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ABSTRACT

Stainless steel offers numerous advantages over carbon steel, including superior
corrosion resistance, high material strength and exceptional ductility. Therefore, the
use of stainless steel members in civil and offshore engineering becomes increasingly
prevalent. Channel sections with simple geometry are widely used in structural
applications. This thesis is focusing on the structural behaviour and design of hot-
rolled stainless steel channel section members subjected to various loading conditions.
An experimental programme adopted grade EN 1.4301 austenitic stainless steel and
four hot-rolled stainless steel plain channel sections: C 80x40x5, C 100x50x5, C
100x50%6 and C 150x75x6. Material testing was performed to measure the material
stress—strain responses and membrane residual stress measurements were carried out
to determine the membrane residual stress distributions and amplitudes in the studied
hot-rolled stainless steel channel sections. At cross-sectional level, six stub column
tests and twenty eccentrically loaded stub column tests about the major and minor
principal axes were performed to investigate the local buckling behaviour of channel
sections under isolated and combined loadings, respectively. At member level, ten
column tests and ten beam-column tests were conducted to study the flexural
buckling behaviour of channel section columns and global buckling behaviour of
channel section beam-columns, respectively. The experimental programme was
supplemented by a numerical modelling programme, where finite element models
were initially developed and validated against the test results and then adopted to
perform parametric studies to generate further numerical data over a wide range of
cross-section dimensions, member effective lengths and loading combinations. The
obtained experimental and numerical data were then employed to assess the accuracy
of the existing design rules for hot-rolled stainless steel channel section members, as
given in the European code and American specification. The assessment results
revealed that the current design codes result in conservative cross-section resistance
predictions, but scattered member resistance predictions with both conservative and
unsafe results, mainly owing to the lack of proper consideration of the pronounced
material strain hardening and nonlinear material property of stainless steel in the

design. To overcome these shortcomings, new design approaches were proposed and

vil



shown to lead to a much higher level of design accuracy and consistency over the
existing design standards. The reliability of the proposed design methods was
demonstrated by means of statistical analyses, showing their suitability for
incorporation into future revisions of international design codes for stainless steel

structures.
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CHAPTER 1

INTRODUCTION

1.1 Background

Steel is becoming a preferred construction material in civil engineering and offers
numerous advantages over concrete, including high material strength, light self-
weight, greater erection speed, etc. However, conventional carbon steel suffers from
corrosion, which can reduce cross-section thicknesses and increases initial geometric
imperfections, with two typical examples shown in Figure. 1.1. In accordance with
the current concern on sustainable construction, the full life-cycle performance of
structures has been gaining attention from architectural and structural designers, and
thus construction materials with superior sustainability are being increasingly
adopted. This promotes the development of stainless steel, which specifies corrosion

and heat resistant steel with a minimum of 10.5% chromium.

The corrosion resistance of stainless steel is attributed to a transparent and tightly
adherent lay of chromium-rich oxide, which is stable, non-porous and self-repaired.
Stainless steel is marked as a sustainable material and 100% recyclable after use with
no degradation of mechanical and physical properties, leading to low maintenance
and inspection costs during its service life. Moreover, stainless steel also possesses
favourable mechanical properties, including high material strength and excellent

ductility, in comparison with conventional carbon steel (Gardner 2005, 2019; Baddoo
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2008; Gedge 2008). On the basis of the metallurgical structure, stainless steel is
classified into five basic groups, including austenitic, ferritic, duplex, martensitic and
precipitation hardening, of which the first three are applied to structural applications

(Gardner 2005).

(a) Steel columns
(http://zh-cht.gofreedownload.net/free-photos/red/steel-beams-iron-construction-construction-
183555/#.YvNjzuhByUm)

% e ,h :
(b) Steel connections
(https://addcrazy.com/the-types-of-corrosion-in-steel-and-how-to-prevent-them/)

Figure. 1.1. Corrosion in steel constructions

Owing to the favourable mechanical properties offered by stainless steel, the annual
consumption of stainless steel has increased at a compound growth rate of 5% over
the past two decades, which is far more than the growth rate of other materials.

Especially in civil and offshore engineering, the growth rate of stainless steel used as
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a construction material has been even faster all over the world. For example, it is
estimated that in 2006, 14% of the total quantity of stainless steel, which was about
four million tons, were applied to construction applications worldwide (Baddoo

2008).

However, current stainless steel structures suffer from (i) the high initial material cost
and (i1) the lack of efficient design codes. To overcome these shortcomings,
substantial effort has been devoted to developing new fabrication methods and more
efficient design rules. Recently, with the advancement in manufacturing and
metallurgical techniques, direct hot-rolling of stainless steel channel sections

becomes possible (https://www.montanstahl.com). In comparison with traditional

welding and cold-forming, new hot-rolling reduces fabrication costs, on average, and
therefore has a rather good potential in fabricating stainless steel cross-sections.
Moreover, current design rules for stainless steel structures lead to inaccurate
resistance predictions for stainless steel structural members and thus substantial
material waste. For example, the European code EN 1993-1-4 (CEN 2015) for
stainless steel sections were developed by directly mirroring those for normal strength
carbon steel sections (CEN 2014), with no consideration of the pronounced material
strain hardening and nonlinear material property of stainless steel. Therefore,
extensive experimental and numerical studies on different types of stainless steel
structural members under various loading conditions have been conducted, in order
to examine their buckling behaviour and resistances, assess the accuracy of the

existing design codes and develop more accurate and consistent design approaches.

1.2 Structural applications

Stainless steel has been traditionally only used for minor building components until
the 1980s, including roofs, facades, floor plates and so on. Recently, advanced
fabrication and production of stainless steel have matured, making it possible to
provide stainless steel structural members with large cross-section sizes. Therefore,
stainless steel has been increasingly used as load-bearing structural components in

bridges, high-rise structures and buildings, with three typical examples presented in
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Figures 1.2-1.4, respectively. More stainless steel structural applications have been
reported in Baddoo et al. (1997), Gardner (2008a), Gedge (2008) and Baddoo (2008,
2013).

Y. , i ) =/ )
Figure. 1.2. Helix Pedestrian Bridge, Singapore
(https://www.singaporetravelhub.com/attractions/helix-bridge/)
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Figure. 1.3. Gateway Arch, St. Louis, Missouri
(https://www.roywant.com/gallery/ sampler%202005/large/31 Jpg)

Figure. 1.4. Louvre Pyramid, Paris, France
(http://preview.tripyramid.com/project/louvre-pyramid-tension-rod-support-system/)

Channel sections with ease fabrication are widely used in structural applications. For
example, channel sections are used as rafters spanning from eaves to ridges in
lightweight frames, as bracing members in low-rise and medium-rise buildings to
resist lateral forces and as frameworks to position wooden boards in wood-steel
composite structures. Three fabrication methods have been used for stainless steel
channel sections, including press-braking, hot-rolling and welding, and Figure. 1.5
presents channel sections fabricated by three different methods. It should be noted
that hot-rolling not only leads to lower fabrication cost, but provides channel sections
with a much lower level of membrane residual stresses than welding and with more
homogeneous material properties and more consistent hardness than press-braking.
The present study thus focuses on the structural behaviour and design of hot-rolled

stainless steel channel section members.

1.3 Research objectives

Considering that stainless steel suffers from high material cost than conventional
carbon steel, the material should be used to the utmost in structural applications.
However, most of the design rules and formulae given in the current international

codes for hot-rolled stainless steel channel section members were developed by
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simply mirroring those for their conventional carbon steel counterparts, leading to a
significantly low level of design efficiency. Therefore, studies on hot-rolled stainless
steel channel sections and development of efficient design methods are the objectives

of the present thesis.

Figure. 1.5. Press-braked, hot-rolled and laser-welded stainless steel channel

sections (from left to right).
(https://www.montanstahl.com/blog/production-methods-press-brake-hot-roll-laser-weld/)

1.4 Thesis outline

There are eight chapters in this thesis, with a brief summary of the corresponding

contents provided below.

Chapter 1 provides a brief introduction to the background of stainless steel and its
structural applications in civil engineering. The research objectives and outline of this

thesis are also reported.

Chapter 2 presents a broad review of the current international design standards and
previous key experimental and numerical studies relevant to the present research,

with the research gaps highlighted.

Chapter 3 describes experimental and numerical studies on the material responses,

membrane residual stresses and local buckling behaviour of hot-rolled stainless steel



Chapter 1 — Introduction

channel sections under pure compression. The obtained experimental and numerical
data are used to assess the accuracy of the relevant codified design rules and

continuous strength method.

Chapter 4 and Chapter 5 study the local buckling behaviour and cross-section
resistances of hot-rolled stainless steel channel sections under combined compression
and bending moment. Eccentrically loaded stub column tests about the minor and
major principal axes are firstly performed and numerical modelling is then conducted
to expand the test data pool. Based on the test and numerical data, the accuracy of the
codified design interaction curves is assessed, followed by the development of new

improved design interaction curves.

Chapter 6 reports a testing and numerical modelling programme on the flexural
buckling behaviour and resistances of hot-rolled stainless steel channel section
columns. The experimentally and numerically generated results are adopted to
evaluate the accuracy of the codified buckling curves and a new buckling curve is

then proposed.

Chapter 7 focuses on the global buckling behaviour of hot-rolled stainless steel
channel section beam-columns under combined compression and minor-axis bending
moment. Experimental and numerical studies are firstly conducted and the evaluation
of the codified design interaction curves is then performed, with their shortcomings

highlighted. Finally, an improved design interaction curve is developed.

Chapter 8 concludes the key findings of this research and provides suggestions for

future research work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter reports an extensive review of previous research work relevant to the
present thesis. A brief review of current international design standards for stainless
steel structures, including the European code and American specification, is firstly
provided. Previous relevant investigations into the behaviour of steel channel section
members are then summarised and presented, including material properties,
membrane residual stresses, cross-section behaviour and member behaviour. Finally,

research gap is highlighted and thus the subject of this study.

2.2 International design standards

The earliest European guidance for stainless steel, referring to ‘Design Manual for
Structural Stainless Steel’, was issued by Euro Inox in 1994. On the basis of this
guidance, the European Standards Committee (CEN) published a European pre-
standard for stainless steel in 1996, which was known as ‘ENV 1993-1-4: Design of
Steel Structures — Part 1-4: General Rules — Supplementary Rules for Stainless Steels’,
and then released a formal European code — EN 1993-1-4 in 2006. The existing
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European code for stainless steel structures EN 1993-1-4 (CEN 2015) was
supplemented by one amendment based on EN 1993-1-4 in 2015 (CEN 2006a).

American Iron and Steel Institute (AISI) published the world’s first design standard
for structural stainless steel — ‘Specification for the Design of Light Gauge Cold-
Formed Stainless Steel Structure Members’ (AISI 1962). The existing American
specifications for structural stainless steel are ‘Specification for the Design of Cold-
formed Stainless Steel Structural Members’ issued by the American Society of Civil
Engineers (ASCE) in 2002 and ‘Specification for Structural Stainless Steel Buildings’
released by the American Institute of Steel Construction (AISC) in 2021.

Though several design standards have been developed for stainless steel structures,
only the European code 1993-1-4 (CEN 2015) and American specification
ANSI/AISC 370-21 (AISC 2021) specify design provisions for hot-rolled stainless

steel channel section members, with their accuracy assessed in this thesis.

2.3 Previous research on stainless steel channel sections

2.3.1 Material properties of stainless steel

Figure. 2.1 presents the comparisons of the typical stress—strain curves of stainless
steel and conventional carbon steel. Specifically, stainless steel exhibits a nonlinear
stress—strain response with no obvious yield point but a high level of strain hardening
and ductility, while conventional carbon steel displays a linear elastic stress—strain
response at the initial stage until the attainment of a clearly defined yield point, which
is followed by a yield plateau and then some strain hardening. Note that the material
yield stress of stainless steel is equal to the proof stress at the 0.2% offset strain oo...
It can be found that stainless steel generally presents higher material strength and
material ductility. For example, in comparison with the most commonly used S355

carbon steel with ultimate stress of 510 MPa and ultimate strain of 15%—20%,

10
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austenitic stainless steel features a higher ultimate stress of 650—750 MPa and a much

higher ultimate strain of 50%—60%.

Stainless steel

Ooa| _____ =3 |
Ey, /
Sy ! / Carbon steel

Ooo1 | / |

’E // E | E
N ™

L L —
0.01%0.2% 1.0% &

Figure. 2.1. Comparisons of typical stress—strain curves of stainless steel and
conventional carbon steel

An idealised bi-linear material model is used to represent the whole stress—strain
response of conventional carbon steel, while a Ramberg—Osgood (R—O) material
model is employed to capture the nonlinear stress—strain response of stainless steel.
The R—O material model was firstly developed by Ramberg and Osgood (1943) and
then revised by Hill (1944), as given by Equation (2.1), where ¢ and o are the material
strain and stress, respectively, £ is the Young’s modulus, 9. is the 0.2% proof stress,
and 7 is the strain hardening exponent to reflect the roundness of the stress—strain
curve and can be calculated by Equation (2.2), where 09.01 is the 0.01% proof stress.
Considering that the R—O material model (Ramberg and Osgood 1943; Hill 1944)
failed to predict the stress—strain relationship beyond the 0.2% proof stress though it
led to accurate predictions of the stress—strain relationship before the 0.2% proof
stress, a two-stage R—O material model was proposed by Mirambell and Real (2000),
in order to accurately predict the whole range of stress—strain response. In the two-
stage R—O material model, Equation (2.1) is used for the first stage up to the 0.2%
proof stress, while the second stage beyond the 0.2% proof stress until the ultimate
stress is expressed by Equation (2.3), where Eo> is the tangent modulus at the 0.2%

proof stress given by Equation (2.4), o, is the ultimate stress, €0 is the strain at the

11
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0.2% proof stress, &, is the strain at the ultimate stress and m is the strain hardening

exponent fitted to the second stage of the stress—strain curve.

g=5+0.002[ g ] (2.1)
E

In (20) 2.2)

8=O-_O-0'2+[5u_50,2—0-u_00'2j{0_00'2 J +&,, for o), <o <o, (2.3)
E,, E,, 0,0y,
E, = E - (2.4)
1+0.002n
092

The two-stage R—O material model (Mirambell and Real 2000) was then simplified
by Rasmussen (2003) using basic parameters (E, 0o, 1), as given by Equation (2.5),

where gy, €, and m are calculated by Equations (2.6)—(2.8), respectively.

=9 7%, . ( 9 "% j +&, foro,,<o<0, (2.5)
Ey, 0,02
0.2+185 % for austenitic and duplex stainless steel
Oga _ (2.6)
o 0.2+185 702
for other stainless steel alloys
1-0.0375(n-5)
e, =1- Go2 (2.7)
O-ll
m=1+35702 (2.8)
o

In view of the fact that the R—O material model (Rasmussen 2003) cannot be directly
used to predict the compressive stress—strain response of stainless steel, Gardner and
Nethercot (2004) developed a new formula for the second stage of the R—O material

model using the 1.0% proof stress o1.0 in place of the ultimate stress o, as expressed

by Eq. (2.9), where €1, is the strain at the 1.0% proof stress and ”(').2,1.0 is the strain

12
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hardening exponent featuring the degree of nonlinearity of the stress—strain curve
beyond the 0.2% proof stress. This two-stage R—O material model (Gardner and
Nethercot 2004) was shown to provide good agreement with the experimental
(compressive and tensile) stress—strain curves up to strain of approximately 10%,
which can be applied to practical numerical modelling and design analysis and is also
adopted in this thesis (Gardner 2005). Recently, Quach et al. (2008) and Hradil et al.
(2013) proposed a three-stage material model to simulate the structural behaviour of
stainless steel joints and tensile members, which requires the whole range of stress—

strain curve up to the ultimate strain to be accurately predicted.

E EoAz O10 =02

”;).2,1.0
6-0 O,y—0C -0
_ 0.2 _ _ %10 0.2 0.2
&= + (51.0 o ]( J +g,, foro,, <o <o, (2.9)
0.2

2.3.2 Membrane residual stresses

Residual stresses are important features of hot-rolled steel sections and can lead to
premature failure and reduce ultimate resistances of structural members. Lay and
Ward (1969) and Szalai and Papp (2005) described the formation of residual stresses
in hot-rolled steel sections, which were attributed to different cooling temperatures
of the constituent plates of the cross-section and the straightening process used after
the cooling process. As reported in Gardner and Cruise (2009), bending residual
stresses in hot-rolled structural sections were generally low, only membrane residual
stresses in hot-rolled steel sections were measured and the corresponding predictive
models of membrane residual stresses were developed. Galambos and Ketter (1959),
Young (1972) and Szalai and Papp (2005) performed a series of membrane residual
stress measurements on hot-rolled carbon steel I-sections by means of the sectioning
method and developed several predictive models, which followed the same general
pattern but using different distribution parameters and magnitudes. The Swedish
regulations BSK 99 (BSK 2003) and European convention ECCS (ECCS 1976)
specify predictive models to determine the distributions and amplitudes of membrane
residual stresses in hot-rolled and welded carbon steel I-sections; note that membrane
residual stresses in hot-rolled carbon steel I-sections are much less than those in

welded carbon steel I-sections. Madugula et al. (1997) conducted membrane residual
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stress measurements on 42 hot-rolled carbon steel angle sections, where the measured
results were scattered and no predictive models were proposed. The membrane
residual stresses in hot-rolled stainless steel angle sections were measured and
presented in Cruise and Gardner (2008), where membrane residual stresses were
found to be insignificant. To date, research on membrane residual stresses in hot-
rolled stainless steel channel sections remains unexplored, with measurements and

predictive models of membrane residual stresses reported in Chapter 3.

2.3.3 Cross-section behaviour

2.3.3.1 Previous experimental investigations

Considering that studies into stainless steel channel sections are limited, previous
testing, numerical modelling and design of normal strength steel and high strength
steel channel sections are firstly reviewed herein. Table 2.1 reports the details of
experimental studies into press-braked and welded steel lipped and plain channel
sections under isolated and combined loadings. Specifically, Rasmussen and
Hancock (1989), Ungermann et al. (2012a, 2012b, 2014), Li et al. (2020) and Mahar
et al. (2021) studied the local buckling behaviour and resistance of press-braked and
welded normal strength steel plain channel sections under pure compression and
developed new design methods to address the shortcomings of the existing design
methods. Sivakumaran and Abdel-Rahman (1988), Shanmugam and Dhanalakshmi
(2001), Yan and Young (2002), Young and Hancock (2003), Young (2004), Dinis
and Camotim (2004), Silvestre and Camotim (2006), Zhang et al. (2007) and Wang
et al. (2016) experimentally and numerically investigated the local buckling,
distortional buckling and local-distortional interactive buckling behaviour and
resistance of press-braked normal strength steel lipped channel sections under pure
compression, highlighted a significant post-buckling strength reserve and developed
improved design methods to supplement the codified design rules. Yu and Schafer
(2002, 2006) performed four-point bending tests on press-braked normal strength

steel lipped channel section beams to study their local buckling and distortional
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buckling behaviour, assessed the relevant codified design rules and proposed new
design methods. Ungermann et al. (2012a, 2012b, 2014) studied the cross-section
behaviour and resistances of press-braked normal strength steel plain channel
sections under combined compression and bending and local buckling was shown to
be the only one failure mode for all tested stub column specimens; based on the test
and numerical results, the accuracy of the codified and revised design rules was
assessed. Wang et al. (2020a) and Zhang et al. (2019) conducted stub column tests
on press-braked high strength steel plain channel sections under pure compression,
investigated their local buckling behaviour and cross-section compression resistance
and assessed the accuracy of the codified and newly proposed design methods. Kwon
and Hancock (1992), Yang and Hancock (2004) and Kwon et al. (2009) investigated
the local buckling, distortional buckling and local-distortional interactive buckling
behaviour of press-braked high strength steel lipped channel sections under pure
compression through testing and numerical modelling and analysed their post-
buckling behaviour, with the codified design rules assessed and new design methods
developed. Maduliat et al. (2012), Wang et al. (2019) and Zhang et al. (2020c)
performed four-point bending tests and numerical modelling on press-braked high
strength steel plain and lipped channel sections to study their in-plane flexural
behaviour and resistance and evaluated the accuracy of the codified design rules by
comparing the obtained test and numerical results against the design cross-section
resistances. To address the inaccuracy and cumbersome calculation procedure of
existing design methods for press-braked normal and high strength steel channel
sections under isolated and combined loadings, direct strength method was developed,
which allowed for beneficial interaction between cross-section plate elements and
directly related the cross-section resistance to the cross-section slenderness (Schafer
and Adény 2006; Adény and Schafer 2008; Schafer 2008; Li and Schafer 2010;
Young et al. 2013).

Kuwamura (2003), Dobri¢ et al. (2017) and Zhang et al. (2020a) studied the local
buckling behaviour and cross-section resistances of press-braked stainless steel plain
channel sections under pure compression based on testing and numerical modelling,

while Kuwamura (2003), Lecce and Rasmussen (2006a, 2006b), Fan et al. (2014) and
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Chen et al. (2018, 2020a) conducted testing and numerical modelling on press-braked
stainless steel lipped channel sections under pure compression to investigate their
local buckling and distortional buckling behaviour. The local buckling behaviour and
in-plane flexural resistances of press-braked and laser-welded stainless steel channel
section beams were experimentally and numerically investigated by Zhang et al.
(2020a) and Theofanous et al. (2015), respectively. The local buckling behaviour and
distortional buckling behaviour of press-braked stainless steel lipped channel sections
under pure bending were studied and reported in Fan et al. (2021, 2022), with the
accuracy of codified design rules assessed. Liang et al. (2019a, 2019b, 2020) and
Zhang et al. (2021b, 2021c) conducted experimental and numerical programmes to
investigate the local buckling behaviour and cross-section resistances of laser-welded
and press-braked stainless steel channel section stub columns under combined
compression and bending, highlighted the inaccuracy of codified design interaction
curves and developed new improved design interaction curves. Fan et al. (2014) and
Chen et al. (2018) presented experimental and numerical studies into the local
buckling and distortional buckling behaviour and resistances of press-braked
stainless steel lipped channel sections under combined compression and bending and
assessed the existing design methods based on the obtained test and numerical data.
All the aforementioned studies highlighted that the current design codes result in
unduly conservative cross-section resistance predictions for stainless steel channel
sections under isolated and combined loadings, owing to the use of 0.2% proof stress
as the design stress without considering material strain hardening of stainless steel.
To overcome this shortcoming, a deformation-based continuous strength method
(Afshan and Gardner 2013; Zhao et al. 2017; Zhao and Gardner 2018), considering
material strain hardening in calculating cross-section resistances of stainless steel
channel sections, was developed and shown to result in much improved design

accuracy.

