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1 Il ntroducti on

1.1 Reminder on the background for class 4 crossections analysis in fire

Steel members with H or | shape class 4 eeesgions, due to their advantages regarding theimiegst

and efficiency, are widely used in steel constructions. However, the fire design rules of the Eurocode 3
have demonstrated to be not only very approximate but also too conservative. Additionally in the case
of tapered steel members it is not cleandrmal temperature design rules can be straightforward
adapted for fire design.

EC3 gives simple calculation methods for fire design of class 1, 2 and 3seaigms in its Part-2

and recommends the same methods to be used with class 4 cross sedchioneformative annex,
suggesting that the design yield strength of steel should be taken a&%hproofstrength instead of

the stress at 2% total strain used on the other classes ofseaisss. However, it has been
demonstrated through numeridalestigations, which this methodology is conservative and leads to
uneconomical results. Another possibility presented in the Eurocode, is the use a very low critical
temperature of 350 °C if no calculation is performed to check the fire resistancéas$ @ enember,

which is even more conservative and more realistic formulae should be developed.
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In the scope of this numerical computation guidance, the following aspaets been specifically
developed:

1 The modelling strategy to be followed by fire engineers if the structure isetkpogifferent
ireal o fire conditions

1 The parameters to be considered when dealing wetl smiembers with class 4 cressctions
in case bglobal structural analysis if beaoolumn finite elementésee )are used

1 How to define the equivalent beasolumn finite element.

This document hasbeen produced as guidance anis only intended for use as such. It is not
intended to provide the definiive approach in any situation, as in all circumstancesThe best
party placed to decide on the appropriate course of actiors the engineering in charge of the
considered project.



1.2 General strategy

1.2.1 Introduction

The minimum legislative level of safety forsttural fire design provides an acceptable risk associated
with the safety of the building occupants, fire fighters and pauwaeby théuilding.

Design for fire safety has traditionally followed prescriptive rules, but many now apply fire engineering
or performancébased approaches, examples of which are given in documents EN1990 and-#£EN1991
2. Thefire engineering approach takes account of fire safety in its entirety, and usually provides a more
fundamental and economical solution than the prescriptive approaches. Within the framevwerk of
fire engineering approach, designing a structure invdlves stages:

1. Modelling the fire scenario to determine the heat released from the fire and the resulting
atmospheric temperatures within the building. (Fire Behaviour)

2. Modelling the heat transfer between the atmosphere and the structure. This iceolgastion,
convection and radiation, which all contribute to the rise in temperature of the structural materials
during the fire. (Thermal Response)

3. Evaluating the mechanical loading under fire conditions, which differs from the maximum
mechanical loadingor ambienttemperature design, due to reduced partial safety factors for
mechanical loading in fire. And the determination of the response of the structure at elevated
temperature. (Structural Behaviour)

The designh recommendations in codes contain sioffgeks which provide an economic and accessible
procedure for the majority of buildings. For complex problems, considerable progress has been made in
recent years in understanding how structures behave when heated in fires, and in developing
mathematicatechniques to model this behaviour, generally using the finite element method which may
predict thermal and structural performance. In fire, the behaviour of the structure is more complex than
at ambient temperature because changes in the material ms@ert thermal movements cause the
structural behaviour to become nlamear and inelastic.

There are different approaches, of varying complexities, for a perforrbaiseel structural fire
engineering design. The overall complexity of the design dependiseoassumptions and methods
adopted to predict each of three design components relating to the fire severity, heat transfer and
structural responsé@he different steps are illustrated in the following scheme:
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Figure2: Steps taonduct a fire engineering design
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1.2.2 Fire behaviour

1.2.2.1 Basic principles of the fire behaviour

The basic development of an enclosed uncontrolled compartment fire can be divided into a humber of
stages, as follows:
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Growth phase (preflashover): Ignition defines the beginning of the fire development. At the initial
growth phase, the fire will normally be small and localized within the compartment anstopast this

stage. Smoke and combustion products (pyrolysis) will accumulate beneath the ceiling gradually
forming a hotter upper layer in the compartment, with a relatively cooler and cleaner layer at the
bottom. With sufficient supply of fuel and oxygeand without the interruption of firefighting or other
active measures, the fire will continue to grow with the release of more hot gases and pyrolysis to the
smoke layer. The smoke layer will descend as it becomes thicker. If the growth of theldvwedsis to

lack of oxygen or combustible material in the proximity of the fire then the fire remains localized.

Flashover. If the development of the firdeads to sufficiently hotgases in the compartment
(approximately 55@&600°C) sudden ignition of all @mbustible objects within the compartment will
occur. This phenomenon is known as flashover with the whole compartment engulfed in fire.

Fully developed phase (postlashover). Following theflashover, the fire enters a fully developed
stage with the ratef heat release reaching a maximum and the burning rate remaining substantially
steady. The burning rate may be limited by availability of ventilation or fuel. Normally this is the most
critical stage which, unless controlled, can lead to possible widmadstructural damage and fire
spread to other compartments.

Decay phase:After a period of sustained burning, the rate of burning decreases as the combustible
materials are consumed and the fire enters the decay phase.

Extinction: The fire will eventuallycease when all combustible materials have been consumed and
there is no more energy being released.

The thermal actions to be used in subsequent analysis may be either nominal, derived from simple
calculation, or by advanced methods. The choice of acphatifire design scenario should be based on
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a risk assessment taking into account the likely ignition sources and any fire detection/suppression
methods available. The design fire should be applied to only one fire compartment at a time.

1.2.2.2 Nominal temperatire-time curves

The nominal fire curves provide a simple means of assessing building materials and components against
a common set of performance criteria subject to a closely defined thermal and mechanical loading under
prescribed loading and support conditions. Althougkionally a representation of building fires, the
standard fire curves do not take into accoafnany of physical parameters affecting fire growth and
development. The nominal curves given in EN 13@® are described below.

i Standard temperatutane cuve:

The standard fire curve has been used effectively for many years to determine the relative performance
of construction materials. The temperattinge relationship is described below and set out in EN1363.

