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ABSTRACT

Ultra-high strength steel grade S960, with the nominal yield stress of 960 MPa, has
been gaining increasing attention and possesses high potential to be extensively
utilised in high-rise and long-span structural applications, primarily due to its unique
mechanical advantage of superior strength-to-weight ratio, which provides the
possibility of design structural members with the reduced dimensions and self-
weights. However, its actual use is restricted by the lack of appropriate design rules,
since the current international design standards can only be applicable to steel
components with material grades lower than S700. The behaviour and design analysis
of S960 ultra-high strength steel welded I-section components under different loading

cases are already out of their scopes and therefore the focus of this PhD thesis.

A comprehensive testing programme was firstly undertaken, which adopted eight
welded I-sections made of S960 ultra-high strength steel. Material testing was
conducted to derive the material stress—strain responses of S960 ultra-high strength
steel, and membrane residual stresses were measured to determine the residual stress
patterns and amplitudes in S960 ultra-high strength steel welded I-sections. At the
cross-section level, a total of 16 concentrically loaded stub column tests and 20
eccentrically loaded stub column tests were carried out to investigate the cross-
section resistances and local stability of S960 ultra-high strength steel welded I-
sections. At the member level, 20 column tests, 8 beam-column tests as well as initial
geometric imperfection measurements were conducted to study the global instability
and resistances of S960 ultra-high strength steel welded I-sections. The testing
programme was supplemented by a numerical modelling programme, where finite

element models were initially developed and validated against the test results and

Vi



then adopted to conduct the extensive parametric studies to generate further
numerical data over a wider range of cross-section dimensions, member lengths and
loading combinations. The obtained test and numerical results were used to evaluate
the applicability of the current design rules for S690 high strength steel welded I-
section members under different loading cases to their S960 ultra-high strength steel
counterparts (i.e. assessments of slenderness limits for cross-section classification,
effective width expressions, column buckling curves and load-moment interaction
curves). The evaluation results which demonstrate the applicability of the existing
codified rules, and the newly proposed design methods provide the basis for the future

revisions of international design codes for high strength steel structures.
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CHAPTER 1

INTRODUCTION

1.1 Background

Ultra-high strength steels, with the nominal yield stresses over 690 MPa, have been
gaining popularity in the past decade, due to their superior strength-to-weight ratio
(Shietal., 2015; Wang et al., 2019; Li et al., 2019). In place of normal strength steels,
the use of ultra-high strength steels can offer steel structures smaller cross-section
dimensions and lighter self-weights, which are considered as the significant factors,
especially in high-rise and long-span structures. Their use in the automotive
industries is also expanding, for example, the load-bearing members of heavy lifting
systems of truck-mounted cranes and container trailers are typically made of ultra-
high strength steels. The characteristics of ultra-high strength steels will meanwhile
facilitate the transportation, handing and disassembly of the structural members,
featuring the lower long-term maintenance costs. However, their actual use in
construction field is restricted by the absence of the experimental data on ultra-high
strength steel components and lack of the efficient design provisions. Therefore, the
experimental and numerical investigations on ultra-high strength steel members and
the relevant design analyses (i.e. devising more accurate design approaches) are

worthy of undertaking.

On the other hand, the relatively low ductility of ultra-high strength steels is also the
key concern that may affect their popularisation in the construction industry. But
recent advancements in manufacturing techniques have enabled the improvement of

the ductility of ultra-high strength steels to an acceptable level by means of special



quenching and tempering, which indicates that ultra-high strength steels may also be
adopted for general structural members. This thus prompted the current study on S960
ultra-high strength steel welded I-section components under different loading cases,
with the aim of establishing the experimental data pool and devising the relating

accurate design approaches in different countries.

1.2 Structural applications

The structures made of ultra-high strength steels S960 and S1100 and high strength
steel S690 have risen throughout the world, particularly in Sweden, Japan, Australia
and Germany. The Landmark Tower (Figure 1.1) in Japan, was built by adopting S690
high strength steel I-sections to structure columns, with the aim of reducing self-
weights and hence the seismic reaction forces of the structure when subjected to
earthquake loading. The Fast Bridge 48 Military Bridge in Sweden (Figure 1.2), was
constructed using S960 ultra-high strength steel coupling plates and S1100 ultra-high
strength steel decks, to achieve the strength requirements and reduce structure
weights and fabrication costs. The Latitude Building (Figure 1.3) in Sydney
employed concrete filled S690 high strength steel box sections in the transfer trusses
to provide additional space inside the building. In the Sony Centre (Figure 1.4),
Germany, S690 high strength steel was adopted in the roof truss to achieve the small

component cross-sections and provide the envelope for fire protection.



Figure 1.1: Landmark Tower, Japan

(https://en.wikipedia.org/wiki/Yokohama Landmark Tower)

Figure 1.2: Fast Bridge 48 Military Bridge, Sweden (Collin and Johansson, 2006)


https://en.wikipedia.org/wiki/Yokohama_Landmark_Tower

Figure 1.3: Latitude Building, Australia

(https://en.wikipedia.org/wiki/Latitude (building))

Figure 1.4: Sony Centre, Germany

(https://www.sonycenter.de/en/architecture)
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1.3 Research objectives

Up to date, there have been no available design provisions for ultra-high strength steel
structures. Therefore, the applicability of the current design rules for high strength
steel structures to ultra-high strength steel counterparts need to be evaluated and the

relating efficient design approaches are necessary to be proposed.

Most of the current design provisions for high strength steel welded I-section
components with the material grades up to S690 (or S700) were developed by directly
mirroring those specified for normal strength steel counterparts, with the design
accuracy evaluated by the extensive investigations on high strength steel welded I-
section members under different loading cases. But in this thesis, the design of S960
ultra-high strength steel structures is out of their scopes and the applicability of the
design provisions for S690 or S700 high strength steel welded I-sections to S960
counterparts needs to be assessed. Testing and analysis of S960 ultra-high strength
steel welded I-sections under pure compression and combined loading, are therefore
the objectives of this thesis, to provide the basis for the further development of the

efficient design rules in different countries.

1.4 Thesis outline

There are 8 chapters in the present thesis, with the contents in each chapter
summarised as follows. This chapter introduces the background of ultra-high strength
steels and their actual engineering applications in the construction field. The research

objectives of this thesis and the outline are also included.



Chapter 2 contains an extensive review of previous relevant studies, for the purpose
of providing an overview of significant topics, including the existing experimental
and numerical studies of high strength steel and ultra-high strength steel welded I-
section components under various loading cases from the cross-section and member

levels.

Chapter 3 describes thorough experimental and numerical investigations into the
membrane residual stresses and local stability of S960 ultra-high strength steel
welded I-section stub columns. An extensive laboratory testing programme is
performed firstly, with the new predictive model for membrane residual stresses in
S960 ultra-high strength steel welded I-sections proposed and concentrically loaded
stub column tests conducted. This is followed by the numerical modelling study, in
which the validation and parametric studies are carried out. The experimental and
numerical results are adopted to evaluate the applicability of the codified provisions
for S690 high strength steel welded I-section stub columns to S960 ultra-high strength

counterparts.

Chapter 4 and Chapter 5 present the experimental and numerical investigations of
minor-axis flexural buckling and local—flexural interactive buckling behaviour of
S960 ultra-high strength steel welded I-section columns, respectively. In each chapter,
the detailed experimental procedures, setups and key findings are reported. The
numerical simulations are also conducted, with the aim of replicating the test
observations. The obtained experimental and numerical results are adopted to
evaluate the applicability of the design buckling curves and the codified design
formulations to S960 ultra-high strength steel welded I-section columns. New design

approaches are also proposed based on the European code.

Chapter 6 focuses on the cross-section behaviour and resistances of S960 ultra-high
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strength steel welded I-section stub columns under combined compression and
bending moment. A series of major-axis and minor-axis combined loading tests are
conducted as part of the study, followed by the numerical simulations. On the basis
of the experimentally and numerically derived results, the applicability of the design
interaction formulations, as prescribed in the European, American and Australian
standards, to S960 ultra-high strength steel welded I-sections under combined loading

is evaluated.

Chapter 7 investigates the global instability of S960 ultra-high strength steel welded
I-section beam-columns under minor-axis combined loading. A thorough testing
programme, in conjunction with a systematic numerical modelling programme, is
presented. The codified beam-column interaction curves and relating provisions are
fully described; their applicability to S960 ultra-high strength steel counterparts is
afterwards evaluated through comparing the results obtained from the codified rules

against the derived experimental and numerical data.

Finally, the key findings of the current research and suggestions for future research

work are summarised in Chapter 8.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

A broad review of the previous relevant studies is presented in this chapter. As there
are no available design standards for ultra-high strength steel (i.e. material yield stress
over 690 MPa) structures, the development of international design codes (i.e.
European code, American specification and Australian standard) for high strength
steel structures, is firstly introduced. Existing research on high strength steel and
ultra-high strength steel welded I-section components at the material, residual stress,
cross-section and member levels, are then reviewed and summarised, together with
the relating discussions of codified design rules and devised design approaches. Also,
the research gaps of the previous research were also highlighted in the following

sections, prompting the necessity of the current research work reported in this thesis.

2.2 International design codes

Currently, there are no available design standards for ultra-high strength steel
structures, the corresponding existing design standards for high strength steel
structures are therefore introduced. The European code EN 1993-1-12 (CEN, 2007),
specifically for the design of high strength steel with material grades higher than S460
up to S700, was released in 2007, with most design rules directly mirroring those for
normal strength steel structures. The American Institute of Steel Constructions (AISC)
published the American specification, named as “Specification for Structural Steel

Buildings” (AISC, 2016), in 2013 and revised it in 2016, specifically for high strength



steel structures with material yield stress up to 690 MPa. In Australia, the Australian
standard AS 4100 (AS, 2016) was initially developed in 1998 and covered the steel
design with the nominal yield stresses lower than 450 MPa; this is followed by the

revision and extension of the application scope to material grades up to S690 in 2016.

2.3 Previous research on high strength steel and ultra-high

strength steel welded I-sections

2.3.1 Material properties
2.3.1.1 Material response

The material properties for high strength steels with their yield stresses over 355 MPa
and ultra-high strength steels with their yield stresses over 690 MPa are detailed in
this section. For high strength steels and ultra-high strength steels, their stress—strain
curves are similar to those of normal strength steels, featuring a linear elastic history
until the attainment of the distinct yield point, the yield plateau and some strain
hardening. Despite the higher yield stress, high strength steels and ultra-high strength
steels own essentially the same elastic modulus £ as normal strength steels. Previous
literature (Li et al., 2015; Wang et al., 2017; Ban & Shi, 2018; Wang et al., 2019) in
relation to S960 ultra-high strength steel and high strength steels revealed that the
yield stress f; is not increasing at the same degree as the ultimate tensile stress f,. As
aresult, the ability of material strain hardening, normally represented by the ultimate-
to-yield stress ratio f./f;, decreases with the increased material grades. Empirical
formulations between f./f, and f,, as defined in Equation (2.1) and Equation (2.2),
were respectively proposed by Fukumoto (1998) and Langenberg (2008). Shi et al.
(2016) also developed the multi-linear material constitutive model for high strength

steels, defining material stress—strain responses, as given in Equation (2.3), where ¢
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and f are respectively the strain and stress, &, and &, are the strains at the yield and

ultimate stresses, ¢ is the strain at the stress of (f,41.)/2.

f,/f,=0.83+203.8/f, (2.1)
0.00271,) Tt
£/f, =[1—0.72e(_' y)} 2.2)
f
— forf <0.85f,
E
0.85f, f—0.85f 0.85f
L+ Ll e, — | for0.85f < f<f,
E 0.15f, E
€= f—f (2.3)
e, +——(g,—¢ for05(f +f J<f<f
' O.5(fu—fy)( =4) (f, 1) ‘
f-05(f,+f,)
&, (e,—¢) forf, < f <0.5(f, +f,)

0.5(f,-f,)

Ductility is another material property considered in structural design. The parameters

adopted in EN 1993-1-1 (CEN, 2005) to place requirements on material ductility of

steel grades up to S460 are given as (i) f,/f >1.10, (i) ¢,/&, >15 and (iii)

&; 215%, where ¢ris the fracture strain.

In terms of high strength steels with material grades up to S700, the ductility

requirements in EN 1993-1-12 (CEN, 2007) are relaxed and given as (i) f, / f, >1.05,

(ii)&, /¢, >15and (iii) ¢, >10%.

In view of the fact that high strength steels and ultra-high strength steels own the
lower ductility than that of normal strength steels, their plastic design and design of
connections, in which the significant plastic deformation and thus force redistribution
may occur, are restricted. But the plastic resistances at Class 1 and 2 sections (CEN,

2006) are still permitted to be exploited.
10



2.3.1.2 Toughness and weldability

The high strength steel and ultra-high strength steel structures should fulfil the
toughness and weldability requirements in structural design. The toughness of
material was highlighted in Langenberg et al. (2000) to be independent of steel grades,
revealing that high strength steels can be regarded in the same way in this aspect.
With regards to weldability, it is generally known that it can be deteriorated by the
carbon content, however, the development of the new welding methods on high
strength steels and ultra-high strength steels with low carbon contents can gradually

eliminate this disadvantage (IABSE, 2005).

2.3.1.3 Residual stresses

Heat from welding may cause localized expansion, and when the finished weldment
cools, some areas cool and contract more than other parts, leaving residual stresses.
Residual stresses in high strength steel sections can lead to premature structural
failure, stiffness loss and load-carrying capacity reductions. It is therefore crucial to
investigate the residual stress patterns and magnitudes in these sections. The
European convention ECCS (1976) and Swedish regulations BSK 99 (2003) provide
residual stress models for normal strength carbon steel welded I-sections, specifying
peak residual stress values and distributions. A review of previous studies on residual
stresses in high strength steel welded, hot-finished and cold-formed sections is as
follows and serves as a basis for the present investigation into membrane residual
stresses in S960 ultra-high strength steel welded I-sections. Specifically, Wang et al.
(2012a) and Ban et al. (2012) measured the residual stresses in S460 high strength
steel welded I-sections, utilising hole-drilling method and sectioning method,
respectively; based on the experimentally measured data, two residual stress models

were proposed, highlighting the similar pattern to BSK and ECCS counterparts, but
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lower peak compressive (and tensile) residual stress values and different distribution
parameters. The membrane residual stresses in S690 high strength steel welded I-
sections at room temperature and after exposure to elevated temperatures were
measured by the authors and respectively reported in Sun et al. (2019a) and Su et al.
(2020,2021g), where the effect of temperature on the membrane residual stress
distribution pattern and amplitudes was studied and quantified and a three-stage
predictive model, including a peak tensile membrane residual stress region, a peak
compressive membrane residual stress region and a transition region (where peak
tensile membrane residual stresses are changed to peak compressive membrane
residual stresses), was proposed. Membrane residual stress measurements on S690
high strength steel welded I-sections were also conducted by Liu and Chung (2018)
and Le et al. (2020) and similar three-stage membrane residual stress predictive
models were proposed. Li et al. (2020) measured the membrane residual stresses in
S960 ultra-high strength steel welded box-sections and I-sections, highlighted that
the peak compressive and tensile membrane residual stresses were relating to the wall
thickness and proposed a two-stage predictive model with no transition regions. Wang
et al. (2016) measured the membrane residual stresses in hot-finished S690 high
strength steel square and rectangular hollow sections and pointed out that the peak
membrane residual stresses were equal to around 0.055f, in tension and 0.031f, in
compression, which were significantly lower than those in S690 high strength steel
welded I-sections. Ma et al. (2015) measured the membrane and bending residual
stresses in S900 and S1100 high strength steel hollow sections fabricated from cold-
forming and seam-welding and summarised that the membrane residual stresses were

around 0.2f, in comparison with the bending residual stresses of about 0.55f,.

Until now, research on residual stresses in S960 ultra-high strength steel welded I-

sections remains limited, with the only available investigation reported in Li et al.
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(2020), which therefore prompted the residual stress measurements on S960 ultra-
high strength steel welded I-sections, one of the focuses in this thesis. Measurement
approaches, key results and comparisons of proposed models with current codified

models, are detailed in the following chapters.

2.3.2 Local buckling behaviour

2.3.2.1 Existing experimental studies

Local buckling is generally known as plate element buckling, without overall
buckling of the member; it often occurs in thin-walled elements. In the past two
decades, there has been a significant expansion in the applications of high strength
steel welded I-sections, due to their simple cross-section shape and ease of fabrication,
assembly and disassembly. Existing experimental studies into the cross-sectional
response and resistances of high strength steel and ultra-high strength steel welded I-
section structural components are reviewed in this sub-section. Table 2.1 summarises
the previous stub column tests, three-point as well as four-point bending tests, and
combined loading tests on high strength and ultra-high strength steel welded I-
sections. Specifically, Shi et al. (2014) carried out the experimental and numerical
studies on 9 S460 high strength steel welded I-section stub columns, and highlighted
that (i) the local buckling stress and the ultimate stress decrease with the increasing
plate slenderness and (ii) the current design methods in Europe, America and China
were found conservative in terms of the cross-section resistances of S460 high
strength steel welded I-section stub columns, especially for those with plate elements
of high width-to-thickness ratios. Kim et al. (2012) and Yoo et al. (2013) performed
stub column tests on S650 welded I-sections and compared the local buckling failure
modes with those obtained from finite element models; based on the test and

numerical results, the design slenderness limits were checked. Rasmussen and
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Hancock (1992) conducted 6 stub column tests on S690 high strength steel welded I-
sections, with results obtained from these high strength steel welded I-sections and
the ordinary steel counterparts compared; the following conclusions were drawn — (1)
the same yield slenderness limits can be applied to both ordinary and high strength
steel plate elements, (ii) residual stress has less influence on stocky sections than
slender sections and (iii) the inferior strain hardening property of high strength steel
leads to the nondimensional strengths of stocky high strength steel welded I-sections
less than those of stocky ordinary steel counterparts. Sun et al. (2019) also performed
16 stub column tests on S690 high strength steel welded I-sections, based on which,
the slenderness limits and the cross-section capacities were checked against with the
relating provisions in the international design standards, with their design accuracy
and consistency highlighted. Kim et al. (2014) carried out the strength and residual
stress evaluation of I-section stub columns fabricated from S800 high strength steel;
the experimental results indicated that residual stress bears no relation to the yield
stress of material and the impact of the residual stress on inelastic local buckling of
S800 high strength steel welded sections is insignificant. Shi et al. (2015) conducted
4 stub column tests on S960 ultra-high strength steel welded I-sections, based on
which, the conclusion that the American specification (AISC, 2016) and European
code (CEN, 2007) were found not safe when the flanges are stocky and too
conservative when plate elements become slender was drawn. Li et al. (2019) also
conducted the experimental and numerical investigations on S960 ultra-high strength
steel welded I-section stub columns; slenderness limits were highlighted to be
conservative in all the considered standards, while American specification (AISC,
2016) were found to provide the closest predictions. Although extensive experimental
and numerical studies of high strength steel welded I-section stub columns were

performed, the investigations of membrane residual stresses and local buckling
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behaviour of S960 ultra-high strength steel welded I-section stub columns remain

scarce, thus one of the focuses of this thesis.

In terms of the flexural behaviour of high strength steel welded I-sections, Green et
al. (2002) carried out 10 in-plane bending tests on S550 high strength steel welded I-
sections, with the effects of various loading conditions (i.e. monotonic moment
gradient, monotonic uniform moment and cyclic moment gradient) on the flexural
behaviour and rotation capacities assessed, and the results were evaluated against the
design criteria specified in the AISC-LRFD specifications (AISC, 1994), with some
recommendations made for revising the specifications. Lee et al. (2013) conducted 8
three-point bending tests and 3 four-point bending tests on S650 high strength steel
welded I-section members, with test results compared with the ordinary steel
counterparts; the inferior rotation capacity and vulnerability to brittle fracture of high
strength steel welded I-section beams were highlighted. McDermott (1969) carried
out 9 beam tests on S690 high strength steel welded I-section members, with the
conclusion of their sufficient rotation capacity drawn. Beg and Hladinik (1996)
performed the thorough experimental and numerical investigations on the structural
behaviour of S690 high strength steel welded I-section beams, the results of which
were used to check the Class 3 slenderness limit, with the new proposal provided
based on European code (CEN, 2007). S690 high strength steel welded I-section
beams were also studied in Sun et al. (2019b), where 12 four-point in-plane bending
tests were carried out, based on which, the accuracy of the codified provisions (i.e.
slenderness limit and cross-section capacity) in European, American and Australian
standards was assessed, with the advantages and disadvantages of the codified rules

highlighted.
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Combined loading tests were also conducted to study the local buckling behaviour of
high strength steel welded I-section members. Sun et al. (2021a) conducted 10
eccentric compression tests on S690 high strength steel welded I-section stub
columns, with 5 on major-axis combined loading and the other 5 on minor-axis
combined loading. The experimental results, combined with the numerical results
derived from the numerical modelling study, were used to assess the codified rules
specified in the international standards, with their design accuracy and consistency
evaluated. Kim et al. (2014) carried out 3 combined loading tests on S800 high
strength steel welded I-section members, the results of which were adopted to assess
the P-M interaction curve specified in American Specification (AISC, 2016), with its
conservativity revealed. Until now, the structural behaviour and resistances of S960
ultra-high strength steel welded I-section stub columns under combined loading

remain unexplored, and thus studied and reported in this thesis.
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Table 2.1: Summary of existing tests on high strength steel and ultra-high strength

steel welded I-sections prone to local buckling

Tests Grade | Reference No. of tests
S460 | Shietal. (2014) 9
Kim et al. (2012) 10
S650
Yoo et al. (2013) 7
Stub column tests S690 | Rasmussen and Hancock (1992) | 6
S690 | Sun et al. (2019a) 16
S800 | Kim etal. (2014) 3
Shi et al. (2015) 4
S960
Lietal. (2019) 4
S550 | Green et al. (2002) 10
S650 | Lee etal. (2013) 11
In-plane bending tests McDermott (1969) 9
S690 | Beg and Hladinik (1996) 10
Sun et al. (2019b) 12
S690 | Sun et al. (2021a) 10
Combined loading tests
S800 | Kim etal. (2014) 3

2.3.2.2 Codified design rules for local buckling

In place of normal strength steels, the use of high strength steels and ultra-high

strength steels leads to more slender sections; these sections are more susceptible to

local buckling, which limits their cross-section resistances and deformation capacities.

Therefore, local buckling behaviour and relevant design rules need to be well

understood.
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As there are currently no design standards for ultra-high strength steel structures, the
design codes for normal strength and high strength steel (with material grades up to
S690 or S700) structural components are described herein. The cross-section
classification framework and a bi-linear elastic, perfectly plastic stress—strain curve
without the consideration of strain hardening, are employed for the design of normal
strength steel and high strength steel (with material yield stresses less than 700 MPa)
welded I-sections prone to local buckling in the current international design codes.
The welded I-section class is defined on the basis of its most slender constituent plate
element without the consideration of interaction between plate elements. For welded
I-sections in pure compression, the European code, American specification and
Australian standard prescribe the yield loads Af, (4 is gross cross-section area) as
non-slender (Class 1, 2 and 3) section compression resistances and effective
compression capacities Ny for slender (Class 4) sections. Regarding the bending
resistance of a welded I-section, the European code EN 1993-1-12 (CEN, 2007)
specifies the plastic moment capacities M, the elastic moment capacities M.; and the
effective moment capacities M.y as the design bending resistances for Class 1 and 2
(plastic) sections, Class 3 (elastic) sections and Class 4 (slender) sections,
respectively. American specification (AISC, 2016) and Australian standard (AS, 2016)
classify the cross-sections in bending as compact, non-compact and slender sections.
For compact welded I-section beams, the design bending moment resistance is
prescribed as M,,;, while the partial plasticity and the effective bending moment
resistance M.1s adopted for non-compact and slender sections. It is worth noting that
the effective compression and bending capacities for slender sections are derived on
the basis of the effective width approach, which was previously proposed by Winter
(1947) and later modified in the considered design codes; this method takes the cross-

section as an assemblage of isolated outstand and internal plate elements without the
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consideration of element interaction and takes the effectiveness loss into account due

to local buckling by means of the reduction of each plate element width.

