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Glossary

Class 0: is the highest product performance Nominal temperature-time curve: a well-defined
classification for wall and ceiling linings. It is not fire exposure curve used for verification of fire
identified in any British Standard Test. Class 0 is metresistance e.g. the standard fire curve.

if any material or surface of a composite product are
composed throughout of materials of limited
combustibility; or a Class 1 material has a fire
propagation index (I) of not more than 12 and
sub-index (] ) of not more than 6. The rating Class 0 A
limits fire spread over and energy released from
linings.

Opening factor: is the ratio of the ventilation
factor to the total surface ared)(of the
enclosure A, VH (mi)

Radiation: heat transfer by electromagnetic waves.

Spalling: is the loss of surface material from a
concrete element and is dependent on aggregate,
moisture content, stress level and temperature.

Compartmentation: separation of an area, a
whole floor or building by enclosure within fire
resisting construction.

Standard fire curve: temperature-time relationship

of the fire gases in a standard furnace test. The heating
Convection: heat transfer through gases (and curve is achieved by programming the test furnace

liquids). through control of the rate of fuel supply.

Conduction: heat transfer through solids.

Emissivity: a measure of the efficiency of a surface asTemperature-time curve: gas temperature against
a radiator. A black body has an emissivity of 1. time during a fire or in a furnace.

Fire compartment: a space within a building Thermal diffusivity: a measure of the rate of heat
enclosed by separating members (e.g. wall, floor)transport from the exposed surface to the inside of the
tested to the required fire resistance. The space maynaterial and of the temperature rise at a depth in the
extend over one or more storeys. material.

Fire load: the energy released by combustion of Time equivalence: is defined as the exposure time
materials in a space. in the fire resistance test which gives the same heating

. . . effect on a structure as a given compartment fire.
Flashover: relatively rapid transition between the

fire which is essentially localised around the items Ventilation factor: A, vH , where A, = area of
first ignited and the general conflagration when all openings (%), H = height of the openings (m).

surfaces within the compartment are buring. Work size: defined by BS 3921 as the size of a brick

Fully developed fire: fire stage after flashover. All  (or unit) specified for its manufacture, to which its
combustibles within the compartment are burning.  actual size should conform within specified

ermissible deviations.
Heat transfer: movement of heat energy from areas P

of high temperature to areas of lower temperature by
three means: conduction, convection and radiation.
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Foreword

The compelling need to control the effects of fire has strongly influenced buildings since medieval times. The
growing complexity from simple masonry chimneys to modern structures and active fire systems is symptomatic
of the increasing sophistication of the built environment.

However complete control is not a realistic possibility even though there are advances in management, security,
design and fire fighting. Recent disasters including the Kings Cross Fire in London and the World Trade Center
in New York illustrate that we will never fully control fire but there is still progress to be made.

The increasing sophistication requires a well co-ordinated approach between the relevant disciplines to achieve
the best results. Accordingly this report recognises the influence of the structural engineer, the architect, the fire
safety engineer and many others in the design and the procurement process. It provides an introduction and a
contribution to support the developments that are progressing world-wide to improve current practice from a
structural engineering perspective. Some insight into the creative thinking by the structural engineer and the
architect to help identify the technical and aesthetic requirements is also presented to enable the designers to
better serve the needs of society and our clients.

However the essential breadth would not have been possible without the very broad support from government,
industry and academia. Also considerable benefit was delivered when a draft report was made available on the
Institution web site so that many others had a chance to contribute.

This report although detailed in some respects is still very much of an introduction. It is also clear that there is
much research to do and knowledge to disseminate in the future. Much of this progress will come from the
evaluation of the risks associated with real structures and natural fires that will lead to better risk assessments and
better value.

The chairman would like to thank the Task Group and the correspondents who have contributed to the effort
required to produce this challenging and topical report.

Mick Green
Task Group Chairman
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1 Introduction

1.1 Scope to fire. In chapter 3 fire resistance design is
This guidance has been prepared to provide thesummarised whilst chapters 4-7 give specific
engineer, the architect, the regulatory authoritiesguidance and information for the four main
and other construction industry professionals with construction materials namely concrete, steel, timber
the inspiration to develop safer and better valueand masonry respectively. Inevitably the level of
solutions for the performance of building structures research and knowledge of different construction
during fire. There is a considerable opportunity for materials is at varying stages; therefore the content of
the engineer and the architect to work together tothe corresponding chapters (chapters 4-7) is variable
develop improved designs based on new andas is the number of associated references.
developing technology within a sensible regulatory So that all potential users can benefit from the
framework. The guidance primarily addresses advances in fire safety engineering, guidance beyond
building structures and does not consider specialthis introductory document is outlined in the various
structures such as tunnels. chapters under the heading ‘Further engineering
The design of building structures during fire is methods’.
developing at a significant pace in line with fire In the future with the development of fire safety
safety engineering as a whole. It is certainly startingengineering and the spread of this knowledge there is
to have a growing impact on the way structures arean opportunity to reduce the fragmentation that is
designed, procured and specified in many countriescurrently present in the procurement of some
throughout the world. New procedures, advancedstructures. This will come from the close co-operation
analytical methods and improved risk assessmenbf designers, suppliers, regulators and contractors.
techniqgues are now available to the experienced The responsibility for fire safety design of a
engineer to support performance-based design for théuilding needs to be clearly identified by the design
fire load case. However this knowledge tends to be inteam leader and the client at the outset.
the hands of a few specialists and consequently the
Institution of Structural Engineers has identified the 1.2 Historical background
need for guidance at a level that will be of value to aThe development of prescriptive regulation has been
wide range of construction professionals. This established as a result of a series of prominent fire
document should be of benefit to the architectdisasters and the recognition that there is a need to
looking for better solutions, for the controlling control regular losses.
authorities wishing to ask the right questions and for ~ The majority of life loss during fire is in
engineers seeking to develop new avenues and skilldwellings, although there are occasionally major
as technology develops in fire safety engineering. Itlosses of life in public buildings including the
should also enable contractors, manufacturers andummerland fire on the Isle of Man, the Manchester
suppliers to appreciate the broader approach beingVoolworth’s fire, the King's Cross fire and most
adopted and to adapt their products and futurerecently the terrorist attacks on the World Trade
development. The document tends to reference UKCenter, New York. The acceptance of life loss in
and EU practice but much of the guidance is generigoublic buildings is certainly much less than in
and applicable internationally. dwellings, which is one of the factors that influence
In order to achieve the above aspirations there ighe content of regulations. This is primarily because
a need for a wide range of skills. The structural people feel they are in control in their own homes,
engineer or the architect will be able to adopt some ofwhereas in a public building others are responsible for
these skills fairly easily. However other skills, which their safety. The potential losses are also much greater
may involve the complexities of fire dynamics or the in a public building than in a single dwelling. Public
finite element analysis of hot structures, will require tolerance to loss of life on a larger scale is
additional expertise. The guidance in this documentsignificantly less than it is to individual deaths in
will provide a comprehensive introduction to the dwellings.
design of the primary structure during fire for all the In medieval times attempts were made to control
principal construction materials. Chapter 2 describesfire at source by the introduction of non-combustible
the concept of fire resistance and introduces the readezhimneys. As long ago as 1189 the Assize of Henry
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FitzAlwyn, prompted by the disastrous fires which 1.3 Background to fire safety
regularly destroyed much of London, required stoneFire resistance is one component of the set of fire
walls to be built on the boundary between buildings to protection measures that are required by a fire strategy
prevent the fires spreading. This legislation for non-to give adequately safe buildings. Most fire safety
combustible party walls has governed constructionengineering is not the responsibility of the structural
ever since. It was reiterated in the Act following the engineer but for clarity the scope of fire safety
great fire, and was extended in the 19th century toengineering and its relation to the specific problem of
include non-combustible, or ‘fireproof’, floors in structural fire resistance is summarised.
certain parts of buildings such as corridors and The prime objective of the fire safety engineer is
staircases to facilitate escape. However much of théo prevent, delay or reduce the effects of flashover
early regulation was influenced by property (flashover is defined as the rapid transition of a fire
protection. The Fire of London was a good example offrom its growth phase to its fully developed stage, see
this, where life loss was very low but the economic section 2.5) providing adequate time for the occupants
losses were significant. In the 19th and early 20thof the building to escape. Consequently a
century new materials and forms of construction wereconsiderable amount of fire safety engineering is
introduced e.g. cast iron, wrought iron, reinforced concerned with the growth phase of a fire. This is
concrete, steel and many other proprietary systemsachieved by designing active fire protection systems
An understanding of their performance in fire was such as early detection, sprinkler systems and smoke
gained through testing. control which may require the calculation of
Testing has always been a part of improving theactivation times of sprinklers and detectors. The rate
understanding of the performance of buildings. Muchof fire growth leading to flashover can also be
of it took place in real buildings. There were the testspredicted based on the amount, type and arrangement
on the Hartley and Stanhope systémi the late  of fuel, the compartmentation geometry and the
18th century and the British Fire Prevention available ventilation. Other calculations may compare
Committee tests for building components in the evacuation times with the growing depth and
closing years of the 19th century. It was not until the temperature of the smoke layer in a room.
early 20th century that the concept of the standard fire ~ Active fire suppression systems have many
test was introduced. benefits some of which are related to the fire resistance
One of the most significant developments in the of the structure. In certain occupancies the inclusion of
20th century was the Fire Grading of buildings, where sprinklers to a life safety standard will reduce the level
the first real attempts to assess relative risks, theof fire resistance required by the appropriate building
requirements for fire fighting, means of escape andregulations. It should be noted that sprinkler systems
limitations on compartment sizes were made are designed to support activation of one or two
Much of the early regulation on the control of sprinkler heads in the event of a fire. The sprinkler
buildings related to non-combustibility and fire closest to the fire will be activated by the local heat
separation. It was only as disciplines such assource and all other sprinklers will remain inactive
architecture and structural engineering developedunless the fire grows to a size where a second sprinkler
into definable technical disciplines that fire was no is affected. It is a common misconception that all
longer the dominant factor in the design of sprinklers will operate on the floor of fire origin and
buildings. Design for fire, other than by testing and flood the floor. One or two sprinkler heads have been
prescription, was not supported sufficiently by shown to be effective in controlling and in some cases
science until relatively recent times. It is probably extinguishing fire in its early stages. The use of
true to say that design for fire safety is where sprinklers also:
structural engineering was a 100 years ago excepe allows a degree of certainty over the design fire
technology and computers are enabling it to progress  size
much more quickly. Fire safety engineering is now e can perform the dual function of detection and
rapidly closing the gap that has developed suppression
throughout the majority of the 20th century. This e increases allowable compartment size
will enable the gradual transition from a prescriptive ® increases the time for untenable conditions and
based approach to an engineered approach where thus increases available evacuation time
goals can be set and achieved in the style of the more reduces the fire size the fire service would be
established engineering disciplines. expected to tackle.

Chapter One IStructE Infroduction to the fire safety engineering of structures




Properly designed smoke control vents heat andlexibility to achieve a particular performance but

smoke, thereby: requires greater skills involving analysis, risk

e delaying the advance of untenable conditions,assessment and engineering judgement. There is
increasing the time for evacuation often an opportunity to improve value and/or

e limiting the fire size and reducing the risk of performance by selecting the most appropriate
flashover. combination of fire protection measures with each

building requiring its own consideration and its own

Fire resistance becomes important as a fire progresseslutions. Engineered solutions can also be used to
to its fully developed stage. Where active systems aralemonstrate an equivalent level of fire safety where
present, fire resistance is a second line of defence anthere is a variation from prescribed guidance. One of
may only become important if active systems fail. the important objectives of this guidance is to enable
Fire resistance is described as a passive measure. Tliee architect and the engineer to choose the most
purpose of providing fire resistance depends on theappropriate mix of engineering and prescription. It is
circumstances and is influenced by one or more of thealso intended to provide assistance to the approving
following: authorities to improve the efficiency of submission
o Life safety for means of escape and fire fighting. and approval process.

This tends to be more important in large and There are three ways of testing the ability of a

complex buildings where evacuation and fire structure to carry load during a fire:

fighting operations take longer. e Time domain
e To protect business continuity, our heritage or ¢ Strength domain

special occupancies like hospitals, where e Temperature domain

evacuation and protection of property need

special attention. The time domain is commonly adopted. Time to
e To protect adjacent buildings from fire. This is failure in the fire resistance furnace (or equivalent

achieved by compartmentation, which limits the time, see Chapter 2) must be greater than the fire

amount of building on fire at a particular point in duration as set down by the relevant code or standard.

time. This in turn reduces the resultant radiation The other options of strength and temperature are

on adjacent buildings. This aspect is covered bymore often associated with an engineering approach.

normal prescriptive guidance where In the strength domain the load capacity of an element

compartmentation and the combination of fire of structure must exceed the load at the fire limit state.

resisting walls and openings in the elevations areln the temperature domain the temperature of the

controlled. structural element must not exceed the critical
e To reduce the chance of collateral damagetemperature of the material.

resulting from the collapse of a structure. The Generally higher stresses and loads are

normal prescriptive guidance covers this for the acceptable in the fire load case when compared with

majority  of  buildings. However in the normal ‘cold’ load case design and will be

major/complex and high rise buildings there may controlled by the partial load factors referenced in the

be a need to adopt a risk based approach. Forelevant documents.

example fire, explosions and other extreme Some of the broader fire safety considerations

events will need to be established as part of thethat have an influence on the design of structures

scenario planning process when this approach iduring fire, when adopting a more sophisticated

adopted and special events like terrorist attacksapproach are summarised below:

are considerée. e Use of natural fires for design (see Chapter 2)
can have varied impact e.g. in certain

There are two primary ways of achieving an circumstances increased ventilation can
adequate standard of fire safety in a building, cause reduced fire temperatures whereas in

including the fire performance of structures. One is other cases temperatures can increase more
the simple application of the building codes and quickly. For example the available ventilation
standards, which requires limited engineering as the  through the glass facade at the Greater London
majority of solutions are prescribed. There is little Assembly  Building, London resulted
flexibility in the approach. Alternatively, a fire in a reduction of fire resistance rating (see
safety engineering approach gives greater design Figure 1.1).
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Fig 1.1 Greater London Assembly Building, London — This
project used fire engineering principles to assess the fire
resistance requirements for the structure as a whole, instead

of relying entirely on the tabulated fire resistance values °
given in Approved Document B4 ® ARuUP

10

Chapter One

Beams and columns at the edge of a building aree
often cooler than internal beams and columns in
the same fire.

In very large buildings (high rise or with
extended horizontal travel distances) with long
times for total evacuation, additional
consideration should be given to the
performance of the structures where remote or
progressive collapse could have an impact on
safety. Fire fighting will also be an important
consideration.

Structural performance is not a direct measuree
of protection of life or protection of property
and therefore broader considerations that
involve means of escape, use of sprinklers and
the quality of the operational management have
an influence.

1.4 Specific structural engineering issues
There are also a number of other considerations that
the designer needs to be aware of when looking at the
structural performance in more detail although these
considerations can also be of value to the engineer
during the concept and scheme design process.

Different structural materials react very
differently to heat. For example the
performance of unprotected steel is dependent
on the actual temperature reached with
exposure time having relatively little effect on
material characteristics. Steel loses strength and
stiffness with increasing temperature.

The temperature achieved by reinforced concrete
structures during a fire is dependent on the
duration of the applied heat. Concrete heats much
more slowly than steel because of its thermal
properties but like steel also loses strength and
stiffness with heating.

Timber sections burn resulting in an insulating
layer of char forming on the exposed timber.
Selection of the most appropriate structural
material to suit the engineering and the
architectural requirements for the normal and the
fire load case together usually leads to an
improved and better value design.

Connections behave differently at high
temperatures than at ambient, with additional
imposed moments, rotations and axial forces. The
behaviour of structures in fire can
impose different conditions on connections e.g.
simple connections may become moment
resisting in fire.

Structural members experience large deflections
in a fire as a direct result of thermal expansion
effects and loading on a weakened structure.
Real structures rarely act in the same way as the
simple elements that are commonly tested in a
furnace. This is because structures often have
inbuilt secondary load paths, which can be
mobilised during fire when structural
deflections become larger. This inbuilt
redundancy can provide an enhanced
performance during fire in some structures.
However care should be taken as in some cases
redundancy can give unexpected deflections,
which can lead to other modes of failure.

It is important to use appropriate acceptance
criteria, when adopting a more sophisticated
engineering approach, which can involve larger
deflections than those that would be acceptable
for serviceability requirements at ambient.
Internal thermal forces can also be important.
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1.5 Structural fire design and architectural
solutions
The design of structures to perform in fire can have ar
important influence on architectural solutions in a
variety of ways. It may involve more advanced
engineering where the architectural solutions preclude
the use of prescriptive rules or where good value is
sought for highly repetitive forms of construction (see
Figure 1.2). Some examples of where the fire
performance of structures and the architectural
solutions are closely related are given below:
e The need for sustainable environmental
solutions often leads to the need for the exposec
structure to provide the thermal mass that goesd
hand in hand with this type of design (see

. . ., Fig1.2Gl Smith Kline building London — The GSK buildi
Figure 1.3). This leads to the need to consider. '9 axoe >mi e bullding Ltondon © viiding

involved repetitive large scale construction and fire safety
engineering was used to design the edge beams to address
constructability and improve safety. Offsite inftumescent was
more practical as a consfruction solution but the prescriptive
fire resistance rating could not be economically achieved.
An engineering approach looking at the natural fire effects
on edge beams and considering the 3D behaviour of the
structure enabled the use of offsite inftumescent to achieve
the required standard. © Hilier RHWL (view under construction),
© Buro Happold (inset)

fire safety solutions in greater depth or possibly
a fire safety engineered solution.

e The increasing use of exposed structure as ¢
fundamental part of the aesthetic is also
important. In these situations the need for an
integrated approach and an enhanced
knowledge of fire safety are essential. A
typical example of this is external unprotected
steel (see Figure 3.1). Bare structural steel car
be water-cooled to obtain the recommended
fire resistance although this is an expensive
solution. Examples are given in Figures [
1.4 and 1.5.

e The desire to minimise the depth of the
combined structure/services zone to reduce
overall building heights is one of the challenges
that the architect and the engineer continually
face as spans increase and columns reduce i
number. The potential solutions are numerous
(see Figure 1.3). Fire performance of the
structure plays a significant role in this process.