— CMmOoTWE QW p
Where:
— is the gas temperature in the fire compartment (°C)
0 is the time (min)
One crucial shortcoming of this curve and others is that there is no descending branch, no cooling
phase. It has been shown that the cooling phase can be very important with regandtuoalstr
performance, particularly where large thermal restraint is present. This standard relationship is the basis
for the tabulated data in the codes. Many of the design methods available through the Eurocodes are
restricted to the choice of a desigrefgimilar to the standard curve, as there is insufficient information
on the thermal and structural performance of members and complete structures subject to natural fire
exposures.

1 External fire curve:

The external fire curve is used for structural merabe a facade external to the main structure. The
external fire curve is given by:

— 90  ™MUYR® WP S ¢m
Where:
— is the gas temperature in the fire compartment (°C)
0 is the time (min)
1 Hydrocarbon curve
In situations where pechemicals or plastics form a significant part of the overall fire load, the

temperature rise is veffast due to the much higher calorific values of these materials. Therefore, for
such situations, an alternative temperaturee curve has been develapef the form:

— pmyptr T D 8 X e  qm
Where:
— is the gas temperature in the fire compartment (°C)

0 is the time (min)



1.2.2.3 Equivalent time of fire exposure
EN 19911-2 includes a method to determine the appropriate fire resispeniosl for design based on
the consideration of the physical characteristic
between the nominal curves and the behaviour of a realistic fire compartment. The method relates the
severity of a real fe in a real compartment to an equivalent period of exposure in a standard test
furnace. The relevant input parameters are the amount of fire load, the compartment size (floor area and
height), the thermal properties of the compartment linings and thi&tientconditions.

(oS nEQL Q
Where:
0y is the equivalent time of fire exposure for design (min)
A i is the design fire load density (MJ)m

"Q is a correction factor dependent on material.
Q is a conversion factor depemden thermal properties of linings

0 is the ventilation factor

1.2.2.4 Parametric temperaturdime curves

Along with the time equivalent approach, parametric fires are an example of the simple calculation
methodsto determinethe compartment internal atmosphdimetemperature relationship. The basic
formulation is based othhe work carried out by Wickstrém. The parametric approach provides a quick
and easy approximation of compartment gas temperatures ideally suited for use on modern
spreadsheets. The apprbdmas been extensively validated over a number of years. It applies only to the
postflashover phase, which is of primary concern when considering structural issues and assumes a
uniform temperature within the compartment. The basic formulation in AnneixEN 19911-2 is as

follows:

z

— ¢mpocp MR Mna?® m@xQ
Where:

— is the temperature in the fire compartment (°C)
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o is the area of vertical openings3m
h is the height of vertical openings (m)

O is the total area of enclosureqm



is the density of boundary enclosure (ki/m
c is the specific heat of boundary of enclosure (J/kgK)
_isthe thermal conductivity of boundary (W/mK)

1.2.2.5 Advanced fire models

In certain circumstances it may be necessary to go beyond a reliance on nominal fire exposures or
simple calculation methods. Advanced methods, including zone models based on a solution of
equations for conservation of mass and energy or more complex computational fluid dynamics (CFD)
models, may be used to provide information based on a solution of the thermodynamic and
aerodynamic variables at various points within the control zone. Sudelsndiave been used
effectively for many years to model the movement of smoke and toxic gases and are now being
extended to model the thermal environment for particularfiastover fire scenarios.

1.2.2.5.1 Zone models

Zone models divide an enclosure into a smathber of distinct regions, each of which is characterized
by a set of time dependent variables that describe its physical state. Each zone is considered isothermal
and homogeneous.

Conservation equations for mass and energy are applied to each zoatetke tklationships between

the physically significant parameters and their evolution can be determined. Whilst zone models are
more primitive in conception than field models, they are easier to apply and piavidere economic
resultsin terms of comptational requirements. They are the most practical method for achieving first
order approximations to real fire behaviour.

Zone models assume a hot upper layer (or zone) and a cool lower layer (or zone). Interaction between
the two zones takes place thghuthe fire plume above the burning object. The fire plume rises through
buoyancy to the ceiling, entraining cool air as it rises. The combustion products and entrained air then
spread across the ceiling. Once the walls are reached, the hot layer iniorda@sksess until such time

as its depth is controlled by the ventilationoilgh the openings. The fisabilizes its burning rate to

match the available air supply.

If there are no large openings the hot layer will descend to the level of the firgharmrate of
combustion will drop as the fire is starved of oxygen.

There are number of zone models that are or have been available taExaaples include the FIRE
SIMULATOR single room model in FPETool (Nelson, 1990; Deal, 1993), the CFAST family of
models (Peacock et al, 1997; Jones et al, 1999) and Ozone from the University of Liege in Belgium.
The following schema illustrates the principles of a zone model:
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Figure4: Zone model illustration

1.2.2.5.2 Field models

In field modelling the compartmentsare divided into many thousands of computational cells
throughout the enclosure. Field models, often called Computational Fluid Dynamics (CFD) models
solve the conservation mass momentum, energy and species in each cell, thus giwiag a th
dimensional field of the dependent variables including temperature, velocity, concentration, etc. Field
models use complex fluid mechanics algorithms such as-Bearkethod to solve for the turlandt flow
present in fires. The #&€ method is a time avaging technique, which smears out much of the complex
flow details that are sometimes required for detailed flow modelling. An alternative technique is to use
the Large Eddy Simulation technique to deal with unsolvedgsdiscale motion.

Field models rguire a great deal of experience on the part of the user and place great demands on
computational facilities. Field models have been developed to stage where they can be applied for
design purposes although there is still much research required and dmemast with great care.

A consequenhumber of fire field models are currently available. They fall into one of two camps,
specific fire field modelling software that is intended only for modelling fire and general purpose CFD
codes that can be used fine modelling applications. The general purpose CFD codes PHOENICS,
CFX and Fluent are examples of the latter. These general purpose CFD products are oftefirased i
modelling applications.

The fire field models, JASMINE (developed by FRS and whickesause of an early version of the
PHOENCIS code as its CFD engine), KAMELON (developed by SINTEF/NTH), SMARTFIRE
(developed by UoG) and SOFIE (developed by Cranfield/FRS) are examples of the former.