2.3.3.2 Codified design provisions for local buckling

The existing international design codes employ the cross-section classification

framework and an elastic, perfectly plastic material model for the design of hot-rolled
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stainless steel channel sections with susceptibility to local buckling. The class of a
hot-rolled stainless steel channel section is defined according to its most slender
constituent plate element. The cross-section resistances of hot-rolled stainless steel
channel sections under isolated loading depend on their cross-section classes.
Specifically, the European code EN 1993-1-4 (2015) specifies four cross-section
classes: Class 1 and 2 (plastic) sections under bending are capable of attaining the
plastic moment capacities M,;, Class 3 (elastic) sections under bending can achieve
the elastic moment capacities M.; and Class 4 (slender) sections under bending fail
before the material 0.2% proof stresses (the design stresses) are achieved, with the
design bending resistances limited to the effective moment capacities M. Hot-rolled
stainless steel channel sections under bending are defined as compact, non-compact
and slender sections in the American specification ANSI/AISC 370-21 (AISC 2021).
ANSI/AISC 370-21 (2021) adopts M, as the design bending resistances for compact
channel section beams and considers partial plasticity in the prediction of design
bending resistances for non-compact channels section beams, while for slender
channel section beams, the effective moment capacities M,y are taken as their design
bending resistances. Regarding cross-section compression resistances, both the
European code (CEN 2015) and American specification (AISC 2021) adopt the cross-
section yield load N,; for non-slender (Class 1-3) channel section stub columns and
the effective compression capacities Ny for slender (Class 4) channel section stub
columns. The effective cross-section compression and bending resistances for slender
channel sections are determined using effective width method, which was firstly
proposed by Winter (1947) and then revised in each design code. The effective width
method treats a cross-section as an assemblage of isolated plate elements without
considering element interaction and reduces the plate element width to account for
the loss of effectiveness caused by local buckling. For the design of channel sections
under combined compression and bending, the European code (CEN 2015) employs
a linear interaction formula, which is a simple linear summation of the utilisation ratio
for each stress resultant with an upper limit taken as unity, while the American
specification (AISC 2021) uses a bi-linear interaction formula. Detailed discussions
on the codified local buckling design provisions for hot-rolled stainless steel channel

sections under isolated and combined loadings are given in Chapters 3-5.
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2.3.3.3 Continuous strength method

Continuous strength method (CSM) is an advanced deformation-based design
method, which was proposed by Gardner (2002) and Gardner and Nethercot (2004),
further developed by Gardner and Ashraf (2006), Ashraf et al. (2006, 2008a, 2008b)
and Gardner (2008b) and finalised by Afshan and Gardner (2013), Zhao et al. (2017)
and Zhao and Gardner (2018). The main advantage of the CSM (Afshan and Gardner
2013; Zhao et al. 2017; Zhao and Gardner 2018) lies in (i) the adoption of a
continuous ‘base curve’ to quantify the deformation capacity (reflected by the
maximum attainable compressive stain) of the considered cross-section under the
applied loading and (ii) the employment of a bi-linear (elastic, linear strain hardening)
material model to allow the design stress greater than the 0.2% proof stress 9.2 to be
achieved. The CSM uses a continuous treatment in place of the codified cross-section
classification framework and considers the favourable cross-section element
interaction and material strain hardening of stainless steel, thus leading to a high level
of design accuracy and consistency in the prediction of cross-section resistances
(Ashraf et al. 2008a, 2008b; Saliba and Gardner 2013; Liew and Gardner 2015; Zhao
et al. 2015a, 2015b, 2016b, 2016¢c; Buchanan et al. 2016; Sun et al. 2019; Sun and
Zhao 2019; Liang et al. 2019b, 2020; Zhang et al. 2019, 2021b, 2021c¢). Detailed
discussions on the CSM for hot-rolled stainless steel channel sections are provided in

Chapters 3-5.
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Table 2.1. Summary of previous tests on steel channel sections

No. Reference Material Section type Loading condition = No. of tests  Failure mode
1 Rasmussen and Hancock (1989) NSS Welded plain channel Compression 7 LB
2 Ungermann et al. (2012a) NSS Press-braked plain channel Compression 5 LB
Combined loading 5 LB
3 Li et al. (2020) NSS Press-braked plain channel Compression 12 LB
4 Sivakumaran and Abdel-Rahman (1988) NSS Press-braked lipped channel Compression 20 LB
5 Yan and Young (2002) NSS Press-braked lipped channel Compression 3 LB
12 LB+DB
6 Young and Hancock (2003) NSS Press-braked lipped channel Compression 42 DB
7 Zhang et al. (2007) NSS Press-braked lipped channel Compression 10 LB+DB
8 Wang et al. (2016) NSS Press-braked lipped channel Compression 4 LB
2 LB+DB
9 Yu and Schafer (2002) NSS Press-braked lipped channel Bending 24 LB
10 Yu and Schafer (2006) NSS Press-braked lipped channel Bending 20 DB
11 Wang et al. (2020a) HSS Press-braked plain channel Compression 10 LB
12 Zhang et al. (2019) HSS Press-braked plain channel Compression 16 LB
13 Kwon and Hancock (1992) HSS Press-braked lipped channel Compression 6 DB
16 LB+DB
14 Yang and Hancock (2004) HSS Press-braked lipped channel Compression 9 LB
12 LB+DB
15 Kwon et al. (2009) HSS Press-braked lipped channel Compression 17 LB+DB
16 Wang et al. (2019) HSS Press-braked plain channel Bending 20 LB
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18

19

20
21

22
23

24

25
26
27
28
29

Zhang et al. (2020c¢)
Maduliat et al. (2012)

Kuwamura (2003)

Dobri¢ et al. (2017)
Zhang et al. (2020a)

Lecce and Rasmussen (2006a)
Fan et al. (2014)

Chen et al. (2018)

Theofanous et al. (2015)
Fan et al. (2021)
Fan et al. (2022)
Liang et al. (2019a, 2020)
Zhang et al. (2021b, 2021c¢)

HSS
HSS

SS

SS
SS

SS
SS

SS

SS
SS
SS
SS
SS

Press-braked plain channel
Press-braked plain channel
Press-braked lipped channel
Press-braked plain channel
Press-braked lipped channel
Press-braked plain channel
Press-braked plain channel

Press-braked lipped channel
Press-braked lipped channel

Press-braked lipped channel

Laser-welded plain channel
Press-braked lipped channel
Press-braked lipped channel
Laser-welded plain channel
Press-braked plain channel

Bending
Bending

Compression

Compression
Compression
Bending
Compression
Compression
Combined loading
Compression

Combined loading

Bending

Bending

Bending
Combined loading
Combined loading

LB
LB
LB+DB
LB
LB
LB
LB
LB
DB
LB
LB
LB
DB
LB
DB
LB
LB
DB
LB
LB

Note: NSS represents normal strength steel; HSS represents high strength steel; SS represents stainless steel; LB represents local buckling;

DB represents distortional buckling.
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2.3.4 Member behaviour

2.3.4.1 Previous experimental investigations

A brief review of previous research into the structural behaviour and resistance of
steel channel section members failing by isolated and interactive buckling is firstly
provided herein, with the experimental details reported in Table 2.2. Specifically,
Rasmussen and Hancock (1989), Young and Rasmussen (1995, 1998a, 1998b, 1999),
Kwon et al. (2007), Ungermann et al. (2012a, 2012b, 2014), Ye et al. (2018a, b) and
Li et al. (2021b) conducted a series of pin-ended and fix-ended compression tests on
welded and press-braked normal strength steel plain channel section columns to
investigate their flexural buckling, local-flexural interactive buckling and local—-
flexural-torsional interactive buckling behaviour, and highlighted the inaccuracy of
the codified design rules by comparing the test failure loads against the design
resistances. Young and Rasmussen (1998c), Yan and Young (2002), Zhang et al.
(2007), Camotim and Dinis (2011), Gunalan and Mahendran (2013), Santos et al.
(2014), Wang et al. (2016), Anbarasu and Murugapandian (2016) and Ye et al. (2018a,
b) experimentally and numerically investigated the buckling behaviour and resistance
of press-braked normal strength steel lipped channel section columns, including
flexural buckling, flexural-torsional buckling, local-flexural interactive buckling,
local-flexural-torsional interactive buckling, distortional-flexural interactive
buckling, distortional-flexural-torsional interactive buckling, local-distortional—
flexural interactive buckling, local-distortional—flexural-torsional interactive
buckling; based on the obtained test and numerical data, the relevant codified design
rules were evaluated and new improved design provisions were developed.
Rasmussen and Hancock (1989), Zhang et al. (2007), Ungermann et al. (2012a, 2012b,
2014), Torabian et al. (2015) and Wang et al. (2016) conducted a series of pin-ended
compression tests on press-braked normal strength steel lipped channel section beam-
columns with short, intermediate and long member lengths subjected to combined
compression and bending moment and the obtained experimental observations

revealed that their failure modes were highly dependent on stress distribution. Wang
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et al. (2020b), Zhang et al. (2022) and Zhang and Zhao (2022) studied the flexural
buckling behaviour and resistance of press-braked high strength steel channel section
columns through testing and numerical modelling and highlighted the shortcomings
of codified buckling curves. Gunalan and Mahendran (2013) studied the flexural-
torsional buckling behaviour of press-braked high strength steel lipped channel
section columns based on testing and numerical modelling, found the conservatism
of current codified design buckling curves and developed new improved design
buckling curves. Experimental studies into the local-flexural interactive buckling,
local—flexural-torsional interactive buckling, local—distortional-flexural interactive
buckling and local—distortional—flexural-torsional interactive buckling behaviour of
press-braked high strength steel columns with plain and lipped channel sections were
conducted by Kwon et al. (2009) and Zhang and Zhao (2022), with the progression
of different buckling modes analysed and existing design methods assessed. To
improve the design accuracy of press-braked normal and high strength steel channel
section members failing by isolated and interactive buckling, direct strength method
was extended to the member design and calculated the reduction in member
resistance caused by local bucking based on the gross cross-section. (Schafer 2002,

2019; Torabian et al. 2014; Torabian and Schafer 2018; Dinis et al. 2020).

Dobri¢ et al. (2020) and Zhang et al. (2020b) experimentally and numerically
investigated the flexural buckling and flexural-torsional buckling behaviour of press-
braked stainless steel plain channel section columns, highlighted the inaccuracy of
the codified buckling curves and proposed new improved buckling curves. Pin-ended
and fixed-ended compression tests and numerical modelling on press-braked stainless
steel lipped channel section columns were conducted by Becque and Rasmussen
(2009a, b), Rossi et al. (2010a, b), Anbarasu and Ashraf (2016) and Chen et al. (2018,
2022) to investigate their local-flexural interactive buckling behaviour, local—
flexural-torsional interactive buckling behaviour, distortional-flexural interactive
buckling behaviour, distortional—flexural-torsional interactive buckling behaviour.
Zhang et al. (2021a) conducted testing and numerical modelling on press-braked

stainless steel plain channel section beam-columns, studied their global buckling

22



Chapter 2 — Literature review

behaviour and highlighted the inaccuracy of the current codified design interaction

curves.

2.3.4.2 Codified design provisions for member buckling

The current European code (CEN 2015) and American specification (AISC 2021)
employ the same concept of buckling curves for the design of hot-rolled stainless
steel channel section columns failing by flexural buckling. It is worth noting that the
effects of initial geometric imperfections and residual stresses on column buckling
resistances have been inherently considered in the design buckling curves. Detailed
discussions on the codified column buckling curves are provided in Chapter 6. For
the design of hot-rolled stainless steel channel section beam-columns, interaction
curves are employed in both design codes (CEN 2015; AISC 2021), where the
column buckling resistance and cross-section bending resistance are taken as the end
points, while the interaction factor is adopted to define the shape of the design
interaction curve. Detailed discussions on the codified design interaction curves for

hot-rolled stainless steel channel section beam-columns are given in Chapter 7.
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Table 2.2. Summary of previous tests on steel channel section members

No. Reference Material Channel section type Loading condition  No. of tests Failure mode
1 Rasmussen and Hancock (1989) NSS Welded plain channel Compression 18 FB
Combined loading 17 GB
2 Young and Rasmussen (1998a) NSS Press-braked plain channel Compression 15 LB+FB
5 FB
3 Kwon et al. (2007) NSS Welded plain channel Compression 4 LB+FB/FTB
4 Ungermann et al. (2012a) NSS Welded plain channel Compression 4 LB+FB
Combined loading 2 GB
Press-braked plain channel Compression 8 LB+FB
5 Ye et al. (2018a) NSS Press-braked plain channel Compression 9 LB+FB
Press-braked lipped channel Compression 27 LB+FB
6 Lietal. (2021b) NSS Press-braked plain channel Compression 12 LB+FB
7 Yan and Young (2002) NSS Press-braked lipped channel Compression 3 LB+DB+FTB
9 LB+FTB
8 Zhang et al. (2007) NSS Press-braked lipped channel Compression 1 LB+DB+FB
7 DB+FB
4 LB+FB
Combined loading 12 GB
9 Santos et al. (2014) NSS Press-braked lipped channel Compression 17 DB+FB/FTB
10 Wang et al. (2016) NSS Press-braked lipped channel Compression 6 LB+FB
6 LB+DB+FB
Combined loading 12 GB
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11

12
13
14
15

16

17
18
19
20

21
22

Gunalan and Mahendran (2013)

Torabian et al. (2015)
Wang et al. (2020b)
Zhang et al. (2022)

Zhang and Zhao (2022)

Kwon et al. (2009)

Zhang et al. (2020b)
Becque and Rasmussen (2009a)
Rossi et al. (2010a)

Chen et al. (2018)

Chen et al. (2022)
Zhang et al. (2021a)

NSS
HSS
NSS
HSS
HSS
HSS

HSS

SS
SS
SS
SS

SS
SS

Press-braked lipped channel
Press-braked lipped channel
Press-braked lipped channel
Press-braked plain channel
Press-braked plain channel
Press-braked plain channel

Press-braked lipped channel

Press-braked plain channel
Press-braked lipped channel
Press-braked lipped channel
Press-braked lipped channel

Press-braked lipped channel
Press-braked plain channel

Compression
Compression
Combined loading
Compression
Compression
Compression

Compression

Compression
Compression
Compression
Compression
Combined loading
Compression
Combined loading

FTB
FTB
GB
FB
FB
FB
LB+FB
LB+FB/FTB
LB+DB+FB/FTB
FB
LB+FB
DB+FTB
DB+FB/FTB
GB
DB+FB/FTB
GB

Note: NSS represents normal strength steel; HSS represents high strength steel; SS represents stainless steel; LB represents local buckling;

DB represents distortional buckling; FB represents flexural buckling; FTB represents flexural-torsional buckling; GB represents global

buckling.
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2.4 Concluding remarks

This chapter has presented an overview of previous research relevant to the present
thesis, including (i) development of international design codes for stainless steel
structural members, (ii) material properties of stainless steel, (iii)) membrane residual
stresses in thin-walled steel structural sections, (iv) buckling behaviour of stainless
steel channel sections and members under isolated and combined loadings and (v)
codified and advanced design approaches. The literature review generally shows that
(1) the distributions and amplitudes of membrane residual stresses in hot-rolled
stainless steel channel sections, (ii) the local buckling behaviour of hot-rolled
stainless steel channel sections under isolated and combined loadings, (ii1) the
flexural buckling behaviour of hot-rolled stainless steel channel section columns and
(iv) the global buckling behaviour of hot-rolled stainless steel channel section beam-
columns remain unexplored. Therefore, testing, numerical modelling and design of
hot-rolled stainless steel channel section members are the objectives of the present

thesis.
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CHAPTER 3

LOCAL BUCKLING OF CHANNEL SECTIONS
UNDER PURE COMPRESSION

3.1 Introduction

This chapter presents experimental and numerical studies of the local buckling
behaviour and cross-section resistances of hot-rolled stainless steel channel sections
under pure compression. An experimental programme was firstly conducted and
included material testing, membrane residual stress measurements, initial local
geometric imperfection measurements and six stub column tests. Following the
experimental programme, a numerical modelling programme was performed, where
finite element models were developed to replicate the test observations and then used
to perform parametric studies to generate further numerical data over a wide range of
cross-section aspect ratios and dimensions. The obtained test and numerical data were
then used to assess the slenderness limits and local buckling design rules given in the
European code EN 1993-1-4 (CEN 2015) and American specification ANSI/AISC
370-21 (AISC 2021) for hot-rolled stainless steel channel sections under pure
compression. The accuracy of the continuous strength method (Afshan and Gardner
2013; Zhao et al. 2017; Zhao and Gardner 2018) for the design of hot-rolled stainless
steel channel sections under pure compression was also evaluated. The partial

findings of this research work have been reported in Li et al. (2021a).
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3.2 Testing

3.2.1 General

Given that there have been no stub column tests conducted on hot-rolled stainless
steel channel sections, an experimental programme was firstly conducted. Three plain
channel sections — C 80x40x5, C 100x50x5 and C 100x50%6, hot-rolled from grade
EN 1.4301 austenitic stainless steel sheets, were adopted in the experimental
programme. The cross-section labelling system consists of a letter ‘C’ (indicating a
channel section) and the nominal cross-section sizes in millimetres (outer web width
B, x outer flange width By x wall thickness ). On the basis of the slenderness limits
given in the European code EN 1993-1-4 (CEN 2015), C 80x40x5 and C 100x50x6
are classified as Class 2, while C 100x50x%5 is categorised as Class 3. Two stub
column specimens with the same member length were prepared for each channel
section. The identifier for each stub column specimen includes the cross-section label
(‘CI’, “C2’ and ‘C3’ signifying C 80x40x5, C 100x50x5 and C 100x50x6,
respectively), a letter (‘S representing ‘stub column’) and a number (‘1’ or 2°).
Table 3.1 reports the measured geometric dimensions for the six stub column
specimens, where L is the member length, B,, is the outer web width, Bris the outer
flange width, ¢ is the wall thickness and 7 is the corner inner radius. Figure 3.1 shows

the notations of geometric parameters of hot-rolled stainless steel channel sections.

Table 3.1. Measured geometric dimensions and initial local geometric

imperfections of hot-rolled stainless steel channel section stub column specimens.

Cross- . L B, B t r wn wp [om o
section  Specimen ID
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

80x40x%5 Cl1-S1 178.2 80.46 39.75 479 474 0.03 0.02 001 0.03
CI1-S2 1783 80.39 3980 472 475 0.02 0.05 0.04 0.05
100x50%5 C2-S1 225.8 9891 49.75 480 484 0.03 0.03 0.04 0.04
C2-S2 219.0 98.93 49.69 472 476 0.03 0.04 0.03 0.04
100x50%6 C3-S1 2242 100.11 49.15 562 561 0.06 0.02 0.05 0.06
C3-S2 2244 100.16 49.18 572 574 0.03 0.05 0.02 0.05
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Figure 3.1. Notations of geometric parameters of hot-rolled stainless steel channel
sections and locations of coupons.

3.2.2 Material testing

Tensile coupon tests were carried out to obtain the material properties of the adopted
hot-rolled stainless steel channel sections. Flat coupons were extracted from the
middle parts of the web and flanges in the longitudinal direction — see Figure 3.1, and
the coupon dimensions were machined in accordance with the requirements given in
the European code EN ISO 6892-1 (CEN 2016), as illustrated in Figure 3.2(a). A
Schenck 250 kN hydraulic testing machine was adopted to conduct the material
tensile coupon tests under displacement control, with the rates equal to 0.05 mm/min
and 0.8 mm/min before and after the material 0.2% proof stress, respectively. The
material test setup is shown in Figure 3.2(b), where two strain gauges are attached to
the mid-height of the coupon to measure tensile strains in the longitudinal direction
and an extensometer is mounted onto the necked part of the coupon to record the

elongation over the gauge length of 50 mm. The label of each coupon includes the
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cross-section identifier and the location indicator within channel section (‘F1°, ‘F2’
and ‘W’ signifying flanges and web, respectively). The obtained key material
properties are reported in Table 3.2, where E is the Young’s modulus, ¢o.2 is the 0.2%

proof stress, o, is the ultimate stress, ¢, is the strain at the ultimate stress, ¢ is the

strain at fracture, and n and ”;).2,1.0 are the parameters used in the Ramberg—Osgood

(R—O) material model expressed by Equations (2.1) and (2.9) (Gardner and Nethercot
2004; Arrayago et al. 2015). Figure 3.3(a) and Figure 3.3(b) show the measured

material stress—strain curves of the adopted channel sections.

3.2.3 Initial local geometric imperfection measurements

The structural behaviour and resistances of thin-walled steel channel section
members are affected by their initial geometric imperfections. Therefore, the initial
local geometric imperfections of each hot-rolled stainless steel channel section stub
column specimen were measured. The test setup, recommended by Schafer and Pekoz
(1998) and having been successfully used in previous initial local geometric
imperfection measurements (Theofanous and Gardner 2015; Zhang et al. 2020a,
2021b, 2021c), was also employed. Figure 3.4 displays the test setup, where a stub
column specimen is mounted on the flat work bench of a CNC router and three
LVDTs, perpendicularly pointing to the constituent plate elements of the specimen,
are moved along the member longitudinal direction. The initial local geometric
imperfection magnitude of each constituent plate element was calculated as the
maximum deviation from the measured data to a reference line (obtained through a
prior linear regression analysis based on the whole measured data set). Table 3.1
reports the measured initial local geometric imperfection magnitudes of the three
constituent plate elements of each stub column specimen, where wa and wp denote
the values of the two flanges, while w,, denotes the value of the web. The initial local
geometric imperfection magnitude of each stub column specimen wo is taken as the

maximum of ws, wp and wy, as also reported in Table 3.1.
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(a) Coupon dimensions

(b) Test setup.
Figure 3.2. Material tests.

Table 3.2. Summary of key measured material properties from tensile coupon tests.

_ E 002 Ou Eu & R—O parameters
Cross-section ~ Coupon ID (GPa) (MPa) (MPa) (%) %) , n(~1271'0
C 80x40x5 Cl-W 205 363 700 53.0 66.9 6.4 24

Cl-F1 200 354 757 58.0 75.0 8.1 1.6
Cl-F2 202 352 721 58.6 69.4 7.4 2.1
C 100x50%5 C2-W 204 352 707 50.0 62.1 8.4 2.5
C2-F1 202 327 743 57.7 73.0 12.8 2.4

C2-F2 203 316 741 60.0 65.4 11.7 1.9
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Figure 3.3. Measured material stress—strain curves.
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A A

Figure 3.4. Test setup for initial local geometric imperfection measurements.

