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1 Introduction

1.1 Reminder on the background for class 4 cross-sections analysis in fire

Steel members with H or | shape class 4 cross-sections, due to their advantages regarding their lightness
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 clear if normal temperature design rules can be straightforward
adapted for fire design.

EC3 gives simple calculation methods for fire design of class 1, 2 and 3 cross-sections in its Part 1-2
and recommends the same methods to be used with class 4 cross sections in an informative annex,
suggesting that the design yield strength of steel should be taken as the 0.2% proof strength instead of
the stress at 2% total strain used on the other classes of cross-sections. However, it has been
demonstrated through numerical investigations, 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 resistance of a class 4 member,
which is even more conservative and more realistic formulae should be developed.
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Figure 1: Typical example of primary structure (dark blue)

In the scope of this numerical computation guidance, the following aspects have been specifically
developed:

e The modelling strategy to be followed by fire engineers if the structure is exposed to different
“real” fire conditions

e The parameters to be considered when dealing with steel members with class 4 cross-sections
in case of global structural analysis if beam-column finite elements (see ) are used

e How to define the equivalent beam-column finite element.

This document has been produced as guidance and is only intended for use as such. It is not
intended to provide the definitive approach in any situation, as in all circumstances. The best
party placed to decide on the appropriate course of action is the engineering in charge of the
considered project.



1.2 General strategy

1.2.1 Introduction

The minimum legislative level of safety for structural fire design provides an acceptable risk associated
with the safety of the building occupants, fire fighters and people nearby the building.

Design for fire safety has traditionally followed prescriptive rules, but many now apply fire engineering
or performance-based approaches, examples of which are given in documents EN1990 and EN1991-1-
2. The fire 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 framework of the
fire engineering approach, designing a structure involves three 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 involves conduction,
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 loading for ambient-temperature 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 design recommendations in codes contain simple checks 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
mathematical techniques 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 properties and thermal movements cause the
structural behaviour to become non-linear and inelastic.

There are different approaches, of varying complexities, for a performance-based structural fire
engineering design. The overall complexity of the design depends on the assumptions and methods

adopted to predict each of three design components relating to the fire severity, heat transfer and
structural response. The different steps are illustrated in the following scheme:
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Figure 2: Steps to conduct 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 number of
stages, as follows:
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Figure 3: Evolution of the temperature in function of time for a typical “real” fire

Growth phase (pre-flashover): Ignition defines the beginning of the fire development. At the initial
growth phase, the fire will normally be small and localized within the compartment and may stop at 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 oxygen, and 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 the fire is slow due to
lack of oxygen or combustible material in the proximity of the fire then the fire remains localized.

Flashover: If the development of the fire leads to sufficiently hot gases in the compartment
(approximately 550-600°C), sudden ignition of all combustible objects within the compartment will
occur. This phenomenon is known as flashover with the whole compartment engulfed in fire.

Fully developed phase (post-flashover): Following the flashover, the fire enters a fully developed
stage with the rate of 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 wide spread structural 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 eventually cease 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 a particular fire design scenario should be based on



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 temperature-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. Although notionally a representation of building fires, the
standard fire curves do not take into account of any of physical parameters affecting fire growth and
development. The nominal curves given in EN 1991-1-2 are described below.

e Standard temperature-time curve:

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

6, = 20 + 345log,(8t + 1)
Where:
8, is the gas temperature in the fire compartment (°C)
t 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 regard to structural
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 design fire similar 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.

e External fire curve:

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

0, = 660(1 — 0.687¢~ %32t — 0.313e738") + 20
Where:
8, is the gas temperature in the fire compartment (°C)
t is the time (min)
e Hydrocarbon curve:
In situations where petrochemicals or plastics form a significant part of the overall fire load, the
temperature rise is very fast due to the much higher calorific values of these materials. Therefore, for
such situations, an alternative temperature-time curve has been developed of the form:
6, = 1080(1 — 0.325e7%1¢7t — 0.675e~%") + 20
Where:

8, is the gas temperature in the fire compartment (°C)

t is the time (min)



1.2.2.3 Equivalent time of fire exposure

EN 1991-1-2 includes a method to determine the appropriate fire resistance period for design based on
the consideration of the physical characteristics of the fire compartment. This is effectively a “halfway”
between the nominal curves and the behaviour of a realistic fire compartment. The method relates the
severity of a real fire 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 the ventilation conditions.

tea = (@rakpwr)k.
Where:
te,q Is the equivalent time of fire exposure for design (min)
qf,a is the design fire load density (MI/m?)
k. is a correction factor dependent on material.
ky, is a conversion factor dependent on thermal properties of linings

Wy is the ventilation factor

1.2.2.4 Parametric temperature-time curves

Along with the time equivalent approach, parametric fires are an example of the simple calculation
methods to determine the compartment internal atmosphere time-temperature relationship. The basic
formulation is based on the work carried out by Wickstréom. The parametric approach provides a quick
and easy approximation of compartment gas temperatures ideally suited for use on modern
spreadsheets. The approach has been extensively validated over a number of years. It applies only to the
post-flashover phase, which is of primary concern when considering structural issues and assumes a
uniform temperature within the compartment. The basic formulation in Annex A of EN 1991-1-2 is as
follows:

