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Abstract

The focus of this thesis is on the behaviour and design of cold-formed stainless steel
hollow section structural components in fire conditions. Currently, codified methods for
fire design of stainless steel structures are based largely upon those for carbon steel
structures. The main aim of this research study was to develop safe, reliable and efficient
design methods for stainless steel structural elements that are in line with the observed

actual response of the stainless steel structures at elevated temperatures.

An extensive numerical modelling programme was conducted to investigate the
behaviour of cold-formed stainless steel columns and beam-columns in fire conditions.
The finite element models were rigorously validated against existing test data provided
in the literature. The validated models were subsequently utilised to perform a series of
parametric studies that allowed the evaluation of key parameters on the structural

response of columns and beam-columns at elevated temperatures to be carried out.

It is demonstrated that, due to the existing differences in the material behaviour between
carbon steel and stainless steel, it is not possible to utilise the same design formulae for
the member stability calculations, as proposed in the existing codified design methods.
Furthermore, the results indicate that the existing design formulae to predict the resistance
of column and beam-column members are not on the safe side in fire conditions, and

improvements and amendments are necessary.

Based on the comparisons between the resistance predictions from the numerical data and
the codified design methods for of cold-formed stainless steel tubular columns and beam-
columns, new modified design rules have been proposed in this thesis. For columns, this
included revised flexural buckling curves for square, rectangular and circular hollow
sections of austenitic, duplex and ferritic stainless steel grades. The proposed buckling
curves were shown to offer significant improvements over the existing buckling curves
and comply with the required reliability levels for design at fire conditions. For beam-
columns, new combined loading interaction factors were proposed, which in combination

with the proposed flexural buckling curves allow the determination of the member

v



resistance with high degree of predictive accuracy. Overall, these proposed revisions were
shown to lead to a more accurate and reliable determination of resistance of stainless steel
columns and beam-columns at elevated temperatures, enabling a more efficient use of the

material in structural applications.
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Chapter 1 Introduction

1.1 Background and motivation

Fire has always been one of the main concerns in design of civil engineering structures
as it is life threatening and can cause risks to occupants. As a result, fire-resistant design
is a major requirement for any new and existing developments. Common deaths
associated with fire are from inhaling toxic fumes such as carbon dioxide and monoxide.
Elevated temperatures can lead to a reduction in the strength and stability of structures
causing them to collapse. Therefore, to protect structures from collapsing, fire design
guidance and regulations should be followed by structural engineers to ensure that
occupants have enough time to leave the building and minimise the spread of the fire.
This research study is primarily focused on evaluating the fire resistance of stainless steel

structures to ensure safe and efficient designs in fire.

Structural fire engineering design of stainless steel has tended to receive little attention;
however, an understanding of how these structures behaves in fire is paramount (Gardner,
2007). The major part of design guidelines is to provide stability for load bearing
functions of a structure, to prevent any premature failure for a certain time, and to enable
fire fighters to operate. In addition, environmental issues in the construction industry have
become high on the public agenda, especially when fire occurs in buildings which have
hazardous materials, leading to toxic fumes and run off water used by fire fighters, which

can cause damage to the environment.



The expense of fire protection varies from scheme to scheme, in the type of fire resistance
required, and the size and type of structure/element, but for multi-storey buildings, fire
protection tends to cost around 20% to 30% of the total cost of a steel frame (Ala-Outinen
and Oksanen, 1997; Wang, 1998). However, cost saving can be made by reducing the
thickness of fire protection; total elimination of fire protection has far more substantial
economic incentives. This can lead towards a decrease in construction costs and the time
period of construction as well as more utilisation of interior spaces for a better working

environment.

Nevertheless, a main weakness of metallic structures is their susceptibility to fire, which
induces a reduction in the stiffness and strength of the material. In comparison with other
materials, such as timber and reinforced concrete structures, the strength of metallic
structures decreases rapidly when subjected to fire, largely because metallic materials
tend to heat up quickly. An increase in risk from this effect can lead to extreme damage,
such as property loss and, more importantly, human life if suitable design consideration

are not taken into account.

For the last four decades, steel has become a major dominant material for buildings,
bridges, towers and other structures. The subject of steel structure research in fire has
grown due to a number of global catastrophise, such as the collapse of the World Trade
Centre (WTC) in New York in September 2001 and more recently the fire at Grenfell
Tower in London in June 2017. Research into the behaviour of steel structures at high
temperatures and development of design guidelines have had rapid growth in recent years.
General background information related to the behaviour of steel structures at elevated
temperature and guidance on design for fire safety may be found in Buchanan (2002) and
Wang (2005). In addition, advanced understanding in this area has evolved, in particular,
from observations and subsequent analyses from full fire tests at Cardington (Lennon and
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Moore, 2003), performed in the mid-90s. On the other hand, stainless steel structures in
fire have received little attention, principally due to the relatively limited use in structural

engineering applications to date.

The determination of the fire resistance of a structural element is a complicated process
due to many variables involved, such as temperature development of the component, fire
growth and duration, interaction between building elements, alterations in material
properties and the influence of mechanical loads on the structural system. Owing to the
expense and impracticality of generating comprehensive data on the behaviour of
stainless steel structures during experimentation in fire, numerical modelling has become
the most economic method to simulate the behaviour of structures in fire (Ng and
Gardner, 2007). The finite element (FE) package, ABAQUS (2016), is able to simulate

the nonlinear response of structures in fire and is employed throughout this study.

The mechanical and thermal properties of stainless steel differ from those of carbon steel
due to variation in chemical composition between the materials. Ala-Outinen and
Oksanen (1997) stated that due to high levels of nickel and chromium, stainless steel can
considerably improve the heat resistance of the material. A comparison of these properties
for austenitic, duplex and ferritic stainless steel with structural carbon steel is presented
herein — the austenitic grade being the most widely used in structural applications in the

construction industry (Gardner, 2005).

The primary motivation of this work is to develop sustainable design guidance for stainless
steel structural members at elevated temperature, focusing on the element behaviour and fire
design. The advantage of this is to enable and ensure that structural engineers and designer
can utilise the actual material strength due to cold-forming and prevail the use of stainless

steel in the construction industry.



1.2 Introduction to fire safety

The common aims for fire safety in buildings are:

e All buildings must meet certain functional requirements covering means of
escape, internal fire spread, external fire spread, access and facilities for the fire
service.

e Ensure the load resistance of a buildings to be adequate for a specified period of
time under fire conditions.

¢ Reduce the probability of death and injury to people.

Structural Fire Engineers are usually concerned with ensuring adequate load bearing
capacity for steel members and assemblies in fire. This is achieved by preventing
structural components from excessively heating up and therefore having a reduction in
stiffness and strength. However, there are additional complex structural forms which
require specific treatment, and the structural fire design codes include provision for these

methods in order for structural engineers not to stifle innovative design.

There are two options for achieving fire resistance, known as active and passive measures
(Lennon et al., 2007). Active measures of fire protection include use of sprinklers,
automatic detection, smoke barriers, and fire alarm systems, which can improve property
protection and more importantly save human life. Although it is quite efficient in some
situations, active fire systems cannot be relied on because they can be destroyed during
high temperatures or explosion. Hence, passive measures of fire protection and
compartmentation of the structure are used to control the effects of a fire once ignition
has occurred. Passive fire protection includes traditional construction material such as
concrete and brickwork and more recently insulation is provided by spray or fire board

protection or both. Passive fire protection is the primary element of the overall safety



strategy to minimise the consequences in the event of a fire. In principle, designers are
concerned with determining the amount of fire protection needed to satisfy the required
fire resistance for each steel member. Some steel members which support boundary walls

and compartments may need special considerations.

The determination of the resistance of a structural element under fire conditions is a
complex process due to the numerous variables involved, such as alterations in the
material properties, fire development and duration, temperature development of the
member, interaction between the building components and elements, and the influence of
the mechanical loads on the structural system. Hence, the standard fire test method offers
a practically modest solution to an otherwise complex problem, it is moderately time-
consuming and costly. Due to a rapid increase in technology and computer power,
numerical modelling has become cost-effective method to simulate the behaviour of
structural elements and structures in fire conditions. The finite element packages which
are used for advanced fire engineering methods, such as ABAQUS, are able to simulate

nonlinear response of structural members and structures in fire.

1.3 Stainless steel in construction

The uses of stainless steel in the construction industry is increasing rapidly, yet its
utilisation as a primary structural material remains relatively limited, with the leading
application being of a specialist or prestigious nature. Figures 1.1 and 1.2 show examples
of structures that have made use of stainless steel. Figure 1.1 shows stainless steel
columns on the One World Trade Centre in New York, which, completed in 2014, is one
of the modern structural applications for high rise structures. Figure 1.2 illustrates the

Helix Bridge in Singapore, which features the use of circular hollow tubular trusses.
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Figure 1. 1 Stainless steel columns, Seven World Trade Centre, NeW York (SCI 2017)

Figure 1.2: Helix Bridge, Singapore (SCI, 2017)

Numerous other examples of structural and architectural applications of stainless steel
have been given by Baddoo (2008), Baddoo (2013) and Gardner (2019). Extensive
specialist use of stainless steel is made for masonry support, wall ties, shear connectors
and wind posts. Other areas include stainless steel bars, which are used for reinforcing
concrete structures, providing a longer life span greater than 100 years and decreasing
concrete cover, hence providing significant economic benefits (International Stainless

Steel Forum, 2013).

1.4 Lifecyle costs of stainless steel
There is growing knowledge that life cycle (or whole life) costs, not just initial cost, must
be measured when choosing materials. Rossi (2012) showed that using a corrosion

resistant material in order to avoid future maintenance, downtime and replacement can be
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a more cost effective solution, even though the initial material costs are higher. Life cycle

costs take account of:

e Initial costs
e Maintenance costs
e Diversion from landfills and recycled content

e Service life and environment

The initial material expense of a structural stainless steel members is significantly higher
than that of an equivalent structural carbon steel member, varying on the grade of stainless
steel. Though, there can be initial expense savings related with eliminating corrosion
resistant coatings. Using high strength stainless steel may possibly decrease material
requirements by reducing section size and whole structure weight which decreases initial
costs. Furthermore, removing the need for component replacement due to corrosion or
coating maintenance can lead to significant long-term maintenance cost savings. The
outstanding corrosion resistance of stainless steel presents decreased costs and inspection

frequency, long service life and reduced maintenance costs.

Stainless steel retains a superior scarp value (i.e. value at the end of a structure’s life),
even though this is hardly a choosing factor for a structure with a long projected life (for
instance over 50 years). Though, because of the superior scarp value, scrap is switched
from landfills and recycled into new metal and end-of-life (EOL) recycling rates are very
high. Stainless steel manufacturers use as much scrap as is accessible, but the material’s
overall average 20 to 30 year service life limits scrap availability. Stainless steel is 100%
recyclable plus can be indefinitely recycled into new high quality stainless steel. Life
cycle assessment uses the traditional accountancy principle of discounted cash flow to

decrease all those costs to present values. The discount rate comprises taxes inflation,



bank interest rates, and possibly, a risk factor. This accepts a sensible contrast to be made
of the opportunities available and the possible long term advantages of using stainless

steel to be measured against other material selections (SCI, 2017).

1.5 Research Aims and Objectives

The following sub-sections provide the aim and objectives of this research study:

1.5.1 Aims

The aim of this research is to develop guidance for the use of stainless steel hollow section
members in fire at member level, focusing on the stability and behaviour of primary
structural elements such as columns and beam-columns. The obtained findings,
comments and conclusion upon the design proposals can be used by structural engineers
and researchers interested in employing structural stainless steel square, rectangular and
circular hollow sections. The generated results together with the subsequent design
recommendations and proposals aim to allow safe accurate, but also economical design
guidelines in line with the observed response to potentially contribute to the development
of future revisions of stainless steel design specifications. Further to this, as the research
on stainless steel is explained and comprehension of the structural performance of
stainless steel extends, a more widespread application of stainless steel in the construction

industry can be expected, thereby prevailing the material, cost savings.

1.5.2 Research Objectives

In order to achieve the research aim, the objectives are as follows:

= Develop and validate numerical models of stainless steel SHS, RHS and CHS
columns and beam-columns against experimental results at room and elevated

temperature from literature.



= Implement a parametric study on cold-formed stainless steel columns and beam-
column members using numerical models to establish the influence of member

slenderness, cross-section at elevated temperature.

= Compare results to existing standards and methods provided in literature.

» To use the FE results to develop a methodology in the form of fire resistant design
rules suitable for incorporation into standards that enables stainless steel members

to be designed cost effectively and safely in structures.

1.6 Thesis outline

This chapter provides an introduction to fire safety, design guidelines, environmental
issues related to stainless steel as a construction material used in structural applications.

In addition, it presents the project’s aims and objectives.

Chapter 2 offers a review of the literature that is relevant to this research project. The
review is intended to give an overview of important topics, with the majority of the

literature being introduced and discussed in the relevant chapters.

In Chapter 3, the numerical modelling approaches and principles which are adopted in
this thesis are addressed. Subsequently, the developed numerical models are validated
against columns and beam-column members at cross-sectional and member level from
physical experiments from the literature. The validated numerical models are utilised to
verify the proposed buckling curve for columns and design interaction curve for beam

column members in the following chapters.

Chapters 4 focuses on the structural response of cold-formed stainless steel square hollow
sections (SHS), rectangular hollow sections (RHS) and circular hollow sections (CHS)

compression members (columns) in fire. Following the validation of the column



numerical models, parametric studies were undertaken to produce additional structural
performance data. Based on the numerically derived data, the accuracy of the current
codified design provisions is assessed, and new design methods are proposed. The

reliability of the proposal is confirmed by the means of statistical analyses.

Chapters 5 present a study on stainless steel SHS, RHS and CHS beam-columns members
in fire. Following the numerical validation on beam-column member in fire conditions
presented in chapter 3, parametric studies were undertaken to assess the accuracy of the
existing design interaction curves for fire conditions. The methodologies for overcoming
the identified shortcomings, and for deriving new beam-column design proposals are then
presented. The design proposals are underpinned by a comprehensive numerical
simulation programme. The accuracy of the beam-column design proposals are assessed
against numerical results. Finally, a reliability analysis is performed on the proposal by

the means of statistical analyses.

Finally, Chapter 6 provides a summary of the important findings from the present research

project and offers suggestion for further work.
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Chapter 2 Literature review

2.1 Introduction

This chapter is divided into broad subject areas and presents a brief overview of the
behaviour and design of stainless steel structures in fire conditions. The vital features of
stainless steel, comparison with carbon steel, its response to cold-working and elevated
temperatures properties and laboratory fire testing is firstly discussed. The development
of structural stainless steel design guidance is summarised, with the focus lying on
European and UK design guidance. Numerical modelling is discussed with a focus on
element type, material modelling, residual stresses, geometric imperfections and analysis

technique.

2.2 Stainless steel

The development of stainless steel is commonly attributed to an English metallurgist in
1913, Harry Brearley, who referred to the material as ‘rustless steel” (Baddoo, 2013) . At
a similar time in Germany, it was seen that increasing the chromium content improved
the corrosion resistance, in particular when it was a minimum of 10.5% by mass. Between
1911 and 1914 in the United States of America, ferritic stainless steel was developed by
Becket and Dantsizen, while martensitic stainless steel was produced by Haynes (Baddoo,
2013). The first austenitic stainless steel was patented by Maurer and Strauss of Krupps
in 1912-1913 (Gardner, 2002). Stainless steel is now described as a corrosion resistance

iron alloy that contains a minimum of 10.5% chromium. Currently, in a range of structural



and non-structural applications, stainless steel can be cast, cold-formed, hot rolled, forged

and additively manufactured for products (Baddoo, 2013).

2.2.1 Categories of stainless steel

As stainless steel is known as iron with a minimum content of chromium, there is a wide
range of stainless steel grades available that differ in composition and therefore have
different mechanical properties and corrosion resistance. In addition, to iron (Fe) and
chromium (Cr) additional alloying elements can contain nickel (Ni), carbon (C), copper
(Cu), sulphur (S), nitrogen (N), manganese (Mn), molybdenum (Mo), silicon (Si),
phosphorus (P) (Gardner, 2005). Stainless steel can be classified into five different
families: austenitic, duplex, ferritic, martensitic and precipitation hardening. Austenitic
grades are the most widely used stainless steel and they typically contain chromium
content of 17% to 18%, and 8% to 11% nickel content. Ferritic grades have a low initial
cost due to their lower chromium content, which is between 10.5% and 18%, and a nickel
content of 0% to 2.5% (Design Manual for Structural Stainless Steel (DMSSS), 2017). In
addition, ferritic grades tend to have a similar atomic structure to structural carbon steel,
leading to a slightly higher proof strength, and are less prone to stress cracking.
Traditionally, ferritic grades have been used in construction for plumbing pipework inside
industrial buildings and they have moderate corrosion resistance and poor fabrication
properties, although they can be strengthened by cold working, but to a more limited
degree than austenitic stainless steel. Duplex grades have a mixed microstructure of
austenitic and ferritic, which generally have led to better properties such as good wear
resistance, high corrosion resistance and higher strength compared to ferritic and
austenitic grades. However, the initial cost of duplex is much higher due to the chromium
content of 22% to 23% and 4% to 5% of nickel content. Low-cost lean duplex grades,

which contain a reduced nickel content but offer high strength, have been developed and
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are available, although have a reduction in corrosion resistance (Baddoo, 2013).
Martensitic stainless steel have a similar cubic structure as ferritic stainless steels and
structural carbon steels, but are less common in construction industry and are used in
applications that take advantage of their wear, abrasion resistance and hardness, like
surgical instruments, industrial knifes, wear plates and turbine blades (Stainless Steel
Design Manual, 2017). Precipitation hardening stainless steels, which can achieve high
strength through heat treatment, are commonly used in the aerospace industry, although
are occasionally used in construction for tension bars, shafts and bolts. Table 2.1 provides
the key mechanical properties for hollow section provided in the Design Manual for

Structural Stainless Steel (2017).

Table 2.1: Nominal values of yield strength and ultimate strength material properties (SCI,
2017).

Cold-worked condition

Grade
fy (N/mm?)  f, (N/mm?)  f, (N/mm?)  f, (N/mm?)
1.4301 350 600 460 650
1.4318 220 520 460 650
Austenitic  1.4541 350 600 460 650
1.4401 350 600 460 650
1.4571 350 600 460 650

2.2.2 Mechanical properties comparison of stainless steel and carbon
steel

The stress-strain characteristics for stainless steel at elevated temperatures are vital to
determine the resistance for a structural member at cross-sectional and member level
under fire conditions. The stress-strain relationship firstly has to be understood at ambient
temperature and then followed by elevated temperature. In addition, comparisons will be
made between stainless steel and carbon steel to illustrate the behaviour of these two

materials.

The stress-strain response for stainless steel differs from carbon steel in many aspects.

The main differences are found in the shape of the stress-strain curve. Figure 2.1
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compares the stress-strain characteristics of austenitic, duplex, ferritic and carbon steel
(S355) for strains up to 0.75% and Figure 2.2 shows typical range of stress-strain curves.
As shown, carbon steel (S355) exhibits linear elastic behaviour up to the yield strength
and a plateau before any strain hardening is encountered, whereas stainless steel
(austenitic, duplex and ferritic) has a more rounded response with no clearly defined yield
point. Stainless steel yield strength is generally defined as a proof stress at an offset
permanent strain, conventionally the 0.2% strain. In terms of ductility, austenitic stainless
steel has a strain fracture between 40% - 60% nearly twice as much as carbon steel,

whereas duplex has approximately 40% - 50% and ferritic around 15% - 30%.

700 ——
600 - -
~
_ ~
— 500 s e
= 7/ T
£ 400 - /o
Z Yyl
- (o7
A 300 A 6
o
“ 500 - - - = Austenitic
— —Duplex
1004 / | e Ferritic
——S355 Carbon Steel
O T T
0 0.25 0.5 0.75

Strain (%)

Figure 2.1: Comparison of stainless steel and carbon steel stress-strain curves from 0 to 0.75%
strain, DMSS (2017) and EN 1993-1-2 (2005)
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Figure 2.2: Complete range of stainless steel and carbon steel stress-strain curves, DMSS (2017)
and EN 1993-1-2 (2005)

The stress-strain behaviour for stainless steel is found to be anisotropic, when upon
loading, the material aligned transverse to the rolling direction exhibits different stress-
strain response compared to the material loaded longitudinally to the rolling direction and
shows higher strain hardening. Thus, high yield stress values are typically obtained from
coupon specimens that are cut in the transverse direction (Cruise, 2007). In addition, the
material response is also different when subjected to tensile and compressive loading
types, leading to asymmetric stress-strain curves for compression and tension. The degree
of non-linearity, anisotropy and asymmetry depends on the grade of stainless steel, heat
treatment processes and the level of cold-work induced during forming process (Gardner,

2005).

Ramberg and Osgood (1943) developed a material model to describe the stress-strain

response of aluminium alloys, given by Equation (2.1).

£:E+K@) (2.1)
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where € and o are the engineering strain and stress, respectively, E is the material Young’s

modulus, and K and n are model constants.

Ramberg and Osgood (1943) noted the applicability of the model, which is similar to
aluminium alloys also shows a highly nonlinear stress-strain response. This expression
was later modified by Hill (1944) as given by Equation (2.2).

o o n
€= E +c <R—p> (22)

Where R, and c, are the proof stress and the corresponding offset plastic strain, and n is

the strain hardening coefficient, (which defines the curvature of the stress-strain response

a higher n value denotes a sharper curve). Equation (2.2) is typically adopted with R, set
to the 0.2% proof stress (o, ,), resulting in the traditional form of the Ramberg-Osgood

expression provided in Equation (2.3).

—0+0002(0)n 2.3)
S—E . oz .

The strain hardening exponent n is commonly determined using the 0.05% or the 0.01%
proof stress points and the 0.2% proof stress (Rasmussen and Hancock, 1993; Rasmussen,
2003). When Equation (2.3) is applied to stainless steel, it provides a good agreement of
stress-strain behaviour below the material 0.2% proof stress and at higher strains it was
found to overestimate the material strength. In order to achieve better representation of
the stress-strain behaviour, Mirambell and Real (2000) proposed a two stage stress-strain
model for stainless steel. The first stage, Equation (2.3) was adopted up to the 0.2% proof
stress. This was followed by the second stage, where a modified Ramberg-Osgood
expression which included stresses which go beyond 0.2% proof stress up to the ultimate

tensile stress, as given in Equation (2.4) was proposed. The origin of the second curve
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was defined at 0.2% proof stress, with continuity of both gradient and magnitude at the

transition point maintained.

(6 —0p2) Oy — 00.2) ( 0 — 0y

e=——"+4 (g, — €02-
B " Eo.2 Oy — Op2

m
) + &, foro = oy, (2.4)
Eo2

where E, , is the tangent modulus at o, , change point, g, is the strain at the ultimate
tensile stress, and m is an additional strain hardening exponent beyond the 0.2% proof
stress and g,y , is the total strain at 0.2% proof stress. The tangent modulus can be

calculated from Equation (2.5).