3.2.4 Membrane residual stress measurements

Membrane residual stress measurements were conducted on two large-sized
(representative) hot-rolled stainless steel channel sections C 100x50x5 and C
150x75x%6, based on the sectioning method and the recommended procedures given
in Ziemian (2010). Figure 3.5 and Figure 3.6 display the locations and dimensions of
strips within the two representative hot-rolled stainless steel channel sections before
sectioning; the nominal lengths of the strips are 150 mm, with the widths ranging
from 6 mm to 10 mm (depending on regions). Prior to sectioning, two gauge holes
with a diameter of 1.98 mm were drilled along the centreline of the outer face of each
strip and at a distance of 25 mm from the strip ends, through the use of an automatic
dot puncher, leading to the nominal length between the two gauge holes Lo equal to
100 mm; the actual strip length between the two gauge holes was then measured by
using a Demec gauge. Upon length measurements of the strips within channel
sections, each specimen was cut into strips, allowing for the release of membrane
residual stresses; a typical sectioned C 150%75%6 specimen is shown in Figure 3.7.
The Demec gauge was again adopted to measure the strip lengths after sectioning.

For each strip, the readings of the Demec gauge taken before and after sectioning are
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denoted as r1 and 2, respectively. To eliminate the influence of temperature changes

during the membrane residual stress measurements, a temperature reference bar,

made of the same material as the hot-rolled stainless steel channel section stub

column specimens, was used, with the lengths measured before and after the

sectioning process denoted as #1 and 7, respectively.
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Figure 3.5. Locations of strips cut for membrane residual stress measurements (in

766666067

100
56666666666666665

Y J P 'y )’ P P J P J J 'y J P b

TTTTTTTTT 17T TT1

, 50

&~—

(a) C 100x50x5
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e

Figure 3.7. Typical sectioned C 150%75%6 specimen.

On the basis of the readings obtained from the Demec gauge and temperature
reference bar before and after sectioning, the relieved membrane residual strains can
be calculated from Equation (3.1); note that positive (calculated) strains signify
tensile membrane residual stresses, while negative strains determined from Equation
(3.1) indicate compressive membrane residual stresses. For strips within the web-to-
flange junction regions, where high through-thickness residual stress gradients exist
and result in slightly curved strips after sectioning, the relieved membrane residual
strains calculated from Equation (3.1) were further corrected according to Equation
(3.2) (Tebedge et al. 1973) to eliminate the influence of longitudinal curvature, where
o0 is the maximum deviation from a straight reference line connecting the two gauge

holes of the strip.
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_ (n-t)-(n-1)
£E= Lo+(”1—f1) (3.1)
£C=£+M (3.2)

6(5/L0) +1

Upon determination of the relieved membrane residual strains for all the strips, the
corresponding membrane residual stresses were then calculated through multiplying
the relieved membrane residual strains by the Young’s moduli obtained from the
material tensile coupon tests, as shown in Figure 3.8(a) and Figure 3.8(b) for the two
hot-rolled stainless steel channel sections C 100x50x5 and C 150x75%6; note that
positive and negative values signify tensile and compressive membrane residual
stresses, respectively. The obtained maximum tensile and compressive membrane
residual stresses were normalised by the corresponding measured yield stresses (the
0.2% proof stresses), as reported in Table 3.3, where the subscripts ‘w’ and ‘f’
represent the web and flange, respectively, while the subscripts ‘c” and ‘¢ denote the
compressive and tensile membrane residual stresses, respectively. Figure 3.9(a) and
Figure 3.9(b) show the measured membrane residual stress patterns and amplitudes
in a normalised format; note that the normalised position at the origin point 0.0
corresponds to the web-to-flange junction, while the normalised position at point 1.0
represents the mid-point of the web or the flange tip. On the basis of the experimental
data, a predictive model, as shown in Figure 3.10, was proposed for predicting
membrane residual stresses in hot-rolled stainless steel channel sections, with linear
distribution patterns for the flange and half of the web and the maximum compressive
(or tensile) membrane residual stress magnitudes equal to 0.3002. The proposed
predictive model was shown to agree well with the measured membrane residual

stress data — see Figure 3.9.
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Table 3.3. Measured peak membrane residual stresses in hot-rolled stainless steel

channel sections.

Cross-section Owil 00.2 04002 Owel G0.2 011002
C 100x50%5 0.20 0.18 -0.23 -0.16
0.22 0.25 -0.23 -0.24
C 150x75%6 0.23 0.26 -0.20 -0.22
0.25 0.17 -0.20 -0.16

100
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-100
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-50
-100
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(a) C 100x50x%5 (b) C 150x75%6

Figure 3.8. Measured membrane residual stress patterns and amplitudes (in MPa).

37



Chapter 3 — Local buckling of channel sections under pure compression

0.9

1
=
o
1
=
fo)
1
=
W
P o
(=
o
W
=
o

&
3.

o
b

® C 100x50x%5
AA C150x75%6
Predictive model

Normalised position of web

1N
I.U
Normalised membrane residual stress o, (or o,,) /0,
(a) Web

0.9
® C 100x50x5

. 0.6 A A C150x75%6
_%’ ' Predictive model
g ¢ 034
(D] ==
S
< = 0.0
< 00
g &
2 2 0.3+
2 L
= @
E 0.6
@)
Z.

-0.9

Normalised position of flange
(b) Flange
Figure 3.9. Comparisons between measured membrane residual stress patterns and
amplitudes and predictive model.
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Figure 3.10. Membrane residual stress predictive model for hot-rolled stainless
steel channel sections.

3.2.5 Stub column tests

Compression tests were carried out to study the local buckling behaviour and
resistances of hot-rolled stainless steel channel section stub column specimens under
pure compression. Before testing, milling and deburring were performed on the stub
column specimen ends such that flat and parallel end surfaces of the stub column
specimens and thus uniformly distributed compressive stresses over the whole end
sections were achieved during testing. All the compression tests were conducted
using a displacement-controlled Instron 2000 kN hydraulic testing machine at a rate
of 0.3 mm/min. The test setup is presented in Figure 3.11, where (i) fixed bearing
platens are equipped at the two ends of the testing machine to provide fixed-ended
boundary conditions, (ii) clamping devices are employed at the specimen ends to
prevent cross-sections from any deformation, (iii) three LVDTs are positioned at the
stub column specimen end to measure the end shortening and (iv) two strain gauges

are attached to the web and flange at mid-height to measure the longitudinal strains.
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Note that the LVDT readings include both the end shortenings of the specimen and
the deformations of the bearing platens of the testing machine. Therefore, the actual
end shortenings of each stub column specimen were corrected based on the strain
gauge data by subtracting the deformations of the bearing platens of the testing
machine from the LVDT readings (Centre for Advanced Structural Engineering,
1990; Gardner and Nethercot, 2004). The corrected load—end shortening curves for
all the adopted hot-rolled stainless steel channel section stub column specimens are
presented in Figure 3.12, while the key test results are reported in Table 3.4, where
N est 18 the failure load, J, is the end shortening at failure and Ny, res/(A00.2) 1s the ratio
of the test failure load to cross-section yield load, where A4 is the gross cross-section
area. All the six hot-rolled stainless steel channel section stub column specimens

failed by local buckling, with typical failure modes shown in Figure 3.13.
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Figure 3.12. Load—end shortening curves of hot-rolled stainless steel channel
section stub column specimens.

Table 3.4. Summary of key stub column test results

Cross section  Specimen ID ](\llei?)t (nf;l) N”‘IZ‘;;/IEII;IS)O'Z)
80x40x5 Cl1-S1 307.1 2.79 1.19
C1-S2 296.7 2.70 1.17
100x50x%5 C2-S1 358.8 2.39 1.11
C2-S2 350.9 2.31 1.10
100x50%6 C3-S1 432.7 3.24 1.15
C3-S2 442.2 3.26 1.15
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(a) C1-S1

(b) C2-S2

(c) C3-S1
Figure 3.13. Test and FE failure modes for typical stub column specimens.
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3.3 Numerical modelling

3.3.1 General

Following the experimental programme, a numerical modelling programme was
conducted using the finite element (FE) package ABAQUS (ABAQUS 2014). FE
models were firstly developed and validated against the test results and then used to

perform parametric studies to generate further numerical data.

3.3.2 Development and validation of FE models

The four-node doubly curved shell element S4R (ABAQUS 2014), which is provided
in the ABAQUS element library and allows for finite membrane strains and large
rotations, has been widely and successfully adopted in previous nonlinear numerical
modelling of thin-walled steel (carbon steel (Xiang et al. 2019; Wang et al. 2020a,
2020b), aluminium alloy (Zhu et al. 2019; Zhou and Young 2020) and stainless steel
(Becque and Rasmussen 2009b; Dobric¢ et al. 2017, 2020; Liang et al. 2019a, 2019b,
2020; Lan et al. 2021)) channel section members and was also employed herein. A
prior mesh sensitivity study considering mesh sizes varying between 0.2¢x0.2¢ and
2tx2¢t was conducted to seek suitable element sizes which could result in a good
balance between computational efficiency and accuracy. The final selected element
size was taken equal to #x¢. Regarding the material modelling of hot-rolled stainless
steel channel sections, the plastic material model with isotropic hardening was
employed. Specifically, the engineering stress—strain curves measured from tensile
coupon tests were firstly converted into the true stress—plastic strain curves, based on

Equations (3.3) and (3.4), where o,.0m 1s the engineering stress, €.0m i the engineering
strain, oue is the true stress, and &/ is the true plastic strain, and then assigned to the

stub column FE models. Given that bending residual stresses have been incorporated
into the measured engineering stress—strain curves, only membrane residual stresses

were modelled in the stub column FE models (Gardner and Cruise 2009; Huang and
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Young 2012; Chen and Young 2021). The predictive model presented in Section 3.2.4
was used to calculate the membrane residual stresses, which were then inputted into
the stub column FE models using the ‘Predefined Field” command (ABAQUS 2014);
Figure 3.14 displays the membrane residual stress pattern and amplitudes

incorporated into the FE model for the typical stub column specimen C2-S1.

O-true = O-nom (1 + gnom ) (3 3)

gl =n(l+s,, )—% (3.4)

S, S11
SNEG, (fraction = -1.0)
(Avg: 75%)
+9.673e+01
+8.061e+01
+6.449e+01
+4.836e+01
+3.224e+01
+1.612e+01
+0.000e+00
-1.612e+01
-3.224e+401
-4.836e+01
-6.449e+01
-8.061e+01
-9.673e+01

Figure 3.14. Modelled membrane residual stress pattern and amplitudes (in MPa)
for stub column specimen C2-S1.

For ease of application of boundary conditions, each end section of the channel
section stub column FE model was coupled to a concentric reference point; then, the
bottom reference point was fully restrained, while the top reference point was only
allowed for longitudinal translation, to mimic the fixed-ended boundary conditions

used in the stub column tests. Initial local geometric imperfections were included into
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each stub column FE model, with the distribution pattern taken as the lowest elastic
local buckling mode shape. Two local imperfection magnitudes, including the
measured value wo and a generalised value #100, were used to factor the distribution
pattern. Upon development of the hot-rolled stainless steel channel section stub
column FE models, the modified Risk method, considering material and geometric
nonlinearities, was conducted to obtain the numerical failure loads, load—end

shortening curves and failure modes.

Validation of the developed stub column FE models was conducted by comparing the
numerical results with their experimental counterparts. Table 3.5 reports the
numerical to test failure load ratios N, re/Nu.s: for all the hot-rolled stainless steel
channel section stub column specimens, with the results revealing that both the
measured and generalised local imperfection magnitudes result in accurate
predictions of the test failure loads. Comparisons between the test and numerical
load—end shortening curves for all the stub column specimens are presented in Figure
3.12, where the test load—deformation histories are generally shown to be well
captured by their numerical counterparts. Figure 3.13 displays the test and numerical
failure modes for typical stub column specimens, indicating good agreement. In
summary, the test structural responses of the hot-rolled stainless steel channel section
stub column specimens under pure compression can be well simulated by the

developed FE modes, which are therefore regarded as having been validated.

3.3.3 Parametric studies

Having been validated in Section 3.3.2, the developed stub column FE models were
adopted to perform parametric studies to generate further numerical data on hot-rolled
stainless steel channel section stub columns over a wide range of cross-section aspect
ratios and dimensions. In the parametric studies, the adopted modelling procedures
and techniques were the same as those described in Section 3.3.2, but with the use of
the generalised local imperfection magnitude — #/100 and the material properties of
the hot-rolled stainless steel channel section C 80x40x5. Regarding the cross-section

geometric dimensions of the modelled hot-rolled stainless steel channel section stub
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columns, the outer web widths B, were fixed at 150 mm, while five outer flange
widths Brequal to 50 mm, 60 mm, 75 mm, 100 mm and 150 mm were selected, with
the wall thicknesses ¢ varied between 2.7 mm and 21.4 mm, leading to five cross-
section web-to-flange aspect ratios (1.0, 1.5, 2.0, 2.5 and 3.0) and a range of cross-
section sizes being considered. It is worth highlighting that the modelled channel
sections covered all four classes in EN 1993-1-4 (CEN 2015). The length of each stub
column FE model was taken as three times the mean outer web and flange widths
(Ziemian 2010). Finally, 60 numerical data have been generated for hot-rolled

stainless steel channel section stub columns under pure compression.

Table 3.5. Comparisons of numerical failure loads with test failure loads for

varying initial local geometric imperfection magnitudes.

. . ]vu,FﬂNu,test

Cross section Specimen ID -~ 100
80x40x%5 C1-S1 0.99 0.98
C1-S2 0.99 0.99

100x50%5 C2-S1 1.00 0.99
C2-S2 1.00 0.98

100x50%6 C3-S1 1.00 1.00
C3-S2 1.00 1.00

Mean 1.00 0.99

COV 0.01 0.01

3.4 Assessment of existing international design standards

3.4.1 General

The relevant design rules, as given in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-
21 (AISC 2021), for hot-rolled stainless steel channel sections under pure
compression, were firstly described and discussed. Their accuracy and consistency
were then assessed by comparing the test and numerical failure loads N, with the
design failure loads N, ps. Note that all the partial safety factors adopted in the

existing design codes were taken as unity, leading to unfactored design resistances
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being assessed. Table 3.6 reports the mean test and numerical to predicted cross-
section resistance ratio (Nu/Nupreq) and the corresponding coefficient of variation

(COV) for each design method.

Table 3.6. Comparisons of test and numerical failure loads with predicted failure

loads from different design methods.

No. of test data: 6

NO. OfFE data: 60 ]vu/]vu,EC3 Nu/Nu,AlSC ]vu/]vu,csm
Mean 1.15 1.20 1.06
COV 0.07 0.07 0.02

3.4.2 EN 1993-1-4

3.4.2.1 Overview

The European code EN 1993-1-4 (EC3) (CEN 2015) provides supplementary design
rules for stainless steel structures in addition to the general design rules for mild steel
structures set out in EN 1993-1-1 (2014). For the design of hot-rolled stainless steel
channel sections prone to local buckling, the existing European code EN 1993-1-4
(CEN 2015) adopts the framework: (i) cross-section classification based on the
codified slenderness limits and (ii) determination of compression resistance for the
classified cross-section. In Section 3.4.2.2, the accuracy of the codified slenderness
limits for the cross-section classification of hot-rolled stainless steel channel section
stub columns was assessed, while the relevant design rules for determining cross-

section compression resistances were evaluated in Section 3.4.2.3.

3.4.2.2 Class 3 slenderness limits

EN 1993-1-4 (CEN 2015) specifies four cross-sections in compression — Class 1, 2,
3 and 4. For Class 1-3 (non-slender) cross-sections, local buckling occurs after the

material yield stress is attained, with the compression resistance at failure greater than
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or equal to the yield load, while for Class 4 (slender) cross-sections, the earlier
occurrence of local buckling prevents them from the attainment of the material yield
stress, with the resulting compressive resistance at failure less than the yield load.
The class of a hot-rolled stainless steel channel section is defined according to its
most slender constituent plate element, and the classification of a plate element is
defined by comparing its width-to-thickness ratio c/te against the EC3 codified
slenderness limits, where c is the flat element width and e=[(235/00.2)/(£/210000)]%
is a material parameter. Specifically, the flat element width of the outstand flange is
equal to the outer flange width excluding the web thickness c/~=B¢, while the flat
element width of the internal web is taken as the outer web width excluding the flange
thicknesses c,=Byw-2t. The codified slenderness limit for classifying non-slender and
slender outstand flanges in compression is taken as c/fe=14, while the slenderness
limit for classifying non-slender and slender internal webs in compression is equal to

cwl/te=37.

The accuracy of the slenderness limit of 14 for outstand flanges in compression is
evaluated, with the results presented in Figure 3.15, where the test and numerical
failure loads for hot-rolled stainless steel channel section stub columns N, are
normalised by the cross-section yield loads N,=A400.2 and plotted against c/te. Similar
graphical evaluation of the accuracy of the slenderness limit of 37 for internal web in
compression is shown in Figure 3.16, where the normalised test and numerical data
points N,/N,; are plotted against c,/te. The graphical evaluation results revealed that
the codified slenderness limits are accurate for cross-section classification of hot-

rolled stainless steel channel section stub columns.
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Figure 3.15. Evaluation of codified slenderness limit for outstand flanges in

compression.
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Figure 3.16. Evaluation of codified slenderness limit for internal web in
compression.
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3.4.2.3 Cross-section compression resistances

The European code EN 1993-1-4 (CEN 2015) specifies that the cross-section
compression resistance N, £c3 1s equal to the yield load N,=A4o0.2 for Class 1-3 cross-
sections but the effective compression resistance Nej=Aep002 for Class 4 cross-
sections, as given by Equation (3.5), where A is the effective cross-section area. For
a slender channel section, the effective cross-section area is equal to the summation
of the gross areas of the non-slender plate elements that are not susceptible to local
buckling and the effective areas of the slender plate elements that are susceptible to
local buckling. The effective area of each slender plate element is calculated as the

wall thickness ¢ multiplied by the effective plate element width c.p;, as determined

based on the effective width method by Equation (3.6), where A is the plate element
slenderness given by Equation (3.7), where £, is the EC3 plate buckling factor and
equal to 0.43 for outstand flanges in compression but 4.0 for internal web in

compression (CEN 2006Db).

N Ao, for Class 1—3 cross-sections (3.5)
w3 4,0, for Class 4 cross-sections '
c(_i - O'_1288] <c for outstand flanges
S IS (3.6)
v 1022 |
c|l=—-—|<c for internal webs
At
A (3.7)

1 C
=
28.418\Jk,

14

The failure load predictions of hot-rolled stainless steel channel sections under pure
compression, as calculated from the EC3 design rules, were assessed against the test
and numerical failure loads. Table 3.6 reports the mean test and numerical to
predicted failure load ratio N./N,ec3 of 1.15 with the corresponding COV of 0.07,

while Figure 3.17 presents the normalised test and numerical data points plotted

against the plate element slendernesses A . The quantitative and graphical

assessment results revealed that the EC3 design rules result in rather conservative and
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scattered failure load predictions, owing to the lack of proper consideration of

favourable material strain hardening and beneficial element interaction.
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Figure 3.17. Comparisons of test and numerical failure loads with failure load
predictions from EN 1993-1-4.

3.4.3 ANSI/AISC 370-21

For the design of hot-rolled stainless steel channel sections under pure compression,
the existing American specification ANSI/AISC 370-21 (AISC) (AISC 2021) also
adopts the framework: (i) cross-section classification based on the codified
slenderness limits and (ii) calculation of compression resistance for the classified
cross-section. Cross-sections under compression are categorised as non-slender and
slender sections in ANSI/AISC 370-21 (AISC 2021), which correspond to Class 1-3
and Class 4 sections given in EN 1993-1-4 (CEN 2015), respectively. The AISC
cross-section compression resistance is equal to the cross-section yield load Ny=A00.2

for non-slender cross-sections but the effective compression resistance Nej=Aef00.2

51



Chapter 3 — Local buckling of channel sections under pure compression

for slender cross-sections, as expressed by Equation (3.7). Note that ANSI/AISC
370-21 (AISC 2021) adopts the same effective width formulation for both stiffened

(internal) and unstiffened (outstand) plate elements, as given by Equation (3.8).

Ao, for no-slender cross-sections
N, usc = ‘ . (3.7)
“ A,0,, forslender cross-sections
1 1
cr =0.772¢ _——(1—2 <c (3.8)
’ At

The cross-section compression resistance predictions for hot-rolled stainless steel
channel section stub columns were firstly calculated by the AISC design rules and
then compared against the test and numerical data. Figure 3.18 shows the graphical

comparison results, where the test and numerical to predicted failure load ratios

N./Nuaisc are plotted against the plate element slendernesses Al revealing a high
level of conservatism. This is also evident by the quantitative assessment results, as
reported in Table 3.6, where the mean ratio N/N,asc is equal to 1.20 and the
corresponding COV is taken as 0.07. The high level of conservatism of the AISC
design rules is attributed to the neglect of favourable material strain hardening and

beneficial element interaction.

3.5 Continuous strength method

The existing international design standards for stainless steel structures ignore the
beneficial material strain hardening and plate element interaction and were shown to
lead to conservative resistance predictions for hot-rolled stainless steel channel
section stub columns. This prompted the development of continuous strength method
(Afshan and Gardner 2013; Zhao et al. 2017). The CSM is an advanced deformation-
based design method, which was developed to enable rational consideration of
material strain hardening and plate element interaction in calculating cross-section

resistances.
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Figure 3.18. Comparisons of test and numerical failure loads with failure load
predictions from ANSI/AISC 370-21.

The first step towards using the CSM to determine cross-section resistances lies in
the calculation of the cross-section limiting (maximum attainable) compressive strain
gesm, Which reflects the deformation capacity of the considered cross-section under
the applied loading. This can be achieved based on the CSM base curve (Afshan and
Gardner 2013; Zhao et al. 2017), as given by Equation (3.9), where & is the limiting

compressive strain, &,=002/E is the material yield strain and Ip =(002/0cr)"° is the

cross-section slenderness, where o is the elastic critical local buckling stress under
the applied loading (Schafer and Adany 2006). Then, an elastic, linear hardening
material model (Buchanan et al. 2016), featuring four material parameters (C1, C2, C3
and C4) and shown in Figure 3.19, is used to allow the CSM design stress greater than
the material 0.2% proof stress to be achieved. C; is employed in Equation (3.9) to
define a cut-off strain, while C> is used in Equation (3.10) to define the strain
hardening slope E; C3 and Cy4 are used to predict the material ultimate strain &,=C3(1-
00.2/0,)+C4. For austenitic stainless steel, C1, C2, C3 and Cy4 are taken as 0.10, 0.16,
1.00 and 0.00, respectively (Buchanan et al. 2016). Following calculation of the

limiting compressive strain ecsn and the strain hardening slope E;, the CSM design
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compressive stress oqm 18 calculated by Equation (3.11). The CSM cross-section
compression resistance Ny, csm 1s then determined by Equation (3.12) as the product of

the CSM design compressive stress ocsm and the gross cross-section area A.