1.6 Codes, standards and relevant
documents
At the time of writing this guidance there is
considerable change and development taking place i
fire engineering internationally. Methods are
improving, research is turning into engineering
practice and performance based standards are bei
devised. A careful approach is needed to balance whe
is developmental, what is viable for the fire safety
engineer and what can be safely adopted. ThisFig 1.3 Wessex Water Headquarters — This project is an
guidance is part of that trend. example of the integration of concrete and steel
In the UK control of fire safety is based construction to support very low energy design solutions and
on a whole series of layered codes of practice ancthe integration of services. Exposed structural steel was an
standards, which emanate from the functional integrated part of this solution. © Buro Happold/Mandy Reynolds
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requirements of the Building Regulations. There are
currently the high level documents likpproved
Document B (Fire Safetyj, BS 79745, BS 55884

etc. Below these high level documents there is a
whole range of other standards that deal with
structure, building services and architectural systems.
At the lowest level there are whole sets of material
performance standards that enable the delivery of the
performance requirements defined in the above
documents.

It is important to recognise that structural fire
safety measures can make a contribution to the
protection of property and, as a consequence,
insurance premium reductions may apply if advice

THRRR A Rl R offered by their surveyors is followed. Guidance on
Fig 1.4 Bush Lane House — Water cooling of the standards that may be applied by insurers is
external structure allowed the use of exposed available in a document published by the Loss
steel without passive fire protection. Prevention Council (LPCDesign Guide for the fire
© Arup Associates protection of buildings’.

=

Fig 1.5 HACTL Terminal (Hong Kong Cargo Terminals Ltd) — On this project the automatic sprinkler system was
incorporated into the tubular roof truss members in such a way that the sprinkler water served a dual purpose;
that of controlling the fire size by normal sprinkler action and to remove heat from the structure. The combined
effect was used to demonstrate that no passive fire resistance protection was required. © ARUP
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Eurocodek?® are gradually being produced for all
aspects of design and will eventually replace British
Standards in the UK. Eurocodes have considerable
design content which has been derived directly from
research. Reference to Eurocodes in this document
have been based on draft for comment versions. The
reader should refer to the most recent published
Eurocode.

The research solutions are continuously feeding
into design codes and guidance. Therefore
practitioners should frequently check what the latest
information is in their country.
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2 Fire resistance and fire exposure

Summary

e Fire resistance design is traditionally based on
fire resistance testing using a standard time
temperature curve. The objective is to ensure
that the performance in the test is greater than
the prescribed requirement.

e The prescribed fire resistance requirements are
related to building height and occupancy.
Building height is generally used because fire
fighters have to enter tall buildings and may
have to remain there for a considerable period
of time.

e Conventionally fire exposure has been based on
the standard temperature-time curve followed
by the furnace test in ISO 834 BS 4762 or
ASTM E1193. The standard furnace test has
shortcomings but it is still the only universally
accepted method of demonstrating fire
resistance.

e Natural fires are very different in
peak temperature and duration from the
standard fire curve.

e The development of natural fires is dependent
on fuel load, ventilation, compartment shape
and the thermal properties of the boundary wall
materials. Occupancy influences the type of fire
load present in a particular building.

resistance test. Alternative approaches will be
discussed and the relevant field of application for such
alternative methods identified.

2.2 Prescriptive fire resistance

For most practitioners the term fire resistance is a
period of time for which an element of construction
(beam, column, floor, wall etc.) will survive in a
standard fire test carried out in an approved furnace
under specified conditions of temperature, imposed
load and restraint.

The fire resistance provisions for buildings are
normally specified in the various building regulations
around the world. In the WA¢-26  for example, all
buildings must meet certain functional requirements
covering means of escape, internal fire spread,
external fire spread, and access and facilities for the
fire service.

Traditionally the prescribed fire resistance
recommendations are set out in tables (see Table 2.1
below taken from thépproved Document ‘B’, 2000
Editior?4) with the fire resistance being a function of
building use and height above ground level (providing
some measure of the number of storeys). Building
height is generally used because fire fighters have to
enter tall buildings and may have to remain there for
a considerable period of time. Also the time for escape
is longer. Occupancy relates to the type of fire load
2.1 Introduction present in a particular building. If the building is
The purpose of this section is to describe currentsprinklered a reduction in fire resistance rating is
prescriptive design in relation to the standard fire possible in some occupancies.

Table 2.1 Minimum periods of fire resistance
Purpose Group Minimum periods of fire resistance (minutes)
Depth Height
of lowest basement of top floor above ground
more not more not more | not more | not more more
than 10m | than 10m than 5m | than 18m | than 30m than 30m
Residential flats Unsprinklered 90 60 30 60 90 120
and maisonettes
Office Unsprinklered 90 60 30 60 90 Not permitted
Sprinklered 60 60 30 30 60 120
Shops and Unsprinklered 90 60 60 60 920 Not permitted
Commercial Sprinklered 60 60 30 60 60 120
Assembly and Unsprinklered 90 60 60 60 90 Not permitted
Recreation Sprinklered 60 60 30 60 60 120
Industrial Unsprinklered 120 90 60 90 120 Not permitted
Sprinklered 90 60 30 60 90 120
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Internationally there can be distinct differences in the guidance in the document (see Table 2.1).
fire resistance ratings. Table 2.2 lists the fire However, it is important to emphasise that it is the

resistance ratings applicable to multi-storey office requirement which is in effect mandatory and not the

blocks in various countries. In Hong Kong the fire guidance on how it can be achieved. This allows for

resistance ratings are much lower because thealternative approaches to meeting the requirements
provisions for means of escape are much moreand these can be developed in collaboration with
onerous than in the UK or the USA. In Hong Kong approving authorities.

allowable travel distances are shorter and evacuation  The fire resistance provisions contained in the

is simultaneous i.e. the whole building is evacuatedguidance to the approved document relate directly to
together. In the UK the concept of phased evacuatiorelements of structure that have been tested in the
is generally adopted in taller buildings where standard furnace test.

occupants on the fire floor and the floor above are

evacuated first. A decision is then taken about2.3 The standard fire resistance test

whether to evacuate other floors. As the escape stairShe idea of a standardised approach to fire testing
are sized for phased evacuation they are generallglates back to the International Fire Prevention

fewer or narrower. Congress held in London in 1903. In 1917 ASTM-C19
(later altered to E129) was issued. This document

Table 2.2 Comparison of typical fire included a specification for a standard heating curve.

resistance ratings in various countries The first edition of BS 476 on fire resistance testing

was published in 1932. Subsequent revisions have
attempted to harmonise both the heating curve on an
international basis through the adoption of the
international standard, 1SO 834and the control of

Country Fire resistance rating for
a multi-storey office
block (minutes)

Australia 120 . .

furnaces within the European Community.
UK 120 )

The standard fire curve has been adopted for a

Hong Kong 60

number of reasons:
Sweden 90 . . .
- e to provide evidence to the regulatory bodies of
singapore 70 compliance
Us 120 P

to assist in product development
to provide a common basis for research into the

[ )
It is important to note that building regulations are .
P dreq effect of variables other than temperature.

only intended to ensure reasonable standards of health
and safety for persons in or about the building,
including fire-fighting personnel. They are not

designed to prevent structural damage and they ar
not designed to minimize financial losses arising from

a fire although clearly some of the provisions do . L .
g Y P available. It is simple to use and clearly defined

rovide this protection. This has important . .
P P P and allows for a direct comparison between the

implications for the fire engineering design of .
- . . _performance of products tested under nominally
buildings where the requirements of the regulations.

. . identical conditions.
may not be sufficient to meet the needs of the client.

. . . In the UK the technique used to establish fire
The most important requirement that deals with . . .
. ._resistance is to expose an element of construction to a
the effects of a fire on the structural elements is

addressed in the Building RegulatidAss follows: fire exposure corresponding to the formula below:

As such it has proved to be remarkably successful
over a long period of time. It has the advantage of
amiliarity for both designers and regulators and
there is a large body of experimental data

‘The building shall be designed and constructed T-T, = 345 log, (8t+1)
so that, in the event of a fire, its stability will be where  t=time from the start of test (minutes)
maintained for a reasonable period.’ T = furnace temperature at time t (°C)
T, = initial furnace temperature (°C)

The Approved Document 2B provides detailed
guidance on ways to demonstrate compliance withthe  The standard curve in ASTM EI139 is
functional requirements. In general the most commonprescribed by a series of points rather than an equation
route to demonstrating compliance has been to followbut is almost identical to the British standard curve.
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1400 profile used in a standard fire test and the building
will not behave as a collection of individual elements.
1200 In reality the element of construction may perform
© 1000 satisfactorily for a longer or shorter period depending
O;,' / — BS 476 on the characteristics of the particular fire and
5 800 ---- ASTMEI19 ) . o
5 structural configuration. The prescriptive nature of
g 600 specifying fire resistance for elements of structure has
5 400 hindered the development of a more rational approach
to the design of buildings for fire.
200 The temperatures in a standard furnace are
0 6 50 o0 T30 200 350 300 350 200 250 505 rglatively uniform when com.pared with those in.a.real
fire compartment. In a real fire temperature variations
Time (minutes) may develop in structural members which are not
Fig 2.1 Standard temperature fime curves present during a furnace test. Lack of furnace

harmonization is another drawback to the standard

The relationships for the BS 476 and the ASTM E119fire test. Although the relevant test codes specify the
standard fire curves are shown in Figure 2.1 forsame control temperature the heat flux experienced by
comparison. the test specimen is dependent on the form of
The results of the standard test are described irconstruction of the furnace, the location of the burners
terms of a period of resistance in minutes against eachelative to the specimen and the type of fuel used.
of the appropriate performance criteria (stability, Additional problems exist since private companies
insulation and integrity) described in Chapter 3. In commission most tests and the results are therefore
Eurocode terminology such a beam would be classedommercially sensitive and are not, in general,

as R60.

The normal limiting conditions for the stability
performance criterion in BS 4%6 are given in
Table 2.3.

available to be scrutinized by researchers. Furnace
testing is expensive and the staged grading system in
periods of thirty minutes fire resistance does not allow
for an optimization of the results from the test.

The physical limitations of standard furnaces

Table 2.3 Failure criteria for load bearing capacity in mean that it is not possible to simulate complicated
terms of deflection, 9, in the standard furnace three-dimensional structural behaviour. The
test BS 476: Part 2127, influence, beneficial or detrimental, of restraint

. . . provided by the surrounding structure is thereby

Structural |Failure criteria in accordance with . .

ignored. The effect of restraint in standard tests has
element |BS 476: Part 21 . . .
Boam 5> Span/20 been discussed extensively in the USA where
or_ restrained tests are frequently condute®S 4762
recommends that restraint conditions should represent
rate of 8> span? when & > span/30 . ) L . .
those met in practice. This is difficult to achieve in
(9000x d) - A
test conditions as restraint is difficult to measure and
is likely to change throughout the test. Very often
Column |Rapid rate of vertical deflection y g g . y
or elements are tested unrestrained.
The nature of the test means that only idealised
Lateral & > 120mm o . .
Nofe: d=denth of beam section end conditions can be used and only idealised load
) P levels and distributions adopted. During a fire some

2.4 Llimitations of the standard
furnace test

degree of load shedding will take place from the areas
affected by fire to the unheated parts of the building.
In the standard test no allowance can be made for
alternative load carrying mechanisms or for

It is often incorrectly assumed that there is a one toalternative modes of failure.

one relationship between survival of single elements

The choice of arbitrary failure criteria adopted so

in a standard fire resistance test and survival of actuahs to restrict damage to the test furnace is a further
buildings in a fire. This is certainly not the case, sincedrawback in terms of predicting behaviour within a
a real fire is not likely to follow the time-temperature real building.

Chapter Two
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Although the shortcomings of the fire resistance
test are significant, standard fire resistance tests ar

the only universally recognised method of 1500
determining the fire resistance of elements of
construction. 1000 Standard curve
2.5 Characteristics of natural fires in a O 800
building compartment o;
The standard temperature-time curve bears 3 .o 60 (4]
little resemblance to a real fire temperature-time g
history. It has no decay phase and as such does nt %
represent any real fire. It was designed to typify - 40
temperatures experienced during the post-flashove
phase of most fires. Figure 2®illustrates the 200
temperature-time histories of ‘real’ fires, of varying
fire load and ventilation, together with the standard 0
curve. This shows that the standard curve generally 0 1020 30 4 50 €0

is a poor representation of real fires in the post- Time (minutes)

flashover phase.

The standard fire takes no account of the different . .
. . Fig 2.2 Comparison of the Standard Temperature-Time curve
thermal exposures which result from different

. . . _with the Temperatures measured during Compartment Fires.
compartment geometries, ventilation conditions, fire (Note: 60(%) implies fire load density equals 60kg/m? and
loads and compartment boundary matetialsThe ) P v €9 d

. .. ventilation is 50% of one wall etc). © John Wiley & Sons Ltd
behaviour of a compartment fire is strongly dependent ° ). © John wiey & Sons
on available ventilation. If there is insufficient air in
the room for all combustibles to burn the rate of

burning is dependent on the air supply. The duration 3

of a fire is dependent on the total fire load. If the !

supply of air to a room is large the burning rate is g = l

dependent on the surface area and burning o 2 |

characteristics of the fuel. High ventilation can also [ Growth L Fully ! Decay

; : ¢ ) [ developed ! ;

have a cooling effect on the fire. § period /| fire ! period
The compartment fire process can be describec g s l

by three distinct phases, the pre-flashover fire, the ?, ; 3 3

fully-developed fire (or post-flashover fire) and the T - !

cooling phase. There is a rapid transition stage callec ) . \\\ 1

flashover between the pre-flashover and fully g \\\__ i

developed fire. This is shown in Figure 283vhich — — -

illustrates the whole process in terms of heat release

against time. While still small (during the growth

phase) the compartment fire will behave as it would in Fig 2.3 History of a well-ventilated natural fire against rate of
the open. As it grows the confinement of the heat release. The dotted line represents diminution of fuel
compartment begins to influence its behaviour. If before flashover has occurred. © John wiley & Sons Ltd

there is sufficient fuel and ventilation the fire will

develop to flashover and its maximum intensity, whenfire spread beyond the room of origin are also likely

all combustible surfaces are burning. If the fire is unless the fire is in a fire rated enclosure
extinguished before flashover or if the fuel or (compartment). Structural fire engineers are
ventilation is insufficient there will only be localised concerned with elements of structure subjected to

damage. The fire will remain small around the items high temperatures. Post-flashover fires provide the

first ignited (represented by the broken line in Figure worst case scenario. However localised heating of key

2.3). Post-flashover the whole enclosure and itselements of structure without flashover may also need
contents will be devastated. Structural damage ando be considered.
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2.5.1 The pre-flashover fire 2.6 Natural fire tests
During the growth phase of any fire the flames form aThe development of the fire design rules in
buoyant plume above the items first ignited. In a Eurocode %'7 (EC1) is based on a number of
compartment, if the fire grows to a size where thenatural fire tests which have investigated the effect
plume impinges upon the ceiling, a ceiling jet will of the location of ventilation openings, type of fire
develop, radiating outwards from the central axis ofload and the thermal properties of the compartment
the plume. When the flow of hot gases meet the walldinings. The developed design approach allows the
of the enclosure, a hot smokey layer builds up underdesigner to predict the three-phase description of
the ceiling, radiating heat back down towards the post-flashover fires comprising growth phase, steady
lower compartment and the fuel below. The burning phase and a decay phase, based on the actual
development of the smoke layer is important for parameters which define the fire’'s behaviour. This
flashover. The radiative heat feedback from the denseprovides a more realistic design approach compared
hot smoke results in the ignition of many more items with the standard fire curve with an ever-increasing
in the room, which in turn increases the level of hot growth phase.
gases near the ceiling.
An understanding of pre-flashover fires is very 2.7 Further methods
important for life safety in terms of time for The guidance so far relates mainly to current practice
evacuation. It can also be important when consideringfor the majority of designers at this time. However,
a localised fire adjacent to a critical piece of structure.alternative methods which are not explicitly dealt
with in this guidance, are available for designing
2.5.2 Flashover structures and compartmentation, which take into
Flashover is defined as the ‘relatively rapid transition account real fires and real structures. These include:

between the primary fire which is essentially localised e
around the item first ignited, and the general
conflagration when all surfaces within the
compartment are burning™ It is a transition period

as a result of several mechanisms, each one
contributing to the growth of the fire to a size at which
flashover becomes inevitable. If there is insufficient
fuel, ventilation or propensity for fire spread then a
compartment fire may not achieve a rate of heat
release sufficient for flashover to occur. The relative
duration of the three phases may have a significant
impact on the performance of elements of structure.

2.5.3 The post-flashover fire

After flashover high temperatures are sustained until
the fuel is almost completely consumed. The
compartment is engulfed with hot gases and products
of combustion. Rate of heat release is at its higheste
External flaming through the windows will also occur
as the unburnt products of combustion in the fuel rich
atmosphere flow out of the window and burn in the
presence of air. Intensive research into compartment
fires has centred around the post-flashover fire
because the fire is most severe in this period but also
because the compartment can be treated as one
volume of uniform temperature and composition,
simplifying modelling. Many compartment fire
models only consider this st&gé21¢,

Chapter Two

The time equivalent concept that makes use of
the fire load, ventilation data and thermal
properties of the boundary walls in a real
compartment fire to produce a value, which
would be ‘equivalent’ to the exposure time in the
standard test. The formulation of equivalent fire
exposures has traditionally been achieved by
gathering data from room-burn experiments
where protected steel temperatures were recorded
and variables relating to the fire severity were
systematically changed (e.g. ventilation, fire
load, compartment shape). Time-equivalence
calculations such as those developed by
Law?18 219 gnd Petterssdi? and set out in
EC1217 calculate the fire resistance requirements
of the structural elements assuming a total
burnout of the fire compartment.

