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Structural fire design:
Core or specialist subject?

Synopsis

The role and required skills of the structural engineer within
the Built Environment is continually changing and
expanding. With the ever-increasing supply of reliable
computer software to aid in the production of design
calculations, clients are beginning to look for ‘extra’ value
from the structural engineer. To meet this demand structural
engineers are beginning to incorporate additional facets into
structural design which includes aesthetic, environmental,
economical and sustainability issues, to name just a few. One
area where additional ‘value’ can be offered is in
performance-based fire design. However, at present, this
seems to be only offered by specialist firms, with most
structural engineers using simple prescriptive design rules
that have not changed significantly over the past 50 years.
The question arises as to whether the structural aspects of a
performance-based fire design should be offered as a holistic
structural design package on all projects. This paper presents
the background to the existing prescriptive design
approaches to fire design and explores the feasibility of
whether performance-based structural fire design should be
introduced within the design package offered by structural
engineers.

Introduction

The aim of fire safety in buildings is to limit, to acceptable
levels, the probability of death and injury to people, property
loss, and damage to the environment. With respect to people,
consideration needs to be given to the occupants who should be
able to leave the building (or seek refuge within the building)
in reasonable safety, firefighters who should be able to operate
in reasonable safety and people in the proximity of the build-
ing who should, within acceptable levels of probability, not be
exposed to the threat of possible collapse of the building. These
life safety objectives for the fire design of buildings are covered
by legislation'. Property loss is not covered directly by legisla-
tion and higher levels of fire safety may be required to minimise
the damage to the structure, fabric and contents of the build-
ing; to minimise any possible loss of business and, if necessary,
protect the corporate image. Environmental issues should be
considered, particularly for the possibility of fires occurring in
buildings storing hazardous materials, where pollutants in the
smoke and the run-off of water used to fight the fire can cause
disproportionate damage to the environment.

The Building Regulations?!, which are concerned with life
safety, provide the minimum legislative level of safety required
in the design of buildings. For fire safety, the Building
Regulations for England and Wales cover means of escape,
internal fire spread (linings and structure), external fire spread
and access and facilities for the fire service. One approach for
meeting the requirements of the Building Regulations for
England and Wales is to follow the guidance given in the
Approved Document B (ADB)2. The ADB is not mandatory and
there is no obligation to adopt any particular solution contained
in the document if the requirements can be met in any other
way, which can readily be assessed by checking authorities.
The document is based on prescriptive rules which state how
the building should be constructed to meet the requirements.
The document also allows a fire safety engineering (perform-
ance-based) approach to be adopted where the probability of a
fire occurring, the likely fire severity, the ability of a structure
to resist the spread of fire and smoke and the consequential
danger to people in and around the building, are considered. It
is possible to use a performance-based approach to solve a
particular problem with an aspect of building design, with the
rest of the design following the prescriptive rules given in ADB.
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Although structural engineers should be aware of all the
requirements relating to fire safety in the Building
Regulations?, the one requirement that impinges directly on
structural design is Requirement B3(1) which states “The build-
ing shall be designed and constructed so that, in the event of
fire, its stability will be maintained for a reasonable period’. The
ADB addresses this requirement by specifying fire resistance
(measured in terms of time) to elements of the building, which
is the approach adopted by most designers.

Various codes of practice®® and design guides® provide simple
prescriptive rules to ensure the elements of a structure achieve
the required fire resistance given in the ADB. These approaches
fit easily within the current design process and most struc-
tural engineers give them only a momentary thought. For
example in the general case of designing concrete structures the
prescriptive (tabular) rules, which are based on fire resistance,
are used for initial sizing and governing cover distances to rein-
forcement (together with a consideration of durability) and
provided these values are adhered to, no further thought is
typically given to the fire design of the structure. Another
example is the general design of steel structures, where the
typical approach of achieving fire resistance to structural
elements is to apply some form of fire protection. If the method
of applying fire protection is adopted, the structural engineer
typically completes his design of the steel structure concen-
trating on ultimate, serviceability and buildability issues, giving
no thought to fire resistance, and then applying fire protection
as an ‘add-on’. The designs of masonry and timber structures
follow similar prescriptive approaches to fire design.