6, = 20 + 1325(1 — 0.324e702¢" — 0.204e 717" — 0.472¢71%%")
Where:
8, is the temperature in the fire compartment (°C)
t*=1tr
tis time (h)

I =[0/b]? /(0.04/1160)*
b =./(pck) (m)

0= (M) (mz2) opening factor

At
A, is the area of vertical openings (m?
h is the height of vertical openings (m)

A, is the total area of enclosure (m?)



p is the density of boundary enclosure (kg/m®)
c is the specific heat of boundary of enclosure (J/kgK)
A is the 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. Such models have 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 particular post-flashover fire scenarios.

1.2.25.1 Zone models

Zone models divide an enclosure into a small number 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 zone so that the relationships 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 provide far more economic
results in terms of computational 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 through the 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 increases in thickness until such time
as its depth is controlled by the ventilation through the openings. The fire stabilizes 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 fire, and the rate of
combustion will drop as the fire is starved of oxygen.

There are number of zone models that are or have been available to users. Examples 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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Figure 4: Zone model illustration

1.2.2.5.2 Field models

In field modelling, the compartments are 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 giving a three
dimensional field of the dependent variables including temperature, velocity, concentration, etc. Field
models use complex fluid mechanics algorithms such as the K-E method to solve for the turbulent flow
present in fires. The K-E method is a time averaging 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 unsolved, sub-grid scale motion.

Field models require 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 so must be used with great care.

A consequent number 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 for fire modelling applications. The general purpose CFD codes PHOENICS,
CFX and Fluent are examples of the latter. These general purpose CFD products are often used in fire
modelling applications.

The fire field models, JASMINE (developed by FRS and which makes use 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 well-known large-eddy simulation (LES) code for
low-speed flows, with an emphasis on smoke and heat transport from fires and is continuously
developed by NIST (National 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 energy transfer that takes place between material bodies as a result
of a temperature gradient. The three modes of heat transfer are conduction, convection and radiation.

Heat transfer analysis is undertaken to determine the temperature rise and the 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 complex 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 restricted to a fire exposure corresponding to the
standard fire curve.

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

The surface of a structural 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 net heat flux h, given by the following equations:
hnet = hnet,c + hnet,r
Where:
Rnetc = ac(6, — Op,) is the net heat flux due to convection
Rnetr = Perem (0, + 273)* — (6,, + 273)*] is the net heat flux due to radiation

Where:

o is the coefficient of heat transfer by convection in W/m®K. Some typical values are given in the
following table for different fires:

Fire model . (W/m’K)
Standard fires 25
External fires 25

Hydrocarbon fires 50
Parametric fires 35

Unexposed side of separating members:
- Without radiation 4

- With radiation

©

Table 1: Typical o, values
Oy is the gas temperature in the vicinity of the fire exposed member (°C)
On is the surface temperature of the member (°C)
g IS the emissivity of the fire (=1.0)
£m IS the surface emissivity of the member depending on material (carbon steel => 0.7)

@ is the configuration factor (<=1.0). The annex G of EC1 provides guidance to calculating the value of
@. It can be taken as 1 in a conservative way.

©; is the effective radiation temperature of the fire environment (°C)

o is the Stephan-Boltzmann constant (5.67 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 methods for calculating 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:

Am/
n—Lh

ara

Abg e = ks netalAt  for At < 5sec

Where:

pq is the unit mass of steel (kg/m?)

cq 1S the specific heat of steel (J/kg.K)

Rnet.q is the net heat flux per unit area (W/m?)

A,, is the surface area of the member per unit length (m*m)

V is the volume of the emember per unit of length (m%m)

Am/V is the section factor for unprotected steel members (m™)

At is time interval (S)
kg, is the correction factor for the shadow effect

The kg, correction for “shadow effects” accounts for the fact that members with geometry similar to 1
and H sections are shielded from the direct impact of the fire in some parts of the surface. For circular
or rectangular cross-sections fully engulfed by fire the shadow effect is not relevant and kg, = 1
otherwise:

A
0.9|m/y, . . . .
kep = % for I sections under nominal fire actions
|4

A
m/
kg, = [ Am/V]” for other cases
|4

In above equation the value of Am/V should not be used if it is less than 10 m™. [Am/V] is the box
b
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 to non-reactive fire protection systems such
as board or spray protection but is not appropriate for reactive materials such as intumescent coatings.
Assuming a uniform temperature distribution, the temperature rise A8, . of a protected steel member
during a time interval At is given by:

A A /V (8 t_gat)
Ag,, =-L2"P 9. LAt — (e9/10 —1)A0
“ dycapa (1-¢/3) ( B
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With:

CpP
ABy, = 0and ¢ = ﬁdp,qp JV

aPa
A, s the thermal conductivity of fire protection material (W/m.K)

04, is the steel temperature at time t (°C)

B4, Is the ambient gas temperature at time t (°C)