Parametric fires where the atmosphere
temperatures within a fire compartment are
calculated on the basis of the compartment
construction, geometry, ventilation and fuel load.
The parametric equations such as that in‘2C1
are based on empirical data. The development of
a temperature-time curve to be able to describe
the temperature history of a compartment fire
has been researched for decades. The earliest
significant work was carried out by Kawagoe
and Seking'" in the 1960s. Magnusson and
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3 Design of structures

Summary criteria are a temperature rise on the unexposed

e Standard fire resistance testing involves testing face of 140°C (average) or 180°C (at any
construction for stability and/or insulation single point).
and/or integrity. e Integrity — the ability of the structure to prevent

e Design methodologies range from basic the development of significant sized holes to
prescriptive guidance to complex modelling of limit the transmission of hot gases. Failure is
whole frame structures using finite element related to openings forming in a member and
analysis, natural fires, heat transfer and defined by ignition of a cotton pad held close to
structural behaviour. an opening. This reduces the chances of spread of

e Open sided car parks and external structures are fire and increases the chances of adjacent spaces
often exposed to less severe fires with relatively remaining tenable. Voids in the construction for
high levels of ventilation reducing the level of services or other purposes need to be carefully
fire resistance required. detailed, usually by the architect, in accordance

e Risk assessment can play an important role in with the appropriate building code to prevent
fire design when there are departures from spread of fire around or through the structure.

prescriptive fire safety guidance.
e Recent large scale testing of whole frame The performance criteria which may need to be met
structures in fire has created a new depend on the nature of the structural element. For

understanding of structural behaviour in fire. example:
e Stability is required for all structural elements
3.1 Performance criteria for design including slabs, beams, columns and load-

The requirements for the design of structures for fire bearing walls. In addition insulation and integrity
are influenced by means of escape, compartmentation may be required to meet the recommendations of
and access for fire fighting. The requirements are  the building codes.

wide ranging and recommendations can be found ine  Slabs require insulation and integrity to protect
prescriptive guidance, or alternatively a fire safety compartments above and below the fire.
engineering approach can be adopted which involve®» Compartment walls require insulation, and
calculations and engineering judgement to determine  integrity to protect the adjacent space.

the impact of a real fire on a building and the ¢ Columns only require stability unless they are
occupants. The engineered approach is not covered in  built into an element which requires insulation
detail in this document although some of the concepts  and integrity, such as a compartment wall.

are introduced in this chapter. e Beams only require stability unless they are built
The following are used to describe the into a slab or a wall which requires insulation and
performance of an element of structure in a fire integrity.

resistance test:

e Stability — the ability of a structure to carry the Whenever an approach is being adopted that does
applied loads, while being acted on by fire not follow the normal prescriptive route and the
(introduced in Chapter 2). Traditional referenced fire tests it is important that the
approaches to the design and analysis ofperformance of structural elements in terms of
structures in fire are based on the behaviour ofacceptable deflections are reviewed taking into
isolated elements — beams, slabs and columnsccount the full fire strategy for the building. In
with idealized support conditions. This is many cases there will be no need to consider this
convenient for ‘proof testing’ and is consistent because escape happens at a relatively early stage in
with the approaches traditionally used for normal the fire development. However there are cases
design at ambient temperature. where there may be a need to control deflection.

e Insulation — the ability of a structure to limit Examples include:
the transfer of heat within defined limits so that ® Where there is a need to maintain business
fire does not spread and adjacent spaces do not continuity in a separate compartment or floor.
become untenable. For insulation, the failure ® Where escape routes may be affected in the later
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stages of a fire for example in phased evacuation3.3 Design methodology

of tall structures. A range of different approaches can be used to ensure
e Deflections should not affect compartmentation. satisfactory structural performance during fire. These

Slabs or beams may deflect onto compartmentvary from simple prescription (e.g. the required

walls but the interaction of the wall and slab thickness of applied fire protection for steelwork, or

should not compromise compartmentation. the cover to reinforcement in concrete) to more
e In cases where added fire protection has only beertomplex analytical calculations. The approaches vary

tested up to a certain deflection during the fire for different structural materials, and are described in

test. The risk is that high deflections could result the appropriate chapters of this guide.

in damage to the fire protection unless additional The treatment of the structure as a series of

evidence to the contrary can be provided. independent elements is common to all. However as

the more advanced guidance is developed and further

Other issues assessed as part of the fire strategy, theesearch work is disseminated the designer will have
may affect the specification of the performance of a greater range of potential approaches available both

structures are as follows: in terms of whole frame action and use of real fires
e Repairability, which influences business continuity. instead of the standard fire. The degree of
e Insurance requirements. sophistication adopted by the designer will depend
e Resistance to explosive damage. greatly on the particular circumstances and design
e The impact of earthquakes where active systemsbjectives. The various levels of sophistication can be

may be damaged. categorised in increasing order of complexity as

e Design against fire initiating progressive collapse shown in Table 3.1.
for large or complex building$. Considerations of
collateral damage will be relevant in this context. | Table 3.1 Complexity of design process

Deflection criteria may also be important in assessin Level | Procedure Description
some of the above performances. 1 Use simple prescribed rules | This is relatively

and simple structural straightforward and
3.2 Influences on the design elements. usually requires reference
The approach taken to achieve suitable fire safe to National Standards
solutions is influenced by the designer’'s own and manufacturer’s
knowledge and the circumstances for a particular standard literature.
building. A holistic design approach to fire safety 2 Account for reduced stress | This is still a relatively

should consider a number of issues relating to desigt
and construction. Examples of the issues that are likely
to have the greatest influence are discussed below.

e Robustness — Minimise potential construction and

levels in the structure to straightforward process
demonstrate improved fire | with simple calculations
performance in conjunction| and requires reference to

. ) . with the standard fire. documents such as
long term damage of applied fire protection by ] .
. . . Usually involves simple BS 5950 Part 832 for
selecting a system that is suitably robust for the
. . . . structural elements. steelwork.
given situation. Damage caused by maintenanc
and upgrading of building services is always a risk | 3 Intfroduce parametric fires Requires additional skills
for most applied fire protection systems. into level 2. Parametric fires | and knowledge of
e Integration and design co-ordination — A provide a reasonable venftilation conditions
structural solution that optimises the normal and representation of the time and fire loads.
fire load case whilst giving sufficient flexibility temperature profile of a
for services distribution i.e. minimum depth of real fire.
structure and service zone. . ) )
. . . 4 Advanced finite element Requires considerable
e Use of active fire protection systems, such as the ) .
. . . . performance of structures | analytical skill in
introduction of sprinklers, as a trade off against . e . N .
. . in combination with combination with
passive systems (see Section 1.3). - . L
. . ) . L parametric fires. Often engineering judgement
e Selection of passive fire protection minimising X
. . . . involves whole frame and represents the
waste and time on site and exploring offsite .
structural action. current state of the art.

application.
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Fig 3.1 DSS Longbenton — external unprofected steelwork
which is an integrated part of the architectural solution for

the elevations

The combinations and approaches listed in Table 3.IThe term ‘open sided’ means each car parking level is
are not exhaustive but do represent a reasonableaturally ventilated by permanent openings having an
gradation in design complexity. In some casesaggregate area of at least 5% of the floor area at that
particular approaches have been adapted for a numbéevel, with at least half the minimum area in opposing

of very common structural types for example: walls.
e Open sided car parks with high ventilation and Further guidance can be found iDesign
low fire potential. recommendations for multi-storey and underground

e External structures where fire temperatures arecar parks®+4

often less severe.

3.3.2 External structures

3.3.1 Open sided car parks Structure that is located on the outside of a building
Open sided car parks have characteristics which havéan example of which is given in Figure 3.1) is not
enabled special design approaches to be developedubject to the same intensity of fire as the structure
based on the above principles. In particular they havanside a building. However the external structure
very high levels of ventilation combined with a low needs to be protected from the intense radiation of the
fire load. This results in relatively low temperatures, compartment fire and checked for heat transfer from
which are recognized as being equivalent toexternal flaming. This type of design is most
15 minutes exposure in the standard fire. Accordingly,commonly adopted with external steelwork. Heat
Approved Document®B states that in open sided car transfer calculations are carried out to check that the
parks less than 30m high, 15 minutes fire resistance isteel remains below its critical temperature for the
normally sufficient (higher fire resistance provisions compartment fire and flame projection considered. If
may be needed in relation to lines the steelwork exceeds its critical temperature the steel
of compartmentation and elements protectingcan be shielded with suitable construction so that the
escape routes). impact of flames and radiation is reduced. This
approach has been accepted in the®Ukind the
USA3¢ for some time but has only recently been
introduced into the Eurocodes

3.4 Risk assessment as part of advanced

engineering approach

Where there is a departure from the simplest

prescribed methods there is often a need for the

designer and the regulator to examine the robustness
of a solution and the consequences of failure as part of
the risk assessment process. Although not
comprehensive, the types of consideration that the
engineer should review in the context of the fire
strategy for a building include:

e Consideration of the robustness in terms of
performance and maintenance. A fire protection
measure with a managed certified maintenance
routine is much more reliable. Some solutions
require little maintenance since they are well able
to withstand the rigours of day to day use to
which buildings are subjected.

e Ensure adequate margin of safety where a high
degree of reliance is placed on a single fire
protection measure.

Accept lower factors of safety on the individual
fire protection measures where they all combine
together to achieve the required standard since

© Photowork Graham Gaunt

the chances of every fire protection measure

© Buro Happold/Mandy Reynolds (view of detail)

22

Chapter Three IStructE Infroduction to the fire safety engineering of structures




going wrong at the same time is fairly remote. In
a diverse solution the likely outcome of a single
fire protection measure (active or passive) failing
is a reduction in the factor of safety but not a
complete failure to provide the required
performance (e.g. means of escape,e
compartmentation etc).

Other fire protection measures that could be
‘traded off" with fire resistance or used to
improve performance include sprinklers and
management capability with related audit
procedures.

This type of approach is outside the scope of this
document. It would normally form part of a fire safety

engineering approach and is likely to include more
advanced engineering methods.

3.5 Form of construction

Each form of construction and construction material

has its own advantages and disadvantages. An
understanding of these will enable the designer to
plan for any shortcomings in the performance of a

particular form of construction.

Each of the

materials is dealt with in detail in the relevant
section. However some typical characteristics thatThese are just a few of the many considerations.

influence the designer’s thinking process are simplyRecent research has demonstrated that, when exposed

illustrated here: to fire, whole structures can behave quite differently

IStructE Infroduction to the fire safety engineering of structures

difficulty in predicting spalling (see section
4.1.2), which may expose reinforcement,
reducing strength. However, the fire design rules
for concrete are well prescribed and covered in
design codes.

Timber construction performs in a substantially
different way from concrete or steel and is either
protected with fire resisting boarding,
particularly for small section sizes, or designed to
rely on sacrificial charring of the outer part of the
timber. There are circumstances where the
performance of real structures can be very
different to the prescribed solution. This has
become apparent when systems of joists and
boards, taken from an existing building,
performed to a higher standard than expected
from simple charring calculations.

Load bearing masonry tends to be very robust in
its fire performance if it is tied to the structural
floors. However care needs to be taken to assess
the potential for unprotected steel roof beams to
expand and push out the top storey putting the
fire fighters and others at risk. Design of walls is
based upon prescriptive guidance.

Where steel structures are used in conjunctionfrom the way individual members might respond to
with precast concrete slab elements, the concretehe same conditions. This may be for a number of
can be located in such a way as to provide partialreasons, but especially:

protection of the steel elements which will e
enhance the performance of the structure. Arange
of proprietary and design solutions are available
to effectively shield the steel in this way (see
Chapter 5).

Composite steel and concrete structures perform
well in fire when the full 3D behaviour of the e
frame is considered, taking account of the end
restraint conditions provided and alternative load e
paths available to the individual members (see
section 3.6). This benefit is not realised in
standard testing.

Reinforced concrete structures are

Structural  ‘continuity’ (through tensile
membrane effects or moment continuity in
composite floor slabs and connections
respectively), which facilitates the exploitation
of alternative load paths inherent in the highly
redundant structural frame.

‘Free’ thermal expansion, which can cause
deformations and additional (second order) stresses.
Restraint to free expansion, which can lead to
induced forces (axial and bending).

The effects of continuity are generally beneficial,
rarely whilst those of expansion (free and restrained) are

analysed for fire conditions, but continuity in generally detrimental. The effects of continuity and
complete buildings is similar to steel frames. In expansions can be very significant and it may be
an in-situ reinforced concrete structure with necessary to consider whole building behaviour in
suitable reinforcement detailing, the connectionsrelation not only to structural performance but also to
are generally close to rigid. The continuity is the integrity of other building components (e.g. non-
often accounted for in ambient temperature load bearing walls). A more advanced engineering
design so there is potentially less additional approach will be required to deal with structures in
benefit during the fire case. One issue is thethis way.

Chapter Three
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Fig 3.2 Large scale fire tests at Cardington on timber, steel

and concrete buildings © Building Research Establishment Ltd

24 Chapter Three

3.6 Large-scale testing at Building

Research Establishment (BRE), Cardington

(UK) and in Europe

The difference between the behaviour of isolated
members and the behaviour of the entire building can
have a beneficial or detrimental effect on the overall
fire resistance of the building. Similarly, the
behaviour of the fire, which is governed by the
amount of fuel load (combustible material),
ventilation conditions, shape of the enclosed space
and the thermal characteristics of the linings, can
result in a condition which may be more or less severe
than the standard furnace time temperature
relationship.

In order to explore these behaviours a number of
large-scale tests have been conducted to provide test
data which will allow the development of design
guidance based on more realistic structural and fire
behaviour. However, due to the cost of carrying out
large-scale tests they are limited in number and do not
cover all possible types of structural forms or fire
scenarios.

In the UK, recent large-scale fire tests (see
Figure 3.2) to investigate whole building behaviour
were carried out at the BRE test facility in
Cardington. Compartment fire tests were conducted
on the full-scale steel-composite, timber and concrete
buildings. The primary aim of these large-scale tests
was to identify modes of structural behaviour that
could not be identified from the standard fire test. In
the tests where natural fires were used, valuable data
was also obtained of the effect of the compartment
and fuel load characteristics on the behaviour of the
fire. The large-scale structural tests are briefly
discussed in sections 3.6.1 to 3.6.3.

3.6.1 Fire ftests on the steel-composite
building

A total of six fire test&® 39, of varying compartment
sizes, were carried out on the eight-storey steel-
composite building between 1995 and 1996. Four
tests were conducted by British Steel (now Corus) and
two by BRE.

The building comprised conventional ‘H’ section
steel columns, ‘I’ section downstand steel beams and
a trapezoidal composite lightweight concrete slab. In
almost all the tests, the beams were left exposed to the
fire and the heated columns were protected. The steel
deck to the composite slab was also left unprotected,
as is typical of current practice.

A number of research institutions have modelled
the structural behaviour during the fire tests using
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finite element codéd-3-13, The prime objective of the 3.6.3 Fire test on the concrete building

modelling was to understand the structural behaviourA full scale concrete fire test, funded by British

in terms of the internal forces which could not be Cement Association (BCA), Febelcem, Cembureau,

measured in the tests. CONSTRUCT, Reinforced Concrete Council (RCC)
Conclusions of the experimental program and and BRE, was carried out on a 7-storey concrete

subsequent analysis were: building at BRE Cardington on 26 September 2001.

e The Cardington composite steel framed building The overall objective was to investigate the behaviour
exhibited very stable behaviour under the variousof a full-scale concrete building subjected to a
fire scenarios tested because of the nature of itsealistic compartment fire together with realistic
highly redundant structural form. applied static load.

e Composite framed structures possess great The test was carried out on a ground floor
reserves of strength by adopting large deflectioncompartment 15m x 15m in plan, which included high
configurations. strength concrete columns. The design fire load was

40kg/n? representing typical office fire loading. The

This research has led to published design guiddfce performance of the structure was recorded through

315 that allows a significant number of steel beams toextensive instrumentation, including thermocouples,

be left unprotected. The approach of using unprotectedlisplacement transducers, photographs and video

beams is possible due to the mechanism of membranescording.

action, which could not be identified from the standard

The main resulfs'¢ and observations from the

fire test carried out on single members, but wastest are summarised here:

identified from the large-scale fire tests. o

3.6.2 Fire test on the fimber framed building

In 1999 a large-scale compartment fire test was
carried out on a six-storey timber framed building as
part of a larger programme of research work, known
as TF2000. The fire test generated valuable datae
which is being used to develop further
recommendations on construction methods and
standards for medium rise, lightweight timber frame
buildings. The primary objective of the compartment e
fire test was to evaluate the resistance of such a
structure to severe natural fire exposure. The
compartment used for the test was a single apartment,
located at level 3, on one corner of the test building.e
Ignition took place in the living room, and the test
was arranged so that ventilation into the whole
apartment created a worst case scenario in terms of
fire severity.

The test demonstrated that this form of timber
frame construction is able to meet the functional
requirements of the Building Regulations in the UK. e
This involved proving limited internal fire spread and
the maintenance of structural integrity.

The results showed that adequate standards of
workmanship are crucial in providing the necessary
fire resistance performance. Attention needs to be
given especially to the correct fixing and finishing of
gypsum plasterboards, and other similar protection;e
also to the correct location of cavity barriers and fire
stopping, which is extremely important in
maintaining integrity.

IStructE Infroduction to the fire safety engineering of structures

The building satisfied the performance criteria of
load bearing function (R), Insulation (I) and
Integrity (E), when subjected to a realistic fire.
The imposed load during the test represented a
typical office load, with a partial load factor of
0.5 applied to the live load of 2.5kNfm

The maximum atmosphere temperature recorded
was 950°C, before malfunction of some of the
instrumentation. It is possible that higher
temperatures may have occurred during the test.
Spalling of the soffit to the first floor was
observed; however this did not compromise
the structural integrity of the floor under
imposed loads.

The horizontal displacements of the floor slab
due to thermal expansion were significant, with a
maximum horizontal residual displacement of
67mm being recorded. The lateral displacements
of external columns, due to the thermal expansion
of the floor slab, will induce an additional
moment due to the Beffect.

The high strength concrete columns (103K/m
which  contained polypropylene fibres,
performed very well during the fire. Some
corner spalling was evident, but this is
considered to be insignificant to the column’s
stability. Corner spalling can easily be repaired
following the fire.

The slab was able to carry the loads with very low
residual displacement (maximum 78mm).
Observations from the test suggest that the floor
slab was acting in compressive membrane action.
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3.7 Appraisal of existing structures 3.5 Law, M and O'Brien, T.Fire safety of bare
The appraisal of existing structures uses much of the external steelThe Steel Construction Institute,

information that is defined in this document. However Ascot, 1986.
there are particular considerations that make the3.6 American Iron and Steel Instituté&ire safe
appraisal of existing structures more involved. These structural steel. A design guideAlSl,

are described in detail in a guide prepared by the Washington DC, 1977.

