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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The procg¢dures used to develop this document and those intended for its further maintenance~are
described|in the ISO/IEC Directives, Part 1. In particular the different approval criteria needed-for the
different fypes of ISO documents should be noted. This document was drafted in accordance with the
editorial fules of the ISO/IEC Directives, Part 2. www.iso.org/directives

Attention|is drawn to the possibility that some of the elements of this document may.be the subject of
patent rights. ISO shall not be held responsible for identifying any or all such patent rights. Detailq of
any patenf rights identified during the development of the document will be in the Introduction andfor
on the IS{ list of patent declarations received. www.iso.org/patents

Any tradg name used in this document is information given for the convenience of users and does not
constitutg an endorsement.

The commnjittee responsible for thisdocumentis ISO/TC 92, Fire safety,Subcommittee SC 2, Fire containmgnt.
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Introduction

In recent years significant advances have been made in the scientific community in understanding the
behaviour of fire in building structures and as a result there is an increasing activity in the development
of computer models that are capable of describing and predicting many of the different aspects of fire
safety engineering.

As a result of this research, design codes have been prepared that enable practising engineers to
undertake this type of analy51s Wthh can be applied to comply with prescrlptlve requirements as
3 tegies and

In particular, analytical procedures and computer models have been developed in the areas of:
—| reaction of materials to fire;

—| fire growth in a compartment;

—| fully developed compartment fire;

—| fire spread between buildings;

—| fire behaviour of load-bearing and separating elements and building structures;
—| smoke filling in enclosures and smoke movement in es€apé routes and multi-story buildipgs;
—| interaction of sprinklers and fire, including sprinklér’and fire venting interaction;
—| process of escape; and

—| systems approach to the overall fire safetyof a building, in its most general form comprising fire
development models interacting with human response models.

Thiis progress in fire research has led-to-consequent changes in the field of codes, specifications, and
re¢ommendations for fire engineering: Some characteristic trends in these changes are:

—| improved relationship between standard tests and real fire scenarios;

—| increased use of fire safety engineering principles to meet functional requirements and pefformance
based criteria;

—| development ofniew test methods, that are, as far as possible, material-independent and [related to
well-defined{pheénomena and properties;

—| increase.rithe application of reliability-based analytical design;

—| extended use of integrated assessments; and

—| ‘introduction of goal-oriented systems of analysis of total, active and passive fire protection forfa building.

One ofthe mostrapidly developing trends relates to the structural fire engineering design ofload-bearing
and separating structures. An analytical determination of the fire resistance of structural elements is
being accepted more widely by the Approving Authorities in many countries as an alternative to the
internationally prescriptive based approaches based on the results of the standard fire resistance test
and connected classification.

Asignificant contribution to the analysis of building structures in fire has been made by the development
of the European Structural Eurocodes which enable practising engineers to follow agreed design
procedures for application in individual members states. During the mid 1990s, these Codes which
covered; Fire Actions and individual structural materials (Concrete, Steel, Composite Steel and Concrete,
Timber, Masonry, Aluminium) were published as ENV’s (or pre-standards). These Codes had the status
of Draft for Development, and were supplemented with National Applications Documents (NAD’s), which
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permitted member states to ascribe certain factors to many of the calculations and input variables in
order to align with National experience.

During the last five years, considerable progress has been made in converting these pre-standards into
full European Design Codes for application in the European Community member states. The Codes are
now divided into two separate parts:

— Normative - in which members states are obliged to follow.

— Informative - usually consisting of a series of Annexes in which acceptance is voluntary by individual
member states.

In additiop, there is still provision to apply individual National Determined Parameters (NDP’s) to.align
more closgly with National experience. The interaction of the Eurocodes are summarized in Eigure 1.

Selection of the relevant design fire scenarios
Eurocode 1: Fire Actions

v

Determination of the corresponding design fire
Eurocode 1: Fire Actions

Y

Calculation of the temperature rise of the structural member
Eurocodes 2-6 & 9: Fire Actions

Y

Calculation of the meghanical response
Eurocodes 2-6 &9: Fire Actions

Figure 1 — Interaction of the Structural Eurocodes

The structural Fire Engineering designimodels have been reviewed in Reference [1] and essentially they
can be pr¢sented in a simple form-as three succinct design steps shown in Figure 2:

Fire Analysis

Y

Heat Transfer Analysis

Y

Structural Analysis

Figure 2 — Three stages to structural fire design
This report examines each of the above under separate headings. In each case, internationally applied
methods for a structural fire engineering design are discussed.
For fire models or thermal actions the report considers:
Furnace tests:
— according to ISO 834: cellulosic, hydrocarbon, external and smouldering curves.

— tunnel heating curves according to RWS and the French National curve.
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Natural fires:

— single zone or parametric fires in so far as they may be used in a standardised way to provide
characteristic occupancy related standard tests. This also includes time equivalent relationships
for quantifying real fires into an equivalent period of heating in the standard ISO 834 test.

For heat transfer models the report considers:

Heat transfer for uniform temperature distribution

Non-uniform temperature distribution for

Fo

Thie reportalso considers Combination Models for thermal'dand structural analysis and the pet

of

In
for
un

ap
T

im

Ot
de

— one dimension

— two dimensions

— three dimensions

r structural models the report considers:

Single member analysis

— Sub-frame assembly analysis (sub-frames and assembly of members)

— Global structural analysis in which load redistributiorfoccurs.

structural glass, plastics and resins.

addressing structural models relevant thermo-physical and mechanical properties are
each loadbearing material. While these are presented for use in calculating the thermal
der standard furnace heating conditions fop,the most part the same properties will inv
propriate for natural fires.

is Technical Report is one of a series\of Technical Reports being developed that provide gu
ortant aspects of calculation methods for fire resistance of structures. Related document

ISO/TR 15655, Fire resistance-— Tests for thermo-physical and mechanical properties of
materials at elevated temperatures for fire engineering design,

ISO/TR 15656, Fire-resistance — Guidelines for evaluating the predictive capability of d
models for structuralfire behaviour, and

ISO/TR 15658, Fire resistance tests — Guidelines for the design and conduct of non-furn
large-scaletésts and simulation.

her documents, which have been produced in ISO/TC92/SC2, provide data and informat
fermination of fire resistance. In particular, these include

formance

presented
response
hriably be

idance on
s include

structural
alculation

ace-based

on on the

ISO 834 (all parts), Fire resistance tests — Elements of Building Construction,

ISO/TR 12470, Fire resistance tests — Guidance on the application and extension of results,

ISO/TR 12471, Computational structural fire design — Review of calculation models, fire tests for

determining input material data and needs for further development, and

ISO/TR 10158:1991Y), Principles and rationale underlying calculation methods in relation to fire

resistance of structural elements.

1
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Fire resistance tests — Guidelines for computational
structural fire design

ch

peerstanding

hop structures respond to fire. This is reviewed in terms of heat transfer to the structural elements
frdm primarily nominal (furnace) fires changes in the elevated temperature, physical and

echanical
hracteristics of structural materials, and how the information is used in the analysis of $tructural

elgments for the fire limit state. In reviewing the fire scenarios the report concefitrates primarily on

mn

stgndardized heating curves but includes the basis of characteristic curves, which may at Jome time

the future be adopted in a standardized way. Reference is made to time equivalent as a recognized

mdthodology in relating a natural or characteristic fire, to an equivalent period of heating in the ISO 834

furnace test.

Thiis Technical Report is the result of the development of European Structural Eurocodes for application
by| member states in the European Community. These Codes enable practising engineers|to follow

ag

ar¢ for building projects either inside or outside their own National boundaries.

Thle current UK national structural codes and the Européan (Eurocodes) are listed in Annex /

2

2.]

Thie primary objectives for fire safety design are

In

ge
of

a)
b)
‘)
d)
e)
f)
g)
h)

reed design procedures for application in individual membgers states irrespective of whether these

g

Basic principles

| Primary objectives of fire safety-design

Life safety - Regulatory requirements for the occupants, fire fighters and rescue services
Property protection - Regulatory, societal, economic and insurance requirements
Environmental protection - Regulatory, societal and insurance requirements

Heritage - Regulatory and societal requirements

brder to limit the impact of fire risk accepted levels are reflected in national fire safety codes,|which are
Terally expressed in terms of requirements and recommended measures. These set out to contyol the risk
gnition, fire growth and flashover, as well as their consequences and encompass the following $trategies:

réducing the risk of occurrence,

control of fire (heat, flames, smoke and toxic gases) at an early stage,

ensuring a safe evacuation of people (and possibly of property), or safe areas of refuge,
preventingfirespread (heat,flames,smokeandtoxicgases)beyondacertainarea(compartmentation),
providing for safe and efficient operating conditions for the fire brigades and rescue services,
avoiding premature structural failure or limiting structural damage with respect to reinstatement,
minimising business interruption and financial losses,

minimising the impact upon the environment.
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Structural fire safety design is directly concerned with strategies involving items (c) to (h) since these

will come

into play if the fire is not controlled at an early stage in its development.

The level of structural fire safety provided should be considered in terms of:

— the risk of fire occurring, which is considered as an accidental situation,

— the development of fire through:

— compartment geometry

|
<

— filre loading

— therdg

|
@

—
— P

— the r¢
beyor]
asas

— therd
smok

2.2 Perfformance criteria

Thelevel g

For load-H

— load-Bearing function for the whole duration of fire or a part of it (ultimate limit state),

— limit
to the

load-learing structure (deformation limit state),

— limit
Corro
build

For separ

— limit

ETTtitation

duction in risk by introducing structural measures,
hgineering design
aterials selection
hssive protection

duction in risk by introducing fire compartments or containments that prevent fire spre
d the surrounded area for a specific time. For some buildingsfa complete floor may be regard
ngle compartment.

duction in risk by the introduction of active protection‘measures (detection, alarm, sprinkle
e control, fire brigade).

fstructural fire safety can be evaluated byperformance criteria depending of the strategy chos

earing structures, these are:

bn the extent of deformation-(deflection, displacement, contraction, elongation) with resp
integrity of separating(lements, or, for the fire protection material to remain attached to {

pf structural damage (limit of the overall deformations and other effects such as spalli
cion, charring‘o¢curring during the heating and the cooling phases) to allow reparability
ng after fire (re-serviceability or reusability limit state).

ting elemiénts, they include:

bn-the temperature rise of the unexposed surface, (+140 °C average, +180 °C max);

ad
ed

bt
he

hg,
of

— limit on the leakage of hot gases through gaps created in the element (movement of gap gauge,
cotton wool pad);

— limit on the thermal radiation from the unexposed face, (for escape routes 3 KW/m?2).

The human skin can only tolerate a certain level of heat flux for a certain time. The higher the incident heat
flux level the shorter the tolerable exposure time. Some typical critical values are presented in Table 1.
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Table 1 — Examples of human tolerance and physiological damage from exposure at ambient
temperature to various levels of incident radiant heat flux from a remote emitter

Incident radiant heat
flux Physiological Effect
kW/m?2
1.0 Maximum for indefinite tolerability
4.0-5.0 Sufficient to cause pain to personnel if unable to reach cover in 20 seconds.
Blistering of the skin (second degree burns) is likely, 0 % lethality
14.0 Intolerable pain after 12 seconds
14.5-15.0 1 % lethality in 1 minute, first degree burns in 10 seconds
23.0 100 % lethality in 1 minute; significant injury after 10 seconds
35-375 100 % lethality in one minute; 1 % lethality in 10 seconds
41.8 Skin necrosis to 0.05 mm depth after 2 seconds

Mare detailed information is given in the publication Risk-Informed, Performance Based Indufstrial Fire
Prptection (ISBN 1-882194-09-8).

Other criteria may be based upon the incident heat flux to cause ignition on different types offmaterials
as ghown in Table 2.

Table 2 — Incident radiant heat flux from a remote emitter for ignition after 10 mihutes
exposure at ambienttemperature

Incident radiant
Material heat flux
kW/m?2
Polystyrene 18
Polymethylmethacrylate 18
Polyethylene 20
Polypropylene 20
Paper 20
Polyvinyl chloride 21
Nylon 29
Wood 32

The criteria/may also depend upon the ability of certain types of products to withstand specific
temperatures as presented in Table 3. These are indicative only.