In terms of welded I-sections under combined compression and bending, the
European code EN 1993-1-12 (CEN, 2007) employs nonlinear interaction expression,
for Class 1 and 2 sections, derived on the basis of full plasticity over the whole cross-
section, while the linear interaction formulation, which is expressed as the linear
summation of utilisation ratio for compression and bending stress resultants, with an
upper limit of unity, is adopted for Class 3 and Class 4 sections under combined
loading. The American specification (AISC, 2016) adopts a bi-linear design
interaction expression for welded I-sections under combined loading. For Australian
standard (AS, 2016), the same linear design interaction formulation is employed as
that of EN 1993-1-12 (CEN, 2007), with the differences lying in the derivations of

the cross-section compression and bending moment resistances.

The discussions on the design rules for local buckling of high strength steel structural
components under pure compression and combined loading are respectively detailed

in Chapter 3 and Chapter 6.

2.3.3 Global instability

2.3.3.1 Existing experimental investigations

Global buckling is generally known as buckling of the whole member, not buckling
of the individual plate element; it often occurs because of long member length. The
global buckling behaviour and resistances of high strength and ultra-high strength
steel welded I-section members under pure compression and combined loading were

investigated through a series of previous testing programmes, with Table 2.2
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summarising the column tests and beam-column tests on these sections. More
detailed, Ban et al. (2012) conducted the experimental and numerical investigations
on 7 I-section columns welded from S460 high strength steel flame-cut plates, with
the overall buckling behaviour and buckling capacity studied. Based on the test and
numerical results, buckling curves in the international codes were assessed and new
curves were respectively proposed for major and minor principal axes. The ultimate
strengths of 6 welded I-section columns fabricated from flame-cut steel with the
nominal yield stress of 460 MPa were also experimentally and numerically studied
in Wang et al. (2012b), where the buckling curve in GB 50017 (MOHURD, 2003)
was found applicable, while the buckling curve in EN 1993-1-12 (CEN, 2007) was
concluded conservative. The member capacities of 6 S460 high strength steel welded
I-sections were also investigated by Zhou et al. (2013), who highlighted that the
European code (CEN, 2007) provided the best agreement between the test data and
the strength predictions. Regarding S690 high strength steel welded I-sections,
Rasmussen and Hancock (1995) conducted 5 long column tests and compared their
strengths with the strength predictions from the Australian and European standards
(AS, 2016; CEN, 2007), with the results revealing that EC 1993-1-12 (CEN, 2007)
design buckling curve was conservative. The same conclusion was also found in Shi
et al. (2012), where 4 S690 high strength steel welded I-section columns tests were
conducted; based on the experimental and numerical results, the design curves in GB
50017 (MOHURD, 2003) and EN 1993-1-12 (CEN, 2007) were highlighted to be
conservative and need to be revised. More recently, Li et al. (2016) also conducted 6
S690 high strength steel welded I-section column tests and assessed the American,
Chinese and European codified design curves based on the test results; the conclusion
was drawn that the adopted curves in EN 1993-1-12 (CEN, 2007) and GB 50017
(MOHURD, 2003) underestimate the ultimate capacities of the examined members,

with the revised curves recommended. Ma et al. (2018b) also preformed the
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experimental investigation on the structural behaviour and failure loads of 7 S690
high strength steel welded I-section slender columns, based on which, the American
Specification (AISC, 2016) was found to provide the most accurate failure load
predictions, compared with those derived from European and Chinese codes (CEN,
2007; MOHURD, 2003). Minor-axis flexural buckling and resistances of S690 high
strength steel welded I-section columns were also investigated in Sun et al. (2020),
in which the design buckling curves in AS 4100 (AS, 2016) and EN 1993-1-12 (CEN,
2007) were assessed based on the experimental and numerical results and concluded
to be conservative, while American specification (AISC, 2016) can provide the
relatively accurate resistance predictions though some data points were over-
predicted. Sun et al. (2021b) also investigated the local—flexural interactive buckling
behaviour of S690 high strength steel slender welded I-section columns and
highlighted that cross-section dimensions and lengths of members influence the
progression and occurrence of local and flexural buckling. Shi et al. (2012) and Ban
et al. (2013) conducted S960 ultra-high strength steel welded I-section column tests,
with their rather similar conclusions drawn — the design buckling curves in GB 50017
(MOHURD, 2003), EN 1993-1-12 (CEN, 2007) and ANSI/AISC 360-16 (AISC,
2016) were conservative and need to be revised. Until now, there were (i) not enough
experimental results on S960 ultra-high strength steel welded I-section columns
failing by minor-axis flexural buckling and (i1) no experimental data on S960 ultra-
high strength steel slender welded I-section columns failing by local—flexural

interactive buckling, and are thus part of the focuses of this thesis.

Eccentric compression tests on S460 and S690 high strength steel welded I-section
members were also conducted to investigate their global instability and are reviewed
herein. Li et al. (2012) conducted 6 beam-column tests on S460 high strength steel

welded I-sections, with the residual stresses in each examined I-section also studied;
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the results revealed that (i) the residual stress distribution pattern of S460 high
strength steel welded I-sections was almost identical to the counterpart of the ordinary
steel and (ii) the design rules in Chinese code were conservative to predict the bearing
capacity of these members. Ma et al. (2017) performed the experimental investigation
on S690 high strength steel welded I-section members under combined compression
and minor-axis bending, with global buckling observed on all the specimens. Based
on the experimental results, the design rules in Chinese, European and American
codes (MOHURD, 2003; CEN, 2007; AISC, 2016) were assessed, among which, the
European code was concluded to be effective and efficient for predicting the buckling
resistances. However, the investigations on S960 ultra-high strength steel welded I-

section beam-columns are unexplored and hence presented in this thesis.

2.3.3.2 Codified design rules for global instability

To date, there are no international design standards for ultra-high strength steel
structures, the codified design rules for high strength steel members failing by
flexural buckling are described in this sub-section. The same concept of employing
column buckling curves is adopted for the design of high strength steel welded I-
section columns susceptible to flexural buckling in the existing European code EN
1993-1-12 (CEN, 2007), American specification (AISC, 2016) and Australian
standard (AS, 2016). For high strength steel welded I-section failing by local-flexural
interactive buckling, all the aforementioned standards combine the effective width
approach for taking local buckling behaviour of slender plate elements into account
and column buckling curves for considering flexural buckling. The column buckling
curves, as specified in the considered design standards, are detailed in Chapters 4 and

5.
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In terms of high strength steel welded I-section members under combined
compression and bending, the interaction curves with the end points respectively
taken as the member resistances under pure compression and pure bending, and their
shapes defined by the interaction factors, are employed in the existing design codes
(CEN, 2007; AISC, 2016; AS, 2016). Specifically, two alternative design interaction
formulations for high strength steel beam-columns, as prescribed in EN 1993-1-12
(CEN, 2007), directly mirror those specified in EN 1993-1-1 (CEN, 2005); these two
formulae are referred to as Methods 1 and 2 (Greiner, 2001), which were further
developed by Boissonnade el al. (2006). Four interaction factors (Kyy, kyz, kxy and ki)
are adopted for considering all the plasticity effects and second-order geometric
effects in the interaction between compression force and bending moment, which
were obtained on the basis of numerical simulations of beam-columns with uniform
first-order bending moment along the member length. The interaction factors kyy and
kzz consider the interaction effects when the bending plane is same as the buckling
plane, whilst the interaction factors ky, and ky allow for the concern that bending
plane is perpendicular to the buckling plane. Previous literature indicated that the
aforementioned interaction factors are dependent of the member slenderness, cross-
section profiles and compression force. Detailed derivations of these factors, as
utilised in Methods 1 and 2, are reported in Boissonnade et al. (2002, 2004, 2006),
Rusch and Lindner (2004), Lindner (1997, 2003), and Greiner and Lindner (2006).
The design interaction expressions for high strength steel components under
combined compression and bending are also utilised for beam-column design, as
specified in American and Australian standards (AISC, 2016; AS, 2016), but with the
adoption of amplification factors to account for the second-order effects. The detailed
codified design rules and interaction curves for high strength steel welded I-section

beam-columns under combined loading are discussed in Chapter 7.
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Table 2.2: Summary of existing column and beam-column tests on high strength
steel and ultra-high strength steel welded I-section members.

Tests Grade | Reference No. of tests
Ban et al. (2012) 7
S460 | Wang et al. (2012b) 6
Zhou et al. (2013) 6
Column tests Rasmussen and Hancock (1995) | 5
Shi et al. (2012) 4
S690 | Lietal. (2016) 6
Ma et al. (2018b) 7
Sun et al. (2020, 2021b) 20
Shi et al. (2012) 4
S960
Ban et al. (2013) 6
S460 | Lietal. (2012) 6
Beam-column tests
S690 | Ma et al. (2017) 8

2.4 Concluding remarks

This chapter has provided an overview of the existing research work on high strength

steel and ultra-high strength steel welded I-section components from cross-section

and member levels, and the recent developments in international design codes. It is

revealed from the literature review that (i) although comprehensive research on high

strength steel welded I-section components with material grades up to S690 has been

performed, the structural response and resistances of S960 ultra-high strength steel

welded I-section components remain scarce, and (ii) the international design codes

only cover the design of the steel structures with material grades up to S690 or S700,

prompting the need of efficient design rules for S960 ultra-high strength steel
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structures. Therefore, experimental and numerical investigations of S960 ultra-high
strength steel welded I-section structural components under different loading cases,
assessments of the applicability of the current design rules for S690 (or S700) to S960
counterparts and new design proposals for international design standards, are the

focuses of this thesis.
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CHAPTER 3

MEMBRANE RESIDUAL STRESSES AND LOCAL
BUCKLING OF §960 ULTRA-HIGH STRENGTH STEEL
WELDED I-SECTION STUB COLUMNS

3.1 Introduction

This chapter extensively investigates the membrane residual stresses and local
buckling behaviour of S960 ultra-high strength steel welded I-section stub columns,
underpinned by a comprehensive testing and numerical modelling programme. The
testing programme included material testing, membrane residual stress measurements,
initial local geometric imperfection measurements and sixteen stub column tests. On
the basis of the measured data, a membrane residual stress predictive model was
developed. Following the testing programme, a numerical modelling programme was
conducted, where finite element models were firstly developed and validated against
the test results and then adopted to conduct parametric studies to generate further
numerical data. The obtained test and numerical data were used to assess the
applicability of the relevant design provisions for S700 (or S690) high strength steel
welded I-section stub columns, as given in the European code, American
specification and Australian standard, to their S960 ultra-high strength steel
counterparts, as discussed later. The assessment results and key findings have also

been presented in Su et al. (2021Db).
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3.2 Testing

3.2.1 General

Eight different I-sections — [-200x150%6, I-150%150x6, 1-150x75%6, [-120x120x%6,
[-90%70%6, 1-80x60x6, 1-70x70%6 and I[-50x50x6 — were adopted in the testing
programme; the cross-section designation system begins with a letter ‘I’ (indicating
an [-section), followed by the nominal cross-section size in millimetres (outer section
height 4 x flange width by x wall thickness ¢ — see Figure 3.1). All the I-sections were
fabricated from 6 mm thick S960 ultra-high strength steel plates through robotic gas
metal arc welding (GMAW) by SSAB, Singapore. The nominal material properties
and chemical compositions of grade S960 ultra-high strength steel, as specified in EN
10025-6 (CEN, 2019), are reported in Table 3.1. It is worth mentioning that the non-
copper coated, low-alloy (0.4% Cr, 2.2% Ni and 0.55% Mo) electrode OK AristoRod
89, with the ultimate stress equal to 1000 MPa, was used for welding S960 ultra-high
strength steel plates and the nominal widths of the welds were equal to 6 mm. The
robotic welding velocity was equal to 350 mm/min, with the welding current of 180
A and arc voltage of 25 V, which resulted in the heat input equal to 0.77 kJ/mm.
Overall, the testing programme included material testing, membrane residual stresses
measurements, initial local geometric imperfection measurements and stub column

tests.

3.2.2 Material testing

Tensile coupon tests were conducted to determine the material stress—strain curves
and key material properties of the examined S960 ultra-high strength steel welded I-
sections. Coupons were extracted from the same batch of plates as used for the

fabrication of the stub column specimens. Specifically, two longitudinal coupons
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were cut along the rolling direction of the plates, while two additional transverse
coupons were extracted perpendicularly to the plate rolling direction. The dimensions
of the coupons were in compliance with the geometric requirements specified in EN
ISO 6892-1 (CEN, 2016). All the coupons were tested in a displacement-controlled
Schenck 250 kN tensile testing machine, with the applied displacement rates
respectively equal to 0.05 mm/min and 0.8 mm/min up to and beyond the nominal
yield stress of 960 MPa. The resulting strain rates satisfied the relevant requirements
given in EN ISO 6892-1 (CEN, 2016). Figure 3.2 displays the tensile coupon test
setup, including a pair of strain gauges attached to the two parallel wider faces of the
coupon at mid-height to record the tensile strains and an extensometer mounted onto
the central 50 mm of the necked portion of the coupon to measure the elongations.
The measured stress—strain curves for the transverse and longitudinal coupons are
displayed in Figure 3.3; it is worth noting that each measured stress—strain curve of
S960 ultra-high strength steel exhibits very short if any yield plateau and a rather low
level of strain hardening. The key average measured material properties and error for
the pair tests are reported in Table 3.2, including the Young’s modulus E, the yield

stress f,, the ultimate stress f,, the strain at the ultimate stress ¢, and the fracture strain

&f.

~

Figure 3.1: Notations of welded I-section.
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Table 3.1: Nominal material properties and chemical compositions of grade S960
ultra-high strength steel.

(a) Nominal material properties

Grade Yield strength Tensile strength Elongation (%)
(MPa) (MPa)
S960 960 980-1150 12

(b) Chemical compositions.

Grade C Si Mn P S Cr Cu Ni Mo B
() () () () () () () () () (%)

S960 020 050 1.60 0.02 001 0.80 030 200 0.70 0.005

Figure 3.2: Tensile coupon test setup.
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Figure 3.3: Measured stress—strain curves of S960 ultra-high strength steel
longitudinal and transverse coupons.

Table 3.2

(a) Summary of key average measured material properties from S960 ultra-high
strength steel longitudinal and transverse coupons.

Direction E (MPa) fy (MPa) £, (MPa) &u (%) er (%)
Longitudinal 204393 969 1024 5.8 16.0
Transverse 202289 974 1025 6.0 16.0

(b) Error for the repeat tests.

ALJE (%) Mty (o) Afulfu (Vo) Aclen (o) Aefler (%)
1.03 0.52 0.10 3.45 0

3.2.3 Membrane residual stress measurements

Membrane residual stresses inherently exist in high strength steel welded sections
and can result in premature failure of structures (Liu & Chung, 2018; Sun et al., 2019a;
Le et al., 2020; Li et al., 2020). Measurements of membrane residual stresses in the

examined S960 ultra-high strength steel welded I-sections were therefore carried out.
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The sectioning method was employed for the membrane residual stress measurements
on two representative S960 ultra-high strength steel welded I-sections 1-200x150%6
and [-150x150%6, with the procedures conforming to those recommended by
Ziemian (2010). The dimensions and locations of the strips within the two
representative [-sections before sectioning are displayed in Figures 3.4 and 3.5; the
nominal length of each strip was equal to 150 mm, with the nominal width of 10 mm.
A pair of gauge holes (2 mm in diameter) were drilled along the centreline of the
exterior face of each strip by an automatic dot puncher and the nominal distance from
the centroid of each gauge hole to the strip end was equal to 25 mm; this resulted in
the nominal strip length between gauge holes Lo equal to 100 mm, while the actual
length r; of each strip between gauge holes within the intact welded I-section
specimens before sectioning was measured by means of a Demec gauge. The welded
I-section specimens were then sectioned into strips through the use of a waterjet
cutting machine, which induced little if any heat input into the strips during the
sectioning process, without affecting their original membrane stress patterns and
amplitudes. Upon sectioning, the length between gauge holes for each strip > was
measured again by the Demec gauge. In order to capture the influence of temperature
variation on the change in strip lengths, a temperature reference bar, cut from the
same batch of material as used for the fabrication of the welded I-section specimens,
was adopted. Two gauge holes were also drilled on the temperature reference bar, and
its length between gauge holes was firstly measured by the Demec gauge on the same
day when length measurements of the strips within the intact welded I-section
specimens were conducted and then also recorded on the same day when length
measurements of the strips upon sectioning were performed; the values of the first

and second measurements were denoted as 71 and 7, respectively.
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Figure 3.4: Location of strips along specimen length direction (note that d is equal
to brherein).
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Figure 3.5: Locations and dimensions of strips within S960 ultra-high strength steel
welded I-sections (dimension in mm).
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For each strip, the relived membrane residual strain gy was calculated by Equation
(3.1), with negative and positive values of ¢ indicating the release of compressive
and tensile membrane residual strains, respectively. It is worth noting that the
sectioned strips in the vicinity of welds displayed slightly curved shapes; this can be
attributed to the existence of a relatively high level of through-thickness bending
residual stresses near the welds, and corrections to the relieved membrane residual
strains calculated from Equation (3.1) were then made according to Equation (3.2)
(Tebedge et al., 1973), where ¢ is the deviation measured from the mid-point of the
strip to a straight reference line connecting the centroids of gauge holes and &, is the
corrected relieved membrane residual strain. Finally, the membrane residual stresses
can be computed by multiplying the corresponding membrane residual strains by the

Young’s modulus.

(rl _tl)_(rz _tz)

oS T Loy G-D
(/L)
0,c — 0+6(5/L0)4 +1 (3'2)

Figures 3.6(a) and 3.6(b) depict the distribution patterns and amplitudes of the
measured membrane residual stresses for the two S960 ultra-high strength steel
welded I-sections [-200x150x6 and I-150x150%6, while the peak membrane residual
stress amplitudes, normalised by the material yield stress, are given in Table 3.3,
where f; is the peak tensile membrane residual stress amplitude and f. is the peak
compressive membrane residual stress amplitude. The measured membrane residual
stresses of the flanges and webs are also displayed in a normalised format — see
Figures 3.7(a) and 3.7(b), where the membrane residual stresses, normalised by the
material yield stress, are plotted against the normalised positions; the origin point (0.0)
stands for the flange-to-web junctions, while the end point (1.0) represents the flange

tips or web mid-points.
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Figure 3.6: Measured membrane residual stress patterns and amplitudes for S960
ultra-high strength steel welded I-sections [-200x150%6 and [-150x150%6.
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Table 3.3: Normalised measured peak tensile and compressive membrane residual
stresses of S960 ultra-high strength steel welded I-sections.

Specimen ID  Peak tensile residual stresses Peak compressive residual
) stresses
(o)

Flange Web Flange Web

[-200x150%6 0.62 0.18 -0.11 -0.11
0.64 -0.13

[-150x150%6 0.65 - -0.13 -0.15
0.63 -0.17

Mean 0.64 0.18 -0.14 -0.13

Maximum 0.65 0.18 -0.17 -0.15

Given that there have been no codified models for predicting membrane residual
stresses in S960 ultra-high strength steel welded I-sections, the two existing
membrane residual stress predictive models for normal strength steel welded I-
sections, as specified in ECCS (1976) and BSK 99 (2003), were evaluated for their
applicability to S960 ultra-high strength steel welded I-sections. The two existing
codified membrane residual stress predictive modes for normal strength steel welded
I-sections were established based on the same three-stage distribution pattern, as
shown in Figure 3.8, though different distribution parameters (a, b, ¢ and d) and peak
membrane residual stress magnitudes were adopted, as reported in Table 3.4.
Comparisons of the ECCS and BSK 99 predictive models with the measured
membrane residual stress data points in Figures 3.7(a) and 3.7(b) revealed that (i)
both the predictive modes in ECCS (1976) and BSK 99 (2003) unduly over-predict
the peak tensile membrane residual stresses and (ii) the BSK 99 (2003) predictive
mode also underestimates the peak compressive membrane residual stresses,
especially in flanges. The two stage-predictive model with no transition regions, as
proposed by Li et al. (2020), is also compared with the measured membrane residual
stress data points in Figures 3.7(a) and 3.7(b) and shown to result in a higher level of

accuracy over the two codified predictive models, however, the membrane residual
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stress transition regions are not well captured. Finally, a new predictive model was
developed, through the use of the same three-stage distribution pattern (see Figure
3.8) but a different set of distribution parameters and peak membrane residual stress
magnitudes, as reported in Table 3.4. Comparisons of the measured membrane
residual stresses in S960 ultra-high strength steel welded I-sections with the new
proposed predictive model are displayed in Figures 3.7(a) and 3.7(b), indicating a

better level of agreement.

Table 3.4: Membrane residual stress predictive models.

Preditive models Peak tensile Peak compressive a b c d
residual stresses residual stresses
ECCS (1976) 5 0.251, 0.05b¢ 0.15by  0.075h,,  0.05h,,
BSK 99 (2003) S From equilibrium 0.75¢ 1.5¢ 1.5¢, 1.5¢,
Li et al. (2020) (0.31Inz+0.3)f; From equilibrium 0 20In#+2 8Int+2 0
Proposed model 0.8f, From equilibrium 0.075b¢ 0.15by  0.075h,,  0.075h,,

Note: by is the flange width and 4, is the clear distance between flanges; # is the

flange thickness and ¢, is the web thickness.
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Figure 3.7: Comparisons of measured membrane residual stresses in S960 ultra-
high strength steel welded I-sections with predictive models.

37



Figure 3.8: Membrane residual stress distribution pattern for welded I-sections.

3.2.4 Initial geometric imperfection measurements

The local buckling of thin-walled steel stub columns is known to be influenced by
their initial local geometric imperfections, measurements of which are thus conducted
for each S960 ultra-high strength steel welded I-section stub column specimen. The
test setup for initial local geometric imperfection measurements is similar to that used
by Schafer and Pekoz (1998) and shown in Figure 3.9, where three LVDTs, mounted
onto the head of a milling machine, are moving transversely along two flanges and
one web at several cross-sections of the stub column specimen. For each plate
element, the initial local geometric imperfections were defined as the deviations from
a linear regression line fitted to the measured data set, while the largest measured
deviation from all the three plate elements was defined as the initial local geometric

imperfection magnitude of the stub column specimen wo, as reported in Table 3.5.
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Figure 3.9: Test setup for initial local geometric imperfection measurements.

Table 3.5: Measured geometric dimensions and initial local geometric imperfection
magnitudes of S960 ultra-high strength steel welded I-section stub columns.