A, /V is the section factor for steel members insulated by fire protection material (m™
Ay, is the appropriate area of fire protection material per unit length (m?)

d,, is the thickness of fire protection material (m)

c, IS the temperature dependent specific heat of steel (J/kg.K)

pq is the unit mass of steel (kg/m?)

cp Is the temperature independent specific heat of fire protection material (J/kg.K)

pp is the unit mass of fire protection material (kg/m®)

At is time interval (5)

1.2.3.3 Advanced numerical models

Advanced models for heat transfer problems require adapted computer software. Heat transfer is a
transient-state condition, coupled with time-dependent boundary conditions and temperature-dependent
material properties. 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 model. The general aspects to take into account 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, wedges, or bricks. The
boundary elements or interface elements can be line shaped elements for a 2-D model, and triangular or
quadrilateral elements for a 3-D model.

Boundary Conditions: Heat sources can be represented by either temperature-time functions or heat
flux in boundary elements. Convection 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 material thermal properties of conductivity, specific heat and emissivity can be temperature-
dependent.

1.3 Structural fire engineering

1.3.1 Introduction

The simplest method to 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 strengths. These methods 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 fire model used. However, some empirical structural design methods are only valid
for use with the standard time-temperature fire model, which was used in their derivation.

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

The simple design models for individual members and sub-frames are assumed to be conservative but
do ignore some aspects of the actual behaviour of real buildings. A possible design approach to predict
more accurately the behaviour of buildings in fire is to use finite element analysis. The approach
incorporates the stress-strain-temperature relationship of materials and can 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 the results.

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 fire should 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 resisting cores. For sway 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

Figure 5: Available structural design
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
when assessing the final analysis.

14



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 provide simplified stress-strain 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. If a non-uniform temperature
distribution forms through the section, 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 assuming plane
sections remain plane, any non-linear 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
could 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 thermal 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 design approaches 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 procedures given in the codes (particularly relating to
composite construction and timber members) are only valid for the standard time-temperature fire
scenario, since they have been derived from, and validated against, standard fire test results. The
designer should check 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 conservative 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 ignored in member design are described below:

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

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

e The effect of induced compressive 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.

e Re-distribution of moments with frame action.

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

e 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 load-bearing 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 strength. Simple calculation methods are available to
take into account varying temperature distribution through the member and along the member’s length.

The design of steel members is based on the engineering principles applied in the normal cold design
except that 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 cross-section design

It is well known that if the walls of steel members 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 steel members,
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 influence of local buckling 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 fire resistance of
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 at least 500 °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 (EN 1993-1-2), it has been
incorporated in its informative annex E a simple calculation method trying to provide a design tool for
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 cross-section steel members are referred to those given in the
main part of EN 1993-1-2 for steel members with cross-section class lower than 4 considered as without
local buckling risks in fire situation. It had been shown that these simple calculation rules could lead to
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 unrealistic.

To take into account the effect of local buckling that can occur in slender plates or plated structures
subjected to compressive in-plane loading, Part 1-5 of Eurocode 3 presents two different calculation
methods: the effective width method and the reduced 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 sectional data (A, lesr, Wes) for cross
sectional verifications and member verifications for column buckling and lateral torsional buckling
according to EN 1993-1-1. However, the effective width method is not applicable for non-uniform
geometries and certain types of loading. On the contrary, 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 1993-1-5.

Although some studies have been done previously within the scope of one research project for welded
or hot-rolled 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 example stainless steels which
constitutive law are different from carbon steel.
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2 Modelling strategy for class 4 cross-section steel structures

2.1 Computer numerical analysis and finite element method

2.1.1 Basics

Today the finite element method (FEM) is considered as one of the well-established 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, geo-mechanics, 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 used: the formulation 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 use of the digital computer present a quite natural approach to
engineering analysis.

A complete computer numerical analysis usually consists of three distinct stages: pre-processing,
simulation, and post-processing. These three stages are linked together by files as shown below:

Fraprocessing
AbagusiCAE or other software

t

If’f nput file: H\I
“._ Job.inp A

L
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

Figure 6: 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 pre-processor, although 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 in the model. Examples of output from a stress analysis include
displacements and stresses that are stored in binary files ready for post-processing. Depending on the
complexity of the problem being analysed and the power of the computer being used, it may take
anywhere from seconds to days to complete an analysis run.

Post-processing

The designer can evaluate the results once the simulation has been completed and the displacements,
stresses, or other fundamental variables have been calculated. The evaluation is generally 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, including colour contour plots, animations, deformed shape
plots, and X-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: discretized 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 discrete portion of 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 called the mesh. 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, shape, and
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 analysis increases. 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, and loading 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 governed by restraint 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 have a wide range 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 an I-beam section are not defined by the nodes of the element.
Such additional geometric 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:

e Beam-column elements are line elements, modelling one-dimensional 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 variation to be included. It is important to ensure that the numerical integration across
the cross-section accurately models any variation in material and temperature.

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

o Shell elements are planar elements, modelling two-dimensional stress state, which include both
membrane and flexural terms. Integrating through the thickness of 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 high-quality 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 material data.