925 min(lS,—Clg” J for 7, < 0.68
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Figure 3.19. CSM bi-linear material model.

The accuracy of the CSM for hot-rolled stainless steel channel section stub columns
was assessed by comparing the test and numerical results against the CSM design
cross-section resistances, with the quantitative and graphical comparison results

reported in Table 3.6 and Figure 3.20, respectively. The comparison results reveal
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that the CSM leads to accurate and consistent cross-section compression resistance
predictions for hot-rolled stainless steel channel section stub columns, owing to the
rational consideration of the favourable material strain hardening and cross-section
plate element interaction. Figure 3.21 and Figure 3.22 present the comparisons of the
failure load predictions calculated by the codified design rules and the CSM, also

revealing the improved design accuracy of the CSM.

The reliability of the CSM for hot-rolled stainless steel channel section stub columns
was evaluated, based on the requirements and procedures given in EN 1990 (CEN
2002). In this reliability analysis, the material over-strength ratio for austenitic
stainless steel was taken as 1.3, with the COV of 0.06, and the COV of the geometric
dimensions of stainless steel sections was taken as 0.05, as recommended by Afshan
et al. (2015). Table 3.7 reports the key obtained statistical parameters, where kg, is
the design (ultimate limit state) fractile factor, b is the mean ratio of test and numerical
resistances to design model resistances, Vs is the COV of the test and numerical
resistances relative to the resistance model, V. is the combined COV incorporating
all the variable uncertainties and ymo is the (required) partial safety factor. The
calculated (required) partial safety factor, as reported in Table 3.7, is less than the
current limit value of 1.1 in EN 1993-1-4 (CEN 2015), thus confirming the reliability

of the CSM for hot-rolled stainless steel channel section stub columns.

Table 3.7. Reliability analysis results calculated according to EN 1990.

No. of data kan b Vs V. VMo
66 3.24 1.06 0.02 0.08 0.94
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Figure 3.20. Comparisons of test and numerical failure loads with failure load
predictions from CSM.
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Figure 3.21. Test and FE failure loads compared with failure load predictions from
EN 1993-1-4 and CSM.

56



Chapter 3 — Local buckling of channel sections under pure compression

5000
e CSM .
O ANSI/AISC 370-21 OO . ®. s
4000 - ’
o °
o ° ’
o e,
3000 - e
]
= o .,'
s 2000 o @
o e
o_e
g
1000 -
O - T T T T
0 1000 2000 3000 4000 5000
‘Nu,pred (kN)

Figure 3.22. Test and FE failure loads compared with failure load predictions from
ANSI/AISC 370-21 and CSM.

3.6 Concluding remarks

The local buckling behaviour and resistances of hot-rolled stainless steel channel
sections under pure compression have been studied, underpinned by testing and
numerical modelling, and reported in this chapter. The testing programme, including
material testing, membrane residual stress measurements, initial local geometric
imperfection measurements and six stub column tests, was firstly conducted. The
experimental programme was supplemented by a numerical modelling programme,
where FE models were developed and validated against the test results and then used
to perform parametric studies to generate further numerical data over a wide range of
cross-section aspect ratios and dimensions. The obtained test and numerical data were
employed to assess the relevant design rules, as set out in EN 1993-1-4 (CEN 2015)
and ANSI/AISC 370-21 (AISC 2021). The assessment results revealed that (i) the
codified slenderness limits in EN 1993-1-4 (CEN 2015) are accurate for outstand and
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internal plate elements in compression and can be safely employed for the
classification of hot-rolled stainless steel channel sections; (ii) EN 1993-1-4 (CEN
2015) and ANSI/AISC 370-21 (AISC 2021) result in conservative cross-section
compression resistance predictions, due to the neglect of material strain hardening
and plate element interaction and (iii) the CSM (Afshan and Gardner 2013; Zhao et
al. 2017), allowing for rational consideration of material strain hardening and plate
element interaction, leads to accurate and consistent resistance predictions of hot-

rolled stainless steel channel section stub columns.
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CHAPTER 4

LOCAL BUCKLING OF CHANNEL SECTIONS
UNDER MAJOR-AXIS COMBINED LOADING

4.1 Introduction

This chapter reports an experimental and numerical investigation of the local
buckling behaviour and cross-section resistance of hot-rolled stainless steel channel
sections subjected to combined compression and major-axis bending. An
experimental programme was firstly carried out and included initial local geometric
imperfection measurements and ten eccentric compression tests. This was
accompanied by a numerical modelling programme, where finite element models
were developed to replicate the test observations and then used to perform parametric
studies to generate additional numerical data over a wide range of cross-section
dimensions and loading combinations. The test and numerical data were employed to
assess the accuracy of the relevant design interaction curves, as given in the European
code (CEN 2015) and the American specification (AISC 2021), followed by the
development of new design interaction curves. The findings of this research have

been reported by Li et al. (2022a).
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4.2 Testing

4.2.1 General

In view of the fact that there have been no major-axis eccentric compression tests on
hot-rolled stainless steel channel sections, an experimental programme was firstly
performed. Plain channel sections with two different dimensions — C 80x40x5 and C
100x50x5, fabricated by hot-rolling from grade EN 1.4301 austenitic stainless steel
sheets, were used and categorised as Class 2 and Class 3, respectively, according to
the Eurocode slenderness limits (CEN 2015). For each of the two used channel
sections, five stub column specimens with identical nominal member length were
fabricated and later tested under major-axis eccentric compression at different initial
loading eccentricities. The labelling system for each specimen comprised a letter (‘A’
representing C 80%40x5 and ‘B’ signifying C 100x50x5) and a special number. Table
4.1 reports the key measured geometric dimensions and initial local geometric
imperfections of the ten hot-rolled stainless steel channel section stub column
specimens. Note that the test setup and procedures used for initial local geometric
imperfection measurements were the same as those detailed in Section 3.2.3, but with
three LVDTs moving transversely along the flanges and web at a series of key cross-
sections of each stub column specimen. Figure 4.1 displays the measured distribution
of initial local geometric imperfections for a typical stub column specimen B2 at mid-

height.

4.2.2 Eccentric compression tests

Major-axis eccentric compression tests were carried out on the hot-rolled stainless
steel channel section stub column specimens to investigate their cross-section
behaviour and resistance under major-axis combined loading. Various initial loading
eccentricities to the cross-section major axis were applied for testing, leading to a

wide range of combinations of bending and compression. Each stub column specimen
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was compressed in an INSTRON 5000-kN universal testing machine under
displacement control at a speed of 0.2 mm/min. As displayed in Figure 4.2, the knife-
edge device consisted of a pit plate with a semi-circular groove and a wedge plate
with a knife-edge wedge and was equipped at each end of the testing machine, in
order to provide pin-ended boundary conditions to the specimen ends. Before testing,
each specimen, welded with 15-mm-thick steel plates at its ends, was positioned
between the knife-edge devices, with its position properly aligned and adjusted to
achieve that (1) its longitudinal axis was perpendicular to the knife-edge devices and
(i1) its cross-section major axis was parallel with the knife edges, with the distance

being roughly the same as the pre-specified initial loading eccentricity.

Regarding the instrumentation adopted in the major-axis eccentric compression tests,
as displayed in Figure 4.2, an LVDT, perpendicularly pointing to the flange at mid-
height, was used for measuring the lateral deflections, while two strain gauges, stuck
onto the exterior fibres of the flanges at mid-height in the longitudinal direction, were
used for measuring the strains. The strain gauge and LVDT readings were used for
calculation of the actual initial loading eccentricity for each specimen ey, according
to Equation (4.1) (Zhao et al. 2015, 2016a), where /, is the major-axis second moment
of area, &max-emin 1s the difference in strain measured from the two strain gauges, 4 is
the lateral deflection at mid-height measured by the LVDT and N is the eccentric
compression force. Note that the derivation of Equation (4.1) is based on the
assumption of linear and elastic structural behaviour and the eccentric compression
loads adopted in the calculation of ep were limited to 15% of the expected failure

loads.

— EIy (gmax - gmin )
NB

w

y (4.1)

€
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Table 4.1. Geometric dimensions and initial local geometric imperfections of hot-

rolled stainless steel channel section stub column specimens.

Cross-section  Specimen L B, By t r wn wp Ow o
ID (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
C 80x40x%5 Al 182.3 80.56 40.52 506 495 005 0.05 0.05 0.05

A2 180.9 80.79 40.13 5.07 488 0.02 0.04 0.04 0.04
A3 177.5 80.60 4045 501 496 0.03 0.03 0.03 0.03
A4 178.3 80.47 40.14 493 491 0.03 0.04 0.03 0.04
A5 177.6 80.41 3997 483 482 0.02 0.02 0.05 0.05
C 100x50x%5 B1 225.0 98.75 49.54 485 487 0.03 0.01 0.01 0.03
B2 223.0 9898 49.76 502 495 0.04 0.02 0.01 0.04
B3 2240 9898 49.77 507 501 0.05 0.05 0.03 0.05
B4 223.0 98.99 49.63 5.07 498 0.03 0.02 0.01 0.03
BS5 223.6 9892 49.60 499 489 0.03 0.02 0.02 0.03

0.04
M /\ | 0.02

: 0.00
| V\/\J\/\A/\/V -0.02

-0.04

(mm)
-0.04
-0.02
B S\ 0.00
0.02
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Figure 4.1. Measured distribution of initial local geometric imperfections for stub
column specimen B2.
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Figure 4.2. Major-axis eccentric compression test setup.

Table 4.2 reports the key experimental results, including the actual initial loading
eccentricity eo, the failure load N, and the corresponding mid-height lateral
deflection 4,, and the failure moment M, res=Ny resl(€0t4,) at mid-height. The load—
mid-height lateral deflection curves, as measured for the C 80x40x5 and C 100x50x%5
specimens, are shown in Figure 4.3. Typical failure modes for specimens A5 and B2
are presented in Figure 4.4 and Figure 4.5, respectively, featuring visible deformation

which is mainly localized at the compressive flange.

Table 4.2. Summary of major-axis eccentric compression test results.

Cross section  Specimen ID (nf;)n) ](\1[:1:?; (rfrun) (]ll(/[ﬁ]t::lt)
C 80x40x5 Al 49 288.3 3.1 2.3
A2 15.0 231.5 3.2 4.2
A3 34.6 167.8 34 6.4
A4 514 125.3 3.5 6.9
A5 68.0 107.7 3.1 7.7
C 100x50x%5 Bl 10.4 276.9 1.9 34
B2 24.7 242.5 2.2 6.5
B3 38.6 210.3 2.2 8.6
B4 60.4 161.4 1.7 10.0
B5 98.7 119.8 1.9 12.1
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Figure 4.3. Load—mid-height lateral deflection curves for stub column specimens.
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Figure 4.5. Test and FE failure modes for stub column specimen B2
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4.3 Numerical modelling

4.3.1 General

In conjunction with the experimental programme, a numerical modelling programme
was carried out through utilizing the finite element software ABAQUS (ABAQUS
2014). FE models were firstly developed, followed by validation against the test
observations. Parametric studies were also conducted to generate additional

numerical data.

4.3.2 Development and validation of FE models

For the development of FE models for hot-rolled stainless steel channel section stub
columns under major-axis combined loading, the procedures and techniques of the
selection of mesh sizes, modelling of material properties and incorporation of
membrane residual stresses and initial local geometric imperfections were the same
as the those described in Section 3.3.2. To facilitate the modelling of pin-ended
boundary conditions, the end section of each stub column FE model was firstly
coupled to an eccentric reference point, which was located to the cross-section major
axis at a distance of ep and also longitudinally offset from the end section by 70 mm,
with the aim of accurately reflecting the experimental setup, where the distance
between the end cross section of specimen and the rotation centre of knife-edge
device is 70 mm — see Figure 4.2. Subsequently, the reference point at the top was set
to be free for longitudinal translation and major-axis rotation, while its counterpart at
the bottom was only set to be free for major-axis rotation. Two local imperfection
magnitudes, including the measured magnitude wo and a generalised magnitude #/100,
were used to scale the obtained initial local geometric imperfection distribution
pattern. Finally, materially and geometrically nonlinear ‘Riks’ analysis (ABAQUS
2014) was performed to solve each stub column FE model to obtain the numerical

failure load and mode as well as load—deformation history.
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Validation of the developed stub column FE models was carried out through
comparing the test against numerical results. Table 4.3 lists the ratios of the FE to test
failure loads for all the specimens, demonstrating that both the measured and
generalised imperfection values result in satisfactory agreement between the FE and
test failure loads. The FE and test local buckling failure modes for representative
specimens A5 and B2 are exhibited in Figure 4.4 and Figure 4.5, showing satisfactory
agreement. Comparisons between the FE and test load—deformation histories for all
the specimens are displayed in Figure 4.3, also showing good agreement. To
summarise, the FE modes can replicate the test observations and were thus regarded

as having been validated.

Table 4.3. Comparisons of numerical failure loads with test failure loads for

varying initial local geometric imperfection magnitudes.

. . Nu,Fi’/Nu,test
Cross section Specimen ID -~ 7100
C 80x40x5 Al 1.00 1.00
A2 1.01 1.01
A3 1.00 1.00
A4 1.05 1.05
A5 0.98 0.98
C 100x50x%5 Bl 1.03 1.03
B2 1.04 1.04
B3 1.01 1.01
B4 1.04 1.03
B5 0.97 0.97
Mean 1.01 1.01
COV 0.03 0.03

4.3.3 Parametric studies

Upon validation, parametric studies were carried out using the developed stub column
FE models, in order to generate additional numerical data over a wide range of cross-
section dimensions and loading combinations. The used modelling techniques,
procedures and assumptions were the same as those described in Section 4.3.2, but
with the use of the measured material properties of C 80x40x5 and the generalised

local imperfection magnitude of #/100. Regarding the modelled geometries, the outer
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web widths were kept constant as 270 mm, while the outer flange widths ranged from
90 mm to 270 mm, with the wall thicknesses varied from 6.2 mm to 34.5 mm, leading
to a wide range of cross-section dimensions; note that the modelled channel sections
covered all four geometric classes (i.e. Class 1-4) of EN 1993-1-4 (CEN 2015). The
length of each FE model was equal to three times the mean outer web and flange
widths (Ziemian 2010). The adopted initial loading eccentricities ranged from 5 mm

to 1000 mm. A total of 200 numerical data have been generated.

4.4 Assessment of existing international design standards

4.4.1 General

In the present section, the accuracy of the existing design interaction curves, as set
out in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2013), for hot-rolled
stainless steel channel sections under major-axis combined loading was assessed
through comparing the experimental and numerical failure loads N, with the
unfactored failure load predictions N, pres. The shortcomings of the codified design
interaction curves were analysed. Table 4.4 reports the quantitative assessment results,
including the mean ratios N./N,prea and the corresponding COVs for each of the

codified design interaction curves.

Table 4.4. Comparisons of test and numerical failure loads with predicted failure
loads from different design methods.

(a) EN 1993-1-4

Cross-section Number of Number of Nu/Nuec3
category tests FE simulations Mean COV
Class 1 and 2 5 100 1.34 0.05
Class 3 5 50 1.36 0.09
Class 4 0 50 1.36 0.05
Total 10 200 1.35 0.06
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(b) ANSI/AISC 370-21

Cross-section Number of Number of Nu/Ny.asc
category tests FE simulations Mean COV
Compact 0 30 1.29 0.05

Non-compact 10 80 1.30 0.04

Slender 0 90 1.31 0.09
Total 10 200 1.30 0.07
(c) New proposal

Cross-section Number of Number of Nu/Nup
category tests FE simulations Mean COV
2y=<0.60 10 150 1.14 0.05
7,>0.60 0 50 1.31 0.05

Total 10 200 1.18 0.08

4.4.2 EN 1993-1-4

For stainless steel structural cross sections subjected to combined compression and
bending, EN 1993-1-4 (CEN 2015) directly employs the corresponding design
provisions prescribed in EN 1993-1-1 (CEN 2014) for their mild (carbon) steel
counterparts. Specifically, a linear interaction curve is employed for the design of
hot-rolled stainless steel channel sections under combined compression and major-
axis bending, as defined by Equation (4.2),

Nuges | Muses (4.2)

NEC3,Rd MEC3,y,Rd

where N, £c3 and My, ec3=N., ec3(eot+4.) are the design failure load and failure moment,
respectively, while Nec3 rs and MEcs,y, ra are the EC3 cross-section resistances in pure
compression and pure major-axis bending, respectively. The values of Necs ra and
MEc3,y,ra are associated with the cross-section class defined in EN 1993-1-4 (CEN
2015). Specifically, for Class 1 or 2 cross sections, Mgc3,y,ra 1s taken as the plastic
moment capacity Mp;,,=Wpi,00.2, where W), denotes the plastic section modulus; for
Class 3 cross sections, Mgc3,y,ra 1S taken as the elastic moment capacity Me,y=Weiy00.2,
where We;, denotes the elastic section modulus; for Class 4 cross sections, Mgc3,ra 18

equal to the effective moment capacity Moy, =Wey002, Where Wy, denotes the
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effective section modulus. With regard to Ngcsra, the values are respectively
calculated as the yield load N,~=A4a0> and effective compression capacity Ney=A4e00.2
for Class 1-3 and Class 4 cross sections, where 4 and A.; denote the gross and
effective cross-section areas, respectively. Note that A,y and Wy, are calculated by

the EC3 effective width method (CEN 2006b, 2015).

The accuracy of the EC3 design interaction curve was evaluated based on the
obtained experimental and numerical data. Table 4.4 presents the mean test and
numerical to predicted failure load ratios N./N,pres and the corresponding COVs,
showing that the EC3 design interaction curve results in conservative failure load
predictions. The conservatism is also seen in Figure 4.6, where the EC3 design
interaction curve falls well below the normalised test and numerical data points. The
EC3 design interaction curve suffers from (i) the conservative compression and
bending end points (i.e. Nec3ra and Mgcs,y,ra) calculated at the 0.2% proof stress
without considering material strain hardening and (ii) the inefficient linear shape

taking no account of the beneficial stress redistribution within channel section.

1.6
0 Class 1 and 2 sections
1.4 Class 3 sections
O Class 4 sections
Se
1.2 4 ! ‘gﬁ
3 1.0 1 % o
g 0.8 1 .
S P
0.6 ?ﬁ
0.4 1 %
0.2 1 %
0.0 T T T T T T T
00 02 04 06 08 1.0 12 14 1.6
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Figure 4.6. Test and FE data compared with EC3 design interaction curve.
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4.4.3 ANSI/AISC 370-21

ANSI/AISC 370-21 (AISC 2021) specifies a bi-linear interaction curve for the design
of hot-rolled stainless steel channel sections subjected to major-axis combined
loading, as expressed by Equation (4.3), where Ny, 4isc and My, 4isc=Ny a1sc(eotA,) are
the design failure load and failure moment, respectively, and N. and M., are the AISC
cross-section resistances under pure compression and pure major-axis bending,
respectively. The values of N. and M., are also dependent upon the cross-section class
(AISC 2021). Specifically, for compact cross sections, N. is taken as the yield load
Ny=Aoo2 while M., is equal to the plastic moment capacity My;,,=Wyi,00.2; for non-
compact cross sections, N, is also equal to the yield load N,;, while M., is determined
with exploitation of partial plasticity and larger than the elastic moment capacity
Mei,=Weiyo0.2; for slender cross sections, the effective cross-section geometric
properties are utilized to replace the gross cross-section geometric properties for

determining N. and M.,.

Nu,AISC + § Muy,A[SC < 1 fOT Nu,A[SC > 0 2
N 9 M, o
¢ < ¢ 4.3)
Nu,AISC + Muy,AISC <1 fOI' Nu,AISC < 02
2N, M, N,

The failure loads, predicted from the AISC design interaction curve, were assessed
through comparing against those obtained from experiments and numerical
modelling. The quantitative assessment results are reported in Table 4.4, while the
graphical assessment results are presented in Figure 4.7. In general, the AISC design
interaction curve was also found to yield conservative resistance predictions, owing
to the conservative end points (N, and M.,), which are calculated without accounting
for strain hardening, and the inefficient shape, which fails to capture stress

redistribution within channel section.
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Figure 4.7. Test and FE data compared with AISC design interaction curve.

4.5 Development of new design method

To address the inaccuracy of the codified design interaction curves, new design
interaction curves were developed using more accurate end points and more efficient
shapes. The continuous strength method (Afshan and Gardner 2013; Zhao et al. 2017;
Zhao and Gardner 2018) allows for proper consideration of material strain hardening
and has been demonstrated to be able to accurately predict cross-section compression

and bending resistances, which are hence ideal as the new end points.

The use of the CSM for the determination of cross-section resistance under pure
compression has been described in Section 3.5 in detail. The CSM cross-section
compression resistance Nesm ra 18 €qual to the product of the CSM design stress oesm
and the gross cross-section area A, as defined by Equation (3.12). With regard to

channel sections under major-axis bending, the CSM design strain &, is calculated
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using the CSM base curve of Equation (3.9). Then, the CSM design stress distribution
is calculated based on the CSM bi-linear material model and given by Equation (3.11).
Finally, the CSM cross-section bending resistance Mcsm,y,ra 1s integrated from the
CSM design stresses over the cross-section depth and then transformed into a
simplified formulation, as given by Equation (4.4), where the coefficient acsn is equal
to 2.0 for channel section in major-axis bending (Zhao and Gardner 2018).

&

csm

w

el,y

M - Q,
csm,y,Rd esm
E W, [¢& w,. £
W, 0y, | 14— | Zam 1 || | [ Zem fore,, >e¢,
pL,y .. E W 8 W g csm Y
pl.y v ply ¥

The experimental and numerical data are normalised by the CSM cross-section

o7 fore,, <e,

csm

(4.4)

resistances and displayed in Figure 4.8. Based on the distribution of the normalised

data points, a new bi-linear design interaction curve was proposed for hot-rolled

stainless steel channel sections with /Tp <0.6, as defined by Equation (4.5), where

Nup and My, ;=N p(eotA4,) are the design failure load and failure moment, respectively,
and a,=(A4-2tBy)/A is the web-to-gross cross-section area ratio and no more than 0.5;
note that the proposed bi-linear interaction curve herein is similar to that for [-sections

under major-axis combined loading specified in EN 1993-1-4 (CEN 2015).

Regarding hot-rolled stainless steel channel sections with /Tp >0.6, a linear design

interaction curve was proposed, as given by Equation (4.6), in response to their elastic
and linear structural behaviour. As can be seen in Figure 4.8, the proposed design
interaction curves generally well capture the normalised test and numerical data
points. The accuracy of the proposed design interaction curves was quantitatively
assessed, with the results reported in Table 4.4, revealing that the proposed design
interaction curves yield more accurate failure load predictions over their codified
counterparts. The improved design accuracy is also seen in Figure 4.9 and Figure
4.10, where the cross-section resistances predicted by the proposed and codified
design interaction curves are compared. It is worth noting that the proposed design
interaction curves are based on and thus applicable to hot-rolled austenitic stainless

steel channel sections subjected to major-axis combined loading, while their
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applicability to other grades (e.g., ferritic and duplex) of stainless steel may need

further investigations.