Fable-3—Effect-of temperature-on-selected-materials——

. . o Approximate
Material Typical Examples Damage Conditions Temperature °C

Polystyrene Thin walled food contain- |Collapse 120

ers, foam, light shades, Softens 120 - 140

handles, curtain hooks, Melts and flows 150 - 180

radio casings
Polyethylene Bags, films, bottles, buck- |Shrivels 120

ets, pipes Softens and melts 120 - 140
Critical temperatures may be dependent upon the rate of heating. in particular, glass products are also dependent upon the
impact of water as well as the framing and glass condition.
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Table 3 (continued)

internal glazing

ensure pieces stay in place

. . . Approximate
Material Typical Examples Damage Conditions Temperature °C
Polymethyl meth- Handles, covers, skylights, |Softens 130 - 200
acrylate ‘glazing’ Bubbles 250
PVC Cables, pipes, ducts, linings, | Degrades 100
profiles, handles, house Fumes 150
ware, toys, bottles Browns 200
Chars 400-500
Cellulose Wood, paper, cotton Darkens 200-300
Paint surface- resin- |- Deteriorates 100
ous or oil based Destroyed 250
Annealed poda-lime- |Window glass, doorsand |Cracking due to thermal gradi- |Thermal grddient
silica glas internal glazing ents leading to falling out typicallyr160°C
Softening pointWorking point 720°C
Practical melting point 1010°C
Wired glags Window glass, doors and  |Cracks as for annealed but wir€s

Toughenedl (or tem-

Impact safety glazing

Subject to unpredictablecata-

Thermal gradient typi-

pered) soda-lime- strophic thermal shock failure cally in range 150°C to

silica glas If integrity retained, softening as 280°C (see note)
above

Laminated soda- Security and safety glazing, | Glass layers.erack and behave as |Starts from ~180°C

lime-silicqd glass with pvb interlayer above accelerating from ~300°C
Organi@interlayer starts to onwards
degrade leading to smoking and
ignition
Critical terhperatures may be dependent upon the rate of heating. in particular, glass products are also dependent upon the
impact of water as well as the framing and glass condition.
3 Design process
In order tp evaluate the perfonmance of a structure or a part of it, the assessment has to be carried ¢ut
in three stages:
Stagd 1: Analysis ofithe thermal actions/exposure - fire model
Stagd 2: Analysis of the heating rate and temperatures attained by the structural components -
heattransfer.model
Staged 3: Analysis of the mechanical/load bearing performance of the member/s - structural mogel

These are described as follows:

3.1 Fire model

The thermal exposure (design fire) is generally described by a temperature-time relationship but can
also be described by a time dependent - incident radiant condition, which could be simulated as by
a temperature-time relationship. The fire model can therefore be a nominal (furnace) fire, or, a fire
simulating a real scenario, or even an experimental fire.

The first stage of fire (pre-flashover phase) is generally regarded the most critical for human life since
during this stage smoke and toxic gases are produced. When dealing with structural fire resistance, this
phase has in the past, been ignored, since the temperatures reached although critical for human beings,
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are generally too low to seriously affect the mechanical behaviour of a structure. However, wi
of aluminium, structural plastics and resins becoming more widely employed in situations w

th the use
here their

performance in fire can be critical, the pre-flashover fires should not be ignored. Aluminium and/or
alloys virtually lose all their strength at around 400 °C. Structural plastics can char in a very similar

manner to timber at temperatures below 300 °C.

In the futureitis expected that pre-flashover fires may be simulated into a furnace testin a standardised

way or as incident radiant heat flux with time.

However, when a fire occurs, it is not obvious that it will reach such a severity that it will endanger a load-

bearing structure-Awiderange gf factors such as detection -automaticextinguisher sustem fi
=] =] 7 5 Y 7

e brigade

action etc., need to be taken into account (generally by using a probabilistic approach) in order:
a more representative evaluation of the fire exposure conditions and resulting structuralfire

Thie design fire used to assess the fire resistance assessment of a structural member/$ can be bz

—| A nominal fire, which is expressed by a well - defined temperature-time relationship. This
typically a Standard furnace test upon which national Regulations are set, although it is
used for ranking of products and systems rather than reflecting reality.

—| Anatural fire, based upon a simple formula or a set of temperaturé-time curves, taking in
the main parameters that influence the time temperature respense within the compartm
are often referred to as single zone fire models or parametric fires and would be used
easily defined compartment geometries.

—| Afire determined using complex numerical calculatiofts Such as multi-zone models or Com}
Fluid Dynamics. This type of advanced analysis Would be required in very large comp
compartments with complex geometries and possibly high and irregular ceilings.

For a more comprehensive review of design fire.s¢enarios and design fires reference should b
ISQ/TS 16733.

3.2 Heat transfer model

Thie heat transfer analysis is carriédout to determine the temperature rise and distribution {
stijuctural members. Thermal models are based on the acknowledged principles and assumpt
theory of heat transfer. They-may present various levels of sophistication according to the ass
anfl needs. Models vary in complexity and may be used simply to determine a uniform ter
didtribution, or, more complex temperature distributions in which thermal gradients may be
in [L, 2 or 3 directions

Thie formulation<ofj transient state heat conduction problems differs from that of steady cag
the transient problems involve an additional term representing the change in the energy con
mgdium with time. This additional term appears as a first derivative of temperature with

time in the-differential equation, and as a change in the internal energy content during At, in
balanee formulation. The nodes and the volume elements in transient problems are selected

Lo provide
Fesponse.

sed upon:

would be
primarily

0 account
ent. These
in simple

butational
artments,

e made to

within the
ons of the
umptions
nperature
ralculated

es in that
fent of the
respect to
he energy
| as in the

stdady case. For convenience, it is assumed that all heat transfer is into the element.

The energy balance on a volume element during a time interval At can be expressed as:

Heat transfer into the Heat generated within The change int the
volume element from the volume element energy content of
allof itssidesduring | + | duringa time = | the volume element
a time interval At. interval At. during At.
ZQ G AE [ At
or
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ZQ + Gelement = AEelement /At

The rate of heat transfer Q normally consists of conduction terms for interior nodes, but may involve
heat flux (convection and radiation)for boundary nodes. The sum of Q is zero except at the boundaries.

Materials that incorporate free moisture should consider the effect of migration of moisture through
the system in order to provide an accurate representation of the thermal distribution with time. This
can be handled in the thermal analysis by incorporating mass transfer in the model. Where this is used,
additional information can be provided on pressure field due to steam being produced and also to
provide ufeful information on materials that are subject to the phenomena of spalling.

3.3 Structural model

The structural analysis/model used very much depends upon the structural form that is b€ing analyged
and can btoadly be described as follows and shown in Figure 3.

NN
A A e
Ay ¥ | W W, W] ¥
N
a) Example of member b) Example of sub-assembly c¢) Example of global analysjs
analysis analysis

Figure 3 — Examples.aftypes of analyses

Single me¢mber analysis, (e.g. beams, columns; floors, walls) are usually considered when verifying
standard [fire resistance requirements although they can be considered in real fire scenarios. The
restraint fonditions at the supports that exist at the beginning of a test (time = 0) generally remain
unchangef throughout the fire exposure period. Only the effects of thermal deformation resulting from
temperatiyire gradients created thriough the cross-section need to be considered. Thermal expansjon
effects ar¢ usually ignored.

Sub-assenbly analysis (e.g.sub frames and assembly of members). The conditions setatthebeginnjng
of a test will change upon‘lieating. In particular, forces that are developed either through expansion| or
contractign (during cooling) will be considered as well as load transfer to other parts of the structyre
when onelor more meémbers loose their load bearing capacity. However, the effects of restraint from the
rest of theg frame Payticularly in respect of expansion effects and local failure, are only considered ih a
minor way. Sub-frame analysis can be carried out under both nominal and real fire scenarios.

Global structural analysis (of the whole structure in which a fire occurs). This takes into account heat
transfer conditions, relevant failure modes, temperature-dependent material properties, stiffness as
well as effects of thermal expansion effects where relevant. Load distribution is generally considered
unchanged during the whole of the fire exposure period. While a global analysis is primarily carried out
under natural fire heating conditions it can also be applied under furnace heating conditions although
the effects of the cooling phase on the structural response would not normally be considered.

3.4 Combination models

Use of the models for fire, heat transfer and structural analysis, have to be considered in terms of the
level of sophistication required. There is little point in conducting exact heat transfer analysis if when it
comes to the structural analysis a very coarse approach is adopted unless it can be shown an insensitive
coarse model is sufficiently accurate within the context of the outputs required.

6 © IS0 2013 - All rights reserved
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There are some combinations of thermal and structural analysis where it would be impracticable to
carry out other than for calculation purposes. Figure 4.

Model for S; S, S;
structure
Element Substructure  [Complete structure
I 1Tl A
5 12
Model for | | 1] L
thermal Fmm— ﬂ 2
exposure Pl e e e
Nominal

temperature-time
curves

T test or calculation,
H Hﬂl calculation exceptionally
1 ! (deterministic) | testing
AR ! (deterministic)
t
real fire
T calculation calculation calculation
M (probabalistic) | (probabalistic) |(probabalistic) in
Hy m special cases and
for research

t

Figure 4 — Combination of thermaland structural analysis

Thermal Model Hj describes the thermal exposufé according to the standard fire resistance test of
stifuctural elements as specified in ISO 834 and it the corresponding national standards, or faccording
to some other nominal or characteristic temperature-time curve. A fire design based on this thermal
exposure, represents the internationally prevalent situation for load bearing and separating $tructural
elgments. It would be applied to single elements or simple sub-frames.

Thermal Model Hy describes a thermal exposure based on a simulated real fire and either computed
by|solving the energy and mass baldnce equations of the compartment fire or determined from some
systematized design basis. For\example, Eurocode 1: Actions on structures exposed to fire, presents
a det of parametric equations,) These are very similar to the gas temperature-time curves based upon
energy and mass balance equations of the fully developed compartment fire for which compiiter codes
ar¢ available (SFIRE, COMPF-2 and BRAND). These models can be applied to single elements, spb-frames
as[well as to the complete structure. Furnace tests are currently being considered that repfesent the
hepting conditions\of occupancy related fires scenarios.

Structural Model S1 comprises single structural elements, e.g. beams, columns, walls, floors, jand roofs.
Thie modelthen may simulate either a structural element, which behaves as a single element |n the real
stijucture,or an element, which in reality acts together with other elements of the complete gtructure,
but is’cut out of this and described by simplified end conditions in the fire analysis.

Structural Model S refers to a substructure, which approximately describes the mechanical behaviour
of a part of the complete load bearing system of the building. Compared to the real structure, a
substructure is analysed with simplified boundary conditions at its outer ends or edges.

Structural Model S3 describes the mechanical behaviour of the complete load bearing structure of
the building acting as, for instance, a two or three dimensional frame, a beam-slab system or a column-
beam-slab system.

Inthe matrix presented in Figure 4, the thermal exposure models and the structural models are combined
in the sequence of improved idealization. In principle, each element in the matrix then represents a
particular design procedure. The matrix can therefore be considered as a type of classification system
for methods of structural fire engineering design. It is, however, evident that not all models can be used
in all combinations and the aim should be to provide a sensible pairing at each level of advancement. In
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the matrix, reference is made to these aspects. In principle, a structural fire engineering design offers a
problem oriented choice for the combination of the thermal exposure model and the structural behaviour
model and the final choice may also depend on national preferences, the complexity of application and
the particular design situation.

3.5 Material properties

The material properties required for thermal and structural models including any fire protection
materials can be broadly divided into two areas and generally may be used during heating under
standard furnace test or representative occupancy related characteristic fires. They are not necessarily
appropriate for structural analysis during the cooling phase.

3.5.1 Thermo - physical properties

Thesolving ofthe equations oftransientheatflowtoand withinafire exposed structure, requitesinformatfon
on the follpwing properties for the structural materials and insulation/protection whereappropriate

— emisdivity of the fire exposed surfaces of the structure (a value of 1 is normally assumed for gny
appli¢d fire protection),

— thernjal conductivity of the structural materials and the fire protection,
— specific heat of the structural materials and the fire protection,

— thernﬁl energy due to phase changes at various temperature lévels of the structural materials and
for sojme protection materials,

— rate df internally generated heat in the structure and.fire protection,

— thernjal expansion/contraction of the structural materials,

— densify of the structural materials and fire protection.

For structures of combustible material, additional information on the rate of charring is required.

The propgrties must be known as a funetion of temperature for the heating as well as the subsequent
cooling-dgwn phase of the compartmeit fire. More advanced analysis, consisting of a solution of inter-
related hdat and mass transfer equations, requires information on a considerable number of additiopal
propertie$ such as:

— permeability of the structdral materials,
— diffudion coefficient'of adsorbed water and vapour in the structure,

— void ffraction ef the structure,

— equilirrium water content in the structure,

— crysté lline water contentinthe structure,
— reactionrate and heat of reaction in the process of pyrolysis for structures of combustible materials,
— heat of reaction at the oxidation at the surface of structures of combustible material, and

— specific heat and dynamic viscosity of water vapour and volatile pyrolysis products.