For the one-dimensional stress state, the stress strain- temperature relationship given in the codes can be
used for steel. For the two-dimensional stress state a biaxial stress-strain-temperature relationship
should be used. Strain reversal during both 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 physical structure and, thus, create stress in it. The most common forms of loading
include:

e point loads

e pressure loads on surfaces

o distributed tractions on surfaces

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

o thermal loads

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 fires encompassing 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 (zero displacements) 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 slightest variation in
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 boundaries of a sub-model 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 a sub-model then the modelled area should 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 static 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 solution stage and 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 learn to interpret such error messages. If you see a “numerical singularity” or
“zero pivot” warning message during a static stress analysis, you should check whether all or part of
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 components. The 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, solver problem warnings in a
dynamic analysis usually indicate some other modelling problem, such as excessive plasticity.

Analysis type

The well-known FEM programs can carry out many different types of simulations, but this guide only
covers the two most common: static and dynamic stress analyses.

In a static analysis the long-term 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 required for 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, assumptions and approximations 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 for sub-models.
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2.2 Parameters to take into account in the modelling process and their
influence on class 4 cross-section

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

Shell finite elements 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:

Figure 7: 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 surface. 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, general-purpose, finite-membrane-strain shell element. The
element has four integration points per element, see following figure:

3
w3 4%

x 1 2%

4-node full
integration element

Figure 8: Shell element S4 (points indicate nodes, crosses indicate integration points)
A constant number of finite elements were used for all the cases:

e 12 or 16 elements on the width of the flange
e 16 elements on the height of the web
e 100 elements in the beam/column length/height
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Figure 9: lllustration of mesh

2.2.2 Global and local imperfections

Geometrical imperfections were introduced in the model by modifying the nodal coordinates. The shape
for the geometrical imperfections was considered as the first Eigen-mode of a linear buckling analysis
and the amplitude of the imperfections has been considered as 80% of b/50 for plates corresponding to
the flanges and 80% of b/100 for plates corresponding to the webs, following the recommendations of
Part1-5 of the Eurocode to use 80% of the fabrication tolerances.

The global imperfection is also included in the model in case of it appears as the second or first Eigen-
mode with amplitude of L/750 and reduced 70% if it is the second Eigen-mode.

For example in the following figures, it could be seen the results of linear perturbation analysis of
HE1000AA hot-rolled section and 8 meters long in pure compression without lateral restraints.

Figure 10: First Eigen-mode in perturbation analsysis to model the global imperfection shape



Figure 11: Second Eigen-mode in perturbation analysis to model the local imperfections shape

2.2.3 Material law

The material law was defined by elastic-plastic nonlinear stress-strain diagram, according to part 1-2 of
the EC3, where enough data points were used for it and according to reduction coefficients with regard
to steel temperature.
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Figure 12: Evolution of carbon steel properties in function of temperature

23



Strain range Stress o Tangent modulus

£< 60 o E.s
&0 < E< & f, g €T (b/a) {(-’" - (_J.'\_u - ’}}
En €S Go l{;l\ 0

Ga< E< &ip f o lj’ - (‘L'- “Eg ]/(-‘fuﬁ T & rI

£= &g 0,00

Parameters &6 = o/ Eap g9 = 0,02 &y = 0,15 s = 0,20

Functions (l;=[.‘.‘.,l’-‘,‘i-,l]|-‘;-\ o= &EpotC/ E, 5)
“=clgya-epn) Eote

- (f,0-1,4)°

R PR P P

Figure 13: Parameters for carbon steel stress-strain 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 obtain the resistance time:

EQUILIBRIUM STEP: where the initial geometric imperfections, introduced as
combination of Eigen-modes 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.

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 deformations, reducing the time step value.

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

EQUILIBRIUM STEP: where the initial geometric imperfections, introduced as
combination of Eigen-modes 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 the established value. This 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.

3 New carbon steel material law to define new beam-column
finite element in numerical analysis to take account of class 4
cross-sections behaviour

In this chapter, the development of modification of carbon steel material law for using beam finite
elements in numerical analysis is explained. This research has been carried out by Prof. J.M. Franssen
from University of Liege, in the scope of FIDESC 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 weight ratio. And the 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 elements are 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 used is based 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 proposed and has 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 situation of a single member under a defined loading.

If this approach has to be applied in beam finite elements used in transient or step-by-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 obtained with 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:
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Figure 14: Effective width method (left) and proposed effective stress method (right)
Local buckling occurs only for compressive plates. As a consequence, the stress-strain relationship
needs to be modified only in compression and remains unchanged in tension. This leads to a non-

symmetrical law with respect to compression-tension.

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), but the development of local instabilities is
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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 stress-strain 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 steel grade, 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 the case for the real law considered up to now and this
can be easily accommodated by the numerical code.