[1= Ny N |

My, <M, (-03a.) but M, <M., . forZ,<0.60 (4.5)
Nu Mu Py
Lop—P <] for A, >0.60 (4.6)
Ncsm,Rd Mcsm,y,Rd

The reliability of the developed new design interaction curves for hot-rolled stainless
steel channel section stub columns under major-axis combined loading was assessed
in accordance with EN 1990 (CEN 2002). In the present reliability analyses, the
material over-strength ratio and the corresponding COV for austenitic stainless steel
and the COV of the geometric dimensions of stainless steel sections were taken as
the same as those in Section 3.5. The statistical parameters are reported in Table 4.5.
It is concluded that the obtained partial safety factor is less than the current limit value
of 1.1 in EN 1993-1-4 (CEN 2015) and the reliability of the proposed design
interaction curves for hot-rolled stainless steel channel section stub columns under

major-axis combined loading was thus confirmed.

Table 4.5. Reliability analysis results determined according to EN 1990.

No. of data kin b Vs V. VMo
210 3.14 1.13 0.07 0.10 0.94
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Figure 4.8. Test and FE data compared with proposed design interaction curves.
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Figure 4.10. Test and FE failure loads compared with predictions from AISC and
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4.6 Concluding remarks

An experimental and numerical modelling programme was carried out, to investigate
the cross-section behaviour and resistance of hot-rolled stainless steel channel
sections subjected to major-axis combined loading. The experimental programme
included initial local geometric imperfection measurements and ten major-axis
eccentric compression tests. The obtained experimental results were used in the
numerical modelling programme to validate FE models, which were then employed
to perform parametric studies to generate additional numerical data over a wide range
of cross-section dimensions and loading combinations. The obtained test and
numerical data were used to evaluate the accuracy of the design interaction curves,
as set out in EN 1993-1-4 (CEN 2020) and ANSI/AISC 370-21 (AISC 2021). Both
codified design interaction curves were shown to lead to conservative resistance

predictions, owing mainly to conservative end points (calculated without considering
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strain hardening) and inefficient shapes (cannot capture stress redistribution). New
design interaction curves were developed through using more accurate CSM end
points (calculated with proper exploitation of strain hardening of stainless steel) and
more efficient shapes (properly capturing stress redistribution within channel section),
and result in greatly improved design accuracy than the codified design interaction

curves.
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CHAPTER 5

LOCAL BUCKLING OF CHANNEL SECTIONS
UNDER MINOR-AXIS COMBINED LOADING

5.1 Introduction

Experimental and numerical studies on the local buckling behaviour of hot-rolled
stainless steel channel sections subjected to combined compression and minor-axis
bending moment have been conducted and are fully reported in the present chapter.
The testing programme included initial local geometric imperfection measurements
and ten minor-axis eccentric compression tests. The numerical modelling programme
included a validation study, where finite element models were developed and
validated against the test results, and a series of parametric studies, where the
developed finite element models were adopted to generate further numerical data over
a wide range of cross-section dimensions and loading combinations. The
experimentally and numerically obtained data were used to assess the accuracy of the
design interaction curves for hot-rolled stainless steel channel sections under minor-
axis combined loading, as given in the European code (CEN 2015) and American
specification (AISC 2021). Finally, an improved design interaction curve was

developed. The findings of this research have been presented by Li et al. (2022b).
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5.2 Testing

5.2.1 General

Given that no tests on hot-rolled stainless steel channel sections under minor-axis
combined loading have been reported to date, a testing programme was firstly
conducted to obtain a test data bank. Ten channel section stub column specimens with
the same size of cross-section C 100x50x5, hot-rolled from grade EN 1.4301
austenitic stainless steel sheets, were used in the testing. The channel section C
100x50x%5 is defined as Class 3 based on the slenderness limits given in EN 1993-1-
4 (CEN 2015). The nominal length of each stub column specimen was set equal to
three times the mean outer cross-section dimensions according to the
recommendations of Ziemian (2010). Prior to testing, the initial local geometric
imperfections of each stub column specimen were measured, with the adopted test
setup and procedures described in Section 3.2.3. Table 5.1 reports the measured
geometric dimensions and initial local geometric imperfections of each hot-rolled

stainless steel channel section stub column specimen

Table 5.1. Measured geometric dimensions and initial local geometric

imperfections of hot-rolled stainless steel channel section stub column specimens.

Cross- . L B, By t r wn wp o wo
section  Specimen ID
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
100x50%5 C1 2252 9893 4965 482 491 0.02 003 0.02 0.03
C2 2229 98.99 4962 479 485 004 001 0.04 0.04
C3 2235 99.17 49.61 4.78 487 004 0.03 0.01 0.04
C4 223.8 98.95 4975 4.77 490 002 0.04 0.03 0.04
C5 223.0 98.97 4961 4.73 463 002 001 0.04 0.04
RCl1 2235 99.05 49.74 486 477 0.03 002 0.03 0.03
RC2 223.8 99.01 5027 479 494 004 003 0.01 0.04
RC3 2237 98.97 4959 475 485 0.01 003 0.02 0.03

RC4 2232 9891 49.79 471 4.66 0.01 0.04 001 0.04
RC5 221.6 9891 49.65 476 4.64 0.03 0.02 003 0.03
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5.2.2 Eccentric compression tests

Eccentric compression tests were conducted on the ten hot-rolled stainless steel
channel section stub column specimens to investigate their cross-sectional behaviour
and resistances under combined compression and minor-axis bending moment. For
five specimens, the eccentric compression loads were applied between the cross-
section elastic neutral axis and flange tips; the resulting end moments induced the
maximum compressive stresses at the flange tips, with the specimens deflecting
towards the web (i.e. in the ‘C’ orientation). For the other five specimens, the
eccentric compression loads were applied between the cross-section elastic neutral
axis and web; the resulting end moments induced the maximum compressive stresses
in the web, with the specimens deflecting towards the flange tips (i.e. in the ‘reverse

C’ orientation).

All the eccentric compression tests were conducted by using an INSTRON 5000 kN
hydraulic testing machine at a constant rate of 0.2 mm/min. Each end of the testing
machine was equipped with a knife-edge device, offering pin-ended boundary
conditions to the specimen ends about the minor principal axis. The knife-edge device,
as shown in Figure 5.1, consists of a pit plate with a semi-circular groove and a wedge
plate with a knife-edge wedge. Prior to testing, each stub column specimen, welded
with 20-mm-thick end plates, was placed between the top and bottom wedge plates,
and their relative position was carefully adjusted to ensure that (i) the member
longitudinal axis of the stub column specimen was perpendicular to the wedge plates
and (i1) the cross-section minor principal axis was parallel to the knife edges, with
the distance equal to the pre-specified initial loading eccentricity. Upon completion
of the position adjustment, the stub column specimen was anchored by bolting the

welded end plates to the wedge plates.
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Figure 5.1. Setup for minor-axis eccentric compression tests

Figure 5.1 displays a photograph and a schematic diagram of the eccentric
compression test setup, where an LVDT is attached to the web of the specimen at
mid-height to record the lateral deflections about the minor principal axis and two
strain gauges are affixed to the outer faces of the web and flange tip of the specimen
at mid-height to measure the longitudinal strains at these locations. The readings of
the LVDT and two strain gauges were used to derive the actual initial loading
eccentricity ep of each eccentrically loaded stub column specimen to the elastic
neutral axis, according to Equation (5.1) (Zhao et al. 2015, 2016a), where &nax-Emin 1S
the difference of the longitudinal strains measured from the two strain gauges, 4 is
the mid-height lateral deflection about the minor principal axis recorded by the LVDT,
L is the second moment of area about the minor principal axis and N is the applied
compression load. Note that Equation (5.1) was derived based on the assumption of
linear elastic structural behaviour and it was thus recommended that no more than 15%

of the expected failure load be used in the calculation of eo.

EI -&,
e, = z(gjrz;; gmm)_A (5.1)

f
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For each hot-rolled stainless steel channel section stub column specimen under
minor-axis combined loading, the key test results, including the failure orientation,
the actual initial loading eccentricity eo, the failure load N, s, the mid-height lateral
deflection at the failure load 4, and the failure moment M, ses=Ny, s €0t4.) at the
specimen mid-height, were measured and are presented in Table 5.2. It is concluded
that hot-rolled stainless steel channel section stub columns failing in the ‘C’
orientation generally have lower cross-section compression resistances than their
counterparts failing in the ‘reverse C’ orientation, and ‘C’ orientation failure is thus
more critical. Upon testing, the specimens C1-C5 (where the eccentric compression
loads were applied between the cross-section elastic neutral axis and flange tips)
exhibited deformation and failure about the minor principal axis in the ‘C’ orientation,
as illustrated in Figure 5.2, while the specimens RC1-RCS5 (where the eccentric
compression loads were applied between the cross-section elastic neutral axis and
web) featured deformation and failure about the minor principal axis in the ‘reverse
C’ orientation, as shown in Figure 5.3. The load—mid-height lateral deflection curves
measured for the two series of hot-rolled stainless steel channel section stub column
specimens failing in the ‘C’ and ‘reverse C’ orientations are presented in Figure 5.4(a)

and Figure 5.4(b), respectively.

Table 5.2. Summary of minor-axis eccentric compression test results.

Cross section Specimen Failure €o Nuytest Ay M est
ID orientation (mm) (kN) (mm) (kNm)

C 100x50x%5 Cl1 C 5.1 194.0 2.6 1.5

C2 C 9.7 151.2 3.5 2.0

C3 C 18.4 114.2 6.4 2.8

C4 C 29.6 87.2 7.3 3.2

C5 C 59.8 49.9 11.1 3.5

RC1 reverse C 5.7 276.0 5.0 29

RC2 reverse C 8.5 262.2 4.8 35

RC3 reverse C 19.8 173.0 4.7 4.2

RC4 reverse C 31.5 125.5 53 4.6

RC5 reverse C 60.3 72.7 6.8 49
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Figure 5.2. Experietal and numerical failure modes for specimen C5 failing in
the ‘C’ orientation.

Figure 5.3. Experimental and numerical failure modes for specimen RC4 failing in
the ‘reverse C’ orientation.
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5.3 Numerical modelling

5.3.1 General

Following the testing programme, a numerical modelling programme was conducted
using the nonlinear finite element software ABAQUS (ABAQUS 2014). The
numerical modelling programme comprised a validation study, where FE models
were developed and validated against the test results, and a series of parametric
studies, where the developed FE models were adopted to generate further numerical

data over a wide range of cross-section dimensions and loading combinations.

5.3.2 Development and validation of FE models

The same modelling assumptions, procedures and techniques, as those described in
Section 3.3.2, were employed herein to develop the FE models of hot-rolled stainless
steel channel section stub columns under minor-axis combined loading. For ease of
application of boundary conditions, each end section of the FE model was firstly
coupled to a reference point, which was located eccentrically to the cross-section
minor principal axis, with the eccentricity equal to the corresponding actual initial
loading eccentricity e, and also offset longitudinally from the end section by 75 mm
— the distance from the specimen end to the rotation centre of the knife-edge device
in the tests (see Figure 5.1). Then, one reference point was allowed to translate along
the longitudinal axis and rotate about the cross-section minor principal axis, while the
other reference point was only allowed to rotate about the same axis. Regarding the
incorporation of initial local geometric imperfections, two local imperfection
magnitudes, including the measured value wo and a generalised value #100, were
used to scale the derived initial local geometric imperfection pattern. Finally, static
Riks analyses (ABAQUS 2014) were conducted on the developed FE models to
derive the numerical failure loads, load—mid-height lateral deflection curves and

failure modes.
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The numerically derived results were compared against their experimental
counterparts, allowing the accuracy of the developed FE models to be assessed. Table
5.3 reports the ratios of the numerical to test failure loads for all the ten eccentrically
loaded hot-rolled stainless steel channel section stub column specimens, with the
results generally revealing that both the measured and generalised local imperfection
magnitudes lead to accurate and consistent predictions of the test failure loads.
Comparisons between the test and numerical failure modes for two typical specimens
C5 and RC4 with failure in the ‘C’ and ‘reverse C’ orientations are respectively
presented in Figure 5.2 and Figure 5.3, indicating good agreement. The test and
numerical load—mid-height lateral deflection curves for the two series of eccentrically
loaded hot-rolled stainless steel channel section stub column specimens failing in the
‘C’ and ‘reverse C’ orientations are displayed in Figure 5.4(a) and Figure 5.4(b),
respectively, where the test curves are well replicated by their numerical counterparts.
It can thus be concluded that the developed FE models are capable of simulating the
eccentric compression tests on hot-rolled stainless steel channel section stub columns

and deemed to be validated.

Table 5.3. Comparisons of FE failure loads with test failure loads for different

initial local geometric imperfection magnitudes.

. . ]vu,FﬂNu,test

Cross section Specimen ID -~ 100
C 100x50x%5 C1 0.98 0.98
Cc2 1.01 1.01

C3 1.01 1.01

C4 0.98 0.98

C5 1.03 1.03

RCl1 1.03 1.03

RC2 1.01 1.01

RC3 1.02 1.02

RC4 1.02 1.02

RC5 1.00 1.00

Mean 1.01 1.01

COV 0.02 0.02
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5.3.3 Parametric studies

Having been validated in Section 5.3.2, the developed FE models were employed to
conduct parametric studies to expand the test data pool over a wider range of cross-
section dimensions and loading combinations. The modelling assumptions,
procedures and techniques used herein were the same as those described in Section
5.3.2, but with the initial local geometric imperfection magnitude now fixed at #/100.
With regard to the cross-section geometric dimensions of the modelled channel
sections, the outer web widths were fixed at 180 mm and the outer flange widths were
varied between 60 mm and 180 mm, with the wall thicknesses set to be equal and
ranging from 6.5 mm to 23 mm, which led to a wide range of cross-section aspect
ratios and dimensions being considered. It is worth noting that the modelled channel
sections cover Class 1, 2 and 3 cross-sections according to the slenderness limits set
out in EN 1993-1-4 (CEN 2015) and also fall in the category of compact and non-
compact cross-sections according to the slenderness limits given in ANSI/AISC 370-
21 (AISC 2021). The length of each FE model was set to be equal to three times the
mean outer cross-section dimensions. The initial loading eccentricities at both sides
of the cross-section minor principal axis were varied between 1 mm and 1024 mm,
leading to a wide range of loading combinations and failure in both the ‘C’ and
‘reverse C’ orientations being considered. Finally, a total of 300 numerical data on
hot-rolled stainless steel channel sections under minor-axis combined loading have
been generated through the present parametric studies, with 185 for the ‘C’-

orientation failure cases and 115 for the ‘reverse C’-orientation failure cases.

5.4 Assessment of existing international design standards

5.4.1 General

The design interaction curves for hot-rolled stainless steel channel sections under

combined compression and minor-axis bending moment, as prescribed in EN 1993-
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1-4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2021), were described and discussed.
The accuracy of each design interaction curve was assessed by comparing the test
and numerical failure loads N, against the unfactored design failure loads Ny pred.
Table 5.4 reports the quantitative assessment results, including the mean test and

numerical to predicted failure load ratios N./N, pres and the corresponding COVs.

Table 5.4. Comparisons of test and numerical failure loads with predicted failure

loads from different design methods.

Failure No. of data Nu/Nyec3 Nu/Ny.usc Nu/Nu’p
orientation  Test FE Mean COV Mean COV Mean COV
C 5 185 1.59 0.17 1.36 0.16 1.18 0.09
reverse C 5 115 1.71 0.35 1.46 0.15 1.22 0.11
Total 10 300 1.64 0.26 1.40 0.16 1.20 0.10

5.4.2 EN 1993-1-4

For the design of hot-rolled stainless steel channel sections under minor-axis
combined loading, a linear interaction curve is prescribed in EN 1993-1-4 (CEN
2015), as given by Equation (5.2), where N, zc3 is the design failure load, M, ec3=
Nuecs(eotdy) is the design failure moment about the minor principal axis, in which
eo 1s the initial loading eccentricity to the design neutral axis at failure, Necs rq 1s the
EC3 cross-section resistance under pure compression and Mgc3 - ra 1s the EC3 cross-
section resistance under pure bending about the minor principal axis. It is noteworthy
that the values of ep and Mgc3 - rs depend on the cross-section class. Specifically, for
Class 1 and 2 channel sections, where the design neutral axis at failure is assumed to
be located at the cross-section plastic neutral axis, e is taken as the distance from the
loading point to the cross-section plastic neutral axis eop and Mgc3 - ra is equal to the
plastic moment capacity M,;-=Wp;-00.2, in which W), is the plastic section modulus;
for Class 3 channel sections, where the design neutral axis at failure is assumed to be
located at the cross-section elastic neutral axis, ep is taken as the distance from the
loading point to the cross-section elastic neutral axis eo. and Mgc3 - ra reduces to the

elastic moment capacity Me;,.=We;-002, in which W, is the elastic section modulus.
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NEc3,ra 1s taken as the cross-section yield load N,=Aao.2 for non-slender (Class 1, 2
and 3) channel sections.

N

u,EC3 + Muz,EC3 < 1 (52)
N

I, <

EC3,Rd EC3,z,Rd

The EC3 design interaction curve for hot-rolled stainless steel channel sections under
minor-axis combined loading was evaluated against the test and numerical data.
Figure 5.5 displays the graphical evaluation results, where the test and numerical data
points, normalised by the EC3 cross-section compression and bending resistances,
are compared with the EC3 design interaction curve. It can be seen that the EC3
design interaction curve lies well below the scattered test and numerical data points,
indicating excessive conservatism and scatter. This is also evident in Table 5.4, where
the mean test and numerical to EC3 predicted failure load ratio Nu/Nyprea 1s €qual to
1.64, with the corresponding COV of 0.26, for eccentrically loaded hot-rolled
stainless steel channel section stub columns. The high degree of conservatism and
scatter of the EC3 failure load predictions mainly results from the conservative end
points of the EC3 design interaction curve (i.e. the cross-section resistances under
pure compression and pure bending), which are calculated based on the material 0.2%

proof stress without considering material strain hardening of stainless steel.
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Figure 5.5. Comparisons of test and FE data against EC3 design interaction curve.
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5.4.3 ANSI/AISC 370-21

ANSI/AISC 370-21 (AISC 2021) provides a bi-linear interaction curve for the design
of hot-rolled stainless steel channel sections under minor-axis combined loading, as
defined by Equation (5.3), where N,usc is the design failure load,
Mz a1sc=Ny, a1sc(eot4.) 1s the design failure moment about the minor principal axis;
note that eg is taken as eg, for compact channel sections but ep. for non-compact
channel sections, N.=Aao. is the AISC cross-section compression resistance, and M.
is the AISC cross-section minor-axis bending moment resistance, which is taken as
the plastic moment capacity Mp,.:=Wp.002 for compact channel sections and

calculated with the consideration of partial plasticity for non-compact channel

sections.
N;,\/;ISC + g M]ZAISC S 1 for Nu,AISC 2 02
C cz C (5 . 3)
Nu,AISC + Muz,A]SC S 1 for Nu,A]SC < 02
2NC MCZ NC

The design failure loads, as determined from the AISC interaction curve for hot-rolled
stainless steel channel sections under minor-axis combined loading, were compared
with the corresponding test and numerical failure loads. As reported in Table 5.4, the
mean test and numerical to AISC predicted failure load ratio N./N,sc is equal to
1.40, with the corresponding COV of 0.16, while the graphical comparison results
are shown in Figure 5.6. Both the quantitative and graphical comparisons indicated
that the AISC design interaction curve leads to conservative and scattered failure load
predictions. This can be attributed to the conservative end points of the AISC design
interaction curve, which are determined based on the 0.2% proof stress without
considering material strain hardening. It is also worth noting that the AISC interaction
curve results in a higher level of design accuracy and consistency than its EC3
counterpart, owing to the more efficient bi-linear shape and more accurate bending
end point (determined with the consideration of partial plasticity for non-compact

channel sections).
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Figure 5.6. Comparisons of test and FE data against AISC design interaction curve.
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5.5 Development of new design method

On the basis of the quantitative and graphical assessment results, the codified design
interaction curves suffer from the conservative compression and bending end points,
which are calculated without considering material strain hardening. Therefore, a new
improved design interaction curve can be sought through the adoption of more

accurate end points.

The continuous strength method (Afshan and Gardner 2013; Zhao et al. 2017; Zhao
and Gardner 2018) is an advanced deformation-based design method, which allows
for proper consideration of material strain hardening in determining cross-section
resistances under isolated loading. The CSM had been shown to result in accurate
and consistent compression and bending resistances of stainless steel channel sections
(Zhao and Gardner 2018; Zhang et al. 2020a; Lan et al. 2021;) and the CSM cross-
section compression and bending resistances are ideal end points for the new
improved design interaction curve. The use of the CSM for the calculation of cross-
section resistances under pure compression has been described in Section 3.5 and the
CSM cross-section compression resistance Nesm,rq 1S given by Equation (3.12). With
regard to the design of channel sections under minor-axis bending, the maximum
tensile and compressive strains are not equal since the neutral axis is not located at
the mid-point of the flange. The limiting compressive strain ecsm is calculated from
the CSM base curve of Equation (3.9), while the limiting tensile strain &g is
determined based on linearly-varying through-depth strain distribution by Equation
(5.4), where y. is the distance from the maximum compressive fibre to the design

neutral axis, which is assumed to be located at the mid-point between the cross-

section elastic neutral axis and plastic neutral axis for channel sections with 2,<0.6

but at the cross-section elastic neutral axis for channel sections with ;1,,>0.6 (Zhao
and Gardner 2018). The CSM cross-section bending resistance Mg ra is then
calculated by Equation (5.5), where &csm,qa is the maximum of &csm and ecom, and oesm 1s
the CSM bending parameter and taken as 1.5 and 1.0 for channel sections with cross-

section aspect ratios less and greater than 2.0, respectively (Zhao and Gardner 2018).
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The test and numerical data were normalised by the CSM cross-section compression
and bending resistances (Necsm rs and Mcsm, - ra) and displayed in Figure 5.7. Since ‘C’-
orientation failure is more critical, a linear design interaction curve, anchored to the
CSM end points, was developed based on the distribution pattern of hot-rolled
stainless steel channel section stub columns failing in the ‘C’ orientation in Figure
5.7(a) and given by Equation (5.6), where N, and M, =N, p(eot4,) are the design
failure load and failure moment, respectively, where eo is the initial loading
eccentricity to the CSM design neutral axis. As shown in Figure 5.7(a), the proposed
design interaction curve follows closely the data points. The accuracy of the proposed
design interaction curve for hot-rolled stainless steel channel section stub columns
failing in the ‘C’ and ‘reverse C’ orientations was assessed, with the results reported
in Figure 5.7 and Table 5.4. Overall, the new design interaction curve offers improved
design accuracy and consistency than the codified design interaction curves; this is
also evident in Figure 5.8 and Figure 5.9, where failure load predictions calculated
by the codified and proposed design interaction curves are compared. Note that the
developed design interaction curve is based on and thus applicable to hot-rolled
austenitic stainless steel channel sections under minor-axis combined loading, while
its applicability to other grades (e.g., ferritic and duplex) of stainless steel may need
further investigations.