Specimen ID L (mm) h (mm) br(mm) ¢t (mm) wo (mm)
[-200x150%6-1 599.2 199.73 149.71 6.01 0.10
[-200x150%6-2 600.3 200.06 150.03 5.96 0.11
[-150x150%6-1 448.6 149.34 149.23 5.98 0.11
[-150%150%6-2 450.0 149.54 150.01 6.07 0.13
[-150x75x%6-1 3214 149.76 75.93 6.14 0.09
[-150%75%6-2 319.8 149.11 75.98 6.10 0.07
[-120x120%6-1 358.9 119.13 119.30 5.99 0.06
[-120x120%6-2 360.5 118.94 119.64 6.03 0.12
[-90x70%6-1 238.5 89.69 69.20 5.97 0.07
[-90x70%6-2 240.0 90.56 69.47 6.01 0.05
[-80%60x6-1 209.0 78.95 59.24 6.03 0.09
[-80%60%6-2 210.0 79.04 59.30 5.96 0.04
[-70x70%6-1 208.5 69.84 69.30 6.01 0.10
[-70x70%6-2 210.5 69.97 69.34 5.94 0.07
[-50x50%6-1 148.0 49.81 49.15 5.98 0.05
1-50x50%6-2 148.5 49.09 49.23 6.06 0.03
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3.2.5 Stub column tests

For each of the eight S960 ultra-high strength steel welded I-sections, two repeated
stub column tests were carried out, to investigate their local buckling behaviour and
compression resistances. Table 3.5 reports the measured cross-section dimensions
and member length L for all the stub column specimens; note that the two repeated
stub column specimens for each welded I-section were differentiated by using a
number ‘1’ or ‘2’ in the specimen ID. Prior to stub column tests, milling and deburring
were carried out on the specimen ends; this enabled the achievement of flat and
parallel end surfaces of the specimens and thus uniformly distributed compressive
stresses over the whole end sections during testing. A displacement-controlled
INSTRON 5000 kN hydraulic testing machine was used for all the stub column tests,
with a constant rate of 0.3 mm/min, and equipped with parallel fixed platens, to
provide fixed-ended boundary conditions to the specimen ends. The stub column test
setup is displayed in Figure 3.10, including a pair of longitudinally-placed LVDTs to
measure the specimen end shortenings and two strain gauges, attached to the web-to-
flange junctions of the specimen at mid-height, to record the axial strains. It is worth
noting that the measured end shortening values from the LVDTs included the
deformations of both the stub column specimen and the platens of the testing
machine(Centre for Advanced Structural Engineering, 1990; Gardner & Nethercot,
2004a); the end shortening values were thus corrected, based on the strain gauge
readings, to eliminate the deformations of the platens. Figure 3.11 displays the
corrected load—end shortening curves for the S960 ultra-high strength steel welded I-
section stub column specimens, while the key experimental results upon testing,
including the failure load N,, the end shortening at the failure load J, and the ratio of
the failure load to the cross-section yield load N./Af, (A is the gross cross-section
area), are reported in Table 3.6. Local buckling was identified for all the sixteen S960

ultra-high strength steel welded I-section stub column specimens upon testing, with
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typical failed specimens I-150x150%6-1 and 1-90x70%6-1 displayed in Figure 3.12.
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Figure 3.11: Load—end shortening curves of S960 ultra-high strength steel welded
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Figure 3.12: Local buckling failure modes of typical S960 welded I-section stub
column specimens (from left to right: I-150x150%6-1 and I-90x70%6-1).
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Table 3.6: Summary of key stub column test results.

Specimen ID N (kN) Oy (Mmm) N.J/Af,
[-200%150%6-1 2223.14 2.99 0.78
[-200x150%6-2 2080.20 2.92 0.74
[-150%150%6-1 2104.29 2.24 0.83
[-150x150%6-2 2180.35 2.21 0.85
[-150x75%6-1 1621.09 2.06 1.24
[-150x75x%6-2 1671.03 2.27 1.25
[-120x120%6-1 2135.85 247 1.06
[-120x120%6-2 ? 1930.33 — 0.95
[-90x70%6-1 1393.82 3.95 1.11
[-90x70%6-2 1405.18 3.94 1.11
[-80x60%6-1 1250.50 3.60 1.15
[-80x60%6-2 1217.18 3.72 1.13
[-70x70%6-1 1300.34 3.68 1.14
[-70x70%6-2 1263.98 3.33 1.12
[-50x50%6-1 950.92 4.17 1.21
[-50%50%6-2 946.92 3.74 1.19

? LVDTs dropped down during testing and no end-shortening data was obtained.

3.3 Numerical modelling

3.3.1 General

Following the testing programme, a numerical modelling programme was conducted
by using the finite element (FE) modelling software ABAQUS (2014) and fully
presented in this section. The detailed modelling assumptions, techniques and
procedures were firstly described. Then, the developed FE models were validated
against the test results. Finally, parametric studies were performed by using the
validated FE models to generate further numerical data over a wide range of cross-

section dimensions.
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3.3.2 Development of FE models

Each S960 ultra-high strength steel welded I-section stub column specimen was
modelled according to the corresponding measured dimensions — see Table 3.5. The
shell element ‘S4R’, as provided in the element library of ABAQUS (2014), has been
proven to be capable of accurately simulating S690 high strength steel and S960 ultra-
high strength steel welded I-section members (Ma et al., 2018a; Sun et al., 2019a; Li
et al., 2020) and was also adopted throughout the present numerical modelling. On
the basis of a mesh sensitivity study examining element sizes varied between 0.5¢7 to
3¢, the size of the S4R element was selected as ¢, which was found to be able to
provide accurate numerical simulation results with satisfactory computational
efficiency and also allowed for accurate inclusion of membrane residual stresses into
the modelled S960 ultra-high strength steel welded I-section stub columns. In terms
of the material modelling of S960 ultra-high strength steel, the true stress—plastic
strain curves, converted from the measured (engineering) stress—strain curves for the
longitudinal coupons — see Figure 3.3, were assigned to the S960 ultra-high strength
steel welded I-section stub column FE models. The membrane residual stresses, as
determined from the predictive model proposed in Section 3.2.3, were included into
each S960 ultra-high strength steel welded I-section stub column FE model by means
of the ‘Predefined Field’ command (ABAQUS, 2014); Figure 3.13 illustrates the
membrane residual stresses incorporated into the FE model for typical S960 ultra-
high strength steel welded I-section stub column specimens [-150%150x6-1. With
regard to the modelling of the fixed-ended boundary conditions employed in the tests,
the two end sections of each stub column FE model were coupled to two concentric
reference points and fully restrained against all degrees of freedom, except for
displacement along the longitudinal direction at one end. For the inclusion of initial
local geometric imperfection into each stub column FE model, an elastic eigenvalue

analysis (ABAQUS, 2014) was firstly performed to derive the lowest elastic local
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buckling mode shape, which was taken as the initial local geometric imperfection
distribution pattern along the model length and then factored by appropriate
imperfection magnitudes. A total of four imperfection magnitudes, including the
measured value wo and 1/100, 1/30 and 1/10 of the wall thickness, were adopted, to
evaluate their influences on the numerical failure loads and seeking the most
appropriate imperfection magnitude to be used in the parametric studies. Finally, a
static Riks analysis (ABAQUS, 2014), accounting for material and geometric
nonlinearity, was conducted on each S960 ultra-high strength steel welded I-section
stub column FE model to derive the numerical failure load, load—end shortening curve

and failure mode.

S, Max, In-Plane Principal (Abs)

SNEG, (fraction = -1.0)
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Figure 3.13: Typical membrane residual stress pattern and amplitudes (in MPa) in
modelled S960 ultra-high strength steel welded I-section stub column I-150x150%6-
1.

3.3.3 Validation of FE models

Validation of the developed S960 ultra-high strength steel welded I-section stub
column FE models was conducted by comparing the obtained numerical results with
the experimental observations. The numerical to test failure load ratios for all the

S960 ultra-high strength steel welded I-section stub column specimens are reported
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in Table 3.7, with the results revealing that (i) all the four considered imperfection
magnitudes lead to relatively accurate and consistent predictions of the test failure
loads and (ii) the best agreement between the test and numerical failure loads was
achieved when the measured magnitude or #/100 was adopted. The test and numerical
load—end shortening curves for typical S960 ultra-high strength steel welded I-section
stub column specimens [-150x150x6-1 and 1-90x70x6-1 are displayed in Figure 3.14,
where the test load—deformation histories are well captured by their numerical
counterparts. Excellent agreement between the test and numerical failure modes was
also observed, as illustrated in Figure 3.12. Overall, the developed FE models are
capable of simulating the test responses of the S960 ultra-high strength steel welded
I-section stub column specimens and therefore deemed to be validated. It is also
worth mentioning that although the simple combination of the material properties of
the tensile coupons (cut from the virgin plates without any heat input) and the
membrane residual stresses lead to good numerical modelling results, more accurate
consideration of the material properties within the heat affected zones may involve
the use of the post-fire material properties within these zones (Qiang, et al., 2013; Li
et al., 2017; Li and Young, 2018; Liu and Chung, 2018; Chen et al., 2019; Su et al.,
2020).
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Table 3.7: Comparisons of FE failure loads with test failure loads for varying initial
local geometric imperfection magnitudes.

Specimen ID FE N./Test N,
o /10 /30 /100
1-200x150%6-1 0.99 0.98 0.99 1.01
1-200x150%6-2 0.98 0.97 0.97 0.99
I-150x150%6-1 0.97 0.96 0.97 0.98
1-150%x150%6-2 1.00 0.99 0.99 1.01
1-150x75%6-1 0.85 0.85 0.85 0.86
1-150x75%6-2 0.88 0.87 0.88 0.89
1-120x120%6-1 0.96 0.93 0.95 0.96
1-120x120%6-2 0.95 0.92 0.94 0.95
1-90x70%6-1 0.97 0.97 0.97 0.98
1-90x70%6-2 0.98 0.96 0.97 0.98
1-80x60%6-1 0.98 0.96 0.97 0.99
1-80%x60%6-2 0.94 091 0.93 0.94
1-70x70%6-1 0.91 0.90 0.91 0.92
1-70x70%6-2 0.88 0.85 0.86 0.88
1-50x50%6-1 0.87 0.86 0.86 0.87
1-50x50%6-2 0.90 0.87 0.88 0.90
Mean 0.94 0.92 0.93 0.94
Cov 0.05 0.05 0.05 0.05
2500
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Figure 3.14: Experimental and numerical load—end shortening curves for typical
S960 ultra-high strength steel welded I-section stub column specimens I-
150x150%6-1 and [-90x70x6-1.
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3.3.4 Parametric studies

Parametric studies were conducted by using the validated FE models, to obtain a
numerical data pool on S960 ultra-high strength steel welded I-section stub columns
over a wide range of cross-section dimensions. In the present parametric studies, the
modelling assumptions, techniques and procedures were the same as those reported
in Section 3.3.2, but the magnitudes of the local imperfections were set equal to #/100.
With regard to the geometric dimensions of the modelled I-sections, the outer section
heights were fixed at 150mm, while the flange widths were selected as 150 mm, 90
mm and 75 mm, respectively, resulting in the cross-section aspect ratios from 1.0 to
2.0 being considered; the flange and web thicknesses were set to be equal and varied
from 3 mm to 20 mm. The member length of each modelled stub column was set
equal to three times its mean cross-section dimension (Ziemian, 2010), to prevent
global buckling. Overall, 84 numerical data on S960 ultra-high strength steel welded

I-section stub columns have been generated through the present parametric studies.

3.4 Evaluation of existing design codes

3.4.1 General

The existing EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS
4100 (AS, 2016) only cover the design of steel structures with the nominal material
yield stresses less than or equal to 700 MPa (or 690 MPa) and thus none of the
existing design codes can be directly used for the studied S960 ultra-high strength
steel welded I-section stub columns. In this section, the applicability of the relevant
codified local buckling design provisions, including the slenderness limits for cross-
section classification and the effective width methods, were assessed for S960 ultra-

high strength steel welded I-section stub columns, based on the obtained test and
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numerical data.

3.4.2 Slenderness limits for cross-section classification

With regard to the design of steel sections under compression, the concept of cross-
section classification was adopted in all the three aforementioned design codes. Two
types of cross-section, namely non-slender and slender cross-sections, are defined in
ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016), while four classes (i.e.
Class 1, 2, 3 and 4) of cross-section are defined in EN 1993-1-12 (CEN, 2007). For
non-slender cross-sections (corresponding to Class 1-3 cross-sections defined in EN
1993-1-12 (CEN, 2007)), the compression resistance is given as the yield load Af,
whereas for slender cross-sections (corresponding to Class 4 cross-sections defined
in EN 1993-1-12 (CEN, 2007)), the occurrence of local buckling prevents the
achievement of the yield load at failure and the compression resistance is now given
as the effective compression resistance Aeff,. The class of a cross-section is defined
according to the class of its most slender constituent plate element, while each plate
element is classified by comparing the flat width-to-thickness ratio ¢/t with the
corresponding slenderness limit; ¢ is denoted as ¢ for outstand plate elements but ¢,
for internal plate elements. It is worth noting that the slenderness limits between non-
slender and slender plate elements are also named as the Class 3 limits in EN 1993-
1-12 (CEN, 2007), the limiting width-to-thickness ratios in ANSI/AISC 360-16
(AISC, 2016) and the yield slenderness limits in AS 4100 (AS, 2016). Table 3.8
reports the slenderness limits between non-slender and slender internal plate elements
(i.e. webs of I-sections) and outstand plate elements (i.e. flanges of I-sections) in

compression, as set out in the aforementioned three design codes, where

ey =239/ f,, &psc =JE/f, and &, =,/250/ f, are used in EN 1993-1-12

(CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016),

respectively, to consider the influence of the material yield stress on the slenderness
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limit, and k, = 4+/t/c is adopted in ANSI/AISC 360-16 (AISC, 2016) to take into

account the effect of internal plate element dimensions on the slenderness limits for

outstand plate elements.

Graphical assessments of the applicability of the existing codified slenderness limits
to S960 ultra-high strength steel outstand plate elements are shown in Figures 3.15—
3.17, where the test and numerical failure loads of S960 ultra-high strength steel
welded I-section stub columns, normalised by the yield loads, N./Af, are plotted
against the ratios of ci(teecs), ci(th’ earsc) and ctess, together with the
corresponding codified slenderness limits. The graphical assessment results revealed
that all the three codified slenderness limits for slender/non-slender outstand plate
elements in compression are accurate when used for flanges of S960 ultra-high
strength steel welded I-section stub columns. Similarly, the codified slenderness
limits between non-slender and slender internal plate elements in compression were
also assessed for their applicability to webs of S960 ultra-high strength steel welded
I-section stub columns, with the graphical assessment results depicted in Figures
3.18-3.20, indicating good applicability. Overall, it can be concluded that the existing
slenderness limits for slender/non-slender outstand and internal plate elements in
compression, as set out in EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC,
2016) and AS 4100 (AS, 2016), can be accurately used for classifying flanges and

webs of S960 ultra-high strength steel welded I-section stub columns.

Table 3.8: Summary of EC3, AISC and AS slenderness limits between slender and
non-slender plate elements in compression.

Design codes Outstand elements Internal elements
EN 1993-1-12 l4¢ecs 42¢epc3

AISC 360 0.64k " ea1sc 1.49.415¢

AS 4100 1445 35¢e4s
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Figure 3.15: EC3 Class 3 limit for outstand plate elements in compression.
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Figure 3.16: AISC limiting width-to-thickness ratio for outstand plate elements in
compression.

51



1.6

Yield slenderness limit —>

0.2 1

0-0 T T T T
0 5 10 15 20 25

Cilteas

Figure 3.17: AS yield slenderness limit for outstand plate elements in compression.
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Figure 3.18: EC3 Class 3 limit for internal plate elements in compression.
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Figure 3.20: AS yield slenderness limit for internal plate elements in compression.

3.4.3 Cross-section compression resistances

In this section, the design provisions for calculating cross-section compression
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resistances, as set out in the three considered design codes, were evaluated for their
applicability to S960 ultra-high strength steel welded I-section stub columns. All the
three considered design codes prescribe that the compression resistance is given as
the yield load Af, for non-slender cross-sections but the effective compression
resistance Aefy for slender cross-sections. The effective cross-section area of a
slender cross-section A4 is equal to the summation of the gross areas of the non-
slender constituent plate elements and the effective areas of the slender constituent
plate elements, while the effective area of each slender constituent plate element is
calculated as the wall thickness # multiplying by the effective plate element width ce
(to account for local buckling). Note that EN 1993-1-12 (CEN, 2007), ANSI/AISC
360-16 (AISC, 2016) and AS 4100 (AS, 2016) employ different expressions for
determining the effective plate element width, as shown by Equations (3.3)—(3.5),
respectively, where 4; is the plate element slenderness and calculated by Equation
(3.6) (CEN, 2005), where k, is the buckling factor and equal to 0.43 and 4.0 for
outstand and internal plate elements in compression, respectively, and A.ow and A
respectively denote the AISC limiting width-to-thickness ratios for outstand and

internal plate elements — see Table 3.8.

c(_i — 0;12238) <c¢ for outstand plate elements
Coecs=] M (3.3)
’ 1 0.22 .
c(=—-—=5)<c forinternal plate elements
At A
1497 0x 0497,
c(— = -2y <c for outstand plate elements
c/t (c/t)
Cett,misc = i 0317 (3.4)
c(l' Weim _ 0. M'Z‘i"t) <c for internal plate elements
c/t (c/t)
14
c(———) <c for outstand plate elements
C/(tes)
Ceff,AS = 35 (35)
c(———) <c for internal plate elements
c/(teys)
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T 284eck,

(3.6)

Figures 3.21-3.23 display the test and numerical failure loads of S960 ultra-high
strength steel welded I-section stub columns N, compared with the predicted cross-
section compression resistances N, s by the three design codes, while Table 3.9
reports the mean test and numerical to predicted failure load ratios N./Nyprea and the
corresponding coefficients of variation (COVs), categorised by cross-section type.
The graphical and quantitative comparison results generally revealed that the three
sets of codified design provisions yield accurate and consistent cross-section
compression resistance predictions for S960 ultra-high strength steel welded I-section
stub columns with both non-slender and slender cross-sections. The difference
between the codified compression resistance predictions for S960 ultra-high strength
steel slender welded I-section stub columns is attributed to the use of different

slenderness limits and effective width expressions.
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Figure 3.21: Comparisons of test and FE failure loads with EC3 cross-section
compression resistance predictions.
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Figure 3.22: Comparison of test and FE failure loads with AISC cross-section
compression resistance predictions.
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Figure 3.23: Comparison of test and FE failure loads with AS cross-section
compression resistance predictions.

56



3.5 Concluding remarks

Testing and numerical modelling have been conducted to investigate the membrane
residual stresses and local buckling behaviour of S960 ultra-high strength steel
welded I-section stub columns. The testing programme included material tensile
coupon tests, membrane residual stress measurements, initial local geometric
imperfection measurements and stub column tests. A predictive model that is capable
of capturing membrane residual stresses in S960 ultra-high strength steel welded I-
sections was developed, based on the measured data. Following the testing
programme, numerical modelling was performed, with FE models firstly developed
and validated against the experimental results and then employed to carry out a series
of parametric studies to generate further numerical data on S960 ultra-high strength
steel welded I-section stub columns. The obtained test and numerical data were
adopted to evaluate the applicability of the established codified design provisions for
S700 (or S690) high strength steel welded I-section stub columns to their S960 ultra-
high strength steel counterparts. The quantitative and graphical evaluation results
indicated that (i) the slenderness limits for outstand and internal plate elements in
compression, as set out in EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC,
2016) and AS 4100 (AS, 2016), can be accurately used for classifying flanges and
webs of S960 ultra-high strength steel welded I-section stub columns and (ii) all three
sets of codified design provisions yield accurate and consistent cross-section
compression resistance predictions when used for S960 ultra-high strength steel

welded I-section stub columns.
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CHAPTER 4

FLXURAL BUCKLING OF S960 ULTRA-HIGH
STRENGTH STEEL WELDED I-SECTION COLUMNS

4.1 Introduction

This chapter reports a thorough experimental and numerical study of the structural
behaviour and resistances of S960 ultra-high strength steel welded I-section columns
failing by flexural buckling about the minor principal axis. A testing programme,
including initial geometric imperfection measurements and ten pin-ended column
tests, was conducted. The testing programme was accompanied by a numerical
modelling programme, where finite element models were firstly developed and
validated against the test results, and then employed to perform parametric studies to
generate further numerical data. The existing codes in Europe, America and Australia
only cover the design of steel structures with nominal material yield stresses less than
or equal to 700 MPa (or 690 MPa), and design of S960 ultra-high strength steel
welded I-section columns is therefore out of their application scopes. The obtained
test and numerical results were adopted to assess the applicability of the relevant
codified design buckling curves for S700 (or S690) high strength steel welded I-
section columns failing by minor-axis flexural buckling to their S960 ultra-high
strength steel counterparts. The assessment results have been presented in Su et al.

(2021a), with a revised Eurocode design buckling curve also proposed.
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4.2 Testing

4.2.1 General

A testing programme was firstly conducted to investigate the minor-axis flexural
buckling behaviour and resistances of S960 ultra-high strength steel welded I-section
columns. Two different [-sections —I-50x50%6 and 1-80%60x6 — were fabricated from
6 mm thick S960 ultra-high strength steel sheets through robotic gas metal arc
welding (GMAW), and adopted in the testing programme. The detailed fabrication
process is described as follows. Specifically, three plates were cut from the 6 mm
thick S960 ultra-high strength steel virgin sheets by a laser cutting machine,
positioned onto the flat work bench and constructed into a well-aligned I-shaped
profile. Two pairs of robotic arms were placed at the web-to-flange junctions of the
I-shaped profile and arranged anti-symmetrically in relation to the centreline of the
web, and then started welding at the same time. This welding strategy helped
minimise the cross-section and member distortion during welding. It is worth noting
that the same electrode and the S960 ultra-high strength steel plates as that described
in Chapter 3, were used in the current testing programme. As highlighted in Chapter
3, the slenderness limits in three codified standards are applicable to S960 ultra-high
strength steel [-sections, both of the two adopted I-sections are therefore classified as
Class 1 based on EN 1993-1-12 (CEN, 2007); meanwhile, these two I-sections are
also categorised as non-slender cross-sections, according to the limiting width-to-
thickness ratios given in ANSI/AISC 360-16 (AISC, 2016) and yield slenderness
limits set out in AS 4100 (AS, 2016). For each S960 ultra-high strength steel welded
I-section, five column specimens with varying member lengths were prepared,
leading to a total of ten column specimens investigated in the experiments. The key
geometric dimensions of the ten S960 ultra-high strength steel welded I-section

column specimens are reported in Table 4.1, where L is the member length, /4 is outer
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section height, bris the flange width and # is the wall thickness — see Figure 4.1, where
the notations of the cross-section geometric parameters for welded I-sections are
shown. The identifier of each column specimen comprises the cross-section identifier,
with ‘I1” and ‘I2’ respectively signifying the welded I-sections 1-50%50%6 and I-
80x60x6, a letter ‘L’ (indicating length) and a number (differentiating the column
specimens with the same cross-section size but different member lengths). Overall,
the testing programme included material testing and membrane residual stress
measurements, initial global and local geometric imperfection measurements and pin-

ended column tests.

Table 4.1: Measured geometric dimensions and initial geometric imperfection
magnitudes of S960 ultra-high strength steel welded I-section column specimens.