The prescriptive rules embodied within the structural engi-
neer’s design process seem to have served us well, with no
major problems highlighted from the existing building stock
following experience of actual fires in real buildings. So is there
a need for a change? Should the structural engineer venture
beyond the bounds of the prescriptive approaches and under-
stand the true behaviour of buildings when subjected to real
fires? Many will argue against change, stating that perform-
ance-based fire safety engineering is a multi-disciplinary area
of design application involving the integration of many differ-
ent fields of science and engineering. Therefore the need to re-
train existing structural engineers and the time and effort to
produce ‘full’ fire engineering design calculations are not justi-
fied on typical small to medium sized buildings, which form the
major work-load for most structural engineers. These are strong
and justified arguments. However, it is the author’s view that
although ‘full’ performance-based fire safety calculations should
not be carried out in the general structural design process, a
more realistic prediction of the performance of the structure in
a fire should be incorporated, enabling the structural engineer
to produce more economical and safer buildings. This is a view
shared by the authors of the Federal Emergency Management
Agency’s report!® following the World Trade Center disaster
who state in their conclusions that ‘The behaviour of the struc-
tural system under fire conditions should be considered as an
integral part of structural design’. The forthcoming Eurocodes
are beginning to produce the design tools to allow the perform-
ance of structures to be incorporated within the main design
process. The structural engineer will then be able to produce
more economical and safer buildings based on all design scenar-
ios instead of being constrained by the existing prescriptive
rules.

This paper discusses the background to the existing prescrip-
tive approaches of structural fire design together with an intro-
duction to the various performance-based approaches. The
feasibility of including a performance-based approach into the
structural design process is then discussed.
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Prescriptive approach

Prescriptive approaches are based solely on fire resistance. The
definition of fire resistance will be explained first, followed by
the typical prescriptive approaches adopted in the design of
steel, concrete, masonry and timber structures.

Fire resistance

It is important to emphasise that buildings do not require fire
resistance, it is only elements of the structure that require fire
resistance. The fire resistance of the elements, given in the
ADB, depends on the function and height of the building. The
definition of fire resistance should be clearly understood by
designers, since there is often a misconception that the stated
fire resistance of elements (i.e. 30, 60, 90 or 120min) is directly
related to the time that the building will withstand the effects
of fire without collapse. Fire resistance of elements is the
measure of time that an element, whether it is a structural
element, a fire door, or a non-structural compartment wall, will
survive in a standard fire test'’.

The history of the standard fire test can be traced back to the
1890s'? when early attempts at establishing the fire behaviour
of structural elements were made at the behest of insurance
companies building authorities in the USA. In 1917 the first
Standard'?, for the fire tests on floors and partitions, was issued
by the American Society for Testing and Materials (ASTM). In
1933 a more comprehensive Standard (E119)*, dealing with all
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types of building elements, was produced which superseded
the ASTM Standard. In the UK the first edition'® of BS 476,
dealing with fire resisting testing, was published in 1932.
Subsequent revisions of the Standard have attempted to
harmonise the heating curve on an international basis leading
to the international Standard ISO 834, The latest Eurocode
EN 1363-1'7 has revised the method of measuring the heating
curve, by replacing the bead thermocouple with the plate ther-
mocouple, in an attempt to standardise furnaces across Europe.
At first sight the effect of changing the type of thermocouple
used to measure the heat input would appear to be insignifi-
cant. However, using the plate thermocouple results in the
tested members being subjected to more heat during the early
stages of the test. This may result in some members failing the
test to EN 1363-1 despite having passed the BS 476 test.

For structural elements, there are approved furnaces where
a standard configuration of a wall, beam, floor or column can be
constructed and tested. The dimensions of the elements are
3m x 3m for walls, 4.5m span for beams, 4m x 4m (typically) for
floors and 3m height for columns. Fig 1 shows fire resistance
tests conducted on various structural elements. The test follows
the standard heating curve shown in Fig 2, where the temper-
ature continues to rise. The failure criteria depend on the type
of member tested and are defined in terms of stability, insula-
tion and integrity. Stability is a measure of the ability of the
member to support the applied load, with limits given on the
maximum displacement and rate of displacement. These limits
have primarily been set to reduce the probability of damage to
the furnace. Insulation and integrity are generally associated
with compartment/separating walls and floors. For insulation,
the maximum temperature on the non-fire side must not exceed
a maximum of 180°C or an average of 140°C. To maintain
integrity no significant sized holes must form in the element,
which will allow the transmission of hot gases. Failure by
integrity is defined by ignition of a cotton pad held close to an
opening.