And, finally, Fire Dynamics Simulator (FDS) is a wkflown largeeddy simulation (LES) code for
low-speed flows, with an emphasis on smoke and heat transport from fires and is continuously
developed by NISTNational Institute of Standards and Technology)

1.2.3 Thermal response

1.2.3.1 Basic principles of heat transfert

Heat transfer is the evaluation of the endrgysferthat takes place between material bodies as a result
of a temperaturgradient The three modes of heat transfer are conduction, convection and radiation.

Heat tansfer analysisis undertaken to deteine the temperature rise arttie distribution of
temperature within the structural members. Thermal models are based on acknowledged principles and
assumptions of heat transfer. Thermal models vary in complexity ranging from simple tabulated values
to compex calculation models based on finite difference or computational fluid dynamics. The heating
conditions considered extend to cover natural fire scenarios. However, the validity of some of the
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simple methods and most of the tabular data is restrictedfit@ &xposure corresponding to the
standard fire curve.

In order to undertake thimnalysis, knowledge of steel properties at elevated temperature is required,
specifically: thermal conductivity, specific heat, density and emissivity.

The surface of atructural member exposed to a fire is subject to heat transfer by convection and
radiation. Typically, the radiation is more dominant than the convection except for the very early stages
of the fire.
The thermal actions can be represented by the nelltredt,; given bythe following equations
Q Q5 Q ;
Where:
Q5 | is the net heat flux due to convection
Q5 B-- (XO ¢ X o is the net heat flux due to radiation

Where:

U is the coefficient oheat transfer by convection in Witd. Some typical values are given in the
following table for different fires:

Fire model U, (W/mK)

Standard fires 25

External fires 25
Hydrocarbon fires 50
Parametric fires 35

Unexposed side of separating members:

- Without radiation 4

- With radiation 9

Tablel: Typvawesl U
4 4 is the gas temperature in the vicinity of the fire exposed member (°C)
@ mis the surface temperature of the member (°C)
i is the emissivity of the fire (=1.0)
Un is the surface emissivity of the member depending on material (carbon steel => 0.7)

A i's the conf i g.dmearinexdof EChprovides guifaticed cul@ing the value of
A .It can be taken asif a conservative way

a4, isthe effective radiation tengpature of the fire environme(?C)

0  hesStephaiBoltzmann constans(67 x 10° W/m? K*)
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1.2.3.2 Simplified calculation method models for structural steel

The European fire design standard for steel structures includes method&tdating the temperature
rise in both unprotected and protected steel, assuming a uniform temperature distribution through the
cross section and based on a lumped mass model.

The rise in temperature is given by:

Where:

" is the unit mass of steel (kgim

@ is the specific heat of steel (J/Kg)

"Q f is the net heat flux per unit area (Wjm

o s the surface area of the member per unit lengtin{m
wis the volume of ta emember per unit of length {im)

0

Is the section factor for unprotected steel member3 (m

Yo s time interval ()
"Q is the correction factor for the shadow effect

TheQ correction for fishadow effectsodo accounts for
and H sections are shielded from the direct impact of the fire in some parts of the $tofagecular

or rectangular crossections fully engulfed by fire ¢hshadow effect is not relevant af@d = 1

otherwise:

Q ——— for | sections under nominal fire actions

Q

for other cases

.. should not be used if it is less than rhd. 0 is the box

In above equation the value B O

w
value of the section factor.

For protected members, a similar procedure is adopted taking into account the relevant material
properties of protection material. The method is applicable teremctive fire protection systems such
as board or spy protection but is not appropriate for reactive materials such as intumescent coatings.
Assuming a uniform temperature distribution, the temperatureYrisg of a protected steel member

during a time interva¥ois given by:

SJ’—' = 6J(b —h —h .
YK P %O

12



With:

=

V— moE® Q66

e

is the thermal conductivity of fire protection material (VWKn
—y, is the steel temperature at time t (°C)
—, IS the ambiengas temperature at time t (°C)
® j wis the section factor for steel members insulated by fire protection matefjal (m
o is the appropriate area of fire protection material per unit lengbh (m
'Q is the thickness of fire protection material (m)

o is the temperature dependent specific heat of steelK)/kg

is the unit mass of steel (kghm

o is the temperature independent specific heat of fire protection materiakjJ/kg
" is the unit mass of fire protection material (kiym

Y0 istime interval (s)

1.2.3.3 Advanced numerical models

Advanced models for heat transfer problems reqa@aptedcomputer software. Heat transfer is a
transientstate condition, coupled with tirdependent boundary conditions and temperatependent
material progrties. Consequently, most advanced models can only be developed based on finite
difference or finite element techniques. The heat transfer analysis can be performed using a two
dimensional or a three dimensional moddie general aspects to take intoaett for the modelling of

heat transfer analysis are the following ones:

Meshing: The shape and dimensions of the structural model are modelled by a finite element mesh of
general flow continuum elements, in the form of triangles, quadrilaterals, wedgésicks. The
boundary elements or interface elements can be line shaped elementXenad2|, and triangular or
quadrilateral elements for al3 model.

Boundary Conditions: Heat sources can be represented by either tempetamgrdéunctions or heat
flux in boundary element€onvection and/or radiation at boundaries of the structural model can be
modelled by the heat transfer coefficient of boundary elements.

Material properties: The material can be isotropic, orthotropic or anisotropic.

The materialthermal properties of conductivity, specific heat and emissivity can be temperature
dependent.

1.3 Structural fire engineering

1.3.1 Introduction

The simplest methotb predict the structural behaviour of buildings in fire is to analyse individual
members at the fire limit state using partial load and material safety factors, which take into account
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realistic loads at the time of the fire and actual material strendtieseTmethods are given in the codes

and design guides and take into account the reduction in strength and stiffness of materials during a fire.
Simple design methods, which are based on fundamental engineering principles, can be used
irrespective of the fe model used. However, some empirical structural design methods are only valid
for use with the standard tintemperature fire model, which was used in their derivation.

Simple plastic design methods exist to consider frame behaviour in a fire. In theo@es, frame
behaviour isusedto allow the effective lengths of continuous steel columns to be reduced from ambient
temperature values.

