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Preface

Over the past two decades a considerable amount of effort has been
directed towards producing what have been described as rational methods
of design of structures to resist the effects of fire. It, therefore, also has
become apparent that traditional methods of fire design using ‘deemed to
satisfy’ clauses in Statutory Regulations or Design Codes of Practice are
inadequate due mainly to their conservative and restrictive nature. Equally
" it has become recognized that the standard furnace test bears little’or no
relation to the actual structure behaviour in a real fire. Thus it has become
necessary to propose new methods, and the approach known as Fire
Engineering has been evolved.

In order to be able to produce calculation methods for fire design, it has
been necessary to undertake research on the behaviour of structural
materials at elevated temperatures. The current position here is exernplified
by’ the recent reports on steel and concrete published by the RILEM
Committee No 44-PHT under the chairmanship of Bill Malhotra.
Calculation methods have progressed in two directions: those involving
finite element techniques, including the solution of the heat transfer
equations, and those involving simple numierical or graphical techniques. It
is inevitable that whilst research will utilize the more complex methods of
approach, the design engineer will need a simpler (but not necessarily
simplistic) approach. At one end of the spectrum Fire Engineering may
become a specialist discipline when dealing with large complex structures
and unusual fire exposure conditions, but at the other, when dealing with
normal structural problems, it should become assimilated into the normal
design process.

The papers contained within this volume are concerned with evaluating
the current state of Fire Engineering Design, and also with the ground work
that will form the basis for an increased usage of such design methods in the
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future. In order to do this, five areas of importance were identified. These
are dealt with individually: .

1 Fire Protection. In this section the basic need for Fire Protection and the
modelling of fire response is dealt with.

2 Material Behaviour. This section deals with modelling the behaviour of
basic construction materials at elevated temperatures and their use in
calculation methods.

3 Design Concepts. This section deals with the philosophy behind fire
design—namely an extension of limit state methods—including
computer applications.

4 Design Implementation. This considers the different approaches required

* for design in each of the common structural materials.

5 Post-Fire. The last section considers what happens after a fire and the
measures needed to reinstate a structure.

It is anticipated that within the next decade, increasing advances will be
made and that these papers will go some way to stimulating these advances.

The Editors wish to place on record their thanks to all the authors for
having produced papers and for having been willing to share their
knowledge with others. The Editors also wish to thank the Department of
Civil Engineering and Construction, Aston University for their support
during this venture.

R. D. ANCHOR
H. L. MALHOTRA
J. A. Purkiss



vit

Contents

‘Section 1: Fire Protection

1. A Survey of Fire Protection Developments for Buildings .....

H. L. MALHOTRA (International Fire Protection Consultancy,
Radlent, UK)

. The Behaviour of a Fire ........c..cooviviiiiiiiiiieiiieeeeeeeeeeeeeeee
M. LAw (Ove Arup Partnership, London, UK)

. Probabilistic Conéepls in Fire Engineering .............cccceeun.u.
M. KERSKEN-BRADLEY (Munich, FRG)

Section 2: Material Behaviour

. High Temperature Effects ...........c.ccoociiiiiniininnieeraen,
J. A. Purkiss (Aston University, Birmingham, UK)

. Modelling of Concrete Behaviour at High Temperatures ......
U. ScuNEIDER (University of Kassel, D-3500 Kassel,
Germany)

. Strength and Fire Endurance of Glued-Laminated Timber
Beams ...oooiiiiiiiiii et e ee e
E. L. ScHAFFER, F. E. WOESTE, D. A. BENDER and C. M.
MARX (PFS’ Corporation, Madison, Wisconsin, USA,
Virginia Polytechnic Institute, Blacksburg, USA; Texas

15

2i

4]

53

71



11.

12.