N,

M
=P+ =F <1 (5.6)

csm ,Rd Mcsm,z,Rd

The reliability of the new design interaction curve for hot-rolled stainless steel

channel section stub columns under minor-axis combined loading was assessed in
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accordance with EN 1990 (CEN 2002). In the present reliability analyses, the material
over-strength ratio and the corresponding COV for austenitic stainless steel and the
COV of the geometric dimensions of stainless steel sections were taken as those in
Section 3.5. The statistical parameters are reported in Table 5.5. The obtained partial
safety factors yumo are less than the current limit value of 1.1 in EN 1993-1-4 (CEN
2015) and the reliability of the proposed design interaction curve for hot-rolled
stainless steel channel section stub columns under minor-axis combined loading was

thus demonstrated.

5.6 Concluding remarks

An experimental and numerical modelling programme has been conducted to
investigate the cross-sectional behaviour and resistances of hot-rolled stainless steel
channel sections under combined compression and minor-axis bending moment. The
experimental programme included initial local geometric imperfection measurements
and ten eccentric compression tests on hot-rolled stainless steel channel sections
about the minor principal axis. This was followed by a numerical modelling
programme, where FE models were firstly developed and validated against the test
results and then used to perform parametric studies to generate further numerical data
over a wide range of cross-section dimensions and loading combinations. The
obtained test and numerical data were used to assess the design interaction curves, as
set out in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2021), with the
results revealing that the codified design interaction curves lead to rather conservative
and scattered failure load predictions, mainly owing to the conservative compression
and bending end points. A new design interaction curve, anchored to more accurate
CSM end points, was proposed and shown to offer improved design accuracy and
consistency than the codified design interaction curves.

Table 5.5. Reliability analysis results calculated according to EN 1990.

Failure orientation  No. of data kan b Vs V, Va0
C 190 3.14 1.26 0.09 0.12 0.89

reverse C 120 3.17 1.21 0.11 0.14 0.99
Total 310 3.12 1.25 0.10 0.13 0.92
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Figure 5.7. Comparisons of test and FE data against new design interaction curve.
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CHAPTER 6

FLEXURAL BUCKLING OF CHANNEL SECTION
COLUMNS

6.1 Introduction

The local buckling behaviour and cross-section resistances of hot-rolled stainless
steel channel sections under isolated and combined loadings have been investigated
in Chapters 3—5, while the minor-axis flexural buckling behaviour and resistances of
pin-ended hot-rolled stainless steel channel section columns are studied in this
chapter based on testing and numerical modelling. The testing programme included
initial global and local geometric imperfection measurements and ten pin-ended
column tests about the minor principal axis. Following the testing programme, a
numerical modelling programme was conducted, where finite element models were
developed and validated against the test results, and the validated finite element
modes were then used to generate further numerical data over a wide range of cross-
section dimensions and member effective lengths. The obtained test and numerical
data were then adopted to assess the accuracy of relevant design rules for hot-rolled
stainless steel channel section columns failing by flexural buckling about the minor
principal axis, as given in the European code (CEN 2015) and American specification
(AISC 2021). Finally, a revised Eurocode buckling curve was proposed. The findings
of this research were reported by Li et al. (2021a).
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6.2 Testing

6.2.1 General

Two plain channel sections C 80%40%5 and C 100x50x5, hot-rolled from grade EN
1.4301 austenitic stainless steel plates, were adopted in the testing programme, and it
is worth noting that C 80x40x5 and C 100x50x5 are respectively categorised as Class
2 and Class 3 based on the slenderness limits given in EN 1993-1-4 (CEN 2015). For
each adopted channel section, five column specimens were prepared with different
member lengths, leading to a total of ten column specimens in the testing programme.
The identifier of each specimen includes the cross-section label ‘C1° or ‘C2’ (‘C1’
signifying channel section C 80x40x5 and ‘C2’ representing channel section C
100x50x%5), a letter ‘L’ (indicating length) and a number (for the purpose of
differentiating specimens with different member lengths but the same cross-section
size), e.g., C2-L2. The measured geometric dimensions of each hot-rolled stainless

steel channel section column specimen are reported in Table 6.1.

Table 6.1. Measured geometric dimensions and initial global and local geometric

imperfections of hot-rolled stainless steel channel section column specimens.

Cross- Specimen L B, B t r wo Wg
section ID (mm) (mm) (mm) (mm) (mm) (mm) (mm)
C 80x40x5 Cl-L1 3974 80.47 4028 4.73 4.70 0.03 0.13
Cl-L2 598.2 80.33 40.66 4.76 4.70 0.02 0.16
Cl1-L3 799.2 80.41 4028 4.82 4.74 0.03 -0.09
Cl-L4 998.3 80.41 40.07 4.73 4.69 0.03 -0.22
Cl-L5 1200.8 80.45 40.07 4.75 4.71 0.04 -0.32
C 100x50x%5 C2-L1 500.0 98.99 49.61 4091 4.85 0.03 0.06
C2-L.2 698.5 99.01 49.68 4.82 4.82 0.04 -0.1
C2-L3 896.3 99.08 49.70 496 4.90 0.03 -0.12
C2-14 1120.8 99.12 4991 4.74 4.71 0.03 0.50
C2-L5 1299.5 99.11 4982 486 4.82 0.03 0.24
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6.2.2 Initial global and local geometric imperfection measurements

Initial geometric imperfections naturally exist in thin-walled steel structural members
and are known to affect their buckling behaviour and resistances. Therefore, the
initial global and local geometric imperfections of each hot-rolled stainless steel
channel section column specimen were carefully measured. The test setup,
recommended by Schafer and Pekoz (1998) and having been successfully used in
previous geometric imperfection measurements (dos et al. 2012; Young et al. 2018;
Ye et al. 2018a; Chen et al. 2020b; Zhang et al. 2020b, 2021a; Wang et al. 2020b),
was also adopted. The test setup for initial global geometric imperfection
measurements is shown in Figure 6.1, where a column specimen is mounted onto the
flat work bench of a CNC router, and an LVDT, pointing to the web of the column
specimen, is moved along the centreline to measure the deviations about the minor
principal axis (i.e. the axis of flexural buckling). The initial mid-height global
geometric imperfection amplitude w, of each column specimen was then determined
as the deviation from a linear reference line (i.e. a straight line connecting the data
points recorded by the LVDT at the two ends) to the data point recorded at the mid-
height, as reported in Table 6.1. It is worth noting that the obtained initial global
geometric imperfection amplitude is taken as positive if the column specimen initially
bows towards the flange tips — see Figure 6.2(a), but negative if the column specimen
initially bows towards the web — see Figure 6.2(b). The test setup for initial local
geometric imperfection measurements of a column specimen is similar to that
adopted for initial global geometric imperfection measurements, as shown in Figure
6.3. It is worth mentioning that the initial local geometric imperfection of each
column specimen was measured along the centrelines of the three constituent plates
(one web and two flanges) over the central 300 mm; this length is regarded short
enough to preclude the influence from initial global geometric imperfections, but still
long enough to incorporate a typical distribution pattern of initial local geometric
imperfections. For each constituent plate of a channel section column specimen, the
initial local geometric imperfection magnitude was taken as the maximum deviation
of the measured data set from a linear regression line fitted to the measured data set,

while the initial local geometric imperfection magnitude of a channel section column
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specimen o was defined as the maximum of the initial local geometric imperfection

magnitudes measured from all the three constituent plates, as reported in Table 6.1.

Figure 6.1. Test setup for initial global geometric imperfection measurements.

(b) Negative
Figure 6.2. Sign convention of initial global geometric imperfection w,.

e &

= 3 ! % . !
Figure 6.3. Test setup al geometric imperfection measurements.
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6.2.3 Pin-ended column tests

Compression tests on ten pin-ended hot-rolled stainless steel channel section columns
were conducted to study their minor-axis flexural buckling behaviour and resistances.
The column specimen ends were welded with steel plates, which helped prevent end
cross-sections from warping and twisting. An INSTRON 5000 kN hydraulic testing
machine was adopted to apply compression loads onto the column specimens and a
displacement-controlled method was used to drive the testing machine, with the rate
equal to 0.2 mm/min. A photograph and a schematic diagram of the pin-ended column
test setup are shown in Figure 6.4. Each end of the testing machine was equipped
with a knife-edge device, including a pit plate with a semi-circular groove and a
wedge plate with a knife-edge wedge, to offer pin-ended boundary conditions to the
column specimen ends about the axis of buckling (i.e. the minor principal axis). Prior
to testing, a column specimen was firstly positioned between the top and bottom
wedge plates, with the cross-section minor principal axis parallel with the knife edges
and the member longitudinal axis intersecting with the knife edges at right angles,
and then anchored at both ends by stiffening plates (bolted to the wedge plates using
high strength bolts), before placed between the top and bottom pit plates in the testing
machine. Note that the distance from the rotation centre of the knife-edge device to
the end section of the specimen is equal to 75 mm, resulting in the effective length of
each column specimen L. equal to the measured member length plus an additional

length of 150 mm, and the member non-dimensional slenderness about the minor

principal axis (i.e. the axis of buckling) A, is calculated from Equation (6.1).

2
- /% 6.1)
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Figure 6.4. Pin-ended column test setup.

With regard to the instrumentation employed for the pin-ended column tests, as
shown in Figure 6.4, an LVDT, horizontally pointing to the centreline of the web at
mid-height, was adopted to monitor the lateral deflection of the column specimen
along the buckling direction and two strain gauges, attached to the outer faces of the
web and flange tip at the mid-height of the column specimen, were used to record the
longitudinal strains at the two positions. For each column specimen, the readings
from the LVDT and strain gauges were used to determine its actual overall global
geometric imperfection amplitude e, defined as the summation of the initial loading
eccentricity ep and the initial mid-height global geometric imperfection amplitude wq,
based on Equation (6.2) (Huang and Young 2014; Buchanan et al. 2018; Zhang et al.
2020b), where ema-emin 1s the difference of the longitudinal strains measured by the
one pair of strain gauges, N is the applied compression load and 4 is the mid-height
lateral deflection recorded by the LVDT. Note that Equation (6.2) was obtained by
assuming that the structural behaviour was close to linear elastic and it was
recommended that no more than 15% of the expected failure load be used in the
determination of e, (Zhang et al. 2020b). The actual overall global geometric
imperfection e, is assumed to be positive if it leads the column specimen to bow

towards the flange tips (i.e. with the relative position of the knife edge and mid-height

106



Chapter 6 — Flexural buckling of channel section columns

cross-section minor principal axis shown in Figure 6.5(a)), while the actual overall
global geometric imperfection e, is assumed to be negative if it leads the column
specimen to bow towards the web (i.e. with the relative position of the knife edge and
mid-height cross-section minor principal axis displayed in Figure 6.5(b)). It is worth
noting that if the absolute value of the actual overall global geometric imperfection
amplitude |e,| was larger than Le/1000, the position of the column specimen was then
carefully re-adjusted until the attainment of |e,|<L./1000 (Huang and Young 2014;
Buchanan et al. 2018; Zhang et al. 2020b). Table 6.2 reports the final actual overall
global geometric imperfection amplitude en, together with the ratio of its absolute
value to the member effective length |e,|/Le, for each hot-rolled stainless steel channel

section column specimen.

El —-&
em — e() +a)g — z(gmax gmm) _A (62)
NB,
Knife edge ‘ Elastic neutral axis Elastic neutral axis ‘ Knife edge
| —
—

(]

\Mid-height /

cross-section

|
_Jl em _:J . €m
|
|
|
e —
| |
(a) Positive (b) Negative

Figure 6.5. Sign convention for actual overall global geometric imperfection ej,.

All the hot-rolled stainless steel channel section column specimens underwent
noticeable global deformations upon testing and failed by visible member flexural
buckling about the minor principal axis, as shown in Figure 6.6(a) and Figure 6.6(b).

With regard to specimens C2-L1, C2-L4 and C2-L5 with positive actual overall
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global geometric imperfection amplitudes, the induced second-order bending
moments resulted in tensile stresses at the flange tips and the corresponding failure
modes showed minor-axis flexural buckling in the ‘reverse C’ orientation. With
regard to the other specimens with negative actual overall global geometric
imperfection amplitudes, the induced second-order bending moments led to
compressive stresses at the flange tips and the corresponding failure modes displayed
minor-axis flexural buckling in the ‘C’ orientation. The load—mid-height lateral
deflection curves measured for the C 80x40x5 and C 100x50%5 column specimens
are shown in Figure 6.7(a) and Figure 6.7(b), respectively, while the key obtained test
results, including the failure load N, s, the mid-height lateral deflection at the failure
load 4, and the buckling orientation, are reported in Table 6.2. It is worth noting that
the mid-height lateral deflections are taken as negative for channel section column
specimens failing by minor-axis flexural buckling in the ‘C’ orientation, but positive
for column specimens failing by minor-axis flexural buckling in the ‘reverse C’
orientation, which is consistent with the sign convention for initial and actual overall

global geometric imperfections.

Table 6.2. Summary of pin-ended column test results.

. . Le em Failure Nutest A

Cross-section  Specimen ID (mm)  (mm) |em|/Le oricntation  (kN)  (mm)
C 80x40x5 Cl-L1 5474 -0.45 1/1209 C 164.05 -1.34
Cl-L2 748.2  -0.39 1/1916 C 151.51 -1.24

C1-L3 949.2  -0.57 1/1661 C 135.04 -0.92

Cl-L4 1148.3 -0.52 1/2193 C 11143 -1.66

Cl-L5 1350.8 -0.48 1/2814 C 92.76  -1.99

C 100x50x%5 C2-L1 650.0 042 1/1562 reverse C 338.81 5.21
C2-1.2 848.5 -0.28 1/2995 C 201.83 -0.28

C2-L3 1046.3 -0.32 1/3244 C 194.77 -1.48

C2-L4 1270.8 0.25 1/5043 reverse C  181.51 6.83
C2-L5 1449.5 0.41 1/3501 reverse C  164.14 14.11
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(a) C 80x40x5 specimens (from left to right: C1-L1, C1-L2, C1-L3, C1-L4 and C1-
L5)
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(b) C 100x50x%5 specimens (from left to right: C2-L1, C2-L2, C2-L3, C2-L4 and
C2-L5)
Figure 6.6. Test failure modes for hot-rolled stainless steel channel section column
specimens.
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Figure 6.7. Test and FE load—mid-height lateral deflection curves for column
specimens.
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6.3 Numerical modelling

6.3.1 General

Following the testing programme, a numerical modelling programme was conducted
by means of the nonlinear finite element software ABAQUS (ABAQUS 2014). FE
models were initially developed and validated against the test results and
subsequently adopted to perform parametric studies to generate further numerical
data on hot-rolled stainless steel channel section columns failing by minor-axis
flexural buckling over a wide range of cross-section dimensions and member

effective lengths.

6.3.2 Development and validation of FE models

Each hot-rolled stainless steel channel section column was modelled based on the
measured cross-section dimensions and member effective length. The four-node
doubly curved shell element allowing finite membrane strains and large rotations,
S4R (ABAQUS 2014), has been widely adopted in previous numerical modelling of
metallic channel section members (Becque and Rasmussen 2009b; Dobri¢ et al. 2017,
2020; Zhao and Gardner 2018; Liang et al. 2019a, 2019b, 2020; Zhang et al. 2020a,
2020b, 2020c; Dissanayake et al. 2020; Wang et al. 2020a, 2020b) and was thus also
employed herein. On the basis of a prior mesh sensitivity study considering mesh
sizes varying between 0.2¢x0.2¢ and 2¢x2¢, the final element length along the model
longitudinal axis and element width along the cross-section centreline were both
selected as f; this size was shown to enable an accurate simulation of membrane
residual stresses and also led to a good balance between computational efficiency and
accuracy. Regarding the material modelling of hot-rolled stainless steels, the
measured (engineering) stress—strain curves were converted into the true stress—
plastic strain curves and assigned to the corresponding FE models. Since bending

residual stresses have been incorporated into the measured engineering stress—strain
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curves, only membrane residual stresses were considered in this numerical modelling
programme (Gardner and Cruise 2009; Huang and Young 2012; Chen and Young
2021). The membrane residual stresses were firstly predicted from the predictive
model presented in Section 3.2.4 and then introduced into the FE models by means
of the ‘Predefined Field” command (ABAQUS 2014); Figure 6.8 depicts the
membrane residual stress pattern and amplitudes incorporated into the FE model for

a typical specimen C2-L1.

SNEG, (fraction = -1.0)
(Avg: 75%)
+9.39e+01
+7.83e+01
+6.26e+01
+4.70e+01
+3.13e+01
+1.57e+01
+3.81e-06
-1.57e+01
-3.13e+01
-4.70e+01
-6.26e+01
-7.83e+01
-9.39e+01

Figure 6.8. Modelled membrane residual stress pattern and amplitudes (in MPa) for
specimen C2-L1.

For ease of application of boundary conditions, each end section of the channel
section column FE model was coupled to a concentric reference point; the top
reference point was fully restrained except for translation in the longitude direction
and rotation about the minor principal axis, while the bottom reference point was only
allowed for rotation about the minor principal axis, to replicate the same pin-ended
boundary conditions as those adopted in the tests. In terms of the incorporation of
initial global and local geometric imperfections into each channel section column FE

model, the lowest elastic global (minor-axis flexural) and local buckling mode shapes
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(Becque and Rasmussen 2009b; Buchanan et al. 2018; Dobri¢ et al. 2020; Wang et
al. 2020b; Zhang et al. 2020b), obtained from an elastic eigenvalue buckling analysis,
were taken as the initial global and local geometric imperfection distribution patterns,
respectively; moreover, the lowest elastic global buckling mode shape was oriented
such that it was consistent with that of the corresponding specimen failure orientation.
Two local and global imperfection magnitude combinations, including the measured
magnitude combination — wo+|en| as well as a generalised magnitude combination —
t/100+L./1000, were employed to factor the obtained initial geometric imperfection
distribution patterns. Upon development of the hot-rolled stainless steel channel
section column FE models, the modified Risk method (ABAQUS 2014), commonly
adopted for solving static numerical problems with material and geometric
nonlinearities, was adopted in this study for nonlinear analyses of the developed FE

models.

The numerical failure loads, load—mid-height lateral deflection curves and failure
modes, as derived from the Riks analyses, were compared with those obtained from
the tests, allowing the accuracy of the developed FE models to be assessed. Table 6.3
reports the numerical to test failure load ratios N, re/Nu,es: for ten hot-rolled stainless
steel channel section column specimens, with the results revealing that (i) the
measured local and global imperfection magnitude combination — wot|en| yields
excellent agreement between the numerical and test failure loads, with the mean
numerical to test failure load ratio of 1.00 and the corresponding COV of 0.02 and
(i) the generalised local and global imperfection magnitude combination —
t/100+L./1000 also results in a satisfactory level of test failure load predictions.
Figure 6.7 presents comparisons between the test and numerical load—mid-height
lateral displacement curves for all the hot-rolled stainless steel channel section
column specimens, evidencing that the numerical load—deformation histories well
capture their test counterparts. The numerical failure modes were also shown to be in
excellent agreement with their test counterparts, as displayed in Figure 6.9 and Figure
6.10 for typical specimens C1-L3 and C2-L4 with minor-axis flexural buckling in the

‘C’ and ‘reverse C’ orientations. Overall, it can be concluded that the developed FE
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models can accurately simulate the test responses of the pin-ended hot-rolled stainless

steel channel section column specimens and were thus deemed to be validated.

Table 6.3. Comparisons of FE failure loads with test failure loads for varying initial
global and local geometric imperfection magnitude combinations.

. . Nu,FE/Nu, test
Cross section Specimen ID oty 7./100052/100
C 80%x40x5 Cl1-L1 0.99 0.98
Cl1-L2 1.00 0.93
C1-L3 0.97 0.89
C1-L4 1.01 0.87
C1-L5 1.01 0.85
C 100x50x5 C2-L1 0.99 0.88
C2-L2 1.00 0.92
C2-L3 0.99 0.87
C2-L4 1.03 0.98
C2-L5 0.97 0.92
Mean 1.00 0.91
COV 0.02 0.05

Figure 6.9. Test and FE failure modes for specimen C1-L3 (with minor-axis
flexural buckling in the ‘C’ orientation).
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Figure 6.10. Test and FE failure modes for specimen C2-L4 (with minor-axis
flexural buckling in the ‘reverse C’ orientation).

6.3.3 Parametric studies

Having been validated in Section 6.3.2, the developed column FE models were
adopted to perform parametric studies to generate further numerical data on hot-rolled
stainless steel channel section columns over a wide range of cross-section dimensions
and member effective lengths. In the parametric studies, the adopted modelling
procedures and techniques were the same as those described in Section 6.3.2, but with
the use of the generalised imperfection magnitude combination — #100 and L./1000
and the material properties of the hot-rolled stainless steel channel section C 80x40x5.
Regarding the modelled cross-section geometric dimensions, the outer web widths
B,, of all the modelled channel sections were fixed at 180 mm, while three outer flange
widths By equal to 180 mm, 90 mm and 60 mm were selected, with the wall
thicknesses ¢ varied between 6 mm and 25 mm, leading to three cross-section web-

to-flange aspect ratios (1.0, 2.0 and 3.0) and a range of cross-section sizes being
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considered. It is worth highlighting that (i) the modelled channel sections cover three
classes (Class 1-3) of non-slender cross-sections defined in EN 1993-1-4 (CEN 2015)
and are also categorised as non-slender cross-sections prescribed in ANSI/AISC 370-
21 (AISC 2021). For each modelled channel section, ten member effective lengths,

ranged from 400 mm to 12000 mm, were selected, to obtain a wide spectrum of

member non-dimensional slendernesses 4. from 0.2 to 3.5. A numerical data bank,

including 180 data on hot-rolled stainless steel channel section columns failing by
minor-axis flexural buckling, has been generated through the parametric studies, with

108 in the ‘C’ orientation and 72 in the ‘reverse C’ orientation.