For most fire protection materials the thermal properties are significantly different in the cooling phase.

3.5.2 Mechanical properties

A reliable calculation of the mechanical behaviour of a fire-exposed structure based upon the transient
temperature state requires validated models for the mechanical behaviour of the materials involved
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within the temperature range associated with fires. These include mathematical relationships with
respect to temperature that describe:

elastic modulus,
compressive strength,
tensile strength,

shear strength, including strength of shear connectors,
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radetermination of the deformation behaviour and the ultimate load with respectteinstabilit
b-exposed structures and structural members, additional information is required for these p

stress-strain relationship,
steady-state and transient creep,
steady-state and transient shrinkage,
thermal expansion,

relaxation

structural models, it is not unusual to find that:the'material model for the mechanical be

ep strains and transient strains. The stresss;strain curves are determined either from s
terial tests or from full-scale tests on that type of load-bearing structure, for which the comj
pcedure is developed.

 the rate of heating, load application and the control of strain. Practically, information on th
dels can be referred to diffefient testing regimes as shown.
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AN

TRANSIENT STATE TESTS
FAILURE TEMPERATURE
RESTRAINT FORCES Total deformation
RELAXATION CREEP
STEADY STATE TESTS
STRESS STRAIN RELATIONSHIPS STRESS STRAIN RELATIONSHIPS
Straif rate controlled Stress rate controlled
¢ const. & const

NS

Figure 5 — Various testing regimes for determining the mechanical properties of materials at
elevated temperatures

Much of the information used in either thermo-physical, and mechanical models are given in the
Eurocodes 2 - 6 and 9, see Annex A. Other data are given in CIBSE (Chartered Institute for Building
Services Engineers) Guide E (UK) and SFPE Handbook on Fire Protection Engineering.

Forseparating elementsand fire protection materials, similar thermo-physical and mechanical properties
are required that cover for example: gypsum, calcium silicate, mineral wool, vermiculite cement etc.
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Material properties are required over a range of temperatures depending upon the environment under
which they may be used or the exposure conditions. For building fire scenarios and hence furnace tests
temperatures are unlikely to exceed much above 1200 °C. The exception would be the heating conditions

that relate to tunnel fires whereby some materials may be exposed to temperatures up to 1350 °C.

The design values of the material properties are obtained by using partial safety factors. Design values
of thermal and mechanical material properties Xj; g, are defined as follows:

Thermal properties for thermal analysis:

If an increase of the property is favourable for safety then:

If

wlhere;

Thie X can be any property of interest for thermal or mechanical calculations.

dn increase of the property is unfavourable for safety then:

Xfi,d = Xk,0 X YMfi

Xfi,d = Ymfi * Xk,0

Xfid is the design value of thermal and mechanical property

(3.1)

(3.2)

Thie X is meant to be substituted with properties like ¥"(thermal conductivity), C (specific heat), E

(mjodulus of elasticity), f (strength), p (density), w (mgisture content).

Thie subscripts have the following meaning:

fi
d

Fire design

Design

The use of X is a general way of explaining the influence of a partial coefficient or factor on the property of
interest. It depends on the typetof property whether an increase of the property is favourable forfsafety. An
indrease in A (thermal conductivity) is not favourable for safety, where an increase in f(strength) is favourable.

Strength and deformation properties for structural analysis:

Xid = koXk / ymfi (3.3)
where;

Xfid is the characteristic value of a material property in fire design, generally dependent on
the material temperature,

Xk is the characteristic value of a strength or deformation property (generally fx or Ex) for
normal temperature design,

ke is the reduction factor for a strength or deformation property, (Xk g/Xk), dependent on the
material temperature,

YMfi is the partial safety factor for the relevant material property, for the fire situation

Proposals for partial safety factors for various materials (according to Structural Eurocodes 2-6 and 9)
are assumed to be 1.0 for both the thermal and mechanical properties for all materials.

© IS0 2013 - All rights reserved
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4 Fire models

Several models can be used to describe the thermal actions upon a structure. A number of examples are
illustrated in Figure 6.

== == Tunnel Fire (France)

1400
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Figure 6.~ Fire curves

The differjent types of fire generally fall within one of the following categories. These are:
— Standard Furnace (nominal) heating curves given, for example, in ISO 834

— Simpliified formulae representing a natural fire or a set of temperature - time curves
— Steadjy-state fires

— Compllex models that describe the spatial behaviour within a compartment that numericglly
descrjbe the fireprocess

— Expetfimentalfifres

4.1 Stapdard (nominal) fires

There are four nominal temperatures - time furnace heating curves given as a function of time (t) and
temperature (6y):

Cellulosic curve (ISO 834-1)

The standard temperature-time curve often referred to as the cellulosic curve, is given by the relationship:

0g =20 + 345 log10(8t + 1) [°C]
4.1

External fire curve (currently EN 1363-2)
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To characterize less severe fires immediately outside enclosures or emanating from within the building
e.g. the condition of flames issuing from adjacent windows, the temperature/time relationship is given by

6, = 660(1 - 0.687¢-0.32t - 0.313¢-3:89420  [°C]
(4.2)

Hydrocarbon fire curve (Currently EN 1363-2)

The hydrocarbon temperature - time curve which, realistically represents a hydrocarbon fire is given by:

o) ool
r-n

| V5N o0
MIATAY) L]

= =0 67t =07675¢

(4.3)

Tunnel fire curves

In [1979 the RWS-curve originated from tests carried out in a model tunnel in.which the temjperatures
attfained 1350 °C after 60 minutes. The RWS-curve was developed by the Rijkswaterstaat, Ministry of
Transport in the Netherlands and was based on the assumption that in agvorst case scenario| a fuel, oil
or [petrol tanker fire with a heat release of 300 MW could occur and lasf for up to 120 minuteg.

primarydifferencebetweenthe RWSand the Hydrocarbon heatingconditionsisthatthehydrocarbon
ve is based on the temperatures that would be expected frorw'a fire occurring within a|relatively
n space, where some dissipation of the heat would occur¢In‘contrast, the RWS curve is based upon
conditions experienced by a fire occurring in an encloséd area, such as a tunnel, where thgre is little
o opportunity of heat dissipating into the surroundingatmosphere.

RWS curve simulates the initial rapid growth of@fire using a petroleum tanker as the s¢urce, and
gradual drop in temperature reflects the reduction in fire load as it is burnt off. It has be¢n used as
andard for the protection of tunnels in the Netherlands since the 1980s.

heating portion of the RWStunnel curye can be obtained by replacing 1080 °C in the hydrocarbon
ve by 1350 °C.

nce (HCM) and Germany (RABT-ZTV for trains and cars) also have tunnel fire curves which are
stratedin Figure 6.

ouldering Fire:

ddition, a slow heating‘curve is also described in which the temperature within the furndce attains

°C after 20 minutes and then joins the cellulosic curve. This is not used as a thermal jaction for
ign purposes, bubmay be called upon for certain reactive fire protection materials, which|rely upon
emical/physical change in order to function as an insulator.

ever, where fire safety devices rely upon only the action of hot smoke to function it is recommended
il suchitime when there is an internationally agreed temperature/time curve the performance of
deyices are evaluated using the smouldering fire curve described in EN 1363-2 by the followingequation:

Foro=t=z2t
T=20 + 154t0.25 [°C]
(4.4)
Fort > 21

64 =20 + 345 logio {8(t - 20)+ 1} [°C]
(4.5)
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4.2 Natural fires

The parametric fire can be used for simulating the behaviour of post flash-over fires and can be
used to represent characteristic occupancy related fires. This is an area of current research in which
characteristic fires are being considered for standardization.

Since the fire consider the whole compartment has reached post-flashover and that there is no variation
in temperature across the compartment in any direction, it is referred to as a Single Zone fire.

For compartmentfiresthe temperature - time history of the entire fire processis given by the relationship:

6y = 2P + 1325(1 - 0.324e 020 —0.204e 170 — 0.472¢-19¢)  [°C]
@l6)

0y |is the gas temperature in the fire compartment, °C

t*=t|I [h]

t =tine [h]

I'=[0fb]2/(0.04/1160)2  [-]
(48)

0 is the opening factor and is given by:

AhUAA; [m1/2]

where:
A, ip the area of vertical ©penings [m?2]
h i the weighted mean height of the vertical openings [m]
A¢  ip the total aréa of the enclosure (walls, floor and ceiling including the openings)  [mZ2]

Using I' =[1 in Formula (5.7) gives the standard (ISO) time-temperature curve, and using I = 50 and
replacing [1325 by 1080, approximates to the Hydrocarbon fire.

In the Code, the limits of 0.02[0[0.20 are observed. However, the UK considers the opening factor
can been extended down to 0.01 m1/2 and can be applied to buildings with compartment floor areas
greater than 500 m2.

In the above equation, b=/(pcA) .
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In which b is the thermal absoptivity of the total enclosure and has now been extended to cover a wider
range of compartment types with:

100 < b <2200 [J/m2s1/2K]
(4.10)

Thelower value would be representative of acompartment or building with a controlled environmentand
clad with lightweight insulation typically 6” (150 mm) thick whereas the upper value is representative of
avery poorly insulated structure such as a dense concrete and un-insulated steel sheeting, e.g. unheated
storage facility.

Thie Code recognizes the importance of the thermal properties of the compartment walls'/flqor/ceiling
anfl is represented together with consideration of walls, which comprise two or more layers

Thie maximum temperature within the compartment is given by:

tmax = max[(0.2 x 10-3 x q,4/0);t1im] [h]
(4.11)

where:
qtd is the design fire load density and should obey the following limits: 50 < gt g <1 000 M]/m?2
tlim is given in hours.

Thie fire growth rate is taken into account in which {3 = 15 min, 20 min, and 25 min is appli¢d for fast,
mgdium and slow growth rates respectively.

Tofaccount for different values of b representingthe walls, ceiling and floor, b= (pcﬂ) isintrgduced as:
b=(Y(b;4;))/(4c-4,)  U/m3 K] 4.12)

where:
Aj is the area of enclostuire surface j, openings not included

b; is the thermal property of enclosure surface j.

Thie temperature-time curves in the cooling phase are given by;

*

05 =0Oiag)~ 625(t " —t oy -X)fOr b0, <05 [C] (4.13)

05=0/max —250(3— 1 (™ —E oy -X)for0.5<t . <2 [°C] (4.14)

05 =0Omay —250(t" =ty -X) fortya, 22 [°C] (4.15)
where:

Xx=

A series of parametric fires is given in Figure 7 (fire load = 140 M]/m2, b = 1160, opening factor O from
0.04 m1/2 to 0.30 m1/2).
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Figure 7 — Set of parametric fires

4.3 NuIerical simulation of natural fires - Zone models

Zone mo

Is and field models generally are deterministicimodels. They can be used to solve problems

in a numbgr of categories, i.e. smoke and heat transport in enclosures, detector/sprinkler activation and
evacuatioh of humans. They can provide very detailed@imulations of complex fire scenarios and for this

reason require considerable CPU.

The simplest representation of a compartmentfire is a Single Zone model, which is generally applied to
post flashpver conditions. Homogeneous properties of the gas are assumed in the compartment such{as

the tempdrature, optical properties, chemieal composition.

The temperature may be calculated-bya heat balance approach considering the resolution of mass and

energy copservation equation:

Ic=I |+ Iw+Ir+1p [KWH

where:
Ic idthe heatreleased during combustion
I}, i9the heat removed due to replacement of hot gases by cold air

4.

Iw is the heatloss to boundary surfaces
Ir is the heat dissipated by radiation through the openings

Ip isthe heat stored in the gas volume (usually ignored)

The exchange of mass with the internal gas comes from the external gas (by openings) and the fire
(pyrolysis rate), whereas the exchange of energy with the internal gas is calculated with respect to the

surrounding surfaces, the fire and the openings.
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The quick response of this model and its simple equations give an advantage to the one-zone model
and it is a helpful tool to estimate the temperature in a compartment after flashover has been achieved.
Examples have already been given in Figure 7.

The two-zone model is based on the assumptions of accumulation of combustion products in a layer
beneath the ceiling, with a horizontal interface. In this upper layer, one assumes uniform characteristics
of the gas. Different zones are defined: the upper layer, the lower layer, the fire and its plume, the
external gas and walls. The exchanges of mass, energy (and chemical species) are calculated between
these different zones.

e maodels cantain usually subh-madels refoerrino to nrocesses in the gas zaones and varicus
ZO usu y A g B g Z A V4 1 transport

anfl combustion processes. Therefore, the computer code contains subroutines dealing with:

—| conservation equations for the gas zones
—| source term sub-models

—| mass transfer sub-models

—| heat transfer sub-models

—| embedded sub-model

Thie application of this type of model is mainly in pre-flashover,conditions, and is used to evpluate the
propagation of smoke in buildings, and estimate the life safetyin terms of tenability criteria asp function
of femperature, radiative flux, optical density and toxic gas‘Concentration.