14.

viii

A & M University College Station, USA; Alpine Fngineered
Products, Pompano Beach, Florida, USA)

.Properties of Building Materials: Bases for Fire Safety Design

T. Z. HARMATHY (National Research Council of Cunada,
Ottawa, Canada)

Section 3: Design Concepts

Design Philosophy ...l
R. D. ANCHOR (Aston University, Birmingham, UK)

. The Whole Structure .............c.......... et ree e e e aaan s

J. C. M. ForRest (Kenchington Lm!e & Partners, London,
UK)

. Developing Design Concepts for Structural Fife Endurance

using Computer Models ................c.oooooiiiiiiiiiie e,
D. C. JEANES (American Iron and Steel Institute, Washington
DC, USA)

Calculation Methods for Fire Engineering Design of Steel and
Composite StrUCTUES ......ocvvieiiioiieiiieeeeeeeeeeeeeeeeeeeeaere e
L. TwiLT and J. WITTEVEEN (Institute TNO for Building
Materials and Building Structures, Rijswijk, The Netherlands)

The Design of Structures Against Fire: Some Practical

Constructional ISSUES .........oo.oovieiiiieiieieeeeeeee e
R. J. M. SUTHERLAND (Harris & Sutherland, London, UK)

Section 4: Design Implementation

. Design Implementation—Concrete Structures ......................

A. H. Gustaferro (The Consulting Engineers Group Inc.,
Glenview, Illinois, USA)

Fire Tests on Ribbed Concrete Floors ............... e ana.
R. M. Lawson (Construction iIndustry Research and
Information Association, London, UK)

87

105

L

127

155

177

189

213



ix
15. Fire Resistant Steel Design—The Future Challenge ............ .o 225
J. T. RoBinsoN and D. J. LatHam (British Steel
Corporation, UK)

Section 5: Post-Fire

16. Repair of Fire Damaged Structures ..............ccccemvevveeeenennee. 237
C. D. JoNes (Freeman Fox (Wales) Ltd, Cardiff, UK)



A SURVEY OF FIRE PROTECTION DEVELOPMENTS FOR BUILDINGS
MALHOTRA, HL

AGNICONSULT
International Fire Protection Consuilancy
44 Goodyers Avenue, RADLETT, Herts, UK

ABSTRACT

Fire protection requirements date back to middie ages but only over
the last 100 years of s0 has some pronounced progress been made in the
technical content. Whilst the fire protection needs are understood their
specification is still far from rationally based. More progress has been
made in the field of fire resistance and fire severity estimation, but less so
in the inter-actions which exist amongst different measures. For a rational
system fire eng'ineerin principles need to be applied to the whole field of
fire protection Tor buildings.

INTRODUCTION

Concern with fires in buildings can be traced back to the fire
tragedies which have occurred in the past and devastated cities and towns.
The burning of Rome in AD 64, the Great Fire of London in 1666, the fire in
Hamburg in 1891 and the destruction of Baltimore in 1904 aré only a few of
the examples. In each case there was a follow up particularly with the
objective of improving constructional standards for buildings, their
separation from each other and fire fighting facilities. Despite these rules
serious fires have continued to occur, perhaps with less frequency and with
onlY restricted spread to other buildings. Concentration of low rise
buildings with narrow streets has been replaced by high rise or high density
occupancies each housing a few thousand people.

The objectives of fire prdtection in buildings can be summarised as:

1) safety of occupants, i.e. life safety,
2) minimizing fire damage, i.e. property protection, and
3) prevention of conflagrations.

Life safety is the declared objective of most governmental or local
authority control although some of "the requirements are set at a level
where property protection is also assured to a certain extent. Occupants
are put at risk at the start of a fire and it is often suggested that they move
to a place of safety, inside or outside the building, in less than 30 minutes,
hence requirements in excess of this period could have property protection
implications. Whilst this assumption may be true for Jow rise, low density
occupancies, in larger buildings it is often necessary to assure the stability
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of the structure for the whole process of fire cevelopment and to grqtegt
the adjacent buildings for as long as the fire is likely to last. This is
particularly the case with high rise structures and complex assembly type
occupancies such as shopping mails.

Property protection was at one time considered to be of significant
Interest to the community and fire regulations made no distinction between
requirements for life safety or property protection. However, when the
insurance companies came into being and initially had their own fire
fighting equipment, property protection became a matter of business
agreement between an owner and his insurance company. The fire brigades
became the responsibility of Jocal authorities in the eighteenth century and
fire insurance developed new approaches to property protection. isolation
of risks by substantial fire barriers and the use of sprinkier installations
has become the mainstay of insurance philosophy.

The current fire protection system in most countries is such that the
central or Jocal authorities make rules and regulations to ensure the safety
of life and prevent the spread of fire from building to building and the
propert?l protection is left entirely to an insurance arrangement. Because
some of the current regulatory requirements are a refleCtion of the past

practices the measures have some relevance for property protection as well.

COMPONENTS OF FIRE PROTECTION

Comprehensive fire protection requirements need to consider a
number of aspects from fire prevention to fire safety management. At least
10 distinct needs can be identified:

1) Prevention of fires,

2) Detection of fires,

3) Delaying fire growth,

4) Controtling movement of smoke,

5) Providing means of escape,

6) Restricting fire spread,

7) Preventing collapse of the structure,
8) Controlling fire,

9) Fire fighting, and
10) Fire safety management.

The first and last are usually not included in any building control
system and are taken care of by some subsidiary system on the use of
energy producing or using appliances and licencing requirements for the
premises. Such measures also have no direct relevance to the construction
of a building. The other measures can be divided into two categories,
passive and active. Passive measures are those which are provided as an
in-built feature of the building and are operative at all times, whereas the
active measures may be provided during or after construction but they
become operative only on the occurence of a fire. Eight of the measures
listed above will be categorised as passive or active as below;



Pagsive Active
Delaying fire growth Detection of fire
E g?nstr;w gng movement %(:nts!r&:lléng movement
Means of escape Controlling fires
Restricting fire spread Fire fighting

Preventing collapse of
structure .

Measures for the control of smoke movement can be partly of a
passive nature and partly of an active type. The provision of smoke control
doors is a passive measure but the extraction of smoke by mechanical means
will come into operation when a fire occurs and a signal is received from
the detection system.

The other passive measures are concerned with providing a
construction with such surfaces, and where possible with such centents,
that a fire will not grow rapidly. The quicker a fire grows less time is
available for occupants to escape to a place of safety. Control on linip
has been the traditional approach to controlling growth rate. However, it is
now (1) reco?nised that the rate of heat release and the thermal inertia of
linings can also be criticail factors and some additional controi is needed to
ensure that the.growth rate will be predictably slow. Provision of means of
escape requires protected escape routes, smoke control facilities, fire
resisting doors and the maintenance of compartmentation. Two purposes of
these measures are that the conditions will remain reasonably safe for
occupants and sufficient protection is available to move ta a place of
safety. In large and complex buildings immediate total evacuation will not
be_ptossible and the need for placeS of temporary refuge in the building
exists.

The other main purpose of passive measures is to contain a fire and
its effects within defined boundaries. This is the main purpose of
compartmentation and is achieved by having compartment boundaries which
do not coliapse in a fire and maintain their integrity. Fire can spread by the
collapse of barriers, by the formation of openings which permit hot gases
capable of causing ignition passing to the non-fire side and by excessive
transfer of heat throlgh the construction such that the materials in contact
with the barrier may i?mte. Acceptable limits for gaﬁs related to their size
and position are speciiied together with limits on the temperature rise of
the unexposed face. There are no statistical data available to show whether
fires in practice exploit these mechanisms and whether the limits are
correct. Some limited experiments show (2) that the temperature rise
limits are very safe. ‘

The whole of a building may be a single compartment if it is small or
a building may be divided vertically and/or horizontally into smalier
portions. ~ Empirical rules for compartmentations are contained in many
regulations and building codes but it is difficult to untangle the precise
logic behind these requirements. The sizes of compartments are related to
the building occupancy, the building height and the fire resistance of the
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boundaries. Sometimes the nature of the construction is aiso taken into
account. It is often suggested that a direct relation may exist between the
size of the compartment and its fire resistance, i.e. by doubling the fire
resistance the size of the compartment may be proportionally increased. An
increase in the floor area of a compartment will obviously increase the size
of a fire but not necessarily its severity, at least not in the same ratio
unless the fire regime changes from fuel bed controlied to ventilation
controlied. (Fig. 1)

A more rational basis for the size of a compartment can be the
number of occu'pants at risk or the ability of the fire brigade to f Ia%ht afire.
Due to the difficulty of attacking a fire in a high rise buil ngh it is
customary to make every floor a compartment fioor above a certain height,
usually when outside the reach of fire brigade ladders. Buiiding codes in
North ‘America also allow the sizes to be increased if a building can be
approached by the brigade with their appliances on more than one Side. An
island site can be ‘theoretically four times the size of a buildi
approachable from only one side. May be the compartment dimensions coul
also be linked with the throw of a hose jet. (Fig. 2)