GO.ZE

Ep,=—>% .
927 5,5 + 0.002nE (2.5)

In addition, Mirambell and Real (2000) suggested that the strain hardening exponent n to
be extracted from the 0.05% and 0.2% proof stresses, based upon previous work by
Rasmussen and Hancock (1993). Rasmussen (2003) extended the material model by
deriving expressions for the additional strain hardening exponent m, the ultimate tensile
strength (o,) and the strain at the ultimate tensile strength (e,) based on experimental

data, as given by Equations (2.6), (2.7) and (2.8), respectively.

o
m =1+ 3.5—2 (2.6)
GU
%02 _ 0.2 +185(0y2/Ep) (2.7)
o, 1-0.0375(n—5)
00.2
=1-
£y p (2.8)

This two-stage model was found to be limited, owing to its applicability to describe the
tensile stress-strain behaviour only, which included dependency on parameters such as
the ultimate tensile stress (o,,) and the corresponding strain (g,). In compression, these
parameters do not exist, due to absence of the necking phenomena. (Gardner and Ashraf,
2006) proposed that the 1% proof stress (o4 ) and its corresponding total strain (e, ) to
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be used in place of the ultimate tensile stress (g, 6,,), as described by Equation (2.9),

with Equation (2.3) used for stresses below the 0.2% proof stress.

_(0—0¢2)
E=—g t | €10 — €02 —
0.2

010 — 00.2)( 0 — 02

n0210
B, ) + g forog, 2.9)

G1.0 — Oo.2
<o<oy,

Stainless steel cold-formed hollow sections are generally manufactured by cold rolling,
where flat sheet material is formed into a circular section, seam welded closed and
subsequently deformed into the required tubular section by means of a dies. During
fabrication, plastic deformations are encountered, causing strength enhancements to the
stainless steel material, which is notably found in the corner regions of the section. Studies
on cold working have been undertaken on tensile coupons test and a series of models for
predicting strength enhancements in the corner regions has been proposed by Gardner
and Nethercot (2004), Ashraf et al.(2005), Cruise and Gardner (2008) and Rossi et al.
(2012). It has been experimentally (Cruise and Gardner (2008) and numerically (Gardner
and Nethercot, 2004; Ashraf et al., 2006) verfired that the corner strength enhancements
are not restricticted only in the curved edges of the section, but also extends in the flat

regions by a distance approximateley equivalent to two times the cross-section thickness.

2.2.3 Thermal properties

The material characteristics of stainless steel at ambient and elevated temperature differ
from carbon steel due to the difference in chemical composition and the physical and
thermal properties between the two materials. The variation of stiffness, strength, thermal
expansion, specific heat and thermal conductivity with temperature will be discussed
herein firstly, followed by material models at elevated temperatures. Research on
stainless steel material stiffness and strength at elevated temperatures has been conducted.

These studies have shown that stainless steel provide better retention of stiffness and
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strength at elevated temperatures compared to carbon steel, as illustrated in Figure 2.3

and 2.4.
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Figure 2.3: Comparison of stainless steel and carbon steel stiffness retention factors
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Figure 2.4: Comparison of stainless steel and carbon steel 0.2% proof strength retention factors

Stainless steel has higher thermal expansion than carbon steel as shown in Figure 2.5. The
thermal elongation (expansion) of austenitic stainless steel can be determined as shown

in Equation (2.10), where L is the length at 20°C, AL is the temperature induced expansion
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and, 0 is the steel temperature (° C). Numerical analysis was carried out by Gardner & Ng
(2006) at elevated temperature on restrained beam and columns to investigate the thermal
expansion of the stainless steel. It was found that stainless steel offers better fire
performance for low levels of axial restraint, due to the superior retention in strength and
stiffness, whereas for high levels of axial restraint the additional forces induced, due to
the restrained thermal expansion, become more detrimental for stainless steel members

(Gardner, 2007).
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Figure 2.5: Comparison of thermal expansion of stainless steel and carbon steel
Specific heat is known as the amount of heat energy per unit mass required to increase
the temperature by one degree. Stainless steel specific heat shows a steady increase with
a rise in temperature, while carbon steel develops a discontinuity in the region of 723°C,
owing to the phase change in material around this temperature, as shown in Figure 2.6.
Averagely, the specific heat of carbon steel is approximately 600 J/kg °C, whereas

stainless steel is around 550 J/kg °C. The higher the specific heat of a material, the slower
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the temperature of the material tends to heat up. The specific heat C (J/kg°C) of stainless
steel may be determined from Equation (2.11) for austenitic and duplex grades and
Equation (2.12) for ferritic grade ( EN 1993-1-2, 2005 and DMSS, 2017), where 6 is the

steel temperature (°C).

C=450+0.28x6—291x107%6%2 + 1.34 x 107763 (J/kg°C) (2.11)
C=4504+0.26%x8 (J/kg°C) (2.12)
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Figure 2.6: Comparison of stainless steel and carbon steel specific heat comparison
The thermal conductivity of stainless steel is different to carbon steel as illustrated in
Figure 2.7. The lower thermal conductivity of stainless steel gives growth to more
localised temperature development in the material. The thermal conductivity can be
determined from Equation (2.13) for austenitic and duplex grades and Equation (2.14) for
ferritic grades, as provided in EN 1993-1-2 (2005) and Design manual for structural

stainless steel (DMSS, 2017).

A=14.6+1.27 x107286 W/m°C (2.13)

A=204+228 x10720 —1.54 x 10782 W/m°C (2.14)
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Figure 2.7: Comparison of stainless steel and carbon steel thermal conductivity

2.2.4 Poisson ratio

When a material is under tensile loading, it tends to become long and thin and when it’s
under compressive loading, it becomes short and thick. This phenomenon is governed by
Poisson’s ratio (v), which is defined as the lateral strain normalised by the longitudinal
strain (Cooke, 1988). The Poisson ratio of stainless steel at room temperature normally
lies in the range 0.294 - 0.33 and is insensitive to variation in the exact composition of
the steel. There have been few measurements of Poisson ratio at elevated temperature
which have been reported (Deng and Murakawa, 2006) are reproduced in Table 2.2 and

indicate that the value does not significantly change with higher temperatures.

The very gradual increase of Poisson ratio with temperature seen in Table 2.2 is consistent
with a value of 0.33 at 800°C reported by Deng and Murakawa (2006). Given this data,
0.3 would seem a reasonable value to be used in any structural analysis in the temperature

range 0 °C - 1200 °C.
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Table 2.2: Variation of Poisson ratio of stainless steel with temperature (Deng and Murakawa,

2006)
Temperature (°C) | Poisson Ratio

0 0.294
100 0.295
200 0.301
300 0.310
400 0.318
600 0.326
800 0.333
1200 0.339

2.2.5 Material modelling at elevated temperatures

Modelling stainless steel structures under fire conditions requires that the elevated
temperature stress-strain response of the material is accurately represented. Guidelines on
modelling the stress-strain behaviour of stainless steel at elevated temperatures are
provided in EN 1993-1-2 (2005), Chen & Young (2006) and Gardner et al. (2010). In
addition, stiffness and strength reduction factors are provided. A review of these material

models is provided herein.

EN 1993-1-2 (2005)

EN 1993-1-2 (2005) Annex C provides a nonlinear two stage model, as given in Equations
(2.15) and (2.16) and shown in Figure 2.8 to define the stainless steel stress-strain material

behaviour at elevated temperatures.

ESe f <
Og = or € € 2.15
6 1 b 0 c,0 ( )
Og = Op2,8 — € (c) \/CZ - (Eu,e - Ee)szI' €co < ¢gg < €u,0 (216)

where, og and gg are the engineering stress and strain at elevated temperature 6,
respectively E is the Young’s modulus at ambient temperature, 0, g IS the 0.2% proof
stress at temperature 6, €. g Is the total strain at o, g, £, IS the strain at the ultimate
tensile stress at temperature 6 and a,b,c,d and e are defined in terms of the elevated

temperature properties provided in EN 1993-1-2, (2005). Table 2.3 provides the
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definitions for each of the parameters and functions required according to EN 1993-1-2

(2005) to form the stainless steel stress-strain curve.

fﬂ-z,p,e ————————————————————— Ect,B =tan-«

a! Epp=tan-a

»
>

€c0 €40 £

Figure 2.8: EN 1993-1-2 (2005) stainless steel stress-strain relationship at elevated temperatures

Where:

e fyeistensile strength

o foop is the proof strength

e Eagisthe slope of the linear elastic range
e Ecp is the slope at proof strength

e &g Is the total strain at proof strength

e g, IS the total strain at proof strength

Table 2.3: Material modelling expressions for stainless steel at elevated temperature
f0.2p,6

Parameters Ecp = 0003
Functions '
8c,eEct,e
4= Ea,esc,e - 1:0.2p,9 b= (1 - fO.Zp,G )Ea,esc,e
fO.Zp,GEE,e ( Ea,eic,e )f
fo.op,0 — 1) 02P0
¢* = (2up ~ £c0) (up ~ Eco + ) d? = e(gy0 — £¢,0)Ecto + €°

Ect,e

_ (fu,e - f0.2p,9)2

B (Eu,e - E(:,G)E(:t,e - Z(fu,e - f0.2p,9)
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Chen and Young (2006)

Chen and Young (2006) conducted a material testing programme on duplex EN 1.4462
and austenitic EN 1.4301 stainless steel at temperatures ranging from 20°C to 1000°C. A
series of equations for predicting the yield strength, Young modulus, ultimate tensile
strength and strain at ultimate tensile stress for stainless steel at elevated temperatures
were proposed. Furthermore, a stress-strain model was proposed utilising the Ramberg-
Osgood model, of the form proposed by Mirambell and Real (2000), which was modified
to elevated temperatures as given in Equations (2.17) and (2.18). The proposed stress-

strain model showed good agreement when compared to test results.

o
£g = E—e+ 0.002(

og \°
o > for og < 0p20 (2.17)
0

00.2,6

_ (09 —002,8) < 0p — 00.2,8
200 700200 4 g 22020

m g
€9 = ) + 8t0.2,9 for Op > 0'0.2,9 (218)
Oub ~ 0028

Eo2e
where, og and g are the engineering stress and strain at elevated temperature 0, Eg is the
Young’s modulus at temperature 8, 0, , g IS the 0.2% proof stress at temperature 6, Eq , o
Is the tangent modulus o, ¢ given in Equation (2.19), ng is the model coefficient given
in Equation (2.20), g, ¢ is the strain at the ultimate tensile stress at temperature 6, o, ¢ IS
the ultimate tensile stress at temperature 8, m'g is the model coefficient given in Equation
(2.21) and (2.22), gy ¢ is the total strain at 0.2% proof stress at temperature 6 and where

0 is the temperature.

E
Eo20 =
1+ 0.002n( £ ) (2.19)
00.2,0
n® =6+0.2V6 (2.20)
m'® =56 % for stainless steel EN 1.4462 (2.21)
m'®=23- % for stainless steel EN 1.4301 (2.22)
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Gardner et al. (2010)

Gardner et al. (2010) conducted a material testing programme on stainless steel at
elevated temperatures which include austenitic (EN 1.4301, EN 1.4318, EN 1.4401/4, EN
1.4541, EN1.4571), duplex (EN 1.4362, EN 1.4462, EN 1.4162) and Ferritic (EN 1.4003)
grades. Eight sets of reduction factors were rationalised on the basis of materials exhibited
similar behaviour at elevated temperatures. An accurate stress-strain material model was
proposed which is illustrated in Equations (2.23) and (2.24), utilises the stress at 2% total
strain, and shown less complex than EN 1993-1-2 (2005) formulations and the model

parameters have clear physical significance.

ng
o
0 > forog < 0g20 (2.23)

(o)
€9 = -2 + 0.002
0 E 00.2,0

0

!
ng
(Ge - 00.2,9) Gt2.00 — 00.2,0 0g — Gop.2,0
Se S —— + 002 - St,0.2,6 -
Eo20 Eo20 02006 —00.26

+ €020
forog,9 < 0g < 0Oypg

(2.24)

where ng and ng’ are model coefficient provided and the rest of the symbols have been
previously defined. Figure 2.9 shows the full range stress-strain response curves for

temperatures 20°C to 800°C obtained from Gardner et al. (2010) model.
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Figure 2.9: Stainless steel stress-strain behaviour at elevated temperature Gardner (2010) model

2.2.6 Laboratory fire testing

The development of efficient codified fire design rules requires high quality laboratory
test data. Due to the limited use of stainless steel in buildings and structures, it is
unsurprising that the volume of test results for stainless steel structures in fire is currently
relatively low, with some areas virtually unexplored such as lateral torsional buckling of
stainless steel elements and stainless steel frames and connections under fire conditions.
This section contains a brief review of the laboratory tests conducted on stainless steel

members in fire.

The early laboratory tests carried out by Ala-Outinen and Oksanen (1997) on stainless
steel compression members exposed to fire investigated if austenitic stainless steels

column can be used for load-bearing structures without fire protection.

Gardner and Baddoo (2006) presented tests details on unprotected stainless steel beam
and columns members in fire. Material testing was conducted on austenitic, duplex and

ferritic stainless steel at ambient and elevated temperature using isothermal and
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anisothermal methods. The member tests included SHS, RHS and I-sections and all the
grades were austenitic EN 1.4301 grade. All tests were conducted using anisothermal
conditions, where the specimen is first loaded to a specified load level, and the

temperature is then increased until failure, and are described in detail in Chapter 3.

Pauli et al. (2012) performed experimental tests at elevated temperature on S355 SHS,
RHS, H and I-sections specimens. This included stub (short) and slender (long) columns
and beam-column members. All structural members were made from hot finished sheets
which formed into shape at room temperature welded closed. The experiments were
performed under isothermal loading conditions of 400, 500 and 700°C and then, once
equilibrium had been established at the desired temperature, a mechanical load was
applied at a strain rate 0.1%/min, until horizontal displacement increased rapidly and the
vertical load could no longer be maintained and are further described in detail in Chapter

3.

SHS and RHS ferritic stainless steel column tests in fire have been reported by Tondini
et al. (2013). The sections were fixed at both ends and the series of tests provided an
insight into the critical temperatures and failure modes of tubular hollow sections. All

tests were conducted anisothermally and are described in detail in Chapter 3.

More recently, Fan et al. (2016) conducted fire tests on unprotected stainless steel
columns and beam-column members in fire. Material tests were performed on austenitic
stainless steel under isothermal conditions, where the coupon is heated to a specified
temperature, which is held constant, followed by a tensile test until failure. All members
were SHS and the material grade utilised was austenitic (EN 1.4301). All structural test

members were performed under anisothermal method.
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2.2.7 Structural stainless steel design standards

In the early 1950s and 1960s, laboratory testing on stainless steel structural members
commenced and design rules were put forward. In the past, stainless steel design and
guidelines have been based on assumed analogies with respect to carbon steel, with
amendments made where required. However, a number of structural stainless steel design
guidance has been prepared worldwide. An overview of the design provision for stainless

steel codes (European, US, Australia/New Zealand and China) is provided herein.

In the late 1960s, the earliest structural stainless steel standard ‘specification for the
design of light gauge cold-formed stainless steel structural members’ was published by
the American Iron and Steel Institute (AISI) (Wang and Errara, 1971) (Gardner, 2005).
Due to the development of understanding the behaviour of structural stainless steel
members and increased in test results, a revised version of the standard was published in

1974 (AISI, 1974) and later in 1991 by the American Society of Civil Engineers (ASCE).

In 1975, the European commission decided to develop an action programme for the field
of construction. Within the action programme, the commission established a set of
harmonised technical rules for the design of construction work. The commission, with
some assistance from the steering committee with representatives from the state,
conducted the development of the Eurocodes programme, which was the first generation
of the European codes in the late 1980s. The Eurocodes were written under the guidance
of CEN (European Committee for Standardisation) and included the design for a
widespread range of structures. The materials which are used for structures covered by
the design codes are concrete (Eurocode 2), steel (Eurocode 3), composite (Eurocode 4),

timber (Eurocode 5), masonry (Eurocode 6) and aluminium (Eurocode 9).
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The Euro Inox ‘Design Manual for Structural Stainless Steel” was produced in 1991 due
to an industrial project, which was managed by the UK Steel Construction Institute and
later published in 1993 (Euro Inox, 1993). The design manual led towards ENV 1993-1-
4 (1996) which was published by European Standards Organisation and later adopted into
the full European standard EN 1993-1-4 (2006) and updated as EN 1993-1-4 (2015). The
stainless steel design approach consequently adopts the carbon steel approach with
revisions where necessary to fit experimental data better (Gardner, 2005); for example,
the adoption of new classification limits for cross-section design due to a variety of stress-

strain behaviour in EN 1993-1-4 (2015).

The Australian / New Zealand design standard (4673) for cold-formed stainless steel
structures was published in 2001 which were developed based upon on the American
stainless steel design standards (Rasmussen, 2000). More recently, in 2015, the Chinese

CECS (2015) standard for stainless steel structures was published.

2.2.8 Fire resistance design

Currently, there are two structural steel design standards in fire which are used in the UK.
These are BS 5950 Part 8 and the fire Eurocodes BS: EN 1991-1-2, BS EN 1993-1-2 and
BS EN 1994-1-2. The Eurocode 3 Part 1-2 (EN 1993-1-2, 2005) is used to design stainless
steel members in fire, which largely follows the carbon steel design rules, with the main
difference being in the material properties provided in Annex C of the Eurocode Part 1-2
(2005) and will be referred to for comparison throughout this study. This section includes
an introduction to Eurocode 3 Part 1-2 (EN 1993-1-2, 2005). The European pre-standard
ENV 1993-1-4 (1996) was first drafted in 1996. In 1999, the ECCS model (Kruppa et al.,
1999) code was prepared for the ECCS technical committee 3 fire safety of steel

structures by European fire experts. It was recommended that the format of the design
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guidance for stainless steel structural members should follow the carbon steel guidelines,
with appropriate change in material properties. The ECCS model code was used to
develop a more realistic and economic standard EN 1993-1-2 (2005). EN 1993-1-2 (2005)
covers the design of steel structures for the accidental situation of fire exposure,

containing methods to determine structural resistances at elevated temperatures.

2.3 Buckling of structural members

Commonly, there are three main types of structural elements (Figure 2.10): columns,
beams and beam-columns. A column is a member that transmits, through axial
compression, the weight of the structure above to other structural elements. A beam is a
member that predominantly resists loads applied laterally on the beam-axis and its mode
of deflection is primarily bending. A beam-column member is subjected simultaneously

to both axial compression load and bending moments.

4Z<@ M ﬁg’é
Q N
M ]Q M
N \ TAS N
(@) Column (b) Beam (c) Beam-column

Figure 2.10: Systematic representation of general cases of structural elements
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2.3.1 Columns

In columns, there are two crucial modes of instability, local and global as shown in Figure
2.11 or a combination of both. Columns with low level slenderness (i.e. short columns)
may fail by cross-section yielding (for low levels cross-section slenderness) or by cross-
section local buckling (for high cross-section slenderness). For slender (i.e. long)
columns, the failure mode is governed by global buckling as member instability effects

dominate.

N N

(a) Local Buckling  (b) Global buckling

Figure 2.11: Instability buckling modes of axially loaded columns
2.3.1.1 Local buckling & Element interaction
Local buckling is a failure mode that occurs in metallic cross-sections and is characterised
by distortion of the cross-section of the member under compressive stresses. Common
structural steel cross-sections, cold-formed or hot-rolled, are composed of interconnected
flat plate elements. Due to the high strength to weight ratio, structural metallic sections
usually consist of relatively thin plate elements and when under compression, local

buckling may occur if the plate to thickness ratio is large. In flat plated cross-sections,
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elements are supported along one edge. Examples of outstand elements are the flanges
elements in universal beam (UB) or universal column (UC) sections. Elements that are
supported along both edges, such as a web of I-sections, are known as internal elements.
Outstand and internal elements are also known as unstiffened and stiffened elements,

respectively (Knobloch and Fontana, 2006).

Prior to local buckling, the steel plate is under uniform compression. As the stress is
increased beyond a critical level, the plate tends to buckle, and significant out-of-plane
deformations occur. This does not indicate the ultimate failure of the plate or the cross-
section as further loading will result in redistribution of stresses to more stiff regions of
the plate or where out-of-plane deformations are less. The stress during this stage
becomes non-uniform across the plate element, with maximum stresses close to the
supported edges of the plate and minimum stresses in the buckled regions. Increasing the
compressive stresses further will eventually cause parts of the plate to reach yield,
plasticity will spread, and the ultimate capacity of the plate or cross-section will be
reached. Equation (2.25) provide the elastic critical stress level at which local buckling
initiates in a rectangular plate, which was originally presented by Bryan (1890).

_ mE Ky
~12(1 —v?) (b/t)?

Oer (2.25)

where o is the elastic buckling stress, E is the Young’s modulus, v is the poisson’s ratio,
k, is the plate buckling coefficient, b is the width of the plate and t is the thickness of the

plate.

It is clear from the formula that as the width-to-thickness ratio (b/t) increases, the elastic
buckling stress of the plate reduces. The buckling of a plate depends on several factors,
which are boundary conditions, plate geometry, stress distribution and element

interaction. Boundary conditions of a plate are directly influenced by whether the plate is
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an outstand or internal element. In design, all plates in a member are generally assumed
to be long as the length of the member is normally significantly greater than the cross-
section dimensions. In regard to stress-distribution, a uniform compressive stress across
the plate is the most severe in causing local buckling and the buckling factor will be a

minimum for this condition.

Set values for buckling coefficient (k) can be found in literature such as Bleich (1952),
Allen and Bulson (1980), Rhodes (1991) and Galambos (1998). EN 1993-1-5 (2006)
provides buckling coefficient values for outstand and internal elements under various
stress distributions. Some typical values are given as follows: for outstand and internal
elements under uniform compression, k. is equal to 0.425 and 4.0, respectively. For an

internal element under pure bending, k is equal to 23.9.

Eurocode 3 applies a cross-section classification in the form of limiting width-to-
thickness ratios for individual elements and the classification of the overall cross-section
is taken as that of the least favourable of the individual elements. Four discrete

behavioural classes of cross-sections, as shown in Figure 2.12 are defined.

Mol Class 1-high
T T = - rotation capacity

Class 2 - limited
rotation capacity

Class 3 - local buckling
prevents attainment of full
plastic moment

Class 4 - local buckling prevents
attainment of yield moment

Applied moment, M

Rotation, 6

Figure 2.12: Four behaviour classes of cross-section as defined by Eurocode 3 EN 1993-1-1
(2005).
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Cross-sections with very high deformation capacity are classified as Class 1. Class 1
cross-sections are fully effective under pure compression and capable of reaching and
maintaining their full plastic moment in bending (Mp). Class 2 cross-sections have a
somewhat lower deformation capacity but are also fully effective in pure compression
and capable of reaching their full plastic moment in bending. Class 3 cross-sections are
fully effective in pure compression, but local buckling prevents attainment of the full
plastic moment in bending. Bending moment resistance is therefore limited to the yield
moment (Mel). For Class 4 cross-sections, local buckling occurs in the elastic range. An
effective cross-section is therefore defined based on the width-to-thickness ratios of the

individual plate elements, and this is used to determine the cross-sectional resistance.