Cross Specimen L L. h br t X o Wg
section ID (mm) (mm) (mm) (mm) (mm) (mm) (mm)
[-50x50x6  I1-L1 347 457 49.28 4924 598 086 0.05 0.27
I1-L2 450 560 49.63 49.27 5.98 1.05 0.05 0.28
I1-L3 549 659 49.87 49.22 6.03 1.24  0.05 0.36
11-L4 650 760 49.54 49.25 5.99 1.43 0.05 0.49
I1-L5 747 857 49.86 49.67 6.06 1.60  0.05 0.58
[-80x60x6  12-L1 448 558 80.25 59.35 6.03 092 007 0.28
12-L2 548 658 80.20 59.37 6.04 1.09 0.07 0.31
12-13 650 760 80.51 59.68 6.01 1.25 0.07  0.47
12-1L4 746 856 80.82 59.42 6.02 1.41 0.07  0.52
12-L5 844 954 79.52  59.48 599 1.56  0.07 0.64
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Figure 4.1: Notations of welded I-sections and locations of strain gauges attached
to column specimens.

4.2.2 Initial geometric imperfection measurements

Initial geometric imperfections influence the structural behaviour and resistances of
thin-walled steel members; therefore, the initial global and local geometric
imperfections (as schematically shown in Figure 4.2) of the column specimens were
measured. The test setup for initial global geometric imperfection measurements is
depicted in Figure 4.3, where a column specimen is positioned on the flat work bench
of a CNC router, and a LVDT is mounted onto the arm of the CNC router, moving
along the centreline of the web of the column specimen, with the readings recorded
at the two ends and mid-height. The initial mid-height global geometric imperfection
of each column specimen to the minor principal axis w, was taken as the deviation
from a linear reference line (i.e. a straight line connecting the measured data points

at the two ends) to the measured data point at the mid-height, with the magnitude
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reported in Table 4.1. Direct initial local geometric imperfection measurements on
the column specimens were significantly influenced by the presence of the member
initial global geometric imperfections, and therefore their initial local geometric
imperfection magnitudes were taken as those measured from the corresponding stub

column specimens with the same cross-section sizes, as reported in Chapter 3.

(b) Initial local geometric imperfection

Figure 4.2: Illustration of initial local and global geometric imperfections.
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Figure 4.3: Test setup for initial global geometric imperfection measurements.

4.2.3 Pin-ended column tests

The minor-axis flexural buckling behaviour and resistances of S960 ultra-high
strength steel welded I-section columns were investigated through pin-ended column
tests. A displacement-controlled INSTRON 5000 kN servo-hydraulic testing machine
was used to perform all the column tests, with a constant loading rate equal to 0.3
mm/min. Figure 4.4(a) and Figure 4.4(b) depict a photograph and a schematic
diagram of the pin-ended column test setup, respectively. Each end of the testing
machine was equipped with a knife-edge device, consisting of 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 ends of the column specimens about the minor principal
axis (i.e. the axis of buckling). Prior to testing, a column specimen was placed
between the top and bottom wedge plates, and their relative position, monitored by
means of the spirit levels and lasers, was adjusted such that (i) the member

longitudinal axis was perpendicular to the wedge plates and also intersected with the
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knife-edges and (ii) the cross-section minor principal axis was parallel to the knife-
edges. The column specimen was then anchored at both ends by stiffening plates
(bolted to the wedge plates), before placed between the top and bottom pit plates of
the testing machine. Note that the distance from the end of the column specimen to
the rotation centre of the knife-edge device is equal to 55 mm, and therefore the
effective member length of each column specimen is given as L.~L+110 mm and the

corresponding member non-dimensional slenderness about the minor principal axis
A is determined by Equation (4.1), where 4 is the cross-section area and [ is the

second moment of area about the minor principal axis; both L. and A are reported

in Table 4.1.

— |Af L2
A= ﬂzyEel (4.1)

With regard to the instrumentation employed for the pin-ended column tests, as
shown in Figure 4.4, a LVDT was attached to the web of the column specimen at mid-
height to measure the lateral deflection along the flexural buckling direction (i.e. to
the minor principal axis) and two pairs of strain gauges were attached to the mid-
height of the column specimen, with the detailed locations depicted in Figure 4.1, to
monitor the longitudinal strains at these locations. The readings from the LVDT and
strain gauges were used to calculate the actual overall global geometric imperfection
magnitude, defined as the sum of the initial mid-height global geometric imperfection
magnitude @, and the initial loading eccentricity eo, for each S960 ultra-high strength
steel welded I-section column specimen, based on Equation (4.2) (Zhao et al., 2016;
Buchanan et al., 2018; Chen and Young, 2020; Sun et al., 2020), where &nax-min 1S the
difference of the longitudinal strains measured by the two pairs of strain gauges, N is
the applied compression load, b-2d; is the distance between the two pairs of strain
gauges — see Figure 4.1, and 4 is the mid-height lateral deflection measured by the

LVDT. Note that Equation (4.2) was derived based on the assumption of linear elastic
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structural behaviour and it was recommended that no more than 15% of the expected
failure load be used in the calculation of the overall global geometric imperfection
magnitude (wgteo) (Zhao et al., 2016; Buchanan et al., 2018; Sun et al., 2020). If the
calculated overall global geometric imperfection magnitude (wgteo) exceeded
L./1000, the position of the column specimen was then carefully re-adjusted until the
achievement of (wg+e0)<L./1000 (Gardner et al., 2016; Buchanan et al., 2018; Sun et
al., 2020).

o, +€, :El(gmax—_grnirl_A (4.2)
N (b, —2d,)

All the S960 ultra-high strength steel welded I-section column specimens were found
to exhibit minor-axis flexural buckling upon testing; the deformed failure modes of
the 1-50x50x6 column specimens with member non-dimensional slendernesses
ranging from 0.86 to 1.60 are shown in Figure 4.5. The load—mid-height lateral
deflection curves are displayed in Figures 4.6 and 4.7 for the [-50x50%6 and I-
80x60x6 column specimens, respectively. Table 4.2 reports the key test results,
including the overall global geometric imperfection magnitude (wgteo), the
normalised overall global geometric imperfection magnitude (wgteo)/Le, the failure

load N, and the mid-height lateral deflection at the failure load 4..
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Figure 4.4: Pin-ended column test setup.

Figure 4.5: Flexural buckling failure modes of typical S960 ultra-high strength
steel welded I-section column specimens (from left to right: 11-L1, I1-L.2, I1-L3, 11-
L4 and I1-L5).
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Figure 4.6: Load—mid-height lateral deflection curves for I-50x50%6 column
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Figure 4.7: Load—mid-height lateral deflection curves for I-80x60x6 column
specimens.
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Table 4.2: Key test results for S960 ultra-high strength steel welded I-section
column specimens.

Cross-section Specimen ID  wst+eo (mm) (wgteo)/Le Ny (kKN) A, (mm)

[-50%50%6 I1-L1 0.39 1/1172 806.50 1.6
I1-L2 0.47 1/1191 703.35 25
I1-L3 0.56 1/1177 603.20 1.3
I1-L4 0.64 1/1188 442.50 6.7
I1-L5 0.79 1/1085 377.55 2.7
[-80%x60%6 12-L1 0.46 1/1213 1074.20 2.9
12-1L.2 0.54 1/1219 949.25 2.2
12-L3 0.67 1/1134 78425 24
12-L4 0.71 1/1205 63490 25
12-L5 0.88 1/1084 53395 2.2

4.3 Numerical modelling

4.3.1 General

Following the testing programme, a numerical modelling programme was conducted
using the nonlinear finite element (FE) software ABAQUS (2014). FE models were
firstly developed and validated against the test results. Upon validation, the FE
models were employed to perform parametric studies to generate further numerical

data over a wide range of cross-section dimensions and member effective lengths.

4.3.2 Development of FE models

FE models were developed according to the measured cross-section dimensions and
member effective lengths, as reported in Table 4.1. The four-node shell element S4R
(ABAQUS, 2014) was also employed in the present numerical modelling. A mesh
sensitive study was conducted to seek suitable element sizes that allowed for accurate
incorporation of membrane residual stresses into the S960 ultra-high strength steel

welded I-section column FE models and also led to adequate computational accuracy
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and efficiency; a series of element sizes ranging from 0.57 to 3¢ were examined in the
mesh sensitive study, and an element size equal to the wall thickness ¢ was finally
selected. Regarding the material modelling of grade S960 ultra-high strength steel,
the plastic material model with isotropic hardening, as provided in ABAQUS (2014),
was adopted. It requires the inputted material properties to be specified in the form
of true stress and true plastic strain. Therefore, the average measured (engineering)
stress—strain curve of the longitudinal coupons was converted into the true stress—

plastic strain curve, based on Equations (4.3) and (4.4), where 6. 1s the true stress,

g is the true plastic strain, and g,0m and e.om are respectively the engineering stress

and strain, and then assigned to the FE models.

Gtrue = o-nom (1+ gnom ) (4'3)
g” =In(l+e,.) —GH—EOm (4.4)

For each S960 ultra-high strength steel welded I-section column FE model, the
membrane residual stresses, as predicted from the predictive model presented in
Chapter 3, were incorporated by means of the ‘Predefined Field’ command
(ABAQUS, 2014). Figure 4.8 depicts the membrane residual stress pattern and
amplitudes incorporated into the FE model for a typical column specimen 12-L4. For
the ease of setting boundary conditions, each end section of the column FE model
was coupled to a concentric reference point, with one reference point allowed to
translate in the member longitudinal direction and rotate about the cross-section
minor principal axis and the other reference point allowed to rotate about the same
axis, in order to mimic the pin-ended boundary conditions that were offered by the
knife-edge devices in the column tests. With regard to the incorporation of initial
global and local geometric imperfections into each column FE model, an elastic
eigenvalue buckling analysis (ABAQUS, 2014) was conducted to obtain the lowest

global and local buckling mode shapes, which were adopted as the corresponding
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initial global and local geometric imperfection patterns (Yuan et al., 2015; Ma et al.,
2017; Buchanan et al., 2018; Sun et al., 2020). Two global geometric imperfection
magnitudes, including the measured overall global geometric imperfection
magnitude (wgteo) and L./1000, and two local geometric imperfection values,
including the measured local geometric imperfection magnitude woand #/100 (i.e. the
verified value in Chapter 3), were employed to scale the corresponding initial global
and local geometric imperfection patterns for each column FE model. This led to four
combinations of global and local geometric imperfection magnitudes, including
(wgteo) and wo, L/1000 and wo, (wgteo) and #/100, and L./1000 and #/100, which
were employed to assess the sensitivity of the developed column FE models to the
geometric imperfection magnitudes. Finally, geometrically and materially nonlinear
analyses (GMNIA) (Greiner and Lindner, 2006; Taras, 2016; Walport et al., 2019)
were carried out by using the modified Risks method (ABAQUS, 2014), to derive the

numerical failure loads, load—mid-height lateral deflection curves and failure modes.

S, Max. In-Plane Principal (abs)
SNEG, (fraction = -1.0)
(Avg: 75%)
+7.752e+02
+6.918e+02
+6.085e+02
+5.251e+02
+4.418e+02
+3.584e+02
+2.751e+02
+1.917e+02
+1.084e+02
+2.501e+01
-5.835e+01
-1.417e+02
-2.251e+02

Figure 4.8: Typical membrane residual stress pattern and amplitudes (in MPa) in
modelled S960 ultra-high strength steel welded I-section column I12-L4 (Positive
values indicate tensile residual stresses while negative values indicate compressive
residual stresses).
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4.3.3 Validation of FE models

Validation of the developed S960 ultra-high strength steel welded I-section column
FE models was conducted through comparisons of the numerically derived results
with the corresponding experimental observations. Table 4.3 reports the numerical to
test failure load ratios for the ten S960 ultra-high strength steel welded I-section
column specimens, indicating that all the four global and local geometric
imperfection magnitude combinations generally result in accurate and consistent
failure load predictions. Comparisons between the test and numerical load—mid-
height lateral deflection curves for typical S960 ultra-high strength steel welded I-
section column specimens I1-L4 and 12-L3 are depicted in Figures 4.9 and 4.10,
respectively, where the test load—mid-height lateral deflection histories are generally
well captured by their numerical counterparts. The test and numerical failure modes
for typical column specimens 11-L4 and 12-L3 are presented in Figure 4.11 and 4.12,
respectively, exhibiting good agreement. Overall, the developed FE models are
capable of simulating the test responses of the S960 ultra-high strength steel welded
I-section column specimens failing by minor-axis flexural buckling, and therefore

deemed to be validated.
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Table 4.3: Comparisons of FE failure loads with test failure loads for varying
global and local geometric imperfection magnitude combinations.

. FE N, / Test N,
Specimen ID
(wgteo)two  Le/1000+wo (wgteo)+t/100  L./1000+#/100
I1-L1 0.919 0.908 0.914 0.907
I1-L2 0.943 0.929 0.934 0.928
I1-L3 0.921 0.913 0.918 0.912
I1-L4 0.934 0.924 0.932 0.925
I1-L5 0.914 0.908 0.912 0.908
12-L1 0.936 0.922 0.934 0.924
12-1L.2 0.891 0.884 0.891 0.888
12-L3 0.936 0.914 0.933 0.924
12-L4 0.908 0.894 0.904 0.901
12-L5 0.937 0.924 0.931 0.930
Mean 0.924 0.912 0.920 0.915
COV 0.018 0.016 0.016 0.015
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Figure 4.9: Test and numerical load—mid-height lateral deflection curves for S960
ultra-high strength steel welded I-section column specimen 11-L4.
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Figure 4.10: Test and numerical load—mid-height lateral deflection curves for S960
ultra-high strength steel welded I-section column specimen 12-L3.
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S, Max. Prinopal (Abs)

SNEG, (fraction = -1.0)

(Avg: 75%)
+9.5108+02
+7.867e+02
+6.223e402
+4.580e+02
+2.,937e+02
+1.2940402
-3.497e+01
-1.993e+02
-3.636e402
-5,2808+02
-6.923e+02
-8.566e4+02
-1,.021e+03

Figure 4.11: Test and numerical failure modes for S960 ultra-high strength steel
welded I-section column specimen 11-L4.
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S, Max. Principal (Abs)

SNEG, (fraction = -1.0)

(Ava: 75%)
+9.355e+02
+7.709e+02
+6.064e402
+4.418e402
+2.772e402
+1.127e+02
-5.186e+01
-2.164e+02
-3.810e+02
-5.455e+02
-7.101e+02
-8.746e+02
-1.0392+03

Figure 4.12: Test and numerical failure modes for S960 ultra-high strength steel
welded I-section column specimen 12-L3.

4.3.4 Parametric studies

The validated FE models were adopted to perform parametric studies to generate
further numerical data over a wide range of cross-section dimensions and member
effective lengths. The same modelling procedures and techniques as those described
in Chapter 4.3.2 were employed in the present parametric studies. Table 4.4
summaries the key geometric parameters of the modelled S960 ultra-high strength
steel welded I-section columns in the parametric studies. Specifically, the outer
heights of the modelled I-sections were fixed at 100 mm and the flange widths were
varied between 50 mm and 100 mm, leading to the cross-section aspect ratios from
1.0 to 2.0 being considered; the web and flange thicknesses for each modelled I-
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section were set to be equal and ranged from 5 mm to 10 mm. The modelled S960
ultra-high strength steel welded I-sections covered all three classes of non-slender
cross-sections (i.e. Class 1, 2 and 3) specified in EN 1993-1-12 (CEN, 2007), and
also fell in the category of non-slender cross-sections defined in ANSI/AISC 360-16
(AISC, 2016) and AS 4100 (AS, 2016). The effective lengths of the modelled
columns were ranged from 260 mm to 2690 mm, resulting in a wide range of member
non-dimensional slendernesses A from 0.23 to 2.50 being considered. The global and
local geometric imperfection magnitude combination of L./1000 and #100 was shown
to result in accurate predictions of the test failure loads in Chapter 4.3.3, and thus also
adopted in the present parametric studies. Overall, a total of 79 numerical data on
S960 ultra-high strength steel welded I-section columns failing by minor-axis flexural

buckling were generated through parametric studies.
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Table 4.4: Cross-section dimensions and effective member lengths of modelled
S960 ultra-high strength steel welded I-section columns in parametric studies.

h br t Cross-  L.(mm) A
(mm) (mm) (mm) section
class’
100 50 7.5 1 310, 450, 530, 630, 0.63, 0.92, 1.08,

820, 960, 1030, 1130 1.29,
1.68,1.96,2.11,2.31

5.0 2 260, 390, 500, 610, 0.54, 0.81, 1.04,
660, 760, 870, 1140 1.27,
1.38,1.58, 1.81, 2.38

60 8.0 1 310, 510, 730, 860, 0.51, 0.84, 1.20,
1010, 1160, 1280, 1.41,
1410 1.66, 1.90, 2.10, 2.31
5.5 3 260, 460, 700, 830, 0.43,0.77, 1.17,

970, 1120, 1300, 1400 1.38,
1.61,1.86,2.16,2.33

75 7.5 2 320, 410, 810, 1060, 0.40, 0.52, 1.02,
1110, 1210, 1360, 1.34,
1590 1.40, 1.53,1.72,2.01
6.0 3 260, 510, 710, 910, 0.33,0.65, 0.90,
1110, 1210, 1410, 1.16,
1710 1.41,1.54,1.79,2.18
90 9.0 2 290, 410, 580, 710, 0.29, 0.42, 0.59,

910, 1110, 1510, 1810 0.72,
0.92,1.13,1.53, 1.84

6.5 3 260, 680, 980, 1230, 0.27,0.70, 1.01,
1440, 1660, 1970, 1.26,
2220 1.48,1.70, 2.02, 2.28
100 10.0 2 260, 610, 940, 1280, 0.23, 0.55, 0.84,
1620, 1960, 2300, 1.15,
2690 1.45,1.76, 2.06, 2.41
7.0 3 280, 530, 810, 1060, 0.25, 0.48, 0.73,
1340, 1690, 2110 0.96,

1.22,1.53,1.91

* The cross-section classes are defined according to EN 1993-1-12 (CEN, 2007).
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4.4 Assessment of international design standards and

development of new design method

4.4.1 General

The current EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS
4100 (AS, 2016) only cover the design of steel structures with nominal material yield
stresses less than or equal to 700 MPa (or 690 MPa), and thus none of the current
design standards can be directly used for the studied S960 ultra-high strength steel
welded I-section columns. In this section, the applicability of the codified design rules
for S700 (or S690) high strength steel welded I-section columns was assessed for
their S960 ultra-high strength steel counterparts through comparisons of the test and
numerical failure loads N, with the unfactored flexural bucking resistance predictions

Nuprea- Revised Eurocode design rules were also proposed.

4.4.2 EN 1993-1-12 (EC3)

The European code EN 1993-1-12 (CEN, 2007) provides design rules for high
strength steel structural components with material grades greater than S460 up to
S700. The buckling curves, which were developed based on the Perry-Robertson
buckling formula, were adopted for the design of column members susceptible to
global instability (e.g., flexural, torsional and flexural-torsional buckling). The EC3
design resistance of a column N, ec3 is given by Equation (4.5), where y is the

reduction factor, as calculated from Equation (4.6),

Ny ecs = ZAfy (4.5)

. <1 (4.6)

y=—"T—=¢<
P\ —A

78



where ¢ is a buckling parameter and determined by Equation (4.7), where a is the

imperfection factor to consider the effects of membrane residual stresses and initial
geometric imperfections on column buckling resistances; for S700 high strength steel
welded I-section columns with the flange thicknesses less than or equal to 40 mm
failing by minor-axis flexural buckling, it is specified in EN 1993-1-12 (CEN, 2007)
(and EN 1993-1-1 (CEN, 2005)) that the buckling curve ‘c’ should be adopted and

the corresponding imperfection factor o is equal to 0.49.

§=05|1+a(2-02)+7 | (4.7)

The applicability of the EC3 design buckling curve ‘c’ for S700 high strength steel
welded I-section columns failing by minor-axis flexural buckling to their S960 ultra-
high strength steel counterparts was assessed, based on the obtained test and
numerical data. The mean ratio of the test and numerical failure loads to the EC3
design flexural buckling resistances N./N,,kcs, as reported in Table 4.5, is equal to
1.29, with the corresponding coefficient of variation (COV) equal to 0.11, revealing
a rather high level of conservatism of the EC3 design flexural buckling resistances.
Graphical assessments were also performed, with the results shown in Figure 4.13,
where the test and numerical failure loads N,, normalised by the cross-section yield
loads Af,, are plotted against the member non-dimensional slendernesses 4 and
compared with the EC3 design buckling curve ‘c’, and Figure 4.14, where the test
and numerical to EC3 predicted failure load ratios N./N,, tc3 are plotted against the
member non-dimensional slendernesses 1. The results of the graphical assessment
also revealed that the design buckling curve ‘c’ given in EN 1993-1-12 (CEN, 2007)
yields conservative flexural buckling resistance predictions, especially for those
intermediate columns with member non-dimensional slendernesses ranging from 0.6
to 1.6. It may thus be concluded that the EC3 design buckling curve ‘c’ leads to safe
but rather conservative resistance predictions when used for S960 ultra-high strength

steel welded I-section columns failing by minor-axis flexural buckling.
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Table 4.5: Comparisons of test and numerical failure loads with flexural buckling
resistance predictions.

10
No. of FE data:
79
Mean 1.29 1.10 1.27 1.09
COov 0.11 0.07 0.11 0.07
1.2
1.0 -
0.8 -
< 0.6 1
= °
[ ]
0ad ® Test data
o FE data
EN 1993-1-12
0.2 41— — - ANSI/AISC 360-16
—-— AS 4100
00 12=== Revised EN 1993-1-12
0.0 0.5 1.0 15 2.0 2.5

A
Figure 4.13: Comparisons of test and numerical failure loads with codified and
revised design buckling curves.
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Figure 4.14: Comparisons of test and numerical failure loads with flexural buckling
resistance predictions from EN 1993-1-12 (CEN, 2007) and revised EN 1993-1-12
design approach.

4.4.3 ANSI/AISC 360-16 (AISC)

The American specification ANSI/AISC 360-16 (AISC, 2016) covers the design of
steel structures with nominal material yield stresses up to 690 MPa. For a non-slender
element compression member failing by flexural buckling, the design resistance
N, a1sc 1s calculated as the product of the critical stress Fe and the gross area of the

cross-section A4, as given by Equation (4.8), where the critical stress F is dependent

on the member non-dimensional slenderness A and can be calculated from
Equation (4.9).

Nu,AISC = FcrA (48)

0.658" f, for A<15
F, = _
719877 ¢ for 7s15

—2 y

A
81
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Graphical and quantitative assessments of the applicability of the AISC design
buckling curve (as defined by Equation (4.9)) to S960 ultra-high strength steel welded
I-section columns were performed through comparisons against the test and
numerical failure loads. The AISC design buckling curve, as plotted in Figure 4.13,
was generally shown to well capture the test and numerical data points over the whole
considered range of member non-dimensional slenderness, though a small disparity
existed for member non-dimensional slendernesses ranging from 0.6 to 1.0. This is
also evident in Figure 4.15, where the ratios of the test and numerical failure loads to

the AISC design flexural buckling resistances N./N,sc are plotted against the

member non-dimensional slendernesses A . The quantitative assessment results are

reported in Table 4.5, where the mean ratio of N,/N, sc is equal to 1.10, with the
corresponding COV of 0.07. Overall, the AISC design buckling curve was generally
found to yield a high degree of accuracy and consistency when applied to S960 ultra-
high strength steel welded I-section columns failing by minor-axis flexural buckling.
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Figure 4.15: Comparisons of test and numerical failure loads with flexural buckling
resistance predictions from ANSI/AISC 360-16 (AISC, 2016) and revised EN 1993-
1-12 design approach.
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4.4.4 AS 4100 (AS)

The Australian standard AS 4100 (AS, 2016) is applicable to steel structures with
nominal material yield stresses less than or equal to 690 MPa. For a column member
with uniform cross-section profile throughout the member length, the design
compression resistance NV, 4s is calculated as the member slenderness reduction factor
o. multiplied by the cross-section yield load Af, — see Equation (4.10), where the

member slenderness reduction factor o, is determined from Equation (4.11),

Ny ps = & Af, (4.10)
90 i
a =&l1- i-| — = | |<1 @.11)
g(ﬂ’n +aaab)

where 4, is the modified member slenderness and given by Equation (4.12), o, is the
compression member factor and calculated from Equation (4.13), a5 is the member
section constant and equal to 0.5 for welded I-sections fabricated from hot-rolled
plates, and £ is a buckling parameter, as determined from Equation (4.14), where 7 is

the compression member imperfection factor and can be calculated from Equation

2 —
PR =y (4.12)
250

2100( 4, —13.5)

(4.15).

a, =—; (4.13)

A, —15.34, + 2050

A +a,e Y

(ngoabj +1+7

E= 5 (4.14)
5 A, +a,0,
90

n =0.00326(4, + a,a, —13.5) >0 (4.15)
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The AS design resistances for S960 ultra-high strength steel welded I-section
columns failing by minor-axis flexural buckling were evaluated through comparisons
against the test and numerical failure loads. The mean test and numerical to AS
predicted failure load ratio N./N, s and the corresponding COV, as reported in Table
4.5, are equal to 1.27 and 0.11, respectively, indicating that the AS design flexural
buckling resistances are unduly conservative and only slightly more accurate than
their EC3 counterparts. The conservatism of the AS design flexural buckling
resistances is also evident in Figure 4.16, where the test and numerical to AS
predicted failure load ratios N,/N,, 45 are plotted against the member non-dimensional
slendernesses 1. The AS design buckling curve, as defined by Equations (4.11)—
(4.15), is plotted in Figure 4.13, and shown to lie considerably below the test and

numerical data points, indicating a low level of accuracy.
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Figure 4.16: Comparisons of test and numerical failure loads with flexural buckling
resistance predictions from AS 4100 (AS, 2016) and revised EN 1993-1-12 design
approach.
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4.4.5 Revised EC3 design approach

Given that the current EN 1993-1-12 (CEN, 2007) results in rather conservative
resistance predictions for S960 ultra-high strength steel welded I-section columns
failing by minor-axis flexural buckling, revised EN 1993-1-12 design rules are
developed in this part. It was proposed that the EC3 design buckling curve ‘a’, as
defined by Equations (4.6) and (4.7) with the imperfection factor a=0.21, be adopted
in replacement of the currently used EC3 design buckling curve ‘c’ for S960 ultra-
high strength steel welded I-section columns failing by minor-axis flexural buckling.
The proposed EC3 design buckling curve ‘a’, as plotted in Figure 4.13, exhibits
excellent agreement with the experimental and numerical data points over the whole
considered range of member non-dimensional slenderness, in comparison with the

b

original EC3 design buckling curve °‘c’, which lies considerably below the
experimental and numerical data points. The flexural buckling resistances predicted
from the proposed EC3 design buckling curve ‘a’ were graphically compared with
the test and numerical failure loads, with the results shown in Figure 4.14.
Quantitative evaluation of the accuracy of the proposed EC3 design buckling curve
‘a’ was also conducted, with the mean test and numerical to predicted failure load
ratio N./N,, - equal to 1.09 and the corresponding COV equal to 0.07 —see Table 4.5.
Both the graphical and quantitative evaluations indicated that the proposed EC3
design buckling curve ‘a’ yields substantially more accurate and consistent resistance

predictions for S960 ultra-high strength steel welded I-section columns failing by

minor-axis flexural buckling than the original EC3 design buckling curve ‘c’.

4.5 Concluding remarks

A comprehensive testing and numerical modelling programme has been conducted to

investigate the structural behaviour and resistances of S960 ultra-high strength steel
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welded I-section columns failing by minor-axis flexural buckling. A testing
programme was firstly conducted on two S960 ultra-high strength steel welded I-
sections, and included initial global and local geometric imperfection measurements
and ten pin-ended column tests. A numerical modelling programme was then carried
out; FE models were initially developed to simulate the test structural responses and
afterwards employed to perform parametric studies to generate further numerical data
over a wide range of cross-section dimensions and member effective lengths. The
obtained test and numerical results were employed to assess the applicability of the
relevant design rules for S700 (or S690) high strength steel welded I-section columns
failing by minor-axis flexural buckling, as set out in EN 1993-1-12 (CEN, 2007),
ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016), to their S960 ultra-high
strength steel counterparts. The results of the graphical and quantitative assessments
revealed that (i) both EN 1993-1-12 (CEN, 2007) and AS 4100 (AS, 2016) yield a
high degree of conservatism in the prediction of minor-axis flexural buckling
resistances for S960 ultra-high strength steel welded I-section columns, and (ii)
ANSI/AISC 360-16 (AISC, 2016) results in overall accurate and consistent flexural
buckling resistance predictions, though the predicted resistances are marginally
conservative for those relatively short S960 ultra-high strength steel welded I-section
columns with member non-dimensional slendernesses from 0.6 to 1.0. Finally, the
EC3 design buckling curve ‘a’ was proposed to replace the currently used EC3 design
buckling curve ‘c’ in the design of S960 ultra-high strength steel welded I-section
columns failing by flexural buckling about the minor principal axis, and shown to

result in a much higher degree of design accuracy and consistency.
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CHAPTER 5

LOCAL-FLEXURAL INTERACTIVE BUCKLING OF 5960
ULTRA-HIGH STRENGTH STEEL SLENDER WELDED I-
SECTION COLUMNS

5.1 Introduction

Chapter 4 reports the flexural buckling behaviour of S960 ultra-high strength steel
non-slender welded I-section columns, while this chapter reports the extensive
experimental and numerical investigation of the local—flexural interactive buckling
behaviour and resistances of S960 ultra-high strength steel slender welded I-section
columns. The local-flexural buckling interaction refers to the member global
buckling combined with the plate element buckling and no existing research focuses
on S960 ultra-high strength steel welded I-section columns failing by this buckling
mode. The experimental investigation was thus conducted, including initial geometric
imperfection measurements and ten pin-ended column tests. The experimental
investigation was accompanied by a numerical modelling study, where finite element
models were firstly developed and validated against the test results, and then
employed to perform parametric studies to generate further numerical data. As
mentioned before, the existing codes in Europe, America and Australia only cover the
design of steel structures with material grades up to S700 (or S690), and design of
S960 ultra-high strength steel slender welded I-section columns is therefore out of
their application scopes. The obtained test and numerical data were adopted to assess
the applicability of the relevant codified buckling curves and design rules for S700
(or S690) high strength steel slender welded I-section columns failing by local—-

flexural buckling to their S960 ultra-high strength steel counterparts. The assessment
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results have been reported in Su et al. (2021e), with a revised design approach

proposed.

5.2 Testing

5.2.1 General

The experimental investigation was firstly conducted to investigate the local— flexural
buckling behaviour and resistances of S960 ultra-high strength steel slender welded
I-section columns. Two different I-sections — I-120x120x6 and I-150x75%6 — were
fabricated from 6 mm thick S960 ultra-high strength steel sheets through robotic gas
metal arc welding (GMAW), and adopted in the experimental investigation. The
detailed fabrication process and the properties of the utilised electrode and the S960
ultra-high strength steel plates are same as those described in Chapter 4. Both of the
two adopted I-sections are classified as Class 4, based on the slenderness limits set
out in EN 1993-1-12 (CEN, 2007) and categorised as slender cross-sections,
according to the limiting width-to-thickness ratios given in ANSI/AISC 360-16
(AISC, 2016) and yield slenderness limits set out in AS 4100 (AS, 2016). For each
S960 ultra-high strength steel slender welded I-section, five column specimens with
different member lengths were prepared, leading to a total of ten column specimens
examined in the experimental investigation. The key geometric dimensions of the ten
S960 ultra-high strength steel slender welded I-section column specimens are
reported in Table 5.1, where L is the member length, /4 is outer section height, by is
the flange width and ¢ is the wall thickness — see Figure 4.1, where the notations of
the cross-section geometric parameters for welded I-sections are shown. The
identifier of each column specimen comprises the cross-section identifier, with ‘11’
and ‘12’ respectively signifying the welded I-sections I-120x120x6 and I-150x75x%6,

a letter ‘L’ (indicating length) and a number (differentiating the column specimens
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with the same cross-section size but different member lengths). Overall, the
experimental investigation included initial global and local geometric imperfection

measurements and pin-ended column tests.

Table 5.1: Measured geometric properties of S960 ultra-high strength steel slender
welded [-section column specimens.

Cross-section  Specimen L L, br h t o Wg
ID (mm) (mm) (mm) (mm) (mm) (mm) (mm)

I-120x120x6  I1-L1 509 619 119.74  119.68  5.98 0.12 0.29
11-L2 660 770 119.77 119.43  5.98 0.12 0.43
11-L3 827 937 119.72  119.78  6.00 0.12 0.60
11-1L4 978 1088 119.54  119.72  5.98 0.12 0.72
I1-L5 1159 1269 119.67 119.86  6.01 0.12 0.82

[-150%x75x%6 12-L1 402 512 74.53 150.25  6.03 0.09 0.25
12-L.2 549 659 74.57 150.23  6.04 0.09 0.37
12-L3 667 777 74.33 150.11  6.01 0.09 0.51
12-14 768 878 74.42 150.02  6.02 0.09 0.62
12-L5 899 1009  74.68 14997  5.99 0.09 0.77

5.2.2 Initial geometric imperfection measurements and pin-ended

column tests

The structural behaviour and resistances of thin-walled steel members can be
influenced by the existence of initial local and global geometric imperfections, which
are thus measured before testing. The test setup for initial global geometric
imperfection measurements is the same as that described in Chapter 4, while the
initial local geometric imperfection measurements on the column specimens were
taken as those measured from the corresponding stub column specimens with the

same cross-section dimensions, as presented in Chapter 3.

The local-flexural buckling behaviour and resistances of S960 ultra-high strength

steel slender welded I-section columns were investigated through pin-ended column
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tests. The test setup and experimental procedures are same as those adopted in
Chapter 4. Note that Equation (4.2) is also applied herein to calculate the overall
global geometric imperfection magnitude (eot+wy), with the largest derived (eotwy) of

all the tested specimens being 1/1135, as reported in Table 5.2.

All the S960 ultra-high strength steel slender welded I-section column specimens
were found to exhibit local-flexural interactive buckling upon testing; the typical
failure modes of the I-120x120x6 column specimens are shown in Figures 5.7 and
5.8. The load—mid-height lateral deflection curves are displayed in Figures 5.1 and
5.2 for the I-120x120%x6 and I-150x75x6 column specimens, respectively, while
Table 5.2 reports the key test results, including the overall global geometric
imperfection magnitude (wgteo), the normalised overall global geometric
imperfection magnitude (wqteo)/Le, the failure load N, and the mid-height lateral

deflection at the failure load 4.,.

The progression of local buckling and global buckling was monitored based on the
load—mid-length strain histories. The measured load—mid-length strain histories for
typical test specimens I1-L1 and I2-L5 are depicted in Figure 5.3(a) and (b). It is
evident that the load—strain histories for the test specimen I1-L1 in Figure 5.3(a)
exhibit reversal points, indicating the occurrence of sudden local deformation (i.e.
local buckling). However, the load—strain histories for the test specimen I12-L5 in
Figure 5.3(b) do not have reversal points, indicating that global buckling occurs
before local buckling, i.e. the local—global interactive buckling is triggered by global
buckling. The buckling progression observed in the column tests is also consistent
with the relative values of the elastic critical local and global buckling stresses, as
tabulated in Table 5.2. Regarding the test specimen I1-L1, the minimum of the elastic
critical local buckling stresses of flange and web (denoted as o.y and ocw,

respectively) is lower than the elastic critical global buckling stress (denoted as oc;),
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revealing that local buckling is more critical. For the test specimen 12-L5, the elastic

critical global buckling stress is lower than the minimum of the elastic critical local

buckling stresses of flange and web, revealing that global buckling is more critical.

Table 5.2: Key experimental results for S960 ultra-high strength steel slender

welded [-section column specimens.

Cross-section ~ Specimen wgtey (wgteo)/Le Ny Ay Minimum of Ocrg Failure mode driven by
ID (mm) (kN) (mm) o¢wandoer(MPa) (MPa)

I-120x120%6 I1-L1 0.42 1/1476  1926.6 1.9 878.0 4325.7  Local buckling
11-L2 0.53 1/1452  1842.6 3.1 878.5 2802.9  Local buckling
11-L3 0.71 1/1324  1755.6 5.1 884.5 1881.4  Local buckling
I1-L4 0.83 1/1313 16485 5.3 880.6 1395.0  Local buckling
I1-L5 0.94 1/1351  1563.6 8.7 888.4 1029.7  Local buckling

I-150%x75x%6 12-L1 0.36 1/1416  1509.7 5.2 1412.1 1875.9  Local buckling
12-L.2 0.49 1/1347  1334.8 4.5 1417.2 1121.7  Global buckling
12-L3 0.63 1/1238  1131.1 5.5 1401.9 796.5 Global buckling
12-L4 0.74 1/1189  935.0 15.1 1407.0 629.8 Global buckling
12-L5 0.89 1/1135 786.1  10.7 1391.8 480.7 Global buckling
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Figure 5.1: Load—mid-height lateral deflection curves for I-120x120x6 column
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Figure 5.2: Load—mid-height lateral deflection curves for I-150x75%6 column
specimens.

92



2500

2000 ~

= 1500
=
=]
8
— 1000
500
0 T T T T
0 1000 2000 3000 4000 5000
Strain (ue)
(a) 11-L1
800 1
= 600 -
<
=]
3
— 400 ~
200 -
-5000 -3000 -1000 1000 3000 5000
Strain (ue)
(b) 12-L5

Figure 5.3: Load-mid-height strain curves for typical column specimens.
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5.3 Numerical modelling

5.3.1 General

Following the experimental investigation, a numerical modelling programme was
performed using the nonlinear finite element (FE) software ABAQUS (2014). FE
models were firstly developed and validated against the test data. Upon validation,
the FE models were employed to perform parametric studies to generate further
numerical data over a wide range of cross-section dimensions and member effective

lengths.

5.3.2 Development of FE models

FE models were developed according to the measured cross-section dimensions and
member effective lengths, as reported in Table 5.1. The four-node shell element S4R
(ABAQUS, 2014) was also employed in the present numerical modelling study. A
mesh sensitive study was conducted to seek suitable element sizes that allowed for
accurate incorporation of membrane residual stresses into the S960 ultra-high
strength steel slender welded I-section column FE models and also led to adequate
computational accuracy and efficiency; a series of element sizes ranging from 0.5¢ to
5t were examined in the mesh sensitive study, and an element size equal to the wall
thickness ¢ was finally selected. Regarding the material modelling of grade S960
ultra-high strength steel, the same plastic material model with isotropic hardening, as

detailed in Chapter 4, was adopted.

For each S960 ultra-high strength steel slender welded I-section column FE model,
the membrane residual stresses, as predicted from the predictive model presented in

Chapter 3, were incorporated by the ‘Predefined Field’ command (ABAQUS, 2014).
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Figure 5.4 depicts the membrane residual stress pattern and amplitudes incorporated
into the FE model for a typical column specimen I1-L5. For boundary conditions,
each end section of the column FE model was coupled to a concentric reference point,
with one reference point allowed to translate in the member longitudinal direction
and rotate about the cross-section minor principal axis and the other reference point
allowed to rotate about the same axis, in order to achieve the pin-ended boundary
conditions Regarding the incorporation of initial global and local geometric
imperfections into each FE model, an elastic eigenvalue buckling analysis (ABAQUS,
2014) was conducted to obtain the lowest global and local buckling mode shapes,
which were adopted as the corresponding initial global and local geometric
imperfection patterns (Yuan et al., 2015; Ma et al., 2017; Buchanan et al., 2018; Sun
et al., 2020). The measured global and local imperfection magnitude combination of
(eotwg) and wo as well as an additional (generalized) combination of L./1000 and
t/100 were utilized to factor the derived imperfection patterns. Finally, the modified
Riks method (ABAQUS, 2014) was utilised to derive the numerical failure loads,

load—mid-height lateral deflection curves and failure modes.

S, Max. In-Plane Principal (&bs)

SNEG, (fraction = -1.0)

(Avg: 75%)
+7.752e+02
+6.919e+02
+6.085e+02
+5.252e+02
+4.419e+02
+3.585e+02
+2.752e+02
+1.919e+02
+1.085e+02
+2.520e+01
-5.813e+01
-1.415e+02
-2.248e+02

Figure 5.1: Typical membrane residual stress pattern and amplitudes (in MPa) in
modelled S960 ultra-high strength steel slender welded I-section column I1-L5
(Positive values indicate tensile residual stresses while negative values indicate

compressive residual stresses).
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5.3.3 Validation of FE models

Validation of the developed S960 ultra-high strength steel slender welded I-section
column FE models was conducted through comparisons of the numerically derived
results with their experimental counterparts. Table 5.3 reports the numerical to test
failure load ratios for the ten S960 ultra-high strength steel slender welded I-section
column specimens, indicating that (i) both initial local and global geometric
imperfections can influence the failure loads of S960 ultra-high strength steel slender
welded I-section columns and (ii) the accurate and consistent failure load predictions
were obtained for the considered initial geometric imperfection combinations.
Comparisons between the test and numerical load—mid-height lateral deflection
curves for typical S960 ultra-high strength steel slender welded I-section column
specimens [1-L3 and I1-L5 are depicted in Figures 5.5 and 5.6, respectively, where
the test load—mid-height lateral deflection histories are well captured by their
numerical counterparts. The test and numerical failure modes for aforementioned
column specimens are displayed in Figures 5.7 and 5.8, respectively, exhibiting
excellent agreement. Overall, the developed FE models are capable of simulating the
test responses of the S960 ultra-high strength steel slender welded I-section column

specimens failing by local-flexural buckling, and therefore deemed to be validated.
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Table 5.3: Comparisons of FE failure loads with test failure loads for different
global and local geometric imperfection magnitude combinations.

Specimen ID FE N,/ Test N,
(eotwg)two L./1000+#/100
I1-L1 1.013 1.001
I1-L2 0.973 0.962
I1-L3 0.987 0.974
11-L4 0.984 0.971
I1-L5 1.014 0.999
12-L1 0.986 0.973
12-L.2 0.974 0.961
12-L3 1.040 1.024
12-1L4 1.033 1.018
12-L5 1.030 1.021
Mean 1.003 0.990
COV 0.025 0.025
2000
1600
g 1200
3
S 800
400
0 T . T .

0 5 10 15 20 25 30
Mid-height lateral deflection (mm)

Figure 5.2: Test and numerical load—mid-height lateral deflection curves for S960
ultra-high strength steel slender welded I-section column specimen I1-L3.
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Figure 5.3: Test and numerical load—mid-height lateral deflection curves for S960
ultra-high strength steel slender welded I-section column specimen I1-L5.

Figure 5.4: Test and numerical failure modes for S960 ultra-high strength steel
slender welded I-section column specimen 11-L3.
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Figure 5.5: Test and numerical failure modes for S960 ultra-high strength steel
slender welded I-section column specimen 11-L5.

5.3.4 Parametric studies

The validated FE models were adopted to perform parametric studies to generate
further numerical data over a wide range of cross-section dimensions and member
effective lengths. The same modelling procedures and techniques as those described
in Section 5.3.2 were employed in the present parametric studies. Regarding the

modelled cross-section dimensions, the outer heights of the modelled I-sections were
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selected as 100 mm and 200 mm, with the flange widths varied between 100 mm and
150 mm in correspondence to the cross-section with the outer height of 200 mm, and
flange widths of 75 mm, 87.5 mm and 100 mm selected for cross-section of the outer
height of 100 mm, leading to the cross-section aspect ratios from 1.0 to 2.0 being
considered. The web and flange thicknesses for each modelled I-section were set to
be equal and ranged from 4 mm to 8 mm. All the modelled S960 ultra-high strength
steel welded I-sections are classified as Class 4 based on EN 1993-1-12 (CEN, 2007),
and also fell in the category of slender cross-sections, as specified in ANSI/AISC
360-16 (AISC, 2016) and AS 4100 (AS, 2016). The effective lengths of the modelled
columns were ranged from 290 mm to 2510 mm, leading to different levels of
interaction between local and flexural buckling being studied. The global and local
geometric imperfection magnitude combination of L./1000 and #100 was shown to
result in accurate predictions of the test failure loads in Chapter 5.3.3, and thus also
adopted in the present parametric studies. Overall, a total of 82 numerical data on
S960 ultra-high strength steel slender welded I-section columns failing local—flexural

buckling have been generated.

5.4 Assessment of current design standards and

development of new design approach

5.4.1 General

As mentioned in the previous chapters, the current EN 1993-1-12 (CEN, 2007),
ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016) only cover the design of
steel structures with nominal material yield stresses less than or equal to 700 MPa (or
690 MPa), and thus current design standards cannot be directly used for the examined

S960 ultra-high strength steel slender welded I-section columns. In this section, the
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applicability of the codified design rules for S700 (or S690) high strength steel
slender welded I-section columns to S960 ultra-high strength steel counterparts was
assessed through comparisons of the test and numerical failure loads N, with the
interactive buckling resistance predictions N, 4. The revised design approach based

on the European code was also proposed.
5.4.2 EN 1993-1-12 (EC3)

The European code EN 1993-1-12 (CEN, 2007) adopts the buckling curves for the
design of column members susceptible to flexural buckling, and the effective width
approach, derived from the Winter’s plate strength curve, to consider the Class 4
sections prone to local buckling. Regarding slender section columns failing by local—
flexural interactive buckling, EN 1993-1-12 (CEN, 2007) combines the use of
effective width method and buckling curves to consider the interaction between local
and global buckling in the design and the corresponding interactive buckling
resistance N, rc3 1s calculated from Equation (5.1), as the product of the effective

cross-section compression resistance Aefzc3fy and the reduction factor y,

Nu,EC3 :Z'A\aff,Ecs fy (5.1)

where the calculation method of the effective cross-section area A.frc3 is same as
that described in Section 3.4.3. The reduction factor y, considering the influence of

flexural buckling on the buckling resistance of the column, is determined by Equation
(5.2), where Aec3 s the EC3 member non-dimensional slenderness, as calculated

Equation (5.3), and ¢ is a buckling parameter and can be calculated by Equation
(5.4), where a is the imperfection factor and determined by the buckling curve; for
high strength steel welded or normal strength steel I-section columns susceptible to

minor-axis flexural buckling, the design buckling curve ‘¢’ is employed, with a equal
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to 0.49.
1

a ¢+\/¢2 _IEZC3

2
Aecs = /M (5.3)
7°El

$=051+0(Tecs —0.2) + A, | (5.4)

<1 (5.2)

The applicability of the EC3 design rules for S700 high strength steel slender welded
I-section columns failing by local-flexural interactive buckling to their S960 ultra-
high strength steel counterparts was assessed, based on the comparisons of obtained
test and numerical data with the predicted compression resistances from EC3. Figure
5.9 shows the graphical evaluation results, where the obtained experimental and

numerical failure loads, normalised by A.ec3f;, are plotted against the member non-

dimensional slendernesses A,

cc3» and all the data points are shown to lie above the

currently adopted EC3 design buckling curve ‘c’. The test and numerical failure loads
were also compared with EC3 predicted failure loads N./N,ec; and displayed in
Figure 5.10, where rather conservative results were observed for columns with
member non-dimensional slendernesses ranging from 0.7 to 1.3. Table 5.4 reports the
quantitative assessment results, where the mean test and numerical to EC3 predicted
failure load ratio N./N,.tc3, is equal to 1.27, with the corresponding COV of 0.07.
Both the graphical and quantitative comparisons indicated that EN 1993-1-12 (CEN,
2007) yields safe but conservative compression resistance predictions for pin-ended
S960 ultra-high strength steel slender welded I-section columns failing by local—

flexural interactive buckling.
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Table 5.4: Comparisons of test and numerical failure loads with local-flexural
interactive buckling resistance predictions.