Institutior?-17. However some principal features of the 3.7 DD ENV 1993-1-2: 2001. Eurocode 3: Design
approach are repeated here. There are two very of steel structures. Part 1.2: Structural fire
different requirements: design British Standards Institution, London,

There is often a need to try and predict the future 2001.

performance of an existing structure because 0f3.8 Kirby, B R.British Steel data on the Cardington
changes in occupancy, changes in ownership or fire tests Technical report, British Steel, 2000.
the structure is old and there is a desire to comply3.9 Bailey, C G, Lennon, T and Moore, D B. The
with current standards. Knowledge of the behaviour of full-scale steel framed buildings
materials used and the assumptions that were subjected to compartment firéBhe Structural
made at the time are useful. However there is Engineer 77, (8), 20th April 1999. p15-21.
great benefit in being able to reinterpret the 3.10 The University of EdinburgiBehaviour of steel
structure using a modern engineering approach to framed structures under fire conditionEinal

explore if there is any redundancy that can be report of the DETR-PIT project. The University
accounted fo¥'® or weak points. of Edinburgh, 2000. (www.civ.ed.ac.uk
After a fire there is always a chance that some or /research/fire/project/main.html).

all of a structure can be reused and therefore3.11 Huang, Z, Burgess, | W and Plank, R J.
determining the degradation of materials is most Non-linear modelling of three full scale
important.  Reinterpreting the structural structural fire tests. InfFirst International
performance is also important in this respect. All Workshop on Structures in FireCopenhagen,

structures that are exposed to a substantial fire June 2000, p53-70.

are likely to deflect substantially and/or suffer 3.12 Huang, Z, Burgess, | W and Plank, R J.
damage. Compliance with tests does not mean Non-linear analysis of reinforced concrete slabs
there will be no need for repairs. However it is subjected to fire.ACI Structural Journal
important to put the cost of structural repairs into Vol. 96, No. 1, 1999, p127-135.

context. In a highly serviced building with lifts 3.13 Usmani, AS, Rotter, J M, Lamont, S, Sanad, AM

and expensive cladding which have been and Gillie, M. Fundamental principles of

affected by fire, it is likely that the structural structural behaviour under thermal effedige

repair costs will be relatively small as long as the Safety JournaB6 (8) 2001.

structure has complied with the design 3.14 Newman, G M, Robinson, J T and Bailey, C G.

performance criteria. Fire safe design: a new approach to multi-
storey steel-framed buildingSCI Pubn 288.

References The Steel Construction Institute, Ascot, 2000.
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Institution of Structural EngineerSafety in tall composite floor slabs: design for fire
buildings and other buildings of large BRE Digest 462. Building Research
occupancyIStructE, London, 2002. Establishment. 2001.

3.2 BS 5950: Structural use of steelwork in building 3.16 Bailey, C G. Holistic behaviour of concrete
Part 8: Code of practice for fire resistant design buildings in fire,Structures and Buildings, Proc
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3.3 Building Regulations 1991. Approved 3.17 Institution of Structural Engineerg\ppraisal
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4 Concrete structures

Summary 4.1.1 Thermal properties

e The thermal and mechanical properties of Concrete has excellent fire resisting properties (see
concrete depend on aggregate type, moisture Figure 4.1). Compared with steel it has a very low
content and mix. conductivity, thus low thermal diffusivity. A major

e Concrete has a low thermal conductivity and disadvantage of concrete is spalling, the loss of
thus controls the rise in temperature of surface material as a result of high temperatures.
embedded reinforcement and readily reduces Lightweight concretes (LWC) have the best
heat transfer through floor slabs and walls. thermal properties with half the thermal conductivity

e Reinforcing steel and concrete lose strength of normal weight concrete (NWC). Typical densities
and stiffness at high temperatures. of LWC range 1200-1900kgArbut they can be as

e Pre-stressing steel suffers a more severe low as 1000kg/m NWC is in the range 2000-
strength loss than reinforcing steel due to its 2900kg/nf. Densities show only slight temperature
metallurgical properties. dependence, mostly due to moisture losses.

e Cover or axis distance to the reinforcing steel Limestone concretes are an exception. They show a
is the most important aspect of reinforced significant drop in density at about 800°C due to the
concrete elements for fire design. decomposition of the aggregéate

e Prescriptive design is essentially based on Specific heat of NWC increases with
tabulated data for minimum dimensions and temperature whereas specific heat of LWC is almost
cover or axis distance. constant. All concretes with free water experience a

e Spalling — the loss of material from a concrete sudden rise in specific heat as water evaporates
surface — is dependent on aggregate, moisture around 100°C.
content, stress level and temperature, and is
very often a localised effect.

e Anchorage of reinforcement is important for
continuity at the fire limit state.

e Eurocode 2 allows fire resistance to be
calculated using simple analytical techniques
incorporating loss of material properties at
high temperatures.

e Research based solutions are likely to centre §
on high strength concrete and an

frame structures in fire.

4.1 Reaction of reinforced concrete to fire
Concrete covers a vast array of different material
all of which are formed by the hydration of
Portland cement. The hydrated cement paste
accounts for only about 24-43% by volume of the f
materials present so that the aggregate used has§
significant effect on the properties Three
common aggregates are siliceous aggregate:Fig 4.1 Fire in office building in Kuwait during construction.
(gravel, granite and flint), calcareous aggregatesPost fire photograph showing damage to green concrete
(limestones) and lightweight aggregates made fromprior fo carrying out repairs, and the distorted props that were
sintered fuel ash. used to support the timber formwork. © Buro Happold
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Moisture in concrete

b/h =160/230mm b/h =300/600mm )
100 100 Free water evaporates from concrete at 100-150°C in
c \ \ \ - l \ \ the absence of pore pressures whilst chemically
E ‘o \ \ \ °1Coo “ \ \ \\ bound water remains until temperatures of 456°C
3 \\ \ \ ~—— 15 Moisture absorbed by the concrete significantly
40 N\ AN 40 ANEAN . . -
- N, T 0 \\\ 200 increases its thermal conductivity because the
20 ~ 300 20 \ 300 P A
—1 400 N 400 conductivity of air is lower than that of water. In
%% 20 10 %o 80500 00 20 40 %0 80 100 120 140 200 lightweight concrete an increase in moisture content
mm mm of 10% increases the conductivity by 50%. However
100 100 N °oC the conductivity of the water is less than half that of
o mm \ \ mm \ \ 100 the hydrated cement paste so the lower the water
E 4o \ \\ w0 \ \ N— content of the mix the higher the conductivity of the
o 300 N 200
2 0 \ \ w00 40 \\ NG S — 300 hardened concreté.
- \ AN T 400
20 \\\ — 3 [~ 288 Modelling heat transfer in concrete
0 ™~ £ 0 700 Heat transfer to concrete is complicated by moisture
o 0 nffn €0 80 0 20 40 60m§2 100120140 evaporation, water migration, reinforcing steel and
100 100 heat transfer by radiation and convection in the
‘ \ \ \ \ \\ oc pores. Nomograms based on the standard fire test
£ i \ o \ N igg have been produced for concrete sections (see Figure
N,
o © \ \\\ 222 ¢ \ \ AN 400 4.2). To calculate the heating effect of natural fires,
b0 \\\\ oo 40 N ggg numerical heat transfer analysis using computer
21N goo 2 \\\ 790 software is very often necessary.
0 900 0 900
0 20 40 60 80 0 20 40 60 80 100 120 140 412 Mechanicdl i
mm mm . echanical properties
100 oc 100 N e Thermal expansion
c mm \\ \ 500 mm l \ \\\ 200 Thermal expansion, like all other properties of
g © \ \ \ 0 40 \ \\ \ ~— 300 concrete, is complicated by the complex nature of
= © \ N 700 40 \ \ \\\ ;‘88 the composite material. It is dependent upon stress
N
L . N~ 800 " &\ %0 level, type of aggregate, % volume of cement paste
] 900 59 and rate of heatirfg-44. Cement paste expands up
Oo 20 40 60 80 Oo 20 40 60 80 100 120 140 to 150°C but contracts between 150-400°C. This is
mm mm associated with water evaporation and chemical
Fig 4.2 Temperature profiles for beams changes. However the aggregates may still
expand-2,

1.0 .
Transient creep

Creep is significant in concrete above temperatures
of 400°C. Concrete creep consists of the creep of the
cement paste and the creep of the aggregate. The
reason concrete does not disintegrate at high

0.8

o, (6) 0.6 temperatures as a result of differential thermal
7 (20°C) expansion between the cement paste and the
04 aggregate is the ability of the paste to cféep
Stress-strain relationships
02 Stress-strain behaviour of concrete is radically
different in compression and tension. In tension
concrete is often assumed to have zero tensile
O'OO.O 05 10 15 20 25 30 strength. Strength is affected by type and size of
€,(0) in % aggregate, % cement paste, preload and water-to-
cement ratio at ambient and at elevated
Fig 4.3 Stress-strain curves for siliceous concrete at high temperatures.
temperatures
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The stress-strain-temperature behaviour of
concrete with no preload is described by a set of
equations in Eurocode*2 (EC2). Figure 4.3 shows
compressive stress-strain data for concrete ai
elevated temperatures. High temperature creeg
above 400°C is included implicitly. Both steel and
concrete lose strength and elasticity when heated
For concrete, loss in compressive strength starts tc
occur at around 350°C for siliceous aggregates anc
at slightly higher temperatures for calcareous and
lightweight concrete (see Figure 4.4). Most of the
strength is lost by around 800°C although the loss is
less severe for non-siliceous aggregate concrete 1000 200 400 400 800
Loss in tensile strength and elasticity is more severe
with loss starting almost immediately with no
obvious threshold temperature. Fig 4.4 Variation of concrete strength with

The deterioration of steel depends on the type,temperature
with prestressing steel suffering a more severe
strength loss than reinforcing steel. This is entirely
due to the metallurgical changes induced by the 1200 P e e e
manner of production of the stéél47. The concrete 000 L
cover to the reinforcement insulates the steel from G h = 200mm
the extreme temperatures of the fire and therefore & gog === h=600mm
the thickness of the cover affects the rate of £
temperature increase of the steel. However it is the
reduction in the strength and the stiffness of the stee
as it increases in temperature that has the large
impact on the loading capability and deflection of 200
the reinforced concrete section.

Concrete is non-combustible and, because of 0 20 40 60 80 100 120 140
their typical size, individual elements have a high a (mm)
thermal inertia which results in relatively slow rates
of temperature increase through the cross-sectiorFig 4.5 Temperature distribution in slabs
(see Figure 4.2 and Figure 4.5). This also helps tcexposed to a standard fire on one side
keep the steel reinforcement temperatures
sufficiently low to avoid significant softening and Spalling
weakening. There may be damage during a fire due to various

There is, consequently, rarely a major types of spalling and thermal expansion but these
problem with in-situ reinforced concrete rarely cause more than local failure.
structures in fire. This is also in part due to the Spalling is the loss of surface material from a
monolithic nature of the construction and in part concrete element and is dependent on aggregate,
due to the existence of alternative load pathsmoisture content, stress level and temperature.
should part of the structure lose strength andAggregate splitting is the splitting and bursting of
stiffness. The actual continuity in a structure alsosilica containing aggregates due to physical changes
allows a far higher redistribution of moments from in the crystalline structure at high temperatures. This
the ambient condition to the fire condition than is a surface effect and as such has little effect on the
the marginal difference between tabular data forstructural performance. Explosive spalling is
simply supported and continuous elements wouldcharacterised by large or small pieces of concrete
suggest. Equally there will be a three-dimensionalbeing violently expelled from the surface often
dispersion of loading which may not have beenexposing reinforcement thus reducing the load
completely utilised in the ambient condition, thus bearing capacity of the structure. Normal weight
enhancing load-carrying capacity. concrete is much more susceptible to spalling than
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light weight concrete. Spalling is associated with reinforcement. This is typically set out in tabular data in
differential expansion and thus can occur underdesign codes and some typical examples are given below
heating or cooling. The onset and amount of spallingcomparing values for BS 8110 Paft82and EC25,
will be influenced by the intensity of the fire, the type Those from EC2 are taken form the main code with no
of aggregate, size and shape of element and stressesdonsideration of the National Application Document.
which the element is subjected. The use of the simplified tables for Fire
The requirements for cover given in codes such aPerformance in BS 8118 is conservative as they
BS 8110 Part“®, have generally proved to be adequate make assumptions on the size of links or other
in practice for normal strength concretes to preventreinforcement by specifying cover to any
failure of concrete elements due to excessive spalling. reinforcement rather than cover to the main flexural
reinforcement given by the tables in Part 2. Some
4.2 Established practice economy may, therefore, be achieved if Part 2 of
For reinforced and prestressed concrete element8S 81168 is used.
within a structure there are two main considerations: With regard to tabular data two points should be
insulation and stability. The integrity of the concrete noted:
element is considered to be acceptable if thee The reliability of tabular data has not been
insulation and stability requirements are met. proved for high strength (performance) concretes
Knowledge of the fire resistance of concrete (f.. > 60 N/n?), and structures with this type of
elements is generally based on standard testing. In a concrete need to be assessed by calculation with
large number of furnace tests on fully loaded allowance for the potentially higher probability
reinforced concrete members, failure occurred when  of spalling.
the temperature in the reinforcement reached aroun® Tabular data for minimum dimensions for beams
500-550°C and for prestressed members 400-450°C. and slabs do not account for the loading and
From these tests the cover to the main reinforcement make only small adjustments for continuity. For
was considered to be the controlling factor. Only with beams, whether isolated or part of beam and slab
the advent of calculation methods was it realised that ~ construction, there is some flexibility on member
the controlling factor was the axis distance, i.e. the sizing by trading off increased cover against
distance from the fire exposed face to the centroid of  reduced web widths.
the reinforcing. This has been reflected in the
approach now used in EE2 Noting that EC25 4.2.1 Provisions for floors
specifies axis distances to the main reinforcing barsA comparison of the prescriptive provision for
for low standard fire periods (up to 90 minutes) thickness and cover to normal weight (dense) concrete
durability will be the design criterion for cover (or slabs in BS 8110 Part*® and EC25 is given in
axis distancé)® 48, Amethod for calculating average Table 4.1. The minimum required thickness and cover
axis distance is given in Section 4.2.5. both increase for longer fire resistance requirements,
The fire resistance of concrete elements is met byand whilst there are some differences between the
concrete width (in the case of beams, ribs, columns andalues stated in BS 8110 Part 2 and EC2, these are
walls), thickness (in the case of slabs) and cover to theenerally small.

Table 4.1 Minimum dimensions for RC slabs
Simply supported Continuous

Time BS 8110 Part 248 EC2 1992-1-245 BS 8110 Part 248 EC2 1992-1-245
(min) Thickness Cover Thickness | Axis distance | Thickness Cover Thickness | Axis distance

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
30 75 15 60 10 75 15 80 10
60 95 20 80 20 95 20 80 10
90 110 25 100 30 110 20 100 15
120 125 35 120 40 125 25 120 20
180 150 45 150 55 150 35 150 30
240 170 55 175 65 170 45 175 40
Note: The data for continuous slabs is taken from the table for ribbed slabs.
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For precast pre-stressed concrete floor slab4.2.4 Provisions for columns (fully exposed
units, there is potentially an additional problem not on four sides)
identified in ‘deemed to satisfy’ clauses in design Traditionally the most important factor has been
codes, namely loss of bond strength or shearcolumn section size with cover being less important.
capacity at the support. This is entirely due to theEC2*5 recognises that the load level should also be
prestressing tendons (or wires) being placed close tdaken into account, as this has a significant impact on
the soffit of the unit, therefore heating quickly and fire resistance.
losing strength fairly rapidly. In the absence of shear EC2 gives consistently smaller minimum
links the prestress contributes to the shear resistanceection dimensions than BS 8110 Pédfrt @ith the
which decreases due to loss in both prestress and thaifference increasing as the fire resistance
tensile strength of the concrete. The problem is onlyincreases. There is little difference between the
likely to be of importance for longer fire resistance covers and axis distances given the usual size of

periods and short spans. reinforcing bars in columns.
For this type of member spalling can be
4.2.2 Provisions for beams important and thus test d&faneed to be assessed

For simply supported beams E€2 provides  with some degree of caution.
a marginally more economic design as it will give A recent development has been to encase
slightly lower covers than BS 814® when the concrete columns in permanent formwork, which
steel diameter exceeds 20mm. For continuoushas the effect of providing containment to the
beams, EC2® has smaller minimum axis distances concrete and thereby enhancing its design
but higher values for minimum widths than compressive strength. The effect of this
BS 8110:2. containment has not been investigated under the
A comparison of the prescriptive provision for effects of fire, but the casing will rapidly lose
width and cover to normal weight (dense) beams instrength and any resultant enhancement to the
BS 8110 Part2® and EC2-5 is given in Table 4.2.  concrete strength will be lost. Although the level of
In both Codes trade off is allowed by increasing conservatism in the standard fire performance rules
the width and decreasing the cover or axishas not been quantified, it is probably necessary to

distance. base the load level on such columns using the
unenhanced concrete strength to determine the base
4.2.3 Provisions for walls load level.

There are no significant differences between

BS 81168 and EC25 for reinforced concrete walls 4.2.5 Determination of average axis
heated on one side except that at fire periods highedistance

than 180 mins, EC2 gives much higher effective A method of calculating the average axis distance
covers for similar thickness. For plain walls acting is given in a joint publication by the IStructE and the
as partitions EC2 specifies a much lower minimum Concrete Societ§'?. The average axis distanag, X
thickness, although in practical terms these minimumis determined by summing the product of the cross
thicknesses are likely to be exceeded at lowersectional area of each reinforcing bar and the

fire periods. minimum axis distance of the bar and dividing this, by
Table 4.2 Minimum dimensions for RC beams
Simply supported Continuous
Time BS 8110 Part 248 EC2 1992-1-245 BS 8110 Part 248 EC2 1992-1-245
(min) Thickness Cover Thickness | Axis distance | Thickness Cover Thickness Axis distance
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

30 80 20 80 25 80 20 80 12
60 120 30 120 40 80 20 120 25
90 150 40 150 55 120 35 150 35
120 200 50 200 65 150 50 220 45
180 240 70 240 80 200 60 380 60
240 280 80 280 90 240 70 480 70

IStructE Infroduction to the fire safety engineering of structures Chapter Four 31




the total area of the reinforcing bar. fire performanc&!’ provided there is adequate
continuity with properly detailed reinforcement to

Y Aa ensure such continuity can be mobilts&d
an = W Polypropylene fibres can be included in the
concrete mix to mitigate spalling and is essential in
where, high performance (strength) concrete.
A _ cross sectional area of tensile reinforcement,
wire or tendon 4.4 Eurocode Approach

a= axis distance, the distance between the exposedhe Eurocode describes a simple calculation method
surface of the member and the axis of the tensileto justify reducing the axis distance ‘a’ for beams and

reinforcement wire or tendon. slabs. It compares the maximum fire design moment
with the moment resistance accounting for the
Figure 4.6 illustrates the design method. reduction of strength in the reinforcement with

increasing temperature.