The concept of fire resistance, and the standard fire test, has
the considerable advantage of being easily understood by
designers and checking authorities. To date it has been shown
to be an adequate approach for ensuring a minimum level of fire
safety to buildings. However, the development of the fire resist-
ance test, although commendable in the 1890s has generally
been considered to stifle the structural engineer’s understand-
ing of how buildings behave in fire. The question of how ‘robust’
the designed structure is, should a fire occur, cannot be
answered if a prescriptive approach is adopted. This is because
the building does not represent a collection of individual
elements working independently of each other as tested in a
standard furnace. The interaction between structural elements
in a fire has both a possible beneficial and detrimental effect on
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the survival of the building as a whole. Beneficial effects are
generally due to the formation of alternative load-path mecha-
nisms such as compressive and tensile membrane action, cate-
nary action and possible rotational restraint from connections.
Evidence of compressive and tensile membrane action has been
provided by the fire tests!®' on the full-scale buildings at the
Building Research Establishment Laboratories in Cardington.
The detrimental effect of a collection of structural elements
acting as a unit can be due to restraint of thermal expansion
resulting in large compressive forces being induced into
elements (particularly vertical elements) which then causes
instability. Another detrimental effect can be the behaviour of
walls, which in a standard fire test may be shown to perform
adequately but in a real building the movement of the heated
structure around the wall may result in premature collapse (Fig
3). This effect was shown? for a non-loadbearing compartment
wall in one of the fire tests on the steel-framed building at
Cardington (Fig 4). In this test the wall was placed off-grid and
the deflection of the unprotected beams caused significant
deformation of the wall.

Another significant disadvantage of the standard fire test is
that the standard time-temperature curve does not represent
a real fire. There are generally three distinct phases to a real
fire comprising a growth, steady burning and cooling phase. The
severity of the fire is governed by the geometry of the compart-
ment, the amount of combustible material, the ventilation
conditions and the thermal characteristics of the compartment
boundary. Different types of fire can result in different struc-
tural behaviour. For example a short duration high temperature
fire can result in spalling of concrete exposing steel reinforce-
ment due to the thermal shock. Whereas a long duration low
temperature fire can result in a higher average temperature in
the concrete members resulting in greater thermal expansion
and a greater overall reduction in concrete strength.

The last, and probably the least acknowledged, disadvantage
of the prescriptive rules developed from the standard fire resist-
ance test is that the simple rules for steel, concrete, masonry
and timber have been developed based on a range of tests, some
of which are over 50 years old, using methods of construction
and design loads that were relevant at the time of testing, but
are now clearly outdated. Extensive research has been
conducted, and is on-going, into increasing the economy of build-
ings by generally concentrating on optimising the performance
of the structure at the ultimate and serviceability conditions
and optimising the process of construction. The assumption is
then taken that the current prescriptive rules developed from
outdated tests on different forms of construction and subject to
different loads can be applied to these new forms of construc-
tion. Of course, one way to avoid this problem is to re-test
members that represent new forms of construction (or construc-
tion process), but this is expensive and necessitates the contin-
ual testing of structural elements that bear very little
resemblance to the behaviour of elements in real buildings.

General prescriptive rules for steel structures

With the common perception that steel members perform badly
in fire, most designers will blindly protect all exposed steel to
achieve the required fire resistance. It is worth emphasising
(since it is an often a misconception) that steel members do not
require fire protection in order to conform to the guidance in the
ADB, they require fire resistance. Of course one way of achiev-
ing this is to apply fire protection. The use of fire protection can
be in the form of proprietary materials comprising sprays,
boards or intumescent coatings or generic materials compris-
ing concrete, brick, block, gypsum plaster and certain types of
plasterboard. Guidance on the use of proprietary materials can
be obtained from the ‘Yellow Book™! and guidance on generic
materials can be obtained from the BRE publication®
Guidelines for the construction of fire resisting structural
elements.

The typical prescriptive approach of specifying thickness of
fire protection to steel elements has been based on ensuring
that the steel does not exceed a maximum temperature of 550°C
for columns and a maximum temperature of 620°C for beams
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Fig 4.
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supporting concrete floors for a given fire resistance period.
These temperatures are based on the assumption that a fully-
stressed member at ambient conditions (designed to BS 5950-
1 or BS 449) will lose its design safety margin when it reaches
550°C. The maximum temperature for beams supporting
concrete floors is increased to 620°C since the top flange is at a
lower temperature compared to the web and bottom flange,
due to the concrete floor acting as a heat sink.

Generally the 550/620°C maximum temperatures are consid-
ered conservative since the members are not fully stressed at
ambient temperature, the behaviour of steel at elevated temper-
atures used to derive the 550/620°C values is simplistic and, as
explained previously, the structural elements do not behave in
isolation.