The simple design models for individual members andfirhes are assumed to be conservative but

do ignore some aspiscof theactualbehaviour of real buildings. A possible design approach to predict
more accurately the behaviour of buildings in fire is to use finite elelueglysis The approach
incorporates the stressraintemperature relationship of materials andn predict stresses and
deformations throughout the whole structure. Expertise is required to use these advanced models and
special care is required in defining the types of elements used, boundary conditions, localised behaviour
and interpretation of theesults.

Finite element modelling of whole building behaviour can provide a more accurate estimation and
understanding of the structural response, over the full duration of the defined fire, compared to other
methods.

The overall frame stability in a fireshould be considered. For braced frames no additional checks are
normally required provided a sufficient number of cores or bracing, that provide the lateral resistance,
have adequate fire resistance, shielding or containment within fire resistingFearesvay frames, a
frame analysis at elevated temperatures is required to ensure sufficient overall stability during a fire.

The available structural design methods are summarised in the following table

Model Simple element Sub-models Advanced computer
finite-element models
Complexity simple Intermediate Advanced
Input « Temperature through the | « Temperature through the | « Temperature through
parameters cross-section cross-section and along and along the cross-
« Material strength and the member section
stiffness reduction « Material strength and + Full material stress-strain-
« Applied static load stiffness reduction temperature relationship
« simplified boundary « Applied static load + Applied static load
conditions « Boundary conditions « Boundary conditions
* Element type and density
Accuracy « Ignores real behaviour « Begins to consider actual | - Predicts internal stresses,
but assumed to be load paths and restraint displacements, and
conservative « Ultimate strength rotations for all members
+ Ultimate strength calculation throughout the duration
calculation of the fire
« Localised behaviour is
not modelled accurately
in whole building
modelling
Design tools « Simple equations for = Simple equations for « Commercially available
hand calculations hand calculations of purpose written
« Plastic design, computer software
redistribution of moments
« Simple computer models

It is worth emphasising that the analysis of the structure will only be as accurate as the fire modelling
and thermal analysis. Therefore the accuracy of all three components of the design should be considered

Figure5: Available strutural design

when assessing the final analysis
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1.3.2 Basic principles

All materials lose strength and stiffness at elevated temperatures. Based on test results, design codes
present simplified values of strength and initial stiffness for various materials at different temperatures.

The codes also providgmplified stressstrain temperature relationships for steel and concrete, which
can be used within advanced models.

At the same time, all materials will expand, to some extent, when heated. Humifanm temperature
distribution forms through the seoti, thermal curvature will occur with the element generally
deflecting towards the heat source. Any resistance to the free movement of axial thermal expansion or
thermal curvature will induce internal stresses within the member. In addition, due to gsplana
sections remain plane, any nlmear temperature distribution through an element will induce internal
thermal stresses.

1.3.3 Simple calculation methods

The simplest calculation methods are based on the behaviour of individual members. These members
coud be in the form of a column, beam, wall or floor slab. Guidance on the design of structural
members is presented in codes and design guides.

With member design, the effects of restraint to axial thermal expansion are ignored. However, the
effects of themal gradients through the cross section are generally considered.

The simple member calculation methods are typically based on strength and provide no detail on the
displacement history, or maximum displacement, of the member during the fire.

If the desigrapproaches are based on fundamental engineering principles, with the strength of materials
within the member being reduced with increase in temperature, then they are valid for any fire scenario.

However, there are some cases where the design procetignesngthe codes (particularly relating to
composite construction and timber members) are only valid for the standartemnperature fire
scenario, since they have been derived from, and validated against, standard fire test results. The
designer shouldheck that the calculation approach adopted for estimating the structural response is
valid for the fire scenario considered.

It is generally accepted that the available calculation methods for the design of individual members will
provide acceptable comwative answers. However, the design approach ignores the true structural
response of the building, which can be either detrimental or beneficial to the survival of the building as
a whole.

The important modes of behaviour that are generally ignorednmberedesign are described below:

1 The effects of thermal expansion of the beams laterally displacing external columns.

1 Any induced forces acting on a wall due to the movement of the heated structure in the
proximity of the wall.

1 The effect of induced comgssive forces due to restrained thermal expansion. These induced
compressive forces could cause buckling of vertical elements, local buckling of beams, or
increase the beneficial effect of compressive membrane action.

I Redistribution of moments with frangction.

1 Any pulling in of external columns from catenary action of beams.

1 Any beneficial effect of alternative load paths, catenary action or membrane action.

Consideration should be given to these modes of behaviour when detailing members and connections.

Simple design methods to determine lddring capacity are available for steel tension, compression
and beam members. If a uniform temperature distribution is assumed through the member then the
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calculation is simply based on a reduction in yield stiterngimple calculation methods are available to
take into account varying temperature distributi

The design of steel members is based on the engineering principles applied in the normal cold design
exceptthat the effects of reduction in material strength and stiffness are taken into account, together
with partial safety factors that relate to the fire limit state.

1.4 Current issue with class 4 crossection design

It is well known that if the walls of steahembers have high slenderness, some local instability called

as local buckling will occur which could reduce largely the overall loadbearing capacity of steel
members. In order to take account of such a phenomenon in room temperature design of stes] member
the part 1.1 of Eurocode 3 has recommended to classify steel members according to their wall
slenderness and the loading condition to four different classes which means that the higher the class of
steel member is, the more important the influenceaallbuckling over the global loadbearing capacity
becomes.

The above design concept has been also introduced into the fire part of Eurocode 3 for fire design of
steel members. However, for a long time, the fire part of Eurocode 3 deals with the fiencestit

steel members composed of very thin walls so with high risks of local buckling, named as class 4 cross
section steel members by Eurocode, using an extremely simple rule based on a unique critical
temperature of 350 °C whatever their load ratio is.

Obviously, this rule could lead to a not necessary high cost of fire protection if the steel members with
local buckling risks are subjected to low load ratio. As a comparison, steel members without local
buckling risk have a critical temperature of a&de500 °C which could be even higher if their load ratio

is lower than 0.65. With this respect, in the new version of Eurocode 3 (EN11BR3t has been
incorporated in its informative annex E a simple calculation method trying to provide a desifgm tool

fire engineers to get more detailed results for the fire resistance of such type of steel members.
Apparently, for the purpose of simplicity, the calculation methods recommended in this annex for the
overall load bearing capacity of class 4 cresston steel members are referred to those given in the
main part of EN 1993-2 for steel members with cressection class lower than 4 considered as without
local buckling risks in fire situation. It had been shown that these simple calculation ruletaduial

very conservative fire resistance of such type of steel members, especially in case of high load ratio
around 0.7. For example, a failure temperature of 26 °C is even predicted by the simple calculation
rules which are unfortunately fully unreaiést

To take into account the effect of local buckling that can occur in slender plates or plated structures
subjected to compressive-fitane loading, Part-% of Eurocode 3 presents two different calculation
methods: the effective width method and thdued stress method. The former is strongly efficient for
standard geometries, being the resistance of plated members determined using the effective areas of
plate elements in compression for class 4 sections using cross sectionalglaka, (Ae) for cross

sectional verifications and member verifications for column buckling and lateral torsional buckling
according to EN 1993-1. However, the effective width method is not applicable for-unaform
geometries and certain types of loading. Ondbwetrary, the reduced stress method can be applied to
almost any geometry and loading due to the generic concept that takes into account the full stress field
and its interaction, as mentioned in section 10 of EN 41953

Although some studies have bedmne previously within the scope of one research project for welded
or hotrolled class 4 steel members this type of study is very limited and cover only, for example the
buckling of class 4 steel columns or are related to other types of steel, for extampéss steels which
constitutive law are different from carbon steel.
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2 Modelling strateseyxtfiom clteeed bta

2.1 Computer numerical analysis and finite element method

2.1.1 Basics

Today the finite element method (FEM) is considered asobribe wellestablished and convenient
technique for the computer solution of complex problems in different fields of engineering: civil
engineering, mechanical engineering, nuclear engineering, biomedical engineering, hydrodynamics,
heat conduction, gemechanics, etc. From other side, FEM can be examined as a powerful tool for the
approximate solution of differential equations describing different physical processes.

The success of FEM is based largely on the basic finite element procedures usethulatién of the
problem in variation form, the finite element discretization of this formulation and the effective solution
of the resulting finite element equations. These basic steps are the same whichever problem is
considered and together with the usfethe digital computer present a quite natural approach to
engineering analysis.

A complete computer numerical analysis usually consists of three distinct stag@sogassing,
simulation, and posgtrocessing. These three stages are linked togetHiedps shown below:

Fraprocessing
AbagusiCAE or other software

t

If’f nput file: H\I

1L~.\“ﬂ_-_-:i_v.'.\|':| . inlj __,.F-’/

Simulation
Abaqus/Slandard
or Abagqus/E xplicit

!

f,-""_ Cudput files: _“'“\\
job.odb, jab.dat,
H_\_;ub.re&, Jub.fj_._']_.___.

Pastprocassing
Abagqus/CAE or other software

Figure6: Steps for a FEM analysis

Pre-processing

In this stage you must define the model of the physical problem and create an input file. The model is
usually created graphically using a f@cessoralthough the input file for a simple analysis can be
usually created directly using a text editor.

Simulation or solver

The simulation, which normally is run as a background process, is the stage in which the code solves
the numerical problem defined ime& model. Examples of output from a stress analysis include
displacements and stresses that are stored in binary files ready fprquestsing. Depending on the
complexity of the problem being analysed and the power of the computer being used, it enay tak
anywhere from seconds to days to complete an analysis run.

Postprocessing

The designer can evaluate the results once the simulation has been completed and the displacements,
stresses, or other fundamental variables have been calculated. The evatuagemerally done
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interactively using a postprocessor, which reads the neutral binary output database file, it normally has a
variety of options for displaying the results, includowjour contour plots, animations, deformed shape
plots, andXi Y plots.

2.1.2 Components of a numerical model

The model is composed of several different components that together describe the physical problem to
be analysed and the results to be obtained. At a minimum the analysis model consists of the following
information: discretizé geometry, element section properties, material data, loads and boundary
conditions, analysis type, and output requests.

Discretized geometry

The structure is transferred into a discrete system by dividing (meshing) the structure into finite
elements. Finite elements and nodes define the basic geometry of the physical structure being modelled.
Each element in the model represents a discretéopart the physical structure, which is, in turn,
represented by many interconnected elements. Elements are connected to one another by shared nodes.
The collection of all the elements and nodes in a model is calledahl Generally, the mesh will be

only an approximation of the actual geometry of the structure.

Five aspects of an element characterize its behaviour: Family, Degrees of freedom (directly related to
the element family), Number of nodes, Formulation and Integration. The element type, afchpe
location, as well as the overall number of elements used in the mesh, affect the results obtained from a
simulation. As the mesh density increases, the analysis results converge to a unique solution, and the
computer time required for the analysisrigases. A balance needs to be made between the number of
elements used and the required accuracy. This can only be assessed by carrying out a sensitivity
analysis which involves conducting the same structural analysis but increasing the number of finite
elements used. The solution obtained from the numerical model is generally an approximation to the
solution of the physical problem being simulated. The extent of the approximations made in the model's
geometry, material behaviour, boundary conditions, laading determines how well the numerical
simulation matches the physical problem.

Connecting the finite elements together at nodal points needs careful consideration. It has been shown
that the behaviour of structures during fire is predominantly govdmyeestraint to thermal expansion.

It is therefore important that the elements are connected at the correct points to ensure accurate
representation of thermal restraint.

Element section properties

The different commercial finite element solvers haveidewange of elements, many of which have
geometry not defined completely by the coordinates of their nodes. For example, the layers of a
composite shell or the dimensions of abeam section are not defined by the nodes of the element.
Such additional ganetric data are defined as physical properties of the element and are necessary to
define the model geometry completely. The type of finite element used to model the structure needs to
be defined. The following guidance is offered:

1 Beamcolumn elements arline elements, modelling owmensional stress state, which
include axial and flexural terms. They can be used effectively to model columns and beams.
Integrating across the cross section at several points along the element allows any cross
sectional vaation to be included. It is important to ensure that the numerical integration across
the crosssection accurately models any vaoatin material and temperature.

1 Spring elements are elements used to represent the variation of stiffness and strewmgth be
two nodal points that are in close proximity. These elements can be used to model connections.