There is also a step by step procedure for
assessing the structural response of reinforced
concrete in fire by simple statics. The procedure
enables profiles of thermal strain to be calculated for
a particular cross-section and so describe the
behaviour under fire conditions.

ap,d3 =¢_ i EC2*5 also gives general guidance on the
asag  dgd7 appropriate approach to adopt when conducting
1 f f advanced heat transfer and mechanical response

Ay |- calculations. The methods should be based on the

acknowledged principles and assumptions of heat
transfer and structural ~mechanics. These
recommendations typically relate to finite element
modelling.

Fig 4.6 Determination of average axis

distance 4.5 Further engineering methods

For any structure where the fire load is low the move
4.3 Construction and Detailing to calculating equivalent fire resistance is likely to be
There are generally two issues that need raising: thdeneficial by demonstrating that axis distance (or
first concerns anchorage (and laps) and the second isover) or member thickness may be reduced below

spalling. the values required for normal ambient design.
For structures requiring a standard fire
4.3.1 Anchorage resistance of less than 90 minutes, there is little to

For flexural members where continuity is required in be gained by going outside guidance in this
the fire limit state, then laps and anchorage must belocument. For 120 minutes where there is
detailed to allow for the resultant shifts in the points continuity there may be a case for evaluating beam
of contraflexure towards the supports. This has mosior slab response. For cases where greater

impact on the top (or hogging) reinforcement. resistance is required then calculations for beams
and slabs may provide a more economic solution
4.3.2 Spalling for flexural reinforcement requirements. The case

Spalling is a complex process and is aggravated bywith columns is less clear as the analysis is more
excessive cover. The use of supplementary mesh tcomplex and must allow for redistribution of
control spalling may be recommended in designforces within the structural frame induced by the
codes, but in practice it can be difficult to fix at the effects of a fire. Calculation methods may be of
mid-depth of the cover where it is most effective. benefit where there is change of use (and fire

It should also be noted that for beams and slabsresistance) on an older structure in order to
severe spalling can still occur without unduly affecting reassess its performance.
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5 Steel and steel - concrete composite structures

Summary
e Steel loses strength and stiffness at high

5.1 Reaction of steel to fire
Steel loses strength when heated in a fire so, for many

temperatures and often needs to be protected to years, steel which is required to have fire resistance has

reduce the rate of heating.

e Steelwork can be protected with lightweight
materials such as intumescent paint, boards,
sprays and blankets, or with traditional
materials like concrete, or by partially shielding
it with other construction elements.

e Relatively simple structural calculations for
single elements enable fire resistance to be
calculated, often allowing reduced fire
protection.

e There are various levels of design guidance
given in the Eurocodéss3 which recognise
simple and advanced engineering methods.

e There have been significant advances in design
guidance for the three-dimensional behaviour of
whole frame structures in fire.
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Fig 5.1 Variation of effective steel strength with
temperature
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Fig 5.2 Thermal expansion of steel with increasing
temperature

been protected by insulation. At typically 500°C — 600°C
(higher if stresses are low) steel has reduced in strength
to the point where the reserve of strength, which
provides the factor of safety assumed for normal (cold)
design, has been lost (see Figure 5.1). As bare steel can
quickly reach these temperatures in a fire, the need to
provide some form of fire protection or allow for the
high temperatures in some other way, is clear.

Traditionally the most common fire protection
material was concrete. This has now been largely
replaced with lightweight proprietary materials. It is
not always necessary to use applied fire protection to
ensure the necessary fire resistance. Simple to use
methods have been developed and these are described
in later sections.

5.1.1 Mechanical properties of steel at high
temperature

The mechanical properties of steel, typically thermal
expansion, stress and strain all vary with increasing
temperature.

Thermal expansion

Thermal expansion is a measure of a material’s ability
to expand (or contract) in response to temperature
changes. The coefficient of thermal expansioris
defined as the expansion of a unit length of material
when its temperature is raised by 1°C. Figure 5.2
shows the influence of temperature on the coefficient
of thermal expansion for steel. The rate of thermal
expansion remains constant up to 700°C when there is
a temporary sudden change in behaviour. This is
caused by the phase transformation from pearlite to
austentite and a rearrangement of the crystal structure.
The shrinkage is about 15% of the expansion from
20-700°C. For design purposes an average thermal
expansion is assumed. For example, in the UK,
BS 5950 Part 8* assumes 14 x 10

Stress-strain relationships

Figure 5.3 shows stress-strain relationships for hot
rolled steel with increasing temperature. At ambient
temperature there is a well defined yield between the
elastic and plastic portions of the curve. With
increasing temperature this is lost, and the stress-
strain behaviour becomes highly non-linear, with both
strength and stiffness decreasing.
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At higher temperatures the concept of proof
stress is typically adopted (see Figure 5.4). When
calculating the structural performance of a steel
member to BS 5950 Part>8 proof stresses for
specific conditions are considered. The level depends
on whether the beam is acting compositely with a slab
or whether it has any applied protection.

The total strains induced in a structural element
during a fire are a combination of thermal and
mechanical strains. Thermal strains depend on the
temperature and thermal expansion of the material.

500 <
B %320
40| 24 100
S300| 24°C 430
= 480
2 200 540
& 100 600
0 ﬁ 650
| | | | | |
0 0.02 0.04 0.06 0.08 0.10 0.12
Strain

Mechanical strains are a result of applied loading or Fig 5.3 Stress-strain curves for typical hot rolled

restrained thermal movement.

steel at elevated temperatures

A bilinear representation of the stress-strain © Longmann Group Ltd 1993, reprinted by permission of Pearson Education Ltd

behaviour is used for design at ambient. The steel
behaves in a linear-elastic manner up to yield at
which point it is allowed to strain infinitely with
constant stress. In general a bi-linear model of steel
does not adequately represent the highly non-linear
relationship at higher temperatures.

Eurocode 32 (EC3) presents non-linear
relationships for steel stress-strain curves based or
reduction factors for steel stress-strain behaviour at
high temperatures. The curves include strain
hardening below 400°C.

5.1.2 Thermal properties of steel at high
temperature
The rate of heat transfer into a particular material is
dependent on three properties: thermal conductivity
(k), specific heat (c) and densitp)( Steel is an
exceptionally good conductor. At ambient
temperature, steel has a thermal conductivity of
54W/mK which decreases to half this value by
800°C. Beyond 800°C it remains constant (see Figure
5.5). EC32 assumes a constant value of 45W/mK.
At 20°C the specific heat of steel is about
450J/kgK increasing to 700J/kgK at around

Stress

Ultimate strength (20°C)

. 20°C
Yield strength (20°C)

1% proof strength (400°C) | B

Strain (%)

Fig 5.4 Stress strain curves for steel illustrating yield
strength and proof strength © John wiley & Sons Ltd
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600°C (EC32 assumes a constant of 600J/kgK). At Fig 5.5 Thermal conductivity of steel with increasing
730°C steel undergoes a chemical transformationtemperature

from ferrite-pearlite to austentite. This is associated
with a huge increase in specific heat, as shown in
Figure 5.6.

The density of steel is approximately 7850kg/m
decreasing slightly with increasing temperature.

5.1.3 The heating of steel

In order to better understand how fire protection
materials work and are specified some knowledge of
why different sizes and weights of steel section heat up
at different rates is important (see Figure 5.7). The
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increase in temperature of a steel beam or columrFig 5.6 Specific heat of steel with increasing temperature
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Fig 5.7 Heating rates of protected and unprotected steel
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Section factor = A/V where;
A = surface area of steel exposed to fire per unit length
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Fig 5.8 Concept of the Section Factor
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Fig 5.9 Techniques for three and four sided protection

depends on its section factor, defined as the ratio of the
exposed surface area to the volume of the member per
unit length, A/V (see Figure 5.8). In the UK the section
factor is defined as the ratio of the heated perimeter to
the cross-sectional area, Hp/A. However, this is exactly
equivalent to the Eurocode definition, A/V, which will
become the standard definition in the future.

A steel section with a large surface area (A) will
receive more heat than one with a smaller surface
area. Also, the greater the volume (V) of the section,
the greater is the heat sink. It follows therefore, that a
small, thick section will be slower to increase in
temperature than a large, thin one. The section factor
(A/V) thus provides a measure of the rate at which a
section will heat up in a fire — the higher the factor, the
faster the section will heat up.

The required thickness of fire protection will
depend on the section factor of the steel section and
the required fire resistance period — the higher the
section factor, the greater the required thickness. Fire
protection manufacturers present information on their
products in terms of the necessary thickness to protect
a steel section of a given section factor to provide a
given fire resistance. In the UK the ‘Yellow Boék’
provides this advice. This publication, produced by
the Association for Specialist Fire Protection, is based
on fire resistance testing to a critical steel temperature
of 550°C. Some manufacturers now test materials to
steel temperatures of 620°C.

5.2 Established practice

Fire resistance ratings of steel elements of
construction are derived from testing or calculation.
The international standard for fire resistance testing is
ISO 834-¢ and was discussed in Chapter 2.

5.2.1 Protected steel

Various generic and proprietary fire protection
systems are used to protect structural steelwork (see
Figure 5.9). Manufacturers and/or specialist
contractors offer comprehensive information on
characteristics of materials, test results, advice about
suitability for particular applications and installation
procedures. This is also discussed in Appendix A.

5.2.2 Partially protected steel

Some types of steel beam or column, notably those
where the steel is partially encased in concrete or
masonry, may be used without applied fire protection
and achieve up to 60 minutes fire resistance. Fully
exposed | or H steel sections can only achieve 30
minutes fire resistance in certain limited cases where
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the loading is low or the section is very large. Their
use is generally impractical. ——

The SCI publicationThe design of steel framed
buildings without applied fire protectié# describes
the engineering aspects of the use of unprotected stet
members in building frameworks to achieve up to
60 minutes fire resistance. In order to use the
published design information it will often be
necessary for the user to be familiar with simple
calculation methods. The guidance is normally based
either on the load ratio/limiting temperature method
or on the calculation of moment resistance.

=

a) Universal Column with plate welded
to beam

Composite construction
Unprotected downstand steel beams, acting —
compositely with the supported floor slab (see 4
Figure 5.10), will generally achieve 15 minutes fire
resistance. It is possible for the fire resistance of
unprotected downstand beams to be increasec
to 30 minutes, but this typically involves ‘over-
designing’ the section at other limit states so that it is
stressed to a lower level at the fire limit state.

b) Asymmetric steel beam

Shear studs

Concrete slab

e
Profiled steel decking
c) Rectangular hollow section with plate
Universal beam welded to bottom flange
Fig 5.10 Typical composite floor slab Fig 5.11 Types of slim floor beams

One method of increasing the fire resistance of ]
steel beams consists of incorporating the beams “ )
within the depth of the concrete floor slab. ¢
Slimfloor beams adopt this approach effectively
and act compositely with the supporting floor slab.
Some examples of slimfloor beams are shown in
Figure 5.11, which can readily achieve 60 minutes
fire resistance.

Another form of composite beam, which is
commonly used in continental Europe, consists of
infilling between the webs of the beam with reinforced
concrete (Figure 5.12). The fire design of this form of
construction is given in Eurocodé¥%(EC4) and up to
2 hours fire resistance can be obtained. For fire Fig 5.12 Partially encased composite beam

Reinforcing
bar

__l Links welded
to web
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resistance periods of 30 and 60 minutes it may beconsists of a column where the load carrying capacity
possible, depending on the load level, to useof the steel shell is minimised and the load carrying
unreinforced concrete. However, a light mesh is capacity of the concrete core is increased in the cold
recommended to control any risk of concrete spalling.design. This approach typically results in larger cross-
The concrete is usually placed before erection, withsections of columns compared with those designed for
connection areas left exposed and covered followingultimate and serviceability limit states where the steel
erection. If reinforcement is required, the links need toshell is protected with some passive material to
be welded to the steel beam or bars passed through thechieve the required fire resistance.

web to ensure composite action between the concrete  Another form of a composite column consists of
infill and steel beam. infilling between the webs of the column with
unreinforced or reinforced concrete (see Figure 5.13).

In-filed steel sections The design of the column with unreinforced concrete

A practical form of a composite column consists of a . . .
P P is covered by a SCI design guidewhere in a fire it

circular, square or rectangular steel hollow section. .
. . . . is assumed that the load is transferred from the steel
filled with unreinforced or reinforced concrete (see

. ection to the concrete by shear connectors and
Figure 5.13). These types of columns have a goo .
. . . . . welded plates. The SCI type of composite column can
inherent fire resistance, with the steel shell being left

) . ___achieve 60 minutes fire resistance and it is often used
unprotected for up to 2 hours fire resistance. In a fire. . .
n car parks because it also offers good impact

the load carried by the outer steel shell is redistributed . . .
esistance. The design of the steel column with

to the inner concrete core that remains cooler and . T
reinforced concrete infill is covered by EC4-332

loses strength and stiffness at a lower rate. : . . X .
S . . . _and, like the infill composite beams, is popular in
Considering this behaviour, the most economical .
continental Europe.

form of a composite column for fire resistance

5.2.3 Unprotected steel
There are many occasions when it is desirable to use
structural elements without applied fire protection.

For example:
e An exposed structure is part of the design
objective.

e It may be cost effective to design elements in
such a way that they are not fully exposed to fire
and require no additional protection.

e |t may be more reliable to design members so
they do not need fire protection as an alternative

Concrete filled Partially encased to an applied fire protection system, because an
steel section steel column applied system can be damaged or removed
(unreinforced) during the life of a building.

Design codes such as BS 5950 Paftshd EC3-1-22
contain simple calculation methods which are similar
to those which engineers are used to using at normal
temperature. The only difference is that lower partial
factors are used at ‘the fire limit state’ and the strength
of materials are reduced. Some methods involve little
more than the use of standard tabular data.

The simplest method is the load ratio and limiting
temperature method. A technique that is commonly
used for beams and floor slabs is to calculate the
Partially encased bending resistance at an elevated temperature. The

steel column calculation of bending resistance is the basis for
(reinforced) published design tables for many types of proprietary
beam and composite floor system.

Fig 5.13 Forms of composite columns

Chapter Five IStructE Infroduction to the fire safety engineering of structures




Partial factors Table 5.1 Partial factors on loads at
Partial factors on loads at the fire limit state are| ambient and the fire limit state
lower than for ambient temperature design; for

. Load Type Partial safety | Partial factor

example BS 5950 Parf-8assumes the values given s Y ) .
. factor at in the fire
in Table 5.1. i o

ambient limit state
Load ratio and limiting temperature Permanent
Because the strength of steel reduces with increasin| dead loads 1.4 1.0
temperature it follows that the load which a member| Non-permanent
can support will also reduce with increasing | imposed loads 1.6 0.8
temperature. For a member requiring fire protection,| Permanent - 0

the amount of protection required will reduce as the| imposed loads
applied load reduces and the failure temperature
increases. BS 5950 Paf“Buses the concept of load

: . P taken from the ‘Yellow Book'5, no check of load
ratio as a measure of the applied load that a member

can resist at the time of a fire. For different types of ratio and limiting temperature are required.
. yp . Table 5.2 is an extract from BS 5950 Pé&rt. gt
member (beam, column etc) the load ratio will

. Lo lists the limiting temperature for various types of steel
correspond to a failure, or limiting temperature. The . . .
o ) construction against load ratio.
load ratio is defined as:

Composite floor slabs

Load ratio = Load or moment at time of fire Composite floor slabs (see Figure 5.10) comprising
Member strength &20°C profiled steel deck, concrete and mesh reinforcement

have a good inherent fire resistance, without the need to
The load ratio is a useful concept because it allowsprotect the steel deck. In a fire the reduced design loads
different size elements to be considered in the sameare assumed to be mainly resisted by the mesh or any
way. A 200mm deep beam will fail at approximately additional reinforcement, placed in the concrete slab,
the same temperature as a 400mm deep beam if theyith the exposed steel deck being largely sacrificial.
are both working at the same load ratio. In practical In the UK, most composite floor slabs are designed
designs the load ratio will vary from 0.45 to 0.55. Load for fire using either the ‘Simplified Method’, or the ‘Fire
ratios much higher than 0.6 are very rare although theEngineering Method’ as explained in the SCI Publication
maximum value could be as high as 0.7 for an elemen656-?. The ‘Simplified Method’, which can be used for
carrying purely the dead weight of the structure. Inup to 2 hours fire resistance, is predominately based on
most practical situations, the load ratio will not exceedtest results with the mesh reinforcement carrying the
0.6 and, if the thicknesses of fire protection is beingload during the fire. The method specifies limits on the

Table 5.2 Limiting temperatures for various forms of construction in terms of load ratio from BS 5950 Part 854

Description of member Limiting femperature (°C) at a load rafio of:
Loading type Case 0.7 0.6 0.5 0.4 0.3 0.2
Members in compression, uniform | ¢ oo ratio < 70 510 | 540 | 580 | 615 | 655 | 710
heating on all faces; braced
members in simple construction Slenderness rafio > 70 but < 180 460 510 | 545 | 590 | 635 635
Members in bending, Unprotected members, or
supporting concrete or protected members complying 590 620 650 480 725 780
composite deck floors with clause 2.3 (a) or (b)
Other protected members 540 585 | 625 | 655 | 700 745
Members in bending, not Unprotected members, or
supporting concrete floors protected members complying 520 555 | 585 | 620 | 660 715
with clause 2.3 (a) or (b)
Other protected members 460 510 | 545 | 590 | 635 | 690
Members in tension All cases 460 510 | 545 | 590 | 635 690