The association of the fire resistance requirements for different
occupancies with their expected fire load seems to be based on the work
done by Ingberg (3) in 1928 (Fig. 3). This has often been used to justify the
regulatory requirements and sometimes the steps used. Experimental work
in the late 50's and early 60's showed that fire severity depended on a
number of other factors, most significantly the ventilation conditions (4).
The most commonly accepted relationship used for this purpose is,

tr = af x Ag x k (min), where

tr is the fire resistance
af is the fire load density (MJ/m2),
As is the floor area (m2), and

k isaconstant.
This relationship is a simplifcation of the actual fire conditions into
an equivalent period under the standardised furnace heating conditions
which will cause similar damage for specified type of structures.

ACTIVE FIRE PROTECTION MEASURES

Detection of a fire by the use of automatic sensors is an active
measure as it functions on(ljy when a fire has started. Detectors indicate
that a fire has been noticed but will do nothing to control it unless some
other system is also activated as a consequence. By noticing a fire at an
early stage more time is available for occupants to escape and earlier
action can be taken to control the fire. A detection system needs to be
coupled with an alarm system, the alarm can be to the management,
occupants of the buiiding and to the fire brigade. in the last case there is
direct positive action towards controlling a fire. Fire detection signals can
be used to function other systems such as closing doors, shutters,
escalators, operating smoke extracts or pressurization systems.

The active control of a fire requires the provision of an extinction
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system, the most common example of which is an automatic sprinkler
installation. The sprinkler head acts as a detector, opens the orifice
through which a spray of water can be applied to the fire underneath. When
properly designed and installed the fire will either go out or its rate of
growth severely curtailed. Theoret1ca|l¥ extinction is the objective but
practically the control of the fire size is the main achievement. Statistical
data from industrial fires show (5) almost all fires where sprinklers
operate are contained within the compartment or the floor of origin.

The sensitivity of the normal glass type or the fusible link type
sprinkler heads, with an operating temperature of around 80°C is less than
that of a smoke or even a heat detector. The fire is not detected earl¥
enough to make a substantial difference to the escape facilities. Recen
developments in the design of sprinkler heads have led to the emergence of
fast response sprinklers.” Their response time is of the same order as heat
detectors, hence they can contribute towards life safety as well as fire
control (Fig. 4). Sprinkler systems are frequently connected through alarm
\f/alves to the fire brigade, this can lead to an early extinguishment of the

ire.

. Under many building codes, regulations or other legislation in some
buildings facilities have to be provided for the access of the fire brigade to
the site, and the availabiht?f of water supply. In the case of high rise
buildings or special risk multi-storey buildings some stairwaé/s and lifts
may be specially protected to remain available to the brigade. Factors
which affect fire brigade contribution are the time at which it is informed,
its nearness to the building and ease of access to the seat of fire.

INTER-ACTION

Not only is there inter-action between measures for life safety and
property protection but also between some in each category. If a measure
influences the fire Phenomenon or the time base in any wa%/ it will have
some consequence for other fire dependent measures. There is at no
universal recognition of these inter-actions and no quantification of the
influences. A number of countries have made allowances for some of the
measures, usually by giving a compensation in passive requirements if an
active measure has been provided. Some of these influences are shown

below:
Fire detection < Means of escape

Fire resistance
Sprinkler system Fire resistance
Compartmentation
Building separation
Fire detection by ensuring the awareness of a fire to a predictable
early point increases the time available to occupants to escape and
therefore they can either travel longer distances or at a slower speed. This

can influence the design of escape routes and exit facilities. An early
awareness of a fire can also enable an early attack on the fire provided
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trained personnel are available or the alarm is linked to the fire brigade.

Automatic sprinkler installations have been shown to have a marked
effect on the pattern of fires as indicated by an assessment of fire damage
or fire spread. (S) The influence on the growth stage can be assumed only 1f
rapid response sprinklers are fitted. "Once the system operates it may
quickly extinguish a small fire or if the fire seat is concealed it may still
control its rate of growth and keep its severity low. With a properly
designed, installed and maintained system a significant influence on fire
resistance can be foreseen, and as a further consequence on the
compartmentation requirements and on the separation specifications to
prevent the spread of fire from building to building. It has been suggested
that with a sprinkler system a compartment may be of unlimited area
except for multi-storey buildings.