However, the Eurocode 3 cross-section classification framework is best suitable for
materials that closely follow an elastic-perfectly plastic stress-strain response such as
carbon steels at room temperature (Gardner and Theofanous, 2008). The cross-section
classification approach for metallic materials have such as stainless steel, high strength
steel and aluminium, becomes unsuitable as these materials a more rounded and non-
linear stress-strain response. For Class 4 or slender sections, since local buckling prevents
attainment of full cross-sectional strength, this needs to be considered and reduced
resistance evaluated. In order to determine the cross-sectional resistance of slender

sections, effective width concept is utilised.

The effective width concept is well established and is included in Eurocode 3 (EN 1993-
1-5, 2006). The method was first proposed by Von Karman et al. (1932), observing that
the majority of the compressive load is carried by the regions of the plate in close vicinity
of the edges. In addition, they suggested that the maximum stress acts uniformly over two
strips of a simply supported plate and the central region is unstressed. Thus, only a certain
proportion of the width is considered effective in resisting the applied compressive
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stresses. Von Karman’s Effective Width concept for an internal element under pure

compression is illustrated in Figure 2.13.

beff/2 ‘- -—-‘ eff.f2

fV
— verage ultimate stress

Central
excess
width

ignored

,,,,,,,,,,,,,,, B x x
Actual
ultimate
stress
distribution

Figure 2.13: Von Karman’s Effective Width concept for a simply supported plate

The proposed expression for the maximum stress and effective width is given in Equation
(2.26). Where in Figure 2.13 fy is the yield stress and be is the effective width concept

defined later on.

Omax beff 1
_ Deff _ = (2.26)
f, — b A

where o,y Is the maximum stress in a plate, f; is the yield stress, b is the effective
width, b is the width of the plate, Xp is the generalised plate slenderness. The parameter
Xp is known as the dimensional plate slenderness parameter defined in Equation (2.27) as

follows:

_ f
L= |~ (2.27)
GCI'

where o, is the elastic buckling stress given in Equation (2.25).

Von Karman’s effective width Equation (2.26) was based on a perfect plate and the

behaviour of actual plates is affected by the existence of residual stresses and geometric
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imperfections, which have the tendency to reduce the effective width of a plate from the
theoretical value. Successively, Winter (1947) and Winter and Lansing (1950) modified
Von Karman’s formulation to take account of this and it is now used in EN 1993-1-5

(2006) to account for local buckling in slender plate elements.

As mentioned earlier, elastic critical buckling stress defined in the previous section may
be calculated for a cross-section by taking the least critical stress determined for each of
the individual plate elements, assuming simply supported edges at junctions with adjacent
elements. Though, this explanation can be overly conservative; for some cross-sections,
the plate elements are of varying local slenderness and can also be under different stress
distributions. The greater this difference in slenderness or flexibility, the effect of element
interaction becomes more predominant. For some cross-sections, element interaction is
not present; for example, in a square hollow section with uniform thickness and subjected
to pure compression, all plate elements buckle simultaneously at the same buckling stress.
On the other hand, the same cross-section under bending moment may develop element
interaction as the stress distribution is different in the four elements. In order to achieve
a more precise assessment of local buckling, element interaction using the elastic

buckling stress of the whole cross-section may be considered.

In order to overcome the short comings associated with the cross-section classification
approach, alternative design methods, such as the Direct Strength Method (DSM)
(Schafer, 2008) and the Continuous Strength Method (CSM) (Gardner, 2008) have been
proposed. The direct strength method provides a series of strength curves, for different
load instability failure modes, as a function of the cross-section slenderness. The
Continuous Strength Method (CSM) is a deformation based design approach, which use
the base curve to provide a continuous relationship between the deformation capacity of
a cross-section and its slenderness. The deformation capacity is used together with elastic-
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linear hardening material model to obtain the predicted load carrying capacity of the

cross-section.

2.3.1.2 Global buckling

In the early eighteen century, van Musschenbroek (1729) documented that column
strength is related to its length. Euler (1759) derived the first formula to determine the
elastic buckling load. The formula used linear theory based on elastic material behaviour
and small deflection approximations for perfect columns. In order to consider the material
non-linearity into consideration, efforts made by Shanley (1947) suggested replacing the
initial Young’s modulus with the tangent modulus in the original Euler Equation, which
has led to give better comparison to test results. In contrast the presence of residual
stresses and geometric imperfections complicate the problem. In order to overcome this,
with the assistance of computational resources, the European Convention for
Constructional Steelwork (ECCS) established column design curves on the basis of finite
element results (Beer and Sculz, 1970; Sfintesco, 1970; Jacquet, 1970). A number of
assumptions were implemented such as a half-sine wave as the deflection shape,
assuming L/1000 as the initial imperfection, where L is the column length (Beer and
Schulz, 1970). A set of five buckling curves were developed and described using the
Ayrton-Perry formula, and are currently implemented in EN 1993-1-1 (2014). Those for
stainless steel are implemented in EN 1993-1-4 (2015). Only one buckling curve is
provide for structural fire design in EN 1993-1-2 (2005). It should be noted that the

buckling curves produced are mainly for normal structural carbon steel strength.

2.3.2 Beam
Similar to columns, beams can be prone to local and global buckling. Generally, for

beams, the primary global buckling mode is referred to as lateral torsional buckling.
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Beams generally show two types of behaviour: in-plane bending and lateral torsional
buckling (Figure 2.14). A beam failure mode is generally dependent on the member
slenderness and restraint conditions. Figure 2.14 displays the structural behaviour of
beam under loading condition, where U is the vertical deflection, V is the lateral

deflection and ¢ is the rotation of the member.

(a) Section - In-plane bending  (b) Section - Lateral torsional buckling
Figure 2.14: Structural behaviour of beams

2.3.2.1 In-plane behaviour

In the early 19" century, Navier (1826) proposed a fundamental beam theory based on
the previous findings of Jacob Bernoulli and Leonard Euler. A vital assumption of beam
theory is that plane sections remain plane after bending. Since then, extensive research
into the behaviour of beams has been performed; a detailed appraisal of these studies can
be found in Timoshenko (1930). The meaning of simple beam theory assumes that no

local instability of a beam cross-section will occur.

2.3.2.2 Lateral torsional buckling behaviour
In the late nineteenth century, it was recognised, similar to columns, that the strength of
beams is related to the length of the member. Lateral torsional buckling is a combination

of flexural buckling and torsional buckling. Flexural buckling represents itself with a
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buckling failure of a member in the plane of a principle axis without any rotation of the
cross-section, similar to in plane bending. The resistance of flexural buckling is dependent
on the flexural rigidity EI, in which E is the Young’s modulus and I is the second moment
of area of the cross-section relevant to its principal plane. On the other hand, torsional
buckling is concerned with the twisting of the member and is related to the torsional
stiffness G and J of the member, where G is the torsional rigidity and J is the torsion

constant, which is related to the second moment of area.

It should be noted that most of the previous research on lateral torsional stability of beams
has focused on I-sections (Foster, 2014). Pi and Trahair (1995) and Zhao et al. (1995)
investigated the lateral torsional buckling of beams of cold-formed rectangular hollow
sections. Test results revealed that existing design rules, which are mainly based on I-
sections beams, were conservative and inappropriate when applied to cold-formed

rectangular hollow section beams and modifications to design formula were proposed.

2.3.3 Beam-columns

Beam-columns are structural members which combine the features of beam bending and
column buckling. Theoretically, all structural members may be regarded as beam-
columns, since the common classification of tension, compression and beam members is
merely limiting examples of beam-columns. Beam-columns may act in isolation, as in the
case of eccentrically loaded compression members with simple end connections, or they
may form part of a rigid frame. There are many types of behaviour of isolated beam-
columns, such as in plane behaviour, lateral torsional buckling and biaxial bending

(Figure 2.15).

In-plane behaviour refers to a beam-column which is under axial compressive force (N)

and bending moment about cross-section major axis (My) while being restrained against
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lateral deflections. Lateral torsional buckling is found in a beam-column which is bent
about its stronger principal axis and is not restrained laterally; it may buckle prematurely
out of the plane by deflecting laterally and twisting. More generally, a beam-column,
which is bent about both principal axes (My and M), is regarded as biaxial bending, which
involves interaction of a beam bending and column buckling (Trahair et al., 2008). The
literature on the in-plane behaviour of beam-column is reviewed in the following sub-

section as this is relevant to this study.
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(a) In-plane behaviour (b) Lateral torsional buckling behaviour (c) Biaxial bending behaviour

Figure 2.15: Systematic loading and support conditions of beam-column members.

2.3.3.1 In-plane behaviour

In the late nineteenth century, numerous researchers studied the elastic behaviour of
beam-column members and a full description of the solutions is provided by Timoshenko
and Gere (1989) for various end conditions. By the early twentieth century, studies on

plastic analysis of beam-columns commenced by von Karman (1908) and von Karman
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(1910). Subsequently, numerous methods have been reported, such as the curvature
method (Chen and Atsuta, 1976 and Chen and Atsuta,1977) and the moment method
(Cheong Siat Moy, 1974a and Cheong Siat Moy, 1974b), taking into account different
loading conditions and cross-sectional shapes. Drastic simplifications and idealisations
were made in solving the beam-column problems, which included idealising the material
as elastic-perfectly plastic, establishing equilibrium only at mid-height or a number of
stations along the length of the beam-column, by idealising the shape of biaxial moment

curvature.

In order to provide a practical design method for in-plane beam-columns, further
simplifications were developed. Design rules were developed on two conditions, the
interaction criteria and first yield criteria. The interaction criteria predicts the ultimate
resistance of a beam-column member by axial load and moments (Trahair et al., 2008).
More recently, Zhao et al., (2015a); Zhao et al., (2015b); Zhao et al., (2016) investigated
stainless steel SHS and RHS sections under combined axial compression and bending
experimentally, numerically and analytically. Buchanan (2018) conducted laboratory
testing and finite element modelling on stainless steel beam-column CHS at cross-

sectional and member level. These will be discussed further in detail in Chapter 3.

2.4 Numerical modelling

Testing members in fire can be time-consuming and highly costly. Numerical modelling
has gained an increased usage, when used in parallel with testing by a number of
researchers. Validation is first performed and agreements between model results and test
results is obtained by selecting suitable representation geometric and material input
parameters. This is subsequently followed by a parametric study, to generate further

structural performance data. The modelling assumption including the element type,
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material modelling, residual stresses, geometric imperfection and the analysis technique
which have been used in literature, numerical modelling investigation of stainless steel
structures in fire are discussed hereafter. The finite element (FE) package used through

this study was ABAQUS (2016).

2.4.1 Element type

Shell elements are used to model stainless steel thin walled structural components. The
most common shell element used is the S4R, which has four corner nodes, each having
six degrees of freedom with reduced integration and finite membrane strains, which have
performed well in previous studies at room temperature and in fire by Gardner and
Nethercot (2004), Gardner and Baddoo (2006), Ng and Gardner (2007), Theofanous and
Gardner (2009), Theofanous et al. (2009), Foster (2014), Zhao et al. (2015b), Zhao et al.
(2016) and Buchanan (2017) for square hollow sections (SHS), rectangular hollow
sections (RHS), circular hollow sections (CHS), Elliptical hollow sections (EHS) and I-

sections.

A suitable mesh which is able to find accurate results is paramount in numerical
modelling. Larger or coarser meshes can provide inadequate results, whilst using a finer
mesh can provide precise modelling. Mesh sensitivity analysis are usually performed, as
carried out in the numerical models presented in this thesis, to find a suitable mesh size

where balance of accuracy and computational efficiency can be achieved.

2.4.2 Material modelling

The FE package ABAQUS used for this study requires that the material properties are
defined in terms of true stress and log plastic strain as defined in Equations (2.28) and
(2.29), respectively. Firstly, the measured engineering stress and strain curves from

tensile coupon data must be represented by the two stage Ramberg-Osgood material
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model, and subsequently converted into the true stress-log plastic strain curves, which are

then input to ABAQUS.

Otrue = Onom 1+ Enom) (2-28)

ehy = In(1 + gnom) — 222 (2.29)

where oy and sﬁi are the true stress and logarithmic plastic strain, respectively. E is the

Young’s modulus and 6,,,, and €,y are the engineering stress and strain, respectively.

2.4.3 Geometric imperfections

Geometric imperfections are found in real stainless-steel members, which significantly
affect their structural behaviour. They are introduced during the production, fabrication
and handling process. When performing an FE analysis to predict the ultimate load, the
model, in general, should include local and global geometric imperfections. Initial local
and global imperfection can be incorporated into the FE models in the form of the lowest
elastic buckling mode shapes under the correct loading conditions (Gardner and
Nethercot 2004; Ashraf et al. 2007 and Zhao et al. 2015b). These buckling mode shapes
tend to represent the most unfavourable imperfection patterns and should be determined
prior to the non-linear analysis. Generally, during testing, local and global measured
imperfection amplitudes are taken and applied into FE models for validation.
Alternatively, structural local imperfection amplitude can be determined from predictive
models (Dawson and Walker 1972; Gardner and Nethercot 2004) and the global
imperfection amplitudes can be assumed as suitable representation value during an

imperfection study (Zhao et al., 2015b).
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2.4.4 Residual stresses

Residual stresses are encountered during the manufacturing and fabrication process of
members. The plastic deformation process introduces bending residual stresses. These
bending residual stresses have been studied previously by Cruise and Gardner (2008), and
it was concluded that if the coupons are cut from the same tubular member, the effects of
the bending residual stresses are present within the measured material properties and do
not need be defined separately. In addition, membrane residual stresses can be induced
during welding. The differential cooling from the welding has minimum effect on the
performance on FE models of cold-formed tubular sections (Gardner and Nethercot,
2004; Ashraf et al., 2007). Hence, residual stresses are not usually explicitly defined in

FE models of stainless steel structures (Zhao et al. 2016).

2.4.5 Analysis technique solution

The analysis technique used for thin walled structures is affected by the material and
geometric non-linearities. Upon incorporating the local and global imperfections into the
FE models, the modified Riks methods has been employed for isothermal conditions to
perform the geometrically and materially non-linearity analyses to capture the full load-
deformation response of the specimens, including post ultimate path. The static method
was used for anisothermal conditions to trace the axial displacement against temperature.

These methods are discussed further in Chapters 3, 4 and 5.

2.5 Concluding remarks

The purpose of this literature review was to provide an initial evaluation of the subjects
that are being investigated within this thesis, allowing additional literature to be
introduced and examined in further detail within the appropriate chapter. In general,

research into stainless steel structures in fire conditions has been relatively limited;
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however, the currently available stainless steel standards in fire, which have been
developed on carbon steel design codes were noted. With the expense of stainless steel
being four to six times higher than that if carbon steel, the importance of developing
efficient design standards for stainless steel structural elements in fire is paramount and

is the focus of this thesis.
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Chapter 3 Numerical modelling and validation

of elements

3.1 Introduction

In recent years, numerical modelling such as finite element (FE) methods have become
valuable to structural engineering research. With respect to structural fire design, FE
analysis can provide suitable means of understanding the stability of steel and stainless
steel structural members in fire conditions, without performing experimental tests, which
can be time consuming and expensive. Furthermore, FE methods allow control of vital
test parameters and avoid scatter, which are generally present in test data. However, since
analytical and FE methods only provide an approximation of the response of a real life
structure, prior to any numerical modelling analysis, at the preliminary stage, validation

of the numerical models against relevant test data from literature experiments is vital.

In order to commence towards the numerical modelling investigations in this thesis, a
comprehensive numerical validation study was carried out which is presented in this
chapter. Firstly, test data were collected where particular attention from the literature test
programmes was paid and carefully reviewed. This was followed by the development of
the numerical models to the important modelling parameters such as element types, mesh
size, material modelling, geometric imperfections, residual stresses, boundary conditions
and constraints and analysis techniques procedures. The general purpose finite element
(FE) package (ABAQUS, 2016) was employed throughout this study. The validated

numerical models described in this chapter are used for the parametric study
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investigations carried out in Chapter 4 and 5. The numerical modelling assumptions

relevant to the parametric study models are further explained in their respective chapters.

3.2 Test results from literature

The data collected from the literature consisted of cross-section and member level column
and beam-column tests. The collected results included both steel and stainless steel
materials, isothermal and anisothermal test conditions, and a variety of cross-sectional
shapes. In the upcoming sections, a brief description of the test programmes on the

columns and beam-columns used for validation is described.

3.2.1 Brief description of column test programmes

Since the focus of this thesis was on stainless steel square (SHS), rectangular (RHS) and
circular (CHS) hollow section column and beam-column members in fire, the results of
tests on these structural members were sought from literature experimental programmes.
For the validation of the SHS and RHS column models, the fire tests carried out by
Tondini et al. (2013), Ala-Outinen and Oksanen (1997) and Baddoo and Gardner (2000)
were used. For the validation of the CHS column models, where no fire test results from
literature were available, the results of room temperature test by Zhao et al. (2016a) and

Buchanan et al. (2018) were used.

The key details of the elevated temperature tests on SHS and RHS columns carried out
by Tondini et al. (2013), Ala-Outinen and Oksanen (1997) and Baddoo and Gardner
(2000), including stainless steel grade, boundary conditions, measured column length (L),
applied load and critical temperature (O¢rit) are reported in Table 3.1 and those for the
room temperature tests on CHS columns performed by and reported in Zhao et al. (2016a)
and Buchanan et al. (2018) are presented in Table 3.2, where in addition, the measured

ultimate load (Nu) is reported.
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Table 3.1: Summary of the elevated temperature SHS and RHS column tests

. . Applied 0
Specimen reference Grade Boundary conditions | L (mm) load (kN) Berit (°C)
SHS 80x80x3 2 3000 72 709*

a Ferritic . 2500 «
SHS 80x80x%3 EN 1.4003 Fixed 78 708
RHS 120x80x3? 2500 100 705*
SHS 40x40x4-T1° 888.5 45 872
SHS 40x40x4-T2° 888.5 129 579
SHS 40x40x4-T3® | Austenitic Sinned 888.0 114 649

inne
SHS 40x40x4-T4® | EN 1.4301 888.0 95 710
SHS 40x40x4-T5" 888.0 55 832
SHS 40x40x4-T7° 888.5 75 766
RHS 150%100%6 ¢ 3400 268 801
Austenitic . 3400
C
RHS 150x75x6 EN 1.4301 Fixed 140 883
RHS 100x75x6° 3400 156 806
Notes:
aTest reported by Tondini et al. (2013)
®Test reported by Ala-Outinen and Oksanen (1997)
¢ Test reported by Baddoo and Gardner (2000)
* Critical furnace temperature.
Table 3.2: Summary of the room temperature CHS column tests

Specimen reference Grade Boundary conditions | L (mm) Ny (KN)

CHS 60.5%x2.8¢ Austenitic Pinned 1450 90.5

CHS 76.3x3¢ EN 1.4301 1450 146.0

CHS 106x3-550°¢ 554.27 267.0

i e Austenitic :

CHS 106%3-1150 EN 1.4432 Pinned 1154.0 248.8

CHS 106x3-3080° 3083.0 150.8

CHS 88.9%2.6-400°¢ 403.9 425.2

i e Duplex .

CHS 88.9x2.6-1650 EN 1.4462 Pinned 1656.6 243.4

CHS 88.9%2.6-3080¢ 3082.5 100.5

CHS 80x1.5-700°¢ 698.6 111.1

anne Ferritic :
CHS 80x1.5-900 EN 14512 Pinned 899.1 105.8
CHS 80x1.5-1600°¢ 1599.3 77.9

Notes:
dTest reported by Zhao et al. (2016a)
¢ Test reported by Buchanan et al. (2018)

The SHS and RHS columns tested by Tondini et al. (2013) and Ala-Outinen and Oksanen
(1997) were formed by cold-forming, where flat sheet material was first made into a
circular tube by cold-rolling and closed by seam-welding and then made into the required

cross-section size and geometry. For the RHS columns tested by Baddoo and Gardner
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(2000), two channel sections, formed by press-braking, were welded tip-to-tip in the
longitudinal direction. The CHS columns tested by Zhao et al. (2016a) and Buchanan et
al. (2018) were also cold-formed, where the sheet material was cold-rolled into a circular

tube and subsequently welded closed.

Anisothermal fire test method was employed for all the SHS and RHS axially loaded
members presented in Table 3.1, where the specimens were first loaded at ambient
temperature, which was kept constant, and then the temperature was set to increase until
the failure was reached at temperature O¢rit. The critical temperature 6crit reported in Table
3.1 refers to the specimen temperature at failure for the austenitic columns tested by Ala-
Outinen and Oksanen (1997) and Baddoo and Gardner (2000) and the furnace

temperature at failure for the ferritic columns tested in Tondini et al. (2013).

3.2.2 Brief description of beam-column test programmes

A number of experimental programmes have been reported on stainless steel SHS, RHS
and CHS beam-columns at cross-section level and member level at room temperature by
Zhao et al. (2015a, 2016a, 2016b). Two tests on stainless steel SHS beam-column
members at elevated temperature were carried out by Fan et al. (2016). Owing to the
limited number of stainless steel beam-column tests at elevated temperature, additional
test data on carbon steel RHS beam-column members carried out by Pauli et al. (2012)

were also employed.

Table 3.3 and 3.4 provide a summary of the cross-section level and member level tests,
respectively, on SHS and RHS beam-columns carried out in Zhao et al. (2015a) and Zhao
et al. (2016b). Table 3.5 presents the key results of tests on CHS beam-column tests
reported in Zhao et al. (2016a). In Tables 3.3 - 3.5, the grade of stainless steel, the

boundary conditions, the applied eccentricity (ey and e; as explained in Figure 3.1), the
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member length (L) and the failure load (Ny) are provided. The tested cross-section in

Table 3.3 - 3.5 were formed by cold-rolling production-route as described previously.