Thie general criteria for assuming the occurrence of flashover are:
—| 500 °Cto 600 °C in the upper layer,

—| 25 kW/m?2 for radiation to the floor,

—| flames emerging from window.

Fi¢ld models or CFD models (cemputational fluid dynamics models) are the most sop‘Lhisticated
deterministic models for simulatingenclosure fires. Field models incorporate sub-models for tyirbulence,
hept transfer and combustion.

Thie CFD modelling techniqueis based on a complete, time-dependent, three dimensional solufion of the
fupdamental conservation‘laws. The volume under consideration is therefore divided into a yery large
number of sub-voluni€s. The basic laws of mass, momentum, and energy conservation are applied to
eath of the sub-volummes.

Thie governing,¢onservation equations for mass, energy, and momentum contain as further ynknowns
the viscous(stress components in the fluid flow. Substitution of the viscous stress components into the
mqmentuinequation and solving them is central to any CFD code (so called Navier-Stokes equations).

Twoleases of field models exist:

Direct numerical simulations (DNS)

The basic equations are solved without averaging, but such codes need a very short time and spatial step
in order to simulate all time and spatial scale coming from the turbulent and the chemical processes.
DNS require particularly powerful computers and are used for academic studies or confined to simple
applications. The large eddy simulation (LES) technique is an example where the most realistic
simulation of fire-induced flows can be performed.

Reynolds-averaged Navier Stokes (RANS)

The basic equations are pre-averaging on very short time scale, and use a turbulent model to take into
account the short spatial scales. The most frequently model used is a second order closed k - ¢ model.
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All flows encountered in engineering practice become unstable above a certain Reynolds number and are
said to be turbulent. The velocity fluctuations associated with turbulence give rise to additional stresses
on the gases, the so-called “Reynolds-stresses”, described by the Reynolds equations. A direct solution
of the time dependent equations of fully turbulent flows at high Reynolds numbers require extremely
fine geometric grids to describe the temperature and velocity (and chemical species concentration) and

therefore

extremely small time steps to describe all the points in the compartment.

Certain assumptions must therefore be made to avoid the need to predict the effects of each and every
eddy in the flow.

The k-¢ medelisaturbulence mnr‘]n”ing apprnar‘h thatishasedonthe Hmn_avnragnd Dnynn]r]c nqnah'n

S.

Two trangport equations (partial differential equations) are solved, one for the turbulent kinetic eneér

k, and an
number o
model exi

ther for the rate of dissipation of turbulent kinetic energy €. The equations used contai
fempirical constants, determined from experimental results. A number of variations of the
5t; the so called standard k- model is widely used in CFD-codes. One of the maindrawbackg

this mode]l is that the eddy viscosity is assumed to be identical for all the Reynolds stresses, so that {

turbulenc

The mass
the conce
k- model
direction.
buoyancy

e has no preferred direction.

of air entrained into a fire plume controls to a considerable degree the precess of smoke filli
htrations and temperatures in the hot layer, and the combustion in(the flame. The standd
does not model gravitational forces correctly. Gravitational forces-apply only in the verti
'To model plume entrainment correctly the standard k- model can be partly amended by us
modifications. In this enhanced k-£ model the constants in the Reynolds stress equation hz

been charged in order for the plume to widen with the height as.it.does in reality. However, this }
adverse effects in other regions, such as in the flame extensions under.ceilings, i.e. the ceiling jet. Theref

further w

brk is clearly needed on the turbulence models used in.€KD codes to fit experimental data bett

CFD modg¢lling is complex and a minor change in the inputdata may have an enormous influence

the outpuy,
design pr

[t data. Nevertheless, CFD modelling may in seme cases, be the only way to tackle particu
pblems.

4.4 Heat flux to the structure

To calculdte the thermal action upon strdctural members from fires which are defined in terms g
temperatyre-time relationship the following equation can be used to obtain the net heat flux (h,

from the qonvective and radiative components of heat transfer:

h

net =

hnet,c + hnet,r

Where th¢ convective heat flux component is given per unit surface area of the structural member b

h

net,c

In which:
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is the coefficient of heat transfer by convection equal to:

e 25 W/m2K for standard and external fire curve,
e 50 W/m2K for hydrocarbon fire curve,
e 35 W/m2K for “natural” fires,

e 9 W/m2K on the unexposed side of separating members.
is the gas temperature of the environment around the member [°C]

is the surface temperature of the member [°C]
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The radiative heat flux component per unit surface area is given by:

Pret,r =@ €€ -0[(0, +273)* =(6,,+273)*] [W/m?] (4.19)

where:
@ is the configuration factor and is assumed to equal 1.0 without further consideration [-]

&€m  isthe emissivity of the material in which a default value of 0.8 is used without further infor-
mation [-]

g isthe emissivity of the fire which is taken as 1.0 without any further consideratios|[-]
or is the radiation temperature of the environment of the member [°C]

om is the surface temperature of the member [°C]

N.B in Eurocode 1-1-2 Formula (4.19) includes a term grwhich is the emissivity of the fire and is taken as
1.q without any further consideration.For steel, some countries use a value.of 0.8 for the emissivjty of steel
anfl then apply a correction factor of 0.9 in Formula (5.1), (sometimés-referred to as the shadpw factor)
that enables the calculated temperature rise to align with measuned data. Other countries do|not agree
with this principal and adopt a value of &, = 0.7 without the correction. Both methods give similar results.

In pituations where radiation from the fire passes through a glazed system, the extent of radiatipn seen by
th¢ structural members is very much reduced comparedwith radiation emitting through an open window.

Rliiation from Panes of Glass in Fire:

Thie transmissivity of glass is dependent on wayelength,which depends upon the glass thicknelss and the
trdce element composition of the glass. In a fir'e, the glass is exposed to electromagnetic radiatjion on the
firg side. This radiation has a spectrum, which means that the energy transferred in various wjavelength
inlervals may be different.

Thie radiation from a fire is partly inthe interval from 350 nm to 780 nm, which is visible light. This is
why the flames are visible. However, the majority of the energy radiated from a fire is in the infrared, i.e.

The transmissivity coefficient of glass for infrared radiation is very low. In other words, the

hof by radiation and-by convection and, therefore, the glass pane temperature increases. The glass pane
itsplf then startsqadiating electromagnetic radiation in wavelengths higher than 780 nm. Thq radiation
component transmitted from the furnace through the glass is approximately 10 %. The glass acts as a
radliation screen for the other 90 %. For this reason glass does not provide a great resistanfe against

As|t distance

: sSpatre: e-sla coa rahea recoateo o tete;then the heat
flux received on the unexposed side can be strongly reduced. Some fire resisting glasses can provide a
heat flux reduction of up to 50 % due to heat reflective coatings.

It needs to be recognized that the behaviour of the coating itself is also wavelength dependent, and
therefore, the coating is selective with respect to radiative heat transfer in various wavelength intervals.
These are often used to control the internal environment in buildings.

The glasses that meet integrity and insulation performance are of two types: intumescent laminated and
cast-in-place gels. They are different and function differently in a fire. The first - intumescent laminated -
is composed of a hard inorganic glassy layer between plates of standard annealed soda-lime-silica glass.
Real fire experience is available to illustrate that such intumescent laminates are capable of resisting
extreme intense fire conditions. The gel type has a fluid layer between two plates of toughened glass and
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depends for its action in fire on its high water content. The deterioration mechanism is different and can
depend sensitively on failure of the toughened glass plates.

In both cases, insulation performance serves to reduce heat levels by conduction, convection and
radiation to low tolerable levels. The same technologies can also be used to give enhanced integrity
performance in integrity only formulations in which the intumescent layer enables the system to be
more tolerable to marked changes in temperature rise and non uniform distribution.

5 Heat transfer models for temperature calculations

Theseconflstageindeterminingthebehaviour of structuralmembersinfireisto establish their temperatlllre
rise and/dr temperature distribution based upon the known heat flux from the Thermal Actions.

In order tp carry this out effectively the temperature field as a function of time has to consider:

— Heat {ransfer within the element (primarily by conduction for solid elements but alsg"by convectjon
and radiation when there are cavities/voids within the element),

— Migrdtion of moisture and evaporation, degradation of the material

— Chemljical reactions and phase changes which may be endothermic or gkothermic
— Abso1fption of heat by adjacent materials

— Changes in physical characteristics.

Informatipn required on the thermal properties will vary between'thaterials but generally, they will inclufe:
— Therrhal conductivity
— Specific heat

— Density

— Emisgivity

— Phasd changes

— Moistjure

— Chariing rate.

Itis impoiftant however, thatattention is paid to how the properties were derived. Many test methods for
determining material ppoperties are carried out under steady-state conditions at elevated temperatures,
whereas flre is a transient heating process. This is particularly important where there are physical and
chemical ¢hanges; which would not be part of the laboratory test under a steady-state evaluation. Also
of importqnce, is-the rate of temperature rise in the material during the test, which must reflect the rate
of temperfature rise that the structural members may experience in the end use condition. Howeyer,
some prope ies are relatively insensitive to whether they have heen determined ninde cadvy-statel or
transient heating, or, even the rate of temperature rise.

The inputs into the heat transfer analysis can be a sub model in itself of how the properties vary during
fire exposure. These are well documented in the Structural Eurocodes (EC'’s 2 to 6, and 9) for each of the
materials used in load bearing construction.

In calculating the temperature field of structural elements various assumptions/simplifications can be made:

— Uniform Temperature Cross Section: Members that are totally engulfed in fire in which the
structural elements are primarily made of materials with a high thermal conductivity (e.g. steel
and aluminium alloys). However, sections with substantially different thicknesses in the web and
flange e.g. deep plate girders, would be best treated as single elements within the section.
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— OneDimensional Heat Transfer: Simple flat elements heated on one side (e.g. flat concrete floorslab)
or axis-symmetric elements fully engulfed in fire (e.g. circular concrete or concrete filled column).

— Two Dimensional Heat Transfer: Analysis for determining the temperature field through the

cross-section.

— Three Dimensional Heat Transfer: Analysis for determining the temperature field through its

cross section and along its length.

5.1 Uniform temperature

5.1.1 Unprotected members

Fol uniform temperature distribution through the cross-section, the increase of tempiérature

unprotected member during a time interval At, may be determined from:

Abg e = Am—/Vflnet,dAt [0°C]
aPa
where:
Am/V  isthe section factor for unprotected members (see Table 4) [m-1]
Am is the exposed surface area of the member perunit length [mZ]
%4 is the volume of the member per unit length [m3]
Ca is the specific heat of material used []/kgK]
hnetd  is the design value of the net heatdlux per unit area [W/m?2]
At is the time interval [s]
Pa is the unit mass of material [kg/m3]

nof be greater than 5 seconds/although depending upon the method adopted such as with a
diffference scheme, the time-increments can be extended without loosing any accuracy.

TI:E value of At, which is relatedto the section factor and shape of the thermal action, should

In the above equation,the value of the section factor, Ap,/V should not be used if it is less than

In Eurocode 3 on Fire Actions, a view (shadow) factor) is introduced where for example the ef

se¢tion does fipt fully see the radiation from the fire.

O ¢ in an

(5.1)

generally,
backward

10 m-1.

tire cross
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In Figure 8 it is recognized that for several exposure conditions, the member is not entirely exposed.

The portion of the element where this occurs could be analysed more accurately by considering one
dimensional heat flow towards the insulator.

Open section exposed to fire on all sides: Tube exposed to fire on all sides:

Am perimeter An/V=1/t
74 cross - sectionarea

-
| O
T

!

Open secton exposed to fire on three sides:

Hollow section (or welded box séction of uniform

thickness) exposed to fire on-all sides:
A. _ surface exposed to fire Ift«b:Am/V~1/t
V dross - section area
N\ |
t
—_— -— —PBQ “«—
b
! 1
I-section flange exposed to fire on three sides:

Welded box section exposed to fire on all sides:
Am _ 2(b +h)
74 Cross - sectionarea

S !

e 35

Am/V = (b}+ 2tr) / (btf)
Ift«b: A/ V=1/tf
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Angle (or any open section of uniform thickness)
exposed to fire on all sides:

[-section with box reinforcement, exposed to fire on all

sides:

Am/V=2/t

Am _ 2(b+h)
V' cross - sectionarea

N s

&

|

X
/ N

!

Flat bar exposed to fire on all sides:

Flat bar exposed to fire on three sides:

An/V=2(b+1t)/ (bt)
Ift«b:An/V=2/t

-

Am/V=(b+2t)/ (bt)
Ift«b:An/V=1/t

—> ] U ] +—
=

Figure 8 — Section factor, A, /V for unprotected structural steel members
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5.1.2 Protected members

5.1.2.1 Passive protection - boards and sprays

For a uniform temperature distribution in a cross-section, the temperature increase A8, of an insulated
member during a time interval At may be obtained using the following relationship:

V -
Aea,tzlp‘qp/ (0g10at) At—(e?1°-1)40,,, [°C] (5.2)

dpcaP, (1+¢/3)

But:
460420

With:

cpPp 0
¢=—"dpAp/V [°C] (5.3)
CcaPa

Where:
Ap/V'| 1is the section factor for members insulated by fire protection material [m-1]
Ap is the appropriate area of fire protection material pernit length of the member [mZ2/n]
% is the volume of the member per unit length [m3/n]
Ca is the specific heat of the steel element [J/kgK]
Cp is the specific heat of the fire protection\material [J/kgK]
dp is the thickness of the fire protection‘'material [m]
At is the time interval [s]
Oat is the steel temperatureatitime t [°C]
Og,¢ is the ambient gas temperature at time ¢ [°C]
ABg¢ | isthe increase.of-the ambient gas temperature during the time interval At [°C]
Ap is the thermal conductivity of the fire protection material [W/mK]
Pa is the'density of steel [kg/mB]
Pp i§ the density of the fire protection material [kg/m3]

The values of cp, pp and A, (versus temperature) can be determined as individual values using standard
laboratory techniques following specific test standards. They can also be determined based upon
furnace tests and assessment methods such as ISO 834-10, ISO 834-11 or EN 13381. However, care
should be taken when applying the thermal properties based upon furnace tests to other fire severities.

The time interval At, should not be greater than 30 s.

The area Ay, of spray fire protection material is generally taken as the area of its inner surface. For board
fire protection, (hollow encasement) with a clearance around the member, the same value as for hollow
encasement without a clearance may be adopted.
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The section factors for steel elements protected with boards and sprays are illustrated in Figure 9.

Sketch Description Section factor (4p/V)

Contour encasement of Metal perimeter
uniform thickness Metal cross-section area

= = Hollow encasementa of 2 (b+ h)

uniform thickness metdlcross-section area

xilg

Contourlencasement )
of uniform thickness, Metal perimeter|— b

expesed to fire on Metal cross-sectioh area
three sides

/ 7/
Hollow encasementa
| < of uniform thickness, 2h+b
exposed to fire on metal cross-sectioh area
three sides
%)

a | The clearaneedimensions c1 and ¢, should not normally exceed h / 4.

Flgure\9— Section factor Ap/V for steel members insulated by passive fire protection material

For most fire protection materials, the calculation of the element temperature increase A8, may be
modified to allow for a time delay in the rise of the element temperature when it reaches 100 °C. The
duration of the plateau, at this temperature level has to be in relation with the amount of water in the
protection material. See 5.2.2.

5.1.2.2 Reactive - intumescent coatings

Intumescent coatings or reactive coatings expand upon heating and provide an insulating char to protect
structural steelwork. This char reduces the heat transfer to structural steel sections and therefore the
steel follows a significantly reduced rate of temperature rise when compared with the fire temperature.
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The thermal insulating performance of intumescent coatings are dependent on their chemical
composition and thickness (dry-film thickness) with the latter determined as a function of the section
factor. Each of these dependencies will be explained in the following.

Intumescent coatings have a basic make up in their formulation:

— A material that is able to foam up or expand to form typically a carbonaceous char.

— A material that under the action of heat releases an acid.

— A material that reacts with the acid (blowing agent) that releases gas (typically CO3).

The thickpess of char may be between 5 to 60 mm thick and because the material is very friable so
systems ificlude a fibre reinforcement to provide additional resistance to the turbulent flow and.eros

forces of

The intunpescing action is highly temperature dependent and the chemical composition'6f the coatiy

is chosen
structura

e hot gases.

in such a way that the coating is most effective in the temperature range. of interest. |
steel this is typically 500 °C - 600 °C.

me
on

1gS
For

By applyifpg greater coating thicknesses to steel members increases the thickness of the insulating char
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nutes to keep the steel below a certain critical temperature level, increases with increas
hickness. However, the ratio of the intumesced chaip'with respect to the original coat
does not remain the same as the thickness of the applied coating is increased. For very th
he efficiency of the charring action (foaming) issteduced and the insulating char prevents {
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n factor has an influence on the behaviour of intumescent coatings. The lower the sect
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y stages of the heating, there is amassive temperature gradient through the dry film and t
nfluenced by the massivity.of.the protected members. As a result other physical phenomsg
ake place that can affect(the overall insulating performance of the coating. For example, {

y known that intumescent coatings perform more efficiently when exposed to high rateg
re rise.

of the performance of reactive coatings is complicated because the thickness of the protect
hges contifinously over time and temperature. Moreover the chemical composition of {
char changes as function of time and temperature, causing specific heat, thermal conductiv
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The heat transfer is calculated as function of time using the following equation

A6, =Ki-Am/V(6f—Ga)~At [°C] (5.4)
PaCa-
where:
Ab, is the temperature rise of the steel section in time step At [°C]
Kett is the effective heat transfer coefficient [W/m2 °C]
p is the density of steel [7850ykg/m3]
Cq is the specific heat of steel, temperature dependent [1/kg °C]
Am/V  isthe section factor of the steel section [m-1]
Or is the furnace temperature at time t [°C]
Oq is the average steel temperature at time t [°C]
At is a time step [s]

Thie effective heat transfer coefficient is a function of dry film'thickness, temperature and section factor
anfl can be determined by linear regression in which an effective value for thermal conductiyity Kefr is
defermined from the following equation:

Ko =diﬂ(c0 +Cq-dft+Cy-0+C34A,, /V) [W/m?°C] (5.5)

where:
dft isthe dry film thickness [m]

Co, C1, C2 and C3 are dimensionless constants

Onfce the thermal conductivity is determined the effective insulation Keff can be derived f¢r various
thicknesses of intumeséent coating.

Internal sections protected by membranes

Thee fire resistatice performance of a floor construction can be enhanced by the ceiling upderneath
providing itremainsin place. The ceilingacts asa protective membrane and shields the floor cofstruction
frdgm direetéxposure from the fire. The temperature in the void follows a reduced fire tengperature.
Hept transfer is by radiation form the unexposed face and convection from the rising air curfents. The
performance of the ceiling construction itself, i.e. opening up of gaps, distortion of the grid, falling out of
tiles, € celling, s influenced by echosen floor provides
a high resistance against heat transfer the temperature in the void will be higher. This has a negative
effect on the performance of the ceiling construction. High cavity temperatures cause a more onerous
effect on the ceiling construction with respect to opening up of gaps and distortion of the supporting
lightweight structure and this can lead to ceiling tiles falling out prematurely.

Aerated concrete floor slabs (600 kg/m3) have higher resistance to heat transfer than a normal dense
concrete floor (2 400 kg/m3). For this reason the temperature in a cavity under an aerated concrete
floor will generally be higher than under a normal concrete floor.

In contrast, a timber floor has better insulation characteristics than an aerated concrete floor. Therefore
the cavity temperature under a timber floor will generally be higher than that under an aerated concrete
floor and will certainly be higher than under a normal concrete floor.
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Furthermore, the air tightness of the floor construction has a great influence on the fire performance
of the ceiling. The ceiling provides a better contribution to the fire resistance of the floor construction
when the system is gas/air tight thus preventing hot gases penetrating into the void.

For a very simple conservative (safe) approximation of the temperature rise of steel members contained
within the cavity, the ceiling membrane can be treated as three sided box protection system. This
ignores the influence of the void and that the fact that the steel member only sees part of the radiating
surfaces from the unexposed face of the ceiling.

5.2 Non uniform heating

5.2.1 General

Transient|heat conduction problems involve the change in the energy content of a medium\with tirpe.
The mediyim is divided into volume elements and the heat transferred into the volume elginent from|all
of its surfhces is calculated for each time-step At.

Noting that:

pi+l _pi
ent :m'C'At:P'VelementC’mA—tm

AE (516)

elen

where:

T i+1 are the temperatures of node m at times ¢; = ipoAt and tj+1 = (i + 1) At, respectively]
m ahd T,

Tri;lLl i Trin represents the temperature change efithe node during the time interval At betwejen
the time stepsiandi+ 1.

The noda] temperatures in transient problems nermally change during each time step. It is therefgre
possible tp use temperatures at the previous time step i or the new time step i + 1 for the terms on the
left side of the above equation. Both appraaches are used in practice.

The finite] element approaches are referred to as the explicit method (used the most) or the implicit
method and are expressed in the general form as follows:

Z 0" +Gelement =P Velorent 'C_$ (57)
allsides
(Note: unstable if largecdtime steps are used)
Implicit thethod:
R
Y D 4Gl =0V, cTm ~Tn (5.8)
allsides At

Both formulations are simply expressions between the nodal temperatures before and after a time
interval and are based on determining the new temperatures Trlr:rl using the previous temperatures Ty, .

The explicit method is easy to implement but imposes a limit on the allowable time step to avoid
instabilities in the solution.

5.2.2 Migration of moisture

The moisture content of several of the structural materials has an important effect in the transfer of
heat throughout the system.
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Moisture can exist either in the form of free water, which is present in materials such as concrete (~2-
3 % in a dry building) or timber (~10 % in a dry building) as well as chemically combined water. During
heating, energy is absorbed as the water turns into a vapour (latent heat due to vaporization), or is freed
in the course of a chemical reaction.

The change in the energy content of the volume element during At, is expressed as follows:

AEelement = m-c-At (59)
or

AEelement = P*Velement*C*At (5.10)
where:

p  isdensity [Kg/m3]

c is the specific heat of the element [k]/kg<C].

Diyiding the relation above by At gives:

AEeIement AT (5_11)

=p:v .C._
At element

Z Q+Gelement = At

allsides

Where moisture is present, the term G jpmen¢ »
Atlhas a negative sign. Heat is dissipated as the moisture evaporates.

i.e. the heat generated within the volume element during

Thie specific heat of water is given by Cyy = 4.18 kJ/kg°C.
Thee latent heat of vaporization of water is 24256 kJ/kg.

Thie specific heat of water Cy is used to calculate the temperature rise in the volume elerphent from
anjbient up to 100 °C. At this temperature, a phase change takes place in which water turns|to steam.
T:[s therefore removes thermal energy from the system (volume element).

Thle temperature in the volume element will remain at 100 °C as long as there is moisture pilesent and
this gives rise to a moistureplateau. Although in Eurocode 2 the water is assumed to evaporatg between
10p and 200 °C.

Thie duration of the-moisture plateau length can be calculated as follows:

Input data:
p isthe density of the material [kg/m3]
m, "~ is the moisture content of the material [kg/kg]
d  isthe thickness of the material [m]
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1 m2 of th

dx 10

e material weighs:

3.-p=w [kg/m2]

1 m2 contains water:

m-w=v [kg/m?2]

(5.12)

(5.13)

Total ener

V’CW

The heat {
Every mir
Hence the]

=2

h

5.2.3 One dimensional temperature distribution

gy content needed for evaporation:

= Q [J/m?2]

length of the moisture plateau is given by:

[s]

ute the energy content Q is decreased with h. J/s m2;

(5.

ransfer to the volume element can be calculated using (5.9) and is h W/mZ = h. J/s.m?

(5.1

14)

5)

The change in the energy content of the volume element‘ef a node m during a time interval At can|be
expressed as:

p-cv AT:p'v-c~(T,£1+1—T,£I) [kg4m_3K] (5.16)
where:

p s the density [kg/m3]

%4 s the volume element [m3]

pV  1s the mass [kg]

C s the specificheat [J/kgK]

AT s the tenipérature change [K]

i+1 i
Y Lot =—p o e /) 547)
element — F 7 element At 71 C

all sides

where:

T! i+1 are the temperatures of node m at times ¢; = i1 At and tj+1 = (i + 1) At, respectively
'm and T,

i+1 i
Tm _Tm

the time stepsiandi + 1.

represents the temperature change of the node during the time interval At between

Transient one-dimensional heat conduction is considered in a plane wall of thickness L and constant
conductivity k with a mesh size of Ax = L/M and nodes 0, 1, 2.., with M in the x-direction.

30
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The volume element of a general interior node m involves heat conduction from two sides and the volume
of the element is Vejement = A Ax.

The transient finite difference formulation for an interior node can be expressed on the basis of
Formula (5.16) as:

k'ATm_l_
Ax Ax

T KAT _T Ti+1_Ti
m m+1 m"‘gm‘A'Asz'A'AX’CmA—tm [1/s] (5.18)

Formula (5.18) obtains the implicit finite difference formulation by expressing the left side at time step
i +[T (instead of 1] as:

) Ti+1_Ti
+gm-A-Ax=p~A~Ax-cmA—tm [J/s] (5.19)

i+1 1+1 i+1 i+1
k'ATTIn_i——l_Ter +k.ATr1n4-_|-1_TrIn+
Ax Ax

5.2.4 Two dimensional temperature distribution

A tjectangular region is considered in which heat conduction is significantinthe x- and y- diredtions, and
th¢ depth is considered as the unit depth of Az = 1 in the z- direction, The thermal conductivify k of the
mgdium is assumed to be constant. Now the x - y - plane of the regipnis’divided into a rectangular mesh
of hodal points spaced Ax and Ay apart in the x - and y - directions; 'espectively. A general intérior node
(m|n) is considered whose coordinates are x = mAx and y = nAy:

Thie volume element centred about the general interior node (m,n) involves heat conduction [from four
sides (right, left, top and bottom) and the volume of the element is Vejement = Ax.Ay x 1 = Ax.Ay

Thie transient finite difference formulation for a gemeral interior node can be expressed on the basis of
Fofmula (5.18) as:

T, T, T —Tm,n T, T

k-Ay m-1,n" ‘m,n + kAx m,n+1 +kAy m+1l,n~ “m,n +
Ax Ay Ax
k- Ax _mn Zy m,n = pAXAyC m,nAt m,n [1/s] (5.20)

T:[ explicit finite differenCe,formulation is obtained by expressing the left side at time step i.

Thie implicit finite difference formulation is obtained by expressing the left side at time step i[+ 1.

5.2.5 Three dimensional temperature distribution
A qubic voldme is considered in which heat conduction is significant in the x -, y - and z - directions.

Thie thermal conductivity k of the medium is assumed to be constant. Now the x - y - zvolume is dijvided into
arpctangular mesh of nodal points spaced Ax, Ay and Az apartin the x, y - and z - directions, regpectively.

1 : 1. h | 1 1 1. - A 1 A 1
A gCllUl dl'ITILCT IO TTUUCT UL IL, P IS CULISTUTITU WITUST COUTUIIIALES dI'T A = TIIAX dIIU y =114 dllu 4 = pAZ.

The volume element centred about the general interior node (m,n,p) involves heat conduction from six
sides (right, left, top, bottom, front and rear). The volume of the element is Velement = Ax.Ay.Az = AxAyAz.
The transient finite difference formulation for a general interior node can be expressed as:

k-Ay- Az Tm—l,n,p _Tm,n,p + kAx Az Tm,n+1,p _Tm,n,p +
Ax Ay

k~Ay-AZ Tm+1,n,p _Tm,n,p +k-Ax-Az Tm,n—l,p _Tm,n,p n
Ax Ay
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k-Ax-Ay Tmnpt “lmnp g p. Ay Tt p1 =Tmnp

Az

i+1 i

T —
=pAxAyAz ¢ PP [/s] (5.21)

At

The explicit finite difference formulation is obtained by expressing the left side at time step i.

The implicit finite difference formulation is obtained by expressing the left side at time step [+1.
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5.3.2 Eurocode 1-1-2

The equation given in Eurocode 1-1-2 Annexe F is described by the following relationship:

te,d = qfd * kp x wf [mins]
(5.22)
where;
qfa is the design fire load [M]/mZ2]

kp isaninsulation factor for the compartment boundaries [min-m?2/MJ]

wr  is aventilation factor (dimensionless) [-]

5.3.3 Graphical analysis

Thle graphical method is based upon correlating the maximum temperature attained by, for ¢xample, a
protected steel member in a real fire, with an equivalent period of heating required to attair] the same
tempperature in the Standard furnace test (ISO 834-1). This is illustratéd schematically in Figure 10 for
a grotected steel member.
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Figure 10 — Graphical method for time equivalent

5.3.4 Application of Monte Carlo analysis for determining time equivalent

The Monte Carlo technique is applicable to problems of a stochastic or probabilistic nature. It involves
the simulation of a large sample of typical fire scenarios during which values for each design variable
are chosen at random for input into engineering calculations. This makes up the probabilistic element
of the methodology.
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Probability distributions are required for each part of the model system. These can be derived from expert
judgement, statistical data or real life observations and confidence in the results may be enhanced if the
relationships built into the model are based upon accepted scientific theory supported by experimental
data. Such simulation-based approaches are advantageous as they are based upon physical theory and
experimental measurement and this can be used to compensate for a lack of information about real fires
in a manner that other methods for calculating risk cannot. Furthermore, the assumptions made in these
simulation models are explicit and a measure can be made of the sensitivity of these assumptions on the
calculated risks by changing the values for each variable, recalculating the risk and comparing this new
risk measure with that originally calculated. The sensitivity analysis can then be used to determine which
variables have the greatestinfluence on the calculated risks and which variables are relatively unimportant.

The Monte Carlo method of analysis is ideally suited to practical applications since thereis ihe
opportunity to include a high level of detail and any shaped distribution can be used from whichwalyes
can be chpsen at random for use in engineering calculations. However, the values must bejcompatiple
with the §nown statistical distributions.

For example, in the UK Fire Safety Engineering Code, BS 7974, data are provided on the'fire load densitjies
for severall occupancies at the 80 %, 90 %, 95 % fractile levels. Average values are,alse given. Therefdre,
if 100,00( values of fire load are selected they must conform to a statistical distribution fixed around
the known datum points. In this particular example, a methodology was developed that enabled the full
distributipn of fire load densities to be described.

Other varfables, such as room size, minimum and maximum window<{epening areas and room heights
can be inputted into the model. These can be set to vary within a-prescribed range or where therg is
statistical data they can be treated in a similar way to fire load density.

The Monte Carlo methodology for deriving time equivalent,periods of fire exposure is illustrated| in
Figure 11[and is based upon the graphical method using protected steel members.
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Choose no. of required fire
simulations

Y

O

Choose random fire load < > Choose random
quantity (MJm?) floor area
Choose random compartment | > Choose random
height ventilation condition
CVP Choose random section

size Hp/A

Get steel data

protection thickness

¢ Choose random

Iterate through
parametric fire expsoure

v

Determine maximum protected
steel temperature in‘parametric fire

v

Iterate through standard fire temperature
until same steel temperature is attained

v

Determine equivalent
period of fire resistance »>LOOP

'

END

Figure 11 — Monte Carlo analytical technique

Number of trials = 100,000
For I =1 to Number of trials
— Select fire load

— Select compartment size
— Select ventilation

— Select compartment insulation properties
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— Select section size

— Select fire protection thickness or thickness of cover to reinforcement
— Compute and store time equivalent

Next:

At the end of the process, 100,000 values of time equivalent are stored. It is convenient to plot these as
percentage fractiles. For example, the 80 % fractile is the time equivalent value that is only exceeded in
20,000 ofthe 100,000 cases and the 90 % fractile corresponds to the value thatis only exceeded in 10,000
of the 10(J,000 cases. A typical plot of cumulative % fractile value vs time equivalent fire resistancé is
illustrated in Figure 12, which also incorporates a separate curve with sprinkler fire protection‘taken
into accoynt.

Offices
1000 — T T = === =
!_,—w’ /\/‘
90 T
80
70 7
—_ p=d
s 60 !
2 v
50 #
= / / ------ --- Sprinklers
t: 40 )28
bt . / — ‘No'Sprinklers
L‘: 30 7 /
20 Pt
10 F
0
0 15 30 45 60 75 90 105 120 135 150
TimeEquivalent [mins]

Figure 12 — Typical cumulative distribution output for Time Equivalent

6 Structural design

6.1 Mechanical properties

The following section describes the mechanical properties of materials that may be used to determine
the mechgnical behaviour of structural elements under standard furnace (nominal) heating conditiops.
In most c4sés'the properties are also valid for structural elements exposed to real fires. |

6.1.1 Concrete

6.1.1.1 Compressive strength

The strength and deformation properties of uniaxially stressed concrete at elevated temperatures can
be described by two parameters in the Table 4 where:

fco is the compressive strength, and

£c1,6 is the strain corresponding to f. ¢
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Values for e¢41,9 defining the range of the ascending branch are given in columns 4 and 7.

Table 4 — Values of the main parameters

Concrete
Siliceous Aggregates Calcareous Aggregates
Temp.
°C fc,@/fck €c1,0 Ecul,d fc,@/fck &c1,6 Ecul,n
[] [] [-] [-] [-] []
1 2 3 4 g 6 | 7
20 1.00 0.0025 0.0200 1.00 0.0025 4).0200
100 1.00 0.0040 0.00225 1.00 0.0040 ¢).0225
200 0.95 0.0055 0.0250 0.97 0.0055 (i).0250
300 0.85 0.0070 0.0275 091 00070 4).0275
400 0.75 0.0100 0.0300 0.85 0.0100 4).0300
500 0.60 0.0150 0.0325 0.74 0.0150 (11.0325
600 0.45 0.0250 0.0350 0.60 0.0250 (i).0350
700 0.30 0.0250 0.0375 043 0.0250 ¢.0375
800 0.15 0.0250 0.0400 0.27 0.0250 ¢.0400
900 0.08 0.0250 0.0425 0.15 0.0250 4).0425
1000 0.04 0.0250 0.0450 0.06 0.0250 4).0450
1100 0.01 0.0250 0.0475 0.02 0.0250 d).0475
1200 0.00 - - 0.00 - -
Table 4 may be used for normal weight concrete with siliceous or calcareous (containing at least 80 %
calcareous aggregate by weight) aggregatés.
A mathematical model for stress_strdin relationships of concrete under compression at elevated
temnperatures may be described as'given in Table 5.
Table 5 — Stress strain relationship for concrete at elevated temperatures
Range Stress 0(0)
€< €c1,0 3¢ fc,e
3
£
801'9 2+
€c1,0
£c1(0) < € < Ecul,0 For numerical purposes a descending branch should
be adopted. Linear or non-linear models are permit-
ted
The loss in compressive strength at elevated temperatures is illustrated in Figure 13.
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Figule 13 — Variation in compressive strength of concrete at elevated temperatures for
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ient kc,t(0) as given in:

) = kc1t(0)fck,t [N/mm?2]

strated-in Figure 14.

(6
ence of more accurate information the following kc,t(0) values should be used:
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Figure 14 — Coefficient kc1t(0) alllowing for the decrease in tensile-strength, fck,t, of concrete at

6.1

6.1

6.1

Thie stress strain relationship for structural’steel is described by the relationships given i

wh

.2 Structural steel

.2.1 Hotrolled carbon steel

elevated temperatures

.2.1.1 Stress strain (transient state)

ich are also represented in Figure 5,

Table 6 — Stress strain relationship for structural steel

n Table 6,

EypsSESEp

Strain range Stress o Tangent modulus
£9¢&po eEqp Eqp
Epp <E<&0 foo-c+ (b/a)[a? - (gy,0 - €)2]0-5 b(ey,(, —e)
(e 02 )]
0

fy,B

Etp <E<Eyh

froll - (e-€t0)/(eu0-€to)

I ) 0.00 -
Palrameters cy‘() _JFIJ,\,) CJ,(I\ =02 Sro= Q15 Er= 020
Functions az = (gy,9 - €p,0) (€y,0 - €p,0 + ¢/Eq,0)

b2 = (&y,0 - €p,0)Ea,0 “ + 2

(fyﬂ_fp,@)z

Cc=

(8y,9 _Sp,e)

Eqp —Z(fy,e —fy,e)
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Stress o, A

Strain ¢

Figure 15 — Schematic representation of the stress strain relationship for structural steel at
elevated temperatures

where:
0 is the effective yield strength
fpo | isthe proportional limit
Eqp | isthe slope of the linear elasticrange
gp0 | isthe strain at the proprtionallimit
gy0 | istheyield strain
gto | isthelimiting strainfor yield strength

ey,e | isthe ultimatestrain

In additioh, for temiperatures up to 400 °C and strains greater than 2 %, an additional strain hardening
componeijt carbe introduced. This data was not derived from transient tests and is described as:

2% <lgp<4 %

4%<eq0<15%
15% <€q,6<20%
Sa,QSZO%

The reduction factors for each property with strain hardening taken into account are given in Table 7.
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The effect of strain hardening should only be considered if the analysis is based upon advanced
calculation models and if it is shown that local failures i.e. local buckling, shear failure etc. do not occur

due to increased strains.

Table 7 — Reduction factors, kg, for stress strain relationships of structural steel at elevated

Figure 16 — Graphical representation of the factors, kg, given in Table 7

Temperature [°C]

© IS0 2013 - All rights reserved

temperatures
Steel Temperature E f
y e I L e L T
0a [°C] a,200¢ fay,ZOOC ay,20°c fay 200¢
0 1,00 1,00 1,00 25
100 1,00 1,00 1,00 125
200 0,90 0,807 1,00 125
300 0,80 0,613 1,00 125
400 0,70 0,42 1,00
500 0,60 0,36 0,78
600 0,31 0,18 0,47
700 0,13 0,075 0,23
800 0,09 0,05 0,11
900 0,0675 0,0375 0,06
1000 0,045 0,025 0,04
1100 0,0225 00125 0,02
1200 0,00 0,00 0,00
Thie variation of these parameters with temperature are also illustrated in Figure 16.
1,4 ‘
————— -- fu
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6.1.2.2 Hotrolled reinforcing steels

The strength and deformation properties of reinforcing steels at elevated temperatures may be obtained
from the same mathematical expressions as given for structural steel.

6.1.2.3 Cold worked reinforcing steels

6.1.2.3.1 Young’s (elastic) modulus and stress strain behaviour

The three main parameters describing the stress-strain relationship for cold worked reinforcing steels
are given |n Table 8.

Tabjle 8 — Values for the three main parameters (E;g; fsp,6; fs max,0) of the stress-strain
relationships for cold worked reinforcing steel

Steel temoperature O Ego fsp,6 fsmaxe
el Es,zo"c fsy,20°C fsy,20°C
20 1,00 1,00 1,00
100 1,00 0,96 1,00
200 0,87 0,92 1,00
300 0,72 0,81 1,00
400 0,56 0,63 0,94
500 0,40 0,44 0,67
600 0,24 0,26 0,40
700 0,08 0,08 0,12
800 0,06 0,06 0,11
900 0,05 0,05 0,08

1000 0,03 0,03 0,05
1100 0,02 0,02 0,03
1200 0,00 0,00 0,00

For the d¢creasing branch of-the stress strain relationship the values for hot finished structural stpel
may be adopted.

6.1.2.4 Prestressedwires

The strenpgth defoxmation characteristics of prestressing steel is given in Table 9 for cold worked (qw)
wires and|strafids and for quenched and tempered (q&t) bars.

For cold worKed bars and strands there are two classes (A&B) denoted by the value given to the factor,
B, and is varied according to National practice.
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Table 9 — Elevated temperature stress strain relationships for cold worked wires and strands

and quench and tempered bars

Steel Temp Syp.6/(Bfpk) Joo.6/ (Bfpi) Ep0/Ep ept.o [] pu,0 [-]
5 cw cw Q&T cw Q&T cw Q&T CW, Q&T | CW, Q&T
orel Class A | ClassB
1 2a 2b 3 4 5 6 7 8 9
20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.050 0.100
100 1.00 0.99 098 0.68 0.77 098 0.76 0.050 0.100
200 0.87 0.87 0.92 0.51 0.62 0.95 0.61 0.050 0.100
300 0.70 0.72 0.86 0.32 0.58 0.88 0.52 0.055 0.105
400 0.50 0.46 0.69 0.13 0.52 0.81 0.41 0060 0.110
500 0.30 0.22 0.26 0.07 0.14 0.54 0.20 0.065 0.115
600 0.14 0.10 0.21 0.05 0.11 0.41 0.15 0.070 0.120
700 0.06 0.08 0.15 0.03 0.09 0.10 0.10 0.075 0.125
800 0.04 0.05 0.09 0.02 0.06 0.07 0.06 0.080 0.130
900 0.02 0.03 0.04 0.01 0.03 0.03 0.03 0.085 0.135
1000 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.090 0.140
1100 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.095 0.145
1200 0.00 0.00 0.00 0.00 000 0.00 0.00 0.100 0.150

NQTE Forintermediate values of temperature, linear interpolation may be used.

6.1.2.5 Stainless steels

6.1.2.5.1 Strength characteristics, Young’s (elastic) modulus and stress -strain behaviqur

Thie stress strain behaviour of staiiless steel is shown schematically in Figure 17 and for each(grade can
be|described by the mathematical relationships given in Table 10.

Stress o j
fu,B
E.p=tan o
fO,Zp,9 “
o E ,=tana
L
Ec0 &y,
Strain ¢

Figure 17 — Stress strain model for stainless steel at elevated temperature
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Table 10 — Stress strain parameters for stainless steel

Strain range ¢ Stress o Tangent modulus E;
e<éc Ee E(1+ag® —abe®)
b
1+ae (1+ag?)

EcSEsgy f d [ ( )2 d+(g, —€)
o2p—et—yC —(&,—¢€ T
¢ cyc? (e, —¢)

where:
Ee —
a=(— r fO:p) [-] 6
fO.Zpec
H
b ( ctgc/fO.Zp) Ee, [] @
(ESC / fozp —1) fozp
c? =( ?u—ec)£gu—ec +Ei] [-] (6
ct
d*=efe, —&.)Eq +e* [-] (6
2
o (fu_fO.Zp) [-] (@

with ¢ =

For struct]

temperatyres. These are:

Elastic md

kEe =

0.2 % pro

ko.2p.d =

d _gc)Ect _Z(fu_fO.Zp)
0.2p/E +0.002 and fo.2p the 0.2 % proofstress of stainless steel.

ural designin fire, three sets of parameters are necessary to describe the behaviour at elevat

dulus:
E(6)

E (20°C)

bf strength:

fO.Zp (9)

= [] (6.
fop(20 °C)

4)

5)

6)

7)

8)

ed

9)

10)

2 % absol

It€strain strength = kooyp

Ultimate tensile strength:

kuO_

fu(20°C)

The parameters are given for example in Table 11.
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Table 11 — Various parameters for stress strain relationships at elevated temperatures for
stainless steel grade EN 14462

Temp. | E(0) | fo3,(0) | Ece(0) | fu(6)
) | E(20°C) |fozy(20°C) | E(20°C) | f,(20°C) | k236
20 1.00 1.00 0.100 1.00 0.20 0.35

100 0.96 091 0.070 0.93 0.20 0.35

200 0.92 0.80 0.037 0.85 0.20 0.32

300 0.88 0.75 0.035 0.83 0.20 0.30

400 0.84 0.72 0.033 0.82 0.20 0.28

500 0.80 0.65 0.030 0.71 0.20 030

600 0.76 0.56 0.030 0.57 0.20 0.33

700 0.71 0.37 0.025 0.38 0.15 0.40

800 0.63 0.26 0.025 0.29 0,15 0.41

900 0.45 0.10 0.025 0.12 0.15 0.45

1000 0.20 0.03 0.025 0.04 0.15 0.47
6.1.3 Timber
Onlexposure to fire, the outermost surface of timber elements burns, forming a char. Continued
regults in a gradual erosion of the surface and the extension of the charred zone further into
of the timber. It may be assumed that only charred{timber is affected by fire and the internc
ungharred section will be capable of maintaining a loadbearing function. The timber ele
continue to carry its design load only as long as’the unaffected residual section retains a suff
cayrying capacity.
6.1.3.1 Strength in Compression, Tension and Shear

Th

e strength for softwoods at elevated temperatures can be determined by multiplying the ter]

redluction factor according to-Figure 18.

exposure
the depth
] residual
ment will
cient load

nperature

Figure 18 — Reduction factor for strength parallel to the grain for softwood
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6.1.3.2 Elastic modulus in tension and compression

The elastic modulus for softwoods at elevated temperatures can be determined by multiplying the
temperature reduction factor according to Figure 19.

1
> \ | |
) \
2 \S .
20,8 ———- Tension =
% \\\ Compression
o 06 N
= \ '—(100; 0,65)
é 0,4 S
P (100;025) | | ~~_
= 02 <
&) \\\\
O Y
0 50 100 150 200 250 300

Temperature [°C]

Figure|19 — Effect of temperature on the elastic modulus ofsoftwood parrallel to the grain
For compfession perpendicular to the grain the same reduction of strength may be applied as for
compressjon parallel to the grain.

For shear with both stress components perpendicularto the grain (rolling shear), the same reductiorn of
strength may be applied as for compression parallel to the grain.

6.1.4 Mpsonry

6.1.4.1 BPtress strain behaviour

The templrature dependent stréss strain behaviour of masonry units is a function of the materjal,
strength 4nd density. Example§ of several common types are given in Figures 20 to 22.
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pure 20 — Temperature dependent stress strain diagrams for lightweight aggregate|concrete
uhits(pumic) with unit strength of 4 - 6 N/mm2Zand with a denisty range of 600 - 1 000 kg/m3
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Figure 21 — Temperature dependent stress strain diagrams for clay units (type 1) with unit
strength of 12 - 20 N/mm?2 and with a denisty range of 900 - 1 200 kg/m3
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Figure
wit

6.1.5 Aluminium alloys

The elasti

The strength reduction factors for aluminium alloys are given in Table 13.
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P2 — Temperature dependent stress strain diagrams for calcium silicate units (solid|
h unit strength of 12 - 20 N/mm?2 and with a denisty range of 1 600 - 2 000 kg/m3

—

fmodulus of aluminium at elevated tefmperatures for a 2 hour exposure period is given in Table [ 2.

Table 12 — Elastic modulii of aluminium alloys at elevated temperatures

Temperature Modulus of Elasticity

6 (°C) E a1 9 (N/mm2 x 103)
20 70.0
50 69.3
100 679
150 65.1
200 60.2
250 54.6
300 47.6
350 37.8
400 28.0
550 0
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Table 13 — Strength reduction values for various aluminium alloys at elevated temperatures

Alloy Temperature Temperature °C

20 100 150 200 250 300 350 550
ENAW-5052 0 1.00 1.00 0.96 0.82 0.68 0.48 0.23 0.00
ENAW-5052 H34 1.00 1.00 0.92 0.52 0.33 0.22 0.13 0.00
ENAW-5083 0 1.00 1.00 0.98 0.90 0.75 0.42 0.22 0.00
ENAW-5083 H113 1.00 1.00 0.89 0.78 0.63 0.47 0.29 0.00
ENAW-525% (8] 1.00 1.00 0.96 U.80 0.50 U.52 U.21 0.00
ENAW-5454 H32 1.00 1.00 0.92 0.78 0.36 0.23 0,14 0.00
ENAW-6061 T6 1.00 1.00 0.92 0.79 0.62 0.32 0.10 0.00
ENAW-6063 T6 1.00 1.00 0.90 0.74 0.38 0.20 0.10 0.00
ENAW-6082 T6 1.00 1.00 0.79 0.65 0.38 0.20 0.11 0.00
ENAW-3003 0 1.00 1.00 0.90 0.79 0.64, 0.46 0.38 0.00
ENAW-3003 H14 1.00 1.00 0.76 0.51 0726 0.16 0.10 0.00
ENAW-5086 0 1.00 1.00 0.89 0.78 063 0.47 0.29 0.00
ENAW-5086 H112 1.00 1.00 0.99 091 0.73 0.46 0.30 0.00
ENAW-7075 T6 1.00 1.00 0.79 043 0.24 0.16 0.10 0.00
6.1.6 Glass

Thie mechanical properties of glass of all types ar€ very variable and therefore the propertjies on the
mgchanical behaviour in Table 14 should be takemn,as typical rather than absolute.

Table 14 — Mechanical properties of some common glasses

Glass Type (generic)
Property HHs ((z;l;sret; Borosilicate Soda Lime C E::;fic)
ilica)
Ddnsity kg/m3 2.2 2.23 2.5 2.53
Elgstic Modulus 104 MPa 7.2 6.3 7.3 9.1
Shiear Modulus 104 MPa 31 - 3 -
Pojisons ratio - 0.17 0.20 0.22 0.24
(25-400°C)
Max seryice'temperature °C 1000 500 450 600
Softening Point °C 1683 800 726 -
TemsteStrength Pa 70 70 = -
Compressive Strength MPa 1108 - - ~2,000
Shear Strength PA 70 - - -

The uncertainty concerning a characteristic value applies primarily to tensile strength, which is
substantially influenced by the glassy structure. A single characteristic tensile strength value cannot be
quoted. Measurement on pristine samples, for example, taken from different float lines across Europe,
from different manufacturers, shows a measured range of 30 N/mm?2 to 120 N/mm2. Strengths on
freshly drawn fibres, for example, will be as high as ~5000 N/mmZ2. This feature applies to all glass
types, being a function of the fundamental nature of glass.
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Glass ceramics fall into a different category of performance from either soda-lime or borosilicate.
Although the performance under thermal stress of the ceramic type used for fire resistance is good, due
to zero thermal expansion, it is brittle. Its mechanical performance, therefore, does not allow impact
safety rating without laminating using an impact interlayer such as pvb. Note that “glass ceramics” refers
to a group of widely differing compositions used for different applications and any quoted properties
need to be specifically identified with the specific type.

6.1.7 Plastics and Resins

There is a wide range of plastics and resins that are used in load bearing construction. These may be

in the forn of extruded shapes such as H sections, a composite section in combination with angther

material ¢.g. steel, or as a laminate which may be used to reinforce another structural element,~Ithe
majority ¢f plastics and resins do not survive at very high temperatures, however, those that-do gre
able to forjm a stable char which insulates the remainder of the section in a similar way to charred wdod
protects gn unburnt timber.
Specific tyfpes of plastics and resins are introduced by their trade names together with some of the mgre
common tfypes in Table 15.
Table 15 — Mechanical properties of some common.plastics
Parameter
Mhaterial Density kg/ Bending | Strain@ | compressive| Elastic Tensile | Weaken-
m3y 8/ | strength Failure | girengthN/ | Modulus | Strength | ing Point
N/mm?2 % min? N/mm? N/mm?2 (Vicat) °C
Polytetraf]uorethene 2,000-2,300 18-20 300-500 10 400 17.5-26 327
PTFE
Noryl 1060 95 20 115 2500 67 130
Polyfenylene-oxyde 1060 98-105 80 120 2500 75 191
Thermoplastic Polyester 1370 12.5 150 Approx 100 3500 74 Approx 150
Polyacetate 1410 110 28 90 3000 68 154
Polyamidée{(Nylon 6) PA 1130 27 170 90 1300 43 215-22
Acrylonitrjl-butadieen- 1070 60 3 47 2500 40 90
styrene ABS
Polystyrerje PS 1050 80 15 90 2600 42.5 70
Polymethyjlmethacrylate 1180 140 3.5 120 3250 75 115
PMMA
Polycarbonate PC 1200 75 >110 80 2200 65 170
Polypropyjene 920 45 650 46 1300 275-300 90
Soft Polyvinylchloride 1200 85 370-400 75 Approx 50 16-18 50-60
PVC
Polyvinylchloride-chlo- 1540 Approx 100 | Approx 70 70-80 800 57 105
ride PVC-C'thigh-tempera
ture)
High impact strength 1380 50 60-70 110 2500 23-40 55-75
polyvinylchloride PVC
Hard-polyvinylchloride 1390 80-110 20-50 80 3000 50-60 80
PVC
Perspex 1200 116 4 - 2500-3500 75 110
Nylon 1140 11 50 70 2800 86 -

The flexural strength of glass fibre reinforced polyester laminates at elelvated temperatures is

given in Table 16.
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Table 16 — Mechanical properties of glass re-inforced polyester laminates

Strength property, Temperature
MPa 20°C 50 °C 80 °C 100 °C
Flexural strength 193 151 107 27
Flexural modulus 6896 6206 4827 2068
Tensile strength 103 82 57 20
Tensile modulus 7586 6896 5862 3448

Thle flexural strength of several composites is illustrated in Figure 23.
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~\~-\‘.\ \\.

Flexural Strength [N/mm?]
’I
/
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/.-
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/

0 50 100 150 200

Temperature [°C]

Figure 23 — The flexural strength’of composite materials at elevated temperatufes

6.2 Thermo physical properties

The following section describes the thermo-physical properties of materials that may be used to
determine the mechanicallbehaviour of structural elements under standard furnace (nomingl) heating
copditions. In most casés'the properties are also valid for structural elements exposed to real fires.

6.2.1 Concrete

6.2.1.1 Expdnsion

Thie thekmal strain &.(0) of concrete is given by:

Silaceous agsregates:
55155

For20°C<6 <700°C

£:(0) = -1.8 x 10-4 + 9 x 10-60 + 2.3 x 10-1163 []
(6.12)

For 700 °C< 6 <1200 °C

£:(6) = 14 x 10-3 for 700 °C < 6 <1200 °C []
(6.13)

Calcareous aggregates:
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For 20 °C < 0 <805 °C
£:(6) = -1.1 x 104 + 6 x 10-60 + 1.4 x 10-1163 -]
(6.14)
For 805 °C < 0 <1200 °C

e(0)=12x10-3 [ 615)

These reldtionships are shown in Figure 24.
Thermal conductivity [ W / mK]
60

50 ~

T~
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Figure 24— Thermal elongation of concrete

6.2.1.2 Bpecific heat

The specific heat, c,(6), of.dry concrete (moisture = 0 %) for silaceous and calcareous aggregatey is
given as fpllows:
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For20°C<6 <100°C

cp(6) =900 [J/kegK]

For 100 °C< 6 <200 °C

cp(6) = 900 + (6 - 100) [J/keK]

(6.16)

(6.17)

Fo

Fo

"
md
be

wh

Fo

6.2

- 200 °C < 6 <400°C
cp(6) = 1000 + (6 - 200)/2 [1/kgK]

400 °C < 6 <1200 °C
cp(0)=1100  [J/kgK]

lere moisture is not considered explicitly in the calculationdnethod specific heat of concr
delled by inserting a constant value for cp peqk between<100 °C and 115 °C with a linea
fween 115 °C and 120 °C.

ere;
For ¢p peak = 900 [J/kgK] for moisture content of 0 % of concrete weight
For c¢p peak = 1470 [J/kgK] for moisture content of 1.5 % of concrete weight

For cp peak = 2020 [J/kgK] for moisture content of 3.0 % of concrete weight

" lightweight concrete the specific heat of 840 J/kgK can be assumed

.1.3 Thermal conductivity

Thie thermal conductivity, A., of normal weight concrete for 20 °C < 8 < 1200 °C is given be

up
Fo

per and lower bouhd values described by:
I the upperdound:
¢=2.00<0.2451(6/100) + 0.0107(6/100)2 [W/mK]

(6.18)

(6.19)

bte can be
r increase

fween the

(6.20)

Fo

ne ijower bounda:

A = 1.36 - 0.136(6/100) + 0.0057(6/100)2 [W/mK]

where;

6 isthe concrete temperature

6.2.1.4 Emissivity

Th

©lI

e emissivity of conrete, £, may be taken as 0.7.

SO 2013 - All rights reserved
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6.2.2 Steel
6.2.2.1 Carbon Steel

6.2.2.1.1 Thermal elongation
The thermal elongation of steel, Al/I should be determined from the following:

For20°C<6,<750°C

Al /1412x10°6, +0.4x10 002 —2.416x10 [] 6.22)

For 750 °( < 6, <860 °C

Al/I=01.1 x 1026, 750 °C < 6, < 860 °C [-]
(6.23)
For 860 °( < 6,< 1200 °C

Al/1=PR.5 x 10-560,-6.2 x 10-3 750 °C < 6, < 860 °C [-]
(6.24)
where:

l

s

4 the length at 20 °C
Al ithe temperature induced expansion

Oa

—n

4 the steel temperature [°C].

The variation of the thermal elongation with-temperature is illustrated in Figure 25.

Relative Elongation Al/I[x10°]
20
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16 /
14

12 /
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S N » O R

0 200 400 600 800 1000 1200

Temperature [°C]

Figure 25 — Thermal elongation of carbon steel as a function of the temperature
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6.2.2.1.2 Specific heat
The specific heat of steel, ¢4, should be determined from the following:

For20°C=<6,<600°C

¢, =425+7.73x107102% +2.22x107°0 [/ kegK] (6.25)

For 600 °C<6,<735°C

15002
c,=666+—— kgK 6.26
] seop,  D/keK] (6.26)
For 735°C < 6,<900°C
17802

a
For900°C=<6,<1200°C

Cq =650 [J/kgK] (6.28)

Thie variation of the specific heat with temperature is illustrated in Figure 26.
Specific heat [J / kg K]
5000
4500
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2500
2000
1500 I
J A
500
0

0 200 400 600 800 1000 1200

Temperature [°C]

Figure 26 — Specific heat of carbon steel as a function of the temperature

6.2.2.1.3 Thermal conductivity

The thermal conductivity of steel A; can be determined from the following:
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For 20 °C < 6, < 800 °C
Aa =54 - 3.33 x 10-26, [W/mK]

(6.29)
For 800 °C < 6,<1200°C
Ag=27.3 [W/mK]
(6.30)
where;
64 idthe steel temperature [°C]

The variafion of the thermal conductivity with temperature is illustrated in Figure 27,

Thermal conductivity [ W/mK]
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Figure 27--< Thermal conductivity of carbon steel as a function of temperature
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6.2.2.2 Stainless steel

6.2.2.2.1 Thermal elongation

The thermal elongation of austenitic stainless steel, Al/l, may be determined from the following:

Al/1=(16+4.79x10726,-1.243x107°07 | x(9, ~20)x10"° [-]

where;

6.2
Th

wh

6.2

Thie thermal conductivity of stainless steel' A, can be determined from the following:

wh

6.2
Fo

I isthelength at 20 °C
Al is the temperature induced expansion

04 is the steel temperature [°C]

.2.2.2 Specific heat

e specific heat of stainless steel, ¢, may be determined from the following:

c, =450+0.280x6,-2.91x10*62 +1.34x1077 0?2 [J4Kgk]

ere;

0, isthe steel temperature [°C]

.2.3 Thermal conductivity
Aa=14.6 + 1.27 x 1026, [W/mK]

ere;

0, is the steel témperature [°C]

.3 Timber

" standard exposure conditions the following thermal properties apply:

6.2

(6.31)

(6.32)

(6.33)

The thermal conductivity values of the char layer are apparent rather than measured values of charcoal
in order to take into account increased heat transfer due to shrinkage cracks above ~500 °C and the
consumption of the char layer at ~1000 °C

Depending upon the model used for calculation modification of the thermal properties may be necessary.

The variation in thermal conductivity of timber with temperature is given in Table 17 and illustrated
in Figure 28.

©lI
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6.2.3.2

The speci
service cl

Table 17 — Temperature dependence of the thermal conductivity of timber

Temperature Thermal conductivity
°C Wm-1K-1
20 0,12
200 0,15
350 0,07
500 0,09
800 0,35
1200 1,50
0,4

L
W

/

—_ | /

Conductivity [Wm™" K]
A
N

N—+—

0 200

bpecific heat capacity an density

Figure 28 — Temperature dependence-of the thermal conductivity of timber

Fic heat capacity and ratio of'density to dry density of softwood at elevated temperatures for
iss 1 as defined in Eurocode’s is given in Table 18.

400 600 800 1000
Temperature [2C]
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Table 18 — Temperature dependence of specific heat capacity and density ratio of softwood

. Specific.heat Density
Temperature °C capacity ratioa
k] kg-1 K-1
20 1,53 1+w
99 1,77 1+w
99 13,60 1+w
120 13,50 1,00
120 2,12 1,00
200 2,00 1,00
250 1,62 0,93
300 0,71 0,76
350 0,85 0,52
400 1,00 0,38
600 1,40 0,28
800 1,65 0,26
1200 1,65 0
a  wis the moisture content

Thie variation in specific heat of wood and charcoal at elevated temperatures is shown in Figure 29.

15

[UnN
N

— \’
0 200 400 600 800 1000 1200

Temperature [2C]

Specific heat [kJkg 'K ']

Figure29 — Temperature dependence of specific heat of wood and charcoal at elevated
temperatures

The temperature density ratio of softwood with an initial moisture content of 12 % can be described as
shown in Figure 30.
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Figure

6.2.3.3

The charr]
the char-1

The calcull
roundingy
the notion

The chart
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30 — Temperature density ratio for softwood with an initial 12 % moisture content

Charring rate of timber

ing depth is the distance between the outer surface of the original'mémber and the position]
ne and can be calculated from the time of fire exposure and thé€relevant charring rate.

. Alternatively a notional cross-section without corner:roundings may be calculated based
al charring rate. The position of the char-line should betaken as the 300-degree isotherm.

ing rate for one-dimensional charring under standard furnace conditions can be taken

constant yith time and calculated from:
dchar,0|~ Bot [mm]
(6.3
where;
dchar(  1s the design charring depth for one dimensional modelling [mm]
Bo is the notional one dimensional charring rate under standard exposure [mm/min]
t is the time of fireexposure [min]
The notional charring-rate which includes for the effect of corner roundings and fissures should
taken as donstantwith time and can be calculated from:
dchar,n|~ Pat [mm]
(6.
where;
dcharn  1s the design charring depth, which incorporates the effect of corner [mm]
roundings
Bn is the one dimensional charring rate under standard exposure [mm/min]
t is the time of fire exposure [min]

of

ation of cross-sectional properties should be based on the actual charring depth including corper

on

as

4)

be

5)

For surfaces of timber, unprotected throughout the time of fire exposure, design charring rates, dchar,0
and dcpgr,n are given in Table 19.
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