General prescriptive rules for concrete structures

Most designers do not venture beyond BS 8110-1 when check-
ing the fire resistance of concrete members. Tabular data is
given in BS 8110-1 specifying minimum geometric sizes and
cover to all reinforcement, with some warning of spalling when
covers exceed 40mm. Initial sizing of elements in concrete
design will incorporate the guidance given in the prescriptive
tables and provided the minimum element size and cover is
maintained, designers will generally give no further thought to
the fire design. In the author’s experience BS 8110-25, which
provides more guidance on achieving the required fire resist-
ance, is only used when either an error is made during construc-
tion relating to the cover, or when lightweight concrete is used.

BS 8110-2 presents three possible design methods to deter-
mine the fire resistance of concrete members, comprising tabu-
lated data, application of test data and fire engineering
calculations. In the case of tabulated data, BS 8110-2 removes
the conservatism in the prescriptive rules given in Part 1 by
specifying cover to the main flexural bars. Some warnings are
given in relation to spalling, where it is stated that rapid rates
of heating, large compressive stresses or high moisture content
can lead to spalling, particularly for covers exceeding 40 to
50mm. The standard also highlights the fact that limestone
aggregates are less susceptible to spalling, compared to concrete
made from aggregates containing a high proportion of silica (i.e.
flints, quartzites and granites). Some guidance is given on the
protection of elements against spalling and also additional
protection to remedy deficiencies in cover thickness.

The specified covers and geometric size of the elements are
based on standard fire resistance test data?? mainly conducted
in the 1950s. The tabulated data given in BS 8110-1 and BS
8110-2 are based on the conservative assumption that the struc-
tural elements considered are fully stressed at ambient temper-
ature, that the reinforcing steel does not exceed 550°C and that
the prestressing tendons do not exceed 450°C.

General prescriptive rules for masonry structures

Prescriptive rules for masonry structures are given in BS 5628-
35, which provides tabulated data for loadbearing and non-load-
bearing single-leaf and cavity walls. Different types of clay and



concrete material used to construct the masonry unit are also
considered.

The prescriptive rules are based on standard fire resistance
test data?? extending over 50 years. The main disadvantage of
the prescriptive rules is that no guidance exists for walls that
are greater than the 3m high walls tested in the standard
furnace. As the wall increases in height, the lateral displace-
ment at the wall’s mid-height will increase due to thermal
curvature, with walls greater than 3m in height collapsing
earlier than the 3m high tested walls. Other forms of masonry
construction are permitted provided evidence of satisfactory
performance is produced based on results from standard fire
resistance tests. Therefore if a designer uses a form of masonry
construction not covered by BS 5628-3, a standard fire test
would need to be carried out.

It is worth mentioning that experience from real fires shows
that masonry walls perform extremely well and failure, if it
occurs, is generally due to the surrounding structure placing
eccentric or lateral loads on the wall resulting in collapse.

General prescriptive rules for timber structures

Simple prescriptive rules for timber members, timber stud walls
and timber joisted floor construction are given in BS 52687%. In
the case of members, the rules are based on charring depths,
which are specified based on fire resistance periods. The
predictable nature of charring provides a good insulator to the
timber member, with the timber beneath the charred layer
generally being unaffected by the fire. The stability and deflec-
tion of the member can easily be calculated based on an effec-
tive cross-section assumed to be the residual non-charred
section. The use of charring depths is suitable for large section
timber which will perform well in a fire. For smaller section
timber, protection from linings is required. In the case of walls
and floors, tables are provided that allow the designer to assess
the stability, insulation and integrity of the system. However,
care is required in ensuring the quality of fixings of the protect-
ing lining to the supporting timber on site, which must be the
same quality as the fixings used in the standard fire tests, from
which the tables were derived.

Performance based approach

A comprehensive ‘full’ performance-based approach to fire
safety engineering in buildings is an extremely complex multi-
disciplinary design procedure and should be left to the trained
specialist. The ‘full’ approach will involve consideration of active
and passive measures, movement of smoke and fire, detection
systems, fire safety management, structural response and risk
analysis. BS 7974 presents a formalised, but flexible, frame-
work within which to carry out a full fire safety engineering
approach, augmented by a series of comprehensive Published
Documents.