The current concessions do not indicate that the authorities have
developed any precise rules for this purpose. As the re ulatory
requirements are expressed in a system of steps, the only possibility is to
move one or more steps in the direction of reduced requirements. As man{
regulatory requirements are applied independent of each other, differen
steps may be applied in different cases. Only two dimensional interaction
is considered at present, if at all. ’

FIRE SAFETY ENGINEERING

The use of an engineering approach to fire safety is not new, some
simple procedures existed S0 years ago which could be considered to be the
application of engineering concepts. Fire safety engineering globail
applied means an evaluation of risks in a given building and an assessmen
of the safety measures to see if a net hazard is present. The difference
between the two can be construed to indicate the degree of hazard and the
de;sign intention would be to reduce the net hazard to zero or a negative
value.

Fire safety engineering concepts can be used for sub-systems of the
total system. Most progress has been made in the area concerned with fire
resistance. It started with a need to extrapolate and interpolate data from
standard fire resistance tests and to predict fire resistance which would be
obtained in a furnace test. The next development was the guantification of
fully developed fires in order to better define fire resistance needs for
different buildings. The approach developed after experimental studies (6)
takes account of the relevant factors of fire load, ventilation and the
compartment boundaries and quantifies the fire severitxeas an equivalent
time in the standard furnace test which would cause the same degree of
distress to the structure. A real fire is transiated into the furnace test
parameters. The impetus for this work came from the steel industry in its
competition with concrete to find cost-effective solutions to protecting
steel constructions.

These studies highlighted a number of problems which have as yet not
been fully resolved. The flrnace tests, owing to their simplistic nature, is
not capable of reproducing a real fire condition. Some of the main
?_ifferences between the two are due to the random characterstics of real

ires, e.g.
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. The heating conditions in rooms are not uniform,
. The heat transfer characteristics are different,
. Thé environment temperatures fluctuate,

The elements are not heated uniformly

. Moisture in materials has a delaying effect

. Material properties change at high temperafure,
Building elements interaCt with'each other,

Fire duration is usually less than assumed,

Fire brigade applies water to heated surfaces,
Fire grows at different rates in different parts.

SODNOUALIN—

Some of these factors have received attention in the past but others
are not so easy to quantify although some account can be taken by
introducing adjustment factors. The procedure for estimating fire severity
referred to previously has been accepted on an international basis by the
CIB(7). It is termed as Method 2 to distinguish it from the standard furnace
test, known as Method 1. The difference between these methods is not
fundamental but onl?' lie in the definition of the end point, in one case it is
?Wen in the regulations, in the other it is obtained from a knowledge of the

ire load, etc.” In the long term Method 3 should be of greater interest
because it attempts to ‘reproduce the heating re%ime likelY to be
experienced in practice. This is largely an unchartered territory although a
range of idealised relationships has been proposed.

More recently the effect of rate of heating, particularly if it
increases rapidly as in fires involving hydrocarbon fuels, on structures has
become of some concern. A new relationship known as the “hydrocarbon”
curve has been gaining ground in the petro-chemical industry and the
associated safety authorities for a more realistic expression of the hazard.
Taking 1 100°C as the maximum temperature of such fires, the time to reach
has been shortened from about 90 minutes to 9 minutes. The relationship
can be expressed exponentially as below (8) (Fig. &)

T=1100[1-0325exp (-0.16667 x t )], where

T is the temperature in°C and
t is the time in min.

The prediction of fire behaviour of building elements has required the
development of computational techniques to defermine heat transfer from
the heated surface to the inside of the heated element. The transient
heating conditions and multi-dimensional heat flow requires use of
relationships such as Fourrier equations. For hand calculations these were
simplified with assumptions about heat transfer characteristics, surface
temperature and the effect of moisture etc. However with the advent of
mint and micro computers more elaborate calculations can be made by
designers. The best example of the simplified procedure is that given in the
code prepared by the ECCS technical committee for the protection of steel
structures (9). ' Of computer pro?rames FIRES-T (10) is well known for
calculating heat flow using a finite element technique, whereas Fires-RC
caiculates the behaviour of concrete elements. Recent developments have
produced TASEF program (11) which combines heat transfer and structural
gg!lc‘g{agons and FASBUS (12) which calculates the performance of steel

ures.

One of the inputs into such programs is on the properties of matertals
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