
Ya=ys AL,

The partial restraint on longitudinal expansion of the columns owing to their being
connected to the girder AB gives rise in them to the additional axial forces ANl,

AN2 and AN g respectively, The resulting displacements ¥1: Y2 and y4 can then
be written as

AN, L
=y AL =AL — 51;11
AN, L i
Ve=yeALy= AL, — —2= (cm} | m{ (10,2.1 o)
E, A,
AN, L
)’3=?3AL3=AL3_ E3.213

The imposed forces ANy, ANy and ANg give rise to the following vertical dis-
placements at the points in the girder AB where the columns are attached

= A-N1J’1AN,-1 + ANzylgzv,-i + AN3y1ANa-1

y2=AN1y2AN‘_1+AN2J’;2AN,..1+AN3y2AN’j1 (Cm) im; (1002.1 p)
y3=AN1y3£N1_1+AN2y3AN,,.1+ANay!iAN!-l
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where yq ANp=1 = displacement at section y; due to the unit load AN; =1

ylAN2=1 = displacement at section y; due to the unit load ANz =1, and so on

. ete, can, for ordinary practical applica-
given in handbooks.

The elementary displacements yi

tions, be calculated from data AN1=1

If the associated displacements Y11 ¥o and yq according to Equations (10.2.1 o)
and (10,2,1 p) are put equal, a system of equations is obtained from which ALl,
ALy and ALg, AN;, ANj,and AN, can be eliminated and the nondimensional coef-
ficients 71 s Yo and Y3 obtained,

For a single column connectedto a gimply supported or rigidly restrained beam,
the coefficient v can be easily determined with the assistance of Fig., 10 a in the

Design Section,

10.3 Determination of the critical load in a structure subject to
simultaneous flexure and axial compressive force

Hardly any studies have been performed so far concerning the problem of carrying
out a fire engineering design for a slender beam or column which is subject to .xial
force and transverse load at the same time, It appears most appropriate at this ini-
tial stage to make treatment of this problem as simple and approximate as possible,
A procedure based on modified interaction formulae of the type used in Steel Con-
struction Code 70 is therefore the obvious choice as a temporary solution (543

In such an approximate procedure, the minimum loadbearing capacity ol a structure
under fire exposure conditions, which is subject to simultaneous flexure and axial
compression, is determined as a function of the ratios

N

K _}V‘; {10.3 a}
(0]

B = = 1G.31
0o { 3 b}

where N = the axial compressive force in the event of fire (see the load and safetv
regulations set out in Subsection 2,4,1)

Ny = buckling load of the structure under in-plane instability conditions, de-
termined according to Section 10,1 when the structure is free to expand,
and according to Section 10,2 when expansion is partially restrained at
the maximum temperature emax of the steel structure

Q = transverse load in the event of fire (see the load and safety regulations
set out in Subsection 2,4.1)

Q@ = critical load of the structure when acted upon by the transverse load
alone, determined according to Section 9.2 for the maximum tempera-

ture V.« of the steel structure,

The ratios K and B give an idea of the stress levels in the structure under fire ex-
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posure conditions with regard fo buckling only and moment capacity, respectively,

By reference to Steel Construction Code 70, certain approximate conditions can be
lajd down to ensure that the loadbearing function is satisfied in the structure under
fire exposure conditions, The expression which holds for a box section irrespective
of the direction of deflection, and for other gections of normal shape when deflection

occurs in the direction of maximum stiffness, is

K+B<1 (10.3 ¢)

When deflection occurs in the direction of minimum stiffness in sections of normal
shape, with the exception of box sections, the value of @ must first be calculated,
This is given by the expression

= |/ Fo.z2
- Va_ (10,3 d)

where 0, o =yield stress or 0.2% proof stress at maximum steel temperature
’ 'ema.x (see Fig, 9,1 a){kgf/cm?) [MPa|
cel = ideal buckling stress calculated according to the elastic theory (the
Euler critical stress) for the modulus of elasticity E at the maximum

steel temperature 8 .. (see Fig. 9.1 a)(kgf/cm?) |MPa]

For a large number of loading and support conditions, the ideal buckling stress Tal
can be directly determined from handbooks, e.g. (57).

If ¢ is in the range 0,.8<w@ < 1,6, we have that

LIK+B<1 foér K<3B
(10,3 ¢)

K-+13B<1! {or K>3B

For other values of @, Equation (10,3 c)holds even when deflection is in the direct-
ion of minimum stiffness,

10,4 Determination of the buckling load under out~of-plane instability conditions

No studies have been made so far of the problem involved in designing a column
subject to an axial compressive force with regard to out-of-plane instability un-
der fire exposure conditions. In view of this, a simple approximate treatment is
recommended which, by means of a fictive comparative slenderness ratio A 32
converts the out-of-plane instability problem into an in-plane instability probllem.

In such an approximate treatment, the expression for the fictive comparative sien-
derness ratio Afj iz (56)

£ (10.4 a)

Ay =T e
Grir
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where E =modulus of elasticity at the maximum steel temperature ema.x accord-
ing to Fig. 9.1 a (kgf/cm?){MPaj
kiR" the greatest compressive stress in the column cross section due to
the ideal out~of-plane buckling load Np;p at the maximum steel {em-
perature “g,av, calculated for an initially straight structure accord-
ing to the elastic theory (kgf/ em?){MPa}

For commonly occurring loading and support conditions, the ideal out-of-plane
buckling load Nyyp canbe directly determined from handbooks, e.g. (56) and
(61). In this context, the value of E is taken from Fig. 9.1 a, and the shear mo-
dulus G is determined approximately from the expression

G=1E (10.4 b)

With the value of A ¢; calculated from Equation (10,4 a), the greatest compressive
stress GkR = Gk in the column cross section under fire exposure conditions, cor-
responding to the actual out-of-plane buckling load Nyp, is obtained from diagrams
applicable to in-plane buckling given in Chapter 10 in the Design Section,

In practice, a check with regard to in-plane instability is relevant to be carried out
when a column subject to an axial compressive force is braced by adjacent structural
elements against deflection at right angles to the plane of bending. When buckling de-
formation can freely occur out of the plane of bending, pure in-plane buckling will
only occur if the line of action of the axial compressive force coincides with the shear
centre of the cross section. In all other cases, a slender column acted upon by an
axial compressive force must be checked for out-of-plane instability.
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11 PROTECTION OF STRUCTURAL STEELWORK

11,1 Materials and methods

In recent years, there has been intensive development of materials and methods
for the protection of structural steelwork under fire exposure conditions (62), New
materials and methods are being developed and old ones are being modified or im-
proved, A description of the various materials and methods used for structural
fire insulation purposes will therefore remain up-to-date for a considerably short-
er time than the information given in the other Chapters of this handbook. In spite
of this, it has been considered essential to give a detailed account of the present

situation in Sweden.

Protection in the form of insulation is applied to structural steelwork in order to
limit the rate of heating and the rise in temperature, and consequently the reduc-
tion in the strength of the construction, in the event of fire, The materials used for
structural fire insulation should have good thermal insulation capacity and a good
resistance to fire. Earlier, it was common to provide fire protection for steel
structures by encasing the steel member in brickwork, or by casting concrete
round it, Nowadays, these methods are regarded as quite antiquated and unecon-
omic, They also detracted from the advantages of using steel in construction, such
as its low weight, small dimensions and rapidity of erection. Encasement in brick -
work or concrete is applied at present only in very special cases, the endeavour
being to employ lighter and more easily applied insulation materials,

One of the factors which govern the extent of fire protection is the form of con-
struction, Parts of the steelwork can often he provided with fire protection more
or less automatically, For instance, floor girders can often be incorporated in,
and partially insulated by, the floor slab, See Fig, 11,1 a,

With regard to the method of application, a distinction can be made between wet
and dry methods of insulation, The wet methods comprise fire insulation using

sprayed mineral wool

. sprayed asbestos

fire retardant plasters

fire retardant paints

The dry methods comprise fire insulation in the form of slabs and prefabricated
sections such as

Fig. 11.1 a. Floor girder partially built
into, and insulated by, the floor slab
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mineral wool slabs
vermiculite slabs

gypsum plaster slabs-

. prefabricated gypsum plaster sections

The fire insulation is usually applied directly onto the construction or part thereof
which is to be protected, Another, more indirect, form of structural fire insulation
is constituted by fire resistant suspended ceilings and fire division partitions which
can be used to isolate adjacent constructions wholly or partially.

11,21 Sprayed mineral wool

Sprayed mineral wool consists of mineral wool fibres mixed with cement or gypsum
plaster as the binder. The composition is sprayed in an atomized form, together
with water, to the desired thickness directly onto the steel surface which is to be
provided with fire insulation. The thickness of the finished insulation is normally
between 10 and 30 mm, depending on the insulation capacity to be achieved, The com-
position must be sprayed at temperatures above freezing.Prior to application, grease
and loose mill scale should be removed from the surface, but a light covering of rust
does not prevent satisfactory adhesion., The surface of the insulation can be spray

painted,

The insulation can alsc be sprayed onto metal lathing, This is done if the external
shape of the section is to be altered, for instance if a column of I section is to have
the shape of a closed rectangle after application cf the insulation, A metal lathing
is then attached to the flanges, for instance by spot welding, affer which the compo-

sition is sprayed onto the lathing,

Depending on fhe make, the density ¥; of sprayed mineral wool varies between 250
and 370 kg/m®, The insulation is relatively soft, and this must be borne in mind if
it is used on constructions which are subject to direct mechanical damage, The me-
chanical strength can be increased by gluing a glass fibre fabric onto the surface,
When requirements concerning mechanical strength are very stringent, the surface
can be given a coat of hard plaster, Mechanical protection can also be achieved by
encasement with a suitable slab material, The thermal conductivity Ki and enthalpy
I of sprayed mineral wool, as a function of the insulation temperature Gi, are given

in Figs, 11,1.1 b, ¢ and d.

Fig. 11.1.1 a. Fire insulation of steel
girder by sprayed mineral wool
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Fig. 11.1.1 b, Thermal conductivity A

o] - as a function of the insulation tempera-
!’ o ture §. for sprayed mineral wool Type
I — Cafeco ﬁlaze—Shield DC/F of density Y=
300-370 kg/m'?‘. {According to the
National Swedish Institute for Testing
200 | ago 4 &0 | a0 |t and Metrology)
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Fig. 11.1.1 c. Thermal conductivity A
as a function of the insulation tempera-
ture 4; for sprayed mineral wool Type
Pyroguard 101 of density ¥ = 250 kg/m3_
{According to the Nationai Swedish Insti-
0 | a0 w e ao T tute for Testing and Metrology)
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40_1160 . Fig. 11.1.1 d. Enthalpy 1 as a function
[ of the insulation temperature 8, for
ol sprayed mineral wool Type Pyroguard
- j‘go 101 of density ¥ = 230 kg/m3. {(Accor-
L ding to the National Swedish Institute
00, B0 RO RO for Testing and Metrology)

P

11.1.2 Sprayed ashestos

Sprayed asbestos consists of asbestos fibres mixed with cement. In the same way
as sprayed mineral wool, the composition is sprayed in an atomized form, to-
gether with water, directly onto the steel surface which is to be provided with

fire insulation. Sprayed asbestos was a forerunner to sprayed mineral wool, and
the two materials have very similar thermal and mechanical properties, Sprayed
asbestos was used very extensively before, but has been mainly superseded by
sprayed mineral wool. The reason for this is that the health hazards in conjunction
with the use of sprayed asbestos have been realized lately. These hazards and the
occupational safety requirements imposed when asbestos is being sprayed, as well
as the availability of substitute materials such as sprayed mineral wool, lead to 2
prohibition of the use of sprayed asbestos in Sweden.
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11,1.3 Fire retardant plasters

The term fire retardant plaster is a generic name for insulation materials for
steelwork in the form of plaster in which the aggregate consists of vermiculite or
perlite. Cement, lime or gypsum are usually employed as binders, Vermiculite

is an expanded mica, and perlite an expanded volcanic material. These plasters
are sprayed or applied by hand onto the steel construction. The thickness normally
varies between 10 and 40 mm, depending on the type of plaster and the required
insulation capacity. For certain plasters, the maximum recommended coat thick-
ness is 10-15 mm, Before a coat i{s applied, the previous one must be completely
dry. Application must take place at temperatures above freezing. Some plasters
can be applied directly to the steel surface, while others require metal lathing

as the base in order that adhesion should he satisfactory. The finished surface

can be painted or floated.The surface of some plasters is relatively uneven, and

it is recommended that these are given a coat of filler before being painted.

The density ¥; normally varies between 300 and 800 kg/ m® depending on the type
of plaster. Plasters of densities at the lower end of the range are relatively soft,
and this must be borne in mind when they are used in constructions where there is
a risk of mechanical damage. It is possible to achieve some increase in mechan-
ical strength by covering the surface with fabric. Some kind of corner protection
is also recommended at times. When the requirements ¢oncerning mechanical
strength are very stringent, the surface can be given a coat of hard plaster, Plas-
ters of densities at the higher end of the range' have surfaces which are themselves

often relatively hard.

The thermal conductivity li for two types of fire retardant plaster, as a function
of the insulation temperature #;, is given in Figs, 11.1.3 a and b,

kealinfC 4 1{W!m"(l:? kcai.'m'CAh {W.‘m'c}
A i
i
620 Q204

N 0
Fop0——"TTT a0
oo we . w0 w0 % w0 a0 500
* “

Fig, 11.1.3 a. Thermal conduectivity X Fig. 11.1.3 b. Thermal conductivity ki

as a function of the insulation tempera- as z function of the insulation tempera-

ture §; for fire retardant plaster Type ture 9; for fire retardant plaster Type
B Pyrodur of density y; = 300 kg/m3. Jdimoterm of density y; = 800 kg/m*.
' {According to the National Swedish In- (According to the National Swedish In-

stitute for Testing and Metrology) stitute for Testing and Metrology)

11.1.4 Fire retardant paints

A relatively new method of providing protection for structural steelwork is pre-

sented by fire retardant paints which are applied to the surface to be protected by
spraying, in the same way as ordinary paints. The finished surface is sometimes
quite rough and can be smoothed down by rolling, The coat thickness is normally
of the order of 0.5 — 9 mm. Tt is a characteristic propertv of these fire retardant
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. Fig. 11.1.4 a. Fire insulation of steel
il structure with fire retardant paints

paints that they intumesce when heated to around 100-150°C and form a foam-like
layer which acts as thermal insulation, Some types of paints also bind consider-
able quantities of heat in the form of energy of sublimation,

Some types are applied to full thickness in one spraying operation, either onto a
coat of primer or directly onto the steel surface, In the latter case the steel sur-
face must be absolutely clean, preferably sand blasted, Other types of paint are
built up in 2 number of layers, the components of which are somewhat different,
Before a coat is applied, the previous one must be dry. In conjunction with these
paint types, a zinc chromate primer is usually employed, The number of coats in
which a fire retardant paint is to be applied depends on the required insulation
capacity, Most types of fire retardant paint are generally provided with some form
of varnish finish,

11,1.5 Mineral wool slabs

Mineral wool slabs with a minimum density Y; of about 150 kg/ em? are used for
the fire insulation of structural steelwork, The slabs can be attached to the steel
surface with temperature resistant glue or with stud-welded pins and lock washers,
The latter method is the cheapest and is used most frequently, See Fig, 11.1,5 a.

The thickness of the slabs varies according to the required thermal insulation capa-
city. Standard thicknesses ranging between 30 and 70 mm are normally used. Even
if slabs thinner than 30 mm would in many cases provide sufficient insulation capa-
city, they cannot be used in practice owing to their low stiffness, In I sections with
deep webs, it is usual for the slabs to be attached directly to the web, while in sec-
tions with a shallower web it is usual for the slabs to be attached to the edges of
the flanges, so that a rectangular section is obtained, The slabs of mineral wool
must be provided with some form of surface protection where enhanced resistance

to mechanical damage is required.
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Fig. 11.1,5 a. Fire insulation of steel
girders with slabs of mineral wool
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Fig. 11.1.5b. Thermal conductivity A; Fig. 11.1.5 ¢. Enthalpy I as a function
as a function of the insulation tempera- of the insulation temperature 8y for slabs
ture 'Si for siabs of mineral wool Type of mineral wool Type Minwool 3060 or
Minwool 3060 or Rockwool 337, of den- Rockwool 337, of density Y= 150 kg/m3.
sity y; = 150 kg/m3. (According to the (According to the National Swedish
National Swedish Institute for Testing Institute for Testing and Metrology)

and Metrology)

The thermal conductivity A i and the enthalpy I for slabs of mineral wool, as a func-
tion of the insulation temperature #;, are given in Figs. 11.1,5 b and c,

11.1.6 Vermiculite slabs

Vermiculite slabs are made of a material with a composition similarto that of some
fire retardant plasters, viz. a silicate binder and vermiculite. The material is
pressed into slabs with a density ¥ ; varying between 350 and 500 kg/ m3. The slabs
are attached to the steel surface with a fire resistant adhesive, The surface must
be free from rust and loose millscale, Individual slabs are also joined together by
means of adhesive and screws., The adhesive must be applied at temperatures above
freezing, The slabs need not always be glued to the steel surface, On providing en-
casement for columns, the slabs can be joined at the corners with adhesive and
screws, so that a freestanding box is formed around the column,

Vermiculite slabs are made in a number of standard thicknesses. The thicknesses
normally employed vary between 10 and 30 mm, The thickness required varies in
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Fig. 11.1.6 a. Thermal conductivity Xi
R ' as a function of the insulation tempera-

ture 8. for slabs of vermiculite based
material Type Vermit fire insulation
slab of density ¥; =400 kg/m3. {Accor-
. . . . . . , . ding to Forschungsheim fiir Wirme-
20 s@ L 80 80 T schutz, Munich)

accordance with the stipulated insulation capacity, The slabs, which can be worked
with usual woodworking tools, have a smooth surface which can be painted or cover-
ed with fabric, Vermiculite slabs are also made into prefabridated angles and chan-

nels,

The thermal conductivity A; of one type of vermiculite slab, as a function of the
insulation temperature 8, is given in Fig. 11.1.6 a.

11,1.7 Gypsum plaster slabs

Encasement with gypsum plaster slabs with the density v; of around 800 kg/m3

is employed for the fire insulation of structural steelwork, See Fig, 11,1.7 a.
Gypsum contains relatively large quantities of water in both the free and bound
forms, When gypsum is being heated, this water evaporates, with consequent stor-
age of large quantities of energy. This, together with the thermal insulation effect
of the gypsum plaster slabs, retards the rise in temperature in the insulated con-
struction, When all the water has evaporated, the slabs disintegrate, By admixing
small quantities of glass fibre reinforcement into the material, the disintegration
temperature can be raised, thereby increasing the fire resistance of the slabs,
Sufficient fire resistance can however be provided by means of standard slabs not

reinforeed with glass fibre,

Fig. 11.1.7 a, Steel columns with fire
insulation in the form of gypsum plaster
slabs. The girders are insulated with
slabs of mineral wool
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Fig. 11.1.7 b. Skefch showing fire In-
sulation of columns and floor girders
with two layers of 13 mm gypsum plas-
ter slabs. On the girder, the sections
of metal sheeting are suspended on steel
straps attached to special sections fixed
in the precast floor units
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Loso Fig. 11,1.7 ¢. Thermal conductivity A

as a function of the insulation tempera-
ture & for gypsum plaster slabs Type
Gyproc of density ¥ = 790 kg/ma. {Accor-
ding to (26))
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Fig. 11.1.7 d. Enthalpy I as a function
of the insulation temperature $; for gyp-
sum plaster slabs Type Gyproc of density
¥ = 790 kg/m®. (According to (26)). The
full line refers to rapid heating (gypsum
plaster slab directly exposed to fire) and
the dashed line to slow heating (gypsum
plaster slab not directly exposed to fire)

Gypsum plaster 3labs 13 mm in thickness are normally used in one, two or three
layers depending on the required insulation capacity. The slabs are usually mount-
ed around the steel member with the assistance of cold-bent sections of metal sheet-
ing and thread-cutting screws. Typical sketches of columns and floor girders of
steel with fire insulation in the form of two layers of gypsum plaster slabs are shown

in Fig, 11,1.7 h,

The thermal conductivity )\i and enthalpy I of gypsum plaster slabs, as a function
of the insulation temperature 9, are shown in Figs, 11,1,7 ¢ and d,

11,1.8 Prefabricated gypsum plaster sections

Precast sections made up of a mixture of gypsum, perlite and glass fibre are used
for the encasement and fire insulation of structural steelwork, These sections
are usually made the height of a storey and are channel shaped. When columns
placed against an external wall are fo be provided with fire insulation, the sections
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are pogitioned around the columns and attached ts the wall by means of fixing de-
vices set into the wall for which holes had been provided in the sections. See Fig,
11.1.8 a, The holes are subsequently filled with gypsum plaster, When free stand-
Ing columns are insulated with channel sections, a cover in the form of a flat slab,
which is glued to the channel section, is normally used, This provides a freestand-
ing box around the column, See Fig. 11.1.8 b,

The density 7; of the gypsum plaster sections varies between 670 and 800 kg/ mg.
The required thickness depends on the stipulated insulation capacity and is normally
in the 20-40 mm range. The surface is hard and can be painted directly,

The thermal conductivity D‘i for two types of gypsum plaster section, as a function
of the insulation temperature %, is given in Fig, 11.1.8 c and d,

Fig. 11.1.8 a. Facade columas with fire
insulation in the form of prefabricated
gypsum plaster sections

gypsum plaster section

keaimiCh s}
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slab
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Fig. 11.1.8 ¢, Thermal conductivity ;
as a function of the insulation tempera-
ture & for prefabricated gypsum plaster
sections Type GPG of density Y =750 -

Fig. 11,1.8 b, Freestanding column with
fire insulation in the form of prefabrica-
ted gypsum plaster sections

800 kg/m?3, (According to the National
Swedish Institute for Testing and Metro-

logy)
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__\\___‘ _ Fig. 11.1.8 d. Thermal conductivity A4
°"°'_mo L — as a function of the insulation tempera-
' - ture 4; for prefabricated gypsum plaster
sections Type Perlitgips of density A5 =
670 kg/m3. (According to the National
) ) ) ) ) Swedish Institute for Testing and Metro-
200 400 500 800 T logy)

11.1.9  Suspended ceilings and partitions

Suspended ceilings are often required in buildings for acoustic and aesthetic rea-
sons and for installation purposes, If this suspended ceiling is made of a material
that is resistant to fire and the suspension devices are designed in the appropriate
manner, then the suspended ceiling can also be used to provide fire insulat-
jon for the steel construction placed above it (see Chapter 7). As a rule, the in-
sulation capacity of a suspended ceiling need not be particularly high in order that
the temperature of the steel girders above this should be limited to acceptable val-
ues in the event of fire, The reason for this is that most of the heat which penet-
rates through the suspended ceiling is used up in heating the floor slab which is
usually quite thick, In most cases, it is therefore not the temperature rise in the
steel girders but the suspension devices for the ceiling which are critical with re-
gard to the fire resistance of the suspended ceiling. This is also borne out by the
results of a series of fire tests on a number of suspended ceiling types, carried
out by the National Swedish Institute for Testing and Metrology (44). The most im-
portant results are tabulated in Chapter 7 in the Design Section, The table gives
the fire resistance times of suspended ceilings in standard fire tests, the insula-
tion capacity of the suspended ceiling, and the temperatures which were considered
to be critical for the suspended ceilings and their suspension devices.