Note: clause 2.3 (a) or (b) refers to BS 5950 Part 8 and relates to the maximum strain level of the
protection material verified in a standard furnace test.
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overall thickness of the slab, thickness of the steel decktemperature’. This is equivalent to the load ratio
size and position of mesh reinforcement, and maximumconcept in BS 5950 Part-§
allowable design load. In addition the method is only The heat transfer to unprotected and protected
valid for slabs that are continuous over at least two spanssteel can be calculated using the equations in EC3.
If the composite slab is outside the limitations These are simple lumped mass heat transfer
imposed by the ‘Simplified Method’, the ‘Fire models. Input data includes the thermal properties
Engineering Method’ can be used which consists ofdiscussed in Section 5.1.2 and the appropriate
placing additional reinforcement bars in the ribs of the ‘section factor’ introduced in Section 5.1.3. The
slab and over supports. The method involves calculatingposition of the steel member is taken into account
the temperatures through the cross-section of the slaligy calculating a resultant emissivity value which
followed by a plastic analysis that allows for the reducedhas values in the range 0.3-0.7. An emissivity of 0.7
strength of the reinforcing bars and concrete due tds associated with a member totally engulfed in
elevated temperatures. Any contribution from the steelflames and 0.3 relates to a member which is remote
deck is ignored in the design, due to its high temperaturédrom direct fire exposure.
and observed behaviour in fire where the deck debonds
from the concrete. 5.3.2 Heat fransfer to external steelwork
Deep decks, with the steel deck typically 210mm to Where steelwork is placed on the outside of buildings,
225mm deep, are generally used with slim floor beamsEC3-2 allows heat transfer calculations developed by
(see Figure 5.11). The resulting composite floor, which isLaw and O’ Brie'? to assess the need for fire
assumed to be simply-supported between beams, iprotection. The calculations are based on steady state
designed in fire using the ‘Fire Engineering Method'. fire conditions and consider:
Reinforcing bars of 16, 20 or 25mm are placed in the ribse  Radiative heat flux from the fire compartment
of the slab and any contribution from the steel deck ise Radiative and convective heat flux from the

ignored in the design. external flames through the windows
e Radiative and convective heat loss from the
5.3 Eurocode approach steelwork to the ambient surroundings

Eurocode 32 (EC3) recognises standard fire e Size and location of the structural steelwork
resistance testing as a means of assessing the Through draught conditions.

structural behaviour of a steel element in fire design

but also allows consideration of natural design firesIn the USAthe same calculations are adopted but they

and three levels of structural analysis: do not consider through draught conditibh's

e Single member analysis Through draught conditions change the shape of the
e Analysis of portions of the structure external flame assumed in the design. With no
e Global structural analysis through draught the flames will hug the fagade above

the window, whilst with a through draught the flames

Structural analysis is based on load bearing functionwill project diagonally straight out of the window.
The effect of actions on the structure should be less
than the design resistance of the member. The desigh.4 Further engineering methods
resistance of a steel section is calculated at time, tRelatively simple further engineering methods are
taking account of the temperature distribution in the available to determine the fire resistance of steel. The
cross-section and the appropriate reduction in yieldsimplest of these is the moment capacity method for
strength with temperature. beams. If, at the fire limit state, the temperature

In terms of fire protection EG3 recognises the distribution across a beam is known, the moment
benefits of shielding and states that resistance of the beam can be calculated. However,
any method which limits the temperature rise of themost engineers will not have access to such
steel can be used e.g. water filling or partial temperature data and cannot therefore use the method.

protection. Design tables and software, published by organisations
such as The Steel Construction Institute, are often
5.3.1 Simple calculation models based on the method. In these cases the temperature

EC32 allows design to a limiting temperature based distribution is normally obtained from fire tests
on a utilisation factor being the ratio of the ‘design supplemented by thermal analysis. For some types of
effect of actions’ to ‘design resistance at ambientcomposite beam, EC4-2-2, gives rules to obtain the
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temperature distribution and guidance on calculating5.4 BS 5950: Structural use of steelwork in building

the moment resistance. Part 8: Code of practice for fire resistant design
Further steps in using steel in interesting ways in British Standards Institution, London, 1990.

fire are based on more detailed use of the availablés.5 Association for Specialist Fire Protectidfire

design codes, fire safety engineering codes and design protection for structural steel in building&nd

guides published by organisations such as The Steel edn. SCI Pubn 13. Steel Construction Institute,

Construction Institute, BRE (Building Research Ascot, 1992.

Establishment) and Corus. Generally two approaches ar8.6 International Organization for Standardization.
possible — structural design, and fire design. In the ISO 834 Fire resistance tests. Elements of
former the structure is designed at the fire limit state to Building Constructionl|SO, Geneva, 1975.

resist applied loads and heating, whilst a fire design5.7 Bailey, C G, Newman, G M, and Simms, W |.
approach uses fire safety techniques and codes such as  The design of steel framed buildings without

EC1-2-21, to determine the design fire to which the applied fire protection SCI Pubn 186. Steel
structure is subjected. The design fire will normally be Construction Institute, Ascot, 1999.

less severe than the standard fire, and it may be possib®8 Newman, G M.The Fire resistance of web
to reduce the fire protection provisions. The two infilled steel columnsSCI Pubn 124. The Steel

approaches, structural design and fire design are often Construction Institute, Ascot. 1992.
used in tandem. Analytical calculations which allow 5.9 Newman, G MThe fire resistance of composite
designers to combine structural design with fire design floors with steel decking 2nd Edition.
can be found in a number of referericés-17. SCI Pubn 56. The Steel Construction Institute,

As a direct result of the BRE Cardington tests a new Ascot. 1991.
design guide has been produced by SCI enfiiledsafe  5.10 Law, M and O’Brien, T.Fire safety of bare
design — a new approach to multi-storey framed external steelThe Steel Construction Institute,
buildings (P288)8. It enables secondary steel beams to 1986.
be left unprotected by capturing the enhanced strength 05.11 American Iron and Steel InstitutBire safe
slabs at large deflections as a result of tensile membrane  structural steel. A design guideAlSl,
action. The basic method is presented as a series of tables ~ Washington DC, 1977.
and is applicable to structures of similar construction to5.12 Competitive steel buildings through the
Cardington i.e. non-sway frames with composite steel natural fire safety concepFinal report No. 32.
decks. The method relies on composite action between CEC agreement 7210-SA/125, 126, 213, 214,
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6 Timber structures

Summary

e Timber is a combustible material — the rate of
combustion depending on the ratio of surface
area to volume, timber density and moisture
content.

e Density varies greatly from species to species

6.1 Reaction of timber to fire

Timber and wood-based materials consist mainly of
cellulose and lignin, which themselves are formed
from carbon, hydrogen and oxydgen They are
therefore combustible, and it is almost impossible to
make them totally non-combustible. However,

and as a result each species responds differently complete incombustibility is only necessary in rare

to fire.

cases. In general, timber and wood-based panel

e The presence of fissures accelerates fire growth products behave in a very predictable manner in

because they increase the surface area.

e The natural chemical process of charring
provides an insulating layer and protects the
unexposed cross-section of timber below the
char layer.

e Fire retardants are available to reduce the
surface spread of flame but they are not fire
resisting.

e There are simple design solutions for timber in
fire, treating uncharred timber as ‘cold’.

e More sophisticated methods of design also exist
providing greater accuracy and more economic
solutions.

e Careful consideration has to be given to
connection and detailing to achieve fire
resistance especially with modern factory fitted
interlocking connections.

e Further engineering methods for fire resistance
consider temperature and moisture content at
any point in the cross section taking into
account material degradation with increasing
temperature.
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Fig 6.1 Relationship between density (p) and
rate of combustion (RC)

© Cenfrum Hout Almere Netherlands

fire. Procedures, codes and standards are well
established for their design and specification under
fire loading conditions.

6.1.1 Effect of density on fire performance

The time taken for wood to ignite and for
combustion to spread is primarily dependent upon its
density (see Figure 6.1). Density is one of the most
fundamental characteristics of wood, varying
significantly according to the botanical order, class,
family, genus and even species of the tree from
which the timber is producéd. Thus, different
species, and the various wood composite types that
are produced from them, vary considerably in their
behaviour under the influence of fireé-4. Broadly,

the higher the density, the slower the combustion
rate. This effect has been well known, at least
empirically, for centuries. In the early days of
underground railway development, for example, it
was soon realised that dense hardwoods such as
Jarrah Eucalyptus marginajawere ideal for use as
sleepers in tunnels because of their slow charring
response to hot tinders.

It was also known empirically that there is a
varying propensity of different species of an
approximately similar weight to ‘catch fire’ and
subsequently burn. This is due to the varying natural
chemical contents of the wood (volatiles, extractives
etc.) according to species, but is masked by the over-
riding significance of density itself.

6.1.2 Influence of hygroscopicity and
moisture content on fire performance
Hygroscopicity — the affinity of wood to water, both at
the molecular and at higher levels — is another
fundamental property of wood and of the timber and
other products that are derived from it. Moisture
content has a profound influence on all aspects of
physical and mechanical performance, including
behaviour in fire.
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6.1.3 Effect of shape and fabrication of
timber on fire performance

Combustibility is dependent not only upon the
inherent material, but also upon the surface-to-volume
ratio of the specimen or element. The greater the
combustibility rating, the more easily ignition starts,
and the faster flames spread. This is easily imaginec
by considering the rate of combustion of a sheet of
paper, compared with that of a match, of
approximately equal mass and moisture content.

In timber structural elements, sharp corners and
coarse surfaces enlarge this surface-to-volume ratio
and result in less favourable fire behaviour. Fissures
(the generic term for all forms of crack, shake and Il fire protective cladding
split in timber) also exacerbate the effects of fire, by
causing larger surface-to-volume ratios. Hence, forFig 6.2 Beams and columns before and after the exposure
example, the fire performance of glulam, Laminated to fire on three or four sides © Centrum Hout Almere Netherlands
Veneer Lumber (LVL) and other structural timber
compositess, tends to be better than that of solid
sawn timber, which is more liable to fissuring. LVL,
which is a laminated structural composite made from
bonded veneers, and other modern composite timbe
elements of a similar type, are described and
discussed in reference 6.5. Urea, resorcinol and
melamine adhesives tend to ensure good performancs
having very thin bond lines that are generally treated
as equivalent to the parent material. Epoxy based
adhesives behave less well, but are generally installe
in situations where there is considerable surrounding
sacrificial timber.

[] remaining cross section

[ charred timber

6.1.4 Charring depths
Charring is a favourable phenomenon that isjk
fundamental to understanding the behaviour of timbe
structures in fire3, The effective remaining depths
(beneath the insulating charred layer) for memberg
exposed to fire, are calculated by means of the
charring rate. Simple calculations assume a linea
relationship between the charring advance and timef
with the latter calculated directly from the time of T
exposure to the fire. ﬂm
Referring to Figure 6.2, central sections are ._.',
insulated from the heat by the outer, exposed layers}
which convert to charcoal and are gradually Fig 6.3 Globe Theatre, London, UK — an example of a
consumed. Central, or ‘residual’ sections are timber building where the large timbers provided the
relatively unaffected by fire. In simple methods of necessary fire resistance without any additional fire
design, they are treated as effectively the same as thprotection. © Buro Happold
‘cold’ material. In Figure 6.2, fire barrier materials
e.g. gypsum plasterboard, are shown. Provided these The Globe Theatre is an example of a timber
are satisfactorily constructed, they alter the pattern ofouilding where the large dense timbers provided the
exposure and consequent charring, as suggested imecessary fire resistance without any additional fire
Figure 6.2. protection (see Figure 6.3).

e I
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6.1.5 Use of fire retardant 6.2 Established practice

Fire retardant can be used to improve the surfacelhree levels of calculation method are available,
spread of flame characteristics, with impregnation and are recognised by both Eurocoéé @&C5) and
methods being preferable unless maintenance o8BS 52687. Detailed application rules are given for
surface treatments can be provided. The retardanthe first two. In increasing order of complexity,
does not improve the fire resistance, because evethese methods are:

though the timber is relatively non-combustible the 1  Effective cross section method

timber will still char in the event of a fully developed 2 Reduced strength and stiffness method

fire. Some retardant processes may have an advers2 General calculation methods

effect on normal cold strength properties however

responsible manufacturers will advise on this. The effective cross-section method and the reduced
| strength and stiffness method are useful to obtain
i approximate results for fire resistance. They may
! well be sufficient to avoid costly full-scale testing.

I Neither method is adequate if the fire resistance
i period needs to be calculated very precisely, or if
I second order effects, such as reductions in element
i stiffness leading to significant short-term local

! instability risks, are not negligible.

I For timber elements covered by combustible
I

I

I

I

I

|

I

panel or diaphragm materials, such as laminated
decking, that are to be included in calculations, more
advanced design procedures, possibly supported by
testing, are likely to be called fé#.

6.2.1 Temperature profiles

The temperature at an actual char-line in softwood
timber is typically about 300°C. The char-line
temperature relating to the elementary expression:

dehar half the width of
residual section

Fig 6.4 Temperature profile for heating on one side where d. =
the width of residual section is greater than the distance char
required for the temperature to fall to ambient.

© Cenfrum Hout Almere Netherlands

Byt

is approximately 200°C where:

d,or = depth of char (mm)
[}, = charring rate (subscript O indicates base case)
t  =time (min)

For a fire exposure of more than 20 minutes, ambient
temperatures are reached at a distance below the char-
line which remain constant for the remaining
exposure time (see Figure 6.4). This distance is about
30mm beneath the actual char-line, and for the char-
line computed with

char dchar = Bot

width of residual section

| it is about 25mm. Gradients are modified when thin
cross-sections are used, and when fire exposure

Fig 6.5 Temperature profile for heating on one side where occurs on two opposing faces of the element (see

the width of residual section is less than the distance Figure 6.5).

required for the temperatures to fall to ambient.

© Cenfrum Hout Almere Netherlands
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6.2.2 Effective cross section calculation
method

With the effective cross section method, the time of
fire resistance depends upon the load bearing
capacity of the un-charred remaining cross-section. It
is necessary to calculate the effective cross-sectior
(see Figure 6.6) using an elementary expression o
the form:

deff: dchar+ I(0 dO

d

char

etf

[ remaining cross section
B8 charred timber
Bl fire protective cladding

Fig 6.6 Effective cross section when heated
where the constantd, is obtained from on three sides © Centrum Hout Aimere Netherlands
test calibrations and experience. A simple
explanation of its basis is given by Ha#l The To improve productivity and quality, factory-
coefficient k, is obtained from tables in E€5 fitted interlocking connections are becoming more
It depends upon factors such as the protectionpopular. In designing and assessing these, and other
or otherwise of the surfaces affected by the fire,innovations that are intended to speed up fabrication
and the duration of resistance required.and assembly, attention should be paid to the almost
Representative values of variable mechanicalfortuitous protection offered by the better
actions, accounting for the accidental designestablished methods. Additional fire protection may
situation of fire exposure, should be introduced in be required, where the ‘traditional’ overlapping of

accordance with Eurocodé-Q protective layers and linings such as gypsum board
may not occur.

6.2.3 Reduced strength and sfiffness The fire resistance of exposed connections may

method need to be calculated. There are well-established

This method is also derived from research and testinglesign procedures and details, such as steel
of temperature profiles in timber. The approach connecting plates buried within the timber elements
resulting in the application rules was to carry out themselves (see Figure 6.7 and 6.8). These are held by
integration of temperatures within the profiles, giving tightly fitted steel dowels, whose heads may, if
averages that can be used in calculations. The loadecessary, be protected by plugs of wood or wood-
carrying capacity is calculated for the residual cross-based materials. These can be designed to provide
section in a similar manner to the Effective cross- effective cover, using the standard timber engineering
section method. The method can therefore be regardefire design principles. An introduction to ways of
simply as a slightly more precise version of the above.achieving fire resistance of such connections is
Due to an almost linear relationship between described by Harf12,
temperature, strength and stiffness properties, a
expression was found in which the reduction factor
can be calculated as a function of the perimeter of the
fire-exposed cross sectiop)(and the area of the
residual cross section (Ar).

6.3 Construction and detailing
In lightweight timber frame construction such as that
of the platform frame typ€?, structural connections
(using typically nails, bolts or timber connectors such
as split rings and shear plates) tend to be fully
protected by the normal lining materials and frame
assembly systems. Full sized building tests
employing real fires in lightweight multi-occupancy
medium rise constructién! have confirmed that fire ~ Fig 6.7 Sibelius Hall, Lahti Finland - junction detail of roof
protection does indeed exist at all of the conventionalparasol beams to column tops in balcony area of atrium -
panel junctions which are normally used in this type connection steel work is entirely embedded within glulam
of building. to provide fire protection. © c.J.Mettem, TRADA Technology
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The fire resistance of the unprotected connection,  Another recent technology being applied by
determined through a table of values that depend upotimber engineers for very large structures, including
fastener type and geometry, is modified (improved)Olympic stadia and bridges, is bonded-in steel rod
using an expression that depends upon the charringonnection&'3. Because of the deep embedment of
rate of the plugs or cover material. Guidance isthe rod-like fastening devices within the structure,
provided on the length of protective plugs needed,these have excellent fire resistance, although
other fixings, and on geometry. As mentioned above,demonstration testing of this capability is at present
connections with inserted steel plates are a commorsomewhat limiteél'4. Restoration and upgrading
technique in timber engineering for larger structures.applications are another application of these bonded-
Protected connection design methods for these arén rod techniques, and some full-sized fire resistance
also provided in the Eurocode and its supportingtesting has also been undertaken in this cohtéxt
documents. These methods generally rely on bonded- It should also be pointed out that not all of the
in metalwork or adhesively fastened edge strips orproblems related to fire resistance are calculable. Fire
other fire-resistant or sacrificial covers, placed overtesting remains an important approach in relation to
the slits that are provided for the inserted plates. structural floor and wall design for domestic and

medium-scale structures.
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Fig 6.9 Variation of K 4 with p/A

© Centrum Hout Almere Netherlands
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fi = strength value for tension
fm = strength value for bending

0.2 fe = strength value for compression
E = modulus of elasticity
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Fig 6.8 Sibelius Hall, Lahti Finland — view of atfrium, ticketing
and enquiries desks from gallery — note integrated
restored brick building to rear and vertical wind girders Fig 6.10 Temperature dependent strength
supporting glazing to right — these incorporate embedded and stiffness properties
fire resistant flitched steelwork connections. © Centrum Hout Almere Netherlands

© C.J.Metftem, TRADA Technology
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6.4 Further engineering methods 6.5 Mettem, C J, Gordon, J A and Bedding, B.
Only a brief introduction to general calculation Structural timber composite®esign Guide 1.
methods is provided here. However more advanced TRADA, High Wycombe, 1996.

approaches take into account the temperature and.6 DD ENV 1995-1-2: Eurocode 5: Design of
moisture content at any point in the cross section. timber structures. Part 1.2 General rules for
Also, the relationship between strength and stiffness structural fire design British Standards
properties and temperature and moisture content are Institution, London, 2000.

employed. Therefore, an increase in the amount of6.7 BS 5268: Part 4: Fire resistance of timber

design work is inevitable. However, such complex structures, recommendations for calculating
methods lead to more economical forms of fire resistance of timber member8British
construction. They are also required, alongside Standards Institution, London, 1978.
techniques such as fire modelling, to derive designé.8 Hartl, H. Timber frame houses — Fire resistance.
principles and application rules for innovative In Blass, H J et allimber engineering STER, 2
elements, connections and components. STEP lecture E12. Centrum Hout, Almere, The
For load-carrying (strength) verification, the Netherlands, 1995.
design strength and stiffness values are determined.9 BS EN 1990: 2002. Eurocode. Basis of
using k.4 coefficients, in a very similar format to structural designBritish Standards Institution,

standard design, where comparable expressions are  London, 2002.
applied for load duration, for example. Another 6.10 Hartl, H. Fire resistance of timber members. In

k coefficient is included to adjust cold material Blass, H J et alTimber engineering STEP. 1
properties to equivalent mean values, because lesser  STEP lecture B17. Centrum Hout, Almere, The
reliability is demanded during what is regarded Netherlands, 1995.
broadly as an accident emergency period for the6.11 Mettem, C J, Bainbridge, R J, Pitts, G C and
structure. The reducing factor k ; takes a value Enjily, V. Timber frame construction for
reflecting the influence of temperature and moisture medium-rise  buildings. Progress in
content on strength and stiffness in the case of fire Structural Engineering and Materiald (3)
(see Figures 6.9, 6.10). 1998 p253-262.

For deflections (serviceability limit states) the 6.12 Hartl, H. Fire resistance of joints. In Blass, H J
stiffness values are derived from the mean moduli et al. Timber Engineering STEP. 1Centrum

given in standard design properties tables, using a Hout, Almere, The Netherlands, 1995.
similar approach to the above. Criteria for .13 Bainbridge, R J and Mettem, C J. Bonded-in

deformation limitations are far more liberal than with rods for timber structures: a versatile method for
standard cold design, again reflecting the accidental achievement of structural connectioriBhe
and relatively transient nature of fire safety assurance Structural Engineer77 (15), 1999, p24-27.
in general. 6.14 Kangas, JCapacity, fire resistance and gluing
pattern of the rods in v-connection€IB-W
References 18/33-7-10 International Council for Research
6.1 Desh, HE, Rev. and Dinwoodie, J Mmber its and Innovation in Building and Construction,
structure, properties and utilisatioroth edn. Working Commission W18 — Timber Structures,
Macmillan, London, 1981. Meeting Thirty-Three, Delft, Netherlands,
6.2 Anon.\Wbod — decorative and practicaiVood August 2000.
Information Sheet 2/3-6, TRADA. High 6.15 Mettem, C J, Page, A V and Robinson, G C.
Wycombe, 1999. Repair of structural timbers — Part 1 Fire
6.3 Hartl, H. Behaviour of timber and wood-based resistant repairsResearch Report RR 1/93 Pt2,
materials in fire: STEP lecture A13. In: Blass, H TRADA, 1993.

J et al.Timber engineering STEP, Lentrum
Hout, Almere, The Netherlands, 1995.

6.4 Kollmann, F F P and Coté, W Rrinciples of
wood science and technology. Volume 1. Solid
Wood Springer, Berlin, 1968.
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7 Masonry structures

Summary

Historically, substantial masonry walls have
been shown to have excellent performance in
fire and they were one of the original codified
measures.

The thermal and mechanical properties of a
particular type of masonry are dependent on the
material of the masonry units and the mortar.
Thermal gradients through the depth of a
masonry wall can result in deflection of the wall
towards the fire, giving rise to eccentric loading
and additional stresses.

If the extent of the wall deflection is less than
the wall thickness the resulting eccentricity is
unlikely to promote failure.

There is very little research into the effect of fire
on masonry; therefore design is based on testing
and real fire experience (historical
performance) and information is very often in
tabular form.

i i e . LY

Fig 7.1 Historically, substantial masonry walls
have provided a good performance in fire
© Tim Graham Photo Library

Chapter Seven

7.1 Reaction of masonry to fire

Masonry is defined as an assemblage of masonry
units laid in a specified bond pattern and jointed with
mortar; predominantly of single-leaf or cavity
construction. The masonry units covered are bricks or
blocks of fired brickearth, clay or shale, calcium
silicate, dense and lightweight aggregate concrete,
autoclaved aerated concrete or manufactured stone.
Natural stone units are not included.

Masonry units and the mortar used to build
masonry walls are non-combustible (see Figure 7.1).
As passive materials they are Class 0 spread of flame.
Following initial drying out after construction walls
will generally contain moisture with the amount
varying with ambient conditions. Some of this water
is chemically bonded to the constituent materials,
whilst the remainder is located in pores of the
material, as liquid or vapour, known as ‘free water’.
Both components of the moisture content move in
response to applied high temperatures, and affect heat
transfer through the material and thus the insulation
performance of walls.

The behaviour of walls in fire is affected by the
temperature distribution and the thermal stresses in the
wall. In a fire, masonry walls are predominantly
subjected to heating on one face, giving rise to a thermal
gradient through the thickness of the wall. For low
thermal conductivity materials such as masonry, the
temperature distribution through the wall will be non-
linear and thermal stresses will be induced. The thermal
gradient leads to deflection of the wall towards the fire
resulting in further stresses due to the eccentricity of the
load. This is illustrated in Figure 7.2. As long as the
extent of deflection is less than the wall thickness, the
resulting eccentricity, whilst imposing higher
compressive stresses, is unlikely to promote failure.

In general, for a given material type, fire
resistance increases with:

e thickness

e thermal resistance of the body material

e absorbed or combined water content

e any non-combustible applied finishes, especially
insulating plasters and renders.

7.2 Established practice

Walls in a building may be required to act as structural
support to transfer vertical or horizontal forces or may
act as barriers to a fire in order to restrict its spread
and minimize damage. The ability of a wall to

IStructE Infroduction to the fire safety engineering of structures




perform these functions in the fire condition is termed
its fire resistance.

Fire resistance of masonry is always based on
tests carried out on the element (i.e. brickwork or
blockwork walls, columns etc). There are no
provisions for individual masonry units or for the
bonding mortar.

Taking the UK as an example, current assessmen
of the performance of masonry walls is based on

!
lTension
(+)

AN
N

Direct and flexural
stress resulting
from axial force
and horizontal
displacement

due to thermal

either: curvature (:)
a) a specific result obtained to determine the
performance of a particular wall construction in
accordance with the requirements of BS74 &
b)  the use of tables which detail the fire resistance “
of various walls and forms of construction
which can be used to satisfy design
requirements. These tables are based on wal gy ess due to (+)
test results from standard fire tests carried out non-linear
over a period in excess of 50 years. g;setr:;ilﬁon N
through wall \/

The Approved Document B to the Building

Regulations provides practical guidance on meeting the

fire safety requirements, and contains details intended t Resultant

cover some of the more common building situations, gess
while at the same time allowing alternative ways of distribution
demonstrating compliance with the appropriate
requirements. Appendix A of the Approved Documeént

draws attention to the fact that any test evidence used t

substantiate the fire resistance rating of a constructior,

should be carefully checked to ensure that it Fig 7.2 Resultant stress distribution in walls due fo an

demonstrates compliance adequate and applicable to thexternal axial load and induced thermal stresses

intended use. Small differences in detail, such as fixing

methods, joints, dimensions, may significantly affect The approach used by the three documents

performance. For example the use of polypropylene wallreferred to in the left hand column is described in

ties, which are likely to be destroyed during fire will the following sections to illustrate the use of the

have an impact on the assessrent different tables.

The tables list the minimum thickness of walls, of

various types of construction, required in order to7.2.1 BS 5628 Part 3: 2001 Approach

provide a stated fire resistance period, ranging fromTable 15 of BS 5628 Par{-3gives fire resistances of

30 minutes up to 6 hours. Tables are detailed in:-  walls for various types of construction. Other forms of

e BS 5628 Part 3: 200%. Code of practice for use construction may be used, if evidence of satisfactory
of masonry, Part 3: Materials and components,performance in use, based on the results of standard
design and workmanship. fire resistance tests, is produced. Data is provided for:

e Part Il of the Building Research Establishment e Loadbearing single-leaf walls (section A)

Report Guidelines for the construction of fire e Non-loadbearing single-leaf walls (section B)
resisting structural element8R128, BRE 1988, e Loadbearing cavity walls (section C)
Authors Morris W.A., Read R.E.H., Cooke e Non-loadbearing cavity walls (section D)
G.M.E75.

e Eurocode 6Design of masonry structures,
Part 1-2, General Rules — Structural Fire Design
together with the related UK National
Application Documerité.

(=) A

A T Compression

\-/ l Tension

The fire resistance period given is the time from
commencement of the tests laid down in BS7476
until failure first occurs under any one of the listed
criteria — stability, integrity and insulation.
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Non-loadbearing walls are assumed to carry onlyshould therefore be exercised when designing walls in
their own weight and be provided with suitable edge excess of this height. The draft Eurocode provides
restraint. Loadbearing walls may carry any load assome slenderness ratio limitations for loadbearing and
determined by the relevant design codes.non-loadbearing walls.

Interpolation, between A and B, or between C and D Data is provided for walls without a finish, or with
is not permitted. surface finishes — vermiculite gypsum, (designated VG)

A typical table extracted from Table 15 of or sand gypsum (SC/SG, with or without lime). The
BS 56284, covering loadbearing single-leaf walls, latter two are deemed to provide an equivalent
is reproduced in Table 7.1, and indicates the masonryperformance, and both may be substituted by an
materials and unit types covered. equivalent thickness of plasterboard for fire resistance

Table 15 of BS 5628 states no limit on the wall periods up to 2 hours. Finishes should be not less than
height. However, the test procedure in BS 7476 13mm plaster or rendering on each face of a single-leaf
requires specimens to be 3m in height, and carewall and on the exposed faces of a cavity wall.

Table 7.1 Exiract from Table 15 of BS 562874 - Fire resistance of loadbearing single-leaf walls.

Minimum thickness of masonry
Material Masonry Finish for period of fire resistance (mm)

unit type
6h 4 h 3h 2h 70 €0 30

min | min min

(A) Loadbearing single-leaf walls

Fired, Brick Solid brick None 200 | 170 170 | 100 100 90 90
brick-earth, VG 170 | 100 100 | %0 90 90 90
clay or shale Not less than None or
75% solid, SC/SG - 200 | 200 | 170 170 | 170 | 100
e.g. perforated | VG 200 | 170 170 | 170 100 | 100 90
Not less than SC/SG - - - 215 215 | 215 215
50% solid VG - 215 | 215 | 215 215 | 215 | 215
Not less than None or _ 3 _ _ N 215 215
40% solid SC/SG
Block Two cells not less SC/SG B B 3 100 100 | 100 100
(outer-web than 50% solid
not less than | Three cells SC/SG ~ | 150 | 150 | 150 | 150 | 150 | 150
13mm thick) | 60% solid
Concrete or Brick Solid brick None 200 | 190 190 | 100 100 90 90
calcium silicate VG 200 | 100 100 90 90 90 90
Concrete, class 1 Block Solid brick None 150 | 150 140 | 100 100 90 90
aggregate VG 150 | 100 100 90 90 90 90
Other None - | - | - 100 | 100 | 100 | 90
e.g. hollow
Concrete, class 2 Block Solid brick None or SC/SG| - - - 100 100 90 90
aggregate VG - 100 100 90 90 90 90
Other, SC/SG - - - - - - 190
e.g. hollow VG - - - 200 200 | 190 | 190
Aerated concrete,| Block Solid brick None 215 180 140 | 100 100 90 90
density 480kg/m? VG 180 | 150 | 100 | 100 | 90 | 90 | 90

to 1200kg/m3

Note: Data is provided for walls without a finish, or with surface finishes — vermiculite gypsum, (designated VG) or sand
gypsum (SC/SG, with or without lime).
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For solid walls the thickness is the sum of of masonry walls in Tables 1-3 (of BR128).
the work sizes of two units together with the work size Although presented in a different manner, the fire
of the joint between them. BS 3971 defines resistance data provided is equivalent to that given in
‘work size’ as the size of a brick (or unit) specified BS 5628 Part 3*.

for its manufacture, to which its actual size Tables 1-3 of BR12® detail the information for
should conform within specified permissible masonry walls, and includes data for reinforced and
deviations. unreinforced concrete walls. Other tables relate to

Where the fire resistance of a loadbearing cavityframed internal and external walls. Table 1 of BR128
wall is more than 2 hours, the imposed load should beapplies to solid loadbearing and non-loadbearing
shared by both leaves. Otherwise, if the load is carriedvalls required to resist fire from one side at a time.
by the fire exposed leaf only, the minimum thickness Table 2 of BR128 applies to hollow masonry walls
of the fire exposed leaf should equate to that given forequired to resist fire from one side. Table 3 of BR128
loadbearing walls. provides information on loadbearing and non-

As a simple example using Table 15 of BS 3628 loadbearing cavity walls required to resist fire from
a standard 2.65m high single leaf loadbearing wall,one side. A typical table for masonry walls, extracted
with an overall thickness of 102.5mm, of solid clay from Table 1 of BR128 of the report, is reproduced in
brick with no surface finish, should achieve a fire Table 7.2, for solid loadbearing walls.
resistance rating with respect to stability, integrity and Whereas BS 5628 Part8gives wall thicknesses

insulation, of 2 hours. necessary to achieve up to 6 hours fire resistance,
these tables limit information to achieving a
7.2.2 BRI128 Approach maximum of 4 hours for all wall types. This is usually

Specific reference is made to this BRE repbiih sufficient to meet all practical needs in respect of
Appendix A of Approved Document’B. Part Il of Building Regulations requirements and any additional
the BRE repoft® tabulates periods of fire resistance insurance requirements.

Table 7.2 Extract from Table 1 of BR1287-5 Masonry walls: solid loadbearing
(Required to resist fire from one side at a time)

Nature of construction and materials Minimum thickness (mm),
excluding any finish, for a fire resistance (mins) of:
30 60 90 120 180 240
6 Bricks of clay, brickearth or shale
a) without finish 90 90 100 100 170 170
b) with 13mm lightweight aggregate gypsum plaster 90 90 90 90 100 -
7 Bricks of concrete or calcium silicate
a) without finish 90 90 100 100 190 190
b) with 13mm lightweight aggregate gypsum plaster 90 90 90 90 100 -
8 Blocks of dense concrete
a) without finish 90 90 100 100 - -
b) with 13mm lightweight aggregate gypsum plaster 90 90 90 90 100 -
9 Blocks of lightweight concrete
a) without finish 90 90 100 100 140 150
b) with 13mm lightweight aggregate gypsum plaster 90 90 90 90 100 -
10 Blocks of autoclaved aerated concrete (of density
480 to 1200kg/m3)
a) without finish 90 90 100 100 140 180
b) with 13mm lightweight aggregate gypsum plaster 90 90 90 100 100 -
11 Blocks of autoclaved aerated concrete
(of density 400 to 479kg/m3) 100 100 120 130 160 200
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Referring to the same example as before, the7.3.1 Applied fire protection
standard 2.65m high single leaf loadbearing wall, It is not normally necessary to enhance masonry wall
102.5mm thick, item 6 of Table 7.2 (extract of Table 1 performance with protective surface finishes, but
of BR128-%) indicates that the clay masonry wall where used for decorative reasons, they can enhance

would achieve a fire resistance of 120 minutes.

7.3 Construction and detailing

performance.

Design tables allow for enhancement of

performance using vermiculite: gypsum plaster.

Construction and detailing of masonry walls for fire Insulation layers of non-combustible materials, e.g.
relates mainly to compartmentation requirements. Themineral wool, can also improve performance when
requirements for masonry walls are readily met. compared with a wall having no surface finish.

Guidance is given in the Building Regulations on

Combustible thin damp proof materials

aspects relating to the passage of pipes and serviceacorporated into a wall may be ignored when
through separating walls, and in particular, the needassessing fire resistance.

for fire stopping.

Recesses and chases, which are permitted 7.4 Eurocode Approach
loadbearing walls without the need for separateAs in BS 5628, Part 73, Eurocode &¢ (EC6)
calculation, can be assumed not to reduce the fireassessment of fire resistance is made by providing

resistance performance of the wall.

tables giving minimum thicknesses of masonry for

For non-loadbearing walls, vertical chases andstated periods of fire resistance. The Euro¢édself

recesses should leave at least:

provides the models for these tables with no values,

e 7, of the required minimum thickness of the allowing each country to insert its own required values
wall, including any applied fire resistant finish in the NAD. The UK NAD* provides tables for:

such as plaster °
e 60mm.

Horizontal and inclined chases and recesses should

not be positioned within the middle one-third height

of the wall and in non-loadbearing walls should leave

at least

e 5/, of the required minimum thickness of the wall
(including any applied fire resistant finish)

e 60mm.

The width of individual recesses in non-loadbearing walls
should not be greater than twice the required minimume
thickness of the wall (including finishes as above).
Where movement joints or edge clearances are
specified in walls required to resist fire, they should e
be filled with a non-combustible material, such as
mineral fibre, allowing the movement joint to
continue to function. Consideration should be given
to non-combustible cover strips fixed to both faces of

Loadbearing single leaf walls, with a separating
function complying with criteria REI (loadbearing
(R), integrity (E), thermal insulation (I)).
Table 2 of EC6-1-2 provides data for walls
carrying loads up to a resistance @ffdveragey;,
where N4 is the loadbearing capacity taking into
account the effects of slenderness and
eccentricity, andj; is the total characteristic load
divided by total design load (see ECA&L
Table 3 of EC6-1-2¢ provides data for the same
wall types, but carrying load up to
0.6N, Javeragey;.

Non-loadbearing single-leaf walls, separating
function EIl, with data contained in Table 4 of
EC6-1-7¢.

Loadbearing cavity walls with one leaf loaded,
subject to load up to a resistance
of NgJaveragey;, separating function REI
(Table 5 of EC6-1-2¢).

the wall on one side of the joint. Joints in walls, or Where neither leaf of a cavity wall carries a load,
between walls and other fire separating membersperformance is equivalent to the sum of the fire
must be designed and constructed to meet theesistances of the individual leaves, the NAD

required fire resistance. applying a maximum performance of 240 minutes.

An extract from Table 2 of EC6-1-2 is shown
in Table 7.3, covering loadbearing single-leaf walls
constructed using clay units. The table also contains
data for calcium silicate, aerated concrete, aggregate

concrete and manufactured stone units.

Chapter Seven IStructE Infroduction to the fire safety engineering of structures




Table 7.3 Extract from Table 2 of Eurocode 6 Part -1.27-¢ Loadbearing single-leaf walls
(subject to load up to a resistance of N;,/average y)
(equivalent to EC6-1-27-¢, Table C.1)

Material FinishNotel| Minimum masonry thickness (mm) for standard
fire resistance (min) of:
30 | 60 | 9 | 120 | 180 | 240

Clay units conforming to EN 771-1 laid in general-purpose mortar

Group 1 units p 2 1000kg/m3 (a) 100 100 100 170 200 200
(b) 90 100 100 100 170 170

Group 1 solid units p 2 1200kg/m3 (a) 90 90 100 100 170 170
(b) 90 90 90 100 140 170

Group 2a units p = 700kg/m?3 (a) 215 215 215 215 - -
(b) 215 215 215 215 215 215

Calcium silicate units conforming to EN 771-2, laid in general-purpose or thin-layer mortar

Group 1 units p 2 1000kg/m3 (a) 90 100 100 190 200 -
(b) 90 100 100 100 170 -

Group 1 solid units p 21600kg/m?3 (a) 90 90 100 100 190 190
(b) 90 90 90 100 140 190

Aerated concrete units conforming to EN 771-4, laid in general-purpose or thin-layer mortar

Group 1 units 400 £ p < 550kg/m?3 (a) 100 100 120 125 150 150
(b) 90 100 110 125 150 150

Group 1 units p > 550kg/m3 (a) 90 90 100 100 140 150
(b) 90 90 90 90 100 100

Aggregate concrete units conforming to EN 771-3 and manufactured stone units conforming to
EN 771-5, laid in general-purpose, thin-layer or lightweight mortar

Group 1 units 500 < p < 1500kg/m3 (a) 90 90 100 100 140 150
(b) 90 90 90 90 100 100
Group 1 units p > 1500kg/m?3 (a) 90 90 90 100 140 150
(b) 90 90 90 90 100 100
Group 2 units 500 < p < 800kg/m?3 (a) 90 100 100 100 140 150
(b) 90 90 90 100 140 140
Group 2 units p > 800kg/m?3 (a) 100 100 140 140 150 190
(b) 90 100 100 140 140 150

Note: (a) for walls with no plaster finish and walls with a sand-cement/sand gypsum plaster finish
(b) for walls finished with vermiculite gypsum plaster (11/2:1to 2 : 1 by volume)

Data contained in design tables take account of recersurface finish), we can see by inspection that a
research test data obtained by the material producerd00mm minimum thickness of clay masonry achieves
Masonry materials and unit types are referenced ina standard fire resistance of 120 minutes.
relation to their respective European EN product The loadbearing capability of the wall will need
standards. The maximum slenderness ratio forto be separately verified by calculation to EC6%%:1
vertically loaded walls should not exceed 27. The This comprises vertical load determination from a
maximum height-to-thickness ratio for non- consideration of masonry strength and slenderness. In
loadbearing walls should not exceed 40. this case I, the design loadbearing capacity, divided
If the information from Table 7.3 (extract from by averagey;, the partial safety factor, gives the
Table 2 of EC6-1-2%) is used for the same example maximum vertical load capacity of the wall. (See
as before, for solid units with a gross dry densily ( Clause 1.4(1) of EC6-122 together with Clauses 3,
that exceeds 1200kg?rand ‘a’ type finish (no applied 5.3, 5.11 and 5.14.3 of the UK NAD).
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Additional slenderness check: The slenderness7.6 DD ENV 1996-1-2: 1996Eurocode 6 Design

ratio of the wall also needs to be checked. In this of masonry structures — Part 1.2. General rules

example it is, 25.9 (i.e. wall dimensions: — Structural fire design British Standards

1.0 x 2650mm x 102.5mm) which is less than the 27 Institution, London, 1997.

permitted. 7.7 BS 3921: Specification for clay brickBritish
Standards Institution, London, 1985.

7.5 Further Engineering methods 7.8 DD ENV 1991-1:1996 Eurocode 1: Basis of

Although masonry constructions have been design and actions on structures: Part 1, basis

satisfactorily used traditionally for many years, more of design British Standards Institution, London,

advanced design methods and computational 1996.

techniques, using its properties at high temperature7.9 DD ENV 1996-1-1: 1996Eurocode 6: Design
have not been developed to predict performance. Only of masonry structures — Part 1.1. General rules
limited work has been carried out on the structural and for buildings — rules for reinforced and
thermal properties of masonry at high temperatures. unreinforced masonty British Standards
The draft Eurocode documéit provides an Institution, London, 1996.
introduction to alternative procedures for calculation
of structural fire resistance. At this stage such
procedures are not considered to have developed
sufficiently to justify their codified use. The method
has not yet been sulfficiently calibrated over the whole
European test database to ensure its reliability for
design use across the whole of Europe.
Such procedures seem likely however to provide
a future alternative basis for assessment of the fire
resistance of masonry. Research is now being carried
out to develop calculation-based methodologies in
order to provide a credible alternative to the use of
tabular data. Future application of the results of such
research will offer a method for fire-resistance design
of masonry which is less restrictive than current
practice, and provides the potential for significant
economies in design.
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8 Conclusion

This guide has given an introduction, in some Research into the behaviour of structures in fire
detail, to the design of structures for fire. The contenthas been ongoing for decades but in the last 10 years
is aimed at architects, controlling authorities and it has been thriving and substantial progress has been
structural engineers who want to widen their made especially in composite (steel and concrete)
knowledge in this area. Significant value can beframe design. The fire community is beginning to
delivered by considering the fire safety aspects of theunderstand the huge benefits that can be gained from
structure in the early stages of design so that the bestonsidering structures as a full 3D assembly as
compromise solution between the fire and normalopposed to a determinate structure heated in a
load cases can be achieved. furnace. The findings will enable substantial

Fire resistance design is just one aspect of firereduction in the use of passive fire protection
safety design for any building. It is generally of materials and savings for the construction industry in
importance in the post-flashover stage of a fire whenterms of time spent on site. The new understanding is
construction materials may reach high temperaturesgrowing at a rapid rate because of the advances in
This report is specifically about the performance of computing capabilities. Structural fire design 10 years
structures and does not offer detailed guidance on fireago was probably where structural design was 100
safety management, means of escape or fire fighting/ears ago. This can only lead to more consistent safety
although clearly all will be part of the fire strategy that levels, designs which are potentially more robust, and
would be developed for a building as a whole. increased innovative design opportunities.

Traditional design is prescriptive and is based on The research solutions are continuously feeding
fire resistance testing in a standard furnace. Theinto design codes and guidance. Practitioners should
design fire exposure is based on the standardherefore check regularly what the latest information
temperature-time curve followed by the furnace testis in their country.
in 1ISO 8341, BS 4762 or ASTM E119-4. There are Eurocodes are being produced for all aspects of
many issues concerning the suitability of the furnacedesign and will in due course replace British
test to represent adequately the performance of reabtandards in the UK. Eurocodes have considerable
structures in real fires, but principally: design content which has been derived directly from
e Natural fires are very different in peak research. Simple analytical methods which may give

temperature and duration from the standard firesavings when compared to strict prescriptive

curve and are dependent on fuel load, ventilation,guidance are described in the Eurocodes. They also
compartment shape and the thermal properties ofjive scope for engineers to use advanced research
the boundary wall materials. based solutions such as finite element modelling of
e Single unrestrained elements such as columnswhole structures. The use of design fires and the
beams or slabs are tested and the results are usditne-equivalence approach is encouraged in the
to determine the fire resistance of real structures.Eurocodes and should lead to more cost efficient and
safer design.
As an alternative to testing there is a range of design  This guidance should inspire and aid innovative
methodologies ranging from simple calculations to building design involving all relevant parties in the
more sophisticated analytical techniques design team.
incorporating natural fire data. The most complex The design of structures for fire will continue to
design method includes modelling of whole building develop at a considerable rate as research intensifies
structures using finite element codes for heat transfeespecially since the events of September 11th 2001.
analysis and structural behaviour. Sections on further engineering methods

As a direct result of the shortcomings of the fire throughout the document provide thought provoking
resistance test there is a great deal of scope foreferences for interested parties who want to read
innovative design even at a simple level such as théeyond this guidance.
load ratio concept for steel in BS 5950 P&rt.8
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Appendix A - Fire protection materials

A.1 Generic fire protection materials
Guidance on the fire performance and use of generic
materials such as concrete, brickwork, blockwork,
and certain types of plasterboard or gypsum plaster i
presented in the Building Research Establishment
publication, Guidelines for the Construction of Fire
Resisting Structural Elemeént.

A.2 Proprietary fire protection materials

Many forms of proprietary structural fire protection
materials are available from manufacturers
worldwide. Such materials should have been fire T

tested to the requirements of BS 476 PartZ2and

BS 476 Part 243 or equivalent. The thickness of fire _“F

protection material required to satisfy a specific fire

resistance period in the UK can be selected fromFig A.1 Sprayed protection applied to
authoritative material performance data sheets,complex beam detail © Cafco International
published inFire protection for structural steel in
buildings*4. This publication, which is referenced in
Appendix A of Approved Document B, is
commonly referred to as the ‘Yellow Book'.

The types of fire protection systems available
can be classified into three main product groups,
i.e. sprays, boards and intumescent coatings.

A summary of the main factors affecting product
selection in each of these groups is given in Table A.1

A.3 Sprayed cementitious or gypsum
based coatings
Cement or gypsum based materials containing
mineral fibre, expanded vermiculite, expanded perlite
and/or other lightweight aggregates or fillers, are
generally the least expensive forms of fire protection.
These coatings can provide up to 240 minutes fire
resistance and usually are defined as being non-
combustible in accordance with BS 476 Péart.4 when used, for example, behind plenum ceilings,
Mineral fibre based materials are delivered drytoor to meet cleanliness requirements. When
the spray head, where they are mixed with water andnechanical retention is required, steel chicken wire,
compressed air. Vermiculite or perlite sprays areweld mesh or expanded metal lath (EML) is
usually premixed with water before being pumped to mechanically attached to the surface. Guidance on the
the spray head. Surfaces should be clean, and anyse of sprayed cementitious or gypsum based
primer should be compatible with the protection coatings, including thickness measurement, is
material. While most coatings are applied in situ (seepresented in BS 8202 Paitl
Figure A.1), some can be used externally and may be
applied before site assembly if suitable care is takenA.4 Boards and blankets
during subsequent handling. Blankets, semi-rigid and rigid boards are used as dry
The coatings appear textured and are oftenforms of fire protection installed in situ as either
susceptible to mechanical damage. Some may requirprofile or boxed protection (see Figure A.2). Base
additional surface protection to prevent air erosion,materials include ceramic fibres, calcium silicate,

Fig A.2 Board fire protection applied to
columns © Promat
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Table A.1 Characteristics of fire protection systems

Sprayed cementitious or
gypsum based coatings

Boards and blankets

Infumescent coatings

Relative cost Low to medium Low to high Medium to high

Wet or dry Wet Mainly dry Wet, thick film may be
preformed

Application Messy, with protection Relatively clean, labour If applied on site protection

required to adjacent
surfaces

infensive

required to adjacent surfaces,
otherwise use off-site

Tools required
for application

Specialist equipment
required

Simple application tools

Application by painting
equipment for thin films.
Thick film requires specialist
equipment

Internal/
external use

Internal and external
materials available. Not all
suitable for external use.

Internal use. Additional
protection required for
external use

Internal with some external
systems

Preparation No primer required for Contact surfaces for Compatible primer required
infernal use, but surfaces to | noggins, etc. to be clean on cleaned surfaces
be clean and compatible and compatible
Robustness Relatively brittle and may Some rigid boards relatively | Similar to that of paint
be vulnerable to brittle and may be systems. Thick film very fough
mechanical damage. Some | vulnerable to mechanical and durable.
coatings unsuitable for use  |damage. Batts and blankets
behind plenum ceilings or in | may require additional
clean areas covering
Finish Textured finish Variable: boards mainly Smooth or slightly textured
smooth with joints visible surface. A coloured
unless a wet finishing coat is | decorative finish can be
applied; batts/blankets are | applied
textured with fixings visible
Mechanical Necessary where no re- Normally requires some Mesh retention required at
retention enfrant angles available or | mechanical retention higher thicknesses

thickness is high

Thickness range |10 to 75mm Multiple layers used. Thin film

Boards 6 to 100mm; 0.3 to 6.5mm

batts/blankets 12 to 76mm Thick film

2.0 fo 32mm

Maximum fire 240 mins 240 mins Thin film 120 mins
resistance Thick film 240 mins
Class O Yes Usually Possibly
surfaceNote 1

Note 1: Class 0is the highest product performance classification for wall and ceiling linings. It is not identified in any

British Standard Test. Class 0 is met if any material or surface of a composite product are composed throughout of

materials of limited combustibility; or a Class 1 material has a fire propagation index (I) of not more than 12 and
sub-index (I;) of not more than 6. The rating Class 0 limits fire spread over and energy released from linings.
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rock fibre, gypsum and vermiculite. Most are only
suitable for interior use or limited external exposure
during construction. However a few board systems|
can be subjected to full external exposure.

Up to 240 minutes fire resistance can be provided
and many materials are defined as being non
combustible and therefore meet the requirements o,
Class 0.

Calcium silicate and vermiculite boards are hard
and smooth in appearance but also vulnerable td
impact damage. Mineral fibre boards are softer to the
touch while the blanket materials are fully flexible.
Potential problems associated with loose fibres in the
latter products may be minimized by an outer =
sheathing of aluminium foil or similar (see Figure
A.3), and by the use of taped joints. Visual appearance
will vary with the system chosen.

Flexible blanket materials are typically fixed
with steel weld pins (see Figure A.4) and non-return
washers, wire ties and chicken wire. Rigid boards
may be retained by a variety of methods such a
with pins, nails, special spiral screws or sometime
a bonding agent to a timber sub-frame. When
noggins are friction fixed, contact surfaces may
need to be clean and unpainted. As an alternative t
a timber sub-frame, lightweight galvanised mild
steel internal framing members may be used with
the plasterboard and calcium silicate board
encasement systems.

Longer fire resistance periods often require the:
use of multiple layers of boards. In this case the joints
in the layers are staggered. Where only a single laye
of board is required, joints are normally backed by Fig A.4 Pin-fixed blanket applied to truss
noggins or a fillet of the same board material. © Unifrax Corporation

Fig A.3 Foil covered fibre board applied to
beams © Rockwool Ltd

A.5 Intumescent coatings
Intumescent coating systems are classified as eithe
thin film, which account for the vast majority of
systems used in general construction, or thick film,
sometimes referred to as mastics. The materials ar
reactive, swelling to many times their original
thickness when exposed to fire, with the resultant
char insulating the underlying steel substrate (se€
Figure A.5).

Thin film intumescent coating systems are
similar in appearance to conventional paints and arcge e et e R
applied either by airless spray, brush or roller (see
Figure A.6). They may be solvent based, or water
borne, and usually include a compatible primer(s), the
intumescent coat(s) and a top coat or sealer coat (oft
available in a wide range of colours). Surfaces mus
be thoroughly cleaned before the paint is applied. Fig A.5 Demonstration of inftumescence

Intumescent
char

IStructE Infroduction to the fire safety engineering of structures Appendix A




Most coatings are applied in situ and are suitableReferences
for interior or limited exterior exposure during A.1 Morris, WA, Read, R E H, and Cooke, G M E.

construction. However, a few coatings may be used Guidelines for the construction of fire-resisting
externally and/or applied off site, if appropriate care is structural elementsReport BR128. Building
taken during subsequent handling. Off-site Research Establishment, Watford, 1988.
application is increasing because it has the advantagéd.2 BS 476 Part 20:1987. Fire tests on building
of removing fire protection from what is sometimes materials and structures. Part 20: Method for
the critical path in the construction programme. the determination of the fire resistance of
It is common when considering off-site elements of construction (general principles)
application to use simple fire engineering methods to British Standards Institution, London, 1987.
ensure that the required protection can be achieved\.3 BS 476 Part 21:1987. Fire tests on building
using only a single coat of intumescent. This limits materials and structures. Part 21: Method for
the drying time and hence the throughput of any paint the determination of the fire resistance of
facility. Increasing the weight of steel to reduce the loadbearing elements of constructioBritish
number of coats will often be economic. The use of Standards Institution, London, 1987.
the load ratio/limiting temperature method is very A.4 Association for Specialist Fire Protectidfire
important in achieving this goal and software will protection for structural steel in building8rd
soon be available to assist in this process. edn. SCI Pubn 13. Steel Construction Institute,
Thin film intumescent coatings can provide up to Ascot, 2002.

120 minutes fire resistance. General guidance on thé\.5 Building Regulations 1991 Approved
selection and use of intumescent coatings can be Document B: fire safety London, The

found in BS 8202 Part A2. Guidance on the Stationery Office, 2000.

measurement of coating thickness can be found in arA.6 BS 476 Part 4:1970 (1984). Non-combustibility
ASFP documen®n Site Measurement of Intumescent test for materialsBritish Standards Institution,
CoatingsA?. London, 1984.

A.7 BS 8202: Part 1:1995. Coatings for fire
protection of building elements. Part 1: Code of
practice for the selection and installation of
sprayed mineral coatingsBritish Standards
Institution, London, 1995.

A.8 BS 8202: Part 2: 1992. Coatings for fire
protection of building elements. Part 2: Code of
practice for the use of intumescent coating
systems to metallic substrates for providing fire
resistance British Standards Institution,
London, 1992.

A.9 Association for Specialist Fire Protection.
On Site measurement of intumescent coatings:
Part 1 Technical guidance note for
measurement of dry film thicknesses (dft’s) for
intumescent coatingASFP TGN 003: Part I.
ASFP, Farnham, 1996.

Fig A.6 Thin film inftumescent coating being applied
© Leigh Paints
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Infroduction to the fire safety
engineering of structures

The design of building structures for fire is developing at a significant pace
in line with fire safety engineering as a whole. It is certainly starting to have
a growing impact on the way structures are designed, procured and
specified in many countries throughout the world. New procedures,
advanced analytical methods and improved risk assessment techniques
are now available to the experienced engineer to support performance-
based design for the fire load case. However this knowledge tends to be in
the hands of a few specialists and consequently the Institution of Structural
Engineers has identified the need for guidance at a level that will be of
value to a wide range of construction professionals.

This guidance has been prepared to provide the engineer, the architect,
the regulatory authorities and other construction industry professionals with
the inspiration to develop safer and better value solufions for the
performance of building structures during fire. There is a considerable
opportunity for the engineer and the architect to work together to develop
improved designs based on new and developing technologies within a
sensible regulatory framework.

This document should be of benefit to:

e architects looking for better solutions

e confrolling authorities wishing fo ask the right questions

e engineers seeking to develop new skills and approaches as fechnology
develops in fire safety engineering

e contractors, manufacturers and suppliers who want to appreciate the
broader approach being adopted with a view to adapting their

products and future development.
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