The method used in this research to determine the effective stress-strain relationship is based on the
simulation of isolated plates modelled in SAFIR computer code with shell elements, simply supported
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 any time 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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Figure 15: Illustration of the applied method to get the new material laws

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

From the effective stress-effective strain curve obtained each plate, the effective yield strength, the
effective proportionality limit and the effective strain corresponding to the beginning of the plateau
were determined, depending on the relevant conditions of the plate. Additional illustrations and
explanations are exposed in the following figures:
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Figure 17: Illustration of buckling with “modified” EC3 law

The tables that give the values of the parameters of the effective law (limit of proportionality, effective
yield strength and characteristic strains) at various values 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 to introduce a 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,
tension or 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 between the four 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 forces, but this is
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, the proportionality limit and the
characteristic deformation in the compression zone of the stress-strain diagram. The second part
describes the full stress- strain relationship in case of unloading.

3.3.1 Slenderness reduction factor

The influence of the slenderness 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 100 °C. A steel grade of 355 MPa was used for these numerical simulations. The

yield strength decreases with an increasing slenderness.
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Figure 18: Yield strenght in function of slenderness ratio for different temperatures

The same results show the next graphic, using non-dimensional parameters for the slenderness as given
in the following equations:
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Figure 19: Evolution of kg in function of slenderness for different temperatures
It is observed that these curves can be separated into three different groups, one for ambient temperature
(20°C < 6 £ 100°C), another one at 200°C and the last one for higher temperatures (300°C < 0). It can
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 Perry-Robertson equation as it is the case for
the buckling curves equation in the Eurocode:

p=a(l+p(e+v)+21%)
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At this step of the study, different values of the parameters o, p and y are considered for ambient
temperature, at 200 °C and at elevated temperatures (> 300 °C). The values differ also for the two
considered support conditions. 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 situations, the structure 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 o B v

Cold (<100°C) 0.31 3.9 0.09

Flange (3 sides) 200°C 0.24 6.0 0.15

Hot (>300°C) 0.19 10.0 0.14

Cold (<100°C) 0.10 8.9 0.15

Web (4 sides) 200°C 0.10 8.7 0.25

Hot (>300°C) 007 | 165 | 0.21

Table 2: Parameters used to define the slenderness reduction factor

The same reduction factor ks was applied on the yield strength, the proportionality limit and the strain
corresponding to the beginning of the plateau. The proposed stress-strain relationship in compression is
shown at next figure for a plate simply supported on three sides with a slenderness ratio b/t of 20 and a
temperature of 600 °C:
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Figure 20: Example of stress-strain relationship with new effective law

It has to been noticed that at this step of the study, the proposed effective law reproduces the behaviour
observed for single plates. Slender cross-sections are considered as an assembly of plates that are
simply supported on three or four sides. 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 support and a 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 next Figure shows the behaviour observed for a single plate 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 tension and
then submitted to compression:
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Figure 21: New material for tension then compression loadings

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 severe strain 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 to find any point of
integration reaching this part of the diagram before collapse of the structure. Thus, this peak of the
stress-strain diagram has not been taken into account and a simplified model was adopted. Once the
stress becomes negative, thus when compression stress appears, the point follows the initial curve with
an offset corresponding to the plastic deformation in tension.
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Figure 22: New material law for compression then tensiojn loadings

It has been observed that the reduction of stiffness is linked to the plastic deformation, the slenderness
and the support condition but doesn’t depend on the temperature. For the same plate under various
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temperature conditions, the ratio between original elastic stiffness (EN1993-1-2) at this temperature and
the observed reduced stiffness during unloading remains constant.

Steel generally does not exhibit damage mechanisms linked to micro-cracks as it could be the case, for
example, in concrete. In this case, the loss of stiffness in unloading 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 and the Table 3 gives the values of the
parameters to be used in these equations:

Eunloading =Ey(1—-D)

agpl
Epl+b
b=cl+e
Support conditions a c d e
Web (4 sides) 0.84 0.0003 -3.5 0.0015
Flanges (3 sides) 0.95 0.0010 -1.9 0.0010

Table 3: Damage factor according to different support conditions

4 Worked examples
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 single members’ analysis made with SAFIR Computer Code, there are some common features.

They are the steel grade (S355), the temperature of 450 °C uniform in all the length of the element, the
global geometric imperfection defined as follows and initial residual stress:

— 08 L . TX
y(x) = 0. XﬁXSln(T)
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4.1.1 Steel members with class 4 cross-sections under simple bending

The list of the investigated cases is given in the following table:

Mult (kNm)
b) Beam c)Beam
Material Law| Material Law
Case Section Length [mm] | a)Shell [EN1993-1-2| Franssen et al. b/a cl/a
1 1000x14+300x22 (10000 2496.46 | 2936.88767 | 2089.21313 1.18 0.84
2 1000x12+300x18 [10000 1843.62 | 2445.8546 | 1607.80541 1.33 0.87
3 1000x12+300x14 [10000 1422.02| 2074.3227 | 1275.52664 1.46 0.90
4 1000x8+300x18  [10000 1608.47 | 2153.66997 | 1370.38713 1.34 0.85
5 1000x6+300x13  [10000 943.87 [1566.21378| 859.62048 1.66 0.91
6 450x6+150%x11 5000 251.52 | 318.49587 | 229.36947 1.27 0.91
7 450x6+150x9 5000 195.33 | 277.05439 188.52597 1.42 0.97
8 450x5+150x8 5000 157.57 | 239.95211 154.20289 1.52 0.98
9 450x4+150x6 5000 106 183.28417 103.25258 1.73 0.97
10 450x4+150x5 5000 89.33 | 162.31116 85.15998 1.82 0.95