1 Shell elements are planar elements, modellingdimensional stress state, which include both
membrane and flexural terms. Integrating through the thgskré the element allows the
variation of the properties to be included. These elements are typically used to model floor
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slabs and the class 4 cross sections, which are given to have local buckling in the section before
they get the yield point.

Material data

Material properties for all elements must be specified. While-ighity material data are often
difficult to obtain, particularly for the more complex material models, the validity of the results is
limited by the accuracy and extent of the maletdata.

For the onadimensional stress state, the stress sttamperature relationship given in the codes can be
used for steel. For the tadimensional stress state a biaxial stgssintemperature relationship
should be used. Strain reversal dgribhoth the heating and cooling stage of the fire should be
considered, if it is detrimental to the structural behaviour and always when natural heating action has
been defined as a thermal action.

Loads and boundary conditions

Loads distort the physicatracture and, thus, create stress in it. The most common forms of loading
include:

point loads

pressure loads on surfaces

distributed tractions on surfaces

distributed edge loads and moments on shell edges
body forces, such as the force of gravity
thermalloads

= =4 =8 —a —a

The applied static load should comply with the codes assuming fire limit state design. The rise in
temperature, together with accurate thermal gradients should be applied in discrete steps to avoid
numerical instability. The range of design firee@mpassing low temperature maximum duration and
high temperature minimum duration should be considered to identify the worst case in terms of
structural response.

Boundary conditions are used to constrain portions of the model to remain fixed (zercedispies) or
to move by a prescribed amount (nonzero displacements).

The boundary conditions should be defined. Due to the effects of restrained thermal expansion, the
definition of boundary conditions can be important. It may be found that the slightestomain
boundary conditions results in significant changes in the estimated response. Boundary conditions can
fall into two categories. The first relates to actual boundaries of the structure, which are fairly easy to
define. The second relates to boumgmof a submodel where the fixity at the boundary represents the

rest of the structure which is not actually modelled. If it is found that variations of fixity have a
significant effect on the predicted behaviour using arsodel then the modelled arshould increase

and the boundary be moved away from the modelled area of interest.

Initial geometric imperfections should be applied to the columns and any laterally unrestrained beams.
An initial imperfection of span/1000 is generally adequate.

In a staic analysis enough boundary conditions must be used to prevent the model from moving as a
rigid body in any direction; otherwise, unrestrained rigid body motion causes the stiffness matrix to be
singular. A solver problem will occur during the solutiongstaand may cause the simulation to stop
prematurely. Usually, it will issue a warning message if it detects a solver problem during a simulation.

It is important that you | earn to interpret suc!|
filzepriovot 0 warning message during a static stress
your model lacks constraints against rigid body translations or rotations. Rigid body motions can consist
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of both translations and rotations of the componértg. potential rigid body motions depend on the
dimensionality of the model.

In dynamic analysis inertia forces prevent the model from undergoing infinite motion instantaneously as
long as all separate parts in the model have some mass; therefore,psoblem warnings in a
dynamic analysis usually indicate some other modelling problem, such as excessive plasticity.

Analysis type

The weltknown FEM programs can carry out many different types of simulations, but this guide only
covers the two most commuostatic and dynamic stress analyses.

In a static analysis the lofigrm response of the structure to the applied loads is obtained. In other cases
the dynamic response of a structure to the loads may be of interest: for example, the effect of a sudden
load on a component, such as occurs during an impact, or the response of a building in an earthquake.

Output requests

The simulation can generate a large amount of output. To avoid using excessive disk space, the designer
can limit the output to that requddor interpreting the results.

Apart from the essential components of a finite element model, it is important to keep in mind that
Finite-element analysis is a design tool to estimate the structural response. Similar to other design
methods, assumptionadapproximations are embedded within the method.

When using finite element models to predict the structural response of a building to a given defined

temperature distribution, a sensitivity assessment may be required to assess the effect of mesh density,
connection behaviour and boundary conditions adopted femsulels.
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2.2 Parameters to take into account in the modelling process and their
influence on class 4 crossection

2.2.1 Hot-rolled sections and welded sections (constant and tapered)

Shell finite elemerst were used to model the class 4 steel cross section columns and beams in order to
take into account the local buckling of the different plates, flanges and web, which are suitable to suffer
this type of instability:

Figure7: lllustration of a beam local instability

The single structural elements (beams or columns) were meshed using quadrilateral conventional shell
elements (namely type S4). Conventional shell elements discretize a body by defining the geometry at a
reference sdace. In this case the thickness is defined through the section property definition.
Conventional shell elements have displacement and rotational degrees of freedom.

Element type S4 is a fully integrated, gengratpose, finitemembranestrain shell elem#. The
element has four integration points per element, see following figure:

3
w3 4%

x 1 2%

4-node full
integration element

Figure8: Shell element S4 (points indicate nodes, crosses indicate integration points)
A constant number of finite elements were used for altéses:

1 12 or 16 elements on the width of the flange
1 16 elements on the height of the web
1 100 elements in the beam/column length/height
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Figure9: lllustration of mesh

2.2.2 Global and local imperfections

Geometricalinperfectionsvere introduced ithe model by modifying the nodal coordinates. The shape

for the geometrical imperfections was considered as the first Higele of a linear buckling analysis

and the amplitude of the imperfections has been considered as 80% of lgEQ@dwrcorresponding to

the flanges and 80% of b/100 for plates corresponding to the webs, following the recommendations of
Part15 of the Eurocode to use 80% of the fabrication tolerances.

The global imperfectiois also includedn the model in case of appears as the second or fEggen
mode withamplitudeof L/750 and reduced 70% if it is the secdtigenmode.

For example in the following figures, it could be seen the results of linear perturbation analysis of
HE1000AA hotrolled section and Beters long in pure compression without lateral restraints.

FigurelQ: First Eigeamode in perturbation analsysis to model the global imperfection shape



Figurell Second Eigemmode in perturbatioanalysis to model the local imperfections shape

2.2.3 Material law

The material law was defined by elagtiastic nonlinear stresstrain diagram, according to parRlof
the EC3, where enough data points were used for it and according to reduction cceffitlenegard
to steel temperature.
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Figurel2 Evolution of carbon steel properties in function of temperature
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Figurel3 Parameters for carbon steel strsgain curve at high temperature

2.2.4 Analysis steps

A sequence of three steps has been created in each model to consider the output of each step as the
input of the next step. The defined three steps are the following ones for the case of introducing
variable thermal action with the objective to obtaithe resistance time:

1

EQUILIBRIUM STEP : where the initial geometric imperfections, introduced as
combination of Eigemmodes of a linear perturbation analysis, and the initial residual
stress discretization get the equilibrium as initial situation befioaaytype of loading.
This step is static.