Although most structural engineers will generally not carry
out a ‘full’ performance-based approach to fire safety, it is possi-
ble to carry out a structural fire performance-based approach,
which will allow the engineer to understand and explain how
buildings perform should they be subjected to severe fires. The
process of structural fire engineering is analogous to the process
of designing structures to withstand wind (Fig 5). As most
readers will know, to check buildings for wind loads there are
three basic steps comprising, an estimate of the site wind speed,
an estimate of the wind pressures over the building and an esti-
mate of the structural response. For a structural fire engineer-
ing performance-based approach the three basic steps comprise,
an estimate of the severity of a fire, an estimate of the temper-
ature distribution through the structure (thermal response)
and an estimate of the structural response.

There are a number of options available to calculate the
severity of the fire and the thermal and structural response, as
shown in Fig 6. Each of the options will be discussed briefly
below. However, the simplest and most common approach is to
assume the fire behaviour is represented by the standard fire
curve, define the thermal response from test data and estimate
the response of the building assuming member behaviour. This
approach forms the bases of the design methods in the fire
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Fig 5. parts of the Eurocodes. Although the disadvantages of assum-

Process of wind
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fire design

Fig 6.

Options for a
performance-based
approach

ing the standard fire curve and member design have been
discussed, this ‘simple’ performance-based approach will gener-
ally allow more economical buildings to be designed and
constructed compared to those designed using the prescriptive
approach.

Fire behaviour

As explained, the simplest approach available to the structural
engineer is to use the standard fire curve. The time-equivalence
is a simple approach that tries to relate the actual temperature
of a structural member from an anticipated fire severity, to the
time taken for the same member to attain the same tempera-
ture when subjected to the standard fire curve. There are a
number of time—equivalence methods which take into account
the amount of fuel load, compartment size, thermal character-
istics of the compartment boundaries and ventilation condi-
tions. Although simple to use, the time-equivalence is a crude
approximate method of modelling real fire behaviour and the
limitations of the method should be fully understood. The main
limitation is that the method is only applicable to the types of
members used in the derivation of the adopted formulae. For
example the time—equivalence method present in EN 1991-1-
224 is only valid for reinforced concrete, protected steel and
unprotected steel.

Parametric fire curves allow the time-temperature relation-
ship to be estimated over the duration of the anticipated fire.
Compartment size, boundary characteristics, fuel load and
ventilation are considered, with the most validated approach
given in EN 1991-1-2. The approach is simple to use and, with
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the aid of simple spreadsheets, fire predictions can be easily
derived. Once again the limitations of the method should be
understood and in the case of the approach given in the
Eurocode limitations on the maximum compartment floor area
of 500m?and compartment height of 4m are stated. In addition
the method is limited to fire compartments with mainly cellu-
losic type fire loads and compartments with linings that have
avalue of thermal inertia between 100 and 2200J/m?s"?K. The
limitations are generally governed by the available test data
used to derive the design method.

Zone models are simple computer models that divide the
considered fire compartment into separate zones, where the
condition in each zone is assumed to be uniform. The simplest
model is a one zone model in which the conditions within the
compartment are assumed to be uniform and represented by a
single temperature. A more sophisticated modelling technique
is the use of Computational Fluid Dynamics (CFD) to predict
fire growth and compartment temperatures. CFD has been
shown to be successful in the modelling of smoke movement and
has recently been applied to the modelling of fires. Similar to
the use of any computer model, both the zone and CFD models
require expertise in defining the correct input data and assess-
ing the feasibility of the calculated results.

Thermal response

Once the compartment atmosphere temperature is predicted,
the temperature of the structure needs to be estimated to allow
the structural response to be calculated. Calculation of temper-
atures in structural members can be extremely complex, espe-
cially for materials that retain moisture and have a low thermal
conductivity. The simplest method of defining the temperature
profile through the cross-section is to use test data presented
in tables or charts which are published in codes or design
guides. This test data is generally based on the standard fire
curve. Simple design equations are presented in codes*? (and
design guides?’?) to predict the temperature development of
bare steel. The approach considers both radiative and convec-
tive heat transfer and although a spreedsheet is required to
solve the equation over the fire duration, it is simple to use.
Similar equations exist for protected steel sections, however the
thermal properties of the proposed protection material are
needed, which generally are difficult to obtain from manufac-
turers.

It is possible to use simple heat transfer models based on one-
dimensional heat flow. However, simple computer programs
are needed to solve the heat transfer equations. Alternatively,
advance finite-element heat transfer models can be used, but
this requires the relevant expertise to ensure the models are
applied correctly and used within their limitations.