Lightweight fire resistant partitions can sometimes be used to provide columns
with fire insulation protection. When the column dimensions and the design of the
partition are suitable, the columns can be wholly or partially incorporated into the
partition, In this way, the columns are more or less automatically provided with

fire protection. See Fig. 11.1.9 a.
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11.1.10 Other methods

By providing a steel construction with fire insulation protection in the form of plaster
or slabs applied directly to the construction or indirectly in the form of a suspended
ceiling or partitions, a limitation of the temperature rise in the construction in the
event of fire ig achieved, Another way in which the temperature rise in a steel con-
struction can be limited under fire exposure conditions is to raise its heat capacity
instead of providing it with fire protection. The higher the heat capacity of the con~
struction, the lower the temperature rise for a certain additional heat quantity, For
columns and beams of closed hollow sections, the heat capacity can be increased by
filling the hollow sections with water (63), (64)., This limits the steel temperature

in the event of fire, since most of the energy supplied is used up in heating and eva-
porating the water, The construction can be connected to a tank which continually
replenishes the water as it evaporates from the hollow sections, In this way, very
long fire resistance times can be provided, Systems have also been used in which

the closed hollow sections have been directly connected to the municipal water sup-
ply. During a fire, the water circulates through the construction and cools this, If
the rate of flow through the system is higher than the rate of evaporation of the water,
fire resistance times of practically unlimited length can be obtained,

Another way of increasing the heat capacity of hollow sections is to fill them with
concrete (65), The increase infire resistance is however limited, Owing to the con-
crete fill, the temperature of the steel during a fire will normally be 50-200°C low -
er than in a section of the same dimensions without conerete fill,

11,2 Costs

The costs of providing a steel construction with fire insulationwill vary according
to the type of construction, type of five protection, thickness of protection, surface
finish and the required resistance to mechanical damage, Obviously, modifications
and improvements of present materials » 2nd the development of new methods of
fire protection, can also affect costs, Some rough values, which are intended only
to give an approximate idea of the costs of providing fire insulation under Swedish
conditions, and the relationships between the costs of different fire protection me-
thods, are however given in Table 11,2 a.

Table 11.2 a Approximate cost levels in the normal casc. under sSwedish conditions, lor some
fire insulation methods. The lower values apply for insulation lavers of smaller thickness and
the higher values for thicker insulations. The costs relate to the finished insulation and the le-
vel of costs in 1974, With the exception of fire retardant paints, the costs given do not include
the costs of painting or other treatment of the surface laver

Type of insulation : Cost in Skr. /m2
ol external insulation surface

Sprayed mineral wool 25-35
Fire retardant plasters 30-70
Fire retardant paints 7 45-103
Mineral wool slabs 20-30

35-55

Vermiculite siabs
Gypsum plaster slabs
Prefabricated gypsum plaster sections

35-60
60-75
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In assessing the costs, it must also be borne in mind that different methods of fire

protection offer different types of surface finish and different degrees of resigtance
to mechanical damage, etc, It must also be emphasised that the costs quoted relate
to normal conditions, and that costs can be greatly affected by the scope and diffi-

culty of the work and by the efficiency of the working methods,

The costs of fire resistant suspended ceilings naturally also vary according to the
type of ceiling, the required protection capacity and surface finish, etc, The nor-
mal range of costs, in Swedish conditions, for fire resistant suspended ceilings
inclusive of mounting is Skr, 30-70 per m~“.

11.3 Classification of fire insulation materials

The materials used in providing structural steelwork with fire protection are sub-
ject to fire engineering classification. The classifying authority is the National
Swedish Board of Physical Planning and Building . which regularly publishes a list
of products with a fire engineering classification, and general approvals of me-
thods of providing fire protection for steelwork. In order that a classification may
be assigned to a fire insulation material, fire engineering testing according to a
standard testing procedure is generally required., The classification presupposes
that the material is affixed in the approved manner, Classification is accompanied
by some production control, The period of validity of a classification is nermally
5 years, after which an application must be made for new clagsification,
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DESIGN SECTION

Tables and diagrams
for structural fire
engineering design
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Determine, from Table 2 a, the static
load which shall not cause the structure to
coflapse under fire exposure conditions

Determine the design fire load from Tabie
3 a, and calculate the opening factor in
accordance with Fig. 3 a

Conversion of the fire load and opening tac—
tor for the fire compartment in question
inte equivalent fire load and opening factor
in accordance with Tabie 4 a

Y

ESIGN PROCEDURE

e the fire load is low or if conditions are favourable in other respects,
a- |ithe structure can be constructed without insulation, If this cannot be done, thenig-
‘the structure must be protected by insulation or a suspended ceiling

see if

Uninsulated structure

Determine the resultant
emissivity from Table 5 a

Y

Calculate the F, /V, ratio
according to Fig, 5 a

insulated structure

Choose a suitable insulation
material, Assume the requi-
site thickness, Cazlculate the
Aj/V g ratio in accordance
with Fig, 6 a

any of
these mater
ials used:
a) gypsum plaster
slabs
b) mineral wool
skabs
sprayed min-
eral wool

)

Determine the di/)\i
value of the insulation

Table 6 a

material used from *

Structure protected
by suspended ceiling

4 Choose 4 suitable suspended
ceiling (see T'able 7 a)

Determine the maximum tem-
perature of the suspended ceil
ing in the event of fire from
Table 7b

perature of the
suspended ceiling high

Yes

er than the critieal sus-
pended ceiling tempera,
ture according
{o Table
7a

Y
Determine the maximum
steel temperature from
Table 6 b

Table 6 ¢

Determine the maximum steel
temperature from Table 5 ¢

Girders

P —

Determine the maximum
steel temperature from

v

Determine the maximum steel
temperature from Table 7 b

Columns

Determine the rate of heating from
Fig, 923

W
Determine critical load

Assess degree of expansion, if expan-

sion is restrained, from Fig, 10 a

from Fig., 9b

y

Is
the load
determined from
Table 2 3 greater
than the erit-

FJ;termine the critical load for

a) compression only, from Fig, 10 b

b) simultaneous flexure and cormpres-
sion, according to Section 10.3 in
Main Section

¢} the risk of out-of-plane instability,
according to Section 10,4 in Main
Section

ical load

alt, 3) give the construction a more favourable

ncrease insulation —[

alt. 1) alt,1) reduce insulation alt, 1) i
alt.2) stop design ) alt,2) increase steel dimensions
1t, 2 :
Fo/Ve and A;/V,
PARTITION  The fire load, opening factor and equivalent fire load and opening factor are to he

determined as above according to Table 3 a, Fig. 3 2 and Tab

capacity of the construction is to be checked for the

factor with the assistance of e.g. Fig, 8a

le 4 a. The seperatisi

equivalent fire load and opening
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2 DETERMINATION OF THE DESIGN STATIC LOAD IN THE EVENT OF FIRE

Table 2 a. Static load which shall not cause a loadbearing structure to collapse

under fire exposure conditions (Main Section, Subsection 2.4.1)

It shall be shown that, during a complete fire process, the structure will not collapse
due to the most dangerous combination of

1. dead load
2. snow load, multiplied by the load factor 1.2
3. live load, multiplied by the load factor 1.4

Calculation:

1. The dead load is to be calculated in the conventional way

2. For the snow load, the values to be applied for the static and mobile constituents
are to be 80% of the values according to current building regulations

3. The fellowing values are to be applied for the live load

Type of premises Statie load N Mobile icad
kgf/m?  TkN/m"] kgt/m2  {kN/m?}

Dwelling and hotel rooms, hospital

wards, etc 35 f0.35] 70 fo.70}
Offices and schools{classrooms and ‘
group study rooms) 35 { 0.35] 100 {1,001

Shops, department stores, assembly
halls (exel. records rooms and ware-

houses containing compact stacked
loading) 35 {0.35! 250 {2,501

assumed with absolute certainty

Dwelling and hotel rooms, hospital

wards, etc 35 {0.35] 35 {0.35}
Offices and schools (classreo ms and
- group study rooms) 35 10.35] 55 {0.55}

Shops, department stores, assembly
halls (excl. records rooms and ware-
houses with compact stacked loading) 35 t0.35] 70 {0.70}
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DETERMINATION OF THE DESIGN FIRE LOAD AND OPENING FACTOR

Table 3 a. Fire loads in various types of buildings and premises determined by
means of statistical investigations. The values are referred to the total internal
surface area of the fire compartments. (Main Section, Section 3.1 and 3. 2)

Type of building
or premises

Fire load
mean value

Fire load
standard deviation

Design fire load.
Fire load denoting
the 80% level

Mcal/m?2 {MJ/m2| Mcal/m2 | MJ/m2}

Mcal/m2 { MJ/m2]

Dwellingsd
2 rooms + kitchen
3 rooms + kitchen

Office buildingsb’ ¢
Technical offices
{architects offices
ete)

Economic and ad-
ministrative offices
(hanks, insurance
companies, etc)

All the investigated
offices taken together

Schools b

Jiunior level schools
Intermediate level
schools

Senios level schools
All the investigated
schools taken together

Hospitals
Hotels b

35.8 {149.9 |
33.1 {138.6 |
29.7 {124.4 |
24.3 1101.7 }
27.3 {114.3 |
20.1 { 84.2 |
23.1 { 96.7 |
14.6 | 61,1 |
19.2 | 80.4 }
27.6 {11586 |
16.0 | 67.0 }

5.9} 24.7 |
4,8 {20.1}
7.5 { 31.4}
7.7 1 32.2 |
9.4 { 39.4 |
3.4 [ 14,2}
4,9 {2051}
4.41{18.4 }
5.6 { 23.4 |
8.6 { 36.0 |
4,61 19.3}

40.0 {167,5 }
35.5{148.6 |

34,5 {144.5 }

31.5{131.9 |

33.0 1138.2 |

35.0{146.5 |
19.51 81.8 |

% The fire load due to floor coverings is not inciuded in the values quoted.

b The values guoted appiy only to the fire load due to furniture and fittings. Any addi-
tional fire-load is to be calculated according to Equation (3.1 a) in the Main Section.

¢ According to Swedish regulations, an entire office apartment is defined as a fire com-
partment. Since there were difficulties during the statistical investigation in determi-
ning the sizes of the fire compartments, the quoted values of the fire load apply to each
office room. Furthermore, it is to be noted that office buildings are often constructed
in such 2 way that each office room can be designated as an individual fire compartment,
In Subsection 3, 2.2 in the Main Section, distribution curves are also given for the fire
load with reference to the floor area. These values can be used in determining the fire
load per m? of the total internal surface area when division into fire compartments Is

arbitrary.
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A,A1+ A2+...+A6=b.|h1+ b2h2+m +b5h5 OPENING

=L | A A+ Aghy F:?HTOR
Ar2 [Liby+Libgr Lokg] A,

Fig. 3 a, Calculation of the opening factor

for a fire compartment with vertical openings,
Ly, Lg and L denote the internal dimensions
of the fire compartment (Main Section,
Subsection 4.3, 2)
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4 CONVERSION TO EQUIVALENT FIRE LOAD AND OPENING FACTOR

Table 4 a. Factors for the conversion of the actual fire load and opening factor
for different types of fire compartment? to equivalent fire load and opening
factor applicable to fire compartment Type A(standard fire compartment) (Main

Section, Subsection 4. 3.4)

Equivalent fire load = k, - actual fire load
Equivalent opening factor = kf - actual opening factor

Fire compartment Factor l{f

Actual opening factor (mlf 2)

Type  Description of enclosing 0.02  0.04 0.06 0,08 0.10  0.12
construction
A Thermal properties 1.0 1.0 1.0 1.0 1.0 1.0

corregponding to average
values for concrete, brick
and lightweight concrete
(standard fire compartment)

B Concrete 0.85 0.85 0.85 0.85 0.85 0.85
c Lightweight concreie 3.0 3.0 3.0 3.0 3.0 2.5
D 50 % concrete 1.35 1.35 1.35 1.50 1.55 1.65

50 % lightweight concrete

E 50 % lightweight concrete 1.65 1.50 1.35 1.50 1.75 2.00
33 % concrete

from the inside outwards,

13 mm gypsum plaster-
17 %< board

106 mm mineral wool

brickwork

o 80 % uninsulated steel sheeting L0-0.5 1.0-0.5 08-05 07-0.5 07-0.5 0.7-0.5
20 % concrete

G 20 % concrete 1.50 1.45 1.35 1.25 1.15 1.08

2x13 mm gypsum plaster-
bhoard

80 %< 100 mm air gap
2x13 mm gypsum plaster-
board

H steel sheefing
100 %14 100 mm mineral wool
steel sheeting
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For types of fire compartment not listed in the Table, the conversation factor kf is to

be determined by linear interpolation between the appropriate fire compartment types

in the Table, or the value of the conversion factor kf chosen in such a way that it will
give results on the safe side. In the case of fire compartments with enclosing construc-
tions of Hghtweight conerete and concrete in certain proportions, different values of

the conversion factor ky can be obtained depending on which of the compartment types

B, C and D is used for interpolation. This is due to the fact that the relationships which
determine the conversion factor ky are not linear. However, the values of kr tabulated
above have been chosen in such a way that linear interpolation will always yield results
on the safe side, irrespective of the fire compartments used for interpolation. In order
that overestimation of the value of ky should not be unnecessarily large, itis recommended
that the fire compartment types used in interpolation should be those which yield the
lowest value of k¢. At the interpolation, the different fire compartment types may not be
combined in such a way, that any of the types gives a negative contribution to the kr value.

Brhe higher values apply in the case of an actual fire load less than 15 Mcal/m2{ 63 MJ/m2 .

The lower values apply in the case of an actual fire load greater than 120 Meal/m?
§500 MJ/mZ]. Interpolation is to be applied for intermediate values of the fire load.

Fire compartment with 22% concrete and 78% gypsum plasterboard walls.
Actual design fire load q = 20 Mcal/m?2 {84 MJ/m2},

Actual opening factor AV'E/At ={0.10 ml/z_

The fire compartment is most nearly equivalent to fire compartment Type G.
Factor ky=1.15

Equivalent fire load - 115 *20 = Mcal/m? {96 MJ/m?2}

Equivaient opening factor = 1.15 * 0.10 = 0. 115 m1/2
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5 DETERMINATION OF THE MAXIMUM TEMPERATURE IN THE EVENT OF FIRE
IN UNINSULATED STEEL STRUCTURES

Determine the resultant emissivity €r
Determine the Fg/Vg ratio
Determine the maximum temperature 6ma_x

Table 5 a, Resultant emissivity €r for different constructions. The values yield results
on the safe side Main Section, Subsection 5,2.4)

Resultant
Type of construetion emissivity &
1 Column exposed to fire on all sides 0,7
2 Column cutside facade 0.3
3 Floor girder with floor slab of concrete, only the underside of
the bottom flange being directly exposed to fire 0.5

4 Floor girder with floor slab on the top flange 2
Girder of I section for which the width—depth ratio is not less than 0,5 0
Girder of I section for which the width-depth ratio is less than 0.5 0.
Box girder and lattice girder 0

=3 -3

a More accurate values of € . which take into account the width-depth ratio b/h and spacing-
depth ratio c/h of the girders are given in Fig, 5.2.4 b in the Main Section,
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Table 5 b, The ratio F/ Vg (m-l) for rolled I girders for two different cases of exposure
to radiation (Main Section, Subsection 5,2.5)

Steel All surfaces of the One side of one
section steel section ex- flange not exposed
posed to radiation to radiation
HEA
100 275 227
120 277 229
140 260 215
160 240 199
180 232 192
200 217 180
220 200 166
240 183 152
260 175 146
280 169 140
300 157 130
320 145 121
340 138 115
360 132 110
400 123 104
HEB
100 226 188
120 208 173
140 192 160
160 174 144
180 163 135
200 151 126
220 143 119
240 134 111
260 130 108
280 126 105
300 119 99
320 112 94
340 109 81
360 105 28
400 100 85
PE
80 440 380
100 400 346
120 369 321
140 343 299
160 317 277
180 298 260
200 2 242
220 260 227
240 242 212
270 231 203
300 220 193
! 330 205 180
; 360 190 167
400 178 157




152

Column within a

Tire compartment 8 _2h+ b - 2d

v cross section area

1
= 2
1
B
h Z f‘_s_ . 2h + 2
; s ¢ross section area

v
b
—_Opening
- : 77T
Colur.m, mgdlately FS oh + b
outside & window — = ;
3 v cross section ares
opening s
| #rirri s / .
Floor structure,com- e — -
posed of steel beasms | F
N N . 5] b 1
with a conerete slab, | 4+ » v oTw T3
supported on the lower| [®, 5
flange of the beams i
. Y
Beams with a floor P e
slab, supported on '_‘EZZTW_J FS oh + 3b ~ 2g
the upper flange of — = - -
v cross section area
the beams s
st mes)
= o & P D
—_ Po b o
T+
# H v eross section area
z 5

Floor slab beams of P T 2 F 2b1 + 2h

. 2 s _ 1
cruse T:ype (FS/VS o° EE Ih2 v (lower flange) = cross section area
determined for each bz_l- 5 of lover Flange
part of the truss) o———3d €
F b, + 2h
£ {upper flange) = £ 2
Bzz.rh’ v, g cross section ares
by l of upper flange

Fy k
V—S- {diagonal) = I

Fig. 5a. Examples of calculatinng/Vs (m‘l),the ratio of the area per unit
length exposed to fire (mz/m) to the enclosed steel volume per unit length(m3/ m)
for different types of construction. See also Table 5 b(Main Section, Subsection
5.2.,5)
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Table 5 c. Maximum steel temperature &, OCy for uninsulated steel structure as a funetion of

the equivsalent fire load qq ’Vical/mz)‘ MJ/mza[ equwalent opening factor Ax’_/At (m } and the
S/VS ratic of the construction (m‘l) for different resuitant emissivities €, (Main Section,Chapter 5)

v % f:_-‘ Prax v f"ﬁ E Prmax g ,iﬂ i,. Pmax A_[/E ff‘ Prnax
¢ O A A A Acfv & & Fe A iy &5 & & g A v 1& & &
03 05 07 103 05 o7 102 05 07 Sloa o5 07
30 343 370 30 {406 420 25 390 425 445 490 300
75 335 403 75 | 435 245 30 [465 490 525 330
100 410 425 106 | 450 460 75 1483 500 330 333
0,01f 125 425 435 9,01 125 | 460 470 0,01 100 [493 503 0,01 335 335
150 435 440 150 | 476 475 25 1500 510 335 540
200 445 445 200 1475 480 13¢ {305 510 340 340
400 450 450 400 | 480 485 200|505 515 540 340
50 380 110 50 1425 80 100|510 315 540 540
75 445 473 -75 ] 500 540 50 |500 375 GO0 623
106 490 520 100 | 540 375 75 |360 620 610 650
0.02;125 520 545 0,02 |125 | 565 4600 100 {395 630 0.02 650 055
150 540 553 150 | 585 605 0,021125 |615 gd0 | 23 125 [650 655 660
200 360 575 260 | 605 620 a0 150 |623 645 | 1105} |0, 04 30 {570 Gf5 700
400 585 585 400 ! 625 630 - 200 (435 550 75 [630 720 700
50 320 263 50 | 100 455 510 | {84} 100|630 G50 25355 420 310
75 400 430 75 | 490 530 640 50 |495 G25 0,06 | 300|525 GO0 700
100 460 3510 0.04 {100 | 550 €10 633 u, 011 73 {583 700 75640 090 S0
0,04 125 513 555 15 125 | 600 6433 69O 1100 {630 740 30460 a0 Goao
15¢ 555 593 150 | 635 630 710 EEREE 413 0,08 | 751580 700 770
10 200 605 6a3 | 03] 50 340 400 175 30 |40 460 100 {660 775 -
{42} 300 660 G99 731425 400 378 0,06 75 |30 700 i 25 [ 240 230 3:'.
50 575 330 006 |100 ] 300 339 630 100 | 615 755 { 30100 Gy A
75 370 425 - 125 530 600 6890 50 | 320 550 0,12 | 753|500 330 700
.08 100 410 483 1301 390 630 2o 0. 08 75 |55 G760 160 5?0 rjsa 501t
125 456 515 SO0 onan o Tna T35 ’ ion | G653 743 1250650 70 -
130 485 330 e 30U 47y g0 125 630 700 2 5 T
200 350 6560 T3 380 63 335 25 1300 235 80b R it
| 300 G630 735 i a0 130 3130 G0d 30§ 310 300 7313553 30 o6y
30 250 300 ! O PP N 1 IR R 510 : oo a0 a6l
75 330 400 i 1500 335 450 Tiu 0,12 100 |90 70U ;0,01 125 WA 565
106 1400 460 ! 2000 623 T3 TH3 125 | 330 775 ‘ 35 360
o, 0g | 123 430 510 U1 2G 200 00 150 | snn - I -jT“
"l 1350 510 330 T340 8s0 Suw T35 ] 130 ot 5T 5
200 5390 660 g1z JL0C| 300 40 swv 5304100 515 | U Su By h:.-iﬂ ':*:U
300 700 760 i 125 | 130 O 675 75 | 3lo 320 [ g V2] T5)BEDGTO 670
30 200 260 150 | 300 600 750 100 | 520 320 100| GGD 673 673
73 260 350 200 | 573 G50 - GUllyas | 520 5 o 01| B0 B30 ey T
o.12} 100 310 400 35| 805  dsa  4lo 150 | 325 * R TRl 7L0 T80 500
123 B0 340 301480 430 463 200 | 330 23410 s ey
150 430 620 73 Ay 1Th s i 330 0, Uh 30{ 305 Gaun TRy
200 300 700 0.0L {100 | 475 430 %] HRIEET] LTS T -
300 520 00 125 | 450 433 00 o g 7| 590 o, 08 291 363 s 3
30 383 403 150 | 55 480 4495 UELn0 | 5ES 7oy GG YT -
73 423 435 200 485 495 500 125 1 630 251 290 - Hu
001|100 115 50 100 F LU0 500 40n 158 | 43 0,12 50 -_160 'HO l_lfl’
7123 450 460 S0 460 313 G 200 | 630 75| 540 Gn0 S0
150 455 60 751530 570 5U3 50 | 323 100] 665 40~
200 L0 165 4,03 (1001 565 Gon o GlG 6,0k TS 620 0,12 %3 4.21 -'z“i” EXl
100 A70 a0 125 395 410 nsu | o Lon 501 640 Tho -
50 135 170 150 | sio 2o wss | 0 25 G5 216 270 820
i 5 300 333 200 | 623 635 15 | {od,E) 50 501 360 440 20
0.02|299 340 360 3001 6533 645 GlD 0,061 75 0,301 73} 430 ')_:3 fi10
123 3533 373 361 430 313 5T3 100 100f 335 650 73
150 570 580 751 343 500 635 EED 1250 395 735 790
200 580 G660 0,04 {100 600 660 703 SR Y P25 e 25] 125 345 633
100 505 603 1251 430 Tou_ Tio 100 7o o 0.30) 30/ 630 T9% 200
30 100 430 23] 233 o a0 ; 25 Em| (sl 75 700 - -
i3 355 34 36| 8Y0 433 a4u 50 340
160 338 GO0 0,06 | 73| 480 333 433 75 630
0,04[123 GO0 GO0 100} 363 G20 Tl 9.1z Luv 73
150 825 G865 17.5 125} 620 570 530 125 500
_ 12,3 200 663 700 50| 313 135 U0 130 -
{32, 36 335 100 fra.s} a0 | 73| HO 550 600
75 125 495 . 100 300 603 670
0, 06160 480 360 125] 365 630 740
125 325 610 150] 615 705 763
150 360 630 351 160 2060 275
200 625 705 501 275 330 450
300 740 770 75] 350 430 330
50 315 360 - 0.1z | 00 425 505 G630
75 400 455 THEr1231 473 575 725
0, o8 [£99 475 5335 150| 325 643 T
530 GO0 .1200] 60O 725 -
585.. 650 -
660 7A0 |- . -
m - [ o -
250 330 v
'320... . . w ' . . - - [ B
400 310 ’ R A
450 620
510 490
§00 760
720 -
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6 DETERMINATION OF THE MAXIMUM TEMPERATURE IN THE EVENT OF FIRE
IN INSULATED STEEL STRUCTURES '

Calculation procedure:

Determine the Ay/V ratio

Determine the insulation capacity d; /ki or, for specific materials, the
insulation thickness d; _