No. of FE data: 74
Mean 1.27 1.08 1.34 1.08
COoV 0.07 0.05 0.08 0.04
1.4
1.2 A
10 Q%
0.8 |
0.6 -
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0.4 -
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Figure 5.6: Comparisons of test and numerical failure loads with EC3 design
buckling curve.
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Figure 5.7: Comparisons of test and numerical failure loads with local-flexural
buckling resistance predictions from EC3 and revised EC3 design approach.
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5.4.3 ANSI/AISC 360-16 (AISC)

The current American specification ANSI/AISC 360-16 (AISC, 2016) provides
design rules for both normal and high strength steel structures with material yield
stresses up to 690 MPa. The compression resistance for a slender welded I-section

column is calculated from Equation (5.5),

Nu,AISC = Fcr Aeff LAISC (5-5)

where F¢, is the critical stress and can be calculated by Equation (5.6), where A misc

1s the AISC member non-dimensional slenderness, as given by Equation (5.7). The
calculation method of the effective cross-section area Aef.4isc is based on the AISC

effective width method and detailed in Section 3.4.3.

0.658" f,  for Asc <15

Fo = _ (5.6)
(15377 fy for Amsc >1.5
Anisc
— Af L2
AlSC = 7z'2yEi (5.7)

Graphical and quantitative assessments of the applicability of the AISC design rules
to S960 ultra-high strength steel slender welded I-section columns were performed
through comparisons of the test and numerical failure loads with the compression
resistance predictions of AISC 360 (AISC, 2016). The AISC design buckling curve,
as plotted in Figure 5.11, was generally shown to well capture the test and numerical
data points over the whole considered range of member non-dimensional slenderness,
though a small disparity existed for member non-dimensional slendernesses ranging
from 0.7 to 1.1. This is also evident in Figure 5.12, where the test and numerical
failure loads were compared with the AISC compression resistance predictions. The

quantitative assessments are also carried out, with results reported in Table 5.4, in
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which the mean ratio of N./N,sc is equal to 1.08, with the corresponding COV of
0.05. Overall, the AISC design rules were generally found to yield an overall good
level of design accuracy when used for S960 ultra-high strength steel slender welded

I-section columns failing by local-flexural interactive buckling.
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Figure 5.8: Comparisons of test and numerical failure loads with AISC design
buckling curve.
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Figure 5.9: Comparisons of test and numerical failure loads with local—flexural
buckling resistance predictions from ANSI/AISC 360-16 (AISC, 2016).
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5.4.4 AS 4100 (AS)

The Australian standard AS 4100 (AS, 2016) prescribes the design compression
resistance N, 4s for slender welded I-section columns failing by local-flexural
interactive buckling, as the product of the reduction factor a. multiplied by the

effective cross-section compression load Azf,, as given in Equation (5.8),

Nyas = 2 Aur as fy (5.8)

where the effective cross-section area of the slender I-section Aefus is calculated
based on the AS effective width method, as detailed in Section 3.4.3, and the flexural
buckling reduction factor a., as defined by the AS design buckling curve, is given

by Equation (5.9), where A, is the modified member slenderness and can be

calculated from Equation (5.10), where Ass is the AS member non-dimensional

slenderness, as defined in Equation (5.11), a, is the compression member factor, as
given by Equation (5.12), a, is the member section constant and equal to 0.5 for I-
sections fabricated from hot-rolled sheets, and ¢ is a buckling parameter and can be
determined from Equation (5.13), where # is the compression member imperfection

factor, as given by Equation (5.14).

o0 |
ac—f 1- 1—|:m:| <1 (59)

2 —_—
A= /’;5'; A (5.10)
_ fL2
s =,/% (5.11)

2100( 4, ~13.5)
a. =
® 7 A2-15.34 + 2050

(5.12)
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2
(/1” g(ga%j +1+7
¢= > (5.13)
Z(ﬁ” +aaab)
90
1 =0.00326 (4, + @, —13.5) > 0 (5.14)

The applicability of the AS design rules for high strength steel slender welded I-
section columns failing by local-flexural buckling to S960 ultra-high strength steel
counterparts was assessed based on the test and numerical failure loads. The mean
test and numerical to AS predicted failure load ratio N./N,, 4s and the corresponding
COV, as reported in Table 5.4, are equal to 1.34 and 0.08, respectively, indicating a
high level of design conservatism. This conservatism is also evident in Figures 5.13
and 5.14. Overall, the compression resistances of S960 ultra-high strength steel

slender welded I-section columns are unduly estimated by AS 4100 (AS, 2016).
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Figure 5.10: Comparisons of test and numerical failure loads with AS design
buckling curve.
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Figure 5.11: Comparisons of test and numerical failure loads with local—flexural
buckling resistance predictions from AS 4100 (AS, 2016).

5.4.5 New design proposal

As discussed before, the conservatism of the Eurocode design rules can be attributed
to adoption of the conservative buckling curve ‘c’. From Chapter 4, it can be
concluded that the buckling curve ‘a’ with a equal to 0.21 leads to better design
accuracy for S960 ultra-high strength steel non-slender welded I-section columns
prone to global buckling. Therefore, a revised Eurocode design approach is proposed
herein by utilizing the original Eurocode effective width approach combined with the
buckling curve ‘a’. Comparisons of the buckling curves with the normalized
numerical and test ultimate loads (by Aef.ec3fy) are presented in Figure 5.9, evidencing
that the buckling curve ‘a’ can well capture the derived data points. The graphical
assessment of the resistance predictions from the revised Eurocode design approach
N.pr 1s also displayed in Figure 5.10, whilst the quantitative assessment results are
summarized in Table 5.4, with the mean test and numerical to predicted ultimate load
ratio N./Nypr equal to 1.08 and the COV of 0.04. It can therefore be concluded that
the revised Eurocode design approach can lead to more accurate and consistent
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interactive buckling resistances than the original Eurocode design approach when

used for S960 ultra-high strength steel slender welded I-section columns.

5.5 Concluding remarks

An extensive experimental and numerical investigation has been conducted to study
the local—flexural interactive buckling behaviour and resistances of S960 ultra-high
strength steel slender welded I-section columns. The experimental investigation was
firstly conducted on two slender I-sections, and included initial global and local
geometric imperfection measurements and ten pin-ended column tests. A numerical
study was then carried out; FE models were initially developed and afterwards
employed to perform parametric studies to generate further numerical data over a
wide range of cross-section dimensions and member effective lengths. The obtained
test and numerical results were adopted to assess the applicability of the relevant
design rules for S700 (or S690) high strength steel slender welded I-section columns
failing by local-flexural interactive buckling, as set out in EN 1993-1-12 (CEN,
2007), ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016), to their S960
ultra-high strength steel counterparts. The results of the graphical and quantitative
assessments revealed that both EN 1993-1-12 (CEN, 2007) and AS 4100 (AS, 2016)
yield a high degree of conservatism for predicting local—flexural interactive buckling
resistances for S960 ultra-high strength steel slender welded I-section columns, while
ANSI/AISC 360-16 (AISC, 2016) results in overall accurate and consistent resistance
predictions, though the predicted resistances are marginally conservative for the S960
ultra-high strength steel slender welded I-section columns with member non-
dimensional slendernesses from 0.7 to 1.1. Finally, a revised design approach (i.e. the
EC3 design buckling curve ‘a’ combined with the EC3 effective width expressions)
was proposed, and shown to result in a much higher level of design accuracy and
consistency for S960 ultra-high strength steel slender welded I-section columns

failing by local-flexural interactive buckling.
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CHAPTER 6

LOCAL BUCKLING OF 5960 ULTRA-HIGH STRENGTH
STEEL WELDED I-SECTION STUB COLUMNS UNDER
COMBINED LOADING

6.1 Introduction

The previous chapters respectively investigated the local buckling, flexural buckling
and flexural-local interactive buckling behaviour of S960 ultra-high strength steel
welded I-sections under isolated loading (i.e. axial compression), while the local
stability and cross-section resistances of S960 ultra-high strength steel welded I-
section stub columns under combined loading were studied in this chapter, through
the experimental and numerical investigations. An experimental programme,
adopting two welded I-sections — I-120x120x6 and I-150x75x%6, was firstly
conducted, including ten minor-axis and ten major-axis eccentric compression tests
as well as initial local geometric imperfection measurements. A numerical modelling
programme was then performed, where finite element 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 and
loading combinations. On the basis of the test and numerical data, the applicability
of the design interaction curves for S700 (or S690) high strength steel welded I-
sections under minor-axis and major-axis combined loading, as set out in the
European code, American specification and Australian standard, to their S960 ultra-
high strength steel counterparts was evaluated. The evaluation results for S960 ultra-

high strength steel welded I-section stub columns under minor-axis combined loading
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and major-axis combined loading have respectively been reported in Su et al. (2021¢)

and Su et al. (2021d).

6.2 Testing

6.2.1 General

Given that there have been no tests on S960 ultra-high strength steel welded I-sections
under combined loading, an experimental programme was firstly carried out to
generate a data pool. The experimental programme employed two I-sections: I-
120x120x6 and I-150x75%6, both of which were fabricated the same batch of 6 mm
thick S960 ultra-high strength steel plates by robotic gas metal arc welding. The
chemical compositions, nominal material properties of grade S960 ultra-high strength
steel and used electrode for welding were described in Chapter 3. The cross-section
labelling system starts with a letter ‘I’ (indicating an I-section), followed by the
nominal section size in millimetres (outer section depth /# x flange width by x wall
thickness ¢ — see Figures 6.1 and 6.2). Both of the two adopted I-sections were
classified as slender cross-sections according to the slenderness limits in EN 1993-1-
12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016). For
each I-section, five stub column specimens with the same nominal length L were
prepared and tested under minor-axis combined loading and another five were tested
under major-axis combined loading; it is worth noting that the nominal specimen
length was set to be equal to three times the mean outer cross-section dimensions
(Ziemian, 2010), which is deemed short enough to avoid flexural buckling, but still
long enough to contain a representative pattern of local geometric imperfections and
membrane residual stresses. Tables 6.1 and 6.2 respectively report the key measured
geometric dimensions of the stub column specimens under minor-axis and major-axis

combined loading. The specimen ID consists of a letter — “‘A’ (or ‘C’) and ‘B’ (or ‘D’)
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signifying [-120x120x6 and I-150%75%6, respectively) and a number (for
differentiating the specimens with the same nominal geometric dimensions but
different initial loading eccentricities about minor principal axis or major principal
axis). The overall experimental programme included initial local geometric
imperfection measurements, ten minor-axis eccentric compression tests and ten

major-axis eccentric compression tests.

Strain gauge SG 1-a SG 2-a
| RN
q | | 4
t
|
Minor axis |
0 h
[| ¢
|
SG 1-b S5G 2-b
] an 1 5%
L ¥ : v |
d:=5.5 mm b, d:=5.5 mm
# #
by

Figure 6.1: Notations of welded I-section and locations of strain gauges for minor-
axis combined loading.
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Figure 6.2: Notations of welded I-section and locations of strain gauges for major-
axis combined loading.

Table 6.1: Measured geometric dimensions and initial local geometric
imperfections of S960 ultra-high strength steel welded I-section stub column
specimens under minor-axis combined loading.

Cross-section Specimen ID L (mm) 4 (mm) br(mm) ¢(mm) wo(mm)

[-120x120x6 Al 359 11936 119.24 5.98 0.07
A2 360 119.28 119.27 5.98 0.06
A3 359 119.89 119.92 6.03 0.06
A4 358 119.64 119.52 5.99 0.09
AS 360 119.86 119.67 6.06 0.11
[-150x75x6 Bl 320 150.25 74.93 6.03 0.07
B2 319 150.20 74.73 6.04 0.09
B3 319 150.01 74.68 6.01 0.09
B4 318 150.12  74.49 6.02 0.08
B5 320 149.52  74.42 5.99 0.07
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Table 6.2: Measured geometric dimensions and initial local geometric
imperfections of S960 ultra-high strength steel welded I-section stub column
specimens under major-axis combined loading.

Cross-section Specimen ID L (mm) 4 (mm) bs(mm) ¢(mm) @o(mm)

[-120x120x6  ClI 359 11945 119.52 5.98 0.07
C2 361 11932 11947 5.97 0.08
C3 358 119.52 11998  6.04 0.07
C4 359 119.79 119.74  5.98 0.06
G5 360 119.94 119.28 6.06 0.06
[-150x75x6 Dl 319 150.15 74.96 6.04 0.07
D2 321 150.08 74.48 6.04 0.07
D3 319 149.96 74.62 6.02 0.06
D4 319 150.18 74.67 6.02 0.07
D5 320 149.76  74.54 5.99 0.07

6.2.2 Initial local geometric imperfection measurements and

eccentric compression tests

The structural behaviour and resistances of metallic thin-walled section components
are affected by their initial geometric imperfections. The initial local geometric
imperfections of the S960 ultra-high strength steel welded I-section stub column
specimens were thus measured, with the method and setup same as that utilised in
Chapter 3. The initial local geometric imperfection magnitude of the stub column
specimen o, is reported in Table 6.2, with the measured initial local geometric

imperfection distributions for a typical column specimen are depicted in Figure 6.3.
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Figure 6.3: Measured initial local geometrical imperfection distributions for
specimen Al.

Eccentric compression tests were conducted on twenty S960 ultra-high strength steel
welded I-section stub column specimens, with ten for major-axis and ten for minor-
axis combined loading, to investigate their cross-section behaviour and resistances
under combined compression and bending moment. The initial loading eccentricities
were varied from 15 mm to 100 mm, resulting in a range of combinations of
compression load and bending moment being considered. An INSTRON 5000 kN
servo-hydraulic testing machine was employed to conduct all the eccentric
compression tests at a loading rate of 0.3 mm/min. Each end of the testing machine
was equipped with a knife-edge device, offering pin-ended boundary conditions to
the specimen ends. The knife-edge device, as shown in Figure 6.4, 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 15 mm thick end plates was placed
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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 the appropriate member

alignment and pre-specified initial loading eccentricity. Upon completion of the

member alignment and position adjustment, the specimen was anchored by bolting

the end plates to the wedge plates.

(a) Photograph.
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(a) Minor-axis combined loading.
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(b) Schematic diagram.

(b) Major-axis combined loading.

Figure 6.4: Eccentric compression test setups.
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The instrumentation used for the minor-axis eccentric compression tests is depicted
in Figure 6.4(a), including one LVDT attached to the mid-height of the specimen to
measure the lateral deflection about the minor principal axis and two pairs of strain
gauges affixed to the two flanges at mid-height (with the detailed locations shown in
Figure 6.1) to measure the longitudinal strains at these locations. A similar setup was
used for the major-axis eccentric compression tests, as shown in Figure 6.4(b), but
with one LVDT attached to the mid-height of the flange and two pairs of strain gauges
attached to the flanges at mid-height — see Figure 6.2. The readings from the LVDT
and strain gauges were adopted to determine the actual initial loading eccentricity eo
of each eccentrically loaded stub column specimen, according to Equation (6.1)
(Zhao et al., 2015; Sun et al., 2021), where N is the applied eccentric compression
load, 7 is the second moment of area about the minor principal axis, &ma—=emin 1S the
difference of the longitudinal strains measured by the two pairs of strain gauges, D is
the distance between the two pairs of strain gauges (D=b, for the combined loading
tests about the minor principal axis — see Figure 6.1, while D=h for the combined
loading tests about the major principal axis — see Figure 6.2) and 4 is the mid-height
lateral deflection recorded by the LVDT. Note that Equation (6.1) was derived by
assuming that the structural behaviour was close to linear elastic, and it was thus
recommended that no more than 15% of the predicted failure loads be used in the
calculation of the actual initial loading eccentricity ey (Zhao et al., 2015; Sun et al.,

2021).

& = _min ) _ A (6.1)

The load—deflection curves measured for the two series of S960 ultra-high strength
steel welded I-section stub column specimens under minor-axis and major-axis
compression tests are shown in Figures 6.5 and 6.6, respectively, while the key

obtained test results are reported in Tables 6.3 and 6.4, including the actual initial
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loading eccentricity eo, the failure load N,, the mid-height lateral deflection at the
failure load 4, and the failure moment M,=N,(eot+4.) at the specimen mid-height.
Upon testing, all the ten eccentrically loaded S960 ultra-high strength steel welded I-
section stub column specimen were observed to fail by local buckling, with the
deformed failure modes for S960 ultra-high strength steel welded I-section stub
columns under minor-axis eccentric compression and major-axis eccentric

compression displayed in Figures 6.7 and 6.8, respectively.
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Figure 6.5: Load—lateral deflection curves for minor-axis compression tests on
S960 ultra-high strength steel welded I-section stub column specimens.
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Figure 6.6: Load—lateral deflection curves for major-axis compression tests on
S960 ultra-high strength steel welded I-section stub column specimens.
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Table 6.3: Key minor-axis eccentric compression test results.

Cross-section  Specimen ID  ep (mm) N (kN) Ay(mm) M, (kNm)

[-120x120x6 Al 18.3 1263.5 4.7 29.1
A2 27.2 1045.0 6.1 34.8
A3 28.1 1026.1 7.0 36.0
A4 40.0 815.1 6.2 37.7
AS 73.9 499.6 9.1 41.5
[-150x75x6 Bl 19.7 578.4 8.2 16.2
B2 35.2 374.6 10.7 17.2
B3 58.3 248.1 11.0 17.2
B4 84.2 177.2 15.6 17.7
B5 101.8 150.2 12.5 17.2

Table 6.4: Key test results for major-axis eccentric compression tests.

Cross-section Specimen ID ey (mm) Nu.(kKN)  4,(mm) M, (kNm)

[-120x120%6 Cl1 14.3 1586.4 1.7 25.4
C2 26.9 1331.1 1.7 38.1
C3 40.1 1137.6 2.0 47.9
C4 65.8 855.7 3.7 59.5
C5 94.5 689.0 6.8 69.8
[-150x75%6 Dl 15.8 1404.0 1.1 23.8
D2 27.0 1243.3 1.7 35.7
D3 39.4 1097.7 24 45.9
D4 59.3 923.7 23 56.9
D5 86.2 768.2 3.7 69.1
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(a) I-120x120%6 specimens (from left to right: A1, A2, A3, A4 and AS).

(b) I-150%75x6 specimens (from left to right: B1, B2, B3, B4 and B5Y).

Figure 6.7: Failure modes of S960 ultra-high strength steel welded I-section stub
column specimens under minor-axis eccentric compression.
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(a) Typical [-120x120%6 specimens (from left to right: C1, C3 and C5)

(b) Typical I-150x75%6 specimens (from left to right: D1, D3 and D5)

Figure 6.8: Failure modes of S960 ultra-high strength steel welded I-section stub
column specimens under major-axis eccentric compression.
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6.3 Numerical modelling

6.3.1 General

In conjunction with the experimental programme, a numerical modelling programme
was conducted using the nonlinear finite element (FE) software ABAQUS (2014). FE
models are firstly developed, with the detailed modelling techniques and procedures
described. It is accompanied by a validation study, where the developed FE models
are validated against the test results. Finally, the validated FE models are used to
perform parametric studies, to generate further numerical data over a wide range of

cross-section dimensions and loading combinations.

6.3.2 Development of FE models

The shell element S4R (ABAQUS, 2014), with its size equal to the wall thickness ¢
was employed herein. In terms of material modelling of S960 ultra-high strength steel,
incorporation of membrane residual stresses and inclusion of initial geometric
imperfections, the procedures and techniques were same as those detailed in Section
4.3.2. Four imperfection magnitudes, including the measured value wo and three
generalised values — #100, #/30 and #10, were adopted to factor the derived
distribution pattern, enabling the influence of imperfections on the structural
behaviour of S960 ultra-high strength steel welded I-sections under combined loading

to be investigated.

The pin-ended boundary conditions used in the tests were carefully modelled.
Specifically, for each FE model, its top end section was coupled to a reference point,
which was allowed to translate in the longitudinal direction and rotate about the axis

of combined loading, while its bottom end section was also coupled to a reference
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point, which was only allowed to rotate about the same axis. Each of the two reference
points was eccentrically located to the axis of combined loading at a distance equal
to ep and also offset longitudinally from the end section by 70 mm — the distance from
the rotation centre of the knife-edge device to the end of the specimen in the tests (see
Figure 6.4). Finally, static Riks analyses (ABAQUS, 2014), considering material and
geometric nonlinearities, were conducted on the developed FE models, to obtain the

numerical failure loads, load—deflection curves and failure modes.

6.3.3 Validation of FE models

The accuracy of the developed FE models was assessed by comparing the obtained
numerical results against their experimental counterparts. Tables 6.5 and 6.6
respectively report the numerical to test failure load ratios for S960 ultra-high
strength steel welded I-section stub column specimens under minor-axis and major-
axis combined loading, with the results indicating that (i) the test failure loads are
generally well predicted for all the four considered initial local geometric
imperfection magnitudes and (i1) the best agreement is achieved when the initial local
geometric imperfection magnitude is taken as #/100. The test and numerical load—
deflection curves for two typical groups of specimens A4, B1 and C2, D2 are
displayed in Figures 6.9 and 6.10, respectively, where the test curves are accurately
replicated by their numerical counterparts. Comparisons between the test and
numerical failure modes are presented in Figures 6.11 and 6.12, showing excellent
agreement. In summary, the developed FE models can accurately simulate the test
structural responses of S960 ultra-high strength steel welded I-sections under

combined compression and bending moment, and were thus deemed to be validated.
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Table 6.5: Comparisons between test and numerical failure loads for different initial
local geometric imperfection magnitudes of S960 ultra-high strength steel welded I-
sections under minor-axis combined loading.

Cross-section  Specimen FE N, / Test Ny

ID
o /100 /30 /10

[-120x120x6 Al 0.994 0.998 0.964 0.931
A2 0.997 0.997 0.963 0.928
A3 0.996 0.996 0.964 0.928
A4 0.987 0.996 0.964 0.925
A5 0.986 0.998 0.975 0.940

I-150x75x6 Bl 1.000 1.000 1.000 0.999
B2 0.999 1.000 0.999 0.997
B3 0.990 0.990 0.990 0.988
B4 1.004 1.004 1.004 1.001
B5 1.000 1.000 1.000 0.997
Mean 0.996 0.998 0.982 0.963
6(0)% 0.006 0.004 0.018 0.036

Table 6.6: Comparisons between test and numerical failure loads for different initial
local geometric imperfection magnitudes of S960 ultra-high strength steel welded I-
sections under major-axis combined loading.

Cross-section  Specimen FE N, / Test N,

ID
o ¢/100 #/30 /10

[-120x120x6  ClI 0.996 1.001 0.984 0.951
C2 0.989 0.989 0.974 0.942
C3 0.979 0.979 0.964 0.934
C4 1.003 1.005 0.989 0.959
C5 0.987 0.997 0.980 0.951

I-150x75x6 DI 0.999 1.000 0.995 0.957
D2 0.991 0.995 0.979 0.945
D3 0.991 0.998 0.978 0.942
D4 0.996 1.002 0.979 0.943
D5 0.993 0.996 0.972 0.933
Mean 0.992 0.996 0.979 0.946
COV 0.007 0.008 0.009 0.009
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Figure 6.9: Test and numerical load—lateral deflection curves of S960 ultra-high
strength steel welded I-sections under minor-axis combined loading.
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Figure 6.10: Test and numerical load—lateral deflection curves of S960 ultra-high
strength steel welded I-sections under major-axis combined loading.
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(a) Specimen A4

(b) Specimen Bl

Figure 6.11: Test and numerical failure modes for specimens under minor-axis
combined loading.
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(a) Specimen C2.

(b) Specimen D2

Figure 6.12: Test and numerical failure modes for specimens under major-axis
combined loading.
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6.3.4 Parametric studies

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 6.3.2, but with the initial local geometric
imperfection magnitude now fixed as #/100. In terms of the modelled dimensions, the
outer section depth was taken as 200 mm, while the flange widths ranging from 200
mm to 100 mm were selected, with the wall thicknesses varied from 4 mm to 10 mm,
leading to a broad range of cross-section aspect ratios and dimensions being
considered. Note that all the modelled I-sections were classified as slender sections,
according to the slenderness limits given in EN 1993-1-12 (CEN, 2007), ANSI/AISC
360-16 (AISC, 2016) and AS 4100 (AS, 2016). The length of each FE model was set
to be equal to three times its mean outer cross-section dimensions (Ziemian, 2010).
Moreover, the initial loading eccentricities were varied from 0.5 mm to 1200 mm,
resulting in a wide spectrum of loading combinations being accounted for. A total of
115 numerical data on S960 ultra-high strength steel welded I-sections under minor-
axis combined loading and 120 numerical data on major-axis combined loading were
generated through the present parametric studies, with the detailed geometric

dimensions listed in Table 6.7.

131



Table 6.7: Cross-section dimensions and loading eccentricities of modelled S960
ultra-high strength steel welded I-sections in parametric studies.
(a) Minor-axis combined loading

h (mm) br (mm) ¢t (mm) Eccentricity (mm)
200 200 8 1,2,5,12, 18, 25, 40, 60, 95,
110, 160, 240, 400, 600, 800
200 6.5 1,3,6,11, 14, 18, 24, 30, 40,

50, 70, 90, 120, 160, 240,
280, 330, 500, 630, 800

160 6 1,2,3,5,7,8,11, 14, 22, 27,
30, 34, 49, 62, 100, 150, 200,
260, 400, 800

140 6 1,2,4,5,6,8,12, 17, 25, 35,
48, 64,75, 90, 110, 130, 240,
250, 400, 800

120 5.5 1,2,5,8,11, 15, 19, 24, 29,
30, 37, 39, 45, 60, 75, 90,
120, 200, 500, 700

100 5 2,3,5,8, 12,14, 17, 24, 32,
40, 49, 65, 82, 100, 120, 150,
210, 300, 450, 800

(b) Major-axis combined loading

h (mm) br (mm) t (mm) Eccentricity (mm)
200 200 10.0 3, 15, 25, 37, 70, 100, 130, 200,
550, 1000
190 9.5 8, 20, 31, 50, 85, 115, 165, 300,
450, 800
180 9.0 4, 13, 27, 46, 70, 112, 170, 240,
480, 770
170 8.5 6, 24, 42, 61, 99, 120, 149, 170,
260, 360
160 8.0 0.5, 7, 19, 40, 77, 105, 140, 180,
250, 350
150 7.5 1,13, 30, 55,70, 85, 109, 200, 240,
600
140 7.0 4,12,22,45,55,717,95, 240, 370,
900
130 6.5 6, 11, 30, 55, 80, 140, 200, 480,
630, 1200
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120 6.0 10, 60, 73, 120, 140, 150, 165,
180, 270, 530

110 5.5 7,17,24,49,62,98,220,290, 370,
400

100 4.5 2,8,12,22,42,55, 86, 105, 144,
188

100 4.0 2,25, 37,70, 100, 130, 200, 260,
500, 1000

6.4 Evaluation of current design standards

6.4.1 General

The current EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS
4100 (AS, 2016) only cover the design of steel structures with nominal material yield
stresses less than or equal to 700 MPa (or 690 MPa), and thus none of the design
standards can be directly used for the studied S960 ultra-high strength steel welded
I-sections under combined loading. In this section, the applicability of the codified
design interaction curves for S700 (or S690) high strength steel welded I-sections
under combined loading to their S960 ultra-high strength steel counterparts was
evaluated by comparing the test and numerical failure loads N, against the unfactored
design failure loads N, prq. Tables 6.8 and 6.9 report the mean test and numerical to
predicted failure load ratios of N./Nupes and the corresponding coefficients of
variation (COV) for each codified design interaction curve, while the graphical
evaluation results for S960 ultra-high strength steel welded I-sections under

combined loading are shown in Figures 6.13-6.18.

6.4.2 EN 1993-1-12 (EC3)

The European code EN 1993-1-12 (CEN, 2007) was developed for high strength steel

structures with material grades greater than S460 up to S700. It provides no specific
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design rules for cross-sections under combined loading but directly adopts the
relevant design rules given in EN 1993-1-1 (CEN, 2005). A linear interaction curve
is used for the design of Class 4 welded I-sections under combined compression and
bending moment, as given by Equation (6.2), where N, rq is the design failure load
and M, prea=Nuprea(eot4y) 1s the design failure moment about the axis of combined
loading, while Negecs=Aegecsfy i1s the EC3 effective cross-section compression
capacity and Megecs=Wegecsfy 1s the EC3 effective cross-section bending capacity
about the rotation axis, where Aq7£c3 1s the effective cross-section area and Weprrcs 1s
the effective section modulus about the rotation axis. The values of Aefzc3 and Wegrecs
can be determined based on the EC3 effective width method (CEN, 2006), which
considers the loss of effectiveness due to local buckling through reduction in plate
element widths. The effective cross-section area A.rc3 is equal to the summation of
the effective area of each constituent plate element, which is calculated as the
effective plate element width cefzc3 multiplied by the wall thickness £. The expression
for the effective plate element width cefec3 1s given by Equation (6.3), where c is the
flat plate element width, y is the stress ratio and equal to unity for pure compression,
and J, is the plate element slenderness, as defined by Equation (6.4), where k, is the
buckling parameter and equal to 4.0 and 0.43 for internal and outstand plate elements,
respectively (CEN, 2006). Equations (6.3) and (6.4) are also used to calculate the
effective section modulus Weyecs, but with different values of &, and yw, which are
now dependent on the plate element type and the stress distribution within the plate
element and can be determined according to Tables 4.1 and 4.2 of EN 1993-1-5 (CEN,
2006). Note that the calculation of M3 involves cumbersome iterations, owing to
the shift of effective neutral axis.

N M

u, pred

wered <1 (6.2)

Neff,ECS Meff,EC3
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28.4,/235/, [k,

The applicability of the EC3 design interaction curve to S960 ultra-high strength steel
slender welded I-sections under combined compression and minor-axis bending
moment was evaluated based on the test and numerical data, with Figure 6.13
depicting the graphical evaluation results, where the test and numerical failure
moments and loads, normalised by the effective cross-section bending and
compression capacities, are compared with the EC3 design interaction curve. It can
be found that the EC3 design interaction curve lies well below the normalised test
and FE data points, indicating excessive conservatism and scatter. This is also evident
in Table 6.7, where the mean test and numerical to EC3 predicted failure load ratio
Nu/Nuprea 1s equal to 1.65 with the corresponding COV of 0.13. It is worth noting that
EN 1993-1-12 (CEN, 2007) leads to accurate effective cross-section compression
capacities Negecs when used for S960 ultra-high strength steel slender welded I-
sections (Su et al., 2021b), i.e. the compression end point of the EC3 design
interaction curve is accurate, as can also be seen from Figure 6.13. This indicates that
the inaccuracy of the EC3 design interaction curve can be mainly attributed to the
conservative bending end point (i.e. the minor-axis effective cross-section bending

capacity Moz £c3).
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Figure 6.13: Comparisons of test and FE data with EC3 design interaction curve for
minor-axis combined loading.

Table 6.8: Comparisons of test and numerical failure loads with EC3, AISC and AS
predicted failure loads for S960 ultra-high strength steel welded I-sections under
minor-axis combined loading.

Design code No. of No. of Nu/Nupred
test data FE data ~ Mean cov
EN 1993-1-12 10 115 1.65 0.13
AISC 360 10 115 1.62 0.14
AS 4100 10 115 1.80 0.16

Regarding the applicability of the EC3 design interaction curve to S960 ultra-high
strength steel welded I-sections under major-axis combined loading, the predicted
failure loads and moments from EN 1993-1-12 (CEN, 2007) were compared with the

derived test and numerical data. Figure 6.14 displays the graphical assessment results,
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where the test and numerical failure loads and moments were respectively normalised
by the EC3 effective cross-section compression and major-axis bending resistances,
and compared with the EC3 linear interaction curve; the EC3 interaction curve is
found to lie well above the normalised FE and test data points, revealing design
conservatism. This can also be seen from the quantitative assessment results, as
reported in Table 6.9, where the mean test and FE to EC3 predicted failure load ratio
Nu/Nuprea €qual to 1.31. As EN 1993-1-12 (CEN, 2007) leads to accurate effective
cross-section compression capacities Negecs when used for S960 ultra-high strength
steel slender welded I-sections (Su et al., 2021b), as described above, the design
conservatism can be mainly attributed to the conservative bending end point (i.e. the

major-axis effective cross-section bending capacity Mesy,£c3).
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Figure 6.14: Comparisons of test and FE data with EC3 design interaction curve for
major-axis combined loading.
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Table 6.9: Comparisons of test and numerical failure loads with EC3, AISC and AS
predicted failure loads for S960 ultra-high strength steel welded I-sections under
major-axis combined loading.

Design code No. of test data  No. of FE data Nu/Nuprea
Mean COV
EN 1993-1-12 10 120 1.31 0.057
AISC 360 10 120 1.19 0.046
AS 4100 10 120 1.19 0.050

6.4.3 ANSI/AISC 360-16 (AISC)

The American specification ANSI/AISC 360-16 (AISC, 2016) provides design rules
for steel components with material yield stresses up to 690 MPa. Regarding the
design of slender welded I-sections under combined compression and bending
moment, a bi-linear interaction curve is adopted, as given by Equation (6.5), where
Negraisc=Aegraischy 1s the AISC effective cross-section compression capacity and
M.gasic 1s the AISC effective cross-section bending capacity about the axis of
combined loading. The AISC effective cross-section area Aef4isc is now determined
based on the AISC effective width method, with the effective plate element width
cefraisc calculated from Equation (6.6), where Jrout and Ain are the AISC limiting
width-to-thickness ratios for non-compact/slender outstand and internal plate
elements in pure compression, respectively, which can be determined according to
Table B4.1a in ANSI/AISC 360-16 (AISC, 2016). The AISC effective cross-section
bending capacity about the minor principal axis M. 4isc is calculated by Equation
(6.7), where M., is the corresponding cross-section elastic moment capacity, while
M.y, a1sc 1s the AISC effective cross-section bending resistance about the major axis,
which can be calculated by (i) Equation (6.8) for slender I-sections with slender
flanges, and (ii) Equations (6.9) and (6.10) for slender welded I-sections with slender
webs but compact/noncompact flanges, where W,;, is the major-axis elastic section

modulus, and k. is equal to 4/[(h-2¢)/t]°>, but should be greater than 0.35 and less than
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0.76. It is worthy of mentioning that 4,rand 4,r given in Equation (6.10) respectively
denote the limiting slendernesses for compact/non-compact and non-compact/slender

flanges under major-axis bending, which can be determined based on Table B4.1b in

AISC 360 (AISC, 2016).

I\ll\lu,pred +§ Mu,pred Sl fOf Nu,pred 202
lilff ,AISC M eff ,AISC Iilff ,AISC (65)
u, pred n u, pred <1 for u, pred <02
2Neff,AISC Meff,AISC Neff,AISC
- —2
c 1'49/1r'°”t—0'49/1r;”t <c for outstand plate elements
c/t (c/t)
Cett,misc = _ - (6.6)
c 1'3Mr'im—0'3ur2'i"t <c forinternal plate elements
ot (c/)
0.69
Meff,z,Alsc: el z > (6.7)
(b, /(2E/T,)]
0.9EKW,,
Meff,y,Alsc = (b/—Zt)Z (6.8)
(h-2t)/b h—2t E
M, =W, f |1- -5.7 [—) W, f 6.9
oy ASC ey y( 1200 +300(h—2t) /b ™ fy) wly  (69)
b/2t-1;
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The AISC predicted failure loads were compared with the test and numerical failure
loads, to assess the applicability of the AISC design interaction curve to S960 ultra-
high strength steel slender welded I-sections under minor-axis combined loading.
Table 6.7 reports the mean test and numerical to AISC predicted failure load ratio
N./Nuprea and the corresponding COV, which are equal to 1.62 and 0.14, respectively,
revealing a high degree of conservatism and scatter, as can also be seen from Figure

6.15, where the normalised test and numerical data points lie far above the AISC
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design interaction curve. In view of that the AISC effective cross-section compression
capacities Negaisc (i.e. the compression end point) are accurate for S960 ultra-high
strength steel slender welded I-sections (Su et al., 2021b), the inaccuracy of the AISC
design interaction curve is mainly owing to the conservative bending end point —
Mgz a1sc. It 1s also worth noting that ANSI/AISC 360-16 (AISC, 2016) offers
improved design accuracy than EN 1993-1-12 (CEN, 2007), due to the more accurate

bi-linear shape of the interaction curve.

The applicability of the AISC design interaction curve to S960 ultra-high strength
steel slender welded I-sections under major-axis combined loading was also assessed,
based on the obtained test and numerical data. Both the quantitative and graphical
assessments were carried out, with the results summarised in Table 6.9 and Figure
6.16, respectively. It is evident from Table 6.9 that AISC leads to accurate and
consistent resistance predictions for S960 ultra-high strength steel welded I-sections
under major-axis combined loading, with the mean test and FE to AISC predicted
failure load ratio being 1.19 and the corresponding COV equal to 0.046. This can also
be observed from the graphical evaluation in Figure 6.16, where the AISC bi-linear
interaction curve displays a good representation of the normalised test and FE data
points. Compared with its EC3 counterpart, the AISC interaction curve yields less
scattered and more accurate failure load predictions, owing to the adoption of more

accurate bi-linear interaction curves and bending end point.
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Figure 6.15: Comparisons of test and FE data with AISC design interaction curve
for minor-axis combined loading.
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Figure 6.16: Comparisons of test and FE data with AISC design interaction curve
for major-axis combined loading.
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6.4.4 AS 4100 (AS)

The Australian standard AS 4100 (AS, 2016) is applicable to steel members with
material yield stresses up to 690 MPa. AS 4100 (AS, 2016) adopts a linear interaction
curve for the design of slender welded I-sections under combined loading, as defined
by Equation (6.11), where Negas=Aesasfy 1s the AS effective cross-section
compression capacity and M.z s is the AS effective cross-section bending capacity
about the axis of combined loading. Note that the AS linear interaction formula
(Equation (6.11)) is the same as its EC3 counterpart (Equation 6.2)), with the only
difference lying in the calculation of the effective cross-section compression and
bending capacities. Specifically, the AS effective cross-section area Aep4s 1S now
calculated based on the AS effective width method, with the effective plate element
width cepas given by Equation (6.12). The effective cross-section bending capacity
about the minor principal axis M- 45 can be determined by Equation (6.13), while
effective cross-section bending capacity about the major principal axis Meg;4s 1S
determined utilizing Equation (6.14), where 4, is the AS yield slenderness limit for
flanges and /s is the AS section slenderness and is determined according to Clause

5.2.2 of AS 4100 (AS, 2016).

N M
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The failure loads for S960 ultra-high strength steel slender welded I-sections under
minor-axis combined loading, as predicted from the AS design interaction curve,
were graphically and quantitatively evaluated against the corresponding test and
numerical failure loads, with the results shown in Figure 6.17 and Table 6.7. It can be
found that AS 4100 (AS, 2016) results in the lowest degree of design accuracy and

consistency among the three considered design standards.

The AS design interaction formulation was also graphically and quantitatively
assessed for its applicability to S960 ultra-high strength steel slender welded I-
sections under major-axis combined loading, based on the test and FE data, as shown
in Figure 6.18 and Table 6.9. Both the quantitative and graphical assessment results
indicated that the AS interaction formulation (AS, 2016) is capable of well predicting
the failure loads for S960 ultra-high strength steel slender welded I-sections under

major-axis combined loading.
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Figure 6.17: Comparisons of test and FE data with AS design interaction curve for
minor-axis combined loading.
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Figure 6.18: Comparisons of test and FE data with AS design interaction curve for
major-axis combined loading.

6.5 Concluding remarks

A comprehensive experimental and numerical modelling programme has been
conducted to investigate the cross-section behaviour and resistances of S960 ultra-
high strength steel welded I-sections under combined compression and bending
moment. The experimental programme included ten minor-axis eccentric
compression tests, ten major-axis eccentric compression tests and initial local
geometric imperfection measurements on S960 ultra-high strength steel slender
welded I-section stub column specimens. 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 test and numerical data were used to evaluate the applicability of

the design interaction curves for S700 (or S690) high strength steel slender welded I-
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sections under combined loading, as set out in EN 1993-1-12 (CEN, 2007),
ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016), to their S960 ultra-high
strength steel counterparts. The evaluation results generally indicated that (i) all the
three codified design interaction curves lead to unduly conservative and scattered
failure load predictions for minor-axis combined loading, mainly due to the
conservative bending end points (i.e. the minor-axis effective cross-section bending
capacities) and (i1)) EN 1993-1-12 (CEN, 2007) yields safe but conservative cross-
section resistances for S960 ultra-high strength steel welded I-sections under major-
axis combined loading, while the design interaction curves in ANSI/AISC 360-16
(AISC, 2016) and AS 4100 (AS, 2016) lead to more accurate and consistent
predictions of failure loads, compared to their EC3 counterpart, with the highest
design accuracy and consistency provided by ANSI/AISC 360-16 (AISC, 2016), due
principally to the adoption of a bi-linear interaction curve anchored to a more accurate

bending end point.
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CHAPTER 7

BUCKLING OF §960 ULTRA-HIGH STRENGTH STEEL
WELDED I-SECTION BEAM-COLUMNS

7.1 Introduction

This chapter reports experimental and numerical investigations of the buckling
behaviour and resistances of S960 ultra-high strength steel welded I-section beam-
columns. A testing programme was firstly conducted, comprising initial geometric
imperfection measurements and minor-axis eccentric compression tests on eight S960
ultra-high strength steel welded I-section beam-column specimens. The key test
results, together with the test setups and procedures, were fully reported. Following
the testing programme, a numerical modelling programme was carried out, where
finite element models were developed and validated against the test results, and then
utilised to perform parametric studies to generate additional numerical data over an
extensive range of cross-section sizes, member lengths and loading combinations. On
the basis of the obtained test and numerical results, the applicability of the design
interaction expressions for S690 (or S700) high strength steel welded I-section beam-
columns, set out in the European, American and Australian codes, to S960 ultra-high
strength steel counterparts were evaluated. The evaluation results and key findings of

this research have been reported in Su et al. (2020f).
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7.2 Testing

7.2.1 General

Given that there have been no experimental results on S960 ultra-high strength steel
welded I-section beam-columns, a testing programme was firstly carried out to
establish a test data bank. The testing programme adopted two welded I-section sizes:
[-150%75%6 and I-120%120x6, which are both categorised as Class 4 cross-sections,
based on EN 1993-1-12 (CEN, 2007), and are also classified as slender cross-sections,
in accordance with ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016). Eight
beam-column specimens were prepared, all of which were fabricated by robotic
GMAW from 6 mm thick S960 ultra-high strength steel plates. The material
properties and chemical compositions of S960 ultra-high strength steel, the used
electrode and membrane residual stresses of the studied I-sections were detailed in
Chapter 3. The adopted I-section labelling system is same as those described in the
previous chapters, consisting of the cross-section identifier (i.e. cross-section height
h x flange width by x material thickness ) — see Figure 6.1, with ‘A’ and ‘B’
respectively denoting I[-150x75x6 and 1-120x120x%6, and a number to distinguish
different initial loading eccentricities for geometrically identical beam-column
specimens. The section ID and experimentally measured geometric properties of all
the examined beam-columns are reported in Table 7.1. The overall testing programme
included initial geometric imperfection measurements and eight beam-column tests

about the minor principal axis.
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Table 7.1: Key geometric properties of S960 ultra-high strength steel welded I-
section beam-column specimens.

Cross-section Specimen L L. br h t o Wg
ID (mm)  (mm) (mm) (mm) (mm) (mm) (mm)

[-150x75%6 Al 551 691 7493  150.25  6.03 0.07 0.31
A2 550 690 74.73  150.20  6.04 0.09 0.37
A3 550 690 74.68  150.01  6.01 0.09 0.30
A4 551 691 74.49  150.12  6.02 0.07 0.29

[-120%20x%6 Bl 661 801 119.24 11936  5.98 0.07 0.45
B2 660 800 119.27 119.28  5.98 0.06 0.43
B3 662 802 119.92  119.89  6.03 0.06 0.40
B4 659 799 119.52  119.64  5.99 0.09 0.43

7.2.2 Beam-column tests

Minor-axis eccentric compression tests were conducted to investigate the buckling
behaviour and resistances of S960 ultra-high strength steel welded I-section beam-
columns. For each adopted I-section size, four geometrically identical beam-column
specimens were tested with different initial loading eccentricities ranging from 20
mm to 100 mm being applied. It is worth noting that the initial geometric imperfection
measurements adopted the same test setup and procedures as those described in
Section 5.2.2. An INSTRON 5000 kN testing machine was used to test all the beam-
column specimens at a constant loading rate of 0.2 mm/min. The knife-edge
assemblies at both ends of the machine, as shown in Figure 7.1, were employed to
offer pin-ended boundary conditions. Prior to testing, position adjustment of each
specimen (welded with end plates) was made, based on spirit levels and lasers, to
achieve the pre-specified eccentricity. Note that the distance between the specimen
end and the rotation centre of the knife-edge device was equal to 70 mm — see Figure
7.1; the member effective lengths of the beam-column specimens are thus calculated

as L~L+140 mm, as given in Table 7.1.
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Figure 7.1: Beam-column test setup

Figure 7.1 depicts the test setup for the eccentric compression tests on S960 ultra-
high strength steel welded I-section beam-columns, including (i) one LVDT, placed
longitudinally at specimen mid-height, to record the lateral deflections about the
minor principal axis, and (ii) two pairs of strain gauges, attached to the outstand
flanges at mid-height, with the detailed locations depicted in Figure 6.1, to record the
longitudinal strains at the corresponding positions. The readings recorded from the
LVDT and strain gauges were used to calculate the actual initial loading eccentricity
eo of each beam-column specimen, based on Equation (6.1). Figures 7.2 and 7.3
display the failure modes of the tested [-150x75x6 and 1-120x120%6 beam-column
specimens; all of them exhibited flexural buckling coupled with in-plane bending
deformation. The obtained load—mid-height lateral deflection curves for the two
series of S960 ultra-high strength steel welded I-section beam-column specimens are
shown in Figures 7.4 and 7.5, while the measured key test results are presented in

Table 7.2, including the failure load N,, the mid-height lateral deflection
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corresponding to the failure load 4., the actual initial loading eccentricity eo, and the
first-order elastic (M, 1s:,¢1), second-order elastic (My,2n461) and second-order inelastic
(Mu2nainet) failure bending moments at the specimen mid-height, as calculated from
Equations (7.2)—(7.4), respectively. Note that N, is the Euler buckling strength about

the minor principal axis and can be derived by Equation (7.5).

Ivlu;Lst,el = Nu (eo + a)g) (7~2)
M
M — u lst el 73
u,2nd el (1_ NU/NC,-) ( )
Mu,an jnel = I\Iu (eo +a)g +4}) (7-4)
7°El,
N, = X (7.5)

e

Table 7.2: Key test results for S960 ultra-high strength steel welded I-section beam-
column specimens.

Cross- Specimen €o Ny Ay M 151,01 Mupndel My 2ndjnel
section ID (mm) (kN) (mm) (kNm) (kNm) (kNm)

I-150%x75x%6 Al 21.5 452.6 15.6 9.9 13.2 16.9
A2 29.4 393.1 15.1 11.7 15.0 17.7
A3 40.0 299.9 16.2 12.1 14.5 16.9
A4 88.1 156.2 18.9 13.8 15.1 16.7
I- Bl 20.0 978.7 12.7 20.0 24.4 32.5
120x120%6 B2 31.6 789.4 13.7 25.3 29.6 36.1
B3 60.0 563.3 15.4 34.0 38.0 42.7
B4 99.8 348.7 15.2 35.0 37.3 40.2
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Figure 7.2: Failure modes of [-150x75x6 beam-column specimens.

ey~

Figure 7.3: Failure modes of I-120x120x6 beam-column specimens.
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Figure 7.4: Load—mid-height lateral deflection curves for I-150x75%x6 beam-
column specimens.
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Figure 7.5: Load—mid-height lateral deflection curves for I-120x120x6 beam-
column specimens.
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7.3 Numerical modelling

7.3.1 General

In parallel with the testing programme, a numerical modelling programme was
conducted, using the nonlinear finite element software 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 lengths and loading combinations.

7.3.2 Development of FE models

S960 ultra-high strength steel slender welded I-section beam-column FE models were
developed based on the measured cross-section geometric dimensions and member
effective length, employing the same modelling assumptions, procedures and
techniques as those described in Section 6.3.2. Regarding the boundary conditions,
the top end section was coupled to one reference point, with longitudinal translation
and rotation about the minor principal axis allowed, while the bottom end section was
coupled to the other reference point, with only rotation about the minor axis allowed.
Both of the top and bottom reference points were located eccentrically to the minor
principal axis, with the eccentricities given as the corresponding actual initial loading
eccentricity eo, as listed in Table 7.2, and each of them was longitudinally offset by
70 mm from the end sections. For the incorporation of initial geometric imperfections,
two sets of global and local imperfection magnitude combinations, including (i) the
measured magnitude combination — wetwo and (ii) a generalised magnitude
combination — L./1000+#/100, were employed to scale the obtained initial geometric
imperfection distribution patterns. Finally, the developed FE model was solved by the

geometrically and materially nonlinear modified Riks method (ABAQUS, 2014), to
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derive the numerical failure loads, load—mid-height lateral deflection curves and

failure modes.

7.3.3 Validation of FE models

The accuracy of the developed FE models was evaluated based on the comparisons
of the numerical results with the test data. The numerical to test failure load ratios for
all the S960 ultra-high strength steel slender welded I-section beam-column
specimens are presented in Table 7.3, and the results indicated that (i) the numerical
failure loads are influenced by the initial geometric imperfection magnitudes and (ii)
the test failure loads were well predicted when the generalised imperfection
magnitude combination (i.e. #/100+L./1000) was incorporated into the beam-column
FE models. Comparisons between the experimental and numerical failure modes for
two typical beam-column specimens A2 and B3 are respectively displayed in Figures
7.6 and 7.7, indicating excellent agreement. The FE load—mid-height lateral
deflection curves were also shown to well capture their experimental counterparts for
the aforementioned specimens, as shown in Figures 7.8 and 7.9. Overall, it can be
concluded that the developed FE models are capable of simulating the tests responses
of S960 ultra-high strength steel welded I-section beam-columns and therefore

deemed to be validated.
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Figure 7.6: Test and numerical failure modes for S960 ultra-high strength steel
slender welded I-section beam-column specimen A2.

Figure 7.7: Test and numerical failure modes for S960 ultra-high strength steel
slender welded I-section beam-column specimen B3.
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Figure 7.8: Test and numerical load—mid-height lateral deflection curves for S960
ultra-high strength steel slender welded [-section beam-column specimen A2.
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Figure 7.9: Test and numerical load—mid-height lateral deflection curves for S960
ultra-high strength steel slender welded I-section beam-column specimen B3.
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Table 7.3: Comparison between test and numerical failure loads for measured and
generalised initial global and local imperfection combinations.

Cross-section Specimen ID FE N,/ Test N,
Wt L./1000+#/100

[-150x75%6 Al 1.05 1.03
A2 0.99 0.97
A3 0.99 0.97
A4 1.05 1.02

1-120x120%6 B1 1.04 1.01
B2 0.97 0.94
B3 1.02 1.00
B4 0.99 0.97
Mean 1.01 0.99
COV 0.03 0.03

7.3.4 Parametric studies

The developed FE models were employed to perform parametric studies to generate
further numerical data over a broad range of cross-section dimensions, member
effective lengths and loading combinations. The modelled I-sections were
categorised as slender (or Class 4) sections based on EN 1993-1-12 (CEN, 2007),
ANSI/AISC 360-16 (AISC, 2015) and AS 4100 (AS, 2016). Specifically, the flange
widths were varied from 75 mm to 200 mm, with the plate thicknesses ranging from
3 mm to 10 mm, resulting in a range of cross-section aspect ratios and dimensions
being considered. The member effective lengths of the modelled I-sections fell
between 700 mm and 2340 mm, leading to a wide spectrum of member non-
dimensional slendernesses being considered. Moreover, the initial loading
eccentricities (to the minor axis) of the FE models were varied from 0.1 mm to 600
mm, resulting in an extensive range of loading combinations being considered. The
generalised initial global and local geometric imperfection magnitude combination —
L./1000 and #/100 was adopted herein. In total, 176 numerical data on S960 ultra-high

strength steel slender welded I-section beam-columns were generated through the
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parametric studies.

7.4 Assessment of current design standards

7.4.1 General

In this section, the obtained experimental and numerical results were firstly discussed
and then used to evaluate the applicability of the design interaction formulae for S690
(or S700) slender welded I-section beam-columns, as given in EN 1993-1-12 (CEN,
2007), ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016), to S960 ultra-high
strength steel counterparts. The graphical and quantitative evaluation results for the
three considered design standards, with an angle parameter 6=tan
(Nuprea/ NR)/ (M prea! Mg)] introduced to reflect the combination of compression and
bending moment, as also graphically defined in Figure 7.10, where Ny praq is the
design failure load and M, prei= Nupreaeo 1s the design failure moment, while Nr and
My are the corresponding column flexural buckling resistance and cross-section
bending moment resistance. It is worth noting that All partial safety factors are taken
as unity in the design analyses, leading to the unfactored design ultimate loads being

discussed.
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Figure 7.10: Definition of 6.

7.4.2 EN 1993-1-12 (EC3)

EN 1993-1-12 (CEN, 2007) employs the same format of design interaction formulae
for S690 high strength steel slender welded I-section beam-columns as those adopted
in EN 1993-1-1 (CEN, 2005) for their normal strength steel counterparts. For S690
high strength steel slender welded I-section beam-columns subjected to minor-axis
combined loading, the EC3 design interaction expression is given by Equation (7.6),
where Nj is the column flexural buckling strength, as given by Equations (5.1)—(5.4),
Mgz Ec3 1s the minor-axis effective bending resistance and cumbersome iterations
were involved in its derivation, owing to the shift of effective neutral axis in each
round of calculation, and £: is the interaction factor, given by Equation (7.7), where
Cnz 1s the equivalent uniform moment factor and calculated as unity from Table B.3
in EN 1993-1-1 (CEN, 2005), and 4. is the member non-dimensional slenderness
about the minor principal axis and determined based on Equation (7.8), where A 1s

the effective cross-section area and can be determined by the effective width method.
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N M
u,pred n kz[ u,pred jgl (76)

Nb Meff .Z,EC3
N N
k,=C,, [1+ 0.6, —""J <C,_, (1+ O.GMJ (7.7)
N, N,
A f
A= 2 7.8
. N (7.8)

cr

The suitability of the EC3 interaction curve to S960 UHSS slender welded I-section
beam-columns was assessed against the obtained test and FE data. Figure 7.11
presents the graphical assessments, in which the test and FE to design ultimate load
ratios N./Nuprea are plotted with reference to 6. The graphical assessment results
revealed that the EC3 interaction curve yields conservative, though consistent,
predictions of ultimate load for S960 UHSS slender welded I-section beam-columns.
This is also evident in the quantitative assessments given in Table 7.4, in which the
mean test and FE to design ultimate load ratio is 1.43 and the corresponding COV is
0.08. The conservatism of the ultimate load predictions is attributed to the
conservative end points of the EC3 interaction design curve (i.e. minor-axis effective
moment resistance and column buckling resistance), while the consistency of the
ultimate load predictions generally demonstrates that the interaction curve shape,

defined by the interaction factor, is appropriate.
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Figure 7.11: Comparisons of test and numerical failure loads with EC3 predicted
failure loads.

Table 7.4: Comparisons of FE and test failure loads with AS, AISC and EC3 failure

load predictions.
Design code Cross-section No. of test  No. of FE Nu/Nu pred
category data data Mean Cov
EN 1993-1-12  Class 4 section 8 176 1.43 0.08
AS 4100 Slender section 8 176 1.61 0.10
AISC 360 Slender section 8 176 1.36 0.08
New proposal  Slender section 8 176 1.28 0.09

7.4.3 AS 4100 (AS)

The current AS 4100 (AS, 2016) covers the design formulations and provisions for
high strength steel structures with the material grades up to S690. The design
interaction expression given by Equation (7.9), is employed for S690 high strength
steel slender welded I-section beam-columns subjected to minor-axis combined
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loading, where N. is the minor-axis column buckling strength, as determined in
Section 5.4.4, M.g-4s is the minor-axis effective moment resistance and can be
derived by Equation (7.10), in which M. is the minor-axis elastic moment
resistance, Ay is the AS yield slenderness limit for flanges and 4 is the AS section
slenderness, as determined based on Clause 5.2.2 of AS 4100 (AS, 2016), and
0r=1/(1-Nyprea/Ner) 1s @ moment amplification factor for taking into consideration

the second-order effect.

N M
u,pred +5b u,pred Sl (79)
Nc Meff ,2,AS
A, )
Meff,z,AS =( iyj Ivlel,z (710)

The design ultimate loads determined from the AS interaction curve were evaluated
against the test and numerical ultimate loads, with the quantitative evaluation results,
including the mean ratio of Nu/Nuprea 0f 1.61 and the COV of 0.10, reported in Table
7.4. In parallel with quantitative evaluation, graphical evaluation was also conducted,
as presented in Figure 7.12. It can be concluded that the Australian Standard yields
even more conservative predictions of ultimate load for S960 UHSS slender welded
I-section beam-columns subjected to minor-axis combined loading than the European
code. In view of the fact that the COVs determined from both codified interaction
curves do not have large difference (i.e. the influence of curve shape is not significant),
the higher conservatism of the AS interaction curve is due to the more conservative

end points.
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Figure 7.12: Comparisons of test and numerical failure loads with AS predicted

failure loads.

7.4.4 ANSI/AISC 360-16 (AISC)

The applicability of the existing design rules in AISC 360 (AISC, 2016) to S960 ultra-

high strength steel slender welded I-section beam-columns subjected to minor-axis

combined loading is evaluated in this part. Specifically, the design interaction

formulation is adopted, as defined by Equation (7.11), where Ps is the column

buckling strength and can be calculated according to Clause 5.7 of AISC 360 (AISC,

2016), Moy~ aisc is the AISC cross-section minor-axis effective moment resistance and

determined by Equation (7.12), and a=1/(1-Nupred/Ner) 1s the amplification factor to

consider the second-order effect.

N M N
u, pred +§ 24 u, pred <1 for u, pred > 0 2
Ps 9 Meff,z,AISC Ps

N M N
u, pred 124 u, pred <1 fOf u, pred < O 2
2Ps eff ,z,AISC Ps
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Mt 2 asc =M (7.12)

el,z

The applicability of AS design interaction expressions to S960 ultra-high strength
steel slender welded I-section beam-columns subjected to minor-axis combined
loading is assessed based on the comparisons of the predicted ultimate loads by AISC
with the test and numerical failure loads. The mean test and numerical to AISC design
ultimate load ratio N./Nyprea 1s 1.36 and the corresponding COV is 0.08, as tabulated
in Table 7.4. A graphical evaluation was also performed, as shown in Figure 7.13.
Both the quantitative and graphical assessments revealed that the AISC interaction
curve yields consistent, though conservative, predictions of ultimate load for S960
UHSS slender welded I-section beam-columns subjected to minor-axis combined
loading. Moreover, the predictions from the AISC interaction curve are less
conservative than those from the EC3 and AS interaction curves. This can be attribute

to the more accurate end points and shape of the AISC interaction curve.
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Figure 7.13: Comparisons of test and numerical failure loads with AISC predicted
failure loads.
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7.4.5 Improved design approach

The above design analysis results revealed that the codified interaction curves
generally yield consistent but conservative predictions of ultimate load for S960
UHSS slender welded I-section beam-columns subjected to minor-axis combined
loading. The accuracy of interaction curve is dependent on the shape (defined by the
interaction/amplification factor) and end points (i.e. column buckling strength and
minor-axis bending resistance). The predicted ultimate loads are generally consistent,
as tabulated in Table 7.4, their shapes are thus considered appropriate. The
conservatism of the codified interaction curves therefore results from the inaccurate
end points. An improved design approach is therefore prompted, based on the EC3
interaction curve but with more accurate end points, with the design formulation
expressed in Equation (7.13). The new compression end point N, is calculated by
the buckling curve ‘a’ (with the imperfection factor of 0.21), which has been
demonstrated to be accurate in predicting column buckling strengths, as detailed in

Chapter 4. The direct strength method (DSM), is adopted to calculate the new bending

end point Mpsu, as given by Equation (7.14), where A, = /f /f_ is the overall

cross-section slenderness, in which f. is the cross-sectional critical buckling stress in

bending and derived utilizing the finite strip software CUFSM.

N M
u,pred n kz u,pred Sl (713)
N prop M DSM
M 1 for A, <0.776
= 7.14
M. (1-%)% for A, > 0.776 (7.14)

The ultimate load predictions for S960 UHSS slender welded I-section beam-
columns subjected to minor-axis combined loading, as determined by the new

interaction curve, were assessed against the numerical and test results. The evaluation
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results, as shown in Figure 7.14 and Table 7.4, revealed that the new interaction curve
yields more accurate predictions of ultimate load than the aforementioned codified

interaction curves, with the mean N,/N,, preq ratio of 1.28.
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Figure 7.14: Comparisons of test and numerical failure loads with predicted failure
loads from new design approach.

7.5 Concluding remarks

The buckling behaviour and resistances of S960 ultra-high strength steel slender
welded I-section beam-columns have been investigated through a testing and
numerical modelling programme. The testing programme included initial geometric
imperfection measurements and minor-axis eccentric compression tests on eight
beam-columns. Following the testing programme, a numerical modelling programme
was conducted, in which the developed FE models were validated against the test
results and adopted to perform the parametric study to generate further numerical data
over a broad range of cross-section dimensions, member lengths and loading

combinations. Then, the obtained experimental and numerical results were adopted
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to evaluate the applicability of the codified design interaction provisions for S690 (or
S700) high strength steel welded I-section beam-columns to their S960 ultra-high
strength steel counterparts. It was revealed that all codified interaction curves yield
conservative, though consistent, predictions of ultimate load, due to the conservative
compression and bending end points. Lastly, a new design proposal, adopting the
shape of the EC3 interaction curve but with more accurate compression end point
(calculated from the buckling curve ‘a’) and bending end point (calculated from the

DSM), has been devised, offering improved design accuracy.
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CHAPTER 8

CONCLUSIONS AND SUGGESTIONS FOR
FUTURE RESEARCH WORK

8.1 Conclusions

In this chapter, the key research findings of the research work, as detailed in previous
chapters, are summarised, while more detailed concluding remarks are provided at

the end of each chapter. The suggestions for future research follow thereafter.

Ultra-high strength steel grade S960, with the nominal yield stress of 960 MPa, has
been gaining popularity in the automotive industries in the past decade, due to its
superior strength-to-weight ratio. However, its actual use is restricted by the absence
of the experimental data on ultra-high strength steel components and lack of the
efficient design provisions. This thus prompted the current study on S960 ultra-high
strength steel welded I-section components under different loading cases, with the
aim of establishing the experimental data pool and devising the relating accurate

design approaches.

The membrane residual stresses and local stability of S960 ultra-high strength steel
welded I-section stub columns have been experimentally and numerically
investigated in Chapter 3 (Su etal., 2021b). The pioneer data bank on S960 ultra-high
strength steel welded I-sections has been established; on the basis of the measured
data, a new predictive model that can well predict the membrane residual stress
distributions and amplitudes in S960 ultra-high strength steel welded I-sections has

been proposed. The applicability of the relevant codified slenderness limits and local
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buckling design rules provided in EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16
(AISC, 2016) and AS 4100 (AS, 2016) to S960 ultra-high strength steel welded I-
section stub columns has been assessed. The codified slenderness limits were found
to be applicable to S960 ultra-high strength steel welded I-sections, and the codified
local buckling design rules were shown to yield accurate and consistent cross-section

resistance predictions.

In Chapters 4 and 5, experimental and numerical investigations of the member
instability of S960 ultra-high strength steel welded I-section columns have been
conducted (Su et al., 2021a, 2021¢). The testing programme includes (i) ten pin-ended
column tests on S960 ultra-high strength steel non-slender welded I-section columns
failing by flexural buckling and (ii) ten pin-ended column tests on S960 ultra-high
strength steel slender welded I-section columns susceptible to local—flexural
interactive buckling, which are the world’s first set of such tests. On the basis of the
obtained test and numerical data, the applicability of the codified buckling curves, as
given in EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS 4100
(AS, 2016), for S690 or S700 high strength steel non-slender welded I-section
columns failing by flexural buckling was assessed, with their design conservatism
indicated. A new buckling curve based on the European code was proposed, leading
to a higher level of design accuracy and consistency over the original Eurocode
design buckling curve. The codified design provisions were also found to yield
conservative resistance predictions for S960 ultra-high strength steel slender welded
I-section columns susceptible to local-flexural interactive buckling. A new design
approach was thus developed through the use of the newly proposed buckling curve
combined with the EC3 effective width method, and it was shown to yield more
accurate interactive buckling resistances than the codified design rules. These
research findings and newly proposed design approaches can serve as a basis for

future revisions of EN 1993-1-12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016)
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and AS 4100 (AS, 2016).

Chapter 6 investigates the local buckling behaviour and resistances of S960 high
strength steel welded I-sections under combined compression and bending moment,
which have been studied for the first time throughout the world (Su et al., 2021c,
2021d). This chapter reports the experimental and numerical investigations on S960
ultra-high strength steel welded I-section stub columns subjected to major-axis and
minor-axis combined loading. On the basis of the obtained test and numerical data,
the applicability of the codified design interaction curves and design provisions, as
given in EN 1993-1-12 (CEN, 2007), AS 4100 (AS, 2016) and ANSI/AISC 360-16
(AISC, 2016), to S960 ultra-high strength steel welded I-sections under combined
loading has been evaluated. The evaluation results revealed that all the three codified
design interaction curves lead to unduly conservative and scattered failure load
predictions for minor-axis and major-axis combined loading, mainly due to the

adoption of the conservative end points.

In Chapter 7, the experimental and numerical investigations of the buckling
behaviour and resistances of S960 ultra-high strength steel welded I-section beam-
columns were investigated (Su et al., 2021f). A testing programme, including eight
ultra-high strength steel welded I-section beam-column tests, has been conducted,
followed by a numerical modelling programme. The test and numerical data have
been adopted to examine the applicability of the design interaction curves and rules
for S690 high strength steel welded I-section beam-columns, as given in EN 1993-1-
12 (CEN, 2007), ANSI/AISC 360-16 (AISC, 2016) and AS 4100 (AS, 2016), to their
S960 ultra-high strength steel counterparts. It was concluded that all codified
interaction curves yield conservative, though consistent, predictions of ultimate load,
due to the conservative bending and compression end points. Lastly, a new design

proposal, adopting the shape of the EC3 interaction curve but with more accurate
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compression end point (calculated from the buckling curve ‘a’) and bending end point

(calculated from the DSM), has been devised, offering improved design accuracy.

To summarise, the thorough experimental and numerical investigations of the local,
flexural and local—flexural buckling behaviour of S960 ultra-high strength steel
welded I-section structural components under various types of loading (i.e. pure
compression and combined compression and bending) have been conducted for the
first time around the world and presented in this thesis. The codified design rules for
each loading type of S690 (or S700) high strength steel welded I-section structural
components have been fully discussed, with their applicability to S960 ultra-high
strength steel counterparts assessed. Moreover, new design approaches for S960
ultra-high strength steel welded I-section columns have been proposed and shown to
offer higher design accuracy and consistency. These research findings and new design
methods will serve as a basis for future revisions of international design standards for

S960 ultra-high strength steel structures.

8.2 Suggestions for future research

Based on the research work conducted in this thesis, suggestions for future research
on S960 ultra-high strength steel welded I-section members are provided herein.
Firstly, investigations into the behaviour and load-carrying capacities of S960 ultra-
high strength steel welded I-section components under other loading types beyond
those reported in the present thesis are required, for example, the shear buckling
behaviour of S960 ultra-high strength steel welded I-section plate girders under shear
force and the buckling behaviour of S960 ultra-high strength steel welded I-section

beam-columns under moment gradients.
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The global instability of S960 ultra-high strength steel welded I-section columns and
beam-columns is influenced by the boundary conditions. In this thesis, pin-ended
boundary conditions were applied onto both ends of each column or beam-column
specimen. Future research could be conducted to investigate the global buckling
behaviour of S960 ultra-high strength steel welded I-section columns and beam-
columns with other boundary conditions, e.g., pinned-fixed and fixed-fixed end

restraints.

While this thesis investigates the structural performance of S960 ultra-high strength
steel welded I-sections, future research is required to cover other cross-section
profiles, including closed tubular sections, T-sections, channel and angle sections. For
non-doubly symmetric sections, torsional-related buckling would be triggered and
special design attention should then be given to torsional buckling and flexural-

torsional buckling in the future research.

Research into S960 ultra-high strength steel composite structures also remains
unexplored. Further research could be extended to investigate the structural
behaviour of composite components with concrete encasing S960 ultra-high strength
steel I-section members, with the influence of the concrete on the structural response

to be studied.

Finally, the structural performance of S960 ultra-high strength steel welded I-section
components in fire (i.e. at elevated temperatures) and after exposure to fire (i.e. after
exposure to elevated temperatures) requires investigations. Testing and numerical
modelling can be performed to investigate their in-fire and post-fire behaviour and
resistances under various types of loading, followed by the development of efficient

design rules.
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