6.4 Assessment of existing international design standards

6.4.1 General

In this section, the existing design rules for pin-ended hot-rolled stainless steel
channel section columns prone to minor-axis flexural buckling, as set out in the
European code EN 1993-1-4 (CEN 2015) and American specification ANSI/AISC
370-21 (AISC 2021), were discussed, with their accuracy evaluated against the
obtained test and numerical data. Table 6.4 reports the quantitative evaluation results,
including the mean test and numerical to (unfactored) predicted failure load ratios
and the corresponding COVs, while the graphical evaluation results are shown in
Figures 6.11-6.13. Based on the quantitative and graphical evaluation results, the

shortcomings of the codified design rules were discussed and highlighted.

Table 6.4. Comparisons of test and FE failure loads with predicted flexural

buckling resistances.

Failure No. of data Nu/Nyec3 Nu/Ny.asc Nu/Nu’p
orientation  Test FE Mean COV Mean COV Mean COV
C 7 108 0.88 0.12 1.03 0.15 1.02 0.11
reverse C 3 72 1.06 0.03 1.25 0.04 1.22 0.06
Total 10 180 0.95 0.13 1.12 0.15 1.10 0.13
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6.4.2 EN 1993-1-4

With regard to the design of column members failing by global buckling (e.g.,
flexural, torsional and flexural-torsional buckling), the concept of buckling curves,
as developed based on the Perry-Robertson buckling formula, is adopted. Four
buckling curves are defined in EN 1993-1-4 (CEN 2015) and reflect the different
effects of initial geometric imperfections and residual stresses on the column buckling
resistances. The unfactored EC3 design resistance of a column failing by global
buckling N, ecs3 is calculated from Equation (6.3), where y is the reduction factor and
determined from the EC3 design buckling curves, as given by Equation (6.4), where

¢ is a buckling parameter, as calculated from Equation (6.5), where azcs is the

imperfection factor and ZO is the limiting slenderness; note that the values of azc3

and /TO are equal to 0.49 and 0.40, respectively, for stainless steel channel section

columns failing by flexural buckling about the minor principal axis.

Nu,EC3 = yAo,, (6.3)

=1 < (6.4)
N |

¢ =050+ a5 (2, — Ay) + 2] (6.5)

The EC3 flexural buckling resistance predictions N, gc3 were evaluated against the
test and numerical failure loads N,. The graphical evaluation results are displayed in
Figure 6.11, in which the test and numerical failure loads N,, categorised by failure
orientation, are normalised by the cross-section yield loads 402 and plotted against
the member non-dimensional slendernesses /1_2 , along with the EC3 design buckling
curve, and in Figure 6.12, in which the test and numerical to EC3 predicted failure
load ratios N./N.kec3, categorised by failure orientation, are plotted against the
member non-dimensional slendernesses /1_2 . It can be observed that (i) the test and
numerical data points for hot-rolled stainless steel channel section columns failing in
the ‘C’ orientation lie below those for hot-rolled stainless steel channel section

columns failing in the ‘reverse C’ orientation, which is attributed to the fact that the
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second-order bending moment associated with ‘C’-orientation flexural buckling leads
to compressive stresses at the flange tips and hence would accelerate the global
instability; (i1) the EC3 design buckling curve generally yields safe-sided, accurate
and consistent flexural buckling resistance predictions for hot-rolled stainless steel
channel section columns failing in the ‘reverse C’ orientation; (iii) the EC3 design
buckling curve, however, leads to a rather large number of unsafe-sided flexural
buckling resistance predictions for hot-rolled stainless steel channel section columns
with failure in the ‘C’ orientation, especially those falling within the intermediate and
low member non-dimensional slenderness range. The above analyses and discussions
are also supported by the quantitative evaluation results reported in Table 6.4, where
the mean ratios of N./N,ec3 are equal to 0.88 and 1.06 for hot-rolled stainless steel
channel section columns failing by minor-axis flexural buckling in the ‘C’ and

‘reverse C’ orientations, with the corresponding COVs of 0.12 and 0.03.

1.2
A ——EN 1993-1-4
1.0 - —-—- ANSI/AISC 370-21
‘ - — = New proposal
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Figure 6.11. Comparisons of test and FE f:;ilure loads with codified and proposed
design buckling curves.
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Figure 6.12. Comparisons of test and FE failure loads with EC3 flexural buckling
resistance predictions.

6.4.3 ANSI/AISC 370-21

The American specification ANSI/AISC 370-21 (AISC 2021) uses the critical stress
approach to determine the strengths of hot-rolled stainless steel structural columns.
For non-slender element compression members failing by flexural buckling, the
design member strength N, 4;sc is determined as the product of the critical stress F,

and the gross cross-section area 4, as given by Equation (6.6), where the critical stress
F¢r is dependent on the member non-dimensional slenderness A, and determined

from a buckling curve defined by Equation (6.7), where F. is the Euler buckling stress,
and a, fo, f1 and f> are the four flexural buckling coefficients and taken as 0.56, 0.759,
0.409 and 0.690, respectively, for hot-rolled stainless steel channel section columns
failing by flexural buckling about the minor principal axis.

Nu,A[SC = AF;r (66)
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o for /TZ < A
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The design flexural bucking strengths Ny 4isc of hot-rolled stainless steel channel
section columns, as predicted from ANSI/AISC 370-21 (AISC 2021), were assessed
through comparisons against the test and numerical failure loads N,. The quantitative
assessment results are reported in Table 6.4, where the mean ratios of N./N, 4isc are
equal to 1.03 and 1.25, for hot-rolled stainless steel channel section columns with
failure in the ‘C’ and ‘reverse C’ orientations, respectively, with the corresponding
COVs of 0.15 and 0.04. The graphical assessment results are presented in Figure 6.13,

where the ratios of N./N,aisc are plotted against the member non-dimensional
slendernesses /1_2 In comparison with the EC3 design buckling curve, the AISC

design buckling curve results in more accurate and safe-sided flexural buckling
strength predictions for hot-rolled stainless steel channel section columns over the

whole considered range of member non-dimensional slendernesses up to 3.5.
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Figure 6.13. Comparisons of test and FE failure loads with AISC flexural buckling
resistance predictions.

6.5 Development of new design method

In view of the fact that the EC3 design buckling curve yields a rather large number
of unsafe-sided flexural buckling resistance predictions for hot-rolled stainless steel
channel section columns with member non-dimensional slendernesses up to around
1.7, there is a necessity to develop a new, more accurate, EC3 design method. In this

section, a new design method was developed based on the original EC3 design
buckling curve, but with the use of the revised limiting slenderness EQ equal to 0.2

and revised imperfection factor axcs equal to 0.76. The predicted flexural buckling
resistances N,,, were now calculated from the revised EC3 design buckling curve and
compared with the test and numerical failure loads N,. The graphical and quantitative
comparison results are presented in Figure 6.11 and Figure 6.14 and Table 6.4,
respectively. In comparison with the original EC3 design buckling curve, the revised
EC3 design buckling curve leads to a much higher degree of design accuracy with a
greatly reduced number of unsafe flexural buckling resistance predictions for hot-

rolled stainless steel channel section columns. It is worth noting that the proposed
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design buckling curve is for non-slender (i.e. Class 1-3) hot-rolled stainless steel

channel section columns with member non-dimensional slendernesses less than 3.5.

The reliability of the revised EC3 design buckling curve was assessed through
statistical analyses, according to the requirements of EN 1990 (CEN 2002). In the
reliability analyses, the material over-strength ratio and the corresponding COV for
austenitic stainless steel and the COV of the geometric dimensions of stainless steel
members were the same as those in Section 3.5. The key statistical parameters,
calculated based on a total of 190 test and numerical data, are reported in Table 6.5,
where yu1 1s the partial safety factor for stainless steel member resistance. As reported
in Table 6.5, the resulting (calculated) partial safety factor for the revised EC3 design
buckling curve is equal to 1.07, which is less than the currently adopted value of 1.10
in EN 1993-1-4 (CEN 2015). This demonstrates that the revised EC3 design buckling
curve for pin-ended hot-rolled stainless steel channel section columns failing by
minor-axis flexural buckling satisfies the reliability requirements of EN 1990 (CEN
2002).
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Figure 6.14. Comparisons of test and FE ;failure loads with flexural buckling
resistance predictions from new design approach.
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Table 6.5. Reliability analysis results determined according to EN 1990.

No. of test and

Design method FE data kan b Vs £ ymi
Revised EN 1993-1-4 190 3.20 1.09 0.09 0.12 1.07
Original EN 1993-1-4 190 3.20 0.91 0.09 0.12 1.27

6.6. Conclusions

The minor-axis flexural buckling behaviour and resistances of pin-ended hot-rolled
stainless steel channel section columns have been investigated through a testing and
numerical modelling programme. The testing programme included initial global and
local geometric imperfection measurements and compression tests on ten pin-ended
hot-rolled stainless steel channel section column specimens about the minor principal
axis. The test setup and procedures were reported in detail. The key obtained test
results, including the failure loads, load—mid-height lateral deflection curves and
failure modes with minor-axis flexural buckling in the ‘C’ and ‘reverse C’
orientations, were presented and discussed. The test results were used in a parallel
numerical modelling programme for validating the developed FE models, which were
then adopted to perform parametric studies to generate further numerical data over a
wide range of cross-section dimensions and member effective lengths. The test and
numerical data were used to assess the accuracy of the codified design buckling
curves, as set out in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2021),
for pin-ended hot-rolled stainless steel channel section columns prone to flexural
buckling about the minor principal axis. The EC3 design buckling curve was found
to lead to many unsafe flexural buckling resistance predictions for hot-rolled stainless
steel channel section columns with failure in the ‘C’ orientation, while the AISC
design buckling curve results in accurate resistance predictions. A revised EC3 design

buckling curve was proposed with the imperfection factor azc3=0.76 and limiting
slenderness ZO =(.2, and shown to offer accurate, consistent, safe-sided and reliable

flexural buckling resistance predictions for pin-ended hot-rolled stainless steel

channel section columns.
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CHAPTER 7

GLOBAL BUCKLING OF CHANNEL SECTION
BEAM-COLUMNS

7.1 Introduction

The global buckling behaviour of hot-rolled stainless steel channel section beam-
columns under combined compression and minor-axis bending moment has been
studied based on testing and numerical modelling and reported in this chapter. A
testing programme was conducted on ten hot-rolled stainless steel channel section
beam-columns, with five buckling towards webs and the other five buckling towards
flange tips. This was followed by a numerical modelling programme, in which finite
element models were firstly developed and validated against the test results and then
used to perform parametric studies to generate further numerical data over a wide
range of cross-section dimensions, member effective lengths and loading
combinations. The test and numerical results were adopted to assess the current
design interaction curves given in the European code (CEN 2015) and American
specification (AISC 2021), for hot-rolled stainless steel channel section beam-
columns under minor-axis combined loading. A new design interaction curve was

then developed. The findings of this research have been reported by Li et al. (2022c).
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7.2 Testing

7.2.1 General

An experimental programme was firstly conducted to generate a test data bank on
hot-rolled stainless steel channel section beam-columns. Two plain channel sections
C 80%40x5 and C 100x50x35, as hot-rolled from grade EN 1.4301 austenitic stainless
steel plates, were adopted in the experimental programme and respectively classified
as Class 2 and Class 3 based on the slenderness limits given in EN 1993-1-4 (CEN
2015). For each hot-rolled austenitic stainless steel channel section, five beam-
column specimens with the same nominal member length were prepared and planned
to be tested under eccentric compression loads at different initial loading
eccentricities. The specimen ID consists of a letter (‘A’ and ‘B’ signifying C 80x40x5
and C 100x50x5, respectively) and a number (for differentiating the specimens with
the same nominal member length but different initial loading eccentricities), e.g., A3.
The initial global and local geometric imperfection measurements for each beam-
column specimen were conducted and employed the same test setup and procedures
as those described in Section 6.2.2. Table 7.1 reports the measured geometric
dimensions and initial global and local geometric imperfections of each hot-rolled
stainless steel channel section beam-column specimen. Note that the initial mid-
height global geometric imperfection amplitude is positive if the beam-column
specimen initially bows towards flange tips — see Figure 6.2(a), but negative if the

beam-column specimen initially bows towards web — see Figure 6.2(b).
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Table 7.1. Measured geometric dimensions and initial global and local geometric
imperfections of hot-rolled stainless steel channel section beam-column specimens.

Cross-section  Specimen L By By t r Wg o
ID (mm) (mm) (mm) (mm) (mm) (mm) (mm)
C 80x40x%5 Al 798.2 80.34 3992 4382 4.81 0.16 0.03

A2 796.0 8048 40.15 486 482 -0.19 0.04
A3 799.7 80.35 40.11 483 479 010 0.03
A4 799.5 8049 4020 475 479 -0.16 0.03
AS 7972 80.55 4030 481 484 -0.09 0.04
C 100x50x%5 B1 7974 99.04 5002 488 485 -0.17 0.02
B2 800.0 99.00 4993 488 481 -0.09 0.02
B3 7953 98.99 50.03 484 48 -022 0.02
B4 8009 99.01 4991 477 483 -0.14 0.04
BS5 797.5 99.02 5034 487 484 -0.15 0.03

7.2.2 Beam-column (eccentric compression) tests

Eccentric compression tests were conducted on ten hot-rolled stainless steel channel
section beam-columns to study their global buckling behaviour and load-carrying
capacities under combined compression and minor-axis bending moment. The initial
loading eccentricities to the cross-section elastic neutral axis were varied, leading to
a wide range of combinations of compression load and bending moment. It is worth
noting that the initial loading eccentricities are taken as positive if the resulting initial
end moments lead the beam-column specimens to bow towards the flange tips but
negative if the resulting initial end moments lead the beam-column specimens to bow
towards the webs. Positive initial loading eccentricities were applied to the C
80x40x5 beam-column specimens, while negative initial loading eccentricities were
applied to the C 100x50%5 beam-column specimens. A displacement-controlled
INSTRON 5000 kN hydraulic testing machine was used for all the eccentric
compression tests, with the rate of 0.2 mm/min. Each end of the testing machine was
equipped with a knife-edge device — see Figure 7.1, including a pit plate containing
a semi-circular groove and a wedge plate containing a knife-edge wedge, to offer pin-
ended boundary conditions to the specimen ends about the minor principal axis. Prior

to testing, each channel section beam-column specimen was welded with steel plates
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at both ends, which helped prevent end cross-sections from twisting and warping.
The channel section beam-column specimen welded with end plates was then placed
between the top and bottom wedge plates, and their relative position was carefully
adjusted by means of a laser and two spirit levels, to ensure that (i) the member
longitudinal axis of the beam-column specimen was intersected with the wedge plates
at right angles and (ii) the cross-section minor principal axis was parallel to the knife
edges, with the distance equal to the pre-specified initial loading eccentricity. Upon
completion of the member alignment and position adjustment, the beam-column
specimen was anchored by bolting the end plates to the wedge plates. It is worth
highlighting that the distance from the specimen end to the rotation centre of the
knife-edge device is equal to 75 mm (see Figure 7.1). The member effective length is
thus taken as L.~L+150 mm and the corresponding member non-dimensional

slenderness about the minor principal axis is calculated from Equation (6.1).

75 mm|

Le
L

75 mm

[ i |
Figure 7.1. Beam-column test setup.

Figure 7.1 shows the eccentric compression test setup, where (i) two strain gauges
are attached to the outer faces of the web and flange tip of the specimen at mid-height
to measure the longitudinal strains at these two positions and (ii) an LVDT is
perpendicularly pointing to the centreline of the web at the specimen mid-height to

measure the lateral deflections about the minor principal axis. The strain gauge and
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LVDT readings were used to calculate the actual initial loading eccentricity to the
cross-section elastic neutral axis eo, based on Equation (7.1) (Zhao et al. 2016d;
Zhang et al. 2021a), where N is the applied eccentric compression load, I: is the
second moment of area about the minor principal axis, 4 is the mid-height lateral
deflection measured by the LVDT and enax-emin 1 the difference of the longitudinal
strains measured by the two strain gauges. Note that Equation (7.1) was derived by
assuming that the structural behaviour was close to linear elastic and it was suggested
that no more than 15% of the expected failure load be used in the calculation of e

(Zhang et al. 2021a).

e = Elz(gmax _gnzin)

) - - 4-0, (7.1)

S

The deformed failure mode for each C 80x40x5 beam-column specimen (i.e. under
eccentric compression load with a positive initial loading eccentricity) featured
noticeable minor-axis global buckling in the ‘reverse C’ orientation, as illustrated in
Figure 7.2. The deformed failure mode for each C 100x50x5 beam-column specimen
(i.e. under eccentric compression load with a negative initial loading eccentricity)
featured noticeable minor-axis global buckling in the ‘C’ orientation, as illustrated in
Figure 7.3. The load—mid-height lateral deflection curves measured for the C
80x40x5 and C 100x50%5 beam-column specimens are shown in Figure 7.4(a) and
Figure 7.4(b), respectively; note that the mid-height lateral deflections are taken as
positive for the C 80x40x5 beam-column specimens with global buckling in the
‘reverse C’ orientation, but negative for the C 100x50x5 beam-column specimens
with global buckling in the ‘C’ orientation. The key obtained test results are reported
in Table 7.2, including the actual (calculated) initial loading eccentricity to the cross-
section elastic neutral axis e, the failure load N, s, the mid-height lateral deflection
at the failure load 4, and the first-order elastic bending moment at the failure load
M 15.01, the second-order elastic bending moment at the failure load M, 2,4 and the
second-order inelastic bending moment at the failure load M, 2n4ine;, Which are

calculated by Equations (7.2)—(7.4), respectively.
Mu,lsl,e/ = Nu,test (eO + a)g ) (72)
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Nu,test (eO + a)g )

Mu,an,e/ = N Lz (73)
1_ u,zres[ e
7 El
Mu,2nd,inel = Nu,[est (eO + a)g + Au ) (74)

7.3 Numerical modelling

7.3.1 General

Following the testing programme, a numerical modelling programme was conducted
by using the nonlinear finite element software ABAQUS (ABAQUS 2014). FE
models were firstly developed and validated against the test results and then
employed to perform parametric studies to generate further numerical data over a
wide range of cross-section dimensions, member effective lengths and loading

combinations.

Table 7.2. Summary of beam-column test results.

Cross—section SpeCimen Le €0 Failure Nu,test Au Mu, Istel Mu,an,el Mu,an,inel
ID (mm) (mm) orientation (kN) (mm) (kNm) (kNm) (kNm)
C 80%x40x%5 Al 9482 80.76 reverseC  21.92 20.58 1.77 1.96 2.22

A2 946.0 50.60 reverseC 33.64 1829 1.70 1.97 2.31
A3 949.7 19.99 reverseC  65.54 15.69 132 1.82 2.35
A4 949.5 10.15 reverseC 9381 1456 094 1.55 2.30
AS 9472 8.02 reverseC 106.17 12.84 0.84 1.50 221
C 100x50%5 B1 9474 429 127.44 -5.12 -0.57  -0.77 -1.22
B2 950.0 -11.05 9234 -7.50 -1.03  -1.27 -1.72
B3 9453 -20.02 70.49 -8.79 -143  -1.67 -2.05
B4 950.9 -50.05 39.04 -1547 -196  -2.14 -2.56
BS 947.5 -80.89 29.51 -19.20 -239  -2.54 -2.96

oloNoNONe!
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Figure 7.2. Test and FE failure modes for specimen A3 (with minor-axis global
buckling in the ‘reverse C’ orientation).

Figure 7.3. Test and FE failure modes for specimen B3 (with minor-axis global
buckling in the ‘C’ orientation).
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Figure 7.4. Test and FE load—mid-height lateral deflection curves.
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7.3.2 Development and validation of FE models

Each hot-rolled stainless steel channel section beam-column FE model was
developed based on the measured cross-section geometric dimensions and member
effective length, using the same modelling assumptions, procedures and techniques
as those described in Section 6.3.2. Regarding the modelling of the pin-ended
boundary conditions, each end of the beam-column FE model was coupled to an
eccentric reference point, with the eccentricity equal to that applied in the
corresponding eccentric compression test. The bottom reference point was fully
restrained except for rotation about the minor principal axis, while the top reference
point was allowed for rotation about the minor principal axis as well as translation in
the longitudinal direction, to replicate the pin-ended boundary conditions used in the
tests. Regarding the incorporation of initial geometric imperfections into each FE
model, an elastic eigenvalue buckling analysis (ABAQUS 2014) was firstly
conducted to obtain the lowest elastic global and local buckling mode shapes, which
were taken as the initial global and local geometric imperfection distribution patterns,
respectively; moreover, the lowest elastic global buckling mode shape was orientated
such that it was consistent with the corresponding measured initial global geometric
imperfection shape. Two (global and local) imperfection magnitude combinations,
including the measured magnitude combination — |we|[two and a generalised
magnitude combination — L./1000+¢/100, were adopted to factor the obtained initial
geometric imperfection distribution patterns. Upon development of the hot-rolled
stainless steel channel section beam-column FE models, the modified ‘Riks’ method
(ABAQUS 2014), considering both material and geometric nonlinearities, was

adopted to solve them.

Validation of the FE models was conducted by comparing the numerically derived
results (including the failure loads, failure modes and load—deformation curves) with
those obtained from the tests. Table 7.3 reports the numerical to test failure load ratios
NurE/Nyes Tor all the ten hot-rolled stainless steel channel section beam-column
specimens, with the results revealing that (i) the measured imperfection magnitudes

result in good agreement between the test and numerical failure loads, with the mean
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Ny FE/Nyes: tatio equal to 1.01 and the corresponding COV of 0.02 and (ii) the
generalised imperfection magnitudes also lead to accurate and consistent predictions
of the test failure loads, with the mean N, re/N, s ratio equal to 1.00 and the
corresponding COV of 0.04. The test failure modes for hot-rolled stainless steel
channel section beam-columns were also well replicated by their numerical
counterparts; Figure 7.2 and Figure 7.3 illustrate the comparison results for two
typical specimens A3 and B3 with minor-axis global buckling in the ‘reverse C’ and
‘C’ orientations, respectively. The test and numerical load—mid-height lateral
deflection curves for all the hot-rolled stainless steel channel section beam-column
specimens are compared in Figure 7.4, indicating good agreement. Overall, it can be
concluded that the developed FE models are capable of simulating the test structural
responses and observations of the hot-rolled stainless steel channel section beam-

column specimens and thus deemed to be validated.

Table 7.3. Comparisons of FE failure loads with test failure loads for varying initial
global and local geometric imperfection magnitude combinations.