Determine the maximum temperature Srnax

. . h )
Cotum in o tixe Mmoo
® Vs steel cross section ares
¢ 4l 4.
% 5 V—l = 2k + 2b
% .
L £ 5 steel crqss secticn area
F——
Column sgainst a } N .
wall with a suf- i
. . . ——=2h + b
ficient fire re- 3 .
. s steel cross section area
slstance
e
Column within a A
wall with a guf- iA_k _1
ficient fire re- VS bt ot
sistance
Floor structure, com-
posed of ‘steel beams A,
. 1 b 1
¥ith a conerete slab, 7= E = g
supported on the lower s
flange of the beams
Beams with a floor N
slab, supported on i _2h+ D
vV steel cross section area

the upper flange of
the beams

Floor slab beams of

: [ A 2o, + 2n
truss type (A./V is i 1 1
1’ s h - = -
determined for each b lz Vj3 (lower flange) cross section area
part of the truss) o 1d of lower flange
. b. + 2
Ih fl {upper flange) = g o2 -
! v cross section sres
AN s of upper flange
A,
i . _ b
7 (disgonal) = 3

Fig. 6 a. Examples of calculating Ai/Vs (m'l), the ratio of the inner surface area
of the insulation per unit length (mz/m) to the enclosed steel volume per unit length
(ms/m) for different types of construction (Main Section, Subsection 6. 2. 3)
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Table 6 a. The thermal conductivity A; (keal/m °Ch) {W/m °C| of some Insulation materials as a
function of the insulation temperature (Main Section, Chapter 11j

Sprayed mineral wool Calfco
Blaze-Shield Tvpe DC/F

Sprayed mineral wool
Tyvpe Pyroguard 101
Fire retardant plaster

Type Jimoterm
Fire retardant plaster
Tyne Pyrodur

Siabs of vermiculite based
material Type Vermit
fire insulation slab

Mineral wool slabs with 3
& density of v =130 kg/m
Type Minweool slab 3660
or Rockwool siab 337

Gypsum plaster slabs
Type Gyproc

Prefabricated gypsum
plaster sections Type GFG

Prefabricated gypsum
plaster sections
Type Perlitgips

Fire retardant paints

Temperature >C°

G 100 200 300 400 500 600 700 800 900 1000

0,045 0,047 0050 0,058 0066 0077 0,095 0120 0145 0,170 0210
{0,053} {0.055} {0.058} {0,068} {0,077} {0090} {0,110} {0,140} {0,170} {0.198} {0,245}

0,044 0055 0,05 0066 0071 0079 0,089 0,103 0123 0,150 0,190
{0,051} {0,064} {0,069} {0,077} {0,083} {0.092} {0104} {0,120} {0,144} {0,175} {0.220}

0203 0,145 014 0,143 0,141 038 0,138 Q156 0182 018 —
10,236} {0,169} {0,168} {0,167} {0,165} {0.161} {0161} {0182} {0,212} 10,217}

0,085 0,09 0,095 0,100 0,005 0,110 0115 0115 G120 025 Q130
{0,099} {0,105} {0,110} {0,116}  {0.122} {0128} {0,134}  {0.134) {0,140} {0,146} {0152}

0077 0085 0,002 0100 0112 0117 0125 Q133 Q145 QI57 Q17
{0,090) {0,099} {0,108} {0,116} {0,130} {0,137} {0,146} {0,155} {0,169} {0183} {0,199}

0,030 0044 0058 0,081 0,109 0,149 187 0,235 07280 0365 0,470
{0,035} {0,051} {0,068} {0,094} 027} {0173} {0,218} {0,275} {0,325} {0.425} {0,550}

0,180 0180 120 0,135 0155 0170 019 0205 0225 0250 0275
{0,210} {0,210} {0,140} {0,157} {0181} {0,198} {0220} {0,240} {0,260} {0,290} {0,320}

0250 0130 0124 0133 0,135 0130 — — — - —
{0,290} {0,152} {0,145) {0,155} {0,157} {O.152}

0,180 0,105 0084 0,106 0,115 0122 — _ _ —
{0,210} {0,122} {0,098} {0,123} {0,134} {0,142}

Most fire retardant pzints change in thickness on exposure to fire. Information relating only to the
variation of the thermal conductivity with temperature does not therefore provide a sufficient basis
for design. The insulation capacity of the paint, expressed in terms of a fictive d; /A value, must
be known. Tor Unitherm fire retardant palnt. the following values can be used in determining the
maximum steel temperature. Two-coat Unitherm application, dj/A; = 0,073 m” °C h/keal

10. 064 m2 9C/W|. Three-coat Unitherm application, dj/A; = 0,10 m? °C h/keal |0, 086 m2 oc/wi
These values have been determined using the results of standard fire tests. The values are
clearly on the safe side and should be applicable also to other types of paint which are found in {ire
tests to exhibit at least the same fire resistance as Unitherm fire retardant paint.

a

In determining the maximum steel temperature {rom Table 6b,the value of )‘i used for the insulation is to be that correspending
fo an Insulation temperature approximately equal to the maximum steel temperature. Normally, therefore, a value of A{ corres-
ponding to a temperature of 400-600°C is to be used {see Main Section, Subsection §.2.1).
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Table 6 b. Maximum steel temperature $m (°C) for an insulated steel structure as a function of
the equivalent fire load q (Mcal/m®*) {MJ/m2}, equivalent opening factor AVh/A, (m1/2y and the
AV ratiofm~)of the construction for different values of the thermal resistance di/Ai (m2 OCh/
keal)@ of the insulation, d; denotes the insulation thickness {m} {Main Section, Chapter §)

’ I | s
AVR| A Frmax 7 AVR| A; Frmax g '5_]/_3 i! Prmax v ﬁ f_f max
Af Vs d‘,'l'i.; d:,-f/‘.,: 0'1//‘.. df//‘.,' A: Vs D','.’.F-_,- 0}1’/‘.’; O'f,f/-.j d,/;, A! VJ‘ 0';..";, ﬂr,}‘/-, d,'f/‘.,' D',','Z,' Ar VS O'j.’;.,- 0',',[;.,' d_,'j'f-.,.- 0‘,‘/}.,‘
0,05 0,10 0,20 0,30 0.06 010 020 0,30 0.05 0,10 0,20 0,30 0.08 0,10 0,20 0,30
100 | 380 325 233 215 30| 430 360 275 230 25} 360 260 185 145 25 | 445 330 230 1390
125 1 405 350 280 240 73| 470 410 330 275 20| 490 380 270 225 50 | 570 460 340 275
0,01{150 | 420 365 300 260 100} 495 4435 370 320 751 550 445 340 280 75 | 640 540 415 340
200 [ 440 395 335 299 0,G1)125| 505 465 395 350 100 1595 490 385 1325 100 | 670 380 470 395
300 | 460 430 375 338 150 | 915 480 420 875 125 | 625 535 425 360 0,02[125 ; 695 620 3510 440
400 | 470 445 405 370 200 | 525 500 450 4ip 0,02| 150 { 645 535 460 395 150 } 710 G50 550 473
100 { 390 300 220 189 400 | 535 530 505 4RO | 200 } 665 600 510 445 200 | 725 680 GO0 530
123 | 420 340 250 205 56| 395 300 225 180 30G | 690 640 580 515 300 § 740 710 G635 Goo
150 | 450 360 275 =225 73| 455 360 280 230 400 1 760 670 610 560 400 1 745 730 630 640
0,02]200 { 500 400 310 260 100§ 500 403 310 280 251 275 200 130 100 27 | 33¢ 245 160 125
15 300 ] 550 460 370 320 125 540 445 350 300 50 | 410 300 205 160 30 1480 360 230 195
400 | 575 505 415 355 0,02]150 | 560 470 375 320 75| 500 380 285 210 75 ] 865 440 313 250
{63} 1231375 270 195 155 los 200 | 5395 S15 420 360 100 | 560 440 310 250 100 | 630 500 370 300
150 [ 400 300 210 175 300 [ 635 370 490 435 0,041125 610 480 350 280 0,04/125 { 680 550 410 340
0,641200 [ 450 350 250 205 [fL03 400 | 650 605 3525 470 | 150 | 650 525 385 310 150 | 715 590 450 370
300 | 53¢ 420 31¢ 255 75 400 295 200 160 35 200 | FOG 590 445 370 200 1 765 650 310 430
400 | 600 475 365 300 100 | 45¢ 350 240 195 {147] 300 { 760 665 530 450 300 | - 725 G600 519
150 | 350 250 175 140 125 510 380 270 220 460 | - 710 B85 510 400 § - 770 G35 580
0.06 200 ; 400 295 210 170 0,04]150 [ 350 420 300 250 50 | 350 250 165 125 25 1280 195 125 95
* 300 | 480 37¢ 260 210 200 | 600 480 350 290 751430 320 215 170 50 | 420 300 200 135
400 {540 420 305 245 300 | GBD 355 425 365 100 | 500 376 255 200 75 | 510 380 260 =205
200 | 356 255 183 145 400 ) 725 §15 485 420 i 0,06 {125 | 555 415 295 235 100 | 585 440 310 243
0,08 ;300 (425 335 225 180 - 75 350 245 17¢ 130 150 ; 395 455 320 260 G, 06125 1640 490 350 280
400 ;500 390 270 200 100 | 410 295 200 160 200 | 660 520 380 305 150 1685 530 390 310
0,12 300 | 330 250 175 140 125 | 455 330 230 185 300 | 750 610 465 330 J4s 200 {750 GOG 450 370
' 400 | 350 306 200 165 G, 06 {150 | 300 370 255 205 400 1800 675 530 440 {190} 300 |- 700 540 455
75 } 420 355 280 235 200 ) 565 430 310 245 75 {380 275 185 145 400 { - 165 610 520
100 {440 385 315 270 300 | 853 520 380 305 100 {450 325 220 175 50 1375 260 175 135
125 [ 460 413 340 290 400 ; 710 380 44¢ 360 125 [ 500 365 255 200 75 | 465 335 223 180
0,01 1150 | 475 430 365 320 190 | 350 255 175 140 0,08 (150 | 540 405 280 225 100 ;530 395 270 210
200 {490 455 395 355 125 | 400 280 195 15% 200 (610 470 340 265 0,08 1125 | 590 445 305 240
300 | 500 48C 440 400 0,08 |15¢ | 450 325 220 175 300 ;715 570 430 345 150 (640 490 340 2735
400 | 505 490 460 z3p 200 { 506 380 260 210 400 | - 640 490 400 200 |10 550 395 315
75 1400 3153 240 190 300 | 800 470 3840 265 100 (375 265 1Ye¢ 135 300 {800 630 3500 400
100 |450 3535 270 220 400 | 675 540 3%0 315 125 1420 290 195 155 400 |- 725 553 475
125 1480 390 300 250 . 150 } 360 245 175 140 0,12 |150 |465 325 225 18¢ 75 |30 260 170 130
0,02 1150 | 510 415 325 275 0,12 200 | 430 300 210 165 200 {545 3%0 285 210 100 j445 315 200 135
20 200 1550 470 370 310 ‘ 306 | 910 37) 260 210 300 1645 480 335 275 123 |510 350 235 185
300 )585 530 435 370 400 | 570 430 300 240 400 | 705 545 390 315 6,12 1159 {535 395 275 3220
b4} 400|615 560 475 419 25| 390 310 225 180 25 1400 300 210 185 200 !635 470 320 260
100 {400 300 210 160 30 | 480 419 320 270 50 |530 425 310 250 300 |735 560 405 305
125 |450 340 240 190 75 | 515 460 380 315 75 [595 495 380 315 400 (790 635 470 385
0,04 {150 1480 865 260 210 0,0L (200 ; 535 490 420 365 100 |633 545 435 360 150 !325 215 140 115
200 | 540 420 310 250 125 1 540 510 450 400 0,062 125 |[665 580 480 400 0, 30 200 |385 265 170 135
300 {620 500 3/0 310 150 [ 550 525 470 425 150 {680 610 5310 435 * 300 1475 340 225 175
400 16%0 555 440 360 200 | 5535 535 500 460 200 |70C 645 560 490 400 |545 400 270 210
100 (350 250 175 135 400 | 560 535 540 5320 300|720 G8Q G25 350
125 13%0 280 200 155 25| 325 240 165 130 400 725 700 650 GO0
0,06 150 [430 320 220 175 50 | 440 345 250 200 25 |300 220 145 115
200 {490 370 260 210 75 | 510 405 305 250 50 1445 330 225 180
300 [580 -450 325 260 106 | 550 450 350 290. 75 1525 400 290 235
400 (640 505 380 310 0,02 125 | 380 490 385 3325 100 |595 465 340 270
125 |340 240 165 125 20 150 | 605 820 420 355 0,04 1125 (645 510 3|0 310
150 |37¢ 260 185 150 200 § 630 560 470 400 150 (680 550 420 340
0,08 |260 (440 310 225 175 fi26) 300 | 665 Gl0 540 470 |40 200 |730 615 475 395
3J00 | 530 400 280 215 400 | 675 G40 570 515 "{168} 300 {790 695 585 480
400 GO0 450 340 260 5G| 370 270 185 140 406 - 740 630 545
200 1360 230 18C 140 75 | 450 340 240 185 80 [385 275 185 140
0,12 |300 1420 305 215 175 100 | 510 400 280 220 75 {473 350 235 185
400 (460 365 250 200 0,04 {125 [ 560 440 310 250 L0 {540 405 280 225
150 [ 600 4753 350 283 0,06 1125 |595 450 325 255
200 i 660 340 40C 330 L0 |640 430 355 285
306 | 730 615 485 405 200 1705 560 415 335
400 ! 760 670 540 469 | 300 790 660 500 415
75 ) 395 280 180 150 400 |- 720 565 48¢
100 } 460 335 230 180 50 {340 240 155 120
125 | 310 375 265 210 75 423 300 205 160
0,06 |150 | 550 415 290 235 100 |300 355 250 195
20G | G20 475 345 275 0,08 1125 550 400 280 220
3¢0 | 710 570 425 350¢ 150 1600 450 310 250
400 1 763 635 490 405 200 [675 303 370 300
75 {350 245 1Y0 130 300 760 600 470 380
160 | £20 285 200 160 400 |- 680 530 443 )
125 | 455 330 230 180 75 |340 240 1606 120 a Z e = 2 9
0,08 j130 [ 500 370 255 203 100 {410 290 185 145 8'?3m »Ch/kcalzg,ggém »C/W
260 | 570 425 300 243 125 |465 320 215 170 0'20 " =*0'172 »
300 | 670 3525 3%0 303 0,12 [150 |510 360 250 200 0'30 » 20.258
100 1740 60g 450 365 200 J590 430 290 235 ' y - »
100 ;340 230 155 125 300 630 520 370 300
125 | 3756 260 175 140 400 735 590 430 350
0,12 150 {420 290 200 160
200 300 330 240 190
300 1600 410 300 230
HOO (6?73 300 350 280J
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AVR| A Irax AVR| A Fmax g |AVAL A i q ARl A Pmax
A dili; dili; kg dili; A, sy difty iy diidy A | Ve ldiily diid; difi; djii A Vs gyl dilzy ajity dili
0,05 0,10 90,20 0,30 0,05 0,10 0,20 0,30 0,05 0,10 0,20 0.30 0,05 010 Q20 0,30
25 | 480 355 250 200 35 1 330 420 293 235 351 525 905 270 205 I5[T80 500 350 270
50 {605 490 373 300 50 [ 663 560 430 330 501 665 540 406 320 30 ;- G760 S30 429
75 665 5370 450 380 75 | 715 G40 3515 433 751 733 623 490 400 0047 75 - 760 b_’? ._;.1?
0,02 100 | 700 620 510 435 6,02|100 | 745 675 370 493 0.04;100) 790 650 330 435 100 - - 693 5305
123 {720 630 330 475 125 | 760 765 610 340 25 - 710 GO 505 L el S f'ao
150 | 730 673 585 510 150 | 770 725 G40 575 el - 730 540 550 251330 395 265 720
200 | 745 700 G630 363 200 | 780 750 6090 625 200} -~ 800 G695 605 50 {735 570 00 320
300 (755 733 680 035 35 | 406 300 200 130 251400 280 85 1N |73y~ TS 500 405
25 ]330 235 170 133 50 | 560 430 305 240 50 565 413 285 9,061100 - 730 575 4T3
30 {506 383 270 210 75 {630 513 380 310 75| 670 3516 365 1251 - 800 635 535
75 | GO0 460 340 265 100 | 715 580 340 360 100 | 740 583 425 345 150 | - - E%_} ’:59
100 655 323 395 313 125 {755 G40 48G 403 G.0G]135| 790 G40 480 390 209 il -.)— :;; l'.n.:v
0,04 125 [705 575 435 353 0,04 {150 | 790 675 330 440 1ab| - 683 3523 430 23475 325 220 16
150 |740 615 475 395 206 [- 730 600 303 2004 - 755 503 B00 1ay 30 1 860 490 260
200 {785 675 340 450 300 |- 795 680 500 300 - - 603 600 75 | 770 303 3o
200 (- 730 625 545 25 | 845 240 155 120 I5[ 550 240 160 120 50500408 1106 ) - 670 400
400 |- 795 680 600 30 |500 360 240 195 50 [ 516 363 250 190 @i - T 430
25 1300 210 133 105 75 |600 450 3815 250 751615 435 320 250 130 | - 780 390
50 |445 320 215 170 100 | 670 515 375 300 100 | 760 330 375 200 LU 580
75 540 406 275 220 125 1725 570 415 340 |70 | 0.08)125 1750 385 425 340 251390 250 130
100 [610 465 330 260 156 (765 615 460 375 |{313 150 | 800 G40 470 385 50 | 565 ?99 :10
30 i0,06(125 |65 515 375 300 |60 |0.06 |200 |- 685 3525 435 200 | - 710 545 450 ., 75 | 690 _f‘-"g :—!Zg
o10) 150|710 860 410 330 o 300 |- 775 625 336 fgg - - g;g (aigg 0,12 igg TGO ;ig o0 e
200 775 625 473 395 400 1-  ~ 895 goo - - 5 2 1
306 |- 725 5370 480 35 1300 200 135 100 50 | 420 200 190 130 150 § - 690 ::09 +10
400 |- 790 635 545 30 {450 315 216 160 751325 373 250 2400 200 ) - 760 575 f?(’
25 [260 180 115 %0 75 1550 400 275 210 100 | 500 440 300 240 00 |- - 700 5%
30 la00 275 180 140 0.08 |100 |615 460 323 233 0,12{125 [ 680 500 330 275 751435 300 195 150
75 |506 350 240 190 12% {680 313 365 290 1530 1725 530 390 300 10? ;)1(_) 355 3.';50 150
0,08{100 |555 410 290 225 150 {725 360 400 330 200 1800 620 450 360 1284575 40 270 200
125 (615 460 325 255 200 |860 G640 475 390 300 f- T30 550 450 0.30 1150 | 625 455 305 -:49
150 [665 305 355 205 300 |- T30 80 480 400 |- 800 650 530 200 | 703 330 365 235
200 {750 580 425 350 400 |- - 650 330 751305 203 133 1065 300 | - G40 463 370
300 |- 680 325 430 50 1370 250 160 125 100 1 265 230 185 130 400 1 - 7200 B 135
400 {- 750 595 506 75 {470 330 210 170 125 | 410 285 190 150
50 (320 220 145 110 100 |556 385 250 200 0,50]150 | 465 315 210 170
75 [410 290 185 145 125 1600 430 300 235 200 1535 335 265 200
100 (480 343 228 1953 0,12 {150 {650 480 330 263 300 | 635 480 335 260
125 550 390 260 =00 200 |735 550 400 310 400 | 715 550 390 310
0,12 150 |600 430 295 235 300 [-  G6C 500 400 25 1630 480 330 260
200 |675 500 350 280 400 |- 750 575 445 50 | 760 G40 490 345
200 |180 600 240 350 125 |a45 235 155 123 0.041 75 1~ 7235 590 400
400 |- 680 510 415 150 (395 265 173 145 1o¢ |- 770 650 560
125 [305 205 135 110 0,30 1260 {460 325 213 163 125 {~ 790 700 G610
15¢ [350 230 150 125 300 {555 410 280 220 150 |- - 730 650
0,30{206 |410 285 185 145 400 {630 473 330 260 25 [450 3815 210 160
300 [500 365 245 190 30 625 470 325 255
400 [575 425 200 225 75 [730 570 410 330
0,061L00 {795 G40 475 390
125 |- 700 530 435
150 |- 745 575 480
200 {- - 630 350
300 |- - 750 665
25 (400 275 180 140
50 |570 415 285 220
75 [680 310 360 285
90  |0.08[100 {735 500 420 340
125 |-  $30 480 350
{esd) 150 |- 700 520 430
200 - 773 600 500
300 |- - 700 60O
35 1320 =220 140 103
30 [475 320 220 175
75 |38 425 285 225
100 |670 495 340 275
0,12(125 {740 530 395 305
IS¢ (800 600 440 350
200 |- 630 500 403
300 [~ 800 605 503
500 |- - 700 585
75 |335 245 160 125
100 {425 230 195 150
125 1489 335 235 175
0,301156 |53¢ 375 250 195
200 510 445 306 253
300 {720 345 385 303
100 800 623 453 360




Table 6 ¢. Maximum steel temperature Yrmax
plaster slabs, mineral wool slabs or sprayed
q (Meal/m®) {MI/m?},

tion (m-1) for different insulation thickness dj (mm) (
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equivalent opening factor Aﬁ/At (m L

Table 6 ¢:1 Gypsum plaster sizbs Type Gyproc (¥~ 730 kg/m3)

(°C) for a steel structure insulated with gypsum
mineral wool as a function of the eguivaient fire inad
2) and the Ai/vs ratio of the construc-
Main Section, Chapter 6)

AYh| A Prmax AVE] Ai | Pmax AVRl Ar i Pmax Aypi A | Pmax AVn | A7 Pmax
7 Ar Vs d; di 7 A L Vs o; d; a A, Ve d; a; 4 A t Ve dy d; ¢ At Vs d; o
13 28 13 26 13 286 13 28 13 26
125 {315 200 25| 315 210 251 305 195 25§ 390 250 25( 395 350
150 [ 335 =215 50§ 415 805 50| 435 290 50 | 550 370 G,04 ( 50 620 3535
0,01} 200 | 365 235 75 | 465 360 75 525 345 0,02 75 {655 500 73| 735 Ga0
300 | 395 260 100 | 485 395 100 | 600 390 140} 725 570 25| 315 263
400 | 415 275 0,011125 | 510 420 0,02)|125 | 640 425 125 | 755 613 30| 465 3%0
15 125 [ 300 150 150 | 525 440 150§ 875 500 150 | 765 680 0,06 | 75| 890 475
150 | 325 165 200 | 535 465 200 | 700 385 30 [ 410 273 100 775 530
{63} jo.02| 200 | 350 200 300 | 550 495 300 | 720 650 75500 330 1251 - 630
300 ;405 215 400 | 560 510 50| 350 200 100 | 575 380 150 - 675
400 {435 230 30 | 350 215 75| 425 260 0,04[125 | 650 429 30| 410 323
300 | 300 120 75 | 410 265 1loo | 485 300 150§ 745 455 75! 525 400
0,04 400 | 330 125 100 | 460 305 0,04125| 535 325 200 | - 500 100 630 460
75 345 230 125 | 495 335 150 605 355 300 | - 635 6,08 [125( 700 535
100 | 380 260 0,02{150 | 320 365 200 | 690 400 50 i as0 205 150} - 585
125 (405 280 200 | 570 400 | 40 300 | 780 495 75 | 435 285 200§ - 575
0,01 150 ;420 300 | 30 300 | 640 450 {165} 400 ! - 560 108 | 510 310 {315} 507 320 230
200 {440 325 1 400 | 665 470 ’ 75 365 185 125 | 57¢ 345 75| 400 300
300 {465 355 | 129) 75 | 345 185 100 | 420 21§ 0,06{150 | 600 375 100| 475 350
400 | 480 375 100 § 400 215 125 | 450 235| 50 200 | 750 425 0, 12 [L25[ 540 375
75 1309 180 125 | 435 245 150 1 485 260 10 300 | - 495 7T 1150 | 650 410
100 | 345 200 0,04 {150 470 260 0,06{200 | 600 300 400 | - 535 2006] 765 450
125 {375 220 200 | 520 300 300 { 730 355 50 | 300 200 300 - 563
©,02] 150 {400 235 300 | 630 350 400 | 800 385 75 } 375 245 400 - G55
20 200 [440 265 400 | 695 380 75 | 305 160 100 j 449 280 156 300 115
300 {490 300 106 330 140 100 | 360 185 0,08(125 {490 300 200 325 113
B4} 400 | 520 320 125 1 365 155 125 | 400 200 150 | 550 330 030 300 | 385 125
125 13060 130 0.0q |F30 [895 175 0,08 150 445 220 200 {650 375 400 435 150
150 325 140 "7V (200 {445 200 200 | 520 250 304 | 770 415 0,04 | 20| 270 TIIS
0,041200 {370 155 300 !550 235 300 | 600 295 400 | - 500 ' 50| 800 GG3
300 1435 175 400 (600 255 4400 | 665 323 100 {340 145 251 365 310
400 1475 200 125 1305 120 125 315 115 125 | 385 150 0. 06 50) 530 450
200 [ 300 114 0,08 |156 ;345 135 150 | 350 120 0, 12| 150 | 420 165 * 75| 785 530
0,06 300 |350 115 200 [ 390 135 0,121200 | 400 135 'T7200 [470 200 100! - 7208
466 1400 120 300 {450 155 300 | 450 145 300 | BY5 220 25] 315 260
0 og | 390 {285 100 404 | 506 170 400 | 540 155 400 | 735 250 30| 4Y0 395
‘71400 [aze 110 T 330 120 25| 350 225 o, 30,300 1220 100 0,08 | 75| 625 485
50 1360 250 ' 1400 | 380 125 50 | 495 335 *T71400 1260 105 90 100 800 5350
75 1410 300 50 {39¢ 255 751 600 405 25 [465 320 125] - GG5
100 |44c 335 75 | 465 305 0,02 [100 | 685 455 0,02] 50 [go0 <50 {380} 500 375 3ce
125 {470 360 100 | 520 345 125 | 715 500 75 {770 G8O 75| 465 375
£,017150 l480 avs 125 | 560 380 150 | 740 600 25 [ 325 265 90| 350 140
200 1500 41¢ 0,02 |150 | 595 420 50 | 380 230 50 {470 390 1257 650 480
300 [520 440 200 ;G40 490 75 | 460 290 0.0a] 75 [ 575 455 0,12 |130| 800 525
400 |330 465 300 [690 540 100 | 525 330 "7 100 1730 s20 200 - 500
30 300 173 406 | 705 570 125 | 585 385 125 |- 595 aco | - 800

75 1355 235 30 310 170 0,04 (156 | 875 400 150 |- 660 400 | - -
190 |400 255 73 {385 230 200 | 775 445 30 400 295 160 285 115
125 430 283 100 [445 265 %0 30| - 855 75 |ag0 375 125] 325 125
0,02 [150 1455 300 125 {490 295 | f190} 400 | - 650 6.0 {100 |§l0 425 156 | 360 135
200 1300 335 0,04 [150 | 535 315 50 | 320 173 ““7 1125 I710 450 0,30 |200 | 100 140
25 300 |530 375 200 {600 355 75 | 400 220 60 150 760 490 300} 48¢ 170
(103} 400 {585 149 300 710 425 100 ¢ 460 255 200 |- 300 400 ) 550 206
109 1335 150 { 35 400 | 775 475 125§ 505 299!f2s0) 50 | 350 250 0,04 | 23] 690 550

125 i375 180 75 1320 150 0,06 | 150 | 540 315 75 (435 315 ! 50 | - -
0,04 1150|108 200 | 147 100 {375 175 200 | 670 360 100 |500 365 006 | 25| 185 410
200 |455 =225 125 1415 190 300 ¢ - 425 125 [555 400 ‘ 50 | 760 680
300 [550 260 0,06 [15¢ [446 215 400 | - 450 0,08 |150 |G50 4240 25| 390 345
400|600 295 200 (430 245 75 | 340 200 200 {780 500 0,08 4 50§ G1¢ 510
125 (300 130 300 [640 280 100 | 400 230 200 |- 550 75l - 710
150 1330 135 400 [740 315 125 | 445 250 400 |- 560 25( 305 253
0,0G |200 {373 130 100 |315 140 0,08 [150 | 495 2065 75 1340 195 501 470 380
300 M13 175 125 {355 150 200 | 583 310 100 j400 220 0,12 § ¥5; GG5 500
400 {500 183 150 |395 160 300 ! 685 350 125 4350 250 {120 100 | 400 GOO
200 (320 115 0,08 |200 {450 180 400 1 760 400 0,12 |150 {500 280 fso0} 125 - 710
0,08 |300 [370 130 300 (520 =220 106 | 305 125 200 575 320 75} 325 180
400 {410 130 408 590 245 125 | 345 123 360 |690 355 100 | 380 220
200 [340 120 150 ¢ 375 130 400 |- 460 125 | 435 250
0,12 300 [390 130 0,12 1200 | 420 155 0. 30 |300 [300 zo8 0,30 (150 | 475 275
Moo 1230 135 300 | 500 170 ' 400 {325 120 200 § 360 285
400 | 613 175 300 | 745 330
400 | - 3035
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Table 6 ¢:2 Mineral wool slabs Type Minwool siab 3060 or Rockwool slab 337 (v~ 15¢ kg/m3}

7 A_V—ﬁ A Fmex g AVh| A Frmax AVE | A Frmax AVE | A; Prmax
a |\ v. 4 4 4 2, V. ld o & 17| a v A
t s | 9% i i ¢ s|dp o g Ag Ve | ¢ ¢ 7 A Ve [ d; o
30 50 70 30 50 70 30 56 70 S A A A
200 | 325 250 200 100 | 370 275 215 56 140G 283 220 5
0,01 {300 | 380 300 245 125 | 415 316 245 75 |s00 375 295 3‘5’ ‘;}j 295 2
400 [415 335 275 150 | 455 346 270 100 | 565 440 330 100 | 620 222 232
200 | 285 215 185 9,02 (200 | 515 400 320 0. 02 125 | 610 495 400 125 | 680 533 420
a0 | 0-02j300 355 265 210 300 (585 475 390 “YC Hs0 |640 530 440 0.04 1150 | 725 580 465
400 {400 300 240 200 | 625 525 435 200 (690 595 505 " oo 1 785 65 .
B4} 300 | 300 265 150 100 {300 205 155 300 {735 660 586 300 020 540
0,04 {400 {350 250 180 125 | 840 240 180 200 | 760 695 625 10 T s o
0,06 [400 | 320 200 135 150 | 380 270 205 75 | 355 250 19¢ iRl sgo o
125 | 330 250 200 0,04 {200 | 450 320 240 100 425 305 230 39 2‘32 22 153
150 |as5 zro 225 [40 300 {535 400 300 125 | 485 350 270 m; 510 §§§ ﬁ:,“
0,01 |200 | 395 315 260 |¢ . 400 | 600 450 350 0.04 (150 1525 3%0 300 Les | 570 410 312
300 | 450 370 810 125 | 295 195 140 200 | 600 450 330 0. 06 15; 625 460 355
400 | 480 405 340 150 | 330 220 165 300 | 680 550 430 ! 10 3 0 =
150 | 300 225 179 0.06 1200 | 400 265 ,200 400 | 740 600 485 200 o “3‘5’ 420
200 | 350 326G 205 390-| 495 340 240 75 | 300 200 150 4§g -® gi"
0,02 {300 {415 315 250 400 | 550 395 235 | o 100 | 360 250 185 75 ;75 Z‘;g 93
25 400 |465 335 285 200 | 350 225 155 250} 125 1415 285 215 O m; 450 910 ,lm
{105) 290 309 219 150 0.08 [300 | 440 280 200 0.06 |150 | 465 325 =240 | {38a} 1251 515 385 270
0,04 [300 375 265 195 400 | 500 340 230 200 | 540 885 285 e "
400 |430 310 225 75 | 365 265 205 300 [ 650 475 360 0.08 |L50) 570 400 300
300 | 380 210 150 100:| 430 315 250 400 | 710 540 415 200 | 039 480 300
0,06 |400 !390 250 170 125 | 480 360 280 100 | 320 215 130 233 78 ;ﬁ? 450
75 | 3l0 230 175 6,02 |150 | 520 400 320 125 | 370 250 18¢ 100 ;z‘ >;g :if
100 | 355 270 213 200 | 580 460 370 150 { 415 285 260 125 37; s 90;
125 | 390 305 245 300 | 645 540 450 0,08 [200 | 500 340 250 1'13 425 ;02 o
0.01 {13¢ | 120 335 270 400 1 680 590 500 300 | 605 435 305 0,12 cgo 500 32 232
200 460 475 315 100 | 325 230 175 400 | 680 500 350 " 300 ;1- 42:—’ T
300 {500 425 365 125 [ 375 266 200 200 | 350 490 175 200 69; 4; 252
400 1520 450 405 150 | 415 300 225 0.12{300 | 445 295 223 306 | 290 :o- 10
125 }320 235 185 0.04 |200 | 483 350 270 400 | 505 350 265 0,30 (400 540 5;5] gg
150 855 260 2051, 300 {580 435 435 50| 340 240 180 : 35T 355 250 190
10 200 {405 305 240 400 | 640 495 385 75| 450 315 245 ED - -
0,02 |306 |480 370 300 fLoot 125 | 325 280 160 100 | 525 385 295 9| %0 419 o
{126} 400 1530 450 335 150 | 365 250 185 125 | 580 435 340 lg; (;852 gis 195
150 [300 210 155 0,06 {200 | 435 300 230 0,04 [150 | 620 490 375 004 125] - 6-3 ‘523
200 |350 250 85 300 | 535 375 275 200 | 695 555 440 ! 1:; ?1'-' :
0.04 |300 |440 315 235 400 | 600 430 320 300 | 780 650 525 e Rt i
400 | 500 365 270 150 [ 320 z1o 150 400 - TG 580 588 : e 5?
360305 Z0c 140 200 | 385 250 175 751 360 250 185 ol - - °
0,06 {3060 ;395 250 180 0,08 |300 1 480 315 225 100 [ 440 30¢ 225 35] 266 ;7' —30
400 450 300 210 400 { 550 375 260 |75 125| 500 35¢ 260 s0] 430 30; P
380 | 330 =210 15¢ 300§ 325 230 175 {5158 0,06|150] 550 390 295] 120 ;_ 565 225
0,08 {400 |390 250 175 0,12 |400 [ 375 270 200 200 630 460 350§ , 51 565 400 305
100 (325 220 190 50 | 320 225 175 s00| 730 560 45| BOC 100] 630 485 370
125 |365 270 215 75 {416 300 235 400 | 795 680 493 0,06|125| 723 545 423
150|408 ac0 940 100 { 475 355 280 751 320 25 155 150} 775 600 180
0.02 200 1455 350 280 125 | 530 4060 320 1001 395 265 190 2001 - GT5 560
200 |535 420 340 0,02 [130 ] 565 445 360 1257 450 305 22 il B 37? e
400 {575 470 385 200§ 620 500 415 0,08|150| 50¢ 350 250 ;9 233 "4? rlﬁa
125 [300 215 153 300 | 680 380 490 200 | 580 410 300 2 o 823 200
35 150 |310 240 1g0 200 | 710 625 545 300| 700 320 380 139 a8 igo 300
fLag| 0.041200 | 400 290 205 751200 210 160 400] 770 580 440 0,08] 150|590 S0 03
300 {490 355 270 100 | 365 255 190 125 305 220 160 ! zan
400 |550 410 310 125 | 416 300 225 150| 340 250 150 333 e s
150 | 300 19¢ 145 0,04 |150 | 455 330 250 0.12] 200{ 430 300 220 400 : ggé 2;2
200 | 350 235 165 | 200 | 525 390 300 200 535 .395 280 75] 330 vsz 190
0.06 |380 ]250 300 210 (. 300 | 620 475 365 400| 616 450 325 100{ 425 310 235
400 {500 350 250 |{=210 400 | 680 535 420 0,30 400 280 210 150 125 485 360 230
200 ]300 200 135 100 | 31¢ 216 155 150 540 405 305
0,08 [300 [385 250 175 125 | 360 240 175 ¢,12| 200 ;20 48; 365
400 {430 300 200 0,06 [150 | 400 275 205 ' 300 740 590 460
200 | 475 325 24¢ 400 - 660 520
300 | 375 410 309 200] 330 230 180
’ig‘_’ 640 475 350 0,30 300[ 420 300 235
5810 210 150 400 490 3533 275
150! 835 235 170
0,08 |200 ] 425 285 200
300 | 330 355 260
400 | 600 420 300
200 | 265 200 150
0,12 [300 | 365 255 200
400 | 425 300 230




Table 6 ¢:3 Sprayed mineral wool T

101 (¥~ 250 kg/m3)

160

ype Cafco Blaze-Shield D C/F (¥~ 300-370 kg/m3) or Pyroguard

]
7 AYR | A Pmax 4 AVR | A; Frnax AVR | A Fmax AVE A Frmax

At Vs 0',‘ O'j O’f At Vs d,' a; 0'; 7 At V: ﬂ‘} d,. &",.‘ 7 A: Vs 0',‘ d.,- O','
1¢ 20 30 i0 20 30 i0 20 30 10 20 30
150§ 310 235 150 50| 350 250 1985 30| 355 233 185 25 960 190 110
0. 0L 200 | 350 265 215 75( 415 310 250 75| 435 305 240 30 440 300 239
* 300 | 390 305 255 100 | 450 355 290 160 500 355 280 75| 535 380 300
400 { 415 335 280 125| 430 385 325 125| 535 400 320 100 595 445 3350
15 150 | 300 205 160 0,01 |150 | 495 410 350 0,02 {150 570 435 350 0,02|125] 635 490 395
200 | 345 240 185 200 | 520 450 385 2007 615 490 400 150 | 665 530 430
63} [9% |200 | 400 285 235 300) 540 420 435 300) 665 335 475 200 700 585 4s3
400 1 450 325 235 400 | 550 515 470 400] 6%0 GO0 520 300] 735 633 565
200 | 300 190 145 75 350 240 185 75| 3s0 225 180 400 ] 730 690 Glo
0,04 ]300 365 240 180 100} 400 280 220 100{ 415 270 215 30 336 210 165
400 | 435 2735 210 125] 435 315 230 125] 470 310 250 781 415 275 215
73| 295 215 170 0,02 |15¢) 470 350 275 0,04 |150] 510 345 273 100 485 325 255
100§ 335 245 200 {30 2007 520 395 315 |48 200] 585 400 32¢ 0,04 1255 5346 365 295
125 | 365 275 225 €126} 300| 5B0 433 375 163} 300f 675 483 390 |50 150 590 400 325
0,01 {250 | 390 293 245 400 615 500 420 400| 730 540 440 200 855 463 330
200 420 330 275 100] 340 215 170 Too| G253 Tip held) 300) 145 555 435
300} 460 380 - 320 125] 380 250 200 125] 403 255 200 400| 790 620 510
406 | 475 410 350 0,04 (150 | 420 275 215 130{ 450 250 225 73] 353 220 175
100 300 210 160 200{ 490 320 255 6,06 j200| 520 330 265 100 420 2G5 210
1257 335 235 185 300| 580 395 313 00| 625 415 325 125| 480 310 249
0,02 (150 | 360 255 =205 400| 645 445 360 400{ 700 475 385 0.06(150 525 345 275
20 200 | 405 295 235 1257 320 200 160 1oel 310 180 145 2007 600 405 325
300 | 475 350 235 150 .360 220 175 125| 360 210 170 300 715 495 409
B4} 400 | 515 390 320 0.06(200| 425 2835 210 150{ 400 240 190 400| 785 565 455
150 315 200 150 300 525 325 260 0,08 (260! 480 280 225 75| 310 183 145
0,04 200 | 365 235 185 4601 590 375 300 300] 585 355 285 lop| 375 225 175
*UT1800| 450 295 223 1507 305 185 150 400| 665 410 330 i25| 435 260 zoo
400 505 335 260 0,0B[200] 370 215 175 1251 300 165 130 0.08[150] 480 308 230
206 300 130 150 300| 465 275 215 150] 340 19¢ 150 200( 560 350 275
0,06 1300 | 375 240 190 40G{ 545 310 250 200| 385 225 175 300) 675 435 345
400 | 435 280 213 150] 285 155 115 832 00 480 280 225 400| 750 500 d4po
o s |300] 350 200 155 0.12/29¢| 320 1m0 145 400{ 565 330 260 100 360 170 135
*TT 1400 | 400 225 180 “TYIs00] 405 240 195 30( 400 275 215 i25; 35¢ 200 135
0,12 [4001 325 150 125 400| 500 285 200 75; 490 345 275 150| 400 225 175
50| 306 210 165 30 315 210 160 100| 555 400 325 0,12} 200( 465 275 210
75| #60 260 210 75{ 390 270 210 0,021125 600 450 365 300 580 340 265
100 400 300 245 100! 450 315 250 150{ 630 490 400 400| 675 400 310
125 | 425 330 270 125 483 353 280 200) G665 545 450 300 305 170 125
0,01 [150 | 450 355 295 0,02/ 150 520 390 310 300| 7i0 615 53¢ 0.30| 5001 380 200 155
200} 480 395 330 200f 570" 440 360 400{ 725 650 575 25| 365 235 173
30¢ | 510 445 389 300| 625 505 475 50| 305 195 150 50 525 365 28BS
400 | 525 475 415 400| 655 530 465 75| 390 250 200 73] 615 435 379
75) 310 210 165 751 315 200 169 100{ 460 300 240 100| 665 520 43¢
00| 355 250 195 196 380 245 195 125 515 345 275 .02[ 125( 700 570 4gg
1251 39¢ 280 225 125| 425 275 220 G.04 (150 560 380 300 1507 725 610 520
0,02 (150 | 420 .305 245 0,04} 150{ 465 310 250 43 200{ 630 440 350 200| 75¢ 660 380
25 200 470 350 280 [35 200; 540 365 290 300 715 530 430 300 775 7i0 645
300 535 405 335 fL47} 300| 635 440 356 {{190] 400 765 595 485 56! 385 245 190
{zos] 400 ] 570 450 375 400 683 495 400 75 325 200 160 75| 480 315 250
1604 295 180 145 1000 315 1953 133 160] 390 245 190 1006( 560 375 300
1251 340 210 185 125] 370 225 180 125| 450 3280 220 125! 615 425 345
0,04 1150 | 370 235 185 0, 06) 150{ 400 250 200 0,06G{1501 450 315 250 0.04] 150| 660 465 375
2601 430 275 220 200{ 475 300 240 200] 565 370 295 200] 725 535 435
300 | 510 340 270 a00| 575 370 295 300 675 455 365 (60 200{ - 630 320
400 | 575 390 305 400{ 650 425 350 4000 750 525 425 |5} 400| - 680 585
150§ 305 190 150 125 325 190 150 75 30¢ 175 135 50| 315 195 155
0.0 ]%00| 355 225 189 1s0] 360 210 170 100| 355 210 165 75; 410 230 205
' 300 | 450 280 220 0,08{ 200| 440 250 200 125 410 240 190 100] 485 310 245
460 | 515 325 260 300] 540 320 250 0,08!150] 455 275 =215 0,06) 125 550 360 o8¢
200 | 325 150 150 400| 615 365 3c0 200| 540 320 255 150) 600 400 315
0,08 [300] 405 =240 185 200 350 210 ia0 300] G650 405 325 200| 675 465 380
400} 475 270 215 6.127 300; 450 260 200 400] 725 470 375 3006{ 775 560 455
o.12 300 ] 350 200 150 400/ 530 300 240 125 325 280 145 400! - 635 520
"TTI400| 425 220 165 150° 370 210 150 75| 360 220 170
0.12)200 430 2300 260 100] 440 270 210
*""ia00] 556 815 250 125 500 3L0 240
400/ 640 370 295 0.08| 150{ 550 350 270
200{ 635 405 320
00| 755 905 400
400] - 575 455
100] 380 200 zg¢
125 415 240 185
150 465 270 21p
0.12 200| 555 325 250
306] 675 405 315
400{ 765 473 385
306/ 370 200 160
9,30 400| 455 235 185
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B Y I M AVR| A | e AVB| Ay | P
: w Vg g g | m|GaG % o | A a 4
10 20 30 10 20 3¢ 10 20 30
25| 300 185 145 25 | 360 220 175 25 | 490 300 235
50| 460 300 235 50 [ 535 360 285 50 | G95 485 385
75) 570 390 305 75 | 675 470 365 6.04 | 75 | - 805 480
100 | 650 455 383 0.04{100 | 750 550 440 100 | - 885 575
0,04]125]| 71¢ 515 420 125 | - GG 500 125 | - 740 6§35
150 | 7406 555 460 150 | - 635 4550 25 | 365 220 175
200 - 635 525 200 | - 730 625 50 | 570 385 28BS
300 | - 725 615 50 | 440 275 215 75 | 695 475 2375
50 | 375 235 185 75 | 535 360 285 0,06 j200 | 78¢ 560 455
75| 485 300 245 0.06 {100 | 635 430 345 125 | - 630 515
104 [ 570 365 295 |90 125 | 705 490 395 150 | - 690 570
125 | 635 425 335 (280} 150 | 735 540 435 25 | 300 180 140
0,06{150 | 685 475 375 200 |- 620 510 50 | 485 300 230
75 200 | 760 545 440 300 |- 725 615 75 [ 610 385 305
300 | - 650 540 50 [385 235 185 0.08 {100 | 700 470 370
{315} 1400 ¢ - 720 605 75 |500 310 240 120 125 | 775 535 425
50 ; 335 200 155 100 | 585 370 290 150 | ~ 585 470
75 ] 435 265 205 125 (655 430 335 {500 200 | - 675 550
100 { 515 325 255 0,08 {150 |TiC¢ 473 375 50 {385 230 180
125 | 88% 370 290 200 |- 535 445 75 | 505 305 235
0.08 |150 | 633 410 325 300 |- 665 530 100 | 600 375 283
200 | 725 485 385 400 |- 7456 615 125 | 665 430 335
300 | - 590 475 50 {310 185 146 0,12 |150 [ 730 480 375
400 | - 668 540 75 |418 250 183 200 | - 3560 443
75 | 350 205 160 100 |495 300 225 300 |- 685 530
160 | 425 250 290 125 |360 345 260 400 | - 765 639
125 | 495 295 =225 0.12 150 |620 380 300 100 {335 190 150
6,12 {150 | 5356 325 250 200 |715 450 350 125 {400 220 170
200 | 650 395 300 300 |~ 555 450 130 | 445 250 190
300 | 770 490 3%0 400 |- 630 515 0.30 1200 (545 293 230
£00 | - 555 450 125 |3L0 180 135 300 | 685 385 295
150 | 300 165 130 150 [350 200 153 400 | 785 450 350
oo 200 1345 1985 153 0.30 l2g0 [415 230 185
) 300 [ 470 245 195 300 (550 285 230
400 | 553 200 230 liog 646 345 275
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DETERMINATION OF THE MAXIMUM TEMPERATURE IN THE EVENT OF FIRE IN
STEEL STRUCTURES WITH INSULATION IN THE FORM OF A SUSPENDED CEILING

Calculation procedure:

e . e

Choose a suitable suspended ceiling
Determine the fictive insulation capacity
Determine the maximum steel temperatu
Check the maximum temperature of the suspended ceiling

Table 7 a. Summary of results of fire tests on some suspended ceilings (Main Section,

re dmax

(d;/Aj)fiot Of the suspended ceiling

Section 7.4}

I:[esis;‘.a.nce Estimated Estimated
me in 3 i
standard fire g /Ai)fict :::;zzded
test (m °Ch} {m® °C ceiling
No  Make Material (minj Remarks keal w tempera-
ture(OC)
1 Gyproc 2x13 mm gypsum plaster slabs 30-40 All tests were discontinued becanse 0,075 0, 064 625
no glass fibre reinforcement the suspended ceiling fell down. The
2 1x13 mm gypsum plaster siabs eritical temperature had not been
0.25%gfr 48 reached in the steet girders 0,075 0,064 630
3 1x16 mm gypsum plaster slahs
0.25%gir 49 0,10 0,088 850
4 2x13 mm gypsum plaster slabs
0.25%gfr 60 0,15 0,129 630
5 3x13mm gypsum plaster slabs
0.25%gfr 7580 0,25 0,215 623
§ 2x20 mm gypsum plaster slabs
0.25%¢gfr 80 8, 30 0,258 §25
7 WST 2x13 mm gypsum plaster slabs All tests were discontinued for the
with 13 mm mineral wool same reason as above. The gypsum
between them 45 plaster slabs were not reinforced 4,30 0,258 350
8 2x13 mm gypsum plaster slabs
with 13 mm mineral wool
between them 50 Q, 39 G, 258 350
9 2x13 mm gypsum plaster slabs
with 43 mm straw between them 47 G, 30 0,238 350
10 2x13mm gypsum plaster slabs
with 43 mm straw between them 54 ¢, 30 0,258 350
11 Ingenjors- Soundex special suspended cefling 90 Parts of the ceiling fell down after 0,15 0,129 700
firma Zerc tlles. Cast giass f{lbre reinforced 90 minutes, Max. steel temperature
gypsum plaster tles with ""ridges” approx. 440°C
in a grid pattern. Tile thickness
18 mm, at the ridges 38 mm
12 Consentus  Armstrong 13 mm thick 30 Mo visibie damage to suspended 5,05 0,043 530
ceiling, Max steel temperature
13 Mineral wool zcoustic 80 ahout 45¢ 9C 0,075 0,064 >(2m®
16 mm thick
14 Type minaboard 13 mm thick 85 _ 0,075 9,064 725"
15 Dansk Deflamit-Asbestolux B No vistble damage to suspended 0,20 0,172 = (575)a
Eternitfabrtk (9 mm Deflamit + celling. Max steel temperature
15 mm mineral wool + about 300 °C
§ mm eternit) 2
16 Nordakustlk Celotex Acoustiformat 90 No visible demage to suspended 0,10 0,086 (729)
15 mm thick glass flbre slab celling. Max steel temperature
17 Roclkwool Rockfon Decor 85! (15 mm 1] about 450 oC‘. The test was dis- 0,20 0,172 600

thick mineral wooi slab)

continued because the suspended
ceiling fell down. The criteal

temperature had not been reached

in the steel girders.

* No damage to the suspended ceiling. Caleulated temperature ir the suspended ceiling when the test was discontinued.
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Table 7 b. Maximum steel {emperature «Smax(OC) for a steel structure with insulation in
the form of a suspended ceiling as a function of the equivalent fire load g {Mecal/m2)
|MJ/m2}, the equivatent opening factor AVh/A; (ml/2)2 and the Fg/Vg ratio of the
construction (m~ 4P for different values of the thermat resistance (d;/Ajkjct {m2 0Ch/keal)
of the suspended ceiling. The maximum temperature in the suspended ceiling is given in
brackets. The given values of temperature assume that the floor slab is of concrete

{Main Section, Chapter 7}

c

2%hen the opening factor A\fF/At is greater than 0.12 ml/Z! the value of 0. 12 ml/2
shall be used

b

Fs denotes the surface area of the girder per metre run of girder, less the part
covered by the floor slab, Vg denotes the volume of the girder per metre run of the
girder {see Chapter 5 in the Design Section)

€ 1 0,05 m?°Ch/keal = 0,043 m? °C/W

0,10 » = (0,086 »
0,20 » = 0,172 »
0,30 » = 0,258 »
Maximum steel temperature &, and () Maximum steel temperature 8, and{ )
AYR| F; |maximum suspended celling temperature AVE | Fs |maximum suspended ceiling temperature
g |t 2 - g |l—| = '
A | Vs (dif4i} it A | Vs (il )ies
0,05 0,10 020 030 0.05 0.10 020 030
50 130 a0 85 50 50 | 435 315 200 160
108 | 180 130 90 70 100 | 450 340 240 185
0,02 4
521500 | 230 (470) 170 (4100 555 (410) 54 (390 0,02| 500 | 4535 (615) gap $570) pgq (530) 5pq (500)
300 | 260 190 130 160 300 | 455 350 250 200
501100 75 5 0 50 | 340 235 145 110
6,041100] 150 ... 100 65 50 100 | 400 285 185 144
5
s 200 | 200 (305} 140 (530} gq (500 44 (475) 0,04 1500 | 435 (689) 3aq (630) 550 (590) g5 (5003
300 | 240 170 110 80 50 300 | 445 330 230 184
{53 50 | 65 50 35 25 st 50 | 250 180 100 TS
100 | 95 70 50 40 100 | 340 225 130 . . 100
0,08 00 |20 (675} 0 (630) o (590) g (570) 0,08 (500 | 310 (750) 20 (700) (¢ (630) oo (625)
308 | 190 125 30 60 300 | 445 315 210 155
501 40 35 30 35 50 190 150 75 50
5
012|100 | 60 yo 45 (680) 4o (630} 44 (620) o.12|100 | 285 (%) 185 (T25) 115 (080) g (660)
*77 (200 | 120 70 50 40 ‘ 200 {375 250 155 110
300 | 155 100 80 45 300 {420 250 185 150
50| 200 30 95 75 50 475 330 205 50
100 | 260 185 125 100 100 | 510 370 250 190
<2 g
0,02 [0 | 300 (5100 pog (470 {55 (435) 15, (420) 00 0,04 500 | 515 (7400 pg5 (680) 5oq (630) 4y, (600)
300 | 320 245 170 130 200 | 515 ags 270 215
50 | 160 110 15 55 i 380} 30 | 345 325 130 100
100 | 230 150 _.. 100 75 100 | 430 290 180 130 .
606 5 5 5 650
8004 1500 | apg 997 5o5 (365) 155 (830) 1gq (529) 0,08 {500 | ago $790) 34 (730 ga5 (675) 1 (650
’s aco | 325 235 155 115 300 | 495 360 250 180
{' } 50115 75 50 20 50 [ 560 100 SHT 200
105 100 | 160 110 70 ___. 55 100 | 570 420 290 220
5 5 G30
0408 100 | 5ag (P89} 1gq (635) 14 (395} g5 (370) 0,04 1500 | 575 (T80} o5 (718) 5 (800) 550 (650)
300 | 263 195 120 90 120 300 | 575 425 200 230
36| 80 50 0 30 s00) 50 [425 350 160 36
100 | 130 80 30 45 100 | <98 343 210 164
2 5 5 670
0,12 o0 | 1g0 (740) 15 (890) gq (630) g, (620) 6,08 100 | 520 1810) 375 (730) 550 (695) 155 (670)
300 | 235 160 100 75 300 | 525 385 260 205
50| 300 %20 115 110
L1100 {360 _ 260 , 175 133
0,02 [100 | 200 (S60) S0 (520} o (480) 0 (460)
300 | 385 205 210 145
50 | 240 160 105 50
100 315, 220 140 100 .,
" 0,04 [100 | 322 (645) [0 (600) 3 (560) 4. (539)
300 | 396 290 195 150
{168} 50 | 170 110 70 55
100 | 245 160 100 75
0,06 |20 | ooa {7L5) op (665) 40 (626) ;2 (600)
300 | 2380 2640 155 120
50 | 130 35 55 45
oo {200 . 130 85 50
0,12 00 |00 (730) 1o (700) 1 7 (660} /o (630)
100 | 340 235 145 100
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8 CHECK ON THE FUNCTION OF PARTITIONS

Fig. 8 a. Curves showing the maximum values of the equivalent fire load g for which
some types of wall satisfy the temperature requirements stipulated for partitions at
varying equivalent opening factor AVF/At.

Wall of steel studs with one or two 13 mm sheets of gypsum plasterboard, of density
¥ = 790 kg/m3, on each side :

~-=- Wall consisting of mineral wool insulation of 50, 100 and 150 mm thickness and of
density ¥ = 45 kg/m3 between arbitrarily chosen incombustible external layers.

If the opening factor A\Th_/A, is greater than 0. 12 ml/z, the value of 0.12 ml1/2 shall be
used. {The fire load in MJ/m? is obtained by multiplying the fire load values in the figure
by the factor 4.2 | (Main Section, Chapter 8)

¢
Mcal/m?
250
\
; \
150 mm minerat wool ™\
1 A
\\
| N\
200 f < )
? N,
~
| [ Ny
J J
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1
| ! |
\ 100 mm mineral wool l
Y
\ ! j
\
N\ 2x13 mm gypsum plaster
100 - —
\ sheets on each SV
\\ /_T,
; S .
>
/ N
P —— ~ __} ) I————
5Q
\\‘ ] 1x13 mm gypsum plaster
\‘ sheei on each side
‘\-..._____ 50 mm mineral wool e ——
12
002 004 006 008 010 012m
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9 DETERMINATION OF THE CRITICAL LOAD FOR STEEL GIRDERS
UNDER FIRE EXPOSURE CONDITIONS

Calculation procedure:

Determine the rate of heating
Determine the critical load

100

a
°C/min

a0

80

40

20

: j
40 Meal/ me 50

Fig. 9 a., Average rate of heating a as a function of the eguivalent fire load q for
different values of the equivalent opening factor A-‘JE"/At of the fire compartment and for
different maximum steel temperatures Sma.x' |The fire load expressed in MJ/ m? is
obtained by multiplying the fire load values in the figure by the factor 4. 2} Main Section,

Subsection 9.2.2}
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Fig, 9b, The coefficient B for determination of the critical load, under fire exposure
conditions, ‘for steel girders of mild structural steel for different types of loading and
statical system, as a funetion of the maximum steel temperature & max for different
rates of heating and associated rates of cooling (I, II, III) (Main Section, Subsections
9.2.2 and 9.2. 3) o o

Curve rate of heating ( C/min) rate of cooling ( C/min)

I 100 33.3

I 20 6,67

I 4 1.33
Symbols

Mors dops P, = oritical load (kgf om) |[MNmi, (kgf/cm) {MN/mi, (kef) {MN]J
= elastic modulus of section (em?) {m? |

w
Oq =yield stress of material at room temperature (kgt/ cmz) iMPa}
L = span of girder (cm) {mj|
i
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Fig 9b
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10 DETERMINATION OF THE CRITICAL LOAD FOR STEEL COLUMNS
UNDER FIRE EXPOSURE CONDITIONS

Calculation procedure:

Determine the degree of expansion if lengitudinal expansion is restrained
Determine the critical load

10
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Fig, 10 a. The coefficient ¥ which indicates the degree of expansion under fire exposure
conditions in columns connected to a simply supported beam and a beam rigidly restrained

at both ends, respectively, as a function of the nondimensional parameter K. In the expression
for K, Ep denotes the modulus of elasticity of the beam at the temperature concerned,

(see Fig. 9.1 a in the Main Section), and E denotesthe modulus of elasticity (secant modulus}

of the column at the temperature and stress concerned, inclusive of the additional stress due

to partial restraint on longitudinal expansion of the column (see Fig, 10,1 b in the Main Section).
Ly and L denote the lengths of the beam and column, and I, and A the moment of inertia of the
beam and the area of column cross section, respectively (Main Section, Subsection 10.2.1)
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Fig, 10 b, Critical buckling stress o) as a function of the steel temperature 4 and slenderness
ratioX for a column under fire exposure conditions, made of structural steel with a nominal
yield stress at room temperature of@g = 2200 {220}, 2600 |260}and 3200 kgf/cm2 {320 MPa}.

¥ = coefficient indicating degree of expansion, When v $1, the cross sectional factor i/d
influences the shape of the curves, but this influence is comparatively limited. The curves

given have therefore been generally determined for i/d = 0.5, which for normal types of.
section results in design on the safe side, For determination of the eritical load in a structure
subject to simultaneous flexure and compression, See Section 10.3 in the Main Section, For
determination of the eritical load in a structure where there is a risk of out-of-plane buck-
ling, see Section 10,4 in the Main Section
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Fig 10b

600

200

]

i
|
|

i
_

T
5
]
]

|

]
.

550

1350]
400
V;;

,'—/!r ‘#{‘ R

NN

e
~<7 60

S
\‘\\\%, L
150
T
[

I
2600kegf/c

JMFEL

|

|

[
i
-
Do
B

200!
; 300i
AN
FAY
Ao
FUNC AN
N
L
FJ

X
A7
O

i00
X

00
A
F
i
[
[
|
] <,
|
|
[
!
e
C
\ITOOI I
Y
Iy
(X
N
Ny
} . g
. %ﬁl .
ST

R
R

NG
AR A

NN
NXAY

&
B
N

E
]
l

50

50
NN
.II;\“

!

]

i

\

1‘

R

INNAAY
NN
EVEENETAN

HEAND N

t
soob
|
l
Ll
0

150

e ] [T~ — )
N e st A 1 & N — N .
TR R T e
LS s T T sigf ks - T T T U sty
REede SSRARRCCERT v/ /) SSNNNRERNE ARERRRRAREE LY/

B o= ~

NNF /1 '550;
NSNS

%
R
N

A
AR
NS

T

[
i1‘:'}()

JJI‘

T

T
!

I
kg
l
|
I
l

naay
RN
Qiﬁizr
T
[

200]

NS A0, T
NN/

NINAY

|
|
!
2600
i ‘260
bl
I
I
1
f
|
\
1
X N/ 13500 1

S \{1 jSQOr

I

REEN
- o il
o L el e S Sl S P 3 4 -
TR e LT e
I - B il el Sl Ty Jlllﬂ.v‘a\\lV\ \\\ 17—t} - [ : 4 O
T A A e T
Z % T 5 oa9
o ‘IN\“\\\N E\\N\\ ' \ T ET \A¥‘\ N\K\ 1717
Tl i.l\.WA\R\\\WN\R. \\1‘ ] B T i O S N N g e e \\N\\\\! |
At L AT P AT S e A
N : o Jln\i“\l\wAi\\ N\|K\|N.‘Il -
Tr- 3 ~ A 1A \W KV\RR o
] N LT - L1 B )
Ap A (L i I

N
N

? \1\\
RN
AN

NG

™

]

BN

wmtiL-f

S
|l
[
L
#]f

ook
500 ——| !
{50)

™,
N
N
N
RN
: RN
E
~J
™
N
|

——-;-_:
i
e
“.\‘
=
‘-‘
I_\

L\
=
@wtfgi:
i
Ly
i
P
0
IR
Ll
L]
L
I
—.‘L\

iMPa}
2500
260}
2000
{200}

1500
{150t
1000
{I00H—

500

{50}

2000

200

o
kegfion?

Gk
gloemtr T
MPa 7 17
2500

o




173

13
kg Cieerf

{mPdl

2500
{250 X

PP [ b
2600 kgt/em?

{200}

1000

500
{50}

— | %7260 (e *OP°
o \f H R [ .
2000‘7‘\\{?\5 A | B
BANNEAY i
RANWASAY m
S S

1{?5900}\| é\-\ \ \\ 0C |

3001

\\ X ‘{ N[350

T \XY\(X’:‘\’

450

500 |

550

P800

™

-5

0

Fig,i0b

Uk
kelient
{MP4}

2500
{250}

2000

: . i e
SRR o - 2600 kul/emp?
SN * 260 MPa:
N —
NS Y -
AN X ’

{200}

1500
{180} —

AW\ -
PR VN N TNAOT
: k 100 i

™~ \\\\* NI_iX 1200,

1000

{1001;’

500
50—

kel/ert

Pa}

2500

{2500

2600 kg'f/yngqu

y -

= 260  iMPaf

2000
{200

1500 —

{1504

1000
{ioo

500
{50}

00 50



Fig.10b

q,
kel et

iMPg)

- |
; Ll

3000/

{300

L
o=

RN .
3200 kgl/em2
i Ak

2800

EESN
]
J

{280}

!
] ;
F

2000

200

T

N N
O ZOC 7
N MENEE

1500

¥
A
\yl 12000

{150}

[
[

e IR

A0;

1000

NN @S /
ANAUNY \(\Q\p 7 T&B0]

500

fioo}

NN

INAR
BNAR AN
SO

500
{50}

RGYENN

L

g,
kglient

MP

3000

{300}

o 3200 kaf/em? gj

*7 320 (WPl ¢
N ]

2500

{250}

Y
|
]
N
HEREE
100
EN
T
RN
e
L
|

2000

1200}

1500
{150t

1000

fioo)

{50}

OO L




175

kgt o

{viPar

3000—

{300l

2500

{250}

2000

{200}

1500

{150

1000

fioo}

500 —
ol

- _A."

=

kglen?

iMPa}

3000
{300

A

=5

2500

{250}

20001

{200}

1508}525'
50—

1ooo~§\j ?
00) —-X

{60}

500":'\

200

Fig10b

k
kol o

MPa}

3000 P
{300}——
N

n‘f/chmg N
%= 320 impsp £

2500——>
{250l —

2000

{200 ———

1500~
{150 —

1000

f00H—— N\

o]

kgl /5}112_
{Mpal

3000
1300}

2500
{250}

2000
(2004

1500
{150

1000
{100}

500
{50}







177
WORKED EXAMPLES
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‘{Unless specially stated to the contrary, references made in the examples to tables
and figures relate to those in the Design Section,

Example 1, Fire engineering design of loadbearing steel structure in a five-
storey hotel building

Example 2, Fire engineering design of loadbearing steel structure in a three-
storey residential building

Example 3. Fire engineering design of steel floor girders in an eight-storey
office building

Example 4, Fire engineering assessment of a suspended ceiling which had
been subjected to a standard fire test

Example 5. Check onpartition
Example 6. Fire insulation of steel columns
Example 7, Determination of the critical fire ioad

Example 8, Fire engineering design of steel column whose longitudinal expan-
sion is subject to restraint

Example 9, Fire insulation of steel column subject to an axial and transverse
load

Example 10, Calculation of opening factor and the number of air changes
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EXAMPLE 1. FIRE ENGINEERING DESIGN OF LOADBEARING STEEL STRUC-
TURE IN A FIVE-STOREY HOTEL BUILDING

The loadbearing frame in a five-storey hotel building consists of simply supported
HE 220 B steel girders and hollow steel columns of square section, The material
in the girders and columns is Steel 1412 with a nominal yield stress o4 = 2600
kgf/em? | 260 MPa | .

On the top storey the columns have the external dimension 90x90 mm and a wall
thickness of 5.6 mm, The area of cross section is 18,6 ¢m” and the slenderness
ratio A = 73. On the bottom storey the columns have the external dimension 180x180
mm and a wall thickness of 11 mm. The area of cross section is 71,2 cm? and the
slenderness ratio A = 37, The columns on the intermediate storeys have dimensions
and slenderness ratios between these values. The span of the girders is 5.0 m, and
the girders are spaced at 4.0 m centres.

Floor slabs of concrete are carried on the bottom flanges of the girders as shown
in the figure. The dead weight of the floor construction on all storeys is 700 kgt/
m?2 {7 kN/m2}. The load due to the attic floor slab including the roof and snow
load is 800 kgf/m2 {8 kN/m?!. The attic cannot be used for storage. The dimen-
sions (internal) of the fire compartment and the sizes of the openings are as shown
in the figure. As regards the construction surrounding the fire compartment, the
floor consists of precast concrete units and the external walls of surface layers of
steel sheeting with intermediate 100 mm thick mineral wool insulation. The other
walls are made up of steel studs covered on each side with fwo 13 mm gypsum

plaster sheets.

Complete evacuation of people from the building in the event of fire cannot be
assumed with absolute certainty,

Check whether the girders and columns must be provided with fire insulation. If
insulation iz found necessary, choose the material and determine the insulation

thickness required.

i | _HE2208

e

50 |, 18]

-
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1 Static load which shall not cause the structure to collapse under fire
exposure conditions

Girders

——— e e o

Dead weight according to assumptions 700 kgf/m?
Live load and load factor according to Table 2 a
(Complete evacuation of people cannot be assumed)

105 x 1.4 kgf/m2 147 kgf/m?
847 kgf/m [ 8.47 kN/mzf

Total

Load per metre run of girder = 4 x 847 = 3400 kef/m {34 kN/m}

{The load per metre run on the roof girders on the top storey is approximately
4 x 800 = 3200 kgf/m ={32 kN/m )

Columns

A check is to be made with regard to the centre columns on the top and bottom
storeys. The columns along the facade are stressed less highly and they are
also mostly built into the external wall, so that exposure of these to fire will
not constitute the design criterion,

Load on the centre column on the top storey (neglecting the dead weight of the
column itself) = 800 x 5 x 4 = 16, 000 kgf | 160 kN}

Load on centre column on bottom storey when the live load from the Storeys above
in accordance with ordinary loading regulations is reduced to one third

= 16,000+ 4 x5x4x(700+1/3x105x1.4 = 76,000 kef {760 kN

2 Fire load and opening factor

The total internal surface area of the fire compartment
Ap =2x3.5x4+2x2.5x4+2x2.5x3.5 =65,5 m?

According to Table 3 a, the design fire load due to furniture and fittings is
19,5 Mcal/mz. To this must be added the fire load due to floor and wall cover-
ings. The following is assumed in this respect (see Table 3.1 a in the Main Sec-

tion)

Weight of floor covering

1.5 (kg/m?) x 3,5 x 4 (m2)
Calorific value of floor covering
Weight of wall covering

0.2 (kg/m?) x 25 (m2) =5 kg
Calorific value of wall covering 5 Mcal/kg

21 kg
5 Mcal/kg

]

fl

Additional fire load due to floor and wall coverings is calculated according to
Equation (3.1 a) in the Main Section

_21x5+5x5

2
= =2,0 Meal
qﬂoor 4+ wall 65.5 cal/m
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The total fire load is thus
q =19.5 +2,0 =21,5 Mcal/m2 | 90 MJ/m? }

If the opening factor AVh/A; is calculated on the assumption that the door is
closed and remains intact during the fire, then (see Fig. 8 a)

1
A=1,5%x3.7=5.6m%, h=1,5m, A,=65.5m>, and AVR/A; =0.105 m?

If, on the other hand, it is assumed that the door is open when the fire breaks
out, then

A=1,5%3.7+1x2=7.6m% h= ﬁ G.6x1.5+2x2 =1,63m, and
aln/A, =0.15 m?

For the centre columns only the opening factor of 0,15 m% , corresponding to
the door being open when the fire breaks out, need be considered since if the
door is closed and remains intact during the fire, the columns will be outside
the fire compartment, For the girders, both the values of the opening factor
must be considered., The assumption that the door is closed will in this case
yield results on the safe side, as will be easily seen on carrying outf a rough
check on the maximum steei temperature & max using the tables, The opening
factor A/ h/At =0.105 m2 will therefore be used in designing the girders,

3 Conversion to equivalent fire load and equivalent opening factor

According to the assumptions, the enclosing constructions consist of 28 m2
concrete (2 x 3,5 x 4}, 25.5 m? gypsum plaster wall 2x2,5x3,0+2.5x4.0
-1x2), and 4.4 m2 steel sheeting wall with mineral wool insulation of
2.5x4.0-1,5x3.7), i.e. concrete, gypsum plaster walling and steel sheet-
ing wall with mineral wool insulation in the approximate proportions 49%, 44%
and 7%. The fire compartment is thus a combination of fire compartment Type
B (100% concrete), fire compartment Type G (20% concrete, 80% gypsum plas-
ter) and fire compartment Type H (100% steel sheeting with mineral wool insul-
ation), as set out in Table 4 a. The conversion factor kg is therefore calculated

as follows

49 44
100 &g g 80 (kf (Too 80 * 100) kel g

= 0,07 (kg + 0.55 (kg + 0.38(%p)p

where (ke , (kf) G and (kg) g are the values of ky applicable to fire compartment
types H, Gand B.