Z-Z minor-axis

Y-y major-axis -— — f Y-y major-axis

Z-Z minor-axis
Figure 3.1: Major and minor axis for a RHS

Table 3.6 reports the results of stainless steel SHS beam-column tests performed by Fan
et al. (2016); these tests were performed anisothermally. The applied load (N) and the
specimen failure temperature 6crit together with other test parameters, as described
previously, are presented. Table 3.7 presents the key details and results of the carbon steel
RHS beam-column tests reported by Pauli et al. (2012), where an isothermal test approach
was employed. The test failure loads (Nu) and the applied isothermal temperature 6

together with other test parameters, as described previously, are presented.
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Table 3.3: Summary of stainless steel SHS and RHS stub column and beam-column tests

. Boundary ey e; L Nu
Specimen reference Grade conditions mm) | (mm) | (mm) | &N)
Austenitic
SHS 100x100x5 EN 1.4301 0.0 0.0 349.9 | 1057.0
Austenitic
SHS 120x120x5 EN 14571 0.0 0.0 399.9 | 9284
Austenitic .
RHS 150%100%6 EN 1.4307 Fixed 0.0 0.0 450.1 | 1323.7
Austenitic
RHS 150x100x8 EN 1.4404 0.0 0.0 450.0 | 1825.1
Duplex
SHS 150x150%8 EN 14162 0.0 0.0 449.8 | 3257.9
Austeniic 20.0 0.0 350.0 | 7435
u It
SHS 100x100x5 EN 1.4301 25.0 0.0 350.0 | 622.2
50.0 0.0 350.0 | 472.7
10.0 0.0 399.9 | 793.5
Austenitic 40.0 0.0 400.0 | 550.0
SHS 120x120x5 EN 1.4571 700 | 0.0 |400.0]| 4240
120.0 0.0 399.8 | 296.1
45.0 0.0 350.1 | 825.2
Austenitic . 65.0 0.0 4498 | 685.3
RHS 150~100x6 EN 1.4307 Pinned 950 | 00 |450.1| 575.7
130.0 0.0 450.0 | 473.4
Austenitic 0.0 20.0 | 450.0 | 1173.8
u It
RHS 150%x100x8 EN 1.4404 0.0 50.0 | 450.2 | 800.1
0.0 75.0 | 450.0 | 626.9
30.0 0.0 4498 | 2186.7
Duplex 55.0 0.0 450.0 | 1814.9
SHS 150%150x8 EN 1.4162 850 | 0.0 |450.0 | 1403.6
120.0 0.0 450.1 | 1186.9

Note: Test reported by Zhao et al. (2015a)

Table 3.4: Summary of stainless steel SHS and RHS column and beam-column member tests

Specimen reference Grade (i%?gg% (n?n) (n??n) (mLm) (kNI\uI)
10.0 0.0 774.8 | 199.6
30.0 0.0 7748 | 124.1
SHS 60x60%3 40.0 0.0 7748 | 104.7
80.0 0.0 774.8 | 65.0
Ferritic . 125.0 0.0 7748 | 46.4
Pinned
EN 1.4003 0.0 2.0 674.8 | 153.2
0.0 10.0 | 674.8| 106.9
RHS 100x40x2 0.0 30.0 | 674.8| 62.7
0.0 45.0 | 6748 | 46.3
0.0 75.0 | 6748 | 32.0

Note: Test reported by Zhao et al. (2016b)
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Table 3.5: Summary of stainless steel CHS beam-column member tests

. Boundar e e L N

Specimen reference Grade con ditionﬁ (m:n) (min) (mm) (kl\ul)
5.0 0.0 |1450.0| 18.9

15.0 0.0 |1450.0 | 25.7

CHS 60.5%2.8 25.0 0.0 |1450.0| 29.0
40.0 0.0 |1450.0| 34.9

Austenitic Pinned 85.0 | 0.0 | 14500 | 43.1

EN 1.4301 10.0 0.0 |1450.0| 164

20.0 0.0 |1450.0| 19.6

CHS 76.3%3 30.0 0.0 |1450.0| 229
50.0 0.0 |1450.0| 26.6

95.0 0.0 |1450.0| 34.3

Note: Test reported by Zhao et al. (2016a)

Table 3.6: Summary of the elevated temperature SHS beam-column tests

. Boundary L ey €, Load | Ot
Specimen reference Grade conditions | (mm) | (mm) | (mm) | (N) | Q)
Austenitic . 3300 | 13.2 | 0.0 160 | 700.8
X X
SHS 120x120x4 | gNpg301 | P9 | 3300 | 238 | 0.0 | 140 | 665.0

Note: Test reported by Fan et al. (2012)

Table 3.7: Summary of elevated temperature carbon steel RHS column and beam-column tests

. Boundar L Temperature e e N
Specimen reference Grade | dition)g (mm) (0%) o (m;/n) (min) (kl\ul)
360 400 0 0 408

360 400 0 10 280

360 400 0 50 133

360 550 0 0 257

360 550 0 10 205

360 550 0 50 87

Carbon 360 700 0 0 74

RHS 120x60%3.6 steel Pinned 850 550 0 30 96
S355 1840 400 0 0 | 242

1840 400 0 10 139

1840 400 0 50 73

1840 550 0 0 186

1840 550 0 10 111

1840 550 0 50 49

1840 700 0 0 71

Note: Test reported by Pauli et al. (2012)
3.3 Development of numerical models

Numerical models of stainless steel columns and beam-columns were developed, which
were validated against the selection of collected test data presented in Section 3.2. This

section presents the development of the numerical models within this research study.
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3.3.1 Element type

In finite element packages, there are a variety of element types which can be utilised and
considered for specified applications. Elements are characterised and separated by the
number of nodes, degrees of freedom, full and reduced integration, structural point of
view (shell, solid, beam and truss) and the formulation. The nodes of an element refer to
the nodal degree of freedom which are included in the element domain. The mathematical
theory applied for shell elements behaviour corresponds to the formulation of Kirchoff
and Mindlin-Reissner for thin and thick shells, respectively. The element stiffness is
calculated through specific points which are known as integration points. Full and
reduced integration methods correspond to the case that the integration order is the
minimum required for the precise integration of strain energy. Shell elements features a
three-dimensional idealisation of a solid where the thickness is considered to be smaller

compared other dimensions (ABAQUS, 2016).

In thin-walled stainless steel structures where cross-section and member deformations are
important, structural sections are better represented using shell elements (Bathe, 2014).
Shell elements are utilised throughout this research study to model thin SHS, RHS and
CHS structural members. The general-purpose four-noded three-dimensional shell
element S4R (ABAQUS, 2016) with reduced integration was used for all the stress
analysis models developed herein. For the thermal models, where heat transfer analysis
were conducted, the DS4 element, which is compatible with S4R element, were
employed. The elements have been utilised for stress analysis and heat transfer analysis
of carbon steel and stainless steel structural elements by a number of researchers e.g.

Gardner and Nethercot (2004) and Ng and Gardner (2007).
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3.3.2 Mesh

Achieving an adequate mesh for a numerical model is an important parameter to achieve
precise results. A larger mesh or more known as a coarser mesh can result in insufficient
solution; while, these issues can be overcome by using a finer mesh, the disincentive is
that it can results in an increase in the computational time to the required complete
analysis. In order to find the appropriate mesh element size that captures accurate results
but at the same time provides efficient computational time, a mesh sensitivity study was
performed for the developed numerical models. Figure 3.2 and 3.3 illustrate an example
of a mesh convergence study for the developed numerical models of specimen SHS

120x120x5 stub column tested in Zhao et al. (2015a).

1000
800 -
Z 600 A
% Test
€ 200 | Mesh=t/4, number of elements=132096
a2 Yy | - Mesh=t/2 number of elements 35800
I Mesh=t, number of elements=8256
200 4 Mesh=2t, number of elements=2236
Il Mesh=3t, number of elements=1160
O T T T T T T
0 2 4 6 8 10 12

End shortening (mm)
Figure 3.2: Mesh sensitivity SHS 120x120x5
Different element mesh sizes, as a multiple if the cross-section thickness (t) were
employed to discretise the model. As expected, the ability of the model to capture the
load-displacement response, particularly for the post-buckling region, improved with
reducing the element size. However, the prediction accuracy of the ultimate load seemed
to be less sensitive to the adopted mesh size. Following the analysis, a mesh size equal to

the cross-section thickness (t) for the flat regions and four elements for the curved regions
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of the cross-section, provided the best balance between computational time and accuracy,

and thus was applied to the numerical models.

Figure 3.3: Finer mesh to coarser mesh

3.3.3 Material modelling

Modelling the stress-strain response of the material represents one of the main vital
aspects of a numerical model. Inaccurate material modelling of a structure or a member
can lead towards overshadowing the performance of the refined numerical model. In
order to simulate the material behaviour of stainless steel, data from material tests, e.g.
tensile coupon test, can be adopted. The material properties which were inserted into the
validation numerical models developed in this chapter were based upon the measured
stress-strain responses at room and elevated temperatures, which were reported in the test
programmes. Since cold-formed stainless steel tubular sections include strength
enhancements in their corner regions, different stress-strain response curves were

assigned to the regions as described in the following.

In the column test programme by Baddoo and Gardner (2000), the elevated temperature
stress (oe)-strain (eo) responses for the unformed material sheets from which the channel
sections were fabricated by press-braking was measured by conducting isothermal tests
at =20 - 1000°C. Ala-Outinen and Oksanen (1997) performed tensile anisothermal tests
on the material belonging to the flat parts of the cold-rolled hollow sections; these were
subsequently converted to stress (o) - strain (o) relationships at discrete temperatures in

the range of 6 = 20 - 900 °C. For these columns Baddoo and Gardner (2000) and Ala-
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Outinen and Oksanen (1997), the measured elevated temperature stress (oe)-strain (&)
responses were used to describe the material behaviour for the flat parts of the SHS and

RHS columns in the developed validation FE models.

For the case of the SHS and RHS ferritic columns by Tondini et al (2013) in the absence
of measured elevated temperature stress-strain responses, the two-stage elevated
temperature Ramberg-Osgood material model recommended in the Design Manual for
Stainless Steel Structures (2017) as provided by Equations (3.11) and (3.12) was
employed to construct full range stress (ce)-strain (go) relationships at temperatures 0 =
20 - 800 °C. The reduction factors pertaining to grade EN 1.4003 provided in (DMSS,
2017) together with the room temperature material properties measured in the tests were
used. These were used to describe the material behaviour of the flat portions of these

columns in the developed FE models.

For the SHS and RHS columns tested by Baddoo and Gardner (2000), Ala-Outinen and
Oksanen (1997) and Tondini et al. (2013) of the corner regions of the sections, the
enhanced strength, associated with cold-forming effects, was included in the FE models
as described hereafter. For the ferritic columns (Tondini et al., 2013), the room
temperature corner material properties were measured. For the austenitic columns
(Baddoo and Gardner, 2000; Ala-Outinen and Oksanen, 1997), the material properties for
the corner regions of the sections were not measured, and hence the strength enhancement
predictive equations from Cruise and Gardner (2008) for cold-rolled and press-braked
stainless steel sections were employed to determine the room temperature strengths.
Equations (3.1) and (3.2) in conjunction with the reduction factors for EN 1.4301 and EN
1.4003 from the Design Manual for Stainless Steel Structures (2017) for material with

enhanced cold-formed strength were employed to construct continuous stress () - Strain
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(ep) relationships to describe the material behaviour of the cold-worked corner regions at

elevated temperatures.

Opg Og ne
o= +0.002 forog < 0p3p0 (3.1)

0 Go.2,0

!
ng
Op — 0p.20 0200 — 00206 Og — Go.2,0
€g = Q +10.02 —g539 —
Eo26 Eo.2,6 02006 — 002,06

+ €92, for 0g29 < 0g < Oyp

(3.2)

In Equations (3.1) and (3.2), og and g are the engineering stress and strain, respectively,
00.2,6 IS the 0.2% proof stress at temperature 6, o, ¢ is the stress at 2.0% total stain at
temperature 6, o, ¢ is the ultimate tensile strength at temperature 8, g, ¢ is the total
strain corresponding to 0,6, Eg and Eg, ¢ are the Young’s modulus and the tangent
modulus at o, respectively at temperature 6, and ng and n’g are the exponential

coefficients to define the degree of material nonlinearity at temperature 6.

For the room temperature CHS column tests in Zhao et al. (2016a) and Buchanan et al.
(2018), reported values from tensile coupon tests on materials cut from the cold-formed
sections were used to obtain the stress-strain response of the material, which were directly

used in the development of the FE models of the CHS columns.

In the beam-column test programme reported by Zhao et al. (2015a, 2016a, 2016b),
tensile coupons tests on specimens extracted from the flat and corner regions of cold-
formed SHS/RHS and curved walls of CHS were performed to obtain the engineering
stress-strain response of the material. The measured stress-strain curves were
incorporated in their respective beam-column FE models. Pauli et al. (2012) and Fan et
al. (2016) reported the results of isothermal tensile tests on material extracted from the

flat faces of the tested carbon steel and stainless steel beam-column specimens,
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respectively. The stress-strain curves for room temperature and elevated temperatures,

100 - 800°C in 100°C intervals were provided, which were employed in the FE models.

In order to simulate the material response into the FE models, ABAQUS requires the
engineering stress-strain to be converted to true-stress and logarithmic plastic strain
through Equations (3.3) and (3.4). This conversion is paramount since ABAQUS
formulations have not been set in terms of engineering stresses (i.e. based on applied load
divided by initial cross-section area). The true stress (i.e. based on applied load divided

reduced area) is used instead.

Otrue = Onom (1 + €nom) (3.3)

o
sﬁl =In(1 + €om) — % (3.4)

pl

where oy is the true stress, g

is logarithmic plastic strain, o,y IS the nominal
engineering stress, and €,,, IS the nominal engineering strain and E is the Young’s

modulus.

. . . . F AL . . .
The engineering stress and strain are defined as oo, = ™ and g,om = —in which F is
0 0

the applied force, A, is the original cross-sectional area, AL is the change in length, which
is calculated as AL = L — L, where L is the new length and L, is the original length. If
it is assumed that beforehand and after an axial test, there is no transformation in volume,
but the area reduces to A then:

A. L == Ao. LO
True stress is defined as:

_F_ F L
Gtrue_A_AO LO

. . . . . . L
True strain g, 1S defined as the sum of engineering strain ce = C? so that:
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LicL L; In(Ly+AL)
struezfce:f f:lnL_:—L =In(1+€0m)
Lo 0 0

The true plastic strain &, defined in Equation (3.4) is purely the plastic part of the true

Otrue

strain, which is obtained by subtracting the elastic part of strain <

3.3.4 Initial geometric imperfections

Real structural members are not perfectly straight, as they contain geometric
imperfections. Initial geometric imperfections are introduced in structural specimens
during the production and manufacturing stages but lie within specific tolerances upon
delivery. The behaviour of a metallic structural section can be significantly influenced by
initial geometric imperfections, affecting their load carrying capacity and mode of failure.
Initial geometric imperfections are broken down into to local and global imperfections
for numerical modelling purposes. Local geometric imperfections have a major influence
on the local buckling capacity. Examples include models of short compression members
(i.e. stub columns) and laterally restrained beams with in-plane bending response. Global
imperfections have a major influence on the member buckling capacity of metallic
structural members and need to be considered in numerical models that examine the
member behaviour. Examples include models of flexural buckling behaviour of long

columns and lateral torsional buckling behaviour of laterally unrestrained beams.

In this research, FE models include initially imperfect geometries corresponding to the
most likely instability modes, which for columns and beam-column with thin-walled
SHS, RHS and CHS cross-sections can be local, global or both. Suitable buckling
eigenmodes extracted from the eigenvalue buckling prediction analysis were selected to
represent the local and global imperfection patterns of the modelled columns, as

illustrated in Figure 3.4. For the presented validation study, the amplitudes of the global
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imperfection (wg) were set to the measured values in the tests; except for the elevated
temperature tests performed in Ala-Outinen and Oksanen (1997) and Baddoo and
Gardner (2000), for which a value of L/1000, (L = columns length), gave the closest
agreement between the responses from test and FE. In the absence of the measured values,
the local imperfection (w,) amplitudes were set to a portion of the thickness of the cross-
section (t/10) for the CHS models, as recommended in Afshan et al. (2019), and those
obtained from the modified Dawson and Walker predictive model (Gardner and
Nethercot, 2004), as provided by Equation (3.5), for the SHS and RHS columns, where t
is the thickness of the cross-section, o, is the 0.2% proof stress and o, is the plate

element buckling stress.

w, = 0.023t2%2 (3.5)

cr

(a) Typical global mode

(b) Typical local mode

Figure 3.4: Typical (a) global and (b) local buckling mode shapes for a SHS
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3.3.5 Residual stresses

Stresses that exist in steel and stainless steel structural members in their unloaded state
are termed as residual stresses. The overall influence of residual stresses on structural
response is to encounter pre-mature yielding, leading to a loss in stiffness and reduction
in load-bearing capacity. Residual stresses are produced during production of structural
members and are related to the non-uniform plastic deformation induced during cold-
working of cold-formed sections and the differential cooling observed in hot-rolled and
welded sections. The differential cooling of a structural member can result in tensile and
compressive residual stresses patterns for parts that cool slowly and quickly, respectively.
For structural elements, the effect of residual stresses on the components depends on the
slenderness and imperfection sensitivity (Galamboas, 1998). There are various techniques
to measure residual stresses which are categorised as destructive and non-destructive
methods. Destructive methods, such as hole drilling and sectioning technique, involve the
measurement of deformation due to the residual stresses upon removal of the material
from the specimen. Sectioning method is the principal destructive technique used for
steel, stainless steel and aluminium specimen which involves measuring the released
strains on the sectioned strips and converting them to stresses via a stress-stain model
(Young and Lui, 2005; Cruise and Gardner, 2008). Non-destructive methods comprise of
electron diffraction, ultra-sonic methods, X-ray, neutron and magnetic methods (Cruise,

2007).

There are two main types of residual stresses for tubular section: (i) bending residual
stresses, which arise during the plastic deformation phase during the cold-forming of the
sheet material required into the section shapes, and (ii) membrane residual stresses, which

arise during (seam) welding of the closed section (Gardner, 2002).
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In cold-formed stainless steel tubular sections, bending residual stresses are released from
coupons which are extracted hollow sections, which curve longitudinally. The bending
residual stresses are reintroduced when the coupons are straightened under loading and
therefore the influence of bending residual stresses are present in the measured material
stress-strain response. On the other hand, membrane residual stresses on cold-formed
tubular sections have been investigated (Cruise and Gardner, 2008) and found to be small
and therefore safe to disregard. Residual stresses were therefore explicitly introduced into
the described models, but their influence was present in the material modelling
(Theofanous and Gardner, 2009). The same approach was adopted in the numerical

models developed herein.

3.3.6 Boundary conditions, constraint and loading

The modelled columns and beam-column elements had their distinct boundary conditions
and loading arrangement adopted in the experimental test programmes. These were
carefully replicated in the numerical models by restraining suitable translational and
rotational degrees of freedom of the model ends to mimic the experimental conditions.
For columns and beam-column models with fixed end boundary conditions, all
translational degrees of freedom except axial displacement at the loaded end were
restrained (i.e. ux#0, uy=0 and u,=0) while all rotational degrees of freedom at both ends
were restrained (i.e. URx=0, uRy=0 and uR,=0). For columns and beam-column models
with pinned end boundary conditions, all translational degrees of freedom, except axial
displacement at the loaded end were restrained (i.e. ux=0 , uy=0 and u,#0) with the
rotational degrees of freedom restrained at both ends, except that related to the plane of
buckling (URx=0, uRy#0 and uR,=0 for buckling about y-y (major) axis and uRx=0, uRy=0

and uRz#0 for buckling about z-z (minor) axis).
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3.3.7 Heat transfer model

In order to replicate an anisothermal loading condition by numerical modelling, the time-
temperature relationship is required. The measured specimen time-temperature data
reported was utilised in the numerical models developed for the austenitic EN 1.4301
columns and beam-columns tested in Ala-Outinen and Oksanen (1997), Baddoo and
Gardner (2013) and Fan et al. (2016). For the column tests by Tondini et al. (2013), the
measured time-temperature data for the specimens was not measured, only the furnace
temperature was measured. In order to validate the column, heat transfer analysis was
vital to obtain the development of the time-temperature of the test specimen, which is
required by the analysis. In structural members thermal analysis can be divided in two
main components: the conductive heat transfer in the structural component and the heat
transfer from the fire to the exposed surface of the structural member through a
combination of convection and radiation mechanisms. In this section, a brief description
is provided for modelling the temperature development utilising the heat transfer

mechanisms for structural fire design.

Conduction

Conduction is internal energy or heat which is transferred either in a solid or liquid to the
cooler part of an object, as a results of temperature gradient. The rate at which this energy
is conducted as heat is between two bodies and is a function of temperature difference
(also known as temperature gradient). The rate of the internal energy transferred per unit
time by conduction can be calculated by the Fourier’s law series illustrated in Equation

(3.6).

q = —kve (3.6)
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where q is the heat flux (W/m?), k is the thermal conductivity of the material (W/mK)
and VO is the temperature gradient vector. The negative sign is Equation (3.6) represent

the fact that heat is transferred in the direction of decreasing temperature.
Convection

The convection heat transfer mechanism occurs mostly in liquids and solid surface
through a fluid motion. In addition, it is known as function of temperature, and although
convection will occur at all stages of a fire, it has a major influence at low temperatures
where radiation is at its lowest. The rate that of convection heat transfer is overseen by

Equation (3.7).

hnet,c = o(c(eg =6 (3-7)

where hnet,c is the net convective heat flux (W/m?), a. is the convective heat transfer
coefficient (W/m?2K), 0, is the gas temperature in the furnace (°C) and 6, is the surface

temperature of the member (°C). EN 1991-1-2 (2002) recommends to use a.=25 w/m2K
with the standard time-temperature curve, alternative values are provided for hydrocarbon

curve (a.=50 w/m?K) and parametric curve (a.=35 w/m?K).
Radiation

Radiation is the emission of energy in the form of waves or particles, which can be
reflected, absorbed and transmitted to a surface. Radiation heat transfer is employed
through a resultant emissivity. Emissivity is a dimensionless property that is found in the
range of zero and unity, and largely depends on factors such as temperature, emissivity
angles and wavelengths. In structural fire design, carbon steel and stainless steel
emissivity are recommended as €,=0.7 and €,,=0.4 in EN 1991-1-2 (2002). Radiation
can be expressed as given by Equation (3.8).
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Rnetr = @emero | (8 — 273)" (B — 273)] (3.8)

In Equation (3.8), hnet’r is the net heat radiative heat flux (W/m?), ¢ is the configuration
factor used to signify a proportion of incident thermal radiation on the surface, €, is the
emissivity of the surface, & is the emissivity of the fire, o represents the Stephan-

Boltzmann constant (=5.67x10® W/m?k?), 8, is the gas temperature in the vicinity of a

fire, 6., is the surface temperature of a structural member.
Heat transfer problem

Under anisothermal state heat conduction, temperature changes with time. The

conservation of heat energy as given in Equation (3.9) state that:

20 )
pco; = -Vq+Q (3.9

where p is the material density, c is the material specific heat, t is the time, and Q is the
internal heat generation rate per unit volume. The heat energy conservation equation is
the basis for the heat transfer modelling in analysis package such as ABAQUS, which
solved, subjected to appropriate boundary conditions, to obtain the temperature
distribution. As it is difficult to obtain analytical solutions to Equation (3.9), numerical

methods are employed to solve the heat transfer analysis problem.

Heat transfer analysis was performed on ferritic stainless steel columns reported by
Tondini et al (2013). Each column had the measured mean furnace temperature applied
uniformly to the surface of the specimen with a uniform initial temperature of 20°C. Then,
convection, radiation and conduction heat transfer mechanisms were carefully simulated
to obtain the temperature rise in the member. Radiation was modelled as surface radiation

with using the command *SRADIATE in ABAQUS with the emissivity coefficient taken
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as 0.4 from EN 1993-1-2 (2005). Convection was modelled as a film condition using the
command *SFILM in ABAQUS with the coefficient for the convective heat transfer taken
as 25 W/meK as specified in EN 1993-1-2 (2005). Other required physical properties for
the thermal model included the temperature dependent specific thermal capacity (c),
thermal conductivity (1) and thermal expansion — these were obtained from Clauses 8.4.1,
8.4.2 and 8.4.3, respectively of the Design Manual for Stainless Steel Structures (DMSS)
(2017). The results from the heat transfer analysis consisted of the temperature
distribution for all the nodes within the three dimensional model, which were stored as a

function of time and subsequently read into the stress analysis model as a predefined field.