Table 4: Investigated cases for pure bending
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Figure 23: Comparisons between shell and new beam element models for pure bending

4.1.2 Steel members with class 4 cross-sections subjected to lateral torsional buckling
behaviour

The list of the investigated cases is given in the following table:
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Mult (kNm)
b) Beam c)Beam
Material Law | Material Law

Case Section Length [mm] [psi a)Shell EN1993-1-2 [Franssen et al. b/a cla
2 610-450x5+150x5 [5000 1 4587 37.20111 27.49632 0.81 0.60
3 610-450x5+150x5 {5000 0 85.36 63.65775 46.50845 0.75 0.54
4 610-450x5+150x5 {5000 -1 97.9 92.79698 68.60357 0.95 0.70
5 1450x5+250x5 8000 1 52.2 51.84236 37.05097 0.99 0.71
6 450x5+250x5 11000 0 73.29 66.64776 4851575 091 0.66
7 450x5+250x5 13000 -1 80.12 82.94716 59.4503 1.04 0.74
8 1000x7+300x12 8000 1 381.42 378.94805 225.00396 0.99 0.59
9 1000x7+300x12 10000 0 510.45 537.8225 311.34366 1.05 0.61
10 1000x7+300x12 12500 -1 475.51 595.87827 383.49561 1.25 0.81

Table 5: Investigated cases for lateral torsional buckling
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Figure 24: Comparisons between shell and new beam element models for lateral torsional buckling

4.1.3 Steel members with class 4 cross-sections under axial compression
The list of the investigated cases is given in the following table:

Nult (kN)
b) Beam c) Beam
Material Law| Material Law
Case Section Length [mm] [ a)Shell |EN1993-1-2| Franssen et al. b/a cla
1 500x6+250x10 8000 441.61 | 419.92396 | 282.27317 0.95 0.64
2 500x4+250x6 6000 328.86 | 377.74801 191.35107 1.15 0.58
3 500x4+250x6 4000 421.26 | 575.12664 | 313.82214 1.37 0.74
5 500x4+250x12 6000 677.78 | 563.0695 392.94589 0.83 0.58
6 500x4+250x12 4000 940.59 | 94553058 | 673.88441 1.01 0.72
8 500x10+250x6 6000 405.91 460.07 381.56 1.13 0.94
9 500x10+250x6 4000 627 77556257 | 528.15594 1.24 0.84

Table 6: Investigated cases for axial compression
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Figure 25: Comparisons between shell and new beam element models for axial compression

4.1.4 Steel members with class 4 cross-sections subjected to combined bending and
compression
The list of the investigated cases is given in the following table:
b) Beam Material Law |c) Beam Material Law

a) Shell EN1993-1-2 Franssen et al bla cla
Case Section Length [mm] [psi LTB beta Nult (kN) Mult (KNm) | Nult (kN) | Mult (kWm) | Nult (kN) | Mult (KNm)
1 350x4+150x5 2700 jallowed
2 440-340x4+150x5 2700 jallowed
3 450x4+250x6 10000 1 restrained 0.6 192.66 62.35 348.89 113.04 178.94 57.98 1.81 0.93
4 450x4+250x6 10000 0 restrained 0.6 23862 17.22 454 14 147.14 22572 73.13 1.90 0.95
5 450x4+250x6 10000 1 jallowed 0.6 92.8 30.03 125.97 40.81 71.32 23.11 1.36 0.77
6 450x4+250x6 10000 0 jallowed 0.6 125.72 40.69 147.04 47.64 82.09 26.60 1.17 0.65
7 450x4+250x6 10000 1 jallowed 0.4 169 43 2294 158 66 22.85 84 67 12.19 0.94 0.50
8 1000x5+300x10 10000 1 restrained 0.6 486.47 349.98 1112.19 800.78 476.96 343.41 2.29 0.98
9 HE340AA * 10000 1 jallowed 0.6 312.09 57.48 385.42 70.15 317.29 57.75 1.23 1.02
10 1000-750x5+300x10 {10000 1 jallowed 0.6 305.49 165.13 229.43 124.12 154.04 83.33 0.75 0.50

Table 7: Investigated cases for combined bending and compression
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Figure 26: Comparisons between shell and new beam element models for combined compression and
bending

Analysing the different results for all study cases, it could be said that it has demonstrated that EN1993-
1-2 current material law is not suitable to use with beam finite element and class 4 cross section,
because all the local instabilities could not be caught with them. That is why the coefficient b/a is bigger
than one in the most cases. Although, it is known before the study started, it has been confirmed with
results.