Using the : above and Table 4 a, the following is obtained for the actual opening
factor A\fh/At =0,105 m2

kf =0.07x2,88+0.55x1.13+0,38x0,8 =1,14

and for the actual opening factor A\fE/At =0,15 m%,

ke =0.07x 2.0+ 0,55 % 0.90+0,38x0.85=0,96
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If the value of the actual opening factor used is AVh/A, = 0.105 m"%, then the
equivalent fire loadis q = 1,14 x 21.5 = 24,5 Mcal/m? {103 MJ/m2 | and the
equivalent opening factor A/h/A, =1.14 x 0,105 = 0,12 m3,

I
If the value of the actual opening factor is taken as Alhy/ A{ = 0,15 m2, then the
equivalent fire load is q = 0,96 x 21.5 = 20.6 Mcal/m2 | 86 MJ/m2 }and the equi-
valent opening factor A/h/A; = 0,96 x 0,15 = 0,14 m3,

4 Maximum steel temperature

Girders

The resultant emissivity € for the girders is put equal to 0.5 (see Table 5 a),
Furthermore, the Fg/ Vg ratio of the girders, which have only their bottom
flanges exposed, ~1/t~1/0,016~62,5 m™! (see Fig. 5 a).

The maximum steel temperature Pmax is obtained from Table 5 ¢ as a function
of the equivalent fire load q =24.5 Mcal/m? {103 MJ/ m?|, the equivalent open-
ing factor WAt = 0.12 m%, the ratio Fy/Vy =62.5 m™L and the resultant
emissivity Er =0,5,

The nearest value of the fire load in the table is 25 Mcal/m2{ 105 MJ/ m2}, There
is no necessity in practice to interpolate between this value and the next lower one
in the table. For a fire load of 25 Mcal/m?2{ 105 MJ/m?}, the following is obtained

from the table
!
A«E/At Fo/V,

max
50 460
0,12 62,5 520 interpolated value
75 580
The maximum temperature of the girders in the event of fire will thus be
max = 220°C,
Columnsg

The resultant emissivity €. for the columns is put equal to 0.7 (see Table 5 a).
Furthermore, the FS/VS ratio of the columns = (2b + 2h)/area of cross section

(see Fig. 5 a). For the columns on the bottom storey, this gives a value of

Fg/Vg =100 m~1, and for the columns on the top storey, a value of Fg/V_*200 m=i,

The maximum steel temperature Smax is obtained from Table 5 ¢ ag a function
of the equivalent fire loald q = 20,6 Mcal/m2 {86 MJ/mz}, the equivalent opening
factor A&T/’At = 0,14 m?, the ratio Fy/V, =100 and 200 m™~1, and the resultant
emisgivity €. =0.7. The fire load of 20 Mecal/m? {84 MJ/m2 Jin the table is used
in a preliminary investigation whether the columns can be constructed without

fire insulation.

By extrapolating from the opening factor values of 0, 08 and 0,12 m%, the maxi-
mum steel temperature Bmax 2t an opening factor of 0.14 m=z is determined as
approximately 685°C at a value of Fg/Vg of 100 m7L, A rough check of the buck-
ling curves in Fig. 10 b shows straight away that this temperature is excessive,
The temperature for columns with FS/VS =200 m™! will be higher stiil, The col-
umns on all storeys must therefore be provided with fire insulation.
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Fire retardant plaster 7 mm thick is tried as insulation, The average value of

thermal conductivity A ; for the plaster used is assumed to be #0,14 keal/m °C h
{0. 163 W/m °C ] (see Table 6 a), This means that the average insulation capacity
during a fire will be d;/A ; = 0.007/0,14 = 0,05 m? °C h/keal {0,043 m? °C/W |,

At a ratio of the internal surface arez of insulation Aj to the volume of the

steel section Vg, Ai/Vs’*’zOO m~l (see Fig, 6 a), which applies in the case of
the columns on the top storey, the maximum steel temperature $.,,, is obtained
from Table 6 b as follows

a  ah/a, AV 8 max
0,08 440
20 0,12 2900 360
0,14 320 exirapolated value
0,08 500
25 0.12 200 430
0,14 395 extrapolated value

By interpolating between the fire load values of 20 and 25 Mcal/mz, the steel
temperature ¢ . at a fire load of 20,6 Mcal/m?2 {86 MJ/m?2 }is obtained from
the above values. The maximum steel temperature in the columns is given as
= s
P max = 330°C
For the columns on the bottom storey, A;/Vg =100 m~1, The temperature in
these columns and in the columns cntheintermediate storeys for which the value
of Ai/Vs is between 100 and 200 m™L, will therefore be lower at the same insul-
ation thickness than that in the columns on the top storey for which A;/V, = 200 m™,

5 Critical load

Girders

The average rate of heating in the girder can be estimated from Fig. 9 a. The
equivalent fire load q = 24,5 Mecal/m?2 {103 MJ/ m2 }, the equivalent opening fac~
tor AW/.h/At =0.12 m% and the maximum girder temperature §,,, =520°C are
used as the input data, By interpolation, the rate of heating a is estimated at
40°C /min,

From Fig, 9 b for the case of a simply supported beam with a uniformly distri-
buted load, we obtain §=0,68 for 9, =520°C and a= 40°C/min. The critical

load g., is calculated from the equation in the figure

0,68 x8x2600x 736

Qcr
5002

= 4200 kef/m | 42 kN/m!

=42 kgf/em

The load which, according to Section 1 above, the girders must be capabie of

carrying without collapse during a fire is 3400 kgf/m {34 kN/m |, The girders
are therefore capable of resisting the fire exposure to which they may be sub-
jected without the bottom flange having to be provided with fire insulation,
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Columns

Since the girders are not continuous over the columns, it is assumed that there
is no restraint onlongitudinal expansion of the columns, The critical buckling
siress 0y at the temperature of 330°C is determined from Fig, 10 b for the cage
when ¥=1 (unrestrained expansion) and the yield stress at room temperature is
Tg = 2600 kg'f/cmz {260 MPa |, Fora slenderness ratio of A= 73 (columns on the
top storey), the buckling stress is o} = 1300 kgf/cm? {130 MPa |, The critical
load is thus

Ney =1300 x 18,6 = 24, 200 kof {242 kN|

According to Section 1, the load which the columns on the top storey must be )
capable of carrying without collapse in the event of fire is 16,000 kgf {160 kN I
An insulation with 7 mm fire retardant plaster is thus sufficient for the columns
on the top storey. Continued calculation based on an interpolation between the
steel temperature at 7 mm plaster and the corresponding temperature in a col-
umn without insulation shows that it should be possible to reduce the insulation
thickness by 1-2 mm, Such an estimate is however very rough, and the insulat-
ion thickness is therefore not reduced in this case, The final thickness of insul-
ation must further be determined on the basis of practical considerations, e.g.
ease of application. The other columns have more favourable A;/ Vg ratios, and
their temperatures will therefore be lower than that of the columns on the top
storey, Furthermore, since the columns are designed throughout in such a way
that they are all stressed to about the same proportion of the permissible gtress
at room temperature, insulation by 7 mm of fire retardant plaster is satisfactory

for all columns,

6 Summary

There is no need to provide protection for the girders. The columns are to be
ingulated. with 7 mm fire retardant plaster with an approximate thermal conduct-
ivity of 0.14 keal/m °C h {0,163 W/m oC |,
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EXAMPLE 2. FIRE ENGINEERING DESIGN OF LOADBEARING STEEL STRUC-
TURE IN A THREE-STOREY RESIDENTIAL BUILDING

A three-storey residential building of 12 x 66 m plan area is to be constructed

in such a way that great flexibility of layout is possible, The vertical loadbearing
structure is concentrated along the long sides, and consist of continuous IPE 240
steel girders and hollow steel columns of square section with external dimensions
of 120x120 mm,. Column spacing is 4 m with the exception of the end bays where
the distance between columns is 3 m, Material thicknesses of the columns are £.5
mm on the top storey, 8 mm on the second storey and 11 mm on the bottom storey.
The areas of cross section are20.5 cmz, 34.9 cm? and 46.1 cm , and the slender-
ness ratios 65, 67 and 70, respectively. The material of the Firders and columns
is Steel 1412 with a nominal yield stress g = 2600 kgf/cm® 1260 MPa |.

Floor units of steel sheeting and concrete 12 m in length are supported between
the girders along the two long sides. The dead weight of the floor construction
is 480 kgf/ m? {4.8 kN/m?} , The dead weight of the attic floor plus the dead
weight of the roof is 550 kef/m?2 {5.5 kN/m2 |, The snow load is assumed to be
100 kgf/ m2 {1 kN/ m2 |. The attic cannot be used for storage.

As regards the thermal characteristics of the surrounding construction, the fire
compartment is equivalent to fire compartment Type A. The opening factor AL/ A¢

is 0,06 m2,

Complete evacuation of people from the building in the event of fire cannot be
assumed with absolute certainty,

Check if one layer of gypsum plaster sheeting, 13 mm thick, according to the
figure is sufficient for fire insulation ofthe steel structure,

Girders: IPE 240 Columns: 120 x 120 mm square hollow sections

& © <
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=3 3
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1 Static load which shall not cause the structure to collapse under fire

exposure conditions

Ceiling level on top storey.

Dead weight of attic floor slab plus roof

Snow load 100 kgf/m? {according to Table 2 a,
80% of this value, multiplied by the load factor
1.2, is taken)

Total

Load per metre run of girder = 6x650
Add for facade units

Total

Other storeys.

Dead weight of floor construction

Live load and load factor according to Table 2 a
(Complete evacuation of people cannot be assumed)
105 x 1,4 kgf/m?2

Total

Load per metre run of girder = 6x630
Add for facade units

Total

Columns

Load on columns on top storey

=4 x 4000

Load on columns on second storey
=16, 000 + 4x3900

Load on columns on bottom storey
= 31,500 + 4(6x480 + 100)

2 Fire load and opening factor

According to Table 3 a, design fire load for
two-room flats is
Floor coverings are estimated to give rise to

an additional fire Ioad of
The total fire load is thus

Opening factor according to assumptions

550 kgf/m?2

_100 kgf/m®
650 kgf/m? 6,5 kN/m?2 |

3900 kgf/m
100 kgf/m

4000 kgf/m { 40 kKN/m |

480 kgf/m?2

150 kgf/m>

630 kgf/m2{6.3 kN/m? |
3800 kgf/m

100 kegf/m

3900 kef/m {39 kKN/m}

16, 000 kef {160 kN |

31,500 kef [315 kN |

43,500 kgf {435 kN |

40 Mcal/m2

2.5 Mcal,/m2
q = 42.5 Mcal/m2 {180 MJ/m?2 |
L
A\JE“/At= 0,06 m2

3 Conversion to equivalent fire load and equivalent opening factor

According to the assumptions, with regard to the thermal characteristics of the
surrounding constructjon the fire compartment is equivalent to fire compartment
Type A, According to Table 4 a, the conversion factor is kp =1,0. The equivalent .

fire load and equivalent opening factor are thus
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q = 42.5 Mcal/m?2 {180 MJ/m?|

AR/A, = 0,06 m?

4 Maximum steel temperature

Girders

The mternal surface area of insulation per unit length is A; = 0 26 +0,12 =
0,38 m /m, and the volume of girder per unit length is Vo = 1x0, 00391 m3/m.
This gives Aj/Vg <100 m~1 (see Fig. 6 a).

For insulation comprising one layer of 13 mm gypsum plaster slabs, the max-
imum steel temperature Smax 18 obtamed from Table 6 c:1, The equivalent fire
load q = 42,5 Mcal/m? {180 MJ/m 2} the equivalent opening factor AVh, h/A; =0.06 m
and the ratio A;/ Vs ~100 m~! are used as input data. The following is obtained

from the table by interpolation
q  ab/a; AV s

o)~

max
40 420
42.5 0.08 100 440 interpolated value
45 460
The maximum steel temperature in the girders in the event of fire is therefore
- 0
max = 240°C,
Columns

The internal surface area of insulation per unit length is A; = 3x0,12 = 0,36 m2/m
The volume of the column per unit length Vg, varies from storey to storey. On
the bottom storey Vg = 0,00461 m /m on the second storey Vg = 0,00349 m3/m
and on the top storey Vg =0.00205 m3/m The corresponding values of the A; / Vg

ratio are (see Fig. 6 a)

bottom storey A;/V ™ 75 m~1
second storey A; /V ~100 m-1
top storey Aj; /V ~175 m~1

The maximum steel temperature § for insulation comprising one layer of
13 mm gypsum plaster slabs is obtamed from Table 6 ¢:1. The equivalent fire
load q £ 42.5 Mecal/m? 1180 MJ/m2}, the equivalent opening factor Ah/A; =
0,06 m2 and the AI/VS ratios as above are used as input data, By interpolation

from the table, we obtain

q W Ag Ai/ Vs 19‘ma.x
75 365
40 0.06 100 420
150 485
175 545 interpolated value
200 600
75 400
45 0.06 100 460
150 540
175 505 interpolated value

200 670
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By interpolating between the fire load values of 40 and 45 Mcal/ mz, the following
are obtained for the appropriate A;/Vg ratios and a fire load q =42,5 Mcal/m?2

{180 MJ/m?2],
Ai/vs Sma.x

bottom storey 75 3850C
second storey 100 440°C
top storey 175 575°C

5 Critical load

Girders

A value of £=1,3 at the temperature of 440°C is obtained for the inner bays of
the continuous girder from Fig. 9b for the case of a beam rigidly restrained at
both ends and subject to a uniformly distributed load (see Subsection 9,2.3,2 in
the Main Section).Owing to the relatively low temperature, the magnitude of the
rate of heating exerts no influence on the value of B . The critical load der 18
calculated from the equation in the figure

_1.3x12x2600x 324

qCI‘
200%

= 8200 kgf/m {82 kN/m}

= 82 kgf/em

Analogously, the value of B =1,4at Gmax = 4409C is obtained for the outer bays
of the continuous girder from Fig. 9D for the case of a beam rigidly restrained
at one end and subject to a uniformly distributed load, The corresponding critical

load is

L4x8x2600x328 oo

Qer
3002

= 10,500 kgf/m {105 kN/m |}

The load which, according to Section 1 above, the girders must be capable of
carrying without collapse during a fire is 4000 kgf/m | 40 kN/m},

Owing to the fact that the girders are continuous over the columns, longitudinal
expansion of these during a fire may be partially prevented if adjacent columns
expand different amounts due to differences in temperature, The value of the
degree of expansion ¥ depends on the assumptions made regarding the differences
in temperature between adjacent columns, If the temperatures are different in
adjacent columns during a fire on the bottom or second storey, the value of by

is also affected by the resistance offered by the girders on the storey above to
expansion of the columns, However, owing to the elastic compression of the col-
umns on the different storeys which is caused by the additional forces which a-
rise, the resistance offered by the girders.to expansion of the columns is a little
tess on each higher storey. An exact calculation of the total resistance to longitu-
dinal expansion, and of the degree of expansion ¥, is therefore 2 complicated busi-

ness.
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For ordinary values of the girder stiffness to column stiffness ratios, however,
elastic compression of the columns is small in comparison with the expansion due
to the rise in temperature, For the sake of simplicity, therefore, an approxima-
tion on the safe side can be made by determining the resistance offered by the
girders to expansion of the columns on the basis of the sum of the girder stiffnes-
ses on the different storeys, without consideration of the elastic compression of
the columns. As a further approximation on the safe side, it is assumed in deter-
mining the value of the degree of expansion ¥ that only one column is exposed to
the action of fire and consequent rise in temperature, the temperature of the ad-
jacent columns remaining unchanged, Under these conditions, determination of

the degree of expansion ¥ can be based on a system comprising a column of square
120x120 mm hollow section comnected to the midpoint of an 8 m girder of IPE 240
section which is elastically restrained at both its ends and cannot undergo vertical
displacements, In order however to simplify the treatment further, it is agsumed
that the ends of the girder are rigidly, and not elastically, restrained. This approx-
imation which yields results on the safe side implies that Fig. 10 a can be used for
determination of the degree of expansion vy,

In calculating the coefficient K in Fig, 10 a, for all girders

I, = 3892 cm*
Ly, = 800 cm,

For girders which are exposed to fire, maximum steel temperature is 4490°C, and
the value of the modulus of elasticity Ey, is given by the expression {see Fig, 9,1 a
in the Main Section)

E, =0.75 x 2.1 % 10% kgf/em? (0,75 x 2.1 x 105 MPaj

For all other girders,

E, =2.1x 10° kgt/em? 12,1 x 10° MPa]

When there is a fire on the bottom storey, we have for the columns
A=46.1 cm2

L =250 cm

The value of the modulus of elasticity (secant modulus) of the column depends on
the column temperature 385°C and the actual stress level. Since the imposed
stress is unknown, the secant modulus is determined for a stress equal to the
buckling stress of the column at the temperature concerned and for no restraint
on longitudinal expansion, i,e, ¥=1, For the actual slenderness ratio of A = 70
and actual steel temperature of 385°C, Fig, 10D for og = 2600 kgf/ cm?{260 MPa}
and Y= 1 gives a buckling stress Ty =1240 kgf/cm2§ 124 MPa i,

For a siress level o/ dg = 1240/2600 = 0,48 and a steel temperature “95 = 385°C,
Fig. 10.1 b in the Main Section gives the value of E = 0.65x2.1x10° kgf/cm
i 0.65x2,1x10 MPa lfor the secant modulus, In the event of fire on the bottom

storey, therefore, we have

6 2
0,75 +1.0+1.0x2,1x 10° x 3892 50 -1 7axa0™t

8003 0.65X2,1x106X46.1

g =4

Using this value of K, the degree of expansion yis determined from Fig. 10 a.
This gives

y = 0,965
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The buckling stress O'k at 4, = 385°C and slenderness ratio A= 7 0 is determined
from Fig, 10 b for 0 =2600 kgf/cm? {260 MPa {by interpolation between the
diagrams for ¥ = 0,975 and y=0.95, This gives

oy = 1050 kgf/em? 1105 MPal,
The critical load for the columns on the bottom storey is therefore

N, = 1050 x 46,1 = 48, 400 kgf {484 MPa |

The load which, according to Section 1 above, the columns on the bottom storey
must be capable of carrying without collapse during a fire is 43, 500 kgt {435 kN L

In the event of fire on the second storey, we have for the columns

A =34.9 cm2
L =250 cm

The maximum temperature in the column is 440°C . The stress level for deter-
mination of the secant modulus is estimated in the same way as for columns on
the bottom storey. Fig, 10 b for 0. = 2600 kgf/cmzi 260 MPa | and v=1 gives a
buckling stress %, = 1140 kgf/em2 (114 MPalat the actual slenderness ratio A =
67 and steel temperature ¥, = 440°C, With the stress level ¢ / Oy =1140/2600 =
0.44 and steel temperature GS = 44000, Fig. 10,1 b in the Main Section gives a
value for the secant modulus of E = 0,53 x 2,1 x 10% kef/em210.53 x 2.1 x 10
MPa} . In the event of fire on the second storey, therefore, we have

6 -4
+ 3
_0.75+1)x2.1x10° x 3892 250 =1.8x 10

800° 0.53x2,1x10° x 34,9

Using this value of K, the degree of expansion Yis determined from Fig, 10 a,
Thig gives
Y =0,965

The buckling stress 7, at 4. = 4400(32 and slenderness ratio A= 67 is determined
from Fig., 10 b for 0g = 2600 kgf/cm* {260 MPa by interbolation between the
diagrams for y= 0,975 and y= 0,95, This gives

oy = 960 kgf/cm? {96 MPa |
The critical load for the columns on the second storey is therefore

N,, =960 x 34,9 = 33,500 kgf {335 kN |

The load which, according to Section 1 above, the columns on the second storey
must be capable of carrying without collapse during a fire is 31,500 kgf! 315 kN |,

In the event of fire on the top storey, we have for the columns

A =20.5 em2

L =250cm

The maximum temperature in the column is 575°C, Fig, 10 b for 05 = 2600
kgf/cm? {260 MPa fand y=1 gives a buckling stress 0y =670 kgf/cm?2{ 67 MPa |
at the actual sienderness ratio A =85 and steel temperature —Gs =575°C. If the
column were completely free to expand, therefore, the critical load would be

N, =670 x 20.5 = 13,700 kgf {137 kN |,
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This load is less than the load which, according to Section 1, the columns on the
top storey must be capable of carrying without collapse during a fire. In addition,
the column is not enfirely free to expand longitudinally, and the eritical load is
therefore less than 13, 700 kef {137 kN1,

Tnsulation by means of one layer of 13 mm gypsum plaster slabs is thus insuffi-
cient on the top storey. Additional insulation in the form of another layer of 13
mm gypsum plaster slabs, on two of the sides of the column as suggested in the
fisure, is therefore fo be provided.

2x13 mm gypsum
plaster slab

1x13 mm gypsum
plaster slab

2x%13 mim gypsum
plaster slab

If the columns were to be insulated with two layers of 13 mm gypsum plaster
slabs algo on the third side, then, according to Table 6 c:1, the maximum steel

temperature €y would be

q ab/ay A/Vs Fmax
150 260

40 0.06 175 280 interpolated value
200 300
150 315

45 0.06 175 340 interpolated value
200 360

By interpolation between the fire load values of 40 and 45 Mcal/ mz, 6max for a
fire load of 42.5 Mca.l/m2 and insulation with two layers of 13 mm gypsum plaster

slab is obtained as 310°C.

When insulation consisted of one layer of 13 mm gypsum plaster slabs, the cor-
responding temperature was 57 5°C,

When insulation is provided as in the figure by means of two layers on two sides
and one layer on the third side, the average steel temperature will be between
these temperatures. As an approximation on the safe side, the temperature can

be calculated as

¢  _310+575
2

~ ®]
max 440°C

Usin% this value of the steel temperature, Fig, 10b for oo = 2600 k‘gf/ cm?} 260
MPa!and ¥= 1 gives a buckling stress oy = 1170 kgf/cmzi 117 MPatat a slender-
ness ratio of A= 65, With the stress levelo /Jg = 1170/2600 = 0.45 and the steel
temperature 8 g = 440°C, Fig, 10.1 b in the Main Section gives the value of the

secant modulus as E = 0.54x2,1x10° k,g,'f/cm2 {0.54x2,1x10° MPa |, During a fire
on the top storey, we have therefore
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6 .
K=O.75x2.1 X310 1538912X 250 — =1.29x10°%
800 0.54x2,1x10x 20,5

Using this value of K, the degree of expansion ¥is determined from Fig, 10 a.
We have

Y =0,975

The buckling stress oy at 440°C and a slenderness ratio A= 65 is detzrmined
from Fig. 10 b for O = 2600 kgf/cm?! 260 MPalandy = 0.975, This gives

Oy = 1040 kgf/cm2{ 104 MPa

The critical load for the columns on the top storey is therefore

N,, =1040 x 20.5 = 21, 300 kgf {213 kN}

The load which, according to Section 1, the columns on the top storey must be
capable of carrying without collapse during a fire is 16, 000 kgf {160 kN 1,

6 Summary

One layer of 13 mm gypsum plaster slabs is sufficient as fire insulation for the
girders and columns, with the exception of the columns on the top storey. The

insulation for these columns must be increased by the addition of another layer
of 13 mm gypsum plaster slabs on at least two of the three sides of the column

which face the room.
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EXAMPLE 3, FIRE ENGINEERING DESIGN OF STEEL FLOOR GIRDERS
IN AN EIGHT-STOREY OFF¥ICE BUILDING

A fire compartment in an eight-storey office building has the inside dimensions
shown in the figure, The fire compartment has one door 6 and five window open-
ings 1-5 with the posilions and dimensions as shown in the figure.

2.5

Ly

The floor slab which consists of 16 cm concrete plus 4 em concrete topping is
carried by 6 m long steel girders of HE 280 A section which are rigidly
restrained at one end and spaced at 5 m centres. The material of the girders
is Steel 1311 with a nominal yield stress 05 = 2200 kgf/cm2 {220 MPa !, The
floor slab is laid on the top flanges of the girders.

The sutrounding construction of the fire compartment consists of 18% lightweight
concrete and 82% ordinary concrete,

Complete evacuation of people from the building in the event of fire cannot be
assumed with absolute certainty,

Check whether the floor girders must be provided with fire insulation. If insu-
lation is required, check whether the temperature of the girders can be limited
to the permissible values by means of a) a fire retardant paint of average insu-
lation capacity d;/x; = 0.075 m?2 °C h/keal {0.064 m2 °C/W, |b) a suspended
ceiling of 15 mm thick mineral wool slabs Type 17 according to Table 7 a.

1 Static load which shall not cause the girders to collapse
under fire exposure conditjons

Dead weight = 0.20 x 2400 480 kgf/m>
Live load and load factor according to Table 2 a
{Complete evacuation of people cannot be

assumed) = 135 x 1.4 kgf/m? 190 kgj/mz
670 kef/m2 16,7 kN/m? |

3,350 kef/m {33.5 kN/m |

Total

Load per metre run of girder =5 x 670
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2 Fire load and opening factor
The total internal surface area of the fire compartment is
Ay = 6x15%2 + 6x2.5x2 + 15x2,5%2 = 285 m2

The design fire load is determined from Table 3 a, The value applicable to all
the investigated office premises, i.e. 33 Mcal/m?2 {138,2 MJ/mzi, is chosen,
An addition is made in respect of fire load due to floor and wall covering. The
material in the floor and wall covering is assumed to have a calorific value of
5 and 3,8 Mcal/k3 respectively. The total weight of floor covering is 200 kg
and that of the wall covering 30 kg. According to Equation (3.1 a) in the Main
Section, we have

200x5 + 30x3,8

~ 2
Uloor + wall = 985 4 Mcal/m

The total fire load is thus
q =33 +4 = 37 Mecal/m?| 155 MJ/m? |

The opening factor is calculated according to Fig, 3.a
A =1.5x1.5%4 +2.6x1,5 +0,9x2.1 = 7,8+ 3.9 + 1,89 = 13,59 m2
1
= — .o+ 3, .0 +1.89x2,1) =1,
13.59(7.8}:1 3 9x1 1.89x2.1) = 1,58 m, and

A _ 13,5947, 58

2
=0,06 m=

3 Conversion into equivalent fire load and equivalent opening factor

The surrounding construction of the fire compartment, consisting of 82% con-

crete and 18% lightweight concrete, is intermediate between fire compartment
Type B (only concrete) and fire compartment Type D (50% concrete, 50% light-
weight concrete) according to Table 4 a,

The conversion factor k¢ is given by linear interpolation as

e =G + 5o L06) = (kg 3y I 0.64 (kg + 0,36 g

where (kf) B and (kf} are the values of k, applicable to fire compartment B and
D respectively, Using the above and Table 4 a, the figure obtained for the actual
opening factor A/E/At =0,06 m2 is

1{f =0.64x0.85+0.36x1.35=1,03
The equivalent fire load is thus
q=1.03 x 37 = 38 Mcal/m> 1160 MJ/m2!

and the equivalent opening factor
1
MB/A; =1.03% 0,06~ 0,06 m*
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4 Maximum steel temperature

Uninsuiated girder

The resultant emissivity €, is put equal to 0.5 (see Table & a). The FS/Vs ratio
of the girder is 140 m~1 {see Table 5 b).

The maximum steel temperature €, is obtained from Table 5 ¢ as a function
of the equivalent fire load q = 38 Mcal/m? | 160 MJ/m? l, the equivalent opening
factor A'h/A, = 0,06 mZ, the ratio F o/V =140 m~1 and the resultant emissivity
€, =0,5, It will be seen from the table that, for a fire load as low as 30 Meal/m?
and a Fg/Vg ratio of 75 ml"l, the maximum steel temperature &,,, at an open-
ing factor M/At = 0,06 m2 and resultant emissivity ¢, = 0.5, will be 775°C.
For the actual values of fire load and the F S/VS ratio the temperature would be
higher still, The temperature in the steel girders under fire exposure conditions
can therefore be seen to become excegsive without any further checks, The gir-
ders must be protected by insulation.

Insulated girder

a) Tnsulation with fire retardant paint of average insulation capacity
&/X; = 0,075 m? °C h/keal {0,064 m? °C/W|

If the insulation has an average insulation capacity di/ A; =0.05 m? °C h/keal
{0,043 m2 °C/W |, the following is obtained from Table 6 b

4 A/ At Ai/ Vs "9max
125 555

35 0,06 140 580 interpolated value
150 595
125 595

40 0.06 140 625 interpolated value
150 640

For an equivalent fire load q = 38 Meal/m?2 {160 MJ/m?], 2 maximum steel temp-
erature 8max = 605°C is obtained by interpolation between the above values.

If the insylation has an average insulation capacity d;/A; = 0.10 m? °C h/keal
{0.086 m? °C/W}, the following is obtained from Table 6 b

q Avh/ At Ai/ v ” ema.x
125 415

35 0,06 140 440 interpolated value
150 455
125 450

40 0,06 140 475 interpolated value
150 490

For an equivalent fire load q = 38 Meal/m? {160 MJ/mZ}, a maximum steel
temperature of emax = 460°C is obtained by interpolation between the above

values,
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For an average insulation capacity between 0. 05 and 0.10 m2 °C h/keal, or
equal to 0,075 m? °C h/keal {0, 064 m2 OC/Wl(see Table 6 a, fire retardant
paints}, and an equivalent fire load q =38 Mcal/m2 {160 MJ/mzf, the max-
imum steel temperature will be approximately

§  _ 46048605

max P 535°C

b) Insulation with a suspended ceiling of 15 mm thick mineral wool slabs

It is evident from Table 7 a that suspended ceiling No 17 consisting of 15 mm
thick mineral wool slabs has a value (/A it = 0.20 m? °c h/keal 10,172
mZ °C/W |, It is further evident that the critical temperature of the suspended
ceiling construction itself is considered to be 600°C,

The maximum steel temperature ama.x for a construction with insulation in the
fogm of a suspended ceiling is obtained from Table 7 b, At (di/:\ fict = 0.20
m* °C h/keal | 0,172 m?3 OC/W |, we obtain from the table

4 AVE/At FS/ Vs emax
100 140

40 0.04 140 160 interpolated value
200 ~ .. 180
100 100

40 0.08 140 120 interpolated value
200 140

For an equivalent fire load q =38 Mecal/m? {160 MJ/m2 | and an equivalent open-
ing factor A/_E/At = 0,06 m2, the maximum steel temperature should be somewhat
lower than

s _120+160

o]
max = 5 140°C

From Table 7 b it can be estimated that for an equivalent fire load q = 38 Mcal/ m?
{160 MJ/m2 land an equivalent opening factor AVE/At =0,06 m%, the temperature
in the suspended ceiling will be somewhat lower than © ;1 = (560 +625)/2
=590°C, This temperature is less than the critical temsﬁlglpdt?z?e'of the suspended

ceiling which is 600°C,

5 Critical load

For an equivalent fire lpad q = 38 Mcal/m2 {160 MJ/m? f, an equivalent opening
factor A\/E/At =0.06 m2, and a maximum steel temperature %ma_x =535°C (in-
sulation in the form of a fire retardant paint), the average rate of heating of the
girders is estimated by means of interpolation in Fig, 9 a, The rate of heating a
will be around 15°C/min,

From Fig, 9b, for a beam carrying a uniformly distributed load which is restrained
at one end, we have 8= 0,90 at 9§ =535°C and a = 15°C/min. The critical 1oad is

calculated from the equation in the figure as
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0,90 x 8 x 2200 x 1010
Qer = )
600

The load which, according to Section 1, the girders must be capable of carrying
without collapse during a fire is 3350 kgf/m {33.5 kN/m ],

= 44 kgf/cm = 4400 kgf/m {44 kN/m |

When the floor construction is insulated by means of a suspended ceiling of 15 mm
thick mineral wool slabs, the girder temperature will be considerably lower than
when the insulation is a fire retardant paint, and the loadbearing capacity will be
consequently greater,

6 Summary

The girders cannot carry the imposed loading in the event of fire without insu-
lation. Insulation using a fire retardant paint of average insulation capacity
d&/A ; = 0,075 m? °C h/keal | 0,064 m? °C/W lis sufficient in order to Limit the
steel temperature, and also insulation in the form of a suspended ceiling con-
sisting e,g. of 15 mm thick mineral wool slabs, ceiling No 17 in Table 7 a,
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EXAMPLE 4. FIRE ENGINEERING ASSESSMENT OF A SUSPENDED CEILING
WHICH HAD BEEN SUBJECTED TO A STANDARD FIRE TEST

A new suspended ceiling construction had been subjected to a standard fire test.
The suspended ceiling had been mounted in a fire testing furnace, the top of
which consisted of a precast concrete unit, Above the suspended ceiling, there
was an HE 300 B steel girder fixed to the precast concrete section, The space
below the suspended ceiling was heated according to the standard fire curve,
and continuous measurements of the temperature were made on the steel gir-
der and at other points, The test rig is illustrated in the figure.

L P br & Y s 0 B p g @ P o

E HE 300B

A
v

~— —/

The measured mean temperature-time curve for the steel girder is described
by the values tabulated below,

Time Mean
(min) temperature
)

0 20

10 50

20 75

30 105

40 145

50 190

55 225

57 250

Extensive cracking was observed in the suspended ceiling after 54 minutes. The
test was discontinued after 57 minutes,

Check whether this suspended ceiling construction can be used for the protection
of the steel girders in the office fire compartment in Example 3,
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1 Estimation of the insulation capacity and critical temperature
of the suspended ceiling

The girder used in the test for measurement of the steel temperature-time

curve was of HE 300 B section. According to Fig. 5 a or Table 5 b, the Fs/Vs

ratio for this girder is
_2x0,3+3x0,3-2x0.011

Fs/Vs = 0,01491 =99 m

-1

In the figure below, the theoretically calculated steel temperature-time curves
according to Fig, 7.4 a in the Main Section, based on the standard fire curve,
have been plotted for Fg/V =100 m™1 for different values of d;/A ; for the sus-
pended ceiling (full lines),

The figure also contains the temperature-time curves given in Fig. 7.4 a for the
centre level of the suspended ceiling, for different values of the insulation capacitly
dl./P\i of the suspended ceiling (dashed lines). Furthermore, the steel tempera-
ture-time curve measured during the fire test on the suspended ceiling concern-
ed ig also given (chain line), The best agreement between the measured and cai-
culated temperature-time curves for a steel girder with Fg/Vg =100 m~1 is ob-
tained if the average insulation capacity of the suspended ceiling is assumed to

be d;j/A; = 0.10 m2 0C h/keal, For the suspendsd ceiling, therefore,

(@/\) gios = 0,10 m? °C h/keal 10,086 m? °C/W |
i/ ) fict

During the test, extensive cracking was observed in the suspended ceiling after

54 minutes. Tt is seen from the figure that the temperature at the centre level of
the suspended ceiling was approximately 6500C at this time. The critical tempera-
ture of the suspended ceiling may therefore be assumed to be

esusp. ceil. = 5_5_0_0(_:

° di/ 1/ =005m°hC/keal 0
- -~ 020
600 - - -
-
-

500

400
Qs

300
oo

200
.20

1C0 0,30
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2 Determination of the maximum steel and suspended ceiling temperatures
when the suspended ceiling is used in a fire compartment according to
Example 3

The maximum steel temperature and the maximum temperature of the suspended
ceiling can be determined from Table 7 b if the equivalent fire load q, the equi-
valent opening factor A\/-E/At, “the F S/ VS ratio for the steel girders and the insy~
lation capacity (dl-/)k i) fict of the suspended ceiling are known,

According to Example 3 (Section 3), the equivalent fire load is q =38 Mca.i/m2
{160 MJ/m? | and the equivalent opening factor AVE/At = 0,06 m2, Further-
more, according to Example 3 (Section 4), the FS/VS ratio for the girders is

140 m~1,

For a suspended ceiling insulation capacity of (d;/ Aot = 0.10 m? °¢ h/keal
{0. 086 m? Sc/w 1, the following are ok?tained from Table 7 b for an equivalent
fire load q = 40 Mcal/m?2 {168 MJ/m? }

a _ A\jZ/At Fs/Vs emax 6\susp.c:eil.
100 220
40 0,04 140 240« interpolated 600
200G 270 value
100 160
40 0,08 140 185«interpolated 665
200 220 value

By interpolation hetween the sbove vaiues, the maximum stee] temperature ‘S‘ma.x
and the suspended ceiling temperature Ssusp. ceil, at an equivalent opening fac-
tor ATh/A¢ = 0.06 m? are determined as

. _ 185 4240 ~ o
S nax = 7 210%

3 _ 600 + 855 o
s.e.” g5 830°C

The temperature of 210°C in the steel girders can be seen directly, or by com-
parison with the results in Example 3, to be very much below the critical one.

The maximum midpoint temperature of 630°C in the suspended ceiling is lower
than the temperature of 650°C which was assessed in Section 1 above as the cri-
tical temperature of the suspended ceiling, This suspended ceiling can thus be
used as fire insulation for the steel girders in Example 3.
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EXAMPLE 5. CHECK ON PARTITION

In the office building in Example 3 a few small rooms are {o be set aside as
records rooms, The internal dimensions of these rooms are given in the
figure below,

.'I' 15|

It is estimated that a maximum of about 1100 kg books and other paper articles,
and about 300 kg of various plastics articles, can be stored in the room. The
furnishings in the records room mostly consist of wood, with a total weight of
approximately 300 kg,

The construction surrounding the fire compartment mainly consists of concrete
and steel sheeting with mineral wool insulation in about equal proportions.

Check if 2 wall made up of 15 ecm thick slabs of mineral wool of density v = 45
kg/m3, covered on both sides with steel sheeting or some other incombustible
layer, is satisfactory as a partition in order to prevent spread of fire from the
records room to adjacent fire compartments.

1 Fire load and opening factor

The total internal surface area of the fire compartment is

Ar=2x4x3+2x2.5x3+2x2.5x4=59m"

The calorific values H of the various materials are taken from Table 3.1 a in
the Main Section. The values chosen are 4.0 Mcal/kg for paper, an average val-
ue of 7,0 Meal/kg for plastics, and 4.5 Meal/kg for wood,

The fire load ¢ is caleulated according to Equation (3.1 a) in the Main Section as

0+ 3 L0+ .

q- 1100 x 4.0 0509X 7.0 +300x4,5 - 133 Mcal/m2 i557 MJ/m2}
The opening factor A\ﬁ:L_/At is calculated according to Fig. 3 a, It is assumed in
this connection that the door conforms fo at least the same fire resistance as
the walls, and that it is provided with automatic closure equipment,

On the basis of these assumptions, we have

A=1.0x1.5=1.5m2

h =1.5
A i
AVH/At =l'—5-—5~;—=5— =0,031 m?
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2 Conversion to equivalent fire load and
equivalent opening factor

The fire compartment, the surrounding constructions of which consist in about
equal proportions of concrete and steel sheeting with mineral wool insulation,

is intermediate between fire compartment Type B (100% concrete) and fire com-
partment Type H (100% steel sheeting with mineral wool insulation), as set out
in Table 4 a, By linear interpolation, the conversion factor is obtained as

50
ke = (k) B +TopL k) 1 - )] = 0.500c9 1 +0.50 (ke gy

From this and according to Table 4 a, we obtain for the actual opening factor
AVh/A; = 0,031 m?

ke =0.50x 0.85+0.50x 3.0 =1,93

The equivalent fire load is thus
q =1.93 x 133 = 257 Mcal/m2 {1076 MJ/m2]|

and the equivalent opening factor is

1
Ah/A, =1.93x 0,031 = 0,06 m>

3 Check on the fire separating function of the wall

Fig. 8 a gives the equivalent fire load 4, for different values of the equivalent
opening factor A\/_h/At, for which some wall types just satisfy their fire Separating
function, For a wall of 15 cm mineral wool of density y= 45 kg/m3 between in-
combustible external layers, we therefore obtain from the figure by extrapola-
tion that the equivalent fire load q may be as much as aboug 290 Mcal/m?2 (p1214
MJ/m? lat an equivalent opening factor of M-E/At2= 0.06 m2, The actual equi-
valent fire load has been found to be 257 Mcal/m {1076 MdJ/m?2{,

4 Summary

In the case under cogsideration, a wall consisting of 15 em mineral wool of
density ¥ = 45 kg/m" between incombustible external layers of e. g, steel sheet-
ing meets the requirement specified for fire partitions with regard to the maxi-
mum temperature on the side not exposed fo fire,
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EXAMPLE 6., FIRE INSULATION OF STEEL COLUMNS

A column of HE 300 A section of Steel 1411 with the yield stress og = 2600 kgf/cm2
1260 MPa lat room temperature is erected in a fire compartment. The column has
the length I = 7,20 m, the area of cross section is 112.5 em? and the least radius
of gyration is 7.49 em, The column is pinjointed at both ends in such a way that it
is free to expand longitudinally when exposed to fire. The load which shall not cause
the column to collapse during a fire has been calculated to correspond to a uniform-
ly distributed compressive stress of 0 =700 kgf/ em? {70 MPa | over the cross sec-

tion,

As regards the thermal characteristics of the surrounding constructions, the fire
compartment is equivalent to fire compartment Type A according to Table 4 a,
and it has an opening factor Afff/At ={0.08 m2, The fire load g is 90 Mcal/m2

{ 380 MJ/m2] of total surface area.

Calculate the requisite insulation thickness in order thaf the column should not
collapse when exposed to fire on all sides, both for sprayed mineral wool insula-
tion and insulation with slabs of vermiculite based material, as shown in the fig-

ure below,

Sprayed mineral Vermiculite
wool slabs
T
HE300A &
300
1 Critical steel temperafure

The slenderness ratio of the column is A = 720/7.49 = 96, From Fig. 10 b for
g, = 2600 kgf/cm2 | 260 MPa Jand y = 1 (unrestrained longitudinal expansion}, it
appears that the actual stress of 700 kgf/ cm? {70 MPa }is equal to the buckling
stress at the steel temperature 9 = 500°C and slenderness ratio A = 96, The

critical steel temperature is thus Scr = 500°C,

2 Insulation with sprayed mineral wool

The internal surface area of the insulation per unit length is A; 4 x 0.3 +2 x0.29
= 1.78 m%/m. The volume of the steel section per unit length is Vg = 0. 01125 m3/m.

This gives A;/Vg =160 m -1
The following is obtained from Table 6 c:3 for an insulation thickness di =20 mm
a Ab/AL AV ‘Smax

150 475
90 0,08 160 490 interpolated value

200 555
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An insulation consisting of 20 mm sprayed mineral wool is thus sufficient to pre-
vent collapse of the column when subjected to the assumed load, since the max-
imum steel temperature Ymax = 490°C is less than the critical steel temperature
of 500°C,

3 Ingulation with slabs of vermiculite based material

The internal surface area of the insulation per unit length is A; =2 x 0,30 +
2x0,29 1,18 m“/m. The volume of the steel section per unit length is
Vg =0.01125 m®/m. This gives Ay/V, = 105 m"~1,

The following is obtained from Table § b for an average insulation capacity of
d;/A; = 0.10 m? °C h/keal 10,086 m2 °C,/w |

q ab/a AV % max
100 590

90 0.08 105 600 interpolated value
125 650

At an average insulation capacity of dl.Ai = 0,20 m2 °C h/keal {0,172 m? °c/w|
the following is obtained

q EUUVZ VR WA S

max
100 420
90 0.08 105 430 interpolated value
125 480

Linear interpolation between the temperatures of 430°C and §00°C gives the
insulation capacity required in order that the steel temperature should not exceed
the critical temperature of 50000.

19max di/ Ai

430 0.20

500 0.16 interpolated value
600 0.10

An average insulation capacity of d;/x; = 0,16 m2 °C h/keal {0,138 m? °c/w |
will therefore limit the maximum steel temperature to about 500°C, This means
that the thickness of insulation must be at least di = 0,161,

It is seen from Table 6 a that the average thermal conductivity A ; of slabs of

vermiculite based material may be taken as approximately 0,117 keal/m °C h
{0.137 W/m °C | at 2 maximum steel temperature of ¢ . = 500°C, The insu-
lation thickness required is thus d; =0,16x 0,117 =0.019m =19 mm.
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EXAMPLE 7. DETERMINATION OF THE CRITICAL FIRE LOAD

A welded steel girder of Steel 1412 with a nominal yield stress of gy = 2600
kgf/ cm? | 260 MPalat room temperature, which is rigidly restrained at one end,
carries a floor slab which is placed on the bottom flange as shown below,

IZOmm

The span of the girder is 8,0 m, the flange thickness 20 mm and the modulus of
section 1683 cm®, The uniformly distributed load which shall not cause the girder
to collapse under fire exposure conditions has been calculated as 3100 kgf/m

{31 kKN/mi,

The girder is situated in a fire compartment with surrounding constructions
whose thermal characteristics are practically the same as those of fire com-
partment Type B according to Table 411 a, The equivalent opening factor of the
five compartment is Ah/A = 0,12 m2.

Determine the maximum fire load g which can be accepted if the bottom flange
is not protected from the fire exposure.

i Critical temperature

The load of 3100 kgf/m {31 kN/m| is put egual to the critical load according to
the equation in Fiz. 9 b for a beam which is rigidly restrained at one end and is
acted upon by a uniformly distributed load.

8 x 2600 x 1683
8002
This gives 8= 0.56, According to the figure, a value of 8= 0.56 is equivalent to
a2 critical temperature of approximately 590-630°C, depending on the rate of heat-
ing. At present this is not known. The critical temperature is therefore taken as

600°C for the time being.

31=13

2 Critical fire load for fire compartment Type A

The Fg/Vg ratio of the girder can be taken to be approximately given by 1/t,
where t is the flange thickness in m (see Fig. 5 a), This gives Fs/vs =1/0,02 =
50 m~L. The resultant emissivity of the girder €. can he assumed to he 0.5 (see

Table & a).

The following maximum steel temperatures Bmax are obtained from Table 5 ¢
for a resultant emissivity of €, =0.,5
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q ab/AL TV, 8
30 540
45 0,12 50 760

The critical temperature was estimated previously as 600°C, The equivalent fire
load q which corresponds to this steel temperature is estimated by interpolation
between the above values as

S max q

540 30

600 34 interpolated value
760 45

The average rate of heating in the girder can now be roughly estimated with the
ass}stance of Fig, 9 a. The input data used are qg=34 Mcal/mz, WAt ={.,12
m!/%and 19m =600°C, By interpolation, the average rate of heating is estima-
ted as —4O°sz'1§in. A check in Fig. 9 b for the case of a beam rigidly restrained
at one end which is carrying a uniformly distributed load shows that the tempe-
rature which corresponds to the previously calculated value of £= 0.56 and an
approximate rate of heating of 40°C/min is nearer 620°C than the previously
assumed value of 600°C,

New interpolation gives

*max

540 30

5820 35 interpolated value
760 45

3 Critical fire load for fire compartment Type B

According to Table 4 a, the conversion factor k; from the actual to the equivalent
fire load is 0.85 for fire compartment Type B. In the case under consideration,
therefore, the maximum actual fire load which can be accepted if the bottom flange
is not provided with insulation is

35

4 =7 g5 =41 Mcal/m? 1172 MJ/m? |
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EXAMPLE 8, FIRE ENGINEERING DESIGN OF STEEL COLUMN WHOSE
LONGITUDINAL EXPANSION IS SUBJECT TO RESTRAINT

A steel construction on two storeys consists of two HE 400 B steel girders of
5.0 m span, and of two HE 200 B steel columns each of 3,0 m height as shown

in the figure.

N 50
i
HE 400B ;
0B
o) HE 20 N
HE 4008 | 1
= s
HE 200B v
o
oy
—

The columns are pinjointed at both ends, The girders are simply supported on

the columns and rigidly restrained at the other end., The material of the columns
and girvders is Steel 1311 with a nominal yield stress og = 2200 kg’f/cmzi 220 MPal,
Fach storey constitutes a separate fire compartment with a fire load estimated

at 11,8 Mcal/m2 {50 MJ/m? | and an opening factor determined as 0,12 mZ, The
constructions surrounding the fire compartment mainly consist of concrete,

Calculate the load which causes the column on the bottom storey to collapse during
a fire on this storey if both the girders and columns are uninsulated. Owing to the
comnection between the column and the restrained girders, the column is noti free
to expand longitudinally when it is heated.

1 Conversion to equivalent fire load and equivalent opening factor

The constructions surrounding the fire compartment consist of concrete, and the
fire compartment is thus equivalent to fire compartment Type B according to
Table 4 a, with a conversion factor k¢ = 0.85. The equivalent fire load q and equi~
valent opening factor A/h/A, are therefore

q =0.85 x 11.8 = 10 Mcal/m? {42 MJ/m?|

1
AM/AL =0,85%0,12=0,10 m?
t o Al

2 Maximum steel temperature

Girder

The resultant emissivity ¢, for the girder is put equal to 0.5 (see Table 5 a), The
F/Vg ratio for the girder is 85 m~1 (see Table 5 b).
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The maximum steel temperature is obtained from Table 5 ¢ as a function
of the equivalent fire Iolad q =10 Mcal/m2 {42 MJ/ m2!{, the equivalent opening
factor A\/E/At =0.10 m2, theratio F /Vs =85 m™1 and the resultant emissivity

€. = 0.5, For g =10 Mcal/m2, we have
A\ﬁl-/At Fs/Vs 8max

75 330
0.08 85 360 interpolated value
100 400
75 260
0.12 85 280 interpolated value
100 310

1
Interpolation between the opening factor values of 0,08 and 0,12 m?2 gives the
followirig maximum steel temperature 'emax at an opening factor of AVH/At =
0.10 mz2

-

AR/ At Fs/ Vs ‘Uma.x

0.08 360

0.10 85 320 interpolated vaiue
0.12 280

The maximum steel temperature in the girder is thus ;‘:"max = 320°C.,

The resultant emissivity €p for the column is put equal to 0.7 (see Table 5 aj,
The FS/VS ratio of the column is approximately equal to 150 m~1 {see Table 5 b},
The maximum steel temperature Smax isé obtained f_j.f;om Table 5 ¢ as a function
of the equivalent fire load q = 10 Mcal/m* {42 MJ/m=:, the equivalent opening
factor A\/E/At =0,10 m2, the ratio FS/VS =150 m™L and the resultant emissivity
€, =0.7. Forq =10 Mcal/m‘?, we have .

AVh/At FS/VS “mnax

0,08 580
0,10 150 600 interpolated value
0.12 620

The maximum steel temperature in the column is thus f“ma”\, =600°C

3 Calculation of the degree of expansion y when expansion is subject
to partial restraint

According to Equation (10,2.1 e) in the Main Section, the degree of expansion
can be written as
1
—_L
B A VIANS

)/:
1+
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where L = length of column (300 cm)
A = area of column cross section (78,1 cmz}
ylA - =upwards deflection of the girder at the point of fixity to
the column for a unit load AN =1

The value of the modulus of elasticity (secant modulus) E is dependent on the col-
umn temperature of 600°C and on the actual stress level, Since the imposed stress
is not known, the secant modulus is determined for a stress equal to the buckling
stress of the column at the temperature concerned and no restraint on longitudinal
expansion, i,e, for y=1, For the actual slenderness ratio A = 300/5,07 =59 and
actual steel temperature of GOOOC, Fig. 10 b for T =2200 kgf/c:m2 {220 MPa| and
¥=1 gives the buckling stress asg), =530 kgf/cm? i53 MPa . For a stress level
of 530/2200 = 0,24 and a steel temperature of & = 600°C, Fig, 10,1 b in the Main
Section gives the value of the secant modulus as E = 0.20x 2,1 x 108 kgf/crm
{0.20x 2.1x 10° MPa

When the bottom column expands due to its rise in temperature, the end of the gir-
der which is carried on the column is displaced upwards., The girder then acts as
a cantilever with respect to the additional imposed force, The upper girder is also
displaced upwards when the bottom column expands, but this displacement is some-
what less than that in the bottom column since the upper column is subjected to an
elastic compression by the additional force, However, compression of the column
in this case is small in comparison with the displacement of the girder ends, and
calculation of the degree of expansion y can therefore be based on the sum of the
stiffnesses of the two girders without consideration of the column compression.
This gives
3
Lb

ylAN=l - 3 Ebl Iy + 3 Ebulbti

where Ly, = girder length (500 cm)

Ents Ebﬁ_' modulus of elasticity of the lower and upper girder respectively
at the temperature concerned (at 320°C the modulus of elasticity
is approximately 90% of that at room temperature, i.e. Eg5q =
0.9x2.1x10% kgf/em®}0.9x2,1x10° MPa}, see Fig. 9.1a
in the Main Section)

Iy Ibu =moment of inertia of the lower and upper girder respectively

(67,680 cm™)
We therefore have
1

v =
L4 3 LiE T+ B!

3
b

- L =0.95
v L4 3x300(0, 9+1)x2, 1x100x57, 680 .

0.2x2,1x10%%78, 15003

EAL
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4 Critical column load

The critical buckling load is obtained from Fig, 10b for a yield stress g s = 2200
kgf/cm2 {220 MPa jand degree of expansion y= 0,95, The slenderness ratio of the
column A =59 and steel temperature §60°C gives a buckling stress of 0} = 440
kgf/em? {44 MPa |, The critical column load is thus

Nop =78.1 x 440 = 34, 400 kgf {344 kN |

If the column had not been connected to two girders but only to the girder in the
fire compartment, the degree of expansion yYwould have been

1
y= = 0,976

8 LEbl Ibl

3
EALb

14+

This would bave given a buckling stress of approximately 490 kgf/ cm2 {49 MPa |
and a critical column load of about 38, 300 kef {383 kN |,

If there had been no restraint at all on longitudinal expansion of the column, the
buckling stress would have been approximately 540 kgf/cmz{ 54 MPa | and the
critical column load approximately 42,200 kgf {422 kN,
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EXAMPLE 9, FIRE INSULATION OF STEEL COLUMN SUBJECT TO AN
AXIAL AND TRANSVERSE LOAD

A gteel column of HE 200 A section with an effective length of 3.0 m is assumed
to be free to expand on being heated., The load combination which shall not cause
the column to collapse in the event of fire consists of a vertical load of 54, 000
kgf{ 540 kN } and a horizontal force of 650 kgf {6,5 kN twhich acts at the midpoint
of the column in a direction at right angles to the minor axis, as shown in the
figure,

l 54000 kgf
i 1

1em AVAYaYs)

HE 2004 | ¢———— 650 kgf & & 8'
‘j 5 S [aVAVATAY R :‘f
> 200mm
_ 3

-] N Wmm = 134 cm

The material is Steel 1412 with a nominal yield stress oy = 2600 kgf/em? | 260
MPa |. There is no restraint on longitudinal expansion of the column when its

temperature rises.

The column is placed in a fire compartment whose surrounding constructions
have thermal characteristics equivalent to those for fire compartment Type A
according to Table 4 a. The fire load and opening factor of the fire compartment
are calculated as 90 Mcal/m?2 {380 MJ/m?2}and 0.08 m%,

Determine the least thickness of fire insulation for the column, placed as shown
in the figure above, the material being slabs of mineral wool of density y = 150

kg/m3,

1 Critical steel temperature

The slenderness ratio of the column is A= 300/4, 98 =60, The compressive

stress due to the vertical load is 0 = 54, 000/53,8=1000 kgf/cm? {100 MPa/, If

the column were acted upon only by the vertical load then, according to Fig. 10b
for 04 = 2600 kgt/ em? {260 MPa |and degree of expansion ¥ =1, the critical steel
temperature would be approximately 510°C. Since the column is simultaneously
acted upon by a horizontal force, the critical temperature will be less than 510°C,
To start with, it will be assumed that the critical temperature is 450°C, and an
iterative procedure will be used to check if this temperature is correct,

The ratios K = N/N and B = Q/Quy, which give an idea of the stress level in the
fire-exposed structure with respect {0 in-plane buckling only, and of its ability
to resist bending moments, are calculated according to Equations (10.3 a} and
(10,3 b) in the Main Section. N denotes the vertical load on the column and Ny the
buckling load at 450°C. Q denotes the horizontal force and Q. the critical load
of the column at 450°C when this is acted upon only by a horizontal force.
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According to the diagram for Og = 2600 kgt/ cm? {260 MPa land degree of expan-
sion ¥=1 in Fig. 10 b, the buckling stress at 450°C and a slenderness ratio of
A =60 1is equal to 1200 kgf/cm2 {120 MPa i, This gives the value of Ny and N/Nk
as

Ny =1200 x 53,8 = 64,600 kgf {646 kN |

N 54,000 _
- Np 64,600 = 0.836

The critical transverse load Q,,. at 450°C is determined according to the diagram
for a simply supported beam with a central point load in Fig. 9 b, This gives Qgp
and Q/Qqy as

4 x2600x134

Qop = 0.92 x = 4270 kgf {427 kN |

300
Q 650
B = = =
Q,, 4270 0,152
The value of¢ is calculated according to Equation (10,3 d) in the Main Section as
—
‘o
o=t 0.2
]
i el

where Ty 9 = the yield stress or 0.2% proof stress at 450°C

cel Euler critical stress at a modulus of elasticity E at 450°C

The values of oy  and E at 450°C are determined from Fiz. 9.1 a in the Main
Section,

Gg.p = 0.57 x 2600 = 1480 kgf/cm? {148 MPa ]

E  =0.74x2.1x 108 =1.55 x 10% kgt/em?2! 1.55 x 10% MPa|
This gives
g _T2EI 1 x 1,55 x 105 x 1336 2 .
Pt - = 4220 kgf/cm® | 422 MPa |
AL 53.8 x 300~
and
{1480
o= ‘11—4220 =0,59

According to Section 10,3 in the Main Section, the criterion to be satisfied in
order that failure should not occur is that K + B=1 at this value of @ , This
criterion is satisfied at the assumed temperature of 45000, since K = (0,836
and B = 0,152, andthus K + B = 0,988. Since K + B is somewhat less than 1,
the critical temperature will be a little higher than the assumed value of 45 0°c .
However, the difference is very small, and the critical steel temperature can

therefore be given as 450°C,

2 Requisite insulation thickness

The maximum steel temperafure under fire exposure conditions in a construction
insulated with slabs of mineral wool of density y= 150 kg/ m® can be determined
ifrom Table 6 c:2 as a function of the equivalent fire load g, the equivalent open-
ing factor A\/"h—/At , the ratio Fg/Vg and the insulation thickness d; . Since the
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constructions surrounding the fire compartment have thermal characteristics
corresponding to those for fire compartment Type A according to Table 4 a, the
conversion factor for the equivalent fire load and equivalent opening factor will
be kp =1.0 5 The equivalent fire load and equivalent opening factor will thus be
90 Mcal/m® {380 MJ/m? | and 0,08 m2. The ratio A; /Vg is calculated according
to Fig, 6 a. This gives A;/Ve = (2% 0,20 + 2x 0.19)/53.8 x 107% = 145 m™1,
When the insulation thickness for slabs of mineral wool is 30 mm, the following
values of the maximum steel temperature 9, . are obtained from Table 6 c:2

a A/ At Ai/ Vs ﬁmax
125 515

ag 0,08 145 560 interpolated value
150 570

For an insulation thickness of 50 mm, we have

q An/A AYV, B
125 365

90 0.08 145 395 interpolated value
150 400

The insulation thickness required in order to limit the steel temperature to 450°C
is obtained from the above values by interpolation

%ma.x d;
395 50
450 43 interpolated value
560 30

In order that the given load combination shall not cause the construction to coi-
lapse during a fire, the least insulation thickness required for insulation-consist-
ing of slabs of mineral wool of density ¥= 150 kg/m? is d; =43 mm,
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EXAMPLE 10, CALCULATION OF OPENING FACTOR AND THE NUMBER
OF AIR CHANGES

A fire compartment has the openings and internal dimensions as shown below.

Calculate what approximate area is required for a horizontal opening in the roof
in order that the opening factor of the fire compariment shall be doubled, Deter-
mine further the approximate number of air changes to be provided by a2 mecha-
nical ventilation system if there were no openings, in order that the air supplied
and removed by the system should be the same as that provided by the openings
according to the figure, the assumption being that the fire is controlled by venti-
lation,

1 Calculation of the opening factor
The opening factor is calculated according to Fig, 3 a,

The total internal surface area of the fire compartment

At=2x4x'6+2x4x2.5+2x6x2.5=98m2

The total area of openings

A =0,95x1,94+20x1,4=1.8+2.8=4.6m2
The mean height of openings
h=£é(1.8x1.9+2.8xl.4) =16m

VT
Opening factor A/B/A, = 4'—69;}& =0.06 mz
2 Calculation of the requisite opening area in the roof

According to Equation (4.3.2 b) in the Main Section, the opening factor is calcu-
lated for the case where there are also horizontal openings by multiplying the
opening factor for the vertical openings (AVE/At)V by a coeificient fy, i.e.

Ah AR

—_— =1 (—
A, kA " v

In order therefore that the opening factor should be doubled by means of a hori-
zontal opening, the coefficient must be fj. = 2. If the nomogram in Fig, 4.3.2 b

in the Main Section is employed using the value fi, = 2, then we have, with the
symbols used in Figs, 4.3.2 b and 4.3.2 a in the Main Section, that
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Ayvh, /Ah=0.5
ApYV hy/Ah=0.5

Since the mean value of the height of vertical openings is h = 1.6 m, h/2 =0.8
and hy =0,6 +0.8 = 1.4 m, Furthermore, A = 4.6 m”. Putting these values into
the last equation, we obtain the area of horizontal openings

Ap = 0.5 x AVE/AEy = 0.5 x 4.6V1.6/ V.4~ 2.5 m’

There is however a stipulation according to Equation {4. 3.2 ¢) in the Main Section,
in order that the calculation method used may be applicable, viz, that the value of
Ah'\/?z/Aﬁshall not exceed 1. 76 at 1000°C, or 1. 37 at 500°C. This stipulation is
satisfied in this case since the value of AhVFHZ/A\/-H% 0.5. The area of horizontal
opening in the roof, in order that the opening factor for the fire compartment accor-
ding to the figure may be doubled, is therefore Ay =2.5 m2.

3 Determination of the number of air changes to be provided
by a mechanical ventilation system

According to Equation (4.2.2.5 b) in the Main Section, the mean rate of combus-
tion Ry, during the flame phase of the fire can be written

Ry = kavh (kg/h)

The coefficient k (kg/h m5/2) can be determined from Fig. 4.2,2.5 a, and has

a value of approximately 310 kg/h m°/2 for e.g. wood with a calorific value of
H~4,5 Mcal/kg 119 MJ/kg |.1f we substitute this value of k and the values A = 1.6
m?Zand h = 1,6 m, we have

R, =310x 4,6Y1.6 =1800 kg/h

According to Subsection 4.3.1 in the Main Section, about 5.2 kg of air is required
for combustion of 1 kg wood, This means that an air supply of approximately

5.2 x 1800 = D400 kg/h is required to maintain the rate of combustion at the same
value ag that given by the fire compartment openings according to the figure in a

ventilation controlled fire. Since the densify of air is appro imately 1.30 kg/ mS,
this is equivalent to a reguisite air volume of about 7000 m®/h. As the total air

i S

volume of the fire compartment is 60 mS, the number of air changes required is
7000/60 = 117(1/h),
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ALTERNATIVE DESIGN METHOD
BASED ON THE CONCEPT
OF EQUIVALENT FIRE DURATION
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The concept of equivalent fire duration has been introduced in the international
discussion in recent years as an aid in converting fire exposure in actual fires
to the thermal action which characterises a standard fire test for the classifica-
tion of loadbearing structures and partitions. In the case of steel structures the
equivalent fire duration denotes that length of the heating period of the standard
fire test which gives rise to the same maximum steel temperature as the com-
plete fire process in a realfire.

In the literature, the concept of equivalent fire duration occurs in different ver-
sions associated with different levels of the accuracy to be attained, see, for in-
stance, (30), (66) - (68). The presentation below is confined to a definition of the
equivalent fire duration which produces an accuracy equal to that made possible
by the method put forward in this handbook for rational fire engineering design.

In principle, theequivalent fire duration can be defined as in Fig. 1 which refers
to an uninsulated steel structure under fire exposure conditions (30), (67) - (69).
In the figure, the full lines describe the variation in time of the gas temperature
$; in the fire compartment and the steel temperature 9§ in a real fire, as deter-
mined by the fire load g, the opening factor A\/H/At, and the thermal characteris-
ties of the surrounding constructions, The dashed lines describe the gas tempe-
rature of the heating phase according to a standardised fire test, 'St (8.C.) (see
Equation (2,5) in the Main Section) and the corresponding variation in time of the
steel temperature @45 (5.C.). By direct conversion of the maximum steel tempe-

rature in a real fire, V., 10 the same temperature in the standard fire test,
as shown in Fig. 1, the equivalent fire duration T, is defined.

According to the above definition, the equivalent fire duration T, is a function of
both the parameters governing the fire and also the quantities which describe the
structural characteristics of an uninsulated or insulated steel structure. This is
shown more clearly in Figs. 2 and 3 (68).

Fig, 1. Definition of the equivalent fire duration T illustrat-
ed for an uninsulated steel structure, The full lines describe
the gas temperature «‘J‘t and steel temperature SS during a real
fire, while the dashed lines relate to the corresponding temp-
eratures in a standard fire test
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Fig. 2 refers to uninsulated steel structures exposed to real fires with character-
istics according to Fig. 4.3.3 a and Table 4.3.3 a in the Main Section, i,e. a fire
in a fire compartment Type A, The figure gives the equivalent fire duration T e 28
a function of the opening factor A\/H/At of the fire compartment, the fire load q,
the resultant emissivity € and the section parameter FS/V . In Fig, 2 it is as~
sumed that the resultant emissivity in heating according to the standard fire test
is €. =0.5, while for real fires €, hag the values given in the appropriate fig-
ures. Reference is to be made to the Main Section with regard to the various pa-
rameters,

From the functional point of view, the condition to be satisfied by Fig. 2 is that
the complete fire process in a real fire and the heating phase in a standard fire
test shall both give rise to the same maximum- temperature Ynax in the steel
structure which is exposed to fire. The level of the maximum steel temperature
Gm ax Will therefore be a function of the opening factor A"\/E/At, the fire load q,
the resultant emissivity ¢ r and the section parameter FS/VS. For any given ap-
plication, this maximum temperature level can he obtained directly from Table
5 ¢ in the Design Section.

T h T h
] [T
85 T abiaz002m F IV =50 m” 05+ alhiA, 2 002m 7 FV,50m
€204 - €, =05
0
04 L.,
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/ 400
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Fig. 2, Equivalent fire duration Tg for an uninsulated steel structure for different values of the
opening factor AV’E/At, fire load q, resultant emissivity € and structural parameter Fs/vs' The
curves are based on a fire process according to Fig. 4.3.3 a and Table 4. 3. 3 a{fire compart-
ment Type A) in the Main Section. With regard to the various parameters, reference is to be made
to Chapters 4 and 5 in the Main Section. { The fire load in MJ/m2 is obtained by multiplying the
fire load values in Mcal/m2 by the factor 4.2}
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Fig. 3 presents corresponding curves, in full lines, for the equivalent fire dura-
tion T, in insulated steel structures under fire exposure conditions. The input
parameters are the opening factor A@At of the fire compartment, the fire load
g, and the structural parameter Ai.\i/d.Vs. In the case of insulated steel structures,
variations in the resultant emissivity € have little practical significance. From
the dashed lines the maximum steel temperature Sm ax is obtained directly for
different combinations of g, A\fE/At and A, ki/_ diV 5 It is a consistent assump-
tion in the production of design data that the material used for insulation, and
attachment of this to the structure, are such that the insulation function is re-
tained during the entire fire. Reference is to be made to the Main Section with
regard to the various parameters,

The design data of the type given in Figs. 2 and 3 can be used either in deciding

how the results of standard fire tests can be applied in practical design of load-

bearing elements on the basis of an actual fire, or in determining the duration T
which the heating phase of a standard fire test must have for a given design of the
loadbearing structure in order that the maximum steel temperature ghould be the
same as in a real fire. On the other hand, the concept of equivalent fire duration
cannot be used in direct association with the evacuation time of a building or pre-
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Fig. 3. Equivalent fire duration Te for an insulated steei structure for different values of the ope-
ning factor AVh/A¢, fire load g, and structural parameter A{A{/Vgd;. The dashed lines indicate
the associated maximum steel temperatures Spy,ax- The curves are based on a fire process accor-
ding to Fig. 4.3.3 a and Table 4.3.3 a(fire compartment Type A) in the Main Section. With regard
to the various parameters, reference is to be made to Chapters 4 and 6 in the Main Section. { The
fire load in MdJ/m?2 is obtained by multiplying the fire load values in Mcal/m2 by the factor 4.2.
The parameter Ajki/Vgdj in terms of W/m3 ¢ is obtained by multiplying the figures quoted by the
factor 1. 163 |
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mises, or the time at which the fire brigade must begin operations. Assessment
of these problems must be based directly on the characteristics of the actual fire,

Practical application of the concept of equivalent fire duration will be illustrated
below by means of two examples,

Examgle 1,

A steel column of cross section as shown below is provided with fire insulation
of thickness d; =15 mm, The average insulation capacity during a fire of the
insulation is estimated as A; = 0,10 keal/m °C h 10,116 W/m ©C {. The column
is placed in a fire compartment Type A (see Subsection 4.3.3 and 4.3.4 in the

Main Section) with a ﬁI{e load of g = 35 Mcal/m2 {147 MJ/m2 jand an opening fac-
tor of A/h/A; = 0,02 mz,

138
150
180

138
L 150

| 180

Es

Determine the equivalent fire duration T, referred to the standard fire curve and
the corresponding maximum steel temperature %, during a fire in this fire
compartment,
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Volume of steel section per unit length
Vg =052 -13.8% x 107 = 34.6 x 10 m°/m

Internal surface area of insulation per unit length
Ay=4x15x1072 =60 x 1072 mZ/m

With ; = 0.15 m and A; = 0,10 keal/m °Ch {0,116 W/m °C |

we have

AN, -
MM 60x1072 x 0,10

Vs 4 34,6 x 10_4}{ 0.015

= 1155 keal/m® °C k{1343 W/m® °C |

The equivalent fire duration and maximum steel temperature can be determined
from Fig. 3. Using the values A;Ay/V.d; = 1155 keal/m? °C h {1343 W/m? °C],
q =235 Meal/m? {147 MJ/m?land A\}H/At = 0.02 m2, we obtain an equivalent fire
duration of T, =0,97h and a maximum steel temperature of Gmax =515°C.

Example 2,

A steel construction of very complex structural mode of action is to be assessed
from the fire engineering point of view, It was found that an assessment of the
loadbearing capacity merely on the basis of a theoretical determination of the

. reduction in the strength of the construction at elevated temperatures could not
be carried out satisfactorily, The construction was therefore tested in a test
furnace. During the test the construction was acted upon by a static load equi-
valent to that considered statistically representative during a fire, The con-
struction was provided with fire insulation, with a value of the parameter AiAi/
Vd; =2000 keal/m® °C h {2326 W/m? °C |, where A, denotes the internal sur-
face area of the insulation (m2), Vg the volume of the steel section (m3), di the
insulation thickness {m) and ?ti the average thermal conductivity (kcal/m OC h)
{W/m °C | of the insulation during the fire. The test furnace was heated in con-
formity with the standard fire curve, Collapse occurred after 52 minutes of fire

test.

Check whether there is a risk that the construction will collapse in a real fire

in a fire compartment of Type A (see Main Section, Subsections 4.3.3 and 4,3.4)
if the firg load is g =50 Mcal/m2 {210 MJ/m2}and the opening factor is A'h/A,
=0,08 m2,

Using the parameter A; Ai/VS d; = 2000 keal/m? °C hi2326 W/m? °C §sind fire
load q = 50 Mcal/m2{ 210 MJ/m2 land opening factor A\/E/At = (0,08 mz, we ob-
tain from Fig, 3 the equivalent fire duration of T,~0,75 h 45 minutes,

This means that a fire in the fire compartment concerned gives rise to an effect
on the construction corresponding to 45 minutes' standard fire test. Since it was
not until 52 minutes had elapsed that the construction collapsed in the standard

fire test, it may be assumed that there is no risk of collapse during a fire in the

actual fire compartment,
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