. . Nu,FE/Nu, test

Cross-section  Specimen ID ot og /1000527100

C 80%x40x5 Al 1.05 1.05

A2 1.04 1.02

A3 1.02 1.00

A4 1.01 0.97

AS 1.00 0.96

C 100x50x%5 B1 0.99 0.96

B2 0.99 0.97

B3 0.99 0.98

B4 1.03 1.06

B5 1.00 1.02

Mean 1.01 1.00

COV 0.02 0.04

7.3.3 Parametric studies

Having been validated in Section 7.3.2, the developed FE models were used herein
to conduct parametric studies to expand the test data pool over a wider range of cross-

section dimensions, member effective lengths and loading combinations. In the
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parametric studies, the modelling procedures and techniques were the same as those
described in Section 7.3.2, but with the use of the generalised imperfection
magnitudes (L./1000 and #/100). The cross-section dimensions of the modelled hot-
rolled stainless steel channel section beam-columns were summarised as follows.
Specifically, the outer web widths were fixed at 150 mm, while five outer flange
widths equal to 150, 100, 75, 60 and 50 mm were selected, resulting in five cross-
section web-to-flange aspect ratios (1.0, 1.5, 2.0, 2.5 and 3.0); the wall thicknesses
were then varied between 5.0 mm and 20 mm, ensuring that the modelled hot-rolled
stainless steel channel sections covered Class 1-3 cross-sections defined in EN 1993-
1-4 (CEN 2015). For each modelled hot-rolled stainless steel channel section, a series
of member effective lengths were selected to cover a wide range of member non-
dimensional slendernesses from 0.4 to 3.0. Then, for each developed hot-rolled
stainless steel channel section beam-column model, an extensive variety of initial
loading eccentricities from 1 mm to 1000 mm were chosen and the initial loading
eccentricities at both sides of the cross-section elastic neutral axis were considered,
to study the global buckling behaviour and load-carrying capacities of hot-rolled
stainless steel channel section beam-columns under a broad range of combinations of
compression load and minor-axis bending moment and failing in both ‘C’ and
‘reverse C’ orientations. Overall, 1341 numerical data on hot-rolled stainless steel

channel section beam-columns have been generated from the parametric studies.

7.4 Assessment of existing international design standards

7.4.1 General

The current design interaction curves for hot-rolled stainless steel channel section
beam-columns, as set out in the European code EN 1993-1-4 (CEN 2015) and
American specification ANSI/AISC 370-21 (AISC 2021), were firstly assessed
against the obtained test and numerical data. The shortcomings of the codified design
interaction curves were highlighted. Table 7.4 reports the mean test and numerical to

(unfactored) predicted failure load ratios N./Nypres and the corresponding COVs for
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each of the codified design methods. Figure 7.6 and Figure 7.7 display the graphical

assessment results, where the test and numerical to predicted failure load ratios

Nu/Nuyprea are plotted against the angle 6. The angle ¢ =tan™ [( Ny pea [ Ne ) (M, e /M R)]

is introduced to reflect the combination of compression load and minor-axis bending
moment, as also graphically defined in Figure 7.5, where N, prea is the predicted
failure load and My prea=Nupreaeo is the predicted failure moment, while Nz denotes
the member resistance under pure compression (i.e. column minor-axis flexural
buckling resistance) and My denotes the member resistance under pure bending (i.e.
cross-section minor-axis bending moment resistance); note that the value of 6
changes from 0° to 90° when the applied combined loading varies from pure bending

to pure compression.
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(a) EN 1993-1-4

Table 7.4. Comparisons of test and FE failure loads with predicted failure loads.

Class 1 and 2 Class 3 Total
Failure orientation No. of Mean COV No. of Mean COV No. of Mean COV
data data data
C 417 1.00 0.06 249 1.35 0.16 666 1.13 0.19
reverse C 455 1.25 0.06 220 1.76 0.09 675 1.42 0.18
Total 872 1.13 0.12 469 1.54 0.18 1341 1.28 0.22
(b) ANSI/AISC 370-21
Compact Non-compact Total
Failure orientation No. of Mean COV No. of Mean COV No. of Mean COvV
data data data
C 417 0.88 0.08 249 1.22 0.11 666 1.01 0.19
reverse C 455 1.05 0.09 220 1.06 0.08 675 1.05 0.08
Total 872 0.97 0.12 469 1.14 0.12 1341 1.03 0.14
(c) New design method®
Class 1 and 2 Class 3 Total
Failure orientation No. of Mean COV No. of Mean COV No. of Mean COV
data data data
C 417 1.05 0.03 249 1.08 0.03 666 1.06 0.03
reverse C 455 1.29 0.10 220 1.30 0.08 675 1.29 0.09
Total 872 1.18 0.13 469 1.19 0.12 1341 1.18 0.12

Note: * The cross-section classes are determined based on EN 1993-1-4 (CEN 2015).
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Figure 7.5. Definition of 6.

7.4.2 EN 1993-1-4

The European code EN 1993-1-4 (CEN 2015) prescribes the use of an interaction
curve for the design of stainless steel open and tubular section beam-columns. The
EC3 design interaction curve is expressed by Equation (7.5), where Nj - ra 1s the EC3
column buckling resistance and calculated based on the EC3 design buckling curve;
for stainless steel open section columns susceptible to minor-axis flexural buckling,

the imperfection factor is taken as arc3=0.49 and the limiting slenderness is taken as

Ay=0.4, Mgcs - ra is the EC3 cross-section minor-axis bending moment resistance,

which is equal to the plastic moment capacity M, for Class 1 and 2 channel sections
but the elastic moment capacity M, for Class 3 channel sections without considering
material strain hardening, and k. is the EC3 interaction factor considering the
interaction between compression load and bending moment, as defined by Equation
(7.6); note that Nj-rs and Mgc3 - ra are actually the end points of the EC3 design

interaction curve, while k. defines the shape.

138



Chapter 7 — Global buckling of channel section beam-columns

N, M
M,EC3 +kz uz,EC3 :1 (7'5)
Nb,z,Rd MEC3,Z,Rd
— N, N,
12 <k =1+2(1 -0.5)—E2 <12+ 222 (7.6)
b,z,Rd b,z,Rd

The EC3 design interaction curve for hot-rolled stainless steel channel section beam-
columns was assessed against the obtained test and numerical data. Table 7.4(a)
reports the quantitative assessment results, arranged by failure orientation and cross-
section class, while the corresponding graphical assessment results are presented in
Figure 7.6. It is evident that the EC3 design interaction curve generally leads to
inaccurate and scattered failure load predictions for hot-rolled stainless steel channel
section beam-columns, which can be attributed to the inaccurate end points and the
improper shape. Moreover, for channel section beam-columns failing by global
buckling in the ‘reverse C’ orientation (i.e. with lower susceptibility to buckling and
higher load-carrying capacities), the predicted failure loads are more conservative
than those for channel section beam-columns failing by global buckling in the ‘C’
orientation. It is also worth noting that the predictions are more conservative for Class
3 channel section beam-columns than for Class 1 and 2 channel section beam-
columns, mainly owing to the use of the elastic moment capacity as the bending end
point of the EC3 design interaction curve without considering any material plasticity.
In addition, many of the predictions for Class 1 and 2 channel section beam-columns
are unsafe, regardless of the combined loading cases, owing principally to the
improper shape of the EC3 design interaction curve and the unconservative

compression end point.
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(b) In the ‘reverse C’ orientation
Figure 7.6. Comparisons of hot-rolled stainless steel channel section beam-column
test and FE failure loads with predicted failure loads from EN 1993-1-4.
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7.4.3 ANSI/AISC 370-21

For the design of hot-rolled stainless steel channel section beam-columns, a two-stage
interaction curve is adopted by the American specification ANSI/AISC 370-21
(AISC 2021), as defined by Equation (7.7), where N=AF¢ is the AISC column
buckling resistance and determined by the critical stress method, in which F, is the
member critical stress for columns susceptible to minor-axis flexural buckling and
calculated from Equation (7.8), where F. is the Euler buckling stress, and a, fo, f1
and f» are the four flexural buckling coefficients and taken as 0.56, 0.759, 0.409 and
0.690, respectively, M.. is the AISC cross-section minor-axis bending moment
resistance, which is taken as the plastic moment capacity for compact cross-sections
and determined by considering partial plasticity for non-compact cross-sections, and
0.4=1/(1-Nyu1sc/Nc») 1s the amplification factor to consider all the interaction effects,

in which N, is the Euler buckling load about the minor principal axis.

NL},\/;ISC +§aAZu,A[SC =1 f()r NL},\;USC 202
c cz c (7.7)
Nu,AISC + aAMu,A[SC =1 f()r Nu,A[SC < 02
2N, M. N,
o for 1, < b
T
F, = 1.2!,6’1(F”J }0042 for &<IZ <+/3.2 (7.8)
T
B,F, for </3.2<1,

The failure loads, as calculated based on the AISC design interaction curve, were
evaluated against the test and numerical failure loads. The quantitative evaluation
results are reported in Table 7.4(b), while the graphical evaluation results are
displayed in Figure 7.7. On the basis of the quantitative and graphical evaluation
results, it can be concluded that the AISC design interaction curve (similar to its EC3
counterpart) results in inaccurate and scattered failure load predictions for hot-rolled
stainless steel channel section beam-columns, which can be attributed to the

inaccurate end points and the improper shape.
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(b) In the ‘reverse C’ orientation
Figure 7.7. Comparisons of hot-rolled stainless steel channel section beam-column
test and FE failure loads with predicted failure loads from ANSI/AISC 370-21.
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7.5 Development of new design method

In this section, a new improved design interaction curve is proposed through adopting
more accurate end points and then developing more proper shape. Considering that
the codified bending end point (i.e. cross-section minor-axis bending moment
resistance) suffers from being determined without considering material strain
hardening, the new bending end point is now determined by using the CSM (Afshan
and Gardner 2013; Zhao et al. 2017; Zhao and Gardner 2018), which is a
deformation-based design approach exploiting material strain hardening in the design.
In view of the fact that the codified design rules usually result in over-predicted
resistances for hot-rolled stainless steel channel section columns prone to minor-axis
flexural buckling, a revised EC3 design buckling curve has been previously proposed
in Section 6.5 and is ideal to be used to calculate the compression end point of the

new design interaction curve.

The use of the CSM for the calculation of cross-section resistances under pure minor-
axis bending has been described in Section 5.5. The CSM cross-section bending
resistance Mesm - ra 18 given by Equitation (5.5). The new column flexural buckling
resistance Nz rq 1S calculated by the revised EC3 buckling curve for hot-rolled

stainless steel channel section columns, which adopts the format of the original EC3
design buckling curve, but with a revised limiting slenderness /To equal to 0.20 and a

revised imperfection factor axcs equal to 0.76. Therefore, the new design interaction
curve was proposed, as given by Equation (7.9). Derivation of the new interaction
factor k, is conducted based on one typical Class 1 channel section C 150%x60%9 and
one typical Class 3 channel section C 150x60%6. Specifically, FE models with
various member non-dimensional slendernesses under a range of loading
combinations were firstly developed, from which the FE failure loads N, and failure

moments M, , were determined; the value of &, for each member non-dimensional
slenderness A4, and compression load level ny=N.p/Np.-ra Was then calculated

according to Equation (7.10), which is a re-arrangement of Equation (7.9).
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N M
gk, o] (7.9)
br,z,Rd Mcsm,z,Rd
N M
ko= (1t (7.10)
Nbr,z,Rd Mcsm,z,Rd

The two sets of the numerically calculated 4, data points corresponding to different
cross-section classes show a relatively low level of scatter; typical &, data points for
ny=0.3 are illustrated in Figure 7.8. Therefore, the upper set of the numerically

calculated 4, (represented for clarity as curves passing through the data points — see
Figure 7.9) is used to derive a formula for k,. Given that each of the k, —/TZ curves

for different compression load levels displays a bi-linear trend, the formula for &, is
assumed to be of the traditional bi-linear form, as commonly used for beam-column
interaction factors (Greiner and Lindner 2006; Boissonnade et al. 2006) and given by

Equation (7.11), where D1 and D are the coefficients defining the relevant linear
relationship between K, and /TZ in the low member non-dimensional slenderness
range, while D3 is a limit value, beyond which the interaction factor k. remains
constant (i.e. there is a zero slope to the proposed kn—/Tz curve for /121)3).

Following a series of regression fits, the values of D1, D> and D; are finally selected
as4.0,0.2 and 1.1, respectively, and reported in Table 7.5; note that the corresponding
coefficients for duplex and ferritic stainless steel channel section beam-columns,
which are out of the scope of the present study, have also been derived and shown in
Table 7.5. The numerically calculated £, —ﬂ_uz curves are compared with the
corresponding proposed curves in Figure 7.10, indicating good agreement for various
member non-dimensional slendernesses and compression load levels. It is worth
noting that the proposed design interaction curve is applicable for non-slender hot-
rolled stainless steel channel section beam-columns with member non-dimensional

slendernesses less than 3.0 subjected to any case of minor-axis combined loading.

k,=1+D,(A. - D,)n, <1+ D,(D, - D,)n, (7.11)
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The proposed design interaction curve for hot-rolled stainless steel channel section
beam-columns was assessed by comparing the predicted failure loads against the test
and numerical failure loads. As can be seen from Table 7.4(c), where the quantitative
assessment results are reported, the mean N,/N,, ratios are lower than their EC3
counterparts and the COVs are only about one half of the corresponding codified
values, revealing a higher degree of design accuracy and consistency. This is also
supported by the graphical assessment results in Figure 7.11, where the N./N, ratios
for various cross-section dimensions, member non-dimensional slendernesses and
combinations of loading show a consistent trend and are just above 1.0 (indicating

accurate and safe failure load predictions).

Table 7.5. Proposed coefficients for k.

Material grade D D> Ds
Austenitic stainless steel 4.0 0.2
Ferritic stainless steel 4.0 0.2
Duplex stainless steel 4.0 0.2
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Figure 7.8. Typical numerically calculated 4, corresponding to n,=0.3.
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Figure 7.11. Comparisons of hot-rolled stainless steel channel section beam-
column test and FE failure loads with predicted failure loads from new proposal.
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The reliability of the proposed design interaction curve for hot-rolled stainless steel
channel section beam-columns was evaluated, according to the requirements and
procedures given in EN 1990 (CEN 2002). In the present reliability analyses, the
material over-strength ratio and the corresponding COV for austenitic stainless steel
and the COV of the geometric dimensions of stainless steel members were taken as
those in Section 3.5. Table 7.6 reports the key calculated statistical parameters. The
resulting (required) partial safety factors ya1, as reported in Table 7.6, are less than
the current limit value of 1.1 in EN 1993-1-4 (CEN 2015), therefore demonstrating
the reliability of the proposed design interaction curve for hot-rolled stainless steel

channel section beam-columns.

Table 7.6. Reliability analysis results calculated according to EN 1990.

Orientation  No. of data kan b Vs V. yan
C 666 3.10 1.08 0.03 0.08 0.93
reverse C 675 3.10 1.40 0.09 0.12 0.80
Total 1341 3.10 1.24 0.12 0.14 0.97

7.6 Conclusions

The structural behaviour and load-carrying capacities of hot-rolled stainless steel
channel section beam-columns under minor-axis combined loading have been
experimentally and numerically studied and presented in this chapter. The testing
programme included initial global and local geometric imperfection measurements
and ten eccentric compression tests. The key test results, including the failure loads,
load—mid-height lateral deflection curves and failure modes with buckling in both the
‘C’ and ‘reverse C’ orientations, were presented and discussed. Upon testing,
numerical modelling was conducted, where FE models were developed and validated
against the test results and then used to perform parametric studies to generate further
numerical data over a wide range of cross-section dimensions, member effective
lengths and loading combinations. On the basis of the test and numerical failure loads,
the current design interaction curves for hot-rolled stainless steel channel section

beam-columns, as set out in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-21
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(AISC 2021), were assessed and found to result in inaccurate and scattered failure
load predictions, owing to the inaccurate end points and shapes. Finally, a new design
interaction curve, anchored to more accurate end points and featuring more proper
shape, was proposed to overcome the aforementioned shortcomings. The new design
interaction curve was shown to yield accurate, consistent and reliable failure load

predictions for hot-rolled stainless steel channel section beam-columns.
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CHAPTER 8

CONCLUSIONS AND SUGGESTIONS FOR
FUTURE RESEARCH

8.1 Conclusions

In this chapter, the key research findings and conclusions of this thesis are
summarised, while more detailed concluding remarks can be found at the end of each

chapter. Suggestions for future research are also given.

Experimental and numerical studies of hot-rolled stainless steel channel sections
under pure compression have been conducted, as reported in Chapter 3. The
experimental programme includes material testing, membrane residual stress
measurements, initial local geometric imperfection measurements and six stub
column tests. A membrane residual stress predictive model has been developed based
on the measured data. It is worth noting that the predictive model for the membrane
residual stresses in hot-rolled stainless steel channel sections is the first around the
world to be reported in Li et al. (2021a). On the basis of the obtained test and
numerical data, the accuracy of the EC3 slenderness limits for the classification of
hot-rolled stainless steel outstand and internal plate elements and the codified design
rules in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2021) for

predicting cross-section compression resistances have been evaluated. The EC3
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slenderness limits are overall accurate when adopted for the classification of hot-
rolled stainless steel channel sections under pure compression, while the codified
EC3 and AISC design rules are found to lead to unduly conservative and scattered
cross-section compression resistance predictions, owing principally to the neglect of
the beneficial material strain hardening of stainless steel and the favourable cross-
section plate element interaction. The advanced continuous strength method (Afshan
and Gardner 2013; Zhao et al. 2017) has also been assessed and shown to yield much
more accurate and consistent cross-section resistance predictions over the codified
design rules, due to the rational exploitation of the favourable material strain

hardening and cross-section plate element interaction.

The local buckling behaviour and cross-section resistance of hot-rolled stainless steel
channel section stub columns under combined compression and bending have been
experimentally and numerically investigated in Chapters 4 and 5. The testing
programme, including initial local geometric imperfection measurements, ten
eccentrically loaded channel section stub column tests about the major principal axis
and ten eccentrically loaded channel section stub column tests about the minor
principal axis, has been firstly performed, followed by a numerical modelling
programme. Note that these eccentric compression tests on hot-rolled stainless steel
channel section stub columns are the first around the world to be reported (Li et al.
2022a, 2022b). The obtained test and numerical results have been employed to assess
the accuracy and consistency of the relevant design interaction curves for hot-rolled
stainless steel channel sections under combined compression and bending, as
provided in EN 1993-1-4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2021). It has
been found from the assessment results that the codified design interaction curves
result in considerably conservative and scattered cross-section resistance predictions.
The conservatism of the codified design interaction curves is attributed to the
conservative end points, which are calculated without considering the beneficial
strain hardening of stainless steel, and inefficient shape, which fails to consider the
favourable stress redistribution within channel section. To address the shortcomings
of the codified design interaction curves, new improved design interaction curves,

anchored to more accurate CSM end points and featuring more efficient shape, have
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been thus developed and found to lead to a much higher level of design accuracy and

consistency than their codified counterparts.

The world’s first experimental and numerical investigations into the flexural buckling
behaviour and resistance of hot-rolled stainless steel channel section columns have
been reported in Chapter 6 (Li et al. 2021). An experimental programme includes
initial global and local geometric imperfection measurements and pin-ended
compression tests on ten hot-rolled stainless steel channel section column specimens.
The relevant design buckling curves, as set out in EN 1993-1-4 (CEN 2015) and
ANSI/AISC 370-21 (AISC 2021), have been assessed based on the obtained test and
numerical data. The EC3 design buckling curve has been found to lead to many
unsafe flexural buckling resistance predictions for hot-rolled stainless steel channel
section columns with failure in the ‘C’ orientation, while the AISC design buckling
curve results in accurate resistance predictions. Finally, a revised EC3 design
buckling curve has been proposed and shown to lead to a much higher level of design

accuracy and consistency than the existing version of EN 1993-1-4 (CEN 2015).

In Chapter 7, the global buckling behaviour and resistance of pin-ended hot-rolled
stainless steel channel section beam-columns under combined compression and
bending moment have been experimentally and numerically studied for the first time
around the world (Li et al. 2022c). The experimental programme has been performed
on ten hot-rolled stainless steel channel section beam-columns, with five buckling
towards webs and the other five buckling towards flange tips. Then, the accuracy of
the codified design interaction curves, as set out in EN 1993-1-4 (CEN 2015) and
ANSI/AISC 370-21 (AISC 2021), has been assessed based on the obtained test and
numerical failure loads. Both the codified design interaction curves have been found
to lead to inaccurate and scattered resistance predictions. Finally, a new improved
design interaction curve, with more accurate end points and efficient shape, has been
developed and found to lead to accurate and consistent resistance predictions for hot-

rolled stainless steel channel section beam-columns.
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Overall, the cross-section and member behaviour and resistance of hot-rolled
stainless steel channel section structural components subjected to isolated and
combined loading have been investigated and reported in this thesis. The codified
design provisions in the current international design standards and the advanced
continuous strength method have been discussed and evaluated, with their advantages
and disadvantages discussed. Moreover, a new design buckling curve for hot-rolled
stainless steel channel section columns and improved design interaction curves for
hot-rolled stainless steel channel section stub columns and beam-columns under
combined loading have been developed and shown to lead to a much higher level of
design accuracy and consistency. Statistical analyses have also been performed to
confirm the reliability of these proposed design approaches. These research findings
and new design methods will serve as a reference for future revisions of EN 1993-1-

4 (CEN 2015) and ANSI/AISC 370-21 (AISC 2021).

8.2 Suggestions for future work

On the basis of the present research, suggestions for future research on hot-rolled
stainless steel channel section members are given herein. First of all, studies on the
behaviour and load-carrying capacities of hot-rolled stainless steel channel section
members under other loading conditions are required. For example, the global
buckling behaviour of hot-rolled stainless steel channel section beam-columns under
moment gradients, the crippling buckling behaviour of hot-rolled stainless steel
channel sections under flange loading and the in-plane flexural behaviour of hot-

rolled stainless steel channel section beams.

The global buckling behaviour of hot-rolled stainless steel channel section columns
and beam-columns is sensitive to boundary conditions. Minor-axis pin-ended
boundary conditions have been considered in this thesis, while future studies could
be performed to examine the global buckling behaviour of hot-rolled stainless steel
channel section columns and beam-columns under other boundary conditions, e.g.,

major-axis pin-ended boundary conditions and fix-ended boundary conditions.
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While this thesis focuses on the structural behaviour of hot-rolled stainless steel
channel sections, further research on other cross-section profiles, e.g., T-sections,
angle sections and cruciform sections can be promoted. Interactive buckling would
be triggered for hot-rolled stainless steel structural members with slender cross-
sections and special design attention is thus given to the shift in neutral axis for those

with slender channel sections.

Finally, the structural behaviour of hot-rolled stainless steel channel section members
in fire (at elevated temperatures) and after exposure to fire (after exposure to elevated
temperatures) requires studies. Laboratory tests and numerical simulations could be
conducted to study their fire and post-fire behaviour and resistance under various

loading conditions, followed by the development of efficient design methods.
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