Structural response

The simplest method of predicting the structural response of
buildings in fire is to analyse individual members at what is
termed the Fire Limit State (FLS). The design adopts relevant
partial safety factors®?>? which provide realistic estimates of
the likely applied load at the time of the fire and the likely mate-
rial resistance of the member. The approach of designing indi-
vidual members has evolved from results and observations of
standard fire tests.

The use of member fire design at the FLS, as covered by
current codes of practice, will be familiar to practising structural
engineers, since the principles closely follow the approach used
to check members at the Ultimate Limit State (ULS). The main
differences between ULS and FLS is that for fire design differ-
ent partial safety factors for load and material resistance are
used (to represent an accidental limit state) and the strength
and stiffness of the member reduced based on the temperature
distribution through the cross-section.

The prescriptive methods discussed earlier have been derived
from standard fire test data assuming the members are fully
stressed at ambient temperature. Member design at FLS has
the advantage of allowing designers to predict the response of
the structure under the actual likely load on the member at the
time of the fire. Possible savings can be obtained since it is
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unlikely that members are fully stressed at ambient tempera-
ture. This is because serviceability and buildability issues typi-
cally result in the specification of member sizes and strength
greater than that required to fulfil ULS. The steel industry has
utilised the fire design methods for individual members in the
development of forms of construction?° that generally do not
require applied fire protection, which is costly in terms of mate-
rial and application time. The typically forms of construction are
shown in Fig 7 and comprise slimfloor beams, shelf angle
beams, partially encased beams and columns, and concrete
filled columns.

Design methods exist to consider frame behaviour or parts
of a structure in fire. In the Eurocodes®?¢ frame behaviour is
utilised to allow the effective lengths of continuous steel,
composite and concrete columns to be reduced from ambient
temperature values. To conduct a frame analysis at elevated
temperatures simple computer models are required, which
include the effects of thermal expansion of the heated structure
and correct boundary conditions.

Although member and frame design at FLS is a significant
improvement on the prescriptive approaches, allowing design-
ers to obtain some indication (although limited) of the actual
behaviour of buildings in fire, recent fire tests3:32% on full-scale
buildings have shown that member design is not, in some
cases, realistic. To most designers this will come as no surprise
since member design methods at ULS and SLS are only an
approximation of the real behaviour of buildings. However,
provided this approximation is conservative, resulting in safe,
usable and economic buildings then the design approach is
acceptable.

The results from full-scale fire tests revealed both detri-
mental and beneficial effects compared to the assumptions
adopted for member design. For example, restraint to thermal
expansion of heated members within a fire compartment,
provided by the cold structure outside the compartment, can
induce large compressive stresses in the heated members.
These high compressive stresses can cause buckling failure of
columns (or beams with inadequate lateral restraint) and in the
case of concrete members can increase its susceptibility to
spalling. However, in floor slabs the restraint to thermal expan-
sion can be beneficial, inducing high compressive forces®,
resulting in an increase in load-carrying capacity due to
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compressive membrane action.

A significant beneficial effect of whole-building behaviour
for composite floor slabs was observed during the fire tests on
the steel-framed building at Cardington. It was shown that the
traditional design method for composite floor slabs, which is
based on flexural behaviour (Fig 8), was conservative when the
floor plate (comprising the floor and supporting beams) was
considered in its entirety. Based on the test results and obser-
vations, a simple design method was derived®?+#-3 that utilised
the tensile membrane action of the floor plate (Fig 8) which was
shown to occur during the tests. The approach is a significant
advancement in useable design tools, allowing designers to
utilise load—path mechanisms different from those assumed
for normal design. The design method allows up to 50% of the
steel beams within a given floor plate to be unprotected,
compared to designs that follow the prescriptive approach. This
can result in significant cost savings. Beneficial effects of
compressive membrane action observed in the fire-test® on the
full-scale concrete building are currently being investigated
and new design guidance is anticipated in the near future.

There were other modes of detrimental behaviour observed
during the full-scale fire tests that are not considered in
member design. In the case of the steel-framed building, which
incorporated a composite floor slab, it was observed®! that the
connections were under high tensile force during the cooling
phase. These high tensile forces lead to fracture of the welds and
bolts forming the connection (Fig 9). It was shown that end-
plate connections performed adequately, maintaining vertical
shear under high tensile forces, even though fracture of the end-
plate occurred. However, in the fin-plate type of connection the
vertical shear was lost following shear failure of the bolts. The
connections were also shown to be a possible ‘weak-link’ in a
large-scale fire test®” on a slim-floor system. In the test an end-
plate connection fractured during the heating stage of the fire
due to insufficient ductility (Fig 10). Although vertical shear
remained, any beneficial rotational restraint from the connec-
tion was lost.