On the other hand, the validity of new material law has also been studied and it has been analysed the
coefficient c/a, showing that it is smaller than unity, which is means that the resistance values using
beam finite element plus new material law has more conservative results than the results obtained with
shell finite element plus current EN 1993-1-2 material law.

However, in some cases the results obtained with this new approach is too conservative, being c/a
smaller than 0.8. These conservative results are directly linked with assumptions taken in new material
law formulation. As it is mentioned before, the boundary condition used in parametric plates analysis
(web and flange boundary conditions), free rotation, is too conservative.

4.2 Global structural analysis

Two portal frames had been chosen as worked examples to analyse the behaviour of the simulation
strategy and the use of the new material law for beam elements in a complex structure.

The objective of the following examples it is not the validation of the new beam element for the
simulation of class 4 structures, developed in previous specific analysis with properly controlled simple
member simulations, but the definition of a consistent simulation strategy for complex structures to
obtain proper results.

In order to simplify the cases, neither residual stresses nor initial imperfections were considered in the
analysis, to quantify only the effect of the geometrical discretization, the non-uniformity of
temperatures and the new implemented material law for beam elements in the final results, in
comparison with calibrated shell based finite element models.
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The dead loads were considered uniformly distributed in the different elements, while live forces were
considered applied simulating the effect of purlins in the structure:

Figure 27: Load pattern definition in the portal frame examples

The same discretization and simulation strategy was developed in both cases, sometimes with close and
no so close results, in order to obtain general conclusions about general rules to be implemented as
guidance for future analyses. In order to have an accurate description of the structural behaviour of the
frame, a validated complex shell based finite element models were developed to serve as validated
reference.

4.2.1 Influence of the geometrical discretization

In order to simulate the case structure with the new beam element, a proper geometrical discretization
may be developed. The variable section real geometry of the frame may be simplified as a succession of
constant section beams to be properly modelled with simple beam FEM elements:

Figure 28: Geometrical discretization strategy

A line diagram is define from the real geometry configuration, linking the centre of mass of the edge
sections or using an edge straight line as reference, while the definition of the sections must be
consistent. As conservative criteria, the discretized structure must be limited to the actual geometry, so
no added material will be presented in the discretized model definition.

In order to analyse the effect of the geometrical discretization in the accuracy of the models, a 39.6
meters one span single portal frame of S355 steel grade with high variable sections in columns and
beams will be initially considered.

The geometrical configuration of the frame can be observed in the following pictures. More information

about this work example can be obtained from the benchmark study developed in the FIDESC4 project
(first deliverable).
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Figure 29: Geometrical definition of the one span frame example 1/2

19.8m X2

8.6m
6.7m 6m

Figure 30: Geometrical definition of the one span frame example 2/2

A discretization based of 5 column geometrical sections (S1 to S5) and 6 beam geometrical ones (S6 to
S11) resulted highly conservative to describe the real behaviour of the actual frame, with errors in the
analysis of the failure load for cold conditions in order to 50% on the safe side. More detailed models
could obtain closed results but compromising the simplicity of beam element based FEM analysis.

Figure 31: Geometrical discretization of the one span portal frane
A balanced ratio between case definition effort and results accuracy could be obtained implementing a

more detailed geometrical discretization in the most loaded sections of the structure, where the lack of
non-considered material has an important role in the global behaviour of the complete structure.
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Figure 32: Bending moment focused points on the one span portal frame

In the case of a light variable section structure, close results could be obtained with the same strategy
for the definition of the discretised model.

In this case, a S355 steel grade two span single portal frame with constant section columns and light
variable section beams will be used as example. The specific geometrical definition of the case can be

observed in the following pictures.

Figure 33: Geometrical definition of the two span portal frame 1/2

Figure 34: Plates defining the two span portal frame 2/2
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m
(m) 3 4 5
XX R N 0.775-7.975 7.975-19.795
Yorin = Yonax 0-64 64-87  87-99 87-99 918-102 918-10.2 9.58-10.6
G _anax -0.19-0.19 -0.19-019 -0.19-0.19 -0.125—0.125 0125 —0.125
(flange width) (0.38) (038) (0.38) (0.25) (0.25)
. t,=0008  t,=002  t,=0.02 t,,=0.008 t,=0.006
Thicknesses =0025  =0025  t=0025 t;=0.02 t=0.015

Table 8: Details on dimensions of the two span portal frame

In this second example , a simpler discretization based of 1 column geometrical section (S1) and 4
beam geometrical ones (S2 to S5) resulted accurate enough to describe the real behaviour of the actual
frame, with errors in the analysis of the failure load for cold conditions below 2% on the safe side.

So, the geometrical discretization of the actual structure it is an important point to be considered and it
will be properly developed following general engineering principles, validating the general strategy for
cold conditions prior to begin the analysis at high temperatures.

4.2.2 Influence of the heating conditions

The way in which the heat conditions are applied has a certain influence in the accuracy of results of the
new beam element based simulations against shell based FEM validated analyses.

4.2.2.1 Uniform temperature distribution

In order to analyse the influence of a uniform temperature evolution in the new beam element based
model, the failure load was calculated in the case of the two span portal frame example considering
constant temperatures of 350 °C and 700 °C in the whole structure.

Figure 35: Deformed shape of the two span portal frame at 350 °C

Figure 36: Deformed shape of the two span portal frame at 700 °C

In both cases, the accuracy of the new beam based model was below 13% on safe side against the shell
element based validated finite element model.
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4.2.2.2 Non-uniform temperature distribution

In order to analyse the influence of a non-uniform temperature evolution in the new beam element
based model, the failure time was calculated in the case of the two span portal frame example
considering two specific real fire scenarios (a fire at mid-span of a frame and a fire near a column).

The design fire is defined with a heat release rate of 750 kW/mz, a fire area of 36 m2 (diameter of about
6.77 m) and a flame height of 7 m.

The heat transfer to the structural sections is calculated as the maximum of different methods (Cfast,
Hasemi and Heskestad) depending on the distance from fire (radiation and or hot layer).

Heskestad

Hasemi

CFAST‘

800
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600
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400

300 / \
200 / yd

100 // \\

0 20 40 60 80 100 120 140
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Figure 37: Evolution of temperature in function of time in the selected real fire scenario

The variable temperature distribution along the element length is considered as a linear interpolation
between every two cross-sections, separated every 1 meter long, which their steel temperature values in
function of time have been extracted previously from fire development analysis.

The temperatures are given each 60 seconds for a specified section in each beam/column. If lower time
steps than 60 seconds are necessary a linear interpolation of the temperature is possible. Between two
given temperatures in the sections a spatial linear interpolation is to be achieved.

1/6 1/12 1/18 1/6

Figure 38: Reference sections for temperature definition — mid span fire
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Figure 39: Reference sections for temperature definition — internal column fire

i | 12 13 | a5 | e | 7 8 | o

X(m) 0775 7.175 13,575 19.975 26.375 29.575 32.775 34.908 37.042

|0 |12 3 1] e v s s 0

39.175 3995 42.08 44.216 4499 48.19 51.39 57.79 64.19 70.59 76.99

Table 9: Reference sections coordinates for temperature definition

The deformed shape at failure is illustrated in the following figures for both shell and new beam finite

element models:
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Figure 40: Deformed shape of the two span portal frame shell model (35 kN) — mid span fire

Figure 41: Deformed shape of the two span portal frame beam model (35 kN) — mid span fire (x5)

The following graph illustrates the vertical displacement in function of temperature at mid span for both

models:
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Figure 42: Vertical displacement (m) in function of temperature (°C) at mid span (red is beam model,
blue is shell model)
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Figure 43: Deformed shape of the two span portal frame shell model (35 kN) — internal column fire

o

Figure 44: Deformed shape of the two span portal frame new beam model (35 kN) — internal column
fire (x10)

In all the developed analysis, errors up to 60% in the calculation of failure times have been reported in
the scope of this study due to the influence of non-uniform variation of temperature in beam sections,
always on the safe side. This influence appears to be highly dependent of heating rate and the way the
geometrical discretization is made to the implementation of variable temperatures.

43



5 Conclusions

This document has explained the general strategy of fire structural engineering design, taking into
account the three basic stages (Fire Behaviour, Thermal Response and Structural Behaviour),
explaining each of them and the different calculation tools; which are available for steel structures
design; in function of complexity, from tabulated data or standard curves to finite elements method.

As conclusion, FIDESC4 “Fire Design of steel members with welded or hot-rolled class4 cross-section”
Project partners have investigated the effects of uniform heating and real fires on different single
elements and portal frames composed by class 4 steel cross sections, using shell finite elements, to take
into account the local instabilities, which normally occurs in this kind of slender sections.

In addition, the definition and validity of the specific new material law for the carbon steel approach
developed by University of Liege and included in SAFIR computer code was studied, taking into
account the influence of local buckling of thin wall of steel members and explaining how to define it in
function of slender of the plates and type of boundary conditions of the different plates of the section.

This constitutive material model has been applied in case of single steel member and portal frames
under uniform heating and variable heating field and the obtained results are quite satisfactory.

Some comparisons have been made with numerical results obtained by much more expensive shell
finite elements and with beam finite element plus new material law. The results are generally
satisfactory although sometimes too conservative. A possible way of improvement could be to take into
account the support provided by the plates to each other which create some supports that are not
completely free in rotation; the slenderness of the plates may thus be lower than considered in these
applications.

In case of complex structures, the geometrical discretization of the actual structure it is an important
point to be considered and it will be properly developed following general engineering principles,
validating the general strategy for cold conditions prior to begin the analysis at high temperatures.

On the other hand, the way in which the heat conditions are applied has a certain influence in the final
accuracy of results of the new beam element based simulations against shell based FEM validated
analyses. This influence appears to be highly dependent of heating rate and the way the geometrical
discretization is made to the implementation of variable temperatures.

In consequence, more research is needed related to the optimisation of this carbon steel material law in
case of uniform heating and, specifically with variable heating action, with the aim of using more cost-
effective beam finite element without losing accuracy for this type of slender sections, class 4 steel
Cross sections.
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