3.3.8 Analysis technique

The method required for the nonlinear analysis depends on the method of testing, whether
the test were performed under isothermal or anisothermal conditions. Isothermal
conditions involve a two-step procedure for the analysis. Firstly, a linear buckling
analysis (LBA) is performed to obtain the buckling failure modes to be used for the initial
geometric imperfections and secondly a nonlinear analysis is performed, as with ambient
temperature models but with the elevated temperature material properties for a specific
temperature assigned to it, using the Riks method which is employed to solve the
geometrically and materially nonlinear of thin-walled structure. The Riks method uses
the load and magnitude as an additional unknown parameter by solving load and
displacement simultaneously in each iteration by adopting the Newton-Raphson
algorithm. The use of the Riks method allows effective solutions to be found for unstable
problems at room temperature and elevated temperature (such as post-ultimate response
of thin walled structures (Ng and Gardner, 2007) and effectively traces nonlinear

unloading paths.
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For anisothermal test conditions, LBA was first performed to obtain the buckling failure
mode, and nonlinear analysis was undertaken using the general STATIC Newton method
in two stages. The first stage involved, applying a constant load at room temperature and
at the second stage, the temperature was increased until failure was detected in the
column. The time-temperature curves were either extracted from the test measured data

or from a prior heat transfer analysis model.

3.4 Validation of numerical models
In this section, the results from the developed FE models for columns and beam-columns
are compared to the test results. In order to confirm that the FE models are able to capture

the structural behaviour response, the following validation measures were considered:

1. The initial stiffness of the structural member (i.e. comparing the initial linear part
of the load-deformation response obtained from test results and numerical results).

2. Ultimate load capacity (i.e. comparing the maximum load achieved in the test
results (Nuest) and the numerical results (Ny,rg)).

3. The overall load-deformation response (i.e. comparing the whole test and FE load-
deformation response from start of the loading, to the peak load and the unloading
behaviour).

4. Failure mode (comparing the shape of both the experimental and the numerical

failure mode).

3.4.1 SHS, RHS and CHS column member validation

The modelling procedures described in this chapter were applied to replicate the
experimental test responses of the stainless steel columns reported in Table 3.1 and Table
3.2. Two performance criteria for structural members subjected to vertical loads at

elevated temperatures, which are related to the magnitude of the vertical contraction (AL)
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and the vertical contraction rate (AL/AT), are specified in EN 1363-1 (2012) to mark their
critical failure temperature in fire. According to these criteria, the failure temperature is
specified as that at which the vertical contraction and the rate of vertical contraction reach
their limiting values — (AL) jimit = L/100 (mm) and (AL/AT) iimit = 3L/1000 (mm/min),
respectively. The failure temperatures of the simulated SHS and RHS columns at elevated
temperature (Table 3.1) were specified by applying the EN 1363-1 (2012) criteria
explained above, which were compared with the failure test temperatures determined by
the same manner. The test and simulation critical temperature Ocrit cOmparison results for
the elevated temperature SHS and RHS columns are presented in Table 3.8. The values
for the mean and the coefficient of variation (COV) of the FE/test critical temperatures
for the modelled austenitic (Ala-Outinen and Oksanen, 1997 and Baddoo and Gardner,
2000) and ferritic (Tondini et al., 2013) stainless steel columns are 0.90 and 0.03 and 1.00

and 0.02, respectively.

Figures 3.5 and 3.6 compare the axial displacement-temperature responses from the tests
and FE for the SHS 80x80x3 - 2500 and RHS 150x75x6 columns, respectively, where
the solid black line represents the test result and the dash black line represent the FE
results. It should be noted that the temperatures in Figures 3.5 and 3.6 refer to the furnace
temperature for both the tests and the FE models to enable a like-for-like comparison of
the observed and modelled responses. The axial displacement-temperature response of
the axially loaded compression members at elevated temperatures begins with an initial
shortening when the compressive load is applied at room temperature, which is then
followed by increasing axial expansion with the temperature rise. The rate of increase in
the axial thermal expansion decreases at high temperatures as the column stiffness
reduces and mechanical shortening becomes important. The mechanical shortening is due

the combination of axial shortening and the out-of-plane lateral deflection from column
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buckling. Finally, the column reaches a limiting point where it starts to contract as the
mechanical shortening overtakes the thermal expansion, and the applied compressive load
cannot be supported. Since the mechanical shortening of the column is controlled by the
tangent stiffness of the material at elevated temperature, which reduces very rapidly, the
final stage of the response is rather abrupt. The FE models were capable of accurately
replicating these experimentally observed stages of behaviour. An example test and FE
failure mode comparison for SHS 80x80%3-3000 column is presented in Figure 3.7,

where good agreement between both is shown.

Figures 3.8 to 3.11 depict the test and FE responses in terms of the load versus mid-height
lateral deflection curves for the CHS 76.3%3, CHS 60.5%2.8, CHS 88.9%2.1-1650 and
CHS 106x3-3080 columns, respectively. The comparison results for the test and FE room
temperature CHS columns are presented in Table 3.9, where the FE to test ratios for the
ultimate loads Ny and the mid-height lateral deflection at ultimate loads &y are reported.
The mean and COV of the FE/test are 1.02 and 0.06, respectively for Ny and 0.91 and
0.46, respectively for 6y. The comparatively higher variation in the FE/test ratios of dy
was also observed in numerical modelling simulations conducted by Buchanan et al.
(2018) and is expected due to the higher variability associated with displacements at
ultimate loads of models of these structural members. Figure 3.12 compares the failure

modes from test and FE for CHS 106x3-3080 column, which are in good agreement.

Considering the high degree of accuracy obtained in predicting the flexural buckling
response of the SHS/RHS columns at elevated temperatures and the CHS columns at
room temperature, in terms of the axial displacement-temperature and load-deformation
response characteristics as well as the failure modes, the developed numerical modelling
procedures described herein are validated and can reliably be adopted for performing
numerical parametric investigations.
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Figure 3.5: Test vs FE axial displacement responses for SHS 80x80x3-2500 column. Test from

Axial displacement (mm)

Tondini et al. (2013)

60 30
—Test
----- FE (Axial displ) =2
40 ~ FE (Axial displ velocity) ! - 20
:
]
20 ! L 10
i
]
]
0 0
00
H
-20 i - -10
|
40 7 Axial displacement limit i [ 20
[}
-60 -30

Temperature °C

Axial displacement velocity (mm/min)

Figure 3.6: Test vs FE axial displacement responses for SHS 80x80x3-2500 column. Test from

Tondini et al. (2013)
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Figure 3.7: Test and FE failure modes for SHS 80x80x3-3000 column. Test from Tondini et al.
(2013)

Table 3.8: Comparison of test and FE critical temperature 8¢t for SHS/RHS columns

Specimen reference Ocrit (°C)
Test FE FE/Test

SHS 80x80%3-3000 709 726 1.02
SHS 80x80x3-2500 708 718 1.02
RHS 120x80x3-2500 705 709 1.01
SHS 40x40%x4-T1 872 750 0.86
SHS 40x40%x4-T2 579 502 0.87
SHS 40x40%x4-T3 649 608 0.94
SHS 40x40%4-T4 710 646 0.91
SHS 40x40%x4-T5 832 722 0.87
SHS 40x40%x4-T7 766 681 0.89
RHS 150%100%6 801 757 0.91
RHS 150%75x6 883 814 0.92
RHS 100x75x6 806 744 0.92
Mean 0.93
cov 0.06
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Figure 3.8: Test and FE load vs mid-height lateral deflection curves for CHS 76.3x3 column.
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Figure 3.9: Test and FE load vs mid-height lateral deflection curves for CHS 60.5%2.8 column.
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Table 3.9: Comparison of test and FE ultimate load N, and displacement at ultimate load . for

CHS columns
. Ny (KN) Sy (mm)
Specimen reference
Test FE FE/Test Test FE FE/Test

CHS 60.5%2.8 90.5 89.6 0.99 6.4 10.0 1.56
CHS 76.3x3 146.0 144.7 0.99 4.1 5.4 1.32
CHS 106x3-550 267.0 285.5 1.07 7.7 2.3 0.30
CHS 106x3-1150 248.8 226.6 0.91 3.9 5.7 1.46
CHS 106x3-3080 150.8 144.4 0.96 10.9 6.9 0.63
CHS 88.9%2.6-400 425.2 418.4 0.98 2.9 2.2 0.76
CHS 88.9%2.6-1650 243.4 251.1 1.03 115 8.5 0.74
CHS 88.9%2.6-3080 100.5 106.5 1.06 25.8 34.4 1.33
CHS 80%1.5-700 111.1 116.5 1.05 3.3 1.8 0.55
CHS 80%1.5-900 105.8 108.5 1.03 3.8 2.6 0.68
CHS 80x1.5-1600 77.9 87.0 1.12 9.1 6.0 0.66
Mean 1.02
cov 0.05

3.4.2 SHS, RHS and CHS beam-column member validation

Due to the limited test data in the literature on stainless steel beam-column member in
fire, the numerical models were validated against (1) room temperature tests on SHS/RHS
and CHS stainless steel beam-columns reported by Zhao et al. (2015a, 2016a, 2016b) at
cross-sectional level and member level, (2) elevated temperature tests on SHS stainless
steel beam-columns reported by Fan et al. (2016) and (3) elevated temperature tests on
RHS S355 mild strength steel beam-columns reported by Pauli et al. (2012). The same
modelling procedures adopted for the stainless steel columns was employed for the beam-
column members, reported in Table 3.3 to 3.7 with the addition of an eccentric load, to

generate axial load and bending moment as adopted in the tests.

34.2.1 Beam-columns test (Zhao et al., 2015a, 2016a, 2016b)
A comparison summary between the ultimate FE failure load (Nure) and the test ultimate
load (Nuytest). It was shown that for the stainless steel SHS and RHS stub columns and

beam-columns the Ny re/Nu test ratio has a mean value of 1.01 and coefficient of variation
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(CQOV) of 0.04. On the other hand, at member level, the mean and COV of Ny re/Nytest are

1.02 and COV of 0.02 for SHS and RHS, respectively and 1.02 and COV 0.02 for CHS,

respectively. The test and FE load-deformation curves for the typical stainless steel beam-

columns at room temperature are depicted in Figures 3.13 to 3.17, where the solid black

line represent the test line and the dash black line represent the FE model results, which

are in good agreement. Example of failure modes from both test and FE are shown in

Figure 3.18 and 3.19, representing the ability of the developed FE models to capture the

observed failure responses at both cross-section level and member level. From the overall

results, it is concluded that the FE models are capable for predicting the tests results at

room temperature for stainless steel beam-column members.
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Figure 3.13: Test and FE load vs mid-height lateral deflection curves for SHS 60x60x3,
e,=10mm beam-column member. Test from Zhao et al. (2016b)
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40
35

- e o
—_— - -
-
-
-

w
o1 O
1 1

Load (kN)
P NN
o

(6]
1

Test

---FE

-
(62 BN e
1

0 10 20 30 40 50 60
Mid-height lateral deflection (mm)
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Figure 3.17: Test and FE load vs mid-height lateral deflection curves for CHS 76.3%3, e,=95mm
beam-column member. Test from Zhao et al. (2016a)

Figure 3.18: Test and FE failure mode of SHS 100x100x5 (left image) stub column and RHS
150x100x8, e;=50mm beam-column, minor axis failure mode (right image). Test from Zhao et

al. (2015a

Figure 3.19: Test and FE failure mode beam-columns SHS 60x60x3, e,=10mm. Test from Zhao
et al. (2016b)
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Table 3.10: Comparison of SHS and RHS stainless steel stub column and beam-column test and

FE results
Specimen reference (rr?n) (n?in) L (mm) '?E,If)s‘ (I\II<UNF§ Nu,re/Nu test
SHS 100x100x5 0.0 0.0 349.9 1057.0 | 988.1 0.93
SHS 120x120x5 0.0 0.0 399.9 928.4 927.1 1.00
RHS 150x100x6 0.0 0.0 450.1 1323.7 | 1381.8 1.04
RHS 150x100%8 0.0 0.0 450.0 1825.1 | 1909.5 1.05
SHS 150%x150x8 0.0 0.0 449.8 3257.9 | 3349.8 1.03
20.0 0.0 350.0 743.5 665.5 0.90
SHS 100x100x5 25.0 0.0 350.0 622.2 617.6 0.99
50.0 0.0 350.0 472.7 445.0 0.94
10.0 0.0 399.9 793.5 784.3 0.99
40.0 0.0 400.0 550.0 532.6 0.97
SHS 120x120x5 70.0 0.0 400.0 424.0 410.5 0.97
1200 | 0.0 399.8 296.1 277.5 0.94
45.0 0.0 350.1 825.2 867.5 1.05
T 65.0 0.0 449.8 685.3 719.4 1.05
95.0 0.0 450.1 575.7 607.1 1.05
1300 | 0.0 450.0 473.4 475.4 1.00
0.0 20.0 450.0 1173.8 | 1198.7 1.02
RHS 150x100x8 0.0 50.0 450.2 800.1 831.3 1.04
0.0 75.0 450.0 626.9 654.6 1.04
30.0 0.0 449.8 2186.7 | 2243.7 1.03
55.0 0.0 450.0 1814.9 | 1793.2 0.99
SHS 150x150x%8
85.0 0.0 450.0 1403.6 | 1442.8 1.03
120.0 | 0.0 450.1 1186.9 | 1159.6 0.98
Mean 1.01
cov 0.04
Table 3.11: Comparison of SHS and RHS stainless steel beam-column members test and FE
results
Specimen reference | ey, (mm) | e;(mm) | L (mm) [ Nuytest (KN) | Nure (KN) | Nure/Nuest
10.0 0.0 774.8 199.6 203.1 1.02
30.0 0.0 774.8 124.1 126.3 1.02
SHS 60x60x3 40.0 0.0 774.8 104.7 106.7 1.02
80.0 0.0 774.8 65.0 66.6 1.02
125.0 0.0 774.8 46.4 47.7 1.03
0.0 2.0 674.8 153.2 152.3 0.99
0.0 10.0 674.8 106.9 106.4 1.00
RHS 100x40x2 0.0 30.0 674.8 62.7 63.7 1.02
0.0 45.0 674.8 46.3 45.6 0.99
0.0 75.0 674.8 32.0 33.9 1.06
Mean 1.02
cov 0.02
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Table 3.12: Comparison of CHS stainless steel beam-column member test and FE

Specimen reference | ey (mm) | e; (mm) | L (mm) | Nuvest (KN) | Nure (KN) | Nure/Nutest
5.0 0.0 1450.0 66.3 69.0 1.04
15.0 0.0 1450.0 53.8 53.7 1.00
CHS 60.5%2.8 25.0 0.0 1450.0 43.1 43.9 1.02
40.0 0.0 1450.0 35.0 35.9 1.03
85.0 0.0 1450.0 23.0 22.7 0.99
10.0 0.0 1450.0 94.7 99.0 1.05
20.0 0.0 1450.0 79.4 81.3 1.02
CHS 76.3%3 30.0 0.0 1450.0 66.9 69.3 1.04
50.0 0.0 1450.0 50.8 52.8 1.04
95.0 0.0 1450.0 34.3 34.4 1.00
Mean 1.02
cov 0.02

34.2.2 Beam-column tests (Fan et al., 2016)

The anisothermal modelling procedures described section 3.3 were utilised to replicate
the two austenitic stainless steel beam-column tests reported in Table 3.6. The two failure
criteria for axially loaded members in fire explained in section 3.41 to these tests to mark
their failure temperature. Figure 3.20 compares the axial displacement-time responses
from the tests and FE for the SHS 120x120%4-3300 beam-column, respectively, where
the solid black line represents the test result and the dash black line represent the FE
results. The overall behaviour of the beam-column member is found similar to the
column. In Figure 3.30, it was noted (1) in the early stage of the temperature rise, the axial
displacement increases over time as temperature increases, (2) following an increase of
axial expansion due temperature increase, the structural element stiffness reduces and the
axial shortening, due to a combination of axial load and the out-of-plane deflection from
the member buckling. Lastly, the axial shortening surpasses the thermal expansion of the
member, and the member contracts, and the load-carrying capacity reduces. A ratio for
the critical temperature (6.:i; °C) results between the FE and test is provided in Table 3.13

where a mean ratio of 1.01 and COV of 0.01 is achieved. Good agreement between the
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test and FE failure modes are captured as displayed in Figure 3.21. From the comparison
of the test and numerical results, it is concluded that the described models are capable of

replicating the nonlinear behaviour of stainless steel beam-columns member in fire.
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Figure 3.20: Comparison of test vs FE axial displacement responses for SHS 120x120%4-3300,
ey=13.2mm, beam-column member in fire. Test from Fan et al. (2016)

Figure 3.21: Test and FE failure modes for SHS 120x120x4-3300, ey=13.2mm beam-column.
Test from Fan et al. (2016)
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Table 3.13: Comparison of SHS stainless steel beam-column member in fire
ey €; Ocrit (OC)

(mm) | (mm) | Test FE | FE/Test

132 | 0.0 | 700.8 | 704.2 1.01

23.8 | 0.0 665 676.8 1.02

Mean 101

cov 0.01

Specimen reference

SHS 120x120x4

3.4.2.3 Beam-column tests (Pauli et al., 2012)

The procedures for the development of FE models described in section 3.3 were adopted
to validate the tests reported by Pauli et al. (2012). Although these experiments were
performed on S355 carbon steel, they are utilised in this research study for validation of
the FE models owing to the lack of experimental results for stainless steel beam-column
members in fire. The FE model utilised the combination of global imperfection values
reported by Pauli et al. (2012) and local imperfection predicted using Equation (3.5).
Table 3.14 provides the results by the means of a ratio of FE to test ultimate failure loads
(Nu,re/Nutest), which shows a good agreement between the test and FE models. The
comparison of axial load-deformation response of the test and FE results are displayed in
Figures 3.22 to 3.23, where the solid black line represent the test and dash black line
represent FE model. The FE models are generally capable of tracing the load-deformation
response. Good agreement between the test and FE failure modes are captured as
displayed in Figure 3.24 and 3.25. In summary, from results provided in Table 3.14, it is
concluded that the finite element models are capable of predicting the ultimate strengths

of S355 structural beam-columns sections at elevated temperature.
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Figure 3.22: Test and FE load vs axial displacement curves for RHS 120x60x3.6-360,
e,=10mm, 6=400°C, beam-column member. Test from Pauli et al. (2012)
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Figure 3.23: Test and FE load vs axial displacement curves for RHS 120x60x3.6-1840,
e;=10mm, =400°C, beam-column member. Test from Pauli et al. (2012)

Figure 3.24: Test and FE failure mode of S355 stub beam-column RHS 120x60x3.6, e,=10mm,
6=400°C. Test from Pauli et al. (2012)
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Figure 3.25: Test and FE failure mode of S355 beam-column member level, RHS 120x60x3.6-
e,=50mm, #=400°C. Test from Pauli et al. (2012)

Table 3.14: Comparison of RHS S355 carbon steel beam-column test and FE results at elevated

temperature

. L Temperature e e; NuTest | Nure | Nure/
Specimen reference (mm) (o%) 0 ( m;/n) (mm) | (kN) | (kN) | Nores
360 400 0.0 0.0 408 | 413 | 1.01

360 400 0.0 100 | 280 | 288 | 1.03

360 400 0.0 50.0 | 133 | 148 | 1.11

360 550 0.0 0.0 257 | 240 | 0.93

360 550 0.0 10.0 | 205 | 179 | 0.87

360 550 0.0 50.0 87 92 1.06

360 700 0.0 0.0 74 77 1.04

RHS 120x60%3.6 850 550 0.0 30.0 96 102 | 1.06
1840 400 0.0 0.0 242 | 207 | 0.85

1840 400 0.0 100 | 139 | 140 | 1.01

1840 400 0.0 50.0 73 75 1.03

1840 550 0.0 0.0 186 | 195 | 1.05

1840 550 0.0 10.0 | 111 | 102 | 0.92

1840 550 0.0 50.0 49 54 1.09

1840 700 0.0 0.0 71 68 0.96

Mean 1.00
cov 0.07
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3.5 Concluding remarks

In this chapter, a comprehensive numerical validation study was carried out, which forms
the basis for the numerical parametric investigations carried out in the subsequent
chapters. A large pool of experimental test data on column and beam-column structural
members at both room and elevated temperatures including both stainless steel and carbon
steel were collected from the literature test programmes. The collected test data for SHS,
RHS and CHS columns and beam-columns which are the focus of this thesis. The key
details of the experimental programmes required as input in the models for the validation
of the FE models were presented. The important details of the numerical modelling
approach such as the material modelling, geometric imperfections, boundary conditions
and analysis steps were explained. In all cases, the results of the numerical models were
compared with their corresponding experimental test results. The validated FE models in
this chapter are employed for conducting parametric studies on stainless steel columns
and beam-columns at elevated temperature in Chapters 4 and 5, the results of which form

the basis for the development of the design guidance in Chapters 4 and 5.

85



Chapter 4 Fire design of stainless steel hollow

section columns

4.1 Introduction

This chapter focuses on the design methods for stainless steel tubular columns in fire
conditions. Following the validation of the models for stainless steel tubular columns
subjected to elevated temperatures in Chapter 3, parametric studies were performed which
are presented in this Chapter. Tubular columns of different stainless steel grades, member
slenderness, geometric sections, aspect ratios and axis of buckling were modelled. The
columns were investigated under four different elevated temperatures. The applicability
and accuracy of the design methods recommended in EN 1993-1-2 (2005) and the Design
Manual for Stainless Steel Structures (2017) were carefully assessed on the basis of the
numerical flexural buckling results generated by the parametric study. New buckling
curve formulations for the fire design of cold-formed stainless steel SHS/RHS and CHS
columns were subsequently proposed, and their suitability was confirmed by applying the
reliability criteria set out by Kruppa (1999). Detailed description of these is provided in

the following sections.

4.2 Parametric study

Parametric studies to examine the flexural buckling response of stainless steel columns
with square, rectangular and circular hollow cross-section of different grades at elevated
temperatures were carried out, the details of which are presented hereafter. For the
purpose of the parametric study, the columns were modelled as isothermal testing

conditions, in which the stress-strain data corresponding to a given temperature 60 were
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assigned to the FE models, akin to applying a uniform temperature 0, and the compressive
load applied was set to increase until failure was reached similar to the validated models
of the room temperature tests. A static Riks method (ABAQUS, 2016) was employed to
solve the geometrically and materially nonlinear stress analysis problem from which the
load versus deformation response of the columns and their failure loads were determined,
which were used to derive buckling curves for their fire design as discussed in Section
4.3. This approach, which has been also adopted in other similar numerical modelling
investigations e.g. in Huang and Young (2018) and Lopes et al. (2010), was deemed
acceptable, since the developed elevated temperature FE models did not explicitly include
the effect of time dependent factors such as creep, i.e. creep effects were only implicitly
included in the material properties/reduction factors of the Design Manual for Structural
Stainless Steel (2017) derived from anisothermal tests, and as a results both the isothermal

and anisothermal modelling approaches would yield very similar results.

The stress-strain response of stainless steels at room temperature differs for austenitic,
duplex and ferritic grades due to the chemical composition, production and level of cold-
work induced into the materials as illustrated in Figure 4.1 (Afshan et al., 2019). The
major difference as shown in Figure 4.1 is austenitic tends to have the highest ductility
compared to the other stainless steel grades, duplex has the highest strength due to high
chromium content, however has less ductility then austenitic, and ferritic has lowest
chromium content compared to austenitic and duplex, which reduces strength and

ductility.

Material properties and their response to elevated temperatures form an essential part of
structural fire design. The degree of degradation of the mechanical properties with respect
to temperature also vary. A comparison of the elevated temperature performance of
stainless steel is presented in Figure 4.2 to 4.4; the data is provided in SCI Design Manual
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for Structural Stainless Steel (2017) and EN 1993-1-2 (2005) both which are based on the
test results reported in Zhao (2000); Gardner and Baddoo (2006); Ala-Outinen (1996);
Hoke (1977) and Gardner et al. (2010) from anisothermal and isothermal tests. In Figure

4.2, the reduction in modulus of elasticity (keg) is defined as the elevated temperature
initial Young’s modulus Ee, normalised by the initial Young’s modulus (E) at room

temperature.
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Figure 4.1: Typical stress-strain curves for austenitic, duplex and ferritic stainless steel. (SClI,
2017)
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Figure 4.2: Reduction in modulus of elasticity for austenitic, duplex and ferritic at temperature
8. (SCI, 2017)
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Strength reduction factors are defined into two distinct categories: k¢ is the strength at
two percent total strain at temperature f2,6, which is normalised by the room temperature
0.002 proof strength fy, whereas kpo.2,0 is the strength at 0.002 proof strength fo2 at
temperature, which is normalised by room temperature 0.002 proof strength fy. The ko g
and k026 strength retention factors for Austenitic I, Duplex Il and Ferritic 1l grades
provided in Table 8.1 of the Design Manual for Stainless Steel Structures (2017) are
presented in Figures 4.3 and 4.4. In Figure 4.4, it can be seen at low temperatures,
austenitic, duplex and ferritic k2 retention factors are substantially greater than unity,
and this due to the two percent strain limit at elevated temperature and the significant

strain hardening that the material exhibits.
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Figure 4.3: Reduction in 0.2% proof strength for austenitic, duplex and ferritic at temperature 6.
(SClI, 2017)
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Figure 4.4: Reduction in strength at 2% total strain for austenitic, duplex and ferritic at
temperature 0. (SCI, 2017)

Hence, in order to study the effect of the different elevated temperature stress-strain
response of the material on the flexural buckling capacity of compression members, the
parametric study included austenitic, duplex and ferritic stainless steels. For each stainless
steel grades considered, the varied parameters were the elevated temperature member
slenderness () for the SHS, RHS and CHS models as well as the aspect ratio of the
cross-section (h/b), where h is the section height and b is the section breadth, and the axis
of buckling (major and minor) for the RHS models. For each of the cross-section
dimensions and member lengths, the columns were modelled with four different
temperatures in the range of 200 °C to 800 °C. The end support conditions of the columns
were modelled as pinned at both ends, allowing free rotation about the designated member
axis of buckling as well as free longitudinal displacement along the column length. All
cross-sections were classified as fully effective and slender sections in accordance with
the EN 1993-1-2 (2005) and EN 1993-1-4 (2015) limits for classification of cross-sections
at both room and elevated temperatures. Table 4.1 outlines the examined parameters for

each of the cross-sections. The cross-section slendernesses of the modelled columns, Xp
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and A, are also included in Table 4.1, in which Xp is the plate slenderness of the SHS and

RHS - as defined by Equation (4.11) and A, is the local slenderness of the CHS - as

defined by Equation (4.12). In Equation (4.11), o, is the elastic critical buckling stress

of the plate element, o, is the stress at 2% total strain, which is the strength parameter
used for fire design as discussed in more detail in Section 4.3, b and t are the flat plate
width and thickness, respectively, E is the Young’s modulus, ks is the plate buckling
coefficient, set to 4.0 for internal plate elements subjected to uniform compressive stress
state and v stands for the Poisson's ratio taken as 0.3. In Equation (4.12), o, is the elastic
critical buckling stress for a circular hollow section, D is the section outer diameter, and
all other symbols are as previously defined. In total, 1235 cold-formed stainless steel

columns with SHS, RHS and CHS cross-section at elevated temperatures were modelled.

0.5 ) 0.5
v - OR) ()
= 00 (020D 05 0.5
- (30 (o) w2

The same modelling assumptions as explained in Chapter 3 were adopted in the models
of the parametric study with the input parameters taken as those described hereafter. The
room temperature material properties recommended by Afshan et al. (2019) for austenitic,
duplex and ferritic stainless steel cold-formed SHS, RHS and CHS, presented in Table
4.2, together with the required reduction factors pertaining to Austenitic I, Duplex Il and
Ferritic 11 grades provided in Table 8.1 of the Design Manual for Stainless Steel Structures
(2017) were employed; these are the most up to date set of reduction factors for stainless
steel materials at elevated temperature. The two-stage Ramberg-Osgood material model,
Equations (3.11) and (3.12), was used to develop full-range stress-strain relationships for

the modelled temperatures. The values for ng were taken as the room temperature values
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for n provided in Afshan et al. (2019) and the values for me, were determined using
Equation (4.13); these are in accordance with the recommendations in Clause 8.5 of the

Design Manual for Stainless Steel Structures (2017).

00.2,0
Ou0 (4.13)

m9,2=1+2.8

Similar to the validation models, the initial geometric imperfections were introduced as
eigenmodes that were scaled to a suitable magnitude. The amplitudes for the global
imperfection mode was set equal to the tolerance limit for fabrication, which is specified

in EN 1090-2 (2008) as L/1000, where L is the member length. For the local imperfection

for the SHS and RHS columns, the amplitude was set to b/200, where b is the section
width and for the CHS columns, the amplitude was set to 0.008D, where D is the diameter,
in accordance with the recommendations in EN 1993-1-5-Annex C (2006). Shell element
S4R was selected to discretise the modelled cross-sections; the element mesh size was
equal to the thickness of the cross-sections t for the CHS columns and the flat elements
of the SHS and RHS columns which had a smaller mesh size of four elements in their
corner portions to allow an accurate representation of the curved geometry (Gardner and

Nethercot, 2004).
4.3 Fire resistance design

4.3.1 EN 1993-1-2 (2005)

The design of structural elements and assemblies made of stainless steel in fire is covered
in EN 1993-1-2 (2005) with similar treatments as carbon steel structures. The response
of steel structures in fire is typically accompanied by large deformations, and therefore in
fire design, higher strain levels are considered acceptable compared to those at room

temperature. For this reason, the strength parameter which the resistance of structural
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Table 4.1: Summary of parametric study variables

Section Grade Section h/b Buckling axis Temperatures (°C) A, orA. | Classification Ao
SHS 100x100x10 | 1.0 - 0.33 Fully effective
Austenitic RHS 150x100x14 | 1.5 | Major and Minor 0.34 Fully effective
SHS 100x100x5 | 1.0 - 0.62 Slender
RHS 150x100x7 | 1.5 | Major and Minor 0.66 Slender
SHS 100x100x9 | 1.0 - 0.38 Fully effective
RHS 150x100x14 | 1.5 | Major and Minor 200 °C, 400 °C, 600 °C and 0.36 Fully effective
SHSIRHS | Duplex | g5 100x100x5 | 1.0 i 800 °C 0.65 Slender | 0120
RHS 150x100x8 | 1.5 | Major and Minor 0.62 Slender
SHS 100x100x9 | 1.0 - 0.32 Fully effective
Ferritic RHS 150x100x11 | 1.5 | Major and Minor 0.39 Fully effective
SHS 100x100x5 | 1.0 - 0.54 Slender
RHS 150x100x7 | 1.5 | Major and Minor 0.58 Slender
Austenitic CHS 100x8 - - 0.18 Fully effective
CHS 100x2 - - 0.35 Slender
CHS 100x8 - - 200 °C, 400 °C, 600 °C and 0.19 | Fully effective
CHS | Duplex CHS 100x2 : : 800 °C 0.38 Slender | 0120
Ferritic CHS 100x8 - - 0.16 Fully effective
CHS 100x2 - - 0.33 Slender




Table 4.2: Room temperature material properties adopted in the parametric models.

Grade Section E (N/mm?) | foo(N/mm?) | f,(N/mm?) fu (N/mm?) n
Austenitic SHS/RHS (F), CHS 200000 460 603 700 2.9
Duplex SHS/RHS (F), CHS 200000 630 706 780 4.8
Ferritic SHS/RHS (F), CHS 200000 430 490 490 4.6
Austenitic SHS/RHS (C) 200000 640 838 830 7.1
Duplex SHS/RHS (C) 200000 800 896 980 6.7
Ferritic SHS/RHS (C) 200000 560 610 610 6.8

F = Flat face, C = Corner region
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members, including columns, in fire is based on EN 1993-1-2 (2005) is the stress at 2%
total strain at elevated temperature 0 i.e. f29 = koo fy for members with fully effective
cross-sections (i.e. Class 1, 2 and 3) and the 0.2% proof stress at elevated temperature 0
I.e. To2,0 = Koo,e fy for members with slender cross-section (i.e. Class 4), where fy is the
design yield strength at room temperature and ko and ko, are the reduction factors for
2,0 and fo 2,0, respectively. These design strength parameters are also adopted in EN 1993-
1-2 (2005) for the fire design of columns made of stainless steels, where the design yield
strength at room temperature fy is taken as the 0.2% proof stress. Figure 4.5 shows the
schematic illustration of the definition of these strength parameters. As mentioned
previously, EN 1993-1-4 (2006) is the room temperature design for stainless steel
elements, however, for stainless steel structural fire design, EN 1993-1-4 (2006)
references to EN 1993-1-2 (2005), meaning that the design rules adopted are for carbon
steel elements. In this section, the design rules for stainless steel columns at room

temperature and elevated temperature are described.

A
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Figure 4.5: Schematic representation of strength parameters.



The classification of stainless steel cross-section at room temperature, according to EN
1993-1-4 (2006) is made using factor € defined as a function of yield strength and

modulus of elasticity as defined in Equation (4.14).

(235 E \° 1
*=\f, 210000 (4.14)

Where fy is the yield strength of the material and E is the modulus of elasticity at room

temperature. At room temperature for carbon steel elements the modulus of elasticity is
equal to 210000 N/mm? as defined in EN 1993-1-1 (2014), however for stainless steel the
modulus of elasticity varies for the type of grade being utilised. This led to the use of a

different factor € for stainless steel as presented Equation (4.14).

In order to design a stainless steel column at member level, EN 1993-1-4 (2006) provides
a design procedure for elements subjected to axial compression according to the
classification (i.e. for Class 1, 2 and 3), the buckling resistance of stainless steel member

(Np rq) is calculated as follows:

XAfy )
Np,Rrd= for Class 1, 2 and 3 cross-sections (4.15)
YMm1
At
Nb‘Rd=XYeff Y for Class 4 cross-sections (4.16)
M1

Where ¥ is the flexural buckling reduction factor for the relevant buckling mode, A is the
cross-sectional area, A.g IS the effective area of the effective cross-section, f,, is the yield
strength of the material and yy,, is the partial safety factor. EN 1993-1-4 (2006) prescribe
the use of partial safety (ymg) Of 1.1, though in this research study, a value of unity is
utilised for the partial safety coefficient as the design rules for structural fire design for

carbon steel structures is prescribed at unity.
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The flexural buckling reduction factor is the minimum between y axis and z axis and is

defined by Equation (4.17).

1

X = T S 1with ¢ = 0.5[1 + a(1+ 4,) + 2?] (4.17)

Where the imperfection factor (o) and limiting slenderness (A,) are fixed provided in
Table 4.3. In order to determine the coefficient ¢, the non-dimensional slenderness is

calculated either using Equation (4.18) for Class 1, 2 and 3 cross-sections or Equation

(4.19) for Class 4 cross-sections.

_ ,Af
A= N_y for Class 1, 2 and 3 cross-sections (4.18)
cr
_ |Aegefs
A= —effy for Class 4 cross-sections (4.19)
Al cr

Where N, is the elastic critical force for the relevant buckling mode.

Table 4.3: Typical imperfection and limiting slenderness values. EN 1993-1-4 (2006).
Buckling mode Type of member o Ao
Cold formed open sections 049 | 04
Hollow sections (welded and seamless) | 0.49 | 0.4

Flexural Welded open sections (major axis) 049 | 0.2
Welded open sections (minor axis) 0.76 | 0.2
Torsional and torsional flexural All members 034 | 0.2

The form of the flexural buckling curves provided in EN 1993-1-2 (2005) for the column
design is the same as the flexural buckling curves for room temperature design set out in
EN 1993-1-1 (2014) for carbon steel and in EN 1993-1-4 (2015) for stainless steel. The
only exceptions are that there is no plateau i.e. A, = 0 and the imperfection factor a is

expressed in terms of the yield strength fy using o = 0.65,/235/f,. In addition, the non-

dimensional member slenderness at elevated temperature Ay, as defined by Equations
(4.20) and (4.21), is employed, in which X is the column slenderness at room temperature,
Kg 0 is the reduction factor for Young’s modulus Eg at temperature 0 and ko, and Ko 2,0 are
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as previously defined. The non-dimensional buckling reduction factor ysi as given by
Equation (4.22) is also recommended for stainless steel columns of all cross-section

shapes and all temperatures.

0.5
- [k
A=A <k2—e> for Class 1, 2 and 3 cross-sections (4.20)
E,0
Ko )05
Aog=A <%> for Class 4 cross-sections (4.21)
E,0

_ 1 -
with Qg = E [1 + (Xle + Ag] (422)

1
Xt :—_2
(Peﬂlﬁpg)—)&e

Finally, the predicted flexural buckling resistance Npfitrda OF @ compression member at
time t and experiencing a uniform temperature 6 is obtained from Equations (4.23) and
(4.24), where A is the cross-sectional area for the gross cross-section, Aeff is the cross-
sectional area of the effective cross-section, ymsi IS the member resistance partial
resistance factor, which is 1.0 as set out in EN 1993-1-2 (2005) and all other symbols are

as previously defined.

XﬁAkZ,ny .
Np fitra=— —— for Class 1, 2 and 3 cross-sections (4.23)
Y™ fi
AcKo o of:
Nb'ﬁ’t’Rd:M for Class 4 cross-sections (4.24)
M, fi

4.3.2 Lopes et al. (2010)

Lopes et al. (2010) conducted an extensive parametric numerical modelling investigation
on axially loaded columns with welded stainless steel I-section in fire and proposed a
modified version of the EN 1993-1-2 (2005) flexural buckling curves. In the proposed
buckling curves, (1) the parameter f was introduced in the non-dimensional buckling
reduction factor yfi and o formulations as presented in Equation (4.25) and (2) the

imperfection parameter a was defined in terms of temperature 6, as given by Equations
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(4.26) and (4.27), which results in temperature dependant buckling curves. For welded I-
section columns, B values equal to 1.0 for major axis buckling and 1.5 for minor axis
buckling, for all stainless steel grades were proposed. The a values were recommended
as equal to 1.3 for austenitic grades - EN 1.4301, EN 1.4401, EN 1.4404, EN 1.4571 and
ferritic grade - EN 1.4003 grades and 0.9 for EN 1.4462 grade (Lopes et al., 2010). Using
the proposed fire buckling curves and the same definition of Ay given in Equations (4.20)

and (4.21), N itrd may similarly be obtained from Equations (4.23) and (4.24).

<1.0 with @y=0.5 [1+aXe+BX§] (4.25)

]
e
cpet/cpé — B

235 E k 4.26

a=n \/f_y210000 \/ﬁ for Class 1, 2 and 3 cross-sections ( )
235 E k

o=n \/ f_y 310000 \/ ko]j:;e for Class 4 cross-sections (4.27)

4.3.3 Design Manual for Structural Stainless Steel Design (2017)

The method provided in the Design Manual for Structural Stainless Steel (2017) for
determination of the flexural buckling resistance uses the same buckling curves as for
room temperature, with plateau length A, and imperfection factor o as those
recommended in Table 6.1 in Design Manual for Structural Stainless Steel (2017), for
elevated temperature design. The fire design buckling resistance Ny fitrd is Obtained from
Equations (4.28) and (4.29), where A is the cross-sectional area of the gross cross-section,
Aer IS the cross-sectional area of the effective cross-section, ysi is as defined in Equation
(4.30), where X is given by Equation (4.31). Based on this approach, for all cross-section
classes, the flexural buckling resistance of stainless steel columns in fire is determined on

the basis of the 0.2% proof stress (ko.,0fy), where Ko2,0 is the reduction factor for the 0.2%
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proof strength and fy is the design yield strength (taken as the 0.2% proof stress) at room

temperature.
Akg pf,
Nb'fi't'Rd:M for Class 1, 2 and 3 cross-sections (4.28)
YM fi
Aeteko 2 of.
Nb_ﬁlthd:M for Class 4 cross-sections (4.29)
Y™ fi
1 ) = =\, 72
1 = ————==<1.0 with $,=0.5 [1+a(x9-xo)+x9] (4:30)
_2 .
N o
= (koo :
A=A k— for all Classes of cross-sections (4.31)
E,0

4.4  Analysis of results and design guidance proposal

4.4.1 Comparison with EN 1993-1-2 and Design Manual for Structural
Stainless Steel methods

The flexural buckling capacities for the parametric models presented in Section 4.2 are
compared with the predicted capacities determined using the existing fire design methods
presented in Section 4.3 hereafter. Figure 4.6(a)-(c) show the results of SHS and RHS
columns, where the FE ultimate loads (Nu,) normalised by the elevated temperature yield
loads of the cross-section (Aksfy) versus the elevated temperature member slenderness
(Ag), determined using Equation (4.20) for fully effective section and Equation (4.21) for
slender section columns, for the austenitic, duplex and ferritic columns, respectively are
plotted. The EN 1993-1-2 (2005) flexural buckling curves is also depicted. Figure 4.7 (a)-
(c) show the similar results for CHS columns of austenitic, duplex and ferritic grades,
respectively. For the SHS and RHS columns, the room temperature yield strength fy is
taken as the weighted average fo.owa Value (by area), as described in Equation (4.32), in
order to normalise out the strength increases in the corner portions associated with cold-

work effects during the production of these cross-sections. In Equation (4.32) fo.f and
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foo,c and Afs and A are the 0.2% proof stress and the cross-sectional areas for the flat and

corner portions of the section, respectively, and A is the total cross-sectional area.

¢ foorAr + fooc Ac
0.2,wa™ A (4.32)

Figure 4.8 (a)-(c) and 4.9 (a)-(c) compares the FE results for the SHS/RHS and CHS
columns, respectively with the Design Manual for Structural Stainless Steel (2017)
buckling curves, where for the SHS and RHS columns the plateau lengths are: 4, = 0.3
for the austenitic and duplex grades and A, = 0.2 for the ferritic grade and the imperfection
parameter o is set to 0.49 for all grades, and for the CHS columns A, and a are 0.2 and
0.49, respectively for all grades. In data presented in Figure 4.8 (a)-(c) and 4.9 (a)-(c), the
cross-section yield strength was taken as ko.efy and the elevated temperature member

slenderness Ay was determined using Equation (4.31).
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Figure 4.6: Comparison of FE results with the EN 1993-1-2 (2005) buckling curve for (a)
austenitic, (b) duplex and (c) ferritic SHS and RHS columns, with fully effective and slender
cross-sections.
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Figure 4.7: Comparison of FE results with the EN 1993-1-2 (2005) buckling curve for (a)
austenitic, (b) duplex and (c) ferritic CHS columns, with fully effective and slender cross-
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Figure 4.8: Comparison of FE results with the Design Manual for Structural Stainless Steel
(DMSS) (2017) buckling curves for (a) austenitic, (b) duplex and (c) ferritic SHS and RHS
columns for fully effective and slender cross-sections.
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Figure 4.9: Comparison of FE results with the Design Manual for Structural Stainless Steel
(DMSS) (2017) buckling curves for (a) austenitic, (b) duplex and (c) ferritic CHS columns for
fully effective and slender cross-sections.

Table 4.4 presents a summary of the numerical comparison results including the mean,
minimum, maximum and coefficient of variation (COV) values of the ratios between the
ultimate loads obtained from the numerical parametric models (Ny,re) and the predicted
capacities obtained from EN 1993-1-2 (Nugecs) and Design Manual for Structural

Stainless Steel (Nu,pmss) methods for No. number of numerical data considered.

107



Table 4.4: Comparison between FE and predicted resistances.
SectiOI’] Material FE/PI‘ediCted Nu,FE/Nu'EC3 Nu'FE/Nu,DMSS Nu,FE/Nu‘proposed

No. 311 311 311

Mean 0.96 1.12 1.19

Austenitic cov 0.13 0.14 0.09
Max 1.26 1.58 1.43

Min 0.68 0.84 0.96

No. 277 277 277

Mean 0.95 1.08 1.07

SHS/RHS  Duplex cov 0.15 0.13 0.08
Max 1.21 1.53 1.27

Min 0.64 0.79 0.87

No. 319 319 319

Mean 1.06 1.06 1.08

Ferritic cov 0.11 0.10 0.06
Max 1.30 1.30 1.25

Min 0.80 0.83 0.92

No. 104 104 104

Mean 0.90 1.07 1.07

Austenitic cov 0.11 0.10 0.06
Max 1.10 1.42 1.21

Min 0.74 0.90 0.94

No. 106 106 106

Mean 0.99 1.13 1.17

CHS Duplex cov 0.13 0.12 0.09
Max 1.28 1.58 1.38

Min 0.70 0.87 0.96

No. 118 118 118

Mean 1.10 1.06 1.10

Ferritic cov 0.06 0.08 0.06
Max 1.24 1.22 1.22

Min 0.97 0.90 0.96

The EN 1993-1-2 (2005) buckling curve which is common for all temperatures generally
over-predicts the buckling resistance of the SHS, RHS and CHS columns for the case of
austenitic and duplex stainless steels for all modelled temperatures, though it provides a
better fit to the ferritic stainless steel columns for temperatures below 800 °C. This is
expected as this curve was originally calibrated against carbon steel column data and
inaccuracies are observed when its predicted capacities are compared with the FE

obtained capacities for stainless steel columns, especially the austenitic and duplex grades
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which possess comparatively different stress-strain responses at elevated temperatures to
those of carbon steel. Furthermore, the EN 1993-1-2 buckling curves gives unsafe
predictions for stainless steel columns as shown by the reliability analysis discussed in

detail in Section 4.5.