In the case of the concrete framed building, test observa-
tions* showed the detrimental effect of thermal expansion
causing significant lateral movement (Fig 11) of the external
columns, resulting in additional stresses in the column due to
the P-A effect.

Although most designers will keep to member design at the
FLS, following the guidance provided in the codes of practice,
it is important that detrimental behaviour observed from full-
scale tests are appreciated. An understanding of the true
response of buildings in fire can allow the designer to easily
reduce any detrimental effects by careful detailing and design.
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Fig 8. (Left)

Design of composite
floor using flexural
and membrane
action

Fig 9. (Above)
Photographs
showing fracture of
plate (end-plate) and
shear failure of bolts
(fin plate)

Fig 10. (Right)
Fracture of end-plate
connection on a
slim-floor edge beam

Fig 11.

Picture showing
lateral movement of
external columns
following a fire test
on the Cardington
Concrete Building
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At present, research??% is on-going looking at the modelling
of whole building behaviour in fire with specialist companies
using commercially available or purpose-written software. The
main use of such software is in the modelling of steel-framed
structures where significant savings in fire protection can be
obtained. The main disadvantage of using sophisticated models
is that they are seen as a ‘black-box’ which makes checking of
designs difficult. In addition the main disadvantage currently
facing these models is that they are not able to model localised
failure to a sufficient level of accuracy (particularly reinforce-
ment fracture in the slab). The application of these models is
complex and should only be used by competent designers who
fully understand both the limitations and capabilities of the
model.

Conclusions

This paper has introduced the current methods for structural
engineering. These methods range from the simple ‘deemed-to-
satisfy’ prescriptive rules through to sophisticated structural
performance-based approaches, where models exist to predict
the likely fire severity, thermal distribution and structural
response of members and the building as a whole. Without

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

The Building Regulations 2000, The Stationary Office Ltd, London, UK. ISBN
011 099897 9

Approved Document B — Fire Safety 2000. The Stationary Office Ltd, London
UK. ISBN 185 112351 2

BS 5950-8: 1990. Structural use of steelwork in buildings: Part 8: Code of prac-
tice for fire resistant design, London, British Standards Institution, 1990

BS 8110-1: 1997. Structural use of concrete. Part 1: Code of practice for
design and construction. British Standards Institution, London, 1997

BS 8110-2: 1985. Structural use of concrete. Part 2: Code of practice for
special circumstances. British Standards Institution, London, 1985

BS 5628-3:2001. Code of Practice for use of masonry: Part 3: Materials and
components, design and workmanship. British Standards Institution, London,
2001

BS 5268-4.1:1978. Structural use of timber. Fire resistance of timber structures.
Recommendations for calculating fire resistance of timber members. British
Standards Institution, London, 1978

BS 5268-4.2:1990. Structural use of timber. Fire resistance of timber structures.
Recommendations for calculating fire resistance of timber stud walls and joisted
floor constructions. British Standards Institution, London, 1990

Morris, W. A, Read, R. E. H and Cooke, G. M. E.: Guidelines for the construc-
tion of fire-resisting structural elements, Building Research Establishment
Report, 1988

World Trade Center Building Performance Study: Data Collection, Preliminary
Observations, and Recommendations. Federal Emergency Management
Agency, New York, May 2002

BS 467-21:1987. Fire tests on building materials and structures. Part 21:
method for the determination of the fire resistance of loadbearing elements of
construction. British Standards Institution, London, 1987

American Architecture Building News, 21 (796), March 28, 1891

‘Report of Committee C5 on fireproofing’. Proc. Am. Soc.Test. Mater. (ASTM),
17, Part 1,1917, p 295-300

‘Method of fire tests of building construction and materials’, American
Society for Testing and Materials E119. Philadelphia, 1933

British Standard definitions for fire resistance, incombustibility and non-inflam-
mability of building materials and structures (including methods of test), British
Standard 476: 1932

ISO 834: Fire resistance tests — Elements of building construction, International
Standards Organisation. 1985

BS EN 1363-1:1999. Fire resistance tests — General requirements. British
Standards Institution, London, 1999

Bailey, C. G. and Moore, D. B.: ‘The structural behaviour of steel frames with
composite floorslabs subject to fire: Part 1: theory’, The Structural Engineer,
78/11, June 2000

Bailey, C: Holistic behaviour of concrete buildings in fire, Proc. Inst. Civ. Eng.:
Structures & Buildings 152. Aug 2002, Issue 3,p 199-212

Bailey, C. G., Lennon, T. and Moore, D. B.: ‘The behaviour of full-scale steel
framed buildings subjected to compartment fires’, The Structural Engineer,
77/ 8, April 1999, p 15-21

38| The Structural Engineer - 4 May 2004

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

doubt, the most sophisticated models (CFD and finite-element)
require designers with multi-discipline skills to correctly define
the input data and interpret the viability of the output. There
is a strong argument that the use of such models should be left
to the trained expert.

Training existing structural engineers to carry out ‘full’
performance-based structural fire designs will not be cost-effec-
tive for most of the buildings being constructed. However, it is
the author’s opinion that as a minimum, structural engineers
should understand the philosophy behind the prescriptive
approaches and have an understanding of the simplest
performance-based approach of member design based on fire
resistance. This simple design approach is presented in the
structural Eurocodes and can easily be understood by existing
structural engineers without the need for extensive re-training.

By using even the simplest performance-based approach,
instead of prescriptive rules, the design and construction of
more economical buildings are possible. Perhaps even more
significant, is the fact that a performance-based design allows
the designer to estimate the likely response of the building
during a fire and assess its robustness, which is impossible if
the prescriptive rules are followed.

Fire protection for structural steel in buildings. Third Edition, Association for
Specialist Fire Protection, Steel Construction Institute and Fire Test Study
Group, 2002

National Building Studies Research Paper No.12. Investigations on building
fires. Part V. Fire tests on structural elements. 1953, HMSO, London

BS 7974:2001. Application of fire safety engineering principles to the design
of buildings. Code of practice, British Standards Institution, London, 2001
BS EN 1991-1-2:2002. Eurocode 1. Actions on Structures. General actions.
Actions on structures exposed to fire, British Standards Institution, London,
2002

prEN1993-1-2. Eurocode 3. Design of steel structures Part 1.2. General rules.
Structural fire design. Final Draft, European Committee for Standardization,
Brussels

Pr EN1994-1-2. Eurocode 4. Design of composite steel and concrete structures.
Part 1.2. General rules. Structural fire design. Final Draft, European
Committee for Standardization, Brussels

Lawson, R. M. and Newman, G. M.: fire resistant design of steel structures
— a handbook to BS 5950: Part 8. The Steel Construction Institute, 1990.
ISBN 1 870004 48 5

Lawson, R. M. and Newman, G. M.: Structural fire design to EC3 & EC4 and
comparison with BS 5950. The Steel Construction Institute, 1996. ISBN 1
85942 036 2

Bailey, C. G. and Newman, G. M.: ‘The design of steel framed buildings
without applied fire protection’, The Structural Engineer, 76 /5, 1998, p 77-
81

Bailey, C.G., Newman, G. M and Simms, W. |.: Design of steel framed build-
ings without applied fire protection, SCI Publication 186, The Steel
Construction Institute, Ascot, 1999. ISBN 1 85942 062 1

Bailey, C.G., Lennon, T., and Moore D. B.: ‘The behaviour of full-scale
steel-framed buildings subjected to compartment fires’, The Structural
Engineer, 77/8, April 1999, p 15 - 21

O’Conner, M. A, Kirby, B. R and Martin, D. M.: ‘Behaviour of a multi-storey
composite steel framed building in fire’, The Structural Engineer, 81/2,
January 2003, p 27-36

Bailey, C. ‘Holistic behaviour of concrete buildings in fire’, Proc. Inst. Civ.
Eng.: Structures & Buildings 152, Aug 2002, Issue 3, p 199-212

Bailey, C. G. and Moore, D. B.: ‘The structural behaviour of steel frames with
composite floorslabs subject to fire: Part 2: design’, The Structural Engineer,
78/11, June 2000, p 28 - 33

Newman, G. M., Robinson, J. T. and Bailey, C. G.: fire safe design: A new
approach to multi-storey steel-framed buildings. SCI Publication P288, The
Steel Construction Institute, Ascot, 2000, ISBN 1 85942 120 2

Bailey, C. G.: ‘Steel structures supporting composite floor slabs: design for
fire’. BRE Digest 462, December 2001, ISBN 1 86081 527 8

Bailey, C. G.: ‘Large scale fire test on a composite slim-floor system’, Steel
and Composite Structures, 3/3, June 2003, p 153-168

Huang, Z., Burgess, I. W and Plank, R. J.: ‘Modelling of six full-scale fire tests
on a composite building’, The Structural Engineer, 80/19, 2002, p 30 — 37