PRE-LOADING STEP: where the pre loading has introduced. This step is static.
THERMAL ACTION : where the variable temperature field has introduced. This step
is dynamic with aim of obtain the large deformationdung the time step value.

In case ofuniform heating and wanting to get the ultimate resistance load, the sequence of three steps
will be the following one:

T
T
|
3 New
fin

EQUILIBRIUM STEP : where the initial geometric imperfections, introduced as
combination of Eigeitmodes of a linear perturbation analysis, and the initial residual
stress discretization get the equilibrium as initial situation before of any type of loading.
This step is static.

UNIFORM HEATING STEP : where the temperature increase from initial condition
of 20°C to theestablished valuelhis is a static step

LOAD RESISTANCE STEP: where the increasing load or displacement has
introduced. This step is dynamic with aim of obtain the ultimate resistance load.

car bon st eel mater i &lol bew
I t e el ement |l ho ntuanlee i aato@amta

cressescti ons behaviour

In this chapter, the development of modification of carbon steel material law for using beam finite
elements in numerical analyssexplained This researclhas been carried out by Prof. J.M. Franssen
from University of Liege, in the scope BfDESC 4 RFCS research project and details are available in

[1].
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3.1 Introduction

As previously commented in the introduction of this guidance, the use of slender steel sections has
increased in recent years because their excellent strength to weighAratithe major issue with
slender sections is local buckling that may occur in compression zones of the elements made of slender
plates, in the flange under compression for elements in bending, in both flanges and also in the web for
elements in compression

That is why, to take local instabilities into account in a precise manner, the designer is left with no other
choice than to use shell finite elements that can represent the local buckling phenomena as it is
explained in the previous chapter. These efegmare yet very expensive already for modelling single
construction members, let alone for modelling complete structures. It is thus desirable to use cheaper
beam elements modified to take local buckling into account.

The approach that is most often usethased on the concept of effective width; the width of the plates

is reduced in such a way that the plastic capacity of the reduced section is equal to the capacity of the
slender plate which exhibits local buckling. This approach has first been pr@pasbds been used for
analytical analyses. Yet, because the effective width depends on the stress level which in turn depends
on the effective width, this procedure is iterative, which is already a serious complication when it comes
to analysing the sitdi@n of a single member under a defined loading.

If this approach has to be applied in beam finite elements used in transientloy-step analyses of
complete structures, the additional level of iteration on the effective width leads to a severe
modification, not only in the formulation of the finite element, but also in the formulation of the
solution strategies of the code. Moreover, convergence problems may occur because it is not possible to
derive the real tangent stiffness matrix of the elements.

3.2 New proposed carbon steel material law

It is here proposed to take local instabilities into account in beam type elements by means of an
effective constitutive law of steel. The effective law has to be derived with the same objective as the
effective width the plastic capacity obtainedth the effective law in the full section is equal to the
capacity of the slender plate with the real material under local buckling. The following figure shows the
two cited approaches to obtain the same objective:

VLI 222222221 02Y

b_eff/i b_eff/2

o real

H‘\._/" { ln.u,m .. T -

areal

IRRRARNRRRARR! IRARAARARRRAR

—
b b

Figurel4: Effective width method (left) and proposed effective stress method (right)
Local buckling occurs only for compressive platds. a consequencehd stresstrain relationship
needs to be modified only in compressiord aemaiis unchanged in tensioithis leadsto a non

symmetrical law with respect to compresstension.

The tangent modulus at the origin of the law is not modified (which comes from the fact that low
compression stresses do not produce local instabilities}hbutievelopment of local instabilities is

25



reflected by a reduction of the limit of proportionality, of the effective yield strength and of the
characteristic strain corresponding to the relationship beginning of the horizontal plateau in the stress
strain.

The effective stresstrain relationship in compression depends on the slenderness and on the boundary
conditions of the plates, either supported on four sides (as in a web) or supported on three sides (as in
half flanges), and possibly also on the stgalble, but these conditions are known at the time of creating

the model and can easily be entered by the user as new material properties. The material law also
depends on the temperature, but this is already thef@matee real law considered up to nowdathis

can be easily accommodated by the numerical code.

The method used in this research to determine the effective-stir@ssrelationship is based on the
simulation of isolated plates modelled in SAFIR computer code with shell elements, simplytedippo

on three or four sides and subjected to progressive imposed shortening in one direction. The simulations
are performed first at ambient temperature and then at various elevated temperatures. From each
simulation of a plate, the effective strain at déinye is considered as the shortening of the plate divided

by initial length of the plate, whereas the effective stress is considered as the reaction force applied on
the edge of the plate divided by the sectional area of the plate
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Figurel5: lllustration of the applied method to get the new materias law

If the obtained curves would be very different in shape from these currently used for the virgin material,
new effective stresstrain relationship should be deepéd. It has been decided here to keep the
relationship proposed by the Eurocode.

From the effective stressffective strain curve obtained each plate, the effective yield strength, the
effective proportionality limit and the effective strain correspondmghe beginning of the plateau
were determined, depending on the relevant conditions of the pldtétional illustrations and
explanations are exposed in the following figures:

26



""""" Existent
Proposal 300 1 “Original” EC3 law

200 4/
: “Modified “ EC3 law

1
o [MPa] b
In function of 100 Effective law
« Slenderness
Frontier conditions of the element

Figurel6: Differences between the material law
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The tables that give the values of the parameters of the effective law (limit of proportionality, effective
yield strength and characteristic strains) at varivakies of the temperature and slenderness are

established for both boundary conditions.

It has to be noticed that a simple adaptation of the subroutine at the material level can be made and
easily introduced in any computer code. The user only has talimca different material model for

the web and for the flanges, to give the slenderness of each plate as a new material property, and the
software automatically takes care of the temperature, of the stress level and of the direction of the stress,
tensionor compression in each integration point. This procedure can be used also for analyses of
structures at room temperature. It has to be underlined that, compared to existing methods, there is no
stepwise variation of the behaviour at the interface betweefour classes; in fact, there is no need to
define the class because the adaptation of the material model is a continuous function of the

slenderness.

The limit of this approach is that it cannot capture local buckling produced by shear forcess kst thi
also the case for the effective width approach.

3.3 How to define the new material law

The proposed effective law of steel is presented in this section. The first part specifies the approach
used to take into account the reduction of the yield strength,ptoportionality limit and the
characteristic deformation in the compression zone of the str@ss diagram. The second part

describes the full stresstrain relationship in case of unloading.

3.3.1 Slenderness reduction factor

The influence of the slendeess on the yield strength for different temperatures for single plates simply
supported on four sides submitted to compression in one direction is represented in the following
graphic with steps of 10TC. A steel grade of 355 MPa was used for these rioateimulations. The

yield strength decreases with an increasing slenderness.
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Figurel8: Yield strenght in function of slenderness ratio for different temperatures

The same results show the next graphic, usingdimensional parameters for the slenderness as given
in the following equations:
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Figurel9: Evolution of k;in function of slenderness for different temperatures

It is observed that these curves can be separated into three different groups, one for ambient temperature
(20AC O d O 100AC), another one at 200AC rmand t he
also be seen that these curves look similar to the buckling curves of Eurocode 3 part 1.

It was thus chosen to approximate those results with the-Rebgrtson equation as it is the case for
the bucklingcurves equation in the Eurocode:



At this step of the study, di fferent wvalues of
temperature, at 206 C and at el evat @) Theevapes diffet also forsthe g(w® 3 0 0
considered supportonditions. Between these different temperatures, a linear interpolation is used.
Even if this model is developed for structures in the fire situation, it is crucial to know the values of the
parameters at ambient temperature. Indeed, in fire situatitenstructure is generally heated after be

ng loaded a t ambient temperature. Also, some parts of the structure may be unaffected by the fire. The
proposed effective law must thus be able to catch the behaviour of slender steel sections at room
temperature.

Supports conditions Temperature U b g

Cold @©100°C) | 0.31 | 3.9 | 0.09

Flange (3 sides) 200°C 0.24 6.0 0.15

Hot ((800°C) 0.19 | 10.0 | 0.14

Cold GL00°C) | 0.10 | 89 | 0.15

Web (4 sides) 200°C 0.10 8.7 0.25

Hot (G300°C) 0.07 | 16,5 | 0.21

Table2: Parameters used to define the slenderness reduction factor

The same reduction factog kvas applied on the yield strength, the proportionality limit and the strain
corresponding to the beginning of the platekle proposedtressstrain relationship in compression is
shown at next figure for a plate simply supported on three sides with a slenderness ra2® bhaoha
temperature of 600 °C:
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Figure20: Example of stresstrain relationshipvith new effective law

It has to bennoticed that at this step of the study, the proposed effective law reproduces the behaviour
observed for single plates. Slender cresstions are considered as an assembly of plates that are
simply supported on three ordiosides. The contribution of the web to increase the stiffness of the half
flanges is thus not taken into account. In reality, the plate is not simply supported on the side shared
with another plate. The actual support condition is between a simple sapgdoa fixed support. The
assumption made in this study is thus conservative. This will be questioned in further studies if the
proposed model appears to be too conservative.
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3.3.2 Unloading after loading

The rext Figure shows the behaviour observed for a siptite simply supported on three sides with a
slenderness ratio b/t = 20 at a temperature of 500°C when the plate is at first submitted to tdnsion an
then submitted to compression:
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Figure21: New material for tensiothencompressiotoadings

The difference between the behaviour observed and the proposed model is in the peak observed in
compression after elastic unloading. The numerical result is obtained from the modelling of a single
plate forced to enter into seves@rain reversal. Also, the proposed model has been developed for
structures in fire situation and not for cyclic loading. From a large number of numerical tests performed
on structures or building assemblies subjected to fire, it was never possible tanfinpoint of
integration reaching this part of the diagram before collapse of the structure. Thus, this peak of the
stressstrain diagram has not been taken into account and a simplified model was adopted. Once the
stress becomes negative, thus when cesgion stress appears, the point follows the initial curve with

an offset corresponding to the plastic deformation in tension.
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Figure22: New material law for compression then tensiojn logslin

It has been observed that the refthn of stiffness is linked to the plastic deformation, the slenderness

and the support condition but doesnot depend on
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temperature conditions, the ratio between original elastic stiffness (EN12Patthis temperature and
the observed reduced stiffness during unloading remains constant.

Steel generally does not exhibit damage mechanisms linked to-enémks as it could be the case, for
example, in concrete. In this case, the loss of stiffness iradinig is probably due to the plastic
deformation of the plate that develops under first loading in compression. Nonetheless, as for concrete

models, it was chosen from phenomenological observations to adopt a damage scalar to capture this
effect.

Following equations give the damage scalar for plates thedTable 3 gives the values of the
parametes to be used in these equations:

O Op ©O
O -
o af 9
Support conditions a (o d e
Web (4 sides) 0.84 0.0003 -3.5 0.0015
Flanges (3 sides) | 0.95 0.0010 -1.9 0.0010

Table3: Damage factor according to different support conditions

4 Wor kexdamp !l es

In this chapter, different examples of structural single members and portal frames are going to be
analysed with previously defined new material law and compared them against shell finite element
simulations.

4.1 Single members analysis

For all s i anglysise maaeewiilh LAFIR Gomputer Code, there are some common features.
They are the steel grade (S355), the temperature df@5o@iform in all the length of the element, the
global geometric imperfection defined as folloavsd initial residual stress

o LW
— i Qe-
XUT 0

Go T
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4.1.1 Steel members with class 4 crossections under simple bending
The list of theinvestigatedtases is given in the following table:

Table4: Investigated casder pure bending

Figure23: Comparisons between shell and new beam element nfodelsre bending

4.1.2 Steel members with class 4 crossections subjected to lateral torsional buckling
behaviour

The list of the investigated cases is given in the folloviétude:
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