The Design Manual for Structural Stainless Steel provisions (2017), which use the
elevated temperature 0.2% proof stress rather than the elevated temperature stress at 2%
total strain used in EN 1993-1-2 (2005), significantly under-predicts the resistance of the
stockier columns with low elevated temperature member slenderness values as it limits
the cross-section predicted resistance to the squash load based on the 0.2% proof stress,
though it gives improved predictions than the EN 1993-1-2 (2005) method for higher
slenderness ranges. Similar observation were made by Ng and Gardner (2007) and
Uppfeldt et al. (2008) in their studies of elevated temperature resistance of stainless steel
cold-formed SHS and RHS columns. Note that no comparisons have been made with the
method proposed by Lopes et al. (2010) as it was developed for welded I-section columns,
with distinctly different buckling performance compared with cold-formed box sections

columns.

4.4.2 Extension of Lopes et al. method for tubular columns

Buckling curves of the same form as the Lopes at al. (2010) formulation as presented in
Section 4.3.2 were calibrated on the basis of the normalised FE data for the SHS, RHS
and CHS cold-formed stainless steel columns generated herein to extend its application
to these sections. The Lopes et al. method uses the 2% strength (ko fy) in its buckling
curve formulation and in that respect allows similar coordination between the design rules
provided for carbon steel and stainless steel. The use of the a parameter, as given by

Equation (4.26) and (4.27), which is a function of elevated temperature strength and
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stiffness reduction factors, enables different buckling curves for different temperatures,
which is required for stainless steel columns as the FE data presented in Figure 4.6 to 4.9
confirm. In addition, the introduction of the B parameter in the yfi equation, which is
similar to that employed in the lateral torsional buckling formulation in Clause 6.3.2.3 of
EN 1993-1-1 (2014), allows the shape of the buckling curve to better represent the
normalised FE data. The B and n parameters, which were fitted against data on welded I-
section columns in (Lopes et al., 2010), were calibrated against the FE data for austenitic,
duplex and ferritic SHS, RHS and CHS stainless steel columns generated in Section 4.2,

and their proposed value are presented in Table 4.5.

Table 4.5: Proposed B and n parameters for cold-formed SHS, RHS and CHS columns.

SHS/RHS CHS
Austenitic Duplex Ferritic Austenitic Duplex Ferritic
0.8 0.8 1.0 0.7 0.8 1.0
15 1.1 0.6 1.3 1.2 0.5

Figures 4.10 (a)-(c) and 4.11 (a)-(c) show the FE ultimate loads normalised by the cross-
section elevated temperature vyield loads (Akefy), plotted against the elevated
temperature member slenderness A, from Equation (4.20) and (4.21), together with the
proposed buckling curves for temperature bounds 200 °C and 800 °C also depicted for

SHS/RHS and CHS columns respectively.
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Figure 4.10: Comparison of FE results with the proposed buckling curves for (a) austenitic, (b)
duplex and (c) ferritic SHS and RHS columns for fully effective and slender cross-sections.
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Figure 4.11: Comparison of FE results with the proposed buckling curves for (a) austenitic, (b)
duplex and (c) ferritic CHS columns for fully effective and slender cross-sections.
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Comparisons between the FE results and the predicted resistances using the proposed new
B and n parameters presented in Table 4.5 were carried out and the numerical comparisons
in terms of Nu,re/Nuproposed ratios are reported in Table 4.4 and also presented in Figure
4.12 and 4.13 for SHS/RHS and CHS columns, respectively. From the presented
comparison results, it is shown that the proposed buckling curves provide an improved
representation of the buckling resistance of cold-formed stainless steel SHS, RHS and
CHS columns in fire and allow their flexural buckling capacity at elevated temperature

to be predicted with higher degree of accuracy as well as with significantly less scatter.
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Figure 4.12: Comparisons of predicted capacities from EN 1993-1-2 (2005) and proposed
methods for stainless steel SHS/RHS.
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Figure 4.13: Comparisons of predicted capacities from EN 1993-1-2 (2005) and proposed
methods for stainless steel CHS.

4.5 Reliability analysis

Safety assessments according to the method recommended by Kruppa (1999) for
development of fire design rules were conducted to assess the reliability and accuracy of
the existing and the proposed design methods for predicting the flexural buckling
resistance of cold-formed austenitic, duplex and ferritic SHS/RHS and CHS stainless steel
columns in fire. The method by Kruppa (1999) sets out three distinct reliability criteria to
compare the theoretical resistance ry values, determined form the considered design
method, with the experimental (or numerical) values rei, for each specimen as listed

hereafter and further illustrated in Figure 4.14.

o Criterion 1: The percentage of the theoretical resistance values ri on the unsafe side
by more than 15% of the experimental (or numerical) values re; i.€e. rti > 1.15rei, which

should be zero.

e Criterion 2: The percentage of the theoretical resistance values ri on the unsafe side

i.e. ri> 1.0rei, which should be less than 20%.
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e Criterion 3: The mean value of all percentage difference between the theoretical

resistance values rii and the experimental (or numerical) values rei which should be on

the safe side and less than zero.

Unsafe

()t /r.

ti el

15

(2) Max number
of unsafe results

(3) z rtl Cl

Safe

> T
ei

Figure 4.14: Schematic representation of the reliability criteria set out by Kruppa

(1999)

Table 4.6 provides a summary of the safety assessment results for the predicted

resistances from the design methods in EN 1993-1-2 (2005), Design Manual for

Structural Stainless Steel (2017) and the proposed method, where it is shown that unlike

to the other methods, the three reliability criteria are satisfied by the proposed method.
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Table 4.6: Summary of the reliability assessment results.

Section Material Criterion EN 1993-1-2 (2005) DMSS (2017) Proposed method
Criterion 1 27.65% Fail 2.57% Fail 0.00% Pass

Austenitic  Criterion 2 60.45% Fail 24.44% Fail 3.86% Pass

Criterion 3 6.49% Fail -8.65% Pass -15.00%  Pass

Criterion 1 30.00% Fail 11.88% Fail 0.00% Pass

SHS/RHS  Duplex  Criterion2  70.00% Fail 35.00% Fail 15.00%  Pass
Criterion 3 11.47% Fail -2.04% Pass -4.12% Pass

Criterion 1 9.04% Fail 0.00% Pass 0.00% Pass

Ferritic  Criterion2  31.91% Fail 30.85% Fail 12.23%  Pass

Criterion 3 -1.91% Pass -3.63% Pass -6.17% Pass

Criterion 1 41.35% Fail 0.00% Pass 0.00% Pass

Austenitic  Criterion2  82.69% Fail 23.08% Fail 11.54%  Pass

Criterion 3 12.23% Fail -5.81% Pass -6.56% Pass

Criterion 1 17.92% Fail 0.94% Fail 0.00% Pass

CHS Duplex  Criterion 2 50.94% Fail 13.21% Pass 3.77% Pass
Criterion 3 2.55% Fail -10.32% Pass -13.97%  Pass

Criterion 1 0.00% Pass 0.00% Pass 0.00% Pass

Ferritic ~ Criterion 2 5.08% Pass 25.42% Fail 10.17%  Pass

Criterion 3 -8.85% Pass -5.50% Pass -8.34% Pass

4.6  Worked example

An example is provided in this section to demonstrate the workings of the proposed

method. The minor axis buckling resistance Nb . fitrd Of a stainless steel RHS 100x50%6

column with a limiting design temperature of 600 °C is determined. The column length

is 2.7m and has pinned support conditions. The cross-section classification is Class 1

according to DMSS (2017). The material properties used throughout this worked example

are taken from the Design Manual for Stainless Steel Structures (2017). All symbols in

accordance with Eurocode 3 notation and are as previously defined.

Cross-section geometric and material properties

Material properties — Austenitic grade EN 1.4301

f, = 230 N/mm?, f, = 540 N/mm?2, E = 200000 N/mm?, ka6 = 0.68 and K.s = 0.76 (at 600

OC)
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Geometric properties — RHS 100x50x6
h =100 mm, b =50 mm, t=6 mm, ri = 12 mm, A = 1500 mm?, I, = 547239 mm*

Determine the non-dimensional slenderness

_|Af 1500%230
b= | = =153
Nerz | 12X200000%547239/2700

(the column effective length L is taken as 1xcolumn length = 2.7m)

WY el O'5—153 (0'68)05—1 44
M \keo) T N\0T6)

Determine the buckling reduction factor

_fe3s B fkee_[235 200000 Jo76
TN, 7210000 [k, 7230 210000 [0.68

y

0= 0.5 [1+0 Ag+B Ry ]=0.5[1+1.56x1.44+0.8x 1.44%] = 2.46
(n =1.5and B = 0.8 for Austenitic SHS/RHS columns — from Table 4.5)

1 1
Xﬁ: =

) + 2 2

- /q%—B?»e 2.46+/2.46” — 0.8x1.44

Determine the member buckling resistance in compression

=0.22

XﬁAkz,efy 0.22x1500%0.68%230
Nbzfitrd = = =51.6 kN
b Yt 1.0
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4.7 Concluding remarks

The flexural buckling response of stainless steel columns of square, rectangular and
circular hollow sections in fire was assessed through a numerical investigation. The
developed FE models were initially validated against the room and elevated temperatures
column tests reported in Chapter 3 and then adopted to conduct a systematic parametric
study. The FE generated flexural buckling data were used to carry out an assessment of
the design methods provided in EN 1993-1-2 (2005) and the Design Manual for Stainless
Steel Structures (2017) where it was shown that inaccurate flexural buckling resistances
in fire are predicted by both methods. New buckling curves for cold-formed stainless steel
square, rectangular and circular hollow section columns in fire in line with the Lopes et
al.’s (2010) method were proposed on the basis of the FE results, which were shown to
consistently predict the flexural buckling capacities of the columns in fire with higher
degree of accuracy as well as with significantly less scatter. Moreover, the predicted
resistances from the proposed buckling curves were assessed in accordance with the three
reliability criteria set out by Kruppa (1999) and were shown to consistently satisfy the

specified safety levels required.
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Chapter 5 Fire design of stainless steel hollow

section beam-columns

5.1 Introduction

In this chapter, a comprehensive numerical modelling study of cold-formed stainless steel
tubular beam-column members subjected to compressive axial load and uniform bending
moment at elevated temperatures is carried out. Through a rigorous validation process,
the accuracy of the numerical models is first established, following which extensive
parametric study is carried out to generate the structural performance data required for
assessment and development of design guidance rules. Improvements to the current
Eurocode 3 design approach for stainless steel beam-columns are made through two key
areas: (1) proposing a new flexural buckling formulation to obtain accurate predictions
of the pure compression end point Ny rq at elevated temperature; this was presented in
Chapter 4 and (2) development of new combined loading interaction factor k for the
combined axial load and bending moment interaction equations, which will be presented
in this chapter. The accuracy of the proposals for predicting the load-carrying capacity of
stainless steel SHS/RHS and CHS beam-columns in fire is assessed through numerical

comparisons as well as reliability assessments.

5.2 Design rules for beam-column members in fire

In this section the prescribed expressions defined in EN 1993-1-4 (2006) for the design
of stainless steel beam-column members at room and elevated temperatures are presented.

For structural fire design of stainless steel structural components, EN 1993-1-4 refers to
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EN 1993-1-2 (2005), where the design rules provided are mainly based on those

developed for carbon steel structures.

5.2.1 EN 1993-1-4 - room temperature design

The current European design provision for stainless steel at room temperature in EN
1993-1-4 (2006) adopts the same design interaction curve for beam-columns that is used
in EN 1993-1-1 (2005) for carbon steel. These are defined in Equations (5.1) and (5.2)
for the cases of beam-column members with and without lateral torsional buckling (LTB),
respectively. However, modified combined loading factors, ky, k; and ki, given by
Equations (5.3) - (5.5), are employed to consider the effects of the material’s stress-strain

response on the member instability.

For axial load + major axis bending + minor axis bending (without LTB)

NEd My,Ed + NEdeNy Mz,Ed + NEdeNz <1 (5-1)
(Nb,Rd)min Y Bw,yWoryfy/Ym1 ’ BwzWprafy/Yma

For axial load + major axis bending + minor axis bending (with LTB)

NEg My ga + Ngaeny Mzed + Nealnz _ o (5.2)
LT <
Mb,Rd ” Bw,zwpl,zfy/YMl

(Nb'Rd)min,l

The definition of symbols in Equations (5.1) and (5.2) are as follow:

® Ngg, My gq and M, g4 are the design values for axial load, major axis moment and
minor axis moment, respectively.
e eyy and ey, are the shifts in the neutral axes when the cross-section is subject to

uniform compression (i.e. for slender cross-sections).
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e (NbRrd)min is the smallest value of the resistance buckling load Nprd for the
following four buckling modes: flexural buckling about the y axis, flexural
buckling about the z axis, torsional buckling and torsional-flexural buckling.

e (Nprd)min1 is the smallest value of the resistance buckling load Npra for the
following three buckling modes: flexural buckling about the z axis, torsional
buckling and torsional-flexural buckling.

e My rq is the member lateral torsional buckling resistance.

e PBw,y and B, values depend on the cross-section classification. B,, = 1 for Class
1 and 2 sections, B,, = W, /Wy, for Class 3 sections and B, = W/ Wy, for Class
4 sections.

e W, and W, are the elastic and plastic section moduli, respectively (subscripts y
and z refer to major and minor axes, respectively).

e vy IS the partial safety factor for member resistance in fire.

e f, isthe yield stress.

* ki, ky, and k, are the interaction factors which are defined by Equations (5.3)-
(5.5), respectively according to Method 2 of EN1993-1-1 (2005), where Xy and 2,

are the non-dimensional member slenderness for major and minor axes,

respectively.

_ N N
ky=1+2(%, —05)—< but 1.2 <k, < 1.2+2—22 (5.4)
y y N y
b,Rd,y b,Rd,y
_ N N
k, =1+2(& —0.5) ——=— but 1.2<k, < 1.2+2— o — (5.5)
(Nb’Rd)min,l (Nb'Rd)min,l
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5.2.2 EN 1993-1-2 - elevated temperature design

The fire design of stainless steel structures is covered in EN 1993-1-2 (2005). For beam-
column members, the resistance equations are the same as those provided for carbon
steels. These are given by Equations (5.6) and (5.7) for Class 1 and Class 2 cross-sections
for with and without LTB, respectively and Equations (5.8) and (5.9) for Class 3 cross-

sections for with and without LTB, respectively.

For axial load + major axis bending + minor axis bending (without LTB) — Class 1 and 2

NfiEq +k My fi Ed tk M. fiEd <1 (5.6)

Xmin,fiAky,ny/YM,fi y Wpl,yky,efy/YM,fi g Wpl,zky,efy/YM,fi B

Axial load + major axis bending + minor axis bending (with LTB) — Class 1 and 2

Nfigd +k My fiEd +k M. figd (5.7)

<1
XoiBkyofy/Ymn XuriWolyKyofy/Yma - WolzKyefy/Ymsi

Axial load + major axis bending + minor axis bending (without LTB) — Class 3

NfiEq My fiEd M. fiEd (5.8)

+k +k <1
Xmin,fiAky,Ofy/YM,fi y Wel,yky,efy/YM,fi g Wel,zky,efy/YM,fi

Axial load + major axis bending + minor axis bending (with LTB) — Class 3

NfiEq My fiEd M. fiEd (5.9)

+k +k =1
XeiBkyofy /Y XuraWelyKyofy/Yus

z Wel,zky,efy/YM,fi N

The definition of symbols in Equations (5.6)-(5.9) are as follows:

® Nfga, Mysigq and M, pq are the design values for the axial load, major axis

moment and minor axis moment in the fire situation, respectively.
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®* Xminfi IS the smallest of reduction factors for flexural, torsional and torsional-
flexural buckling at elevated temperature

* X, and xp1 g are the reduction factors for minor axis flexural buckling and lateral
torsional buckling at elevated temperature, respectively.

e Ais the cross-sectional area.

e kyg is the elevated temperature reduction factor for yield stress
* YIS the partial safety factor for member resistance in fire

e ky, kir, k; are the combined loading factors for elevated temperature.

All other symbols are as previously defined where the subscript ‘fi’ or ‘0’ relates to
elevated temperature. The combined loading factors at elevated temperature, ky and Kk,

are given by Equations (5.10) and (5.11) for major and minor axes bending, respectively.

Ne
Iy = 1<
yfitdiby 0y / ' M fi (510)
with py, = (2Buy — 5) A + 0.44Bpmy + 0.29 < 0.8 with A, 50 < 1.1
N
k,=1- uz—ﬁEdf <3
AR o ——
Xa ity 0y (5.11)

with p, = (1.2Bm, — 3)Aze + 0.71By, — 0.29 < 0.8

where By, and By, are the equivalent uniform moment factors for the major and minor
axes, respectively, x, r and ¢ are the flexural buckling reduction factors for major and
minor axes, respectively at elevated temperature and Xy,e and X, ¢ are the non-dimensional

member slenderness for major and minor axes, respectively at elevated temperature 6,

which are defined by Equations (5.12) and (5.13).
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0.5
Ry = Ay [Lel (5.12)

0.5
L"l (5.13)

5.3 Proposed design method

5.3.1 Combined axial load and bending moment interaction equations

As discussed in section 5.2, the EN 1993-1-2 (2005) design rules for stainless steel beam-
column members in fire were simply taken as those for carbon steel beam-columns
without rigorous validation. In addition, they are based on the flexural buckling curves in
EN 1993-1-2, which were shown in Chapter 4 to be given inaccurate predictions of the
flexural buckling capacities of stainless steel column members in fire. Hence, to
overcome these limitations, in this section new combined loading design interaction
expressions as presented in Equation (5.14) for combined axial load and uniaxial major
axis bending and Equation (5.15) for combined axial load and uniaxial minor axis bending
are developed. The proposed design expressions are of the same form as the EN 1993-1-
2 (2005) expressions, but employ the flexural buckling resistances from the buckling
curves proposed in Chapter 4 and incorporate the combined loading interaction factors ky
and k; calibrated on the basis of the numerical results of stainless steel beam-column

members developed herein.

Axial load + major axis bending (no LTB)

Nfigq +k My fi Ed

y
Np,y,rd fi/ Y™ fi My ra,fi/ VM,

<1 (5.14)
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Axial load + minor axis bending (no LTB)

Nfi Eq M. fi Ea
- + k - <1 5.15
Nbzrafi/YMfi  Mczrafi/YMfi (.15

The definition of symbols in Equations (5.14) - (5.15) are as follow:

® Nfga, Mysigq and M, pq are the design values for the axial load, major axis
moment and minor axis moment in the fire situation, respectively

® Npyras and Ny, rq s are the major and minor axes flexural buckling resistances
in fire situation, respectively (obtained from the proposed method in Chapter 4)

® Mcyran and Mc,rqs are the major and minor axes cross-section bending
moment resistances in fire, respectively

e k, and k, are the major and minor axes combined loading interaction factors,
respectively (developed in Section 5.3.2 herein)

* Y is the partial safety factor for member resistance in fire

5.3.2 Derivation of combined loading interaction factors

In this section, numerically derived interaction factors are presented and discussed for
RHS and CHS members, which are subsequently altered to a simplified formula. The
details of the numerical models used to generate structural performance data for the

derivation of the interaction factors is presented hereafter.

5321 Numerical modelling

The validated numerical models of steel and stainless steel beam-column members
developed in Chapter 3 were employed for the numerical modelling study herein.
Structural performance data for stainless steel tubular cross-section beam-column

members at elevated temperature were generated for the calibration of the combined
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loading interaction factors. For the purpose of this numerical study, the beam-column
members were modelled under isothermal loading conditions, where the beam-column
models were subjected to a given uniform temperature 0, incorporating the reduced stress-
strain data corresponding to the modelled temperature 6, followed by applying a

combined axial compressive load and uniform bending moment until failure.

The parametric models covered beam-column members of RHS and CHS profiles
subjected to varying levels of axial load to bending ratios subjected to elevated
temperatures: 200 °C, 400 °C, 600 °C and to 800 °C. Uniaxial bending about both major
and minor axes were considered. Beam-columns of austenitic, duplex and ferritic
stainless steel grades were modelled. For each stainless steel grade and elevated
temperature considered, members with slenderness A, between 0.5 and 3.0 were
modelled. Both modelled cross-sections were classified as fully effective in accordance
with EN 1993-1-2 (2005) and EN 1993-1-4 (2015) cross-section classification limits at
both room and elevated temperatures. Table 5.1 and 5.2 presents a summary of the
parametric models. In total, 1134 RHS and 604 CHS parametric results were generated.
The same modelling assumptions as explained in Chapter 3 were employed in the FE

models of developed herein with the input parameters taken as those described hereafter.

The initial local and global geometric imperfections were introduced as eigenmodes that
were scaled to a suitable magnitude. Similar to the columns modelled in Chapter 4, the
beam-column members were modelled with an initial global imperfection amplitude
which was set equal to the tolerance limit, which is specified in EN 1090-2 (2008) as
L/1000, where L is the member length. The initial local imperfection amplitude for the
RHS beam-column members was set to b/200, where b is the section width and for the
CHS beam-column members, the local imperfection amplitude was 0.008D, where D is
the diameter, in accordance with recommendations in EN 1993-1-5-Annex C (2006).
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The loading was simulated in two steps, firstly, a concentric compressive axial load was
applied to the beam-column member, which was maintained constant, followed by an
increasing equal uniaxial bending moment at the member ends until failure. The applied
axial compressive load Neqdp was taken as a portion of the member flexural buckling
resistance Npyrd.fi OF NbzRrdfi i.6. Nedfi =N Nby, rde OF Nbz rd,0 With n (load level) values
equal to 0.3, 0.4, 0.5, 0.6 and 0.7 and Nby,rd,fi Or NbzRrdfi Capacities obtained from the
proposed flexural buckling curves in Chapter 4. Hence, a range of axial load to bending
moment ratios were considered. The load-deformation response was obtained by using a

modified Riks method (ABAQUS, 2016).

Table 5.1: Summary of the parametric study variables.

Section Grade Cross-section h/b Buckling axis | Temperatures (°C) Ao
Austenitic | RHS 150x100x14 | 1.5 | Major and Minor
RHS Duplex | RHS 150x100x14 | 1.5 | Major and Minor
Ferritic RHS 150x100x14 | 1.5 | Major and Minor | 200 °C, 400 °C, 0.2-3.0
Austenitic CHS 100%8 - - 600 °C and 800 °C
CHS Duplex CHS 100x8 - -
Ferritic CHS 100x8 - -
Table 5.2: Room temperature material properties adopted in the parametric models.
Grade Section E (N/mm?) | foo (N/mm?) | fo(N/mm?) | f,(N/mm?) | n | m
Austenitic | SHS/RHS (F), CHS | 200000 460 603 700 29 |28
Duplex | SHS/RHS (F), CHS | 200000 630 706 780 48 | 3.3
Ferritic | SHS/RHS (F), CHS | 200000 430 490 490 46 |35
Austenitic SHS/RHS (C) 200000 640 838 830 71|32
Duplex SHS/RHS (C) 200000 800 896 980 6.7 | 3.2
Ferritic SHS/RHS (C) 200000 560 610 610 6.8 | 3.6

F = Flat face, C = Corner region

5.3.2.2

Derivation of interaction factor formulae

The numerically derived interaction factors, ky and k,, were obtained by rearranging
Equations (5.14) and (5.15), as presented by Equations (5.16) and (5.17), where Ng ggq,

My figa and M, g gq Were set to the FE obtained values, Ny, y rq i and Ny, , rg ri Were set to
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the elevated temperature flexural buckling resistances obtained from the proposed method

in Chapter 4 and M¢yrqn and Mc,ras are the elevated temperature cross-section

resistances determined according to EN 1993-1-2 (2005) design provisions.

K, = <1 _ Nfigq >/< My fiEd > (5.16)
Npy Rd fi Mcy rd fi

k, = (1 _ Nfigg )/( M_ fi Ed > (5.17)
Nbzrafi// \Mczrdfi

Examples of the derived interaction factors for RHS and CHS austenitic, duplex and

ferritic beam-column members subjected to 200 °C temperature and with load level n =
0.2 are provided in Figures 5.1 and 5.2, respectively. Figures 5.1 and 5.2 demonstrate the

relationship between the derived interaction factors k and non-dimensional slenderness

(A).
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2.0 1
o o ©
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° A
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(a) Austenitic stainless steel
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Figure 5.1: Examples of numerically derived k factors for RHS beam-columns (n=0.2 at
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(c) Ferritic stainless steel
Figure 5.2: Examples of numerically derived k factors for CHS beam-columns (n=0.2 at
6=200°C).

It can be observed that the relationship between the non-dimensional member slenderness
(Ae) and interaction factors (k) has a steep slope in the low member slenderness range but
a relatively steady slope in the high member slenderness range. Hence, the design
formulae for k can be assumed to be of a bi-linear form given by Equation (5.18), as used
by Greiner and Linder (2006) and Boissonnade et al. (2006) for carbon steel beam-column
members and more recently for stainless steel tubular member at room temperature by

Zhao et al. (2016).

k=1+D;(Xg — D;)n,butk < 1+ D;(D; — D,)n (5.18)
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where D; and D are the coefficients, which define the linear relationship between
member slenderness Ay and interaction factor k in the low slenderness range i.e. when
Ao < D3, while D3 is a limit value, beyond which the interaction factor k remains constant
equal to 1+ D;(D3; —D,)n. D1 and D2 values for each individual load level were
calculated from a regression fit of Equation (5.18) to the corresponding numerical dataset
over a member slenderness range of 0.2 and 1.2. The values of D1 and D, were averaged
for all load levels (i.e. 0.2 < n < 0.7) for each specified temperature. Then, the values of
D3 were calculated based on the fit of Equation (5.18) to the upper bound of the assembled
numerical dataset for low axial compressive load level (i.e. n < 0.4). Table 5.3 reports the

values of D1, D2 and D3 for each of the material grades and temperatures considered.

The calculations of D1, D, and D3 coefficients for the CHS ferritic beam-column

specimen at 200 °C with load level n = 0.2 is illustrated below:

To Calculate D1 and Dy, a linear line is fitted between the k data in the range of Ay =
0.2 —-1.2.
e The slope of the linear line is m = 0.42 and the intercept is ¢ = 0.82.

e D,=m/n = 0.42/0.2 =2.08 ~ 2.1
e D,=(1-c¢)/(Dn) = (1—0.82)/(2.08x0.2) = 0.44 ~ 0.4

To Calculate D3 a horizontal line is fitted between the k data in the range of A > 1.2.

e The value of the horizontal line isd = 1.38
¢ D;=(d+D,Din —1)/(Dyn) =(1.38+0.44 X 2.08 X 0.2 —
1)/(2.08 x0.2) = 1.35= 1.4

The FE derived and proposed curves for interaction factors are shown in Figure 5.3 for
RHS 150x100x14 (minor axis), Figure 5.4 for RHS 150x100x14 (major axis) and Figure

5.5 for CHS 100x8.
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Figure 5.3: Comparison between FE and proposed derived curves for RHS minor axis at
6=200°C interaction factors.
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Figure 5.4: Comparison between FE and proposed derived curves for RHS major axis at
0=200°C interaction factors.
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Figure 5.5: Comparison between FE and proposed derived curves for CHS at 6=200°C

interaction factors.
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Table 5.3: Proposed interaction factors for different cross-sections, material grades and elevated

temperatures.

Section  Material  ky or k, Temperature (°C)
200 400 600 800
D: 1.9 2.3 2.4 2.6
¢ D 0.5 0.5 0.4 0.3
Austenitic D3 1.6 1.6 1.6 15
D: 1.7 2.0 2.2 2.6
Ky D: 0.6 0.6 0.5 0.4
D3 1.6 1.6 1.6 15
D: 1.8 2.1 2.3 2.4
k; D: 0.5 0.5 0.4 0.2
RHS Duplex D3 1.6 1.6 1.6 1.6
D: 1.8 2.1 2.2 2.4
ky D; 0.7 0.6 0.6 0.4
D3 1.6 1.5 1.5 1.5
D: 15 1.4 1.3 1.7
¢ D 0.5 0.5 0.5 0.2
Ferritic D3 14 14 15 14
D: 1.3 1.3 1.2 2.0
Ky D: 0.6 0.7 0.7 0.3
D3 15 15 15 15
D: 2.3 2.7 2.9 2.5
Austenitic  ky or k, D, 0.5 0.4 0.4 0.3
Ds 1.6 15 15 1.6
D: 1.7 1.9 2.1 2.2
CHS Duplex ky or k, D, 0.6 0.6 0.5 0.3
Ds 1.6 1.6 15 15
D: 15 15 1.1 1.2
Ferritic ky or k; D, 0.4 0.4 0.6 0.5
D3 1.4 1.4 15 15

The proposed design interaction curves for austenitic, duplex and ferritic stainless steel
beam-columns are plotted in Figure 5.6 and 5.7 for major and minor axes, respectively
while those for CHS beam columns are shown in Figure 5.8. For austenitic, duplex and
ferritic, respectively. All figures show that as the member slenderness increases, the
interaction curves tends to be concave; this is due to the second order effect as the member

slenderness grows.
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Figure 5.6: RHS minor axis beam-column design interaction curves 8=200°C for varying
member slendernesss.
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Figure 5.7: RHS major axis beam-column design interaction curves 6=200°C for varying
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Figure 5.8: CHS beam-column design interaction curves 8=200°C for varying member
slendernesses.
5.4 Comparison of predicted resistances with proposed and
codified methods
The accuracy and the reliability of the newly proposed design approach was assessed
through a comparison against a large number of FE results, which were generated through

parametric study. In the parametric study, beam-column performance data for RHS and

CHS stainless steel members were generated.

5.4.1 Analysis and Discussion of results

For the modelled RHS, the outer depth and width of the cross-section were set equal to
200 mm and 100 mm, respectively, leading to a cross-section aspect ratio of 2.0. For the
CHS, the outer diameter was set 100 mm. The values for the internal corner of the RHS
was set equal to the thickness, which was 15 mm, resulting in a range of cross-section

plate slenderness for the austenitic, duplex and ferritic (Xp) between 0.37 and 0.44, and
for the CHS, the thickness was set to 6mm having a local slenderness ().) of 0.19 and
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0.22 for stainless steel hollow sections. The lengths of the beam-column members were
varied to cover a wide spectrum of member slenderness between 0.2 and 2.0. The axial
compressive load applied concentrically ranged from load levels of 0 to 1, increasing in
steps of 0.1, followed by applying a moment concentrically. This provided a broad range
of axial to bending moment ratios to be considered. In total, 1980 parametric study results
were generated, including 1320 for the RHS (major and minor axes) and 660 for CHS.
The numerical results were compared with the strength predictions from the European
code EN 1993-1-2 (2005) and the proposed approach. This is presented in Figures 5.10
to 5.13 for the austenitic, duplex and ferritic stainless steel grades, respectively, where
the FE to predicted failure load ratio Nu,re e/Nuprede IS plotted against the angle parameter
. A Nureo/Nupredo ratio of value greater than unity indicates that the FE data point lies
on the safe side of the design interaction curve. The predicted failure load (Nuy,pred,6) Was
determined assuming proportional loading, as defined in Figure 5.9 (Zhao et al. e, 2016),
where axial load ratio No/Nry is plotted against the bending moment ratio Mo/Mg,. In
Figures 5.19, Noand My are the FE (Nyre,0 and Myre) or predicted (Nu,pred,0 and My,rE,0)
axial compressive load and bending moment capacities of the beam-column members
under consideration, while Nr,y and Mg are the corresponding flexural buckling load
and bending moment resistances at elevated temperature. The angle parameter ¢ is
defined by Equation (5.19). Note that 6 = 0° corresponds to pure bending while 6 = 90°
represents pure compression. The measured geometric and material properties have been

used in all comparisons and all partial safety factors have been set equal to unity.

Table 5.4 reports the ratios of FE beam-column failure loads to predicted failure loads for
austenitic, duplex and ferritic stainless steel beam-columns, respectively. The ratios
greater than unity indicate that the FE data points lie on the safe side (outside) of the

design interaction curve.
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Figure 5.10: Comparison of RHS FE results (Nyree) with EN 1993-1-2 (2005) predicted
strength (Nuprea,0) for (a) Austenitic, (b) Duplex and (c) Ferritic.

144



FE 6=200°C
® FE 0=400°C
1.4 1] e FE 6=600°C
. ® FE 0=800°C
£12 - ®
s og ¢ ..G < %, % %00 ¢°° o0%, e
£ ' a ..3 s .: o® o o % 0.‘: %
i ® o [ 1) ° [} [ ) [ ) 'YX )
z o o o ® ® o ® oo o \o.
° &
0.8 L
0.6 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Pure bending ¢ (deg)

(a) Austenitic stainless steel

Pure compression

1.6
FE 6=200°C
® FE 6=400°C
1.4 1| @ FE 6=600°C
- ® FE 6=800°C °® ° ° e o
3 ® o ° ° ® o o
512 1 } P o ® % 00
= Y ® [ N J [ ) [ ] (1) [ ] @
< “ ’ L S s, . % g
) ° o9 ° S |
Z s . e ° i ]
°
e o ) ® .’ ° °
0.6 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Pure bending ¢ (deg)

Pure compression

(b) Duplex stainless steel

16
FE 6=200°C
® FE 0=400°C ° ° °® o o .,
14 1| e FE 0=600°C o ° o ° o ®e,
_ ® o ¢ e ° ® e o ° %
® FE 0=800° °
- FE 0=800°C S e o0 «® 8 s ot
12 ® %o o e @ o o 4, A ]
S ® @& %0 4 ° oo o °
=3 } I i ¢ é '3 e Loeo > ~..l
i L ]
E'-:;lO s, M “.
zZ
08 -
0.6 T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Pure bending ¢ (deg)

Pure compression

(c) Ferritic stainless steel

strength (Nu,pred,0) fOr (a) Austenitic, (b) Duplex and (c) Ferritic.

Figure 5.11: Comparison of CHS FE results (Nyree) with EN 1993-1-2 (2005) predicted
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Figure 5.12: Comparison of RHS FE results (Nyrep) with proposed predicted strength (Nu,pred,6)
for (a) Austenitic, (b) Duplex and (c) Ferritic.
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Figure 5.13: Comparison of CHS FE results (Nyrep) with proposed predicted strength (Nu,pred.6)
for (a) Austenitic, (b) Duplex and (c) Ferritic.

147



Table 5.4: Comparison of stainless steel RHS and CHS beam-column FE results with predicted
resistances.

EN 1993-1-2 Proposed
Section Material Buckling axis Nu0/Nu.pred.0 N0/ Ny pred.0
) Mean 1.08 1.05
Major
. Ccov 0.08 0.06
Austenitic
. Mean 1.01 1.03
Minor
Cov 0.08 0.05
) Mean 1.12 1.03
Major
Ccov 0.09 0.05
RHS Duplex
. Mean 1.04 1.00
Minor
Cov 0.08 0.03
. Mean 1.16 1.02
Major
. Cov 0.10 0.03
Ferritic
] Mean 111 1.01
Minor
Cov 0.10 0.03
o Mean 1.04 1.03
Austenitic -
Cov 0.08 0.04
Mean 1.07 1.03
CHS Duplex -
Ccov 0.08 0.04
o Mean 1.19 1.02
Ferritic -
Cov 0.10 0.03

For each stainless steel grade, comparisons are made between the EN 1993-1-2 (2005)
and the proposed methods and the FE beam-column resistances. In general, the current
EN 1993-1-2 (2005) displays scattered results with inaccurate prediction of the column
buckling loads, as the applied loading varies from pure compression to pure bending. The
proposed approach yields the improved degree of accuracy and consistency in the

prediction of beam-column strength for all loading combinations.

5.4.2 Reliability analysis

In this subsection, the reliability analysis for the beam-column fire design approach is
performed on the existing structural fire design method (EN 1993-1-2, 2005) and
proposed method. Statistical analyses according to Kruppa (1999), has been utilised to

assess the resistance of the beam-column members at elevated temperatures, which
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includes the three distinctive criteria. Further information is provided in Chapter 4 sub-

section 4.5.

Table 5.5 provides a summary of the safety assessment results for the predicted
resistances for the existing design EN 1993-1-2 (2005) codified method and proposed
method for stainless steel beam-columns. It is shown that proposed method satisfies the
reliability criteria set out by Kruppa (1999), whereas EN 1993-1-2 (2005) fails to satisfy

the criteria, except for CHS Ferritic.

Table 5.5: Summary of reliability assessment results.

Section  Material Criterion EN 1993-1-2 (2005) Proposed method
Criterion 1 4.55% Fail 0.00% Pass
Austenitic  Criterion 2 33.41% Fail 19.55% Pass
Criterion 3 -4.08% Pass -4.05% Pass
Criterion 1 3.18% Fail 0.00% Pass
RHS Duplex  Criterion 2 28.18% Fail 13.18% Pass
Criterion 3 -7.76% Pass -3.05% Pass
Criterion 1 3.64% Fail 0.00% Pass
Ferritic ~ Criterion 2 20.68% Fail 16.14% Pass
Criterion 3 -11.44% Pass -2.47% Pass
Criterion 1 2.73% Fail 0.00% Pass
Austenitic  Criterion 2 35.45% Fail 15.91% Pass
Criterion 3 -3.81% Pass -3.53% Pass
Criterion 1 3.18% Fail 0.00% Pass
CHS Duplex  Criterion 2 28.18% Fail 16.36% Pass
Criterion 3 -6.79% Pass -3.48% Pass
Criterion 1 0.00% Pass 0.00% Pass
Ferritic ~ Criterion 2 9.55% Pass 20.00% Pass
Criterion 3 -15.47% Pass -2.42% Pass

5.5 Concluding remarks
The current design interaction curves for stainless steel beam-column elements in fire
conditions under in-plane bending and axial compression were developed on inaccurate

end points (i.e. under-predicted column buckling strength in compression). This led to the
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derivation of interaction factors that accounts for inaccurate end points. In order to
overcome these inadequacies, new beam-column interaction factors have been developed
in this chapter, based on using more accurate end points (i.e. the revised buckling curve
from Chapter 4). The accuracy of the proposed beam-column design interaction curve
were assessed against 1980 FE data. The comparison revealed that the proposed method
provided more accurate predictions for stainless steel beam-column members in fire than
the current EN 1993-1-2 (2005). Moreover, statistical analysis according a method
provided by Kruppa (1999) was performed on the proposed method beam-column design

method and was shown to satisfy the specified levels of requirement.
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Chapter 6 Conclusion and suggestion for

further work

The aim and objective of this thesis it to advance the fundamental knowledge of the
stability and design of stainless steel element in fire conditions, with a particular emphasis
on providing safe, reliable and efficient design. This was performed through
comprehensive numerical modelling programme and analytical assessments. Specific
conclusions pertinent to each section of the work have been given within the frame of this
thesis. The subsequent sections provide a brief overview of the research performed and
outlines the main conclusions that have been concluded. In light of these suggestions and

points, recommendations for further research are made thereafter.

6.1 Conclusion

This research study investigated the stability and design of stainless steel elements in fire
conditions. The focus was placed upon cold-formed stainless steel square, rectangular and
circular hollow sections in fire. Chapter 3 focused on the numerical modelling of
compression members and beam-column members at cross-sectional and member level
in fire conditions. Chapter 4 studied the flexural compressive behaviour and fire design
at member level. In Chapter 5, the behaviour and fire design under combined in-plane

bending and compression was examined.

6.1.1 Numerical modelling and validation of elements
In order to achieve the accuracy of the numerical results, the developed numerical models
were validated against test data. Chapter 3 examined existing test results extracted from

literature and presented the results of numerical models, using ABAQUS (2016) on
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stainless steel hollow section columns and beam-columns in fire conditions. The

following conclusion were made:

Twenty-three column flexural buckling tests and thirty-seven stub and member
beam-column tests have been replicated numerically and were compared with
their corresponding experimental test results. The aim of this investigation was to
develop finite element models which included element type, mesh material
modelling, strength enhancement in the corner regions for SHS and RHS, initial
geometric imperfection (global and local) and amplitudes, residual stresses,
boundary conditions, heat transfer analysis and analysis technique.

The global and local initial geometric imperfection were initiated in the form of
the elastic buckling mode shapes equivalent to the relevant failure modes.

The numerical models were proven to be able to replicate accurately the nonlinear
response of stainless steel members in fire conditions.

Similar behaviour and failure modes were obtained throughout the numerical
modelling programme.

The validated FE models in Chapter 3 were employed for conducting parametric
studies on stainless steel columns and beam-columns at elevated temperature in
Chapters 4 and 5, the results of which form the basis for the development of the

design guidance in Chapters 4 and 5.

6.1.2 Fire design of stainless steel hollow section columns

The proposed design method for stainless steel hollow section columns was developed in

Chapter 4. The flexural buckling response was assessed through a comprehensive

numerical simulation programme. The following conclusion were made:
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e The developed FE models from Chapter 3, with the additional parametric studies
performed in Chapter 4 were compared against with the codified design rules from
EN 1993-1-2 (2005) and Design Manual for Structural Stainless Steel (2017),
where it was shown that inaccurate flexural buckling resistances in fire are
predicted by both methods.

e Based on the comparison, a number of revised buckling curves for stainless steel
hollow sections at various temperature in fire were proposed on the basis of FE
results, in line with Lopes et al. (2010) method, which were shown to consistently
predict the flexural buckling capacities of the columns in fire with higher degree
of accuracy as well as with significantly less scatter.

e These revisions led to a more efficient and consistent treatment of buckling of
stainless steel tubular column in fire.

e The predicted resistances from the proposed buckling curves were assessed in
accordance with the three reliability criteria set out by Kruppa (1999) and were
shown to consistently satisfy the specified safety levels required. Improvement to
the fire design of stainless steel hollow section column should increase and prevail

the use of stainless steel as a construction material.

6.1.3 Fire design of stainless steel hollow section beam-columns
Combined in-plane bending and axial compression at member level and their subsequent

fire design was the focus of Chapter 5. The following conclusion were made:

e The developed FE models from Chapter 3 were utilised to perform parametric
studies under various parameters to compare against existing European design

guidance for structural fire design EN 1993-1-2 (2005).
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The ultimate loads of the specimens were employed to evaluate the accuracy of
the current beam-column fire design method (EN 1993-1-2, 2005). It was
observed that the existing method provided inaccurate predictions, leading to an
inexact beam-column strength prediction.

These existing inaccuracies coming from inaccurate predictions of the bending
and column buckling end points of the design interaction curves and the adopted
inaccurate interaction factors (which have been based upon carbon steel design),
which in general does not capture the behaviour response of stainless steel
member under combined loading at elevated temperature.

A previous method was made to stainless steel beam-column design at room
temperature and was suggested to improve the current European guidance. In the
design proposal, the existing bending moment capacity at temperature has been
utilised and the revised buckling curves and method provided in Chapter 4 for the
compression was used for the end point of the interaction curves. Subsequently,
based on these more accurate end points, new beam-column interaction factors
were derived, following a comprehensive numerical modelling programme.

The accuracy of the proposed design approach for stainless steel hollow sections
beam-column under combined in-plane bending and compression was assessed
through parametric studies. The comparison revealed that the proposals provided
more consistent and more accurate beam-column capacity.

This simplified design proposal was also found to yield significantly less scattered
and more accurate strength predictions than the European code as shown in
Chapter 5. Finally, a reliability analysis was performed on the proposed design

method and was shown that the specified level of safety were satisfactory.
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The limitation of the research has been performed on column and beam-columns
members under pinned-ended conditions, however there are additional boundary
condition such as fixed-fixed, pinned-fixed. In addition, there are also additional stainless
steel material which is prevailing such as lean duplex which is a cheaper alternative then
duplex. Overall, the aims and objective set out in this thesis, of assessing and improving
the current design guidance for stainless steel hollow section elements in fire was met.
The corresponding codified fire design rules for each element type of column and beam-
column have been discussed and assessed, and their inadequacies have been highlighted.
Improved design methods for stainless steel member level under axial compression and
under in-plane bending, and axial compression have been proposed and shown to provide
a higher level of accuracy and consistency in the strength predictions. The reliability of
the hollow section columns and beam-column has been confirmed through statistical
analyses to Kruppa (1999). It is therefore recommended that the proposed approaches for
stainless steel hollow section column and beam-columns elements be considered into

future revisions of stainless steel structural design standards for fire conditions.

6.2 Suggestion for further work

The relatively high material cost of stainless steel supports the attempts for enhancing the
efficiency of its usage in the construction industry. The flexural buckling of hollow
section columns and beam-column for the three different grades of stainless steel
members at elevated temperature have been successfully dealt with, while other aspects

of design still need further research.

The essential research could, in the author’s opinion, shadow two distinct paths, since
improvement to current design provisions of EN 1993-1-2 (2005) can be achieved either

by optimising the design equations according to test and FE results within the current
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design format, or by deriving novel design approaches in accordance with the actual
material response. As demonstrated in Chapter 4, where existing design format was
followed, maintaining current design format ensures consistency with carbons steel
design, but at the expense of design efficiency, new addition modification leads to more
efficient design at the expense of simplicity. Clearly, an acceptable trade-off between
simplicity and design efficiency is sought, and design rules of different levels of

complexity could be made available to the designer.

The scope of the work presented in Chapter 4 could be expanded to more complex load
cases, involving other tubular cross-sections such as elliptical and channel cross-sections.
Additionally, the derivation of accurate interaction formulae for members subjected to
compression and biaxial bending with the design format of EN 1993-1-2 (2005) is
necessary for the development on an integrated design approach for stainless steel. An
interesting research area also concerns on stainless steel frames subjected to elevated
temperatures. A series of experimental and numerical work on stainless steel frames

would be required.

The materials grades utilised for stainless steel are expected to affect the capacity and
deformation of stainless steel structures. The execution of experiments and numerical
studies on different types of material grades e.g. lean duplex at elevated temperatures is

recommended.

Research into stainless steel in fire conditions is relatively scare and limited. Further
research could be extended on the structural behaviour and design of concrete filled
stainless steel columns and beam-column elements at elevated temperatures. The
influence of the composite behaviour and fire design of stainless steel non-linearities

could be investigated.
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Finally, investigation into stainless steel beams at cross-sectional and member level
instabilities in fire conditions are required. Comprehensive data from experiments and
numerical studies is required to support accurate design rules to be derived, which then
can be implemented in future design revision, in order to take advantage of the stainless

steel members.
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