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ABSTRACT

Motivation

Compared with normal strength steels, high strength steels have remarkable advantages in
construction, due to their high resistances per unit weight of the materials. Structural hollow
sections have been widely applied in steel construction all over the world because of their high
resistances against instability and their highly desirable architectural appearance. In general,
fabrication of hot-finished structural hollow sections always requires a huge amount of initial
capital investment, and it is only financially viable to produce many thousand tons of standard
sections. In recent years, cold-formed square hollow sections (CFSHS) become very popular
because of their low set-up costs even to produce several hundred tons of non-standard sections.
These CFSHS are readily fabricated with a combination of transverse bending and longitudinal
welding in many modern fabricators. It should be noted that these two fabrication processes
will impose significant effects onto the structural performance of these sections which are very
different to those of hot-finished structural hollow sections. Currently, applications of high
strength steel CFSHS are rather limited due to a lack of understanding on their structural

behaviour as well as a lack of effective design rules.



Objectives and Scope of Work

In order to exploit effective use of S690 CFSHS in construction, a comprehensive experimental-
numerical incorporated investigation is conducted to examine structural behaviour of these
CFSHS under compression. Effects of fabrication processes, namely, 1) transverse bending, and
i1) longitudinal welding, onto the structural behaviour of these sections are also examined. New
understandings and insights on effective use of these S690 CFSHS are thus generated, and
applicability of the current design rules to these sections is verified according to these new

findings and data.

e Task 1: Experimental and numerical investigation into plastic strains and residual
stresses in S690 CFSHS
To examine mechanical properties of the S690 CFSHS due to 1) transverse bending, and ii)

longitudinal welding.

e Task 2: Full scale structural tests on stocky and slender columns with S690 CFSHS
under compression
To examine section and member resistances of the S690 CFSHS under compression,
including 1) stocky columns under concentric compression, ii) stocky columns under

eccentric compression, and ii1) slender columns under concentric compression.

e Task 3: Numerical modelling on stocky and slender columns with S690 CFSHS under
compression
To calibrate numerical models against the test data and to conduct parametric studies with

the validated models for design development.

It should be noted that two series of CFSHS, namely, i) Series SA, and ii) Series SB, are

examined in the present project, and they are manufactured with components of different sizes

and shapes.



Research Methodology

The research takes the following forms of investigation:

Task 1: Experimental and numerical investigation into plastic strains and residual
stresses in S690 CFSHS

In order to determine mechanical properties in the round corners of the S690 CFSHS, a total
of 7 flat coupons extracted from the S690 steel plates and 19 flat and curved coupons
extracted from the S690 CFSHS were tested under tension. Complementary numerical
models as well as analytical solutions were also developed. These two methods were
developed to predict the residual stresses as well as the strength enhancements at these

corner regions of the S690 CFSHS with a high degree of accuracy.

Moreover, the residual stresses in the S690 CFSHS due to i) transverse bending, and ii)
longitudinal welding were measured with the sectioning method. It should be noted that
both the cold-bending and the welding processes were examined in detail, and key
parameters on these two manufacturing processes were recorded. Based on specific heat
transfer  coefficients and codified thermal properties, sequentially-coupled
thermomechanical analyses on these CFSHS were conducted with ABAQUS to predict

accurately the residual stresses in these sections.



Task 2: Full scale structural tests on stocky and slender columns with S690 CFSHS
under compression

A total of 38 columns of S690 CFSHS were tested under compression, including 1) 8 stocky
columns under concentric compression, ii) 6 stocky columns under eccentric compression,
and iii) 24 slender columns under concentric compression. Execution of these tests provided
a detailed examination on their load-deformation characteristics, in particular, both the
section and the member resistances, for calibration of numerical models, and for verification

of design rules.

Task 3: Numerical modelling on stocky and slender columns with S690 CFSHS under
compression

Advanced numerical models of both stocky and slender columns of these S690 CFSHS
were established and validated against the test data obtained in Task 2. A set of parametric
studies were then conducted to develop a database on the member resistances of these S690
CFSHS. Both the design rules for section classification and the design rules for member
resistances given in EN 1993-1-1 were verified to be applicable to these S690 CFSHS

according to both test and numerical results.



Key Findings and Their Research Significance

Major academic merits of this research study are:

This is the first research which systematically investigates residual stresses in S690
CFSHS induced by transverse bending and longitudinal welding. An experimental-
numerical incorporated investigation is carried out to predict the residual stresses and

the strength enhancements at the corner regions of these CFSHS.

Generalized numerical models are developed, which can be directly employed to predict
the residual stress distributions of the S690 CFSHS with various combinations of

transverse bending and longitudinal welding.

Structural performance of stocky and slender columns of the CFSHS is examined under
compression, and hence, both the section and the member resistances of these columns

are obtained as definitive test data for reference.

Modifications to the current design rules of section classification given in EN 1993-1-1

are proposed to enable an effective prediction for their section resistances.

Current design rules in EN 1993-1-1 are shown to be very conservative in predicting
member resistances of slender columns with S690 CFSHS. After calibrating against
both test and numerical data, it is proposed to adopt a smaller imperfection factor, when
compared with the current value, to achieve an improved design for the members with

S690 CFSHS under axial buckling.

Consequently, this study generates new test and numerical data on the structural behaviour of

the S690 CFSHS under compression, and the current design rules are confirmed to predict safe

section and member resistances of these columns in many cases. Minor modifications to these

design rules are also provided to improve their structural efficiency. As a result, engineers are

encouraged to take good advantages of HSS CFSHS to use them in construction projects.
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CHAPTER 1: INTRODUCTION

1.1 Research Background

High strength steels (HSS) are structural steels with their yield strengths equal to or larger than
460 N/mm? (see Fig. 1.1), and they have excellent mechanical properties for engineering
applications in bridges and buildings. HSS are often considered to be superior to those of normal
strength steels (NSS) because of their high yield strengths due to different chemical
compositions, delivery conditions and heat treatments during their manufacturing processes.
Hence, HSS can provide an efficient solution to structural design by reducing both material cost
and fabrication work, when compared with those of NSS. Owing to their high mechanical

resistances, they have been widely used in heavily loaded columns in bridges and buildings.

Structural hollow sections have been widely applied in steel construction all over the world,
owing to their high resistances against torsion and their desirable architectural appearance.
Typical profiles of structural hollow sections are shown in Fig. 1.2, including square hollow
sections (SHS), rectangular hollow sections (RHS) and circular hollow sections (CHS). Hot-
finishing and cold-forming are two commonly used methods to produce these structural hollow
sections. Cold-formed sections are fabricated through either roll-forming or press-braking at
ambient temperatures. However, the fabrication processes, the set-up and the environments for
hot-finished sections are rather complicated as a series of rolling operations must be done at
elevated temperatures. Hence, fabrication of hot-finished structural hollow sections always
requires a huge amount of initial capital investment, and it is financially viable only if many
million tons of standard sections are produced. As these two kinds of sections are fabricated
with different processes, both the material properties and the structural performance of cold-
formed sections vary a lot from those of hot-finished sections. It is normally considered that
hot-finished sections have a high degree of uniformity in residual stresses, small geometric
imperfections and high section and member resistances, when compared with those of cold-
formed sections. In terms of deformation capacities, cold-formed sections exhibited lower

ductility when compared with those of hot-finished, and this is due to plastic deformations at
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the corner regions induced during fabrication.

With development of HSS, there has been an increasing number of studies to investigate the
benefits of using HSS in both cold-formed sections and hot-finished sections, respectively.
However, for cold-formed hollow sections made of HSS, there was a lack of relevant test data
as only roll-formed sections in small dimensions formed with thin steel plates were tested so
far. This is because the roll-forming method is suitable for manufacturing a large quantity of
cold-formed products in identical sizes while the press-braking method is suitable for producing
specially designed sections with customized shapes and dimensions. Hence, to achieve an
efficient design of cold-formed sections made of HSS, more practical cold-formed sections with
press-braking should be tested to provide test data. CFSHS in various sizes are considered to
be readily produced through a combination of press-braking and welding in many modern
fabricators. Owing to their mechanical properties of HSS, effects of the fabrication process onto
HSS CFSHS may vary significantly from those of NSS. In general, current applications of HSS
CFSHS are still rather limited due to a lack of comprehensive understanding on their structural

behaviour as well as a lack of effective design rules.

In order to promote effective use of high strength S690 steels in construction and to develop a
thorough understanding on the structural behaviour of HSS CFSHS, it is therefore proposed to

carry out an experimental-numerical incorporated investigation to address the following issues:
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1) Plastic strains and residual stresses in S690 CFSHS

During the fabrication process of CFSHS, both transverse bending and longitudinal welding are
very important because both the plastic strains and the residual stresses induced by transverse
bending and longitudinal welding will significantly affect the structural performance of CFSHS
under various loading cases. Cold-working effects are usually quantified by carrying out
monotonic tensile tests on curved coupons extracted from the corner regions, and residual
stresses are usually measured with physical measurement techniques, such as the sectioning

method.

Numerical methods are able to simulate both transverse bending and longitudinal welding of
CFSHS, and thus, to accurately predict the plastic strains and the residual stresses in CFSHS
with reduced efforts of laboratory works. In consequence, those numerically generated strains

and stresses can be incorporated into structural models for detailed structural analyses.

i1) Structural behaviour of S690 both stocky and slender CFSHS columns under compression

Applications of HSS CFSHS are rather limited due to a lack of understanding on their structural
behaviour as well as a lack of effective design rules. Although some experimental studies on
columns with HSS CFSHS were reported in the literature, most of those cold-formed sections
were roll-formed, and few of them were fabricated with press-braking, so their sectional
dimensions were normally small. Therefore, it is recommended to carry out full scale tests on
both stocky and slender S690 CFSHS columns under compression, and to examine the

structural behaviour of different types of CFSHS.

1i1) Structural design for S690 CFSHS columns under compression

It is commonly considered that the member resistances predicted by EN 1993-1-1 are
conservative. As a result, the current design rules may not be able to fully utilize the high
resistances of HSS CFSHS, and thus, they should be improved with evidence acquired from
experimental and numerical investigations. After calibrating against the test data, the validated
numerical models are employed to perform a parametric study to provide complementary data.

Hence, the existing design rules for HSS CFSHS columns under compression will be improved.
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1.2 Objectives and Scope of Work

In order to exploit effective use of S690 CFSHS in construction, a comprehensive experimental-
numerical incorporated investigation is conducted to examine the structural behaviour of these
CFSHS under compression. Effects of fabrication processes, namely, 1) transverse bending, and
i1) longitudinal welding, onto the structural behaviour of these sections are also examined. New
understandings and insights on effective use of these S690 CFSHS are thus generated, and
applicability of the current design rules to these sections is verified according to these new

findings and data.

e Task 1: Experimental and numerical investigation into plastic strains and residual
stresses in S690 CFSHS
To examine mechanical properties of the S690 CFSHS due to 1) transverse bending, and ii)

longitudinal welding.

e Task 2: Full scale structural tests on stocky and slender columns with S690 CFSHS
under compression
To examine section and member resistances of the S690 CFSHS under compression,
including 1) stocky columns under concentric compression, ii) stocky columns under

eccentric compression, and ii1) slender columns under concentric compression.

e Task 3: Numerical modelling on stocky and slender columns with S690 CFSHS under
compression
To calibrate numerical models against the test data; and to conduct parametric studies with

the validated models for design development.

It should be noted that two series of CFSHS, namely, i) Series SA, and ii) Series SB, are

examined in the present project, and they are manufactured with components of different sizes

and shapes.
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1.3 Research Methodology

The research takes the following forms of investigation:

Task 1: Experimental and numerical investigation into plastic strains and residual
stresses in S690 CFSHS

In order to determine mechanical properties in the round corners of the S690 CFSHS, a total
of 7 flat coupons extracted from the S690 steel plates and 19 flat and curved coupons
extracted from the S690 CFSHS were tested under tension. Complementary numerical
models as well as analytical solutions were also developed. These two methods were
developed to predict the residual stresses as well as the strength enhancements at these

corner regions of the S690 CFSHS with a high degree of accuracy.

Moreover, the residual stresses in the S690 CFSHS due to i) transverse bending, and ii)
longitudinal welding were measured with the sectioning method. It should be noted that
both the cold-bending and the welding processes were examined in detail, and key
parameters on these two manufacturing processes were recorded. Based on specific heat
transfer  coefficients and codified thermal properties, sequentially-coupled
thermomechanical analyses on these CFSHS were conducted with ABAQUS to predict

accurately the residual stresses in these sections.
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Task 2: Full scale structural tests on stocky and slender columns with S690 CFSHS
under compression

A total of 38 columns of S690 CFSHS were tested under compression, including 1) 8 stocky
columns under concentric compression, ii) 6 stocky columns under eccentric compression,
and iii) 24 slender columns under concentric compression. Execution of these tests provided
a detailed examination on their load-deformation characteristics, in particular, both the
section and the member resistances, for calibration of numerical models, and verification of

design rules.

Task 3: Numerical modelling on stocky and slender columns with S690 CFSHS under
compression

Advanced numerical models of both stocky and slender columns of these S690 CFSHS
were established and validated against the test data obtained in Task 2. A set of parametric
studies were then conducted to develop a database on the member resistances of these S690
CFSHS. Both the design rules for section classification and the design rules for member
resistances given in EN 1993-1-1 were verified to be applicable to these S690 CFSHS

according to both test and numerical results.
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1.4 Research Significance

Major academic merits of this research study are:

This is the first research which systematically investigates residual stresses in S690
CFSHS induced by both transverse bending and longitudinal welding. An experimental-
numerical incorporated investigation is carried out to predict the residual stresses and

the strength enhancements at the corner regions of these CFSHS.

Generalized numerical models are developed, which can be directly employed to predict
the residual stress distributions of the S690 CFSHS with various combinations of

transverse bending and longitudinal welding.

Structural performance of both the stocky and the slender columns of the S690 CFSHS
is examined under compression, and hence, both the section and the member resistances

of these columns are obtained as definitive test data for reference.

Modifications to the current design rules of section classification given in EN 1993-1-1

are proposed to enable effective prediction for their section resistances.

Current design rules in EN 1993-1-1 are shown to be very conservative in predicting
member resistances of slender columns with S690 CFSHS. After calibrating against
both test and numerical data, it is proposed to adopt a smaller imperfection factor, when
compared with the current value, to achieve an improved design for the members with

S690 CFSHS under axial buckling.

Consequently, this study generates new test and numerical data on the structural behaviour of

the S690 CFSHS under compression, and the current design rules are confirmed to predict safe

section and member resistances of these columns in many cases. Minor modifications to these

design rules are also provided to improve their structural efficiency. As a result, engineers are

encouraged to take good advantages of HSS CFSHS to use them in construction projects.
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1.5 Outline of the Thesis

This Thesis consists of eight Chapters listed as follows:

CHAPTER 1: INTRODUCTION
This Chapter presents an overview of this research project. The research background,
the scope of work, the research methodology, the research significance, and the outline

of the Thesis are presented with an overall perspective.

CHAPTER 2: LITERATURE REVIEW
This Chapter presents a comprehensive literature review on the key studies of HSS
CFSHS, including their manufacturing techniques, project applications, experimental

investigations, numerical investigations and existing design rules.

CHAPTER 3: MATERIAL PROPERTIES, FABRICATION PROCESSES AND
RESIDUAL STRESS MEASUREMENTS OF S690 CFSHS

This Chapter presents fundamental studies that constitute the basis of the Thesis.
Standard tensile coupon tests are carried out to obtain the stress-strain characteristics of
the S690 parent plates. The technical details for fabricating S690 CFSHS are also fully
presented and discussed, including the Rin/t ratios at the corner regions and the welding
parameters employed in GMAW. Moreover, the residual stresses in four CFSHS

fabricated with different processes measured with the sectioning methods are presented.
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CHAPTER 4: EXPERIMENTAL INVESTIGATIONS INTO S690 CFSHS
COLUMNS

This Chapter presents an experimental investigation into section and member
resistances of S690 CFSHS under compression. A total of 38 stocky and slender
columns are successfully tested under compression. The measured section and member
resistances of the columns are compared with their design resistances predicted by EN
1993-1-1. Modifications to the current design rules of section classification are

proposed to enable an effective prediction for their section resistances.

CHAPTER 5: COLD-BENDING EFFECTS OF S690 CFSHS

This Chapter presents an experimental-numerical-analytical investigation into cold-
bending effects of CFSHS. A total of 19 flat and curved coupons are tested under
uniaxial tension to obtain their stress-strain characteristics. Both 2D and 3D numerical
models are established with ABAQUS, to simulate transverse bending in forming round
corners of these CFSHS. An integration method is proposed to predict stress-strain
characteristics of the corner regions under transverse bending, and this method is also
developed into a hand calculation method. Hence, the predictions on strength

enhancements at the corner regions are achieved efficiently.

CHAPTER 6: THERMOMECHANICAL ANALYSES FOR S690 CFSHS

This Chapter presents a theoretical-numerical investigation into the temperatures and
the residual stresses of four S690 CFSHS due to welding. The residual stresses are
successfully predicted by the validated sequentially-coupled thermomechanical
analyses implemented with ABAQUS. Simplified residual stress patterns are proposed

and verified, and these patterns are readily adopted for subsequent structural analyses.
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CHAPTER 7: NUMERICAL INVESTIGATION INTO S690 CFSHS COLUMNS
This Chapter presents a numerical investigation into the structural performance of S690
CFSHS columns under compression. A total of 30 numerical models are established and
successfully validated against the test data. Extra 52 finite element analyses are
performed based on the validated numerical models. Minor modifications are proposed
according to a direct comparison among the test data, and the test results of the
parametric studies and the design rules to improve the design of S690 CFSHS columns

under axial buckling given in EN 1993-1-1.
CHAPTER 8: CONCLUSIONS AND FUTURE WORK

This Chapter presents the conclusions of this project and the recommendations for the

future work into HSS CFSHS.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This Chapter presented a comprehensive literature review on a number of key references on
high strength steel (HSS) cold-formed square hollow sections (CFSHS), and a comparison on
research backgrounds, project applications, experimental investigations, numerical

investigations, and existing design rules given in Eurocode 3 is reported.

Compared with normal strength steels (NSS), HSS have remarkable advantages in construction,
due to their excellent mechanical properties, especially, high strength-to-self-weight ratios.
Owing to low costs and large resistances per unit weight, HSS can achieve an efficient design
for modern structures, and thus, they have already been used in construction of a number of

bridges and buildings around the world.

Nowadays, even only CFSHS become very popular in construction because of their low set-up
costs in producing several hundred tons of non-standard sections. These CFSHS are readily
fabricated with a combination of transverse bending and longitudinal welding in many modern
fabricators. Owing to the key features of HSS, the fabrication process of HSS CFSHS may be
very different from that of NSS tubular sections. Of the whole fabrication process, cold-forming
and welding are regarded as two important procedures, and the technical parameters employed

in both processes for HSS CFSHS were reviewed.

Residual stresses induced during fabrication of CFSHS are a critical issue that should be
considered carefully, as these affect significantly section and member behaviour. It is important
to identify, and thus, quantify the residual stresses induced by transverse bending and
longitudinal welding. The commonly used methods for residual stress measurements were
reviewed, and by using these measurement techniques, many experimental investigations were

carried out on various welded sections made of HSS, as reported in the literature.
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With development of advanced finite element analyses, numerical methods had been
successfully developed to simulate transverse bending and longitudinal welding of CFSHS.
These numerical methods were able to accurately predict the plastic strains and the residual
stresses induced during fabrication, and thus, to determine the strains and the stresses in CFSHS
with reduced efforts of laboratory works. In consequence, those strains and stresses generated

with numerical predictions are incorporated into subsequent structural analyses.

Currently, the applications of HSS CFSHS are rather limited due to a lack of understanding on
their structural behaviour as well as a lack of effective design rules. Although some
experimental studies on columns with HSS CFSHS were found in the literature, most of the
cold-formed sections were roll-formed, and only few were shaped with press-braking. Hence,
the range of their sectional dimensions were normally limited. Besides, after reviewing the
current design rules, the member resistances predicted by EN 1993-1 were found to be fairly
conservative. As a result, the current design rules may fail to fully utilize the high resistances
of these HSS CFSHS, and thus, they should be improved according to scientific evidence and

test results obtained from experimental investigations.

In summary, only few references were available in the literature, and there was a lack of
technical information for improving the design of S690 CFSHS. Therefore, it is proposed to
carry out an experimental-numerical-theoretical investigation into high strength S690 CFSHS
to improve structural efficiency of the existing design method. It is expected that the current
research study can develop an efficient solution to improve the design of HSS CFSHS, and thus,

to promote effective uses of these structural sections in construction.
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2.2 High Strength Steels

High strength steels (HSS) are structural steels with their yield strengths not less than 460
N/mm?, performing satisfactory ductility for either conventional plastic design or novel
performance-based design in bridges and buildings (Ban and Shi 2017). The mechanical
properties of high strength steels (HSS) are superior to those of normal strength steels (NSS)
due to different chemical compositions, delivery conditions and heat treatments in their
manufacturing processes. The most remarkable advantage of HSS lies in their high resistances
per unit weight. By taking good use of this merit, the materials can provide an efficient solution
to structural design by reducing both material cost and fabrication work, when compared with

those with NSS.

2.2.1 Material properties

a) Chemical compositions

Chemical compositions constitute the basis of steel materials, and a slight change in chemical
elements may significantly affect mechanical properties of the steels, such as strength, hardness,
ductility, toughness, weldability and corrosion resistances. Many chemical elements are
generally considered to be favourable to various mechanical properties. For example,
Manganese (Mn) and Nickel (Ni) increase strength; and Vanadium (V) and Chromium (Cr)
increase hardness. However, some chemical elements, such as Phosphorus (P), Sulphur (S) and
Nitrogen (N), may adversely influence their mechanical properties, mainly ductility and
toughness. Hence, the amount of these elements should be controlled precisely during
production. EN 10025-2 (CEN 2019a) and EN 10025-6 (CEN 2019c¢) propose the requirements
on chemical compositions for NSS and HSS, respectively, and the corresponding requirements

on two typical steel products, namely, S355J0 and S690QL1, are summarized in Table 2.1.
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b) Mechanical properties

Standard tensile tests are carried out on steel coupons to determine key mechanical properties
of the steel materials, including Young’s modulus, yield strength, tensile strength as well as
strains corresponding to these strengths and elongation limit. The testing standard given in EN
ISO 6892-1 (CEN 2019g) applies for not only NSS but also HSS, and the steel coupons are

extracted from base plates or sections according to specific geometrical dimensions.

Fig. 2.1 shows typical engineering stress-strain curves of various steels obtained from standard
tensile tests. Obviously, these four grades of steels have consistent initial Young’s moduli in
their elastic ranges, but they exhibit different hardening behaviour after on-set of yielding. HSS
usually have a very short or even no yielding plateau after reaching their proportional limits. It
is found that the strain hardening, which is normally quantified with the strength ratio fu/fy, i.e.
the ratio of the tensile to the yield strengths, decreases as the steel grade increases. Degradation
in hardening may result in a low ductility, as commonly exhibited by HSS. Moreover, the

overall elongations of HSS are smaller, when compared with those of NSS.

EN 1993-1-1 (CEN 2014) proposes various requirements on both strength and ductility for NSS,
as summarized in Table 2.2. However, as HSS are expected to have reduced ductility, EN 1993-
1-12 (CEN 2007) proposes some less stringent requirements for HSS, and they are also

summarized in Table 2.2.
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c) Hysteretic performance under low-cycle high-strain loading

In addition to have high strength-to-self-weight ratios, HSS are also considered to exhibit
excellent hysteretic performance under cyclic loading according to some recent experimental
studies (Ho et al. 2018, Guo et al. 2020). The results of cyclic tests under low-cycle high-strain
actions demonstrated that the deformation characteristics of high strength S690 steels were
superior to those of normal strength S355 steels, in terms of hysteretic performance, and thus,

HSS should be further explored to be used in the seismic design of modern building structures.

d) Reduced mechanical properties in HAZ

Heat affected zones (HAZ) in welded sections always exhibit certain reduction in mechanical
properties, when compared with those of the steel plates or the weld metal. The reductions in
both strength and ductility of S690 welded sections were examined in monotonic tensile tests
on cylindrical coupons of the welded section which were composed of steel plates, weld metal
and HAZ (Liu et al. 2018). This experimental investigation reported that fracture only occurred
in the HAZ in almost all the coupons, and the reductions in both strength and ductility in these

welded sections became more sever when the heat energy input was increased.
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2.2.2 Delivery conditions

Heat treatments are always involved in steel production which determine the delivery
conditions of the steel products. Nowadays, QT, i.e. Quenching-and-Tempering, and TMCP, i.e.
Thermal-Mechanically-Controlled-Processing, are two widely used heat treatments for

manufacturing HSS plates.

QT is a two-stage heat treatment process, which is commonly used for producing low alloy high

strength steels (Willms 2009):

® Stage i) - Quenching: a steel plate is heated to approximately 900 °C, which is a temperature
above ferrite-austenite transformation. And then, the plate is cooled down under large
quantity of high-pressure water to the ambient temperature within a few seconds.

® Stage ii) - Tempering: the quenched steel plate is heated up again to approximately 600 °C,
so that the steel plates are rolled under controlled temperatures and forces to gain desired
material properties. Toughness and ductility of the steel plates are greatly improved during

this tempering process.

TMCP allows microstructural evaluation with rolling and phase transformation control of
materials at lower temperatures, when compared with QT. This process requires only small
quantities of alloying elements to manage conflicting requirements of strength, toughness and

weldability through grain refinement.

It should be noted that QT has been widely used in producing steel plates with a large range of
yield strengths, from 235 up to 960 N/mm? as shown in EN 10025-6 (CEN 2019c). However,
the applications of TMCP in HSS are relatively limited, it is used in producing steel plates with
yield strengths merely ranging from 235 to 500 N/mm?, as shown in EN 10025-4 (CEN 2019b).
The technical details of TMCP were systematically reviewed by Nishioka and Ichikawa (2012).
Owing to its merits over the conventional heat treatment processes, the on-going developments
of TMCP has a great commercial potential to meet the ever-increasing demands of steel

products.
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2.2.3 Use of HSS in construction projects

HSS have been used as constructional materials in structures all over the world, owing to their
remarkable advantages as demonstrated in previous Sections. These high-performance
materials meet the requirements on strength and toughness for bridges, and they were employed
in several bridges over the past three decades globally (see Fig. 2.2), such as a) Tokyo Gate
Bridge in Tokyo, built in 1989 (f, = 500 to 700 N/mm?), b) a hybrid bridge in Mittidalen, built
in 1995 (f; = 690 N/mm?), ¢) Rhine Bridge in Diisseldorf-Ilverich, built in 2002 (f, = 460
N/mm?), and d) Millau Bridge in Millau-Creissels (f; = 460 N/mm?), built in 2004.

HSS were also employed in many commercial buildings in the past decade (see Fig. 2.3),
including a) Shenzhen Bay Sports Centre in Shenzhen, built in 2010 (fy = 460 N/mm?), b)
CCTV Headquarters in Beijing, built in 2012 (fy = 460 N/mm?), ¢) SNU Kwanjeong Library in
Seoul, built in 2015 (fy = 800 N/mm?), and d) Lotte World Tower in Seoul, built in 2016 (fy =
800 N/mm?).

Hence, the HSS with yield strengths ranging from 460 up to 800 N/mm? have been successfully
used in many bridges and buildings in the past decades. These applications prove that HSS, the
renewable and high-performance construction materials, have a great potential to be further
promoted as they provide an efficient solution to reduce material usage, construction costs and

carbon footprint.
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2.3 Cold-Formed Square Hollow Sections
2.3.1 Fabrication of CFSHS
a) Cold-forming

e Roll-forming and press-braking
CFSHS are cold-formed sections which are fabricated through either roll-forming or press-
braking at ambient temperatures, and then they are welded up to achieve the sections. The roll-
forming method is normally achieved with a numerically-controlled production line consisting
of specially-designed rollers. ERW, i.e. electric resistance welding, is then performed on the
roll-formed shapes, to form the sections. Fig. 2.4 shows two typical roll-forming processes,
namely a) direct forming and b) continuous forming, illustrating how to manufacture a CFSHS
from a steel plate. The press-braking method imposes a three-point bending force onto a steel
plate, shaping it to reach a target corner angle. During this bending process, the plate lays on
the die, and then it is pushed downwards and deformed plastically by a punch which moves
downwards vertically. After the plate is formed into the target shape, the punch is then removed.
Springback always takes place in these bent angles so that the sections of these shapes are

slightly modified (see Fig. 2.5).

It should be noted that the roll-forming method is suitable for manufacturing a large quantity of

cold-formed products in identical sizes while the press-braking method is suitable for producing

specially designed sections with customized shapes and dimensions.
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e Rjy/tratio
The ratio of inner corner radius to plate thickness, i.e. Rin/t ratio, is a very important parameter
for CFSHS, especially for HSS plates with limited capacities of plastic deformations. The Rin/t
ratio is normally regarded as an indicator of quantifying cold-working effects at the corner
regions, and a small ratio represents large plastic deformations existing at the corner regions.
EN 10219-2 (CEN 2019d) recommends the Rin/t ratios for press-braked sections made of NSS
as shown in Table 2.3. However, an HSS plate usually has a weaker bendability due to its lower
capacity of plastic deformations, when compared with that of an NSS plate. Therefore, special
attention should be paid when fabricating hollow sections made of HSS as those established

bending requirements for NSS are found not to be applicable to HSS.

Although no supplementary specification is found on the Riy/t ratios for press-braked sections
made of HSS, some engineering manuals recommended certain ranges of these ratios for HSS,
to avoid cracking or waviness on the outer surface of the corner regions. SSAB, an international
steel product manufacturer, proposed the lower limits of Rin/t ratios for various types of HSS
with yield strengths up to 1300 N/mm?. Strenx 700 steel is a HSS with its yield strength over
700 N/mm? while Strenx 960 steel is another HSS with its yield strength over 960 N/mm?
(SSAB 2017). As shown in Table 2.4, larger Rin/t ratios are proposed for steels with higher yield
strengths and thicker plates. A detailed discussion on the Rin/t ratios of the high strength S690

steels is presented in Chapter 3.
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b) Welding
Welding is of vital importance to the structural performance of steel sections. It is appropriate
to review carefully relevant specifications and manuals to guarantee welding quality, and thus,

adopt proper welding parameters for good quality of steelwork fabrication.

General recommendations for welding are given in EN 1011-1 (CEN 2009a), EN ISO 13916
(CEN 2017) and EN ISO 17662 (CEN 2016), where the detailed requirements on welding
procedure, heat energy input and post-welding treatment are specified. For fabrication of
structural sections made of HSS, gas metal arch welding (GMAW) and submerged arc welding
(SAW) are two commonly adopted welding methods. Normally, GMAW is imposed to plates
with thickness not larger than 10 mm, while SAW is employed for the thicker plates. Since all
the S690 plates investigated in this project are thinner than 10 mm, only the specifications
regarding GMAW are reviewed. The technical details for GMAW are specified in EN 1011-2
(CEN 2001), EN ISO 14175 (CEN 2008) and EN ISO 15609-2 (CEN 2019f).
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e Welding electrode for GMAW
The welding electrodes used for HSS should have sufficient yield strength, fy, tensile strength
fu, and elongation limit, €., so that they can match those of the HSS and thus, avoid any failure
before yielding of the parent metal. T Union GM 110 and GM 120 are two electrodes used in
GMAW for high strength S690 and S960 steels, respectively. The key mechanical properties
given in the product specifications of these two electrodes are listed in Table 2.5. It should be
noted that “M21” is a mixture of shielding gases composed of 15 ~ 25 % CO; and 75 ~ 85 %
Ar, according to the specification for GMAW given in EN ISO 14175 (CEN 2008). As shown
in the table, by using “M21” as shielding gases, higher strengths can be guaranteed though there
is a slight decrease in the elongation limit, when compared with those using CO: as a shielding
gas. Also, according to the test results of standard tensile tests reported in the literature, the
measured yield strengths of many S690 steels were found to exceed 720 N/mm?, and some even
larger than 770 N/mm? (Ho et al. 2020). Therefore, it is reasonable to adopt GMAW for welding

S690 sections using the GM 110 electrode, and shielded with a gas mixture of “M21”.
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e Preheating temperature and interpass temperature
In order to avoid potential hydrogen cracking during welding, the surface temperatures of steel
plates before imposing a welding pass should be well controlled. Hence, the temperature before
the first and the subsequent welding passes should be monitored. The specification ISO 13916
(CEN 2017) gives both the requirements and the calculation methods on these temperatures.
The steel manufacturer SSAB (2010) proposed the requirements on both the preheating
temperatures and the interpass temperatures for various types of steels. For those steels with
yield strengths over 700 N/mm?, there is not any specific requirement on these temperatures,
and all the welding passes can be completed at ambient temperatures. However, the preheating
temperatures and the interpass temperatures are normally recommended in the welding of HSS.
A detailed discussion on the preheating temperature and the interpass temperature of high

strength S690 steels investigated in this project is presented in Chapter 3.
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2.3.2 Measurements of residual stresses in welded sections

Residual stresses are inevitably induced by transverse bending and welding during fabrication.
Existing of residual stresses in steel members may adversely influence their overall structural
performance under various loading conditions. Therefore, it is important to measure the residual
stress distributions with suitable instrumentation, and thus, to assess how these residual stresses

affect the structural behaviour of the members.

a) Measurement methods
The methods for measuring residual stresses are generally categorized into three groups: the
destructive methods, the semi-destructive methods and the non-destructive methods. (Withers

and Bhadeshia 2001, Rossini et al. 2012).

Both the destructive and the semi-destructive methods are dependent on inferring original
stresses from displacements incurred by completely or partially relieving stresses through
removing materials. These methods rely on the deformations upon removal of the materials
from the specimens, which are caused by the releases of the residual stresses. The sectioning
method and the hole-drilling method are the representative ones of the destructive method and

the semi-destructive method, respectively.

The non-destructive methods bring no damage to a specimen throughout measurement, and
these methods normally measure physical parameters related to stresses, such as positions of
diffraction peaks. The neutron diffraction method is a representative one, which measures the
difference in lattice spacing between a stressed specimen and a stress-free reference specimen,

thus, to determine the residual stresses.
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b) Recent studies on measurements of residual stresses in HSS welded sections

Typical residual stress patterns are proposed by ECCS (1986), and these patterns are commonly
used in numerical modelling for various NSS sections (see Fig. 2.6). However, these typical
residual stresses may fail to be applicable to the residual stresses existing in a HSS welded
section. Hence, in order to predict appropriate structural behaviour of HSS welded sections
numerically, it is necessary to measure the residual stresses in these sections by using various
measurement methods. As reported in the literature, the residual stresses in HSS welded
sections have been measured by many researchers over the past few years. Table 2.6
summarizes the representative experimental investigations into HSS welded sections conducted
over the past decade, covering various steel grades with yield strengths ranging from 420 up to
1100 N/mm?. Among these investigations, the residual stresses in many types of HSS welded
sections were examined, including angles, plate-to-plate joints, T-joints, H-sections, I-sections,

box-sections, CFCHS, CFRHS (roll-formed) and CFSHS (roll-formed).

As shown in the table, in addition to typical destructive and semi-destructive measurement
techniques, namely the sectioning method and the hole-drilling method, employed by the
researchers, the non-destructive technology, namely the neutron diffraction method, was also
employed to measure the residual stresses of box-sections with yield strength over 690 N/mm?
(Khan et al. 2016). It should be noted that normally only the residual stresses on the surfaces of
specimens were measured by the conventional methods, but this cutting-edge measurement

technique can also properly determine residual stresses throughout the plate thickness.

It was found that the residual stresses in HSS welded sections were normally less severe than
those in the similar NSS sections as reported in the literature. Large and highly localized tensile
residual stresses were induced in the vicinity of the welding seams after welding due to quick
solidification of the welding electrode during cooling down. Also, the tension zones in the HSS
sections were significantly smaller in area, when compared with those of NSS sections due to
their increased yield strengths. However, only few investigations into HSS CFSHS fabricated

with press-braking were found in the literature.
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2.3.3 Structural performance of cold-formed sections and hot-finished sections

Structural hollow sections have been widely applied in steel construction all over the world,
owing to their high resistances against torsion and their desirable architectural appearance.
Among many types of structural hollow sections, hot-finished sections and cold-formed

sections are the most popular ones.

As introduced previously, cold-formed sections are commonly fabricated at ambient
temperatures by either roll-forming or press-braking. However, the fabrication processes, the
set-up and the environments for hot-finished sections are rather complicated as a series of
operations must be done at elevated temperatures. It is normally considered that hot-finished
sections have a high degree of uniformity in material properties, small geometric imperfections
and good section and member resistances, when compared with those in cold-formed sections.
However, the fabrication of hot-finished structural hollow sections always requires a huge
amount of initial capital investment, and it is only financially viable to produce many million

tons of standard sections.

The design resistances given in EN 1993-1-1 (CEN 2014) for columns with cold-formed
structural hollow sections under axial buckling are different a lot from those for hot-finished
sections because large geometric imperfections are induced into columns during cold-forming.
Therefore, the design curves “ap” or “a” with small imperfection factors, i.e. o = 0.13 or 0.21,
are adopted for hot-finished sections, while the design curve “c” with a large imperfection factor,

i.e. a =0.49, is adopted for cold-formed sections.

The comparison between these two types of steel sections has been a major interest of research
in the international community of steel research (Gardner et al. 2010, Quach and Young 2015,
Zhang et al. 2016, Yun et al. 2020). It was reported in the literature that the mechanical
properties (see Fig. 2.7), the geometric imperfections and the residual stresses (see Fig. 2.8) of
cold-formed sections varied a lot from those of hot-finished sections, as these two kinds of

sections were fabricated with totally different processes. The previous experimental
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investigations showed that the cold-formed sections exhibited larger strength but smaller
ductility than hot-finished sections at the corner regions of the sections. This was due to the
plastic deformations at the corner regions induced during fabrication. Fig. 2.9 shows that the
stress-strain curve of a curved coupon extracted from the corner region of a CFSHS is different
from that of a flat coupon extracted from the flat portion (Huang and Young 2014). It was found
that the curved coupon has larger tensile strength but smaller elongation limit than the flat one.
However, uniform mechanical properties were always found throughout the hot-finished

sections.

With the development of HSS, there has been an increasing number of studies to investigate the
benefits of using HSS in cold-formed sections and hot-finished sections, respectively (Wang et
al. 2016, Wang et al. 2017, Meng et al. 2020a). It was reported in the literature that almost all
the columns made of HSS, whatever the fabrication processes, had similar buckling behaviour
to those made of NSS, as they were shown to be readily designed with the existing design rules
for columns under axial buckling. However, for cold-formed hollow sections made of HSS,
there was a lack of a suitable database as only roll-formed sections in small dimensions formed
with thin steel plates were tested so far. Hence, to achieve an efficient design of cold-formed
sections made of HSS, more full-scale cold-formed sections should be tested to provide test
data. Besides, it is considered that more unfavoured structural features may be found in those
cold-formed sections fabricated with press-braking, when compared with those fabricated with
roll-forming. This is because concentrated plastic strains and residual stresses were induced
into the corner regions by press-braking (Tong et al. 2012), and such non-uniform distributions
of mechanical properties may adversely affect the load-deformation behaviour of these sections.
For press-braked CFSHS made of HSS, this unfavoured effect may be further magnified
because the mechanical properties of HSS at the corner regions are more sensitive to the initial

plastic deformations induced by press-braking, when compared with NSS.

2-16



2.4 Simulation of Fabrication Processes for Cold-Formed Square Hollow Sections

2.4.1 Simulation of cold-forming

As introduced in Section 2.3.1, rolling-forming and press-braking are both commonly used
fabrication techniques to produce cold-formed sections. Through the use of finite element
modelling, both fabrication processes can be simulated numerically. Hence, both the plastic

strains and the residual stresses in these sections are readily assessed.

It was reported in the literature that Rossi et al. (2013) carried out a numerical study into roll-
forming of thin-walled HSS open sections, to evaluate strength enhancement in their corner
regions. Recently, Han et al. (2020) developed advanced 3D numerical models to simulate the
roll-forming processes by using ABAQUS/Explicit, and the study had successfully predicted
the plastic strains and the residual stresses in CFSHS fabricated with continuous roll-forming

and direct roll-forming, respectively.

A numerical study into press-braking in HSS plates was carried out by Quach et al. (2006). The
proposed 2D numerical models established with plane strain elements were successfully
calibrated against the measurements (Weng and Pekoz 1990, Weng and White 1990). Vorkov et
al. (2017) further investigated the effects of punch sizes with 2D press-braking models, and
suggestions were proposed for bendability of steel plates bent with various punch sizes and
corner angles. Recently, Mutafi et al. (2019) developed 3D press-braked bending models, which
showed a good agreement with both measured and numerical results. Besides, another recent
study developed 3D numerical models which simulated press-braking and welding
simultaneously. The models were able to predict distributions of both the plastic strains and the
residual stresses of CFSHS columns with a good agreement with measured data (Yao et al.

2019).
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2.4.2 Coupled thermomechanical analyses for welding

Over the past few decades, a number of heat source models were developed by many
researchers to simulate heat transfer during welding. Coupled thermomechanical analyses were
employed to predict the temperature histories and the residual stresses with the use of a double-
ellipsoidal heat source model (see Fig. 2.10) proposed by Goldak et al. (1984). Nguyen et al.
(1999) proved applicability of this model in a semi-infinite body, but this was only correct when
the front and the rear ellipsoids were equal. The model was further developed by Fachinotti et
al. (2011) to achieve improved accuracy, and the newly proposed analytical solution was shown

to be applicable to the problem of unsteady thermal conduction in a semi-infinite medium.

However, improvement on accuracy of heat source model was found to have only minor
improvement on predictions of residual stresses. In general, the researchers in the community
of structural steel design tended to employ the original double-ellipsoidal model, i.e. the simple
one proposed in 1984, for the analyses of residual stresses. As reported in the literature, the tool
has been successfully implemented for various numerical investigations into the residual
stresses of HSS welded sections. Lee et al. (2012b and 2014b) employed the heat source model
to simulate the residual stresses in HSS plate-to-plate joints. The numerical models were well
validated, and they were shown to be able to predict accurate results of the residual stresses
under the given conditions of welding. The same heat source model was also employed by Jiang
et al. (2017). Numerical predictions were successfully achieved in HSS box sections with two

different commercial packages of finite element analyses.
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Further numerical investigations into the residual stresses in HSS welded sections were
conducted by Liu and Chung (2018). The validated thermomechanical models were well
calibrated against the measurements obtained with the hole-drilling method, and the models
were capable of accurately predicting the temperature histories as well as the residual stresses
in S690 H- and I-sections. Recently, the validated models were further employed to carry out a
parametric study, comparing the effects of the steel grades, the welding passes and the heat
input energy (Liu et al. 2019). It was found that the residual stresses in S690 H-sections were
less pronounced than those in S355 H-sections, and the effects induced by welding passes with
different heat input energy were also well demonstrated. Another recent study reported that a
sequentially-coupled thermomechanical model was able to incorporate the cold-bending effects
into the finite element models (Hu et al. 2020). The residual stresses in S690 cold-formed
circular hollow sections (CFCHS) were precisely predicted by a 2D three-roller bending model
and also a 3D thermomechanical model. The numerical methods developed in this study
proposed an efficient solution to the residual stresses of many types of cold-formed welded
sections made of HSS, including circular hollow sections (CHS), rectangular hollow sections

(RHS), square hollow sections (SHS), and even polygonal hollow sections.
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2.5 Previous Experimental Investigations into Columns with High Strength Steels under
Compression

Recently, many experimental investigations were carried out to investigate the structural
behaviour of columns with HSS under compression, covering a wide range of steel grades with
yield strengths from 420 to 1100 N/mm?. These investigations were categorized into six groups
according to their section types: (1) press-braked channels (Wang et al. 2019, Wang et al. 2020a,
Wang et al. 2020b, Zhang et al. 2020a, Zhang et al. 2020b), (2) built-up sections (Ban et al.
2012, Banetal. 2013, Wang et al. 2014, Shi et al. 2015, Li et al. 2016, Ma et al. 2018), (3) CHS,
i.e. circular hollow sections (Pournara et al. 2017, Chen et al. 2020, Meng and Gardner 2020b),
(4) HFSHS, i.e. hot-finished square hollow sections (Gkantou et al. 2017a, Gkantou et al. 2017b,
Yun et al. 2020), (5) CFSHS, i.e. cold-formed square hollow sections (Ma et al. 2017, Somodi
and Kovesdi 2017, Wang et al. 2017, Ma et al. 2019, Meng and Gardner 2020a), and (6) OctHS,

i.e. octagonal hollow sections (Fang et al. 2019, Chen et al. 2020, Fang et al. 2020).
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Among all these section types, the studies on HSS CFSHS in the literature are considered to be
directly relevant to this study. These studies are summarized in Table 2.7, with various details
in their test programmes, including the steel grades, the fabrication processes of the sections,
the cross-sectional dimensions and the loading cases. It should be noted that, under the row of
“Type of test”, “stocky-N"’ denotes those tests of stocky columns under concentric compression;
“stocky-N+M” denotes those tests of stocky columns under eccentric compression; and
“slender-N” denotes those tests of slender columns under concentric compression. It is

summarized that the structural behaviour of HSS CFSHS were sufficient for the uses in

engineering project, as reported in the literature.

Similar to many other column tests with HSS reported in the literature, these column tests with
HSS CFSHS also covered a wide range of yield strengths from 420 to 1100 N/mm?. It should
be noted that all these cold-formed sections were fabricated with thin plates with their
thicknesses up to 8 mm. Also, as limited by the small plate thicknesses, the cross-sectional
dimensions were designed to be small in order to avoid any slender parts of the sections. Such
a design of CFSHS were attributed to the fact that all those HSS CFSHS were roll-formed, and
the manufacturing set-up was readily modified to produce hollow sections of small dimensions.
As introduced previously, with press-braking and welding, CFSHS can be manufactured into

sections with customized shapes, sectional dimensions and corner radii.
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2.6 Existing Design Rules for S690 CFSHS given in EN 1993-1

Eurocode 3 provides technical recommendations for design of buildings and civil engineering
works in steels. It works with the principles and the requirements for safety and serviceability
of structures given in EN 1990 — Basis of structural design. Eurocode 3 is concerned with
requirements for resistance, serviceability, durability and fire resistance of steel structures (CEN
2005). EN 1993-1 consists of a total of 12 parts, among which three parts are related to the

design of S690 CFSHS, and they are briefly introduced as follows:

® EN 1993-1-1 gives basic design rules for steel structures with steel grades from S235 to
S460 and material thickness t > 3 mm. It also gives supplementary provisions for structural

design of steel buildings (CEN 2014).

® EN 1993-1-5 gives design requirements of stiffened and unstiffened plates which are

subjected to in-plane forces (CEN 2019e).
® EN 1993-1-12 gives design rules that can be used in conjunction with other parts of EN
1993-1 to enable structural to be design with steel grades greater than S460 up to S700

(CEN 2007).

The design rules and the corresponding calculation formulae given in these codes of practice

are described in following Sections.
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2.6.1 Section classification

Clause 5.5 of EN 1993-1-1 gives a general rule of classifying sections into four classes. The
role of section classification is to identify the extent to which the resistance and the rotation
capacity of a section is limited by its local buckling resistance. Fig. 2.11 given in EN 1993-1-1
defines the compression parts in various sections under compression, and the dimensions of

those parts classifying the sections into Class 1 to 4.

In general, all sections with Classes 1, 2 and 3 can mobilize their yield strengths, but differ in
developing the plastic resistances and the rotation capacities of their sections. Therefore,
sections with Classes 1 to 3 are generally used for structural design with full development on
their elastic or plastic resistances. However, the structural behaviour of a Class 4 section is
different from these three, in which local buckling occurs before attainment of the yield strength
in one or more parts of the section. Hence, reduced sectional properties should be considered
in calculation when designing a Class 4 section, so that a safety design by partially utilizing the
resistance of the section is achieved. For a Class 4 CFSHS, its effective area and effective elastic
modulus are calculated in accordance with the design rules given in Clause 4.3 of EN 1993-1-
5. By adopting the effective sectional properties, the section resistance of a Class 4 CFSHS is

calculated, and thus, readily used into the design formulae.
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2.6.2 Stocky columns under concentric compression

Clause 6.2.4 of EN 1993-1-1 gives the design rules for sections under concentric compression.

N,
B < 1.0 Eq. (2.1)
NC,Rd
A
Nepa = y—fy for Class 1, 2 or 3 section Eq. (2.2)
Mo
A
Ncra = e]ff fy for Class 4 section Eq. (2.3)
Mo

where

NEkq 1s the design normal force;

Nc,rd is the design resistance to normal forces of the section for uniform compression;
fy is the yield strength;

A is the cross-sectional area, for Class 1, 2 or 3 section;

Acrr s the effective cross-sectional area, for Class 4 section; and

YMo is the partial factor for resistance of section whatever the class is, taken to be 1.00.
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2.6.3 Stocky columns under eccentric compression

Clause 6.2.9 of EN 1993-1-1 gives the design rules for sections under eccentric compression.

a) For Class 1 or 2 section

Mgg < My Ra Eq. (2.4)

MN,y,Rd = Mpl,y,Rd (1 - n)/(l - O-Saw) but MN,y,Rd < Mpl,y,Rd Eq- (2-5)

where

MEq is the design bending moment;

Mnrd is the design plastic moment resistance reduced due to the axial force Ngg;

Mn y,rd 18 the design plastic moment resistance about y-axis reduced due to the axial force Ngq ;
My1y,rd 18 the design plastic moment resistance about y-axis;

n = Nga/Npi,rd; and

aw = (A - 2bt)/A, but aw < 0.5 for hollow sections.

b) For Class 3 section

AN

— Eq. (2.6)

Ox Ed
' Ymo

where

Ox,Ed 1S the design value of the local longitudinal stress due to moment and axial force.
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¢) For Class 4 section

Ngq My g + Ngq eny

Agrr fy / Ymo Wefr,y,min fy / Ymo

<1 Eq. (2.7)

where
Wery,min 1S the effective section elastic modulus when subjected to moment about y-axis; and

eny 1s the shift of the y-axis when the section is subjected to compression only.
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2.6.4 Slender columns under concentric compression

Clause 6.3 of EN 1993-1-1 gives the design rules for sections under concentric compression.

N
f <10
Nb Rd
XAf :
Npra = for Class 1, 2 or 3 section
YMm1
Agge £,
Npra = X eff for Class 4 section
YMm1
1
X=——F—— buty<1.0
O + P2 - A2

® =0.5[1+ a(r-0.2) + A?%]

A= for Class 1, 2 or 3 section

A= |—= for Class 4 section

where

Eq. (2.8)

Eq. (2.9)

Eq. (2.10)

Eq. (2.11)

Eq. (2.12)

Eq. (2.13)

Eq. (2.14)

ym1 1s the partial factor for resistance of members to instability assessed by member checks;

a is the imperfection factor. Fig. 2.12 shows five design curves for members under axial

buckling, and each curve represents an imperfection factor used in calculating x. For CFSHS,

the design curve “c” is adopted, i.e. a is taken to be 0.49; and

N 1s the elastic critical force.
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2.6.5 Supplementary to high strength steel
Clause 2.1 of EN 1993-1-12 gives additional notes to Clause 3.2.2 of EN 1993-1-1, proposing
lower requirements on strength and ductility for steels with grades greater than S460, but up to

S700. Details of these requirements are presented in Table 2.2.

Besides, EN 1993-1-12 does not propose any additional note to the section classification, the
design of members under compression, and the design of plated elements for HSS. Therefore,
those design rules in EN 1993-1-1 and EN 1993-1-5 described in the last few sections are
applicable to steels with grades greater than S460, but up to S700 without any additional

restrictions.
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2.7 Summary

After reviewing the literature on HSS CFSHS, it is found that there is a lack of study into the
structural performance of S690 CFSHS with press-braking so far. Also, the existing design rules
for CFSHS is considered to be fairly conservative, and thus, may fail to fully utilize the member
resistances under various loading conditions. Hence, it is proposed to examine the structural
performance of these CFSHS under compression by carrying out experimental and numerical
investigations. After enlarging the database of S690 CFSHS, the design rules for this type of

sections are considered to be improved with sufficient scientific evidence.

Besides, the effects induced by the fabrication processes in S690 CFSHS, namely, transverse
bending and longitudinal welding, also should be examined. It is highly desirable to evaluate
the plastic strains and the residual stresses due to these fabrication processes, by using the
measurement techniques and the numerical methods as reported in the literature. The stress-
strain characteristics generated by the validated numerical models are readily incorporated into

structural analyses, to improve the numerical predictions with a high level of accuracy.
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Fig. 2.1  Typical engineering stress-strain curves of steels with various grades
(Ban and Shi 2017)

2-30



a) Tokyo Gate Bridge, b) a hybrid bridge,
Tokyo, 1989 Mittadalen, 1995

c¢) Rhine Bridge, d) Millau Bridge,
Diisseldorf-Ilverich, 2002 Millau-Creissels, 2004

Fig. 2.2 Bridges built with high strength steels
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b) CCTV Headquarters,
Beijing, 2012
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¢) SNU Kwanjeong Library, d) Lotte World Tower,
Seoul, 2015 Seoul, 2016

Fig. 2.3 Buildings built with high strength steels
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Fig. 2.4  Sketches of roll-forming (Han et al. 2020)
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Fig. 2.5  Sketches of press-braking (Vorkov 2019)
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Table 2.1 Requirements on chemical compositions for typical steel products

Chemical composition (wt %)

Specification - -
C Si Mn P S Nb Ti Cr Mo B CEV
535510 0.23 0.60 1.70 0.040 0.040  -- -- -- -- -- 0.45
(EN 10025-2)
S690QL1

022 0.86 1.80 0.025 0.012 0.070 0.070 1.60 0.74 0.0060 0.65
(EN 10025-6)

Table 2.2  Requirements on mechanical properties of steels given in EN 1993-1

Elongation limit, Tensile strain,

Standard Steel grade fu/fy
€L &u
EN 1993-1-1 Smaller than or equal to S460 1.10 >15% > 154,/E
EN 1993-1-12  Greater than S460, but up to S700 1.05 >10% > 15,/E

Table 2.3  Tolerances on Rin/t ratios given in EN 10219-2
Thickness, t

Rin / t
(mm)
t < 6 1.6~2.4
6 < t < 10 2.0~3.0
10 < t 24~3.6
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Table 2.4  Tolerances on Rin/t ratios proposed by SSAB

Thickness, t
Steel grade Rin/ t
(mm)
t < 15 >2.0
Strenx 700 _
15 < t >2.5
t < 20 >3.0
Strenx 960
20 t >3.5

Table 2.5  Key mechanical properties of electrodes T Union GM 110 and GM 120

Shielding gas or f, fu €L
Electrode .
gas mixture (N'mm?) (N/mm?) (%)
M21 >790 > 880 >16
GM 110
CO; >720 >770 >17
GM 120 M21 >890 >940 >15
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Table 2.6  Recent studies on measurements of residual stresses in high strength steel welded sections

No. Literature fy (N/mm?) Type of welded sections Measurement method
1 Ban et al. (2012b) 420 angle sectioning

2 Lee et al. (2012a) 690 plate-to-plate joint hole-drilling

3 Wang et al. (2012) 460 box section sectioning

4 Ban et al. (2013b) 460 box section sectioning

5 Ban et al. (2013c) 460 I-section sectioning

6 Lee et al. (2014a) 690 T-joint hole-drilling

7 Li et al. (2015) 690 box and H-section sectioning

8 Ma et al. (2015) 460, 700 and 1100  CFCHS, CFRHS (roll-formed) and CFSHS (roll-formed) sectioning

9 Khan et al. (2016) 690 box section neutron diffraction

10 Yangetal. (2017) 690 box section hole-drilling and sectioning
11  Somodi and K&vesdi (2017b) 420 to 960 CFSHS (roll-formed) sectioning

12 Somodi and K&vesdi (2018) 235 to 960 box section sectioning

13 Liuand Chung (2018) 690 H-section hole-drilling

14  Chen and Chan (2020) 460, 690 and 960 CFCHS sectioning

15 Huetal. (2020) 690 CFCHS sectioning
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Table 2.7

Recent studies on high strength steel CFSHS columns under compression

No. Literature fy (N/mm?) Fabrication of section :e)((:tli_?r:( ¢ Rin/t Type of test

1 Maetal (2017) 700,900 and 1100 roll-formed SHS ?%igzg;g 13~15  (a) stocky-N

2 Somodi and Kévesdi (2017) 420 ~ 960 roll-formed SHS iggﬁggig © 11-17 () slender-N

3 Wangetal. (2017) 500, 700 and 960 roll-formed SHS iggiiggz‘; © 09-16 (a)stocky-N

4 Maetal. (2019) 700,900 and 1100 roll-formed SHS f%igzg;g 13~15  (b) stocky-N+M

5  Mengand Gardner (2020a) 690 and 770 roll-formed SHS iggiiggiggnd 15~2.0 8 :Zﬁzzr'\ll\l and
Note:

“N” denotes axial compression; and
“M” denotes bending moment.
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CHAPTER 3: MATERIAL PROPERTIES, FABRICATION PROCESSES AND
RESIDUAL STRESS MEASUREMENTS OF S690 CFSHS

3.1 Introduction

This Chapter presented fundamental studies that constitute the basis of the Thesis. In this project,
cold-formed square hollow sections (CFSHS) were manufactured for various forms of
experimental investigations, including residual stress measurements, curved coupon tests,
stocky column tests and slender column tests. All these CFSHS were made of high strength
S690 steel plates from the same batch. To determine the mechanical properties of those S690
steel plates, standard tensile coupons extracted from 6 and 10 mm thick plates were tested. By
converting the engineering stress-strain curves into the true stress-strain curves, the constitutive
models of the S690 steels were proposed, which were used to evaluate section resistances and

member resistances of these S690 CFSHS in subsequent chapters.

Technical details in fabricating CFSHS were fully discussed. After considering appearance of
these sections and deformation capacities of these S690 steels, the inner radius Ri, at 3.0t was
selected for all corners. Besides, the welding parameters were also presented, including
arrangement of welding passes, heat input energy, preheat temperatures and composition of

shielding gases.

Moreover, the residual stresses in four CFSHS fabricated with different processes were
measured with the sectioning method. In subsequent chapters, all of these fabrication processes
were simulated numerically, and a comparison on residual stresses was made between the

measurements and the numerical results.
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3.2 Material Properties of S690 Steels

3.2.1 Test programme, set-up and procedures

Since all the cold-formed square hollow sections (CFSHS) investigated in this project were
made of 6 and 10 mm thick high strength S690 steel plates from the same batch, key material
properties of these steel plates were determined for subsequent analyses. The chemical
compositions of the 6 and the 10 mm thick plates are summarized in Table 3.1. It is found that
the steel plates are able to satisfy all the requirements on the maximum chemical compositions
given in EN 10025-6 (CEN 2019c¢). To determine the mechanical properties of these steel plates,
a total of seven standard tensile coupons were tested. The geometric dimensions of these
coupons were designed in accordance with EN ISO 6892-1 (CEN 2019g). As illustrated in Fig.
3.1 a), two series of rectangular-shaped coupons are adopted, and the gauge lengths of these
two series of coupons are both 50.00 mm, where Series R06 consists of three coupons extracted
from a 6 mm thick plate, and Series R10 consists of four coupons extracted from a 10 mm thick
plate. The test set-up is illustrated in Fig. 3.1 b), including a tensile machine, a digital camera,
a control panel, an extensometer and a coupon. An advanced servo-hydraulic fatigue testing
system — Instron 8803 is employed to apply static monotonic tensile force onto the coupons.
The digital camera mounted in front of the testing system is employed to obtain instantaneous

dimensions of the coupons throughout the tests, and the method is introduced in detail in Section

3.2.3.

During the tests, the straining rates are precisely controlled with an extensometer Instron 2630-
112. Technical specifications of the extensometer are listed as follows:

Gauge length: 50.00 mm £ 0.25 mm

Travel range: -2.50 mm (in compression) to +25.00 mm (in tension)

Strain range: -5 % to +50 %
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It is required that a very slow straining rate should be maintained throughout testing, i.e. from
loading initiation to failure of the coupon. It should be noted that the straining rates employed
in the present project are slower than those recommended in EN ISO 6892, such that consistent
mechanical properties are obtained from the coupons extracted from the same plate. Prior to
yielding, the coupon is loaded with a tension force under a constant straining rate at 0.05 %/min,
and this allows plotting of a stable stress-strain curve within the elastic range to determine the
Young’s Modulus accurately. After yielding, the straining rate is increased up to 0.50 %/min, to

readily obtain the full-range stress-strain curve of the coupon until failure.
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3.2.2 Test results

Key mechanical properties of these coupon tests are summarized in Table 3.2, and the results
are directly compared with the requirements given in EN 1993-1-12 (CEN 2007). It is
summarized in Table 3.2 that all the mechanical properties, including Young’s modulus E, yield
strength fy, tensile strength f,, elongation limit €. and tensile strength-to-yield strength ratio

fu/fy, meet the requirements.

All measured stress-strain curves of the coupons and their deformed shapes at failure are shown
in Figs. 3.2 a) and b), and it should be noted that very little variation in the engineering stress-
strain properties (such as strength, hardening and ductility) is found among the same series of
tests. Hence, the mechanical properties of this batch of S690 steel plates are highly consistent.
By comparing these two series of tests, some minor differences are found. As shown in Fig. 3.2
a), no yielding plateau is found in the coupons extracted from the 6 mm thick plate, though
there is significant hardening. However, as shown in Fig. 3.2 b), all the coupons extracted from
the 10 mm thick plate exhibit a sharp yielding point, and a yielding plateau with at about 1.5%

strain.
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3.2.3 True stress-strain properties and constitutive models

3.2.3.1 True stress-true strain curves

The purpose of carrying out standard tensile tests is to determine the mechanical properties of
the S690 steels used for fabricating CFSHS, and thus the section resistances and the member
resistances are readily predicted. Moreover, accuracy of nonlinear finite element analyses
highly relies on the constitutive models of the steels. In some cases, engineering stress-strain
curves may be simply incorporated into finite element analyses to generate numerical results
with good precision, but accuracy of this simplification depends on the extent of deformation.
In particular, when the steel undergoes a very plastic deformation after yielding up to 5%, the
engineering stress-strain curve fail to properly describe its structural behaviour. To solve this
problem, an incorporation of true stress-strain curves allows for the use of the post-necking
deformation characteristics, thus enabling precise simulation in the nonlinear finite element

analyses.

The key mechanical properties of engineering stress-strain curves have been well demonstrated
as above-mentioned in Section 3.2.2. The transformation from engineering stress-strain curves
to true stress-strain curves employs an integration method (Bridgman 1952, Ling 1996), and

they are given in:

g =In (1+e,) Eq. (3.1)
o, =0, (1+&,) Eq. (3.2)
where
€. 1s the engineering strain;
& 1s the true strain;
o, 1s the engineering stress; and

o, is the true stress.
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It should be noted that the application of Egs. (3.1) and (3.2) is limited with some assumptions.
This set of transformation formulae are only applicable when the steel undergoes small
deformations, i.e. smaller than 5%. After the on-set of necking, the plastic deformation along
the coupon is no longer uniform across its cross-section, so that another set of formulae Eqgs.
(3.3) and (3.4) should be used to reflect the true stress-strain characteristics beyond necking

(Bridgman 1952, Ling 1996):

g=In(Ay/A)) Eq. (3.3)
o, =N;/ A Eq. (3.4)
where
A, is the original cross-sectional area;
A; 1is the measured instantaneous cross-sectional area at the location where necking occurs; and

N; is the applied load corresponding to A;.

Throughout the tensile coupon tests, the instantaneous cross-sectional dimensions at the critical
location were recorded at small time intervals. High-resolution photos were captured during the
test at an interval of 30 seconds, taken with a high-quality digital camera mounted in front of
the coupon (see Fig. 3.1). After substituting the measured instantaneous cross-sectional areas
and the applied loads into two sets of transformation formulae, the true stress-strain curves of
the standard coupon tests are readily generated. Figs. 3.3 a) and b) show typical comparisons
between the engineering stress-strain curves and true stress-strain curves for coupons R06 and
R10, respectively. Obviously, the true stress-strain properties provide more data describing the
stress-strain relationships at large deformations, and there is no significant difference in these
two coupons. It should be noted that these true stress-strain curves are fitted among discrete
data, and these curves may be directly incorporated into finite element models as the

constitutive models of the S690 steels.

3-6



3.2.3.2 Proposed constitutive models of S690 steels

As the integrated true stress-true strain curves have incorporated the post-necking stress-strain
behaviour, this constitutive model is readily employed in a finite element model that can
properly reflect structural behaviour of S690 steels at large deformations. However, it is rather
time-consuming and impractical to transform massive test results from engineering stress-strain
curves to true stress-strain curves in accordance with the image processing method. Therefore,
it is highly desirable to develop alternative constitutive models with a balance of high efficiency
and high accuracy. Hence, the constitutive models of S690 steels with different levels of

simplicity are presented, to deal with various problems depending on their complexity.

Three commonly used simplified constitutive models (see Fig. 3.4) have been developed to
describe the stress-strain curves prior to the on-set of necking over the past few decades. These
simplified models have good performances on modelling the structural behaviour of members
made of normal strength steels. According to these poly-linear constitutive models, two
simplified constitutive models for hot-rolled steels have been developed by Yun and Gardener
(2017), making good predictions to the pre-necking stress-strain relationships covering a large
range of steel grades from S355 to S960. However, as discussed before, the major weakness of
those abovementioned simplified models is that they fail to predict the post-necking stress-

strain behaviour accordingly at large deformations.
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In the present project, two kinds of constitutive models considering both pre-necking and post-
necking stress-strain relationships of S690 steel plates are proposed, which are also named as
full-range constitutive models, for S690 steels. One of them has been fully discussed in the
previous sections, and this model allows transformation from the engineering stress-strain curve
of a tensile coupon using the integration method and the image processing method. Another
full-range model is a simplified version developed from the former one, which is a stepwise
function consisting of only five poly-lines as defined in Eq. (3.5) (Ho et al. 2020). Compared
with the former one, this simplified model is readily established. By incorporating this model
into numerical analyses, it is shown that the results match very well with the test results of many
standard tensile coupons. The effectiveness of the constitutive proposed models with different

levels of simplicity are compared and evaluated with numerical analyses in subsequent chapters.

Opt = €nt for e <1
One = 1.0 +0.003 (g, - 1) for 1< ¢, <6
6y =0.91 +0.0212 ¢, - 0.000625 €2, for 6< g, <18
oni(€) Eq. (3.5)
One = 1.09 +0.0012 (g - 18) for 18 < g, <80
Ope = 1.165 + 0.0011 (g, - 80) for 80 < g, <330
where

€y 18 the normalized true strain, e = & E/fy; and

o, 1s the normalized true stress, ont = G¢/fy.
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3.3 Fabrication Processes of S690 CFSHS

3.3.1 Fabrication processes

Two different series of cold-formed square hollow sections (CFSHS) are under investigation,
and they are regarded Series SA and SB. These two series of sections are identical in their
nominal cross-sectional dimensions, but they are fabricated with different combinations of
transverse bending and longitudinal welding, as shown in Fig. 3.5. For those sections of Series
SA, two welds are made onto a pair of identical cold-bent C-shaped channels. For those sections
of Series SB, a U-shaped channel is cold-bent, and then welded onto a flat plate at both edges.
The key differences between these two series of sections are: 1) Series SA sections are bi-axially
symmetrical while Series SB sections are uni-axially symmetrical; and ii) Series SA sections
have four cold-bent corners together with two butt-welded side joints while Series SB sections

have only two cold-bent corners together with two butt-welded corner joints.

Fig. 3.6 illustrates the typical fabrication process of a CFSHS. It is shown in Fig. 3.6 a) that a
cold-bent channel is cold-bent with a press-braking machine. Two punches with inner radii Rix
of 18 and 30 mm are employed for the transverse bending of the 6 mm and the 10 mm thick
plates, respectively. Therefore, all cold-bent sections are fabricated with an inner radius Ri, of
3.0t, and an outer radius Rou of 4.0t, as shown in Fig. 3.6 b). After completing the transverse
bending, these sections are welded with multiple-pass longitudinal welding. Fig. 3.6 ¢) shows
the process of gas metal arch welding (GMAW) with shielding gases as a mixture of 15% CO-
and 85% Ar, according to EN ISO 14175 (CEN 2008). Six thermocouples are placed onto the
surface of a CFSHS to record the temperature history in the vicinity the weld seam during
welding. Technical parameters of both transverse bending and longitudinal welding are

presented in detail in the following sections.
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3.3.2 Transverse bending

When designing a CFSHS, the range of R/t ratios should be discussed in detail as this ratio
plays an important role in not only fabrication quality but also section classification. On one
hand, if R/t ratio increases, the flat part of CFSHS takes up a reduced portion while the corner
part takes up more. An extreme case is that a square hollow section with its maximum R/t ratio
may turn itself into a circular hollow section. On the other hand, R/t ratio should not be very
small because reducing R/t ratios will amplify plastic deformations within the cold-bent corners.
If R/t ratio is so small that its plastic deformation exceeds the plastic deformation limit of the
steel, undesirable features such as waving and cracking may occur on both surfaces of the
corners after cold-bending. In EN 10219-2 (CEN 2019d), various ratios of the inner corner
radius to the plate thickness, Rin/t, are proposed for normal strength steels with different plate
thickness. For plates with a thickness from 6 to 10 mm, 1.0 < Riy/t < 2.0 is recommended.
However, these ratios should not be directly adopted to a cold-bent section made of S690 steels,
because a reduced deformation limit is generally expected for in high strength steels. Fig. 3.7
shows cracking along the bending axis of a S690 steel plate with small R/t ratios. Figs. 3.7 b)
and c) show the cracked outer surfaces of the corner with Ris/t equalling to 1.5 and 1.0,
respectively. An experimental-numerical incorporated investigation on bendability of 6 to 10
mm thick S960 steel plates proposed minimum requirements on the Rin/t ratios (Arola et al.
2015). It was proposed that, to avoid surface cracking, the minimum Rin/t should be limited to
3.5; to avoid waving on surface, the minimum Rjy/t should be limited to 3.0. Therefore, Rin/t =

3.0 for 6 and 10 mm thick S690 steel plates is adopted in this project.
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3.3.3 Longitudinal welding
In order to control quality of welding, the arrangement of welding passes, linear heat input
energy, preheating temperatures and interpass temperatures should be properly designed in

accordance with various relevant codes of practice and professional manuals.

a) Welding passes

A total of four kinds of multi-pass gas metal arc welding (GMAW) are adopted in this project,
and they are applicable to the welds at two different locations on 6 and 10 mm thick plates.
Both the sequences and the locations of these welding passes are illustrated in Fig. 3.8. Ceramic
backings were attached onto the bottom surfaces prior to welding. These four kinds of welding
all start with a backing weld, i.e. the first welding pass, sequentially overlaid with the next one
or two welding passes, depending on the plate thickness. Due to a small volume of the backing
weld, both the voltage and the current of the first pass are smaller than those of the subsequent
passes. It should be noted that the linear heat input energy, q, is a controlling parameter that
always significantly affect the mechanical properties of fabricated sections. The linear heat

input energy, q, is defined as follows:

q=nUIv Eq. (3.6)

where

q is the linear heat input energy (kJ/mm);

n is the efficiency of welding, normally taken 0.80 ~ 0.90 for GMAW;
U is the voltage (V);

I is the current (A); and

v is the speed of welding (mm/s).
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It is reported in the literature (Liu et al. 2018) that high heat energy input of GMAW will induce
changes to the microstructures of the heat-affected zones in a welded sections S690 steels, thus
reducing the mechanical properties of the welded sections. For 16 mm thick S690 steel plates,
insignificant degradation in the mechanical properties of these welded sections was found when
q does not exceed 1.5 kJ/mm. Therefore, it is proposed to adopt q = 1.5 kJ/mm as an upper limit

for GMAW in the present project.
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b) Preheating temperature and interpass temperature

Hydrogen cracking may occur during welding, and it has adverse influence on the as-welded
sections. An effective means to avoid hydrogen cracking is to apply preheating to the section to
delay cooling of the welded sections, and thereby promote hydrogen effusion to a large extent
in a short time after welding. For multi-pass welding, it is possible to start welding without
preheating if sufficiently high interpass temperatures are reached and maintained with a suitable

welding sequence, as given in EN 1011-2 (CEN 2001).

e Preheating temperature, T,
The minimum preheating temperatures are calculated with Eq. (3.7)

Ty, = 697CET + 160tanh(t/35) + 62HD® + (53CET-32)q-328 Eq. 3.7)

where

CET is the carbon equivalent value (%) defined in Eq. (3.8);

t is the plate thickness (mm);

HD is the hydrogen content (ml/100g), and it is equal to be 4 here; and

q is the linear heat input energy (kJ/mm), and it is taken to bel.5 here.

CET—C+Mn+MO+Cr+Cu+Ni o Eq. (3.8)
- 10 20 20 () a1

After substituting the values into the carbon equivalent value CET and the minimum preheating
temperatures T for 6 and 10 mm thick plates are presented in Table 3.3. Since preheating
temperatures of both the plates are smaller than the room temperature of 23°C, it is not

necessary to preheat the plates prior to welding.
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e Interpass temperature, T;
Since preheating is optional for the welded sections in this project, sufficiently high interpass
temperatures should be maintained between welding passes. It is found that the mechanical
properties and the thermal hydrogen effusion properties of the S690 steels are very similar to
those of Weldox 700 steels, so the interpass temperatures in this project are determined by
referring to the Welding Handbook - Hadox and Weldox (SSAB 2010). Although it is
recommended that the minimum interpass temperatures for both plates are under the room
temperature at about 23 °C, an interpass temperature, Ti = 100 °C is still adopted for all welds
in this project, to further delay the cooling and promote the hydrogen effusion to a large extent

after welding.
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3.4 Residual Stress Measurements of S690 CFSHS

Residual stresses are measured with various methods as introduced in the literature review.
Determination on residual stress distributions of a welded section or a structural member under
a specific fabrication process allows a good understanding onto their structural performances.
In this project, the sectioning method is employed to measure the residual stress distributions
of the S690 CFSHS fabricated with different combinations of transverse bending and

longitudinal welding.
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3.4.1 Research programme

A total of four sections are investigated in this project. Table 3.4 presents the overall programme,
demonstrating various fabrication processes of these sections and experimental measurements
onto them. Two welded sections (Sections SA and SB) and two sections without welding
(Sections SA-nw and SB-nw) are investigated, so that the residual stresses induced with
transverse bending and longitudinal welding are decoupled, and thus evaluated independently.

The nominal cross-sectional dimensions of these four sections are shown in Fig. 3.9.

It should be noted that the residual stress distributions along the length of the specimens are not
perfectly uniform. Unstable welding parameters are often found at both the start of and the end
of welding, and this disturbance may result in untypical residual stress distributions at these
locations. To avoid such an end effect, all specimens are designed to be 760 mm long, and only
the residual stresses at the mid-span are measured. As shown in Fig. 3.10, 250 mm portions are
cut off from both ends, and the central 260 mm portions are used for residual stress
measurements. Therefore, the measured residual stresses at the mid-span of the specimens are
regarded typical patterns of these sections fabricated with transverse bending and longitudinal

welding.

Details of transverse bending and longitudinal welding are discussed in Section 3.3, including
R/t ratios at corner region, interpass temperatures and shielding gases. The sketches of the three-
pass GMAW in Sections SA and SB are shown in Fig. 3.8. Also, to avoid significant degradation
of the mechanical properties in the vicinity of the heat affected zones of the welded sections,
the linear heat input energy are controlled not to exceed 1.5 kJ/mm, and specific welding
parameters of each welding pass for Sections SA and SB are recorded, as summarized in Table

3.5.
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3.3.3 Residual stresses measured with the sectioning method

3.3.3.1 Test programme

The residual stress measurements of four sections were achieved with the sectioning method.
To measure the residual stresses of these sections, they were cut into a total of 99 strips, with
strain gauges attached onto both the outer and the inner surfaces at the mid-length of each strip.
The width of a strip ranges from 7.0 to 15.0 mm. It should be noted that only a quarter or a half
of the section is adopted to be measured because of symmetry of the residual stress distributions
in these four sections. Detailed arrangements of the strips are shown in Fig. 3.11. For Sections
SA and SB, due to large residual stress gradients in the vicinity of the welds, the strips become
increasingly narrow as approaching the weld. For the other two sections without welding, i.e.
Sections SA-nw and SB-nw, the arrangements of the strips are kept in line with those with

welding.

3.3.3.2 Test set-ups and procedures

A wire cutting machine is employed to cut the sections into strips. As shown in Fig. 3.12, the
strain gauges are covered by a waterproof tape before cutting, and a coolant is also applied
during cutting to minimize any heat generated. The deformed strips cut from Sections SA-nw

and SA are shown in Fig. 3.12.
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3.3.3.3 Test results

a) residual strains

Strain readings on both the outer surfaces and the inner surfaces of each strip were recorded
before as well as after cutting, respectively. The residual strains on both surfaces are calculated

using the following formulae:

€0 = €o,1 - €02 Eq. (3.9)
€ = &il - &i2 Eq. (3.10)

where

€, 1S the residual strain on the outer surface;

€o,1 18 the strain on the outer surface before cutting;

€0, 18 the strain on the outer surface after cutting;

g is the residual strain on the inner surface;

&i,1 1s the strain on the inner surface before cutting; and

€2 1s the strain on the inner surface after cutting.

Therefore, the distributions of the residual strains on both surfaces are readily obtained. As
shown in Fig. 3.13, the diamond-shaped data (in red lines) represent the residual strains on the
outer surfaces, and the cross-shaped data (in blue lines) represent the residual strains on the
inner surfaces. In all these four sections, Points 7 to 12 represent the data at the corner regions

with inner radii Rin = 3t and outer radii Royt = 4t.

Sections SA-nw and SB-nw exhibit consistent residual strain distributions in their corner
regions, because these two sections are cold-bent using the same punch with identical bending
parameters. At these corner regions, their residual strains on the outer surfaces are in tension at
+0.14 % in average while the residual strains on inner surfaces are in compression at -0.12 %
in average. For those points located away from the corner regions, they are considered to have
very small residual strains, i.e. smaller than +£0.01 %. However, it should be noted that the

residual strains at Points 15 to 18 in Section SA-nw and those at Points 18 to 27 in Section SB-
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nw were inevitably induced by flame cutting. The residual strains at Points 1 to 6 in Section
SA-nw and those at Points 1 to 6 in Section SB-nw are considered to properly reflect the

distributions of residual strains in the cold-bent sections without welding.

To determine how the residual strains are changed by welding, a comparison is made between
the sections without welding and those with welding. For Section SA, as a significant heat
energy is induced during welding, tensile strains are generated locally at Points 17 to 19 on both
surfaces. By comparing the residual strains in Sections SA-nw and SA, it is found that the
welding has only minor effects onto the residual strains at the corner regions. This is probably
because the welding is located away from the corner regions, and the concentrated tensile
strains induced during welding can only influence very small region in the vicinity of the welds.

Similar results are also found in the residual strain distributions of Sections SB-nw and SB.
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b) residual stresses
The relationship between the residual stresses and the residual strains is described by the Hook’s
as follows:
co =-E-& Eq. (3.11)
ci =-E-& Eq. (3.12)
where
E is the measured Young’s Modulus of the steel;
O, 18 the residual stress on the outer surface; and

oiis the residual stress on the inner surface.

Since the residual stresses are calculated with the Hook’s Law through a linear transformation
from the residual strains, the distributions of the residual stresses are identical to those of the
residual strains. In subsequent chapters, the residual strains of these four sections induced by
both transverse bending and longitudinal welding are simulated with advanced finite element
modelling. The numerical results are directly compared with the measurements shown in Fig.

3.13.
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3.5 Conclusions
This Chapter presents details of material properties, fabrication processes and residual stress
measurements of the S690 CFSHS. These technical works are considered to constitute a solid

foundation of the project, providing important data for effective uses of S690 CFSHS.

e An experimental investigation into S690 standard tensile coupons is presented. It is
found that the key mechanical properties of the S690 steels comply well with the
requirements of EN 1993-1-12 and EN 10025-6. The measured strengths of the S690
steels are used for predicting section and member resistances of the S690 CFSHS
columns prior to testing. Besides, the constitutive models of the S690 steels are also
developed according to the test results, and these material models are incorporated into

various finite element models for subsequent analyses.

e The fabrication processes, namely, both transverse bending and longitudinal welding,
are described in detail. These fabrication processes are simulated numerically to
determine residual stresses of S690 CFSHS induced with transverse bending and

longitudinal welding.

e The residual stresses of the S690 CFSHS measured with the sectioning method are
demonstrated. These measurements are compared with the numerical results of various

thermomechanical models in subsequent chapters.
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Fig. 3.5 Fabrication processes of CFSHS

3-25



/

! Cold-bent phénnél

a) Transverse bending with a press-braked

bending process

e

wannnones ARRNRN :
e e 5 WM 5 2
‘.‘V - “\ ) '1 ]' ~ b

& R = 4.0t

b) A channel after transverse bending

and springback

c¢) Longitudinal welding after transverse bending

Fig. 3.6  Transverse bending and longitudinal welding of CFSHS
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b) Outer surface of a 6 mm thick specimen

a) Cracking along the cold-bent specimen
¢) Outer surface of a 10 mm thick specimen

Fig. 3.7  Cracked surfaces after bending with a small R/t ratio
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¢) 6 mm thick plate, weld at corner d) 10 mm thick plate, weld at corner

Fig. 3.8  Sketches of multi-pass GMAW in four CFSHS
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3-29



r B
] |
I 1
| |
’l 250 260 250 l
| |
| |
| |
g S B J
J, a J L =760 J,
a) Section SA-nw
A —I
[ sy =TT = i
I N
1 weld
1
l 250 260 250
1 weld
| al
bz zz zm e g g 2 e T e 7 T T R bzzmmmmrzzzzd
J, A - L. =760
b) Section SA
b —I
] 250 260 250
b . L=76
. =760
¢) Section SB-nw
"7
250 260 250

d) Section SB

Fig. 3.10 Cutting of CFSHS for residual stress measurements

3-30



/ MEEAENARE
4 |

n =
- ————— = — &
i &1

nl, 180 |j[

200 * #
200

a) Section SA-nw b) Section SA

[¥]

|

B

3] —Ff2
& %5

=
2\,« v
+

[ ' [ :
I TS ' 112
! 5 7 ' &
i ] ] I 4
| 5| | E
| 7 | e 1
I o sl — & I I o mEEE
[ ol ] [ R
| E : | i
[ 1 | 21
! 1 ! i 4
I 5y = | 5 —3
[ & BEf | = B
= E| EE
L l 29 _4__, % | 3
[ " A 6 ) T s
' O Y
'f!. 180 q|Jl n], 180 0
200 ! 200)
¢) Section SB-nw d) Section SB

Fig.3.11  Arrangements of strips for the sectioning method

3-31



a) Section SA-nw b) Wire cutting of Section SA ¢) Section SA
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d) Deformed strips cut from Section SA-nw e) Deformed strips cut from Section SA

Fig.3.12  Procedures of the sectioning method

3-32



Residual strain, £ (%)

Residual strain, £ (%)

0.30 0.30

—+—outer surface
0.25 0.25
->-inner surface T
0.20 0.20 [
12
0.15 = @ 0.15 ! F
7 b
0.10 -~ 0.10
£
£
0.05 % 0.05
[z
0.00 § 2 000 ’
E <
-0.05 -0.05
-0.10 -0.10
12 ——outer surface
-0.15 T 1 2 -0.15 7
-*~inner surface
-0.20 -0.20
1357 91113151719 1 4 7 10 13 16 19 22 25 28 31 34 37
Measuring point Measuring point
Section SA-nw Section SB-nw
a) Transverse bending only
0.30 0.30
—+—outer surface 26
0.25 0.25
-—inner surface
0.20 18 0.20
7 \5{
0.15 ) ~ 0.15
12 1ig § 7 12
0.10 :, 0.10
E 26
0.05 - 0.05 N
E A
0.00 = 0.00 7
4} b
&
-0.05 ’ -0.05
-0.10 0.10 12
7 ——outer surface
-0.15 7 12 -0.15
=~inner surface
-0.20 -0.20
1 357 91113151719 1 4 7 10 13 16 19 22 25 28 31 34 37
Measuring point Measuring point
Section SA Section SB

b) Transverse bending and longitudinal welding

Fig.3.13  Measured surface residual strains of four CFSHS

3-33



Table 3.1

Chemical compositions of S690 steel plates

Steel plate or Chemical composition (wt %)
specification C Si Mn P S Nb Ti Cr Mo B CEV
6 mmplate  0.14 0.27 1.40 0.019 0.001 0.024 0.013 0.26 0.14 0.0015 0.46
10 mm plate  0.14 0.26 1.41 0.012 0.001 0.025 0.014 0.26 0.15 0.0015 0.46
EN 10025-6
o 022 0.86 1.80 0.025 0.012 0.070 0.070 1.60 0.74 0.0060 0.65
(upper limit)
Table 3.2  Key mechanical properties of S690 steel plates
Steel plate or E fu L fu/fy
specification  (KN/mm?) (N/mm?) (N/mm?) (%) )
6 mm plate 215 733 808 15.9 1.10
10 mm plate 223 754 804 17.5 1.07
EN 1993-1-12
.. 690 - 10.0 1.05
(lower limit)
Table 3.3  Calculation of preheating temperatures
Chemical composition (wt %) Ty
Steel plate :
C Mn Mo Cr Cu Ni CET (°O)
6 mmplate 0.14 140 0.14 026 0.00 0.00 0.307 -9.7
10 mm plate 0.14 141 0.15 026 0.01 0.01 0.310 9.7
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Table 3.4  Research programme and scope of work
Fabrication processes Experimental measurements
Section transverse longitudinal welding residual
bending welding parameters stresses
(1) SA-nw Y - - Y
(2) SA Y Y Y Y
(3) SB-nw Y - - Y
(4) SB Y Y Y Y
Table 3.5 Welding parameters for Sections SA and SB
Weld Current, Voltage, Welding speed, Welding Line heat input
Section pass I U v efficiency, n energy, q
(A) ) (mm/s) ) (kJ/mm)
1 145 ~ 155 20.4 2.09 0.80 1.13~1.21
(2) SA 2 200~ 210 23.0 4.11 0.80 0.90 ~0.94
3 185~ 195 23.1 2.86 0.80 1.20 ~ 1.26
1 160 ~ 170 20.2 2.81 0.80 0.92~0.98
(4) SB 2 200~ 210 22.6 3.80 0.80 0.95~1.00
3 190 ~ 200 22.8 3.35 0.80 1.03 ~1.09

Note: line heat input energy, q = nlU/v.
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CHAPTER 4: EXPERIMENTAL INVESTIGATIONS INTO S690 CFSHS COLUMNS

4.1 Introduction

This Chapter presented an experimental investigation into section and member resistances of
S690 cold-formed square hollow sections (CFSHS) under compression. A total of 12 CFSHS
fabricated with different combinations of transverse bending and longitudinal welding were
investigated. To examine structural behaviour of these sections, a test programme consisting of
38 S690 CFSHS column tests was conducted under three loading conditions, including 8 stocky
columns under concentric compression, 6 stocky columns under eccentric compression, and 24
slender columns under concentric compression. Measured section resistances of the stocky
columns were compared with design resistances predicted to EN 1993-1-1. It was found that
the existing section classification failed to identify strength mobilization of these sections.
Therefore, a modified rule of section classification was proposed after calibration against the
measured section resistances. Moreover, the measured member resistances of the slender
columns were compared with the resistances predicted by EN 1993-1-1. It was found that the
existing design curve was very conservative for the slender columns. Therefore, it was proposed
to adopt a reduced imperfection factor for the design of column buckling, and hence, a higher

design curve was recommended to be used.
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4.2 Section Classification

A total of 12 S690 CFSHS are investigated (see Figs. 4.1 and 4.2), and these sections were
categorized into two series according to their fabrication processes, i.e. Series SA and SB. These
two series of sections were identical in their nominal cross-sectional dimensions, but they were
fabricated with different combinations of transverse bending and longitudinal welding, as

illustrated in Fig. 4.3. Details of these two fabrication techniques were presented in Chapter 3.

For structural design of CFSHS against concentric compression and eccentric compression, the
rules of section classification given in EN 1993-1-1 (CEN 2014) were widely accepted. When
designing sections made of normal strength steels with a yield strength smaller than 460 N/mm?,
the codified method could precisely predict the resistances of the sections under various actions.
Since only high strength S690 steels are investigated in the present project, the classes of these
sections categorized with the existing rules might not be able to identify their strength
mobilization and ductility. It was proposed to apply the existing rules for section classification
preliminarily, and applicability of the rules for high strength steel was then verified with test
results. In EN 1993-1-1, the compression part with the largest width-to-thickness ratio, c/t/e,

was selected from a section, and its c/t/e ratio defined the section classification:

Class 1: c/t’le <33 Eq. (4.12)
Class 2: 33< c/tle <38 Eq. (4.1b)
Class 3: 38<  c/tle <42 Eq. (4.1¢)
Class 4: c/tle >42 Eq. (4.1d)

where
c is the width or the depth of a part in a section for section classification;

t is the thickness of a part in a section for section classification; and

¢ is the factor depending on fy, e = /235/f,.
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By substituting nominal dimensions into the equations above, the c/t/e ratios and the sections
classifications of a total of 12 CFSHS investigated in the present project were calculated and
summarized in Table 4.1. It was found that eight out of the 12 sections were categorized into
Class 1 or 2, which meant these sections were capable of attaining their full plastic resistances
of' the gross sections. However, Sections S2A and S2B were classified as Class 4 sections, which
indicated elastic local plate buckling probably occurred under concentric compression or
eccentric compression, thus preventing these sections from attaining the elastic resistances of
their gross sections. In a Class 4 section, slender parts were regarded as non-effective zones that
could not develop their full section resistance under compression. Therefore, when calculating
the section resistances, the widths of the non-effective zones were partially included in
accordance with EN 1993-1-5 (CEN 2019e). Fig. 4.4 a) illustrates non-effective zones of both
series of sections under compression, while Fig. 4.4 b) illustrates non-effective zones of both
series of sections under bending. It should be noted that the width of the non-effective zone at
the web, bnon-effw, and that at the flange, buon-efrr, under bending should be calculated with
different methods due to different stress distributions across the sections. In the present project,
there were three different loading cases, and they were: 1) stocky columns under concentric
compression, ii) stocky columns under concentric compression, and iii) slender columns under

concentric compression.
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For case 1), the non-effective widths, bnon-fr, are shown in Fig. 4.4 a), and their effective areas,
Ay, are readily calculated. For case i1), the non-effective widths, bnon-efr, are shown in Figs. 4.4
a) and b), and their effective areas, Acr, and effective moduli, Wefrz, are then calculated,
respectively. For case iii), only the non-effective widths, bnon-efr, shown in Fig. 4.4 a) are
considered, because only the gross section is considered when calculating N¢: (EN 1993-1-1).
Acfr are obtained readily with the calculation process demonstrated in EN 1993-1-5. When
calculating Wefrz, the section should be broken down into the web and the flanges. The
slenderness limit for the web is so large that the full web is normally regarded to be effective.
Besides, the non-effective area in each flange under compression is calculated readily. The non-
effective area in each flange, the neutral axis is shifted from z-axis to z’-axis by Ay, as shown
in Fig. 4.5. Consequently, the normal stresses across the section re-distribute under bending

about the z’-axis in an asymmetrical pattern. Wt is calculated using the following formula:

Weff,z = Iz’/(OSB + Ay) Eq (42)
where
I is the second moment of area about the z’-axis, considering the presence of the non-effective

area in the flange under compression.

Although 1> and Ay can be obtained with an analytical solution, the calculation processes are
redundant and time-consuming. An alternative solution to determine these two values is to draw
the non-effective section using the software AutoCAD, and both I, and Ay are evaluated readily
after the section profile is sketched successfully. The section properties of two Class 4 sections,
Sections S2A and S2B, are summarized in Table 4.2 where these two sections have identical

reduction ratios of areas and section moduli.

4-4



4.3 S690 CFSHS Stocky Columns under Concentric Compression

4.3.1 Test programme

To examine section resistances under compression, a total of eight S690 CFSHS stocky columns
are tested. The test programme of these stocky columns is summarized in Table 4.3. In order to
avoid occurrence of overall buckling, all the columns are designed to be very short, i.e. the
member length is assigned to be three times of the section depth or width, i.e. L, = 3H or 3B.
As shown in Table 4.3, the non-dimensional slenderness of each of the stocky columns is
calculated, and their small slenderness ratios indicate that these columns are stocky enough,
thus preventing them from overall buckling under compression. It should be noted that the
measured dimensions of these stocky columns given in Table 4.3 vary slightly from the nominal
dimensions presented in Table 4.1. These errors were inevitably induced during plate cutting,
transverse bending and longitudinal welding, and they are unlikely to lead to a change in section
classification. Compared with the nominal section classes summarized in Table 4.1, minor
differences are found in Table 4.3. In short, most sections have the same classes as their nominal
sections do, but only STIA-S and S3B-S changes their sections just from Class 1 to 2, due to

slight increases of c/t/e.
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4.3.2 Test set-up and procedures

Fig. 4.6 shows the testing system together with a stocky column under compression. A force is
applied using the 1000 tons Hydraulic Servo Control Testing System. Each end of the stocky
column is welded with a 20 mm thick S355 bearing plate to ensure consistent axial shortening

under compression.

To capture axial deformations over the member length, strain gauges (SGs) and linear variable
displacement transducers (LVDTs) are installed. Figs. 4.7 a) and b) illustrate the arrangements
of the instrumentations for stocky columns of Series SA-S and SB-S under compression. Up to
eight strain gauges are mounted onto the outer surface at the mid-height of stocky column,
while four LVDTs are attached on the bearing plates of the stocky columns. Average values of

these four measurements are taken as the measured axial shortening.

During the test, the actuator will exert an axial load under a controlled manner at various cross-

sections onto the column.
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The testing procedure of a compression test consists of three phases with different loading (or

displacement) as follows: including preloading, loading and unloading.

e Phase 1: Preloading. The testing system applies a compression force onto the column at
a rate of 300 kN/min up to 30 % of the design resistance of the section, N¢rq, and then
the applied load is reduced to zero. Such a preloading process is repeated for three times,

to minimize any initial bedding of the column.

e Phase 2: Loading. The testing system applies a compressive displacement onto the
column at a rate of 0.3 ~ 0.5 mm/min, with the applied load increased from zero to the
maximum applied load, N¢ .. After the peak load is reached, the applied load starts to

drop. When the load drops down to 75 % of N g, the applied load is held for one minute.

e Phase 3: Unloading. After one minute, unloading begins, and the applied load is

reduced at a rate of 600 kN till zero.

Their loading rates are controlled to be very slow, so that dynamic effects are avoided

throughout testing.
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4.3.3 Test results

All the tests have been conducted successfully. Except for those columns with Class 4 sections,
namely, Sections S2A and S2B, all the stocky columns with Classes 1, 2 and 3 sections are
shown to be able to mobilize readily the full resistances of their cross-sections and measured
maximum applied loads, N¢et, should be larger than design resistances of the sections, N¢,rd.
The test results of eight stocky columns are summarized in Table 4.4, showing that Class 4
Sections S2A and S2B achieve only about 82 % of their design resistances of the gross sections.
For all the other sections, the measured section resistances are all larger than their gross design
resistances. For those Class 4 sections, effective areas, Aef, are calculated and substituted into
Ncre. It is found that Sections S2A and S2B both exceed their design resistances of the effective

sections.

Since the key research interest of this project is structural performances of those sections with
different fabrication processes, the structural behaviours exhibited by these two series of
sections are described and compared in detail. Typical deformed shapes after testing of Sections
S3A and S3B are illustrated in Fig. 4.8. These two sections are shown to have failed in an
identical deformed shape under almost the same equal section resistances. It is apparent that
significant localized plate deformations occur at the mid-height of both columns. However, due
to the presence of cold-bending effects at the corner regions, the deformation capacity of a cold-
bent channel (in Section S3A) should behave differently from that of a flat plate (in Section
S3B) under compression. More details are found by comparing these two counterparts. It should
be noted that smaller localized deformation is borne by the flat plate of Section S3B. By
contrast, the corresponding flat parts in Section S3A are relatively short, as they are restrained
by cold-bent corners with a large R/t ratio. Consequently, such flat parts in Section S3A tend
to mobilize a large plastic deformation when compared with that in Section S3B, resulting in
more significant plastic deformation occurred in this portion after testing. Therefore, it is
considered that a large ductility is exhibited in Section S3A, when compared with that in Section

S3B.
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As mentioned above, these two series of sections behave differently in local buckling, and this
difference is further quantified with the measured strains of these sections. It is shown in Fig.
4.9 that the local buckling occurred after the peak loading is attained, but larger deformations
are undertaken by Section S3A than Section S3B, as most strain gauges in Section S3A go
beyond 3.0 %, while none of those is larger than 1.5 % in Section S3B. To be more specific,
SG-2 and SG-4 in Section S3A represent the deformation behaviour of the flat part restrained
by two cold-bent corners, while SG-3 of Section S3B represents the deformation behaviour of
the flat plate restrained by two welds. The portions restrained by cold-bent corners in S3A
exbibit larger deformation capacity than its counterpart restrained by welds in S3B. The similar
failure modes and the consistent localized strain patterns were also found in the other six
sections. It is summarized that both series of sections can achieve their section resistances to
the equal degree, but larger plastic deformations are mobilized by Series SA sections than Series

SB sections. It is considered that Series SA sections perform better ductility under compression.
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Applied load-axial shortening curves of all the stocky columns are plotted in Fig. 4.10, where
N is the applied load and Ay is the average axial shortening of four LVDTSs. To have direct
comparison on the load-deformation relationships among these eight columns, the effects of
different sectional dimensions are eliminated. Therefore, it is proposed to normalize the applied
loads and the axial shortenings with the gross cross-sectional areas, Ag, the yield strengths, fy,
and the yield strains, gy. Fig. 4.11 shows the relationships between the normalized resistances,
N/(Ag-fy), against the normalized strains, €/ey. It is shown that Sections S3A and S3B have not
only exceeded their design section resistances, but they also exhibit a high degree of ductility.
However, Sections S2A and S2B fail to reach the design resistances of their gross sections
because they are Class 4 sections, and hence, parts of the gross area should be defined as non-
effective so that they do not resist any compression. For Sections S1A, S4A, S1B and S4B,
their measured section resistances just exceed their design section resistances with a limited
degree of ductility. Although some of these four sections are regarded as Class 1 or 2 according
to the existing rules of section classification given in EN 1993-1-1, it is more reasonable to
categorize some of them into Class 3 due to their low degree of ductility, and modifications to

the existing rules are discussed in Section 4.3.4.
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4.3.4 Comparison with EN 1993-1

In accordance with EN 1993-1-1, the compression part with the largest width-to-thickness ratio
c/t, of a section is critical for section classification. As each side of Series SA sections has two
cold-bent corners with very large corner radii, the calculated width of the critical part, c, is
relatively short, i.e. ¢ = B - 2Rou or H - 2Rou, whichever is larger, and this critical part results
in a non-conservative design of section resistance under compression. As presented in Table 4.4,
the test results show a conflict with the section classification according to the current rules. To
be more specific, although a Class 1 section, Section S3A, has utilized its section plastic
resistance with a large amount of ductility, another Class 1 section, Section S4A, only attains
its section elastic resistance with a limited degree of ductility. A similar conflict is found in the
Class 2 section, Section S1A, as it fails to exhibit sufficient ductility after its section elastic
resistance is attained. For Series SB sections, their critical parts are all located at the welded
plates without cold-bent corners or with only one cold-bent corner i.e. ¢ =B - 2t or H - t - Rou,
whichever is large, so that their critical parts are longer than those of Series SA. The Class 2
section, Section S3B, mobilizes its section plastic resistance with a good ductility; the Class 3
sections, Sections S1B and S4B, utilize their section elastic resistances with a limited ductility;

and the Class 4 section, Section S2B, fails to attain its full resistance of the gross section.
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However, the c-value for CFSHS is defined in a different way in EN 1993-1-5, where Rou is
replaced with 1.5t no matter how large the corner radius is. This replacement enables a
conservative design of section resistance, because the value of Rou at 1.5t is smaller than the
minimum outer corner radius Rou, which should be larger than 1.6t as given in EN 10219-2
(CEN 2019d). Therefore, the c-value of a Series SA section is replaced with ¢’=B - 3tor H -
3t, and the c-value of a Series SB section is replaced with ¢’ =B - 2t or H - 2.5t. It is proposed
to calculate the c-values with the modified definitions, since EN 1993-1-5 is the code specially
used for the design of steel plated elements. Consequently, the values of c¢’/t/e of these eight
sections are calculated and summarized in Table 4.5. Since some of the sections are modified
to Class 4 sections, their effective areas, Aefr, and their design section resistances, N¢ rd, are re-
calculated correspondingly. It is found that these sections of modified classes match well with

the anticipated mobilization in both strength and ductility.
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4.3.5 Summary

An experimental investigation into a total of eight S690 cold-formed square hollow section

(CFSHS) stocky columns under compression is presented.

Except for those columns with Class 4 sections, all stocky columns with Classes 1, 2
and 3 sections are shown to have mobilized their full resistances of the gross sections.
For those Class 4 sections, by considering local buckling in their plated elements, they

are shown to have attained their design resistances of the effective sections.

Both series of sections have achieved their section resistances, but larger plastic
deformations are mobilized in Series SA when compared with those in Series SB. It is

shown that Series SA sections exhibit an improved ductility under compression.

It is proposed to adopt modified c-values for section classification to EN 1993-1-1. All

those sections of modified classes are shown to match well with the anticipated

mobilization in both strength and ductility.
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4.4 S690 CFSHS Stocky Columns under Eccentric Compression

4.4.1 Test programme

To examine section resistances under eccentric compression, a total of six S690 CFSHS stocky
columns are tested. Measured dimensions of these specimens are summarized in Table 4.6. The
nominal sectional dimensions of the stocky columns in this programme are kept consistent with
those under compression. It should be noted that both columns with Sections SIA and S1B are
excluded from this test programme, because these columns are designed to be short to avoid
member buckling. After a preliminary calculation on the dimensions of all these columns, it is
found that the sizes for SIA-E and S1B-E fail to match the test set-up and the slenderness limit
at the same time, so these two columns are not included in this test programme. Besides,
although slight changes are found between nominal dimensions and measured dimensions, the

section classification of all the sections keep identical to the nominal ones.
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4.4.2 Test set-up and procedures

Fig. 4.12 shows the testing system together with a stocky column under eccentric compression.
A compression force with an eccentricity of 100 mm is applied with the 1000 tons Hydraulic
Servo Control Testing System. Each end of the stocky column is welded with a 20 mm thick
S355 bearing plate with dimensions of 490 x 490 mm to ensure consistent rotations under
bending. In order to ensure eccentric loading onto the column ends and to allow for free
rotations in the plane about z-axis, a pin support is provided to each end plate of each end of
the column with six 10.9 M22 bolts. The effectively length, Les, of the column is defined as the

vertical distance from the centre of one pin to that of another.

The instrumentation for Series SA-E and SB-E are illustrated in Figs. 4.13 a) and b),
respectively. Up to eight strain gauges are mounted onto the outer surface of the mid-height of
the stocky columns. A total of nine LVDTs are used for measuring axial and horizontal
displacements during the test. Eight of them are installed vertically onto the end plates to
measure the axial displacements, i.e. four onto each end plate. And the ninth one is installed

horizontally at the mid-height of the column to measure its horizontal displacements.

The testing procedure of this test programme follows with those introduced in Section 4.1.2,

and the same loading procedure is employed.
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4.4.3 Test results

All the tests have been conducted successfully. Except for those columns with Class 4 sections,
i.e. Sections S2A and S2B, all stocky columns with Classes 1, 2 and 3 sections are shown to be
able to mobilize their resistances of the gross sections. The combined effects of the measured
maximum applied loads, N¢ g, and the measured maximum bending moments, Mg, are shown
to be larger than the design resistances of the gross sections, i.e. Ncra and Mc rda. The test
results of the six stocky columns are summarized in Table 4.7. Hence, the measured section
resistances of these sections are shown to be larger than their respective design resistances of
the gross sections. However, for those Class 4 sections, the effective areas, Aefr, and the effective
moduli, Wefr, are calculated and adopted in determining both N¢rq and Mczrd, respectively. It

is found that both Sections S2A and S2B exceed the design resistances of their effective sections.

Deformation capacities of sections with the two different fabrication processes, i.e. Series SA
and SB, are described and compared. Fig. 4.14 shows typical deformed shapes after testing of
Sections S3A and S3B. Their deformed shapes are very similar, regardless of the heights where
local buckling occurs. To be more specific, the deformations of each plate are quantified by the
applied load-strain curves shown in Fig. 4.15. It is found that the load-strain curves of Section
S3A are identical to those of Section S3B. However, their post-buckling behaviour cannot be
fully determined from the load-strain curves. This is because the strain gauges were mounted
at the mid-height of the columns, but the local failures occurred away from the mid-height.
More details will be found by comparing the deformed shapes after testing as shown in Fig.
4.14. Under the similar level of eccentric compression, the flat part in S3A undergoes larger
plastic deformation than its counterpart in S3B, and it is considered that more plastic
deformations are mobilized in S3A. Moreover, similar comparisons are made between S2A and
S2B as well as between S4A and S4B, respectively. All Series SA sections are found to exbibit
larger post-buckling deformations than Series SB sections. In summary, when local buckling
occurs under combined compression and bending, better ductility is performed by Series SA
sections than Series SB sections, which keeps in line with the findings demonstrated in Section

4.3.3.
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The applied load-displacement curves of the six tests are shown in Fig. 4.16, where the load-
displacement relationships are considered to be consistent between those Series SA and SB
sections having the same nominal dimensions. As the measured dimensions of these sections
are slightly different from their nominal dimensions, it is proposed to normalize the applied
load-axial shortening curves with the gross cross-sectional areas, Ag, the yield strengths, fy, and
the yield strains, €y. Therefore, direct comparison is made by the normalized load-strain curves
as shown in Fig. 4.17. No significant difference is found between the sections with the two
different fabrication processes, though Section S3A is able to resist a larger compression force
than Section S3B. Four tests with Class 1 or 3 sections have successfully attained their section
resistances while an early failure within the elastic stage of both Sections S2A and S2B are
expected as they are merely Class 4 sections. These test results are further discussed in Section

4.4.4 to evaluate the interaction design curves given in EN 1993-1-1.
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4.4.4 Comparison with EN 1993-1

The design methods on section resistances under combined compression and bending are given
in EN 1993-1-1, among which three methods are presented for sections with i) Class 1 or 2
sections, ii) Class 3 sections, and iii) Class 4 sections. Since the present test programme consists
of sections with Classes 1, 3 and 4, the test results are compared with various design rules as
shown in Fig. 4.18. In Fig. 4.18 a), where the straight lines represent the envelope for elastic
resistances of Class 3 sections under combined compression and bending, and the test data of
all the six tests are plotted with N¢ g/(Ag fy) and Mgy/Melzrd ,Where Meizrd = Wel - fy. It is found
that four tests with Classes 1, 2 and 3 sections attain the elastic resistances of their gross sections.
However, the other two tests with Class 4 sections fail before mobilizing their elastic resistances

of their gross sections, and they do not satisfy the design requirement.

To evaluate plastic resistances of the sections under combined compression and bending,
Sections S3A, S4A and S3B are further compared with the design method for Class 1 or 2
sections. Both the design curve and the test data are plotted onto the same graph in Fig. 4.18 b).
The design curve is transformed from a straight line into a bi-linear curve, consisting of a
“plateau” and a straight line. The length of the “plateau”, n, i.e. the critical value of N¢ gi/Ncrd,
is calculated in accordance with EN 1993-1-1. It should be noted that nc-values of these four
tests are very close to one another, as ranging merely from 0.22 to 0.23. As a larger n. always
represents a large safety margin, nc is taken as 0.23 on a basis of conservative design. For the
test data plotted in the graph, Mg/Mel.ra 1s replaced with Mg/Mn zrd, Where M zrd 1S the
plastic moment resistance of the section, Mpizrd, 1.6. Wpiz-fy, in the linear segment, making all
the four data being shifted downward, when compared with those in Fig. 4.18 a). Both Sections
S3A and S3B are still located above the design curve, i.e. they attain not only their elastic
resistances of the sections, but also their plastic resistances. However, Section S4A fails to meet
the design requirement for Class 1 or 2 sections, which shows a conflict with the section

classification of section of EN 1993-1-1.
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As presented in Section 4.3.4, the modified c-values may be adopted to classify the sections
under compression to proper section classifications that match well with the observed
mobilization in strength and ductility. By replacing Roue with 1.5t, the values of c’/t/e of six
sections are calculated, and they are summarized in Table 4.8. A change of section classification
is found in Sections S4A (from Class 1 to 3 section), Section S3B (from Class 1 to 2 section)
and Section S4B (from Class 3 to 4 section). It should be noted that the change in Section S4A
is considered the most critical. Besides, Section S4B is modified to Class 4 section, and its
effective area, Aesr, and its effective modulus, Werr,, are calculated. Hence, Section S4A is
excluded from the comparison with the design curve for Class 1 or 2 sections shown in Fig.
4.18 b). However, this section is able to attain the elastic resistance of the section as shown in
Fig. 4.18 a). It is concluded that, by adopting the modified c-values for section classification,

all these sections with Classes 1, 2 and 3 fulfil the design requirements given in EN 1993-1-1.
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4.4.5 Summary

An experimental investigation into a total of six S690 CFSHS stocky columns of cold-formed

square hollow sections under eccentric compression is presented. It should be noted that:

Except for those columns with Class 4 sections, all stocky columns with Classes 1, 2
and 3 sections are able to mobilize the full resistances of their gross sections. For those
Class 4 sections, considering local buckling in their plated elements, they have attained

their design resistances of the effective sections.

Both Series SA and SB sections are shown to be able to achieve their section resistances
while large plastic deformations are shown in Series SA sections, when compared with
those of Series SB sections. It is considered that Series SA sections exhibit a large

ductility under combined compression and bending.

It is proposed to adopt the modified c-values for the section classification given in EN
1993-1-1. Consequently, all the sections with the modified classes are shown to able to

fulfil the design requirements given in EN 1993-1-1.
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4.5 S690 CFSHS Slender Columns under Concentric Compression

4.5.1 Test programme

To examine member resistances of these S690 CFSHS under concentric compression, a total of
24 slender columns are tested. The nominal sectional dimensions of these slender columns are
kept being the same as those stocky columns in Sections 4.3 and 4.4. Similarly, compared with
the nominal sectional dimensions, small differences are found in the measured dimensions of
these sections due to fabrication errors, as shown in Fig. 4.9. However, these differences in the
sectional dimensions lead to some changes onto the section classification of sections, making
only few sections to be changed from Class 1 to 2 sections. Besides, in order to capture overall
failure of the columns, each column is designed to be slender enough, with a member length
larger than eight times of the section depth or width, i.e. Ly > 8B or 8H. Considering the
dimensions of the loading attachments and the pin supports at both ends, the effective length,
Lefr, and hence, the non-slenderness ratio, A, of each column are calculated. In order to allow
for an effective examination on member buckling of columns under compression, their non-
dimensional slenderness ratios are designed to range from 0.3 to 1.4, as presented in Table 4.9.
It should be noted that, in this test programme, two member lengths are designed for each

section, which are designed with “P” and “Q”.
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4.5.2 Test set-up and procedures

Fig. 4.19 shows the testing system together with a slender column under concentric
compression. The concentric compression force is applied with the 1000 tons Hydraulic Servo
Control Testing System. Each end of the slender column is welded with a 20 mm thick S355
bearing plate with dimensions of 490 x 490 mm to ensure consistent axial shortening under
compression. In order to deliver a concentric force onto the column and to allow for free rotation
in the plane about the z-axis, a pair of pinned supports are attached onto the end plates each
with six 10.9 M22 bolts. The effective length, L, of the column is defined as the vertical

distance from the centre of one pin to that of another.

The instrumentation for Series SA-P/Q and SB-P/Q are illustrated in Figs. 4.20 a) and b),
respectively. Four strain gauges are mounted onto the outer surface at the mid-height of the
slender column to determine their axial strains. A total of 11 LVDTs are used to measure axial
and horizontal displacements during testing. It should be noted that eight of them are installed
vertically onto the end plates to measure the axial displacements. Moreover, three of them are
installed horizontally at the mid-height of the column, to measure the horizontal displacements

along the y-axis while the horizontal displacement along the z-axis is measured with a LVDT.

The testing procedure of this test programme follows with those introduced in detail in Section

4.3.2, and the same loading procedure is employed.
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4.5.3 Test results

All the tests have been conducted successfully. Table 4.10 summarizes the test results of all the
24 slender columns under concentric compression. The measured maximum applied loads,
Nb,kt, Of all the tests are presented. The design section resistances of the sections, N¢rd, and the
design member resistances of the columns, Ny rd, are also presented in Table 4.10. It should be
noted that Ny rq is calculated with the buckling curve “c” with an imperfection factor, o = 0.49
according to EN 1993-1-1 for axial buckling design of the slender columns. As presented in the

Np,

table, the ratios N—Et of all the slender columns with Classes 1, 2 and 3 sections are larger than
b,Rd

1.0, indicating that the resistances predicted by curve “c” are too conservative for these S690

CFSHS. For those columns with Class 4 sections, the effective areas, Aefr, are calculated and

Np,Et

substituted into N¢Rrg. It is found that the ratios S of the four columns with Sections S2A

b,Rd

and S2B all exceed 1.0.

The failure modes of all the 24 slender columns are shown in Fig. 4.21, and it is evident that
many of them fail in overall buckling. Fig. 4.22 shows the deformed shapes of Tests S3A-Q
and S3B-Q i) at the initial stage, ii) at the peak load, and iii) at the critical failure, respectively.
These may be considered as typical deformed shapes in overall buckling failure of these S690

CFSHS.
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The load-deformation curves are employed to demonstrate the structural behaviour of slender
columns under compression. The applied load-axial shortening curves of all the columns
increase linearly initially, but suddenly they drop sharply after the peak loads are reached.
Moreover, in all cases, the columns fail with overall buckling, and they deflect laterally once
the axial loads are applied. Their load-deflection curves then increase linearly, followed with a
gradual decrease after the failure mode is attained. Fig. 4.23 illustrates the typical relationships
of the applied loads against the displacements of Tests S3A-Q and S3B-Q. As shown in Fig.
4.23 a), significant decreases are found in both the load-displacement curves after the peak
loads are reached. It should be noted that, in the same graph, the lateral deflection increases
quicker than the axial shortening after the peak load is reached. This indicates that an obvious
overall buckling has occurred. Similar trends are also evident in the applied load-displacement
curves shown in Fig. 4.23 b), and this signifies that these two series of sections exhibit very

similar buckling behaviour under compression.

Fig. 4.24 illustrates typical load-strain curves of Tests S3A-Q and S3B-Q. In each graph, it is
shown that four load-strain curves coincide with each other initially, indicating that the column
is under a uniform compression at the elastic stage. As the applied load increases, and the strains
go beyond fy/E, these curves gradually depart from one another, indicating overall buckling
initiates after yielding. The description on the load-displacement relationships adopt to both
graphs in Fig. 4.24, which indicates that structural behaviour without significant difference is
performed by these two series of sections. Moreover, the consistent results are demonstrated by

the other 22 tests.
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4.5.4 Comparison with EN 1993-1

As demonstrated by the test results, the measured member resistances of many of the slender
columns exceed the design member resistances, Nprd, predicted with the buckling curve “c”.
This means that the current design rule givin in EN 1993-1-1 is too conservative to design these
slender columns of CFSHS by directly adopting the existing design rules given in EN 1993-1-
1. Figs. 4.25 and 4.26 illustrate the differences in the member resistances between the slender

columns with Series SA and SB sections. Obviously, the slender columns with Series SB

sections have larger reduction factors, y = f% than those with Series SA sections. Based on a
c,Rd

direct comparison between the measured and the design resistances predicted by various
buckling curves “ap” to “d” with different imperfection factors, o, it is reasonable to propose
the use of a reduced value for the imperfection factor, a, for slender columns of both Series SA

and SB sections.

As previously discussed in Section 4.3.4, the modified c-values should be adopted to classify
these S690 CFSHS under compression into the proper classes that match well with their section
strength mobilization and ductility. The same modification is adopted for the design of slender
columns. By replacing Rout With 1.5t, the values of ¢’/t/e of all the 24 sections are calculated
and summarized in Table 4.11. It is shown that the changes of classification are not only
extensive but also significant. Changes in section classes are found in ten sections, among which
six sections are degraded to Class 4. Their effective areas, Aefr, design section resistances, N¢ rd,
non-dimensional slenderness ratios, A, and design member resistances, Nprd, have been
calculated correspondingly. Obviously, the modified c-values reduce Nc¢rd Of all Class 4
sections, thus increasing the non-slenderness ratios and decreasing the ratios Npet/NcRrd.
Moreover, the averaged Ny, et/Nbrda has been increased from 1.35 (see Table 4.10) to 1.36 (see
Table 4.11), showing the that using this modification may further increase safety margin for
member resistances under axial buckling, but their resistances have already underestimated
based on the design curve “c”. It is therefore recommended that the modified c-values should

not be adopted for the design of slender columns.
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4.5.5 Summary
An experimental investigation into a total of 24 S690 slender columns of cold-formed square

hollow sections under concentric compression is presented. It should be noted that:

e Except for those columns with Class 4 sections, all stocky columns with Classes 1, 2
and 3 sections are shown to mobilize their member resistances. For those Class 4
sections, by adopting Aesr to determine NcRrq, they are shown to have attained their

member resistances.
e Based on a direct comparison between the measured and the design resistances of these
slender columns, it is proposed to improve the design method such that a higher curve

with a smaller imperfection factor should be used.

e [t is recommended that the modified c-values should not be adopted for the design of

slender columns.
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4.6 Conclusions

A total of 12 S690 CFSHS are examined in this Chapter. An experimental investigation into the
structural behaviour of a total of 38 S690 CFSHS column tests is presented, including 8 stocky
columns under compression, 6 stocky under combined compression and bending, and 24

slender columns under compression.

e In general, all stocky columns with Classes 1, 2 and 3 sections have mobilized their full
resistance of the gross section under compression, except Sections S2A and S2B which
are Class 4 sections. Consistent findings are also demonstrated by these stocky columns
under combined compression and bending. Besides, it is proposed to adopt modified c-
values to classify the section classes for the design of S690 CFSHS stocky columns
under compression and under combined compression and bending. Consequently, all

these sections with modified classes fulfil the design requirements of EN 1993-1-1.

e Similarly, all slender columns with Classes 1, 2 and 3 sections are able to mobilize their
member resistances under compression, except for Test S2B-P with Class 4 section.
Based on a direct comparison between the measured and the design resistances
predicted by the method given in EN 1993-1-1, it is proposed to improve the design

method such that a higher curve with a smaller imperfection factor should be used.
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Fig. 4.19 Loading system of slender columns under concentric compression
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Table 4.1  Section classification of CFSHS (nominal dimensions)
Nominal dimensions of section

Series Designation (mm) c/t/e Section
class
B H t Rout C
(1) S1A 150 150 6 24 102 29.1 1
(2) S2A 200 200 6 24 152 43.4 4
SA (3) S3A 200 200 10 40 120 20.6 1
(4) S4A 250 250 10 40 170 29.1 1
(5) S5A 100 100 6 24 52 14.9 1
(6) S6A 120 120 6 24 72 20.6 1
(7)S1B 150 150 6 24 138 394 3
(8) S2B 200 200 6 24 188 53.7 4
SB (9) S3B 200 200 10 40 180 30.8 1
(10) S4B 250 250 10 40 230 394 3
(11) S5B 100 100 6 24 88 25.1 1
(12) S6B 120 120 6 24 108 30.9 1

Note 1: for Series SA, ¢ = B - 2Rouor ¢ = H - 2Ry, whichever is greater; for Series SB, ¢ = B - 2t or ¢ = H - t - Row, Whichever is greater.

Note 2: ¢ = \/235/fy =1/235/690 = 0.584.

Table 4.2  Sectional properties of Class 4 sections (nominal dimensions)

Series Section As At Was Wetrz Aetr/ A Westz | W
(mmz) (mmz) (mms) (mms) eff g eff,z el,z
SA S2A 4440 3697 270 x10° 242 x10° 0.83 0.90
SB S2B 4548 3752 281 x10° 251 x10° 0.82 0.89
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Table 4.3  Test programme of stocky columns under concentric compression
. Measured dimensions of specimens
. . . Section A, I, =
Series Designation c/t/e class (mm) (mm?) (mm*) A
B H t Rout IJm
(1) S1IA-S 346 2 163.0 150.0 5.88 23.88 461 3355 1301 x10* 0.08
(2) S2A-S  48.0 4 207.7 2045 5.883 23.88 608 4497 2955x10* 0.08

SA (3) S3A-S 239 1 212.0 206.7 9.89 39.89 610 7297 4673 x10*  0.08
(4) S4A-S 32.6 1 252.0 260.0 9.89 39.89 759 9143 8652 x10* 0.08
(5) S1B-S 41.5 3 150.0 156.0 5.88 23.88 461 3355 1152 x10* 0.08
SB (6) S2B-S 56.5 4 200.0 207.0 5.88 23.88 609 4542 2841 x10* 0.08
(7) S3B-S 33.0 2 202.0 2085 9.89 39.89 608 7432 4499 x10*  0.08
(8) S4B-S 41.7 3 250.0 257.0 9.89 39.89 758 9341 8873 x10* 0.08

Note 1: for Series SA, ¢ = B - 2R or H - 2R, whichever is greater; for Series SB, ¢ = B - 2t or ¢ = H - t - Rou, whichever is greater.
Note 2: for S1 and S2 sections, € = \/235/fy =+/235/733 = 0.566; for S3 and S4 sections, €= \/235/fy =+/235/754=0.558.
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Table 4.4  Test results of stocky columns under concentric compression

Series Desienati " Section At Nera Nepe Nepe  Nepe  Strength
eries  Designation  c/t/z class (mm? (kN) (kN) A,f, N.gq mobilization
(1)SIA-S  34.6 2 NA 2459 2450 1.00 1.00 full-elastic
gy (S2AS 480 4 3606 2643 2745 0.83  1.04 ~
(3) S3A-S  23.9 1 NA 5502 5999 1.09 1.09 full-plastic
(4) S4A-S 326 1 NA 6894 6914 100 1.00 full-elastic
(5)SIB-S 415 3 NA 2459 2517 1.02 102 full-elastic
gg  (0)S2BS 565 4 3644 2671 2719 0.82 1.02 ~
(7)S3B-S  33.0 2 NA 5604 5891 1.05 1.05 full-plastic

(8) S4B-S  41.7 3 NA 7043 7108 1.01 1.01 full-elastic
Note 1: for Class 1, 2 and 3 sections, Ncra = Ag - fy; for Class 4 sections, Nera = Acsr - fy.

Table 4.5  Test results of stocky columns under concentric compression (modified section classification)

Section class  Aer  Nera Nt Strength

Series  Designation  c'/t/e (modified) (mm?) (kN) @ mobilization

()SIA-S 437 4 3188 2337 1.05  full-elastic
sp  (S2A-s 571 4 3606 2643 1.04 -~
(3) S3A-S  33.0 2 NA 5502 1.09  full-plastic
(4) S4A-S  41.7 3 NA 6894 1.00 full-elastic
(5)SIB-S 424 4 3211 2353 1.07  full-elastic
g (6)S2BS 578 4 3644 2671 1.02 -
(7)S3B-S 333 2 NA 5604 1.05  full-plastic
(8) S4B-S  42.1 4 8950 7043 1.05  full-elastic

Note 1: for Series SA, ¢’ =B - 3tor H - 3t, whichever is greater; for Series SB, ¢’=B - 2t or ¢ = H - 2.5t, whichever is greater.
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Table 4.6  Test programme of stocky columns under eccentric compression

Measured dimensions of specimens

Series Designation  c/t/s Selc tion (mm) Ae L. Wil Wz
class B H t R Lm (mm) (mmd (mm®)  (mm®)
(1) S2A-E 46.4 4 210.0 202.3 588 23.88 328 4499 3007 x10* 336x10° 283 x10°
SA (2) S3A-E 22.4 1 214.0 203.5 9.89 39.89 329 7274  4715x10* 533 x10° 441 x10°
(3) S4A-E 31.4 1 265.0 253.0 989 39.89 529 9261 9523 x10* 856 x10°  719x10°
(4) S2B-E 53.1 4 198.0 206.7 588 23.88 329 4515  2772x10* 325x10° 280 x10°
SB (5) S3B-E 29.0 1 198.5 210.0 9.89 39.89 329 7392 4342 x10*  520x10° 438 x10°
(6) S4B-E 38.1 3 250.0 260.3 9.89 39.89 529 9405 8966 x10* 843 x10° 717 x10°

Note 1: for Series SA, ¢ = H - 2Rou; for Series SB, c =H -t - Rout.

Note 2: for S2 sections, €= \/235/fy =1+/235/733 =0.566; for S3 and S4 sections, €= \/235/fy =+/235/754 =0.558.
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Table 4.7  Test results of stocky columns under eccentric compression

Series Desienation  c/t/e Section A Aeir W, Wtz Nera Nepe Nege e Mezra Me M, Ne gt + M,
& class  (mm}) (mm’) (mm) (mm’) (KN) (kN) Negq (mm) (kNm) (KNm) Mra  Newa  Mera
(1) S2A-E 464 4 4499 3531 283 x10° 252x10° 3298 1235 048 99.5 185 123 0.66 1.14
SA (2) S3A-E 224 1 7274 NA  441x10° NA 5484 2772 0.51  99.5 402 276 0.69 1.19
(3)S4A-E 314 1 9261 NA  719x10° NA 6983 3599 0.52 100.5 646 362 0.56 1.08
(4)S2B-E 53.1 4 4515 3563 280x10° 242x10° 3309 1246 0.48 1005 178 125 0.71 1.18
SB (5 S3B-E  29.0 1 7392 NA 438 x10° NA 5574 2704 049 101.0 392 273 0.70 1.18
(6) S4B-E 38.1 3 9405 NA 717 x10° NA 7091 3713 0.52 101.0 541 375 0.69 1.22
Note 1: Mgt = Ne.gt - €o.
Note 2: for Class 1, 2 and 3 sections, Ncra = Ag - fy; for Class 4 sections, Nera = Acir - fy.
Note 3: for Class 1 and 2 sections, Mc,ra = Wpi, * fy; for Class 3 sections, Mc, ra = Wei, - fy; for Class 4 sections, Mc,ra = Wertz - fy.
Table 4.8  Test results of stocky columns under eccentric compression (modified section classification)
Series Desienation ¢'/t/e Section class A Aetr W, Weiiz  Nera Nept Mezra Mee Nege ME,
& (modified) (mm’) (mm’) (mm’) (mm’) (kN) Negg (KNm) Mg,pa Nera  Megra
(1)S2A-E 555 4 4499 3531 283 x10® 252x10° 3298 0.48 185 0.66 1.14
SA (2) S3A-E 315 1 7274 NA 441 x10° NA 5484 0.51 402 0.69 1.19
(3)S4A-E 404 3 9261 NA  719x10° NA 6983  0.52 542 0.67 1.18
(4)S2B-E 57.7 4 4515 3563 280x10° 242x10° 3309 0.48 178 0.71 1.18
SB (5)S3B-E  33.6 2 7392 NA 438 x10° NA 5574 0.49 392 0.70 1.18
(6) S4B-E 42.7 4 9405 8979 717x10° 692 x10° 6770 0.55 521 0.72 1.27

Note 1: for Series SA, ¢’= B - 3tor H - 3t, whichever is greater; for Series SB, ¢’=B - 2t or ¢ = H - 2.5t, whichever is greater.
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Table 4.9  Test programme of slender columns under concentric compression
. Measured dimensions of specimens
. . . Section
Series Designation c/t/e class (mm)
B H t Rout Lm (mm2) (mm4)
160.7 153.3 5.88 23.88 1280 3343 1266 x10* 0.52
209.0 203.0 5.88 23.88 1580 4495  2982x10* 0.46
213.5 2067 9.89 39.89 1278 7326  4754x10* 0.40
261.7 253.0 9.89 39.890 1579 9196 9240 x10* 0.38
103.5 101.8 5.88 23.88 1979 2065 304 x10* 1.18
1254 1193 588 23.88 1978 2528 561 x10* 0.96

Ag Iz XZ

() SIA-P 336
(2)S2A-P 483
(3)S3A-P 237
(4)S4A-P 3238
(5)S5A-P 167
(6) S6A-P 233

SA (7) S1A-Q 334 159.5 1528 5.88 23.88 2281 3322 1240x10* 0.83
(8) S2A-Q 48.4 209.8 202.5 5.88 23.88 1978 4498 3001 x10* 0.56
(9) S3A-Q 23.6 220.5 196.6 9.89 39.89 2278 7266 4918 x10* 0.63
(10) S4A-Q 32.9 2643 2555 9.89 39.80 2279 9298 9546 x10* 0.51
(11) S5A-Q 16.9 104.1 100.7 5.88 23.88 2278 2058 305 x10* 1.32
(12) S6A-Q 233 1253 1189 5.88 23.88 2279 2522 558 x10* 1.08
(13) S1B-P 41.4 149.5 159.5 5.88 23.88 1279 3390 1164 x10* 0.55
(14) S2B-P 56.4 199.7 2087 5.88 23.88 1580 4558 2848 x10* 0.48
(15) S3B-P 32.6 199.8 2104 9.89 39.89 1280 7425  4415x10* 0.42
(16) S4B-P 41.7 250.0 261.0 9.89 39.89 1580 9420 8987 x10* 0.39
(17) S5B-P 26.4 99.5 1044 588 2388 1979 2154 309 x10* 1.19
SB (18) S6B-P 325 120.1 1252 5.88 23.88 1978 2640 566 x10* 0.97

150.3 158.8 5.88 23.88 2281 3390 1174 x10* 0.86
199.5 209.0 5.88 23.88 1978 4560 2845 x10* 0.58
200.4 2102 9.89 39.89 2278 7433 4445 x10* 0.67
250.0 261.5 9.89 39.89 2279 9430 9002 x10* 0.53
(23) S5B-Q 26.9 101.2 1044 5.88 23.88 2278 2173 322 x10* 1.32
(24) S6B-Q 32.6 120.3 125.0 5.88 23.88 2277 2640 568 x10* 1.09
Note 1: for Series SA, ¢ = B - 2R or H - 2Ry, whichever is greater; for Series SB, ¢ = B - 2t or ¢ = H - t - Rou, whichever is greater.

Note 2: for S1, S2, S5 and S6 sections, €= \/235/fy =+/235/733 = 0.566; for S3 and S4 sections, & = \/235/fy =+/235/754=0.558.

(19)SIB-Q  41.6
(20)S2B-Q 564
(21)S3B-Q  32.7
(22)S4B-Q  41.7

—m G = NI = = I = N W e = = NN e = = NN
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Table 4.10  Test results of slender columns under concentric compression

A Aett Nera 3 Nbra  Nb,Et M M Failure
(mm’) (mm’) (kN) © (&KN) (kKN) Npra Nepa  mode
3343 NA 2450 0.52 2039 2603  1.28 1.06 local
4495 3530 3295 041 2309 2981 1.29 1.15 overall
7326  NA 5524 040 4951 5448 1.10 0.99 overall
9196 NA 6933 038 6293 6867 1.09 0.99 overall
2065 NA 1513 1.18 674 919 1.36 0.61 overall
2528 NA 1853 096 1047 1632 1.56 0.88 overall

Series Designation c/t’le  Section class

() SIA-P 336
(2) S2A-P 483
(3)S3A-P 237
(4) S4A-P 328
(5)S5A-P 167
(6) SGA-P 233

SA (7) S1IA-Q 334 3322 NA 2435 0.83 1565 2187 140 0.90 overall
(8) S2A-Q 48.4 4498 3531 3392 049 2250 2913 1.29 1.09 overall
(9) S3A-Q 23.6 7266 NA 5478 0.63 4220 4917 1.17 0.90 overall
(10) S4A-Q 32.9 9298 NA 7010 051 5879 6698 1.14 0.96 overall
(11) S5A-Q 16.9 2058 NA 1508 132 575 792 1.38 0.53 overall
(12) S6A-Q 233 2522 NA 1849 1.08 916 1302 142 0.70 overall
(13) S1B-P 41.4 3390 NA 2485 055 2031 2477 1.22 1.00 overall
(14) S2B-P 56.4 4558 3572 3341 042 2320 2724 1.17 1.04 overall
(15) S3B-P 32.6 7425 NA 5598 042 4963 5556 1.12 0.99 overall
(16) S4B-P 41.7 9420 NA 7102 039 6409 7149 1.12 1.01 overall
(17) S5B-P 26.4 2154 NA 1579  1.19 692 1227 1.77 0.78 overall
SB (18) S6B-P 325 2640 NA 1935 097 1075 1839 1.71 0.95 overall

3390 NA 2485 0.86 1547 2213 1.43 0.89 overall

4560 3573 3438 0.51 2252 2852  1.27 1.06 overall

7433 NA 5605 0.67 4181 5451 1.30 0.97 overall

9430 NA 7110 0.53 5886 7027  1.19 0.99 overall

2173 NA 1593 132 607 1257  2.07 0.79 overall

2640 NA 1935 1.09 943 1402 1.49 0.72 overall
Average:  1.35

(19)SIB-Q  41.6
(20)S2B-Q  56.4
(21)S3B-Q 327
(22) S4B-Q  41.7
(23)S5B-Q  26.9
(24)S6B-Q  32.6

—m G = NI = = I = N W e = = NN e = = NN

Note 1: for Class 1, 2 and 3 sections, Ncra = Ag - fy; for Class 4 sections, Nera = Aerr * .
Note 2: Npra is calculated with curve “c” (imperfection factor, a = 0.49) according to the buckling design rules given in EN 1993-1-1.
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Table 4.11

Test results of slender columns under concentric compression (modified section classification)

Seri Desi . e/ Section class  Aq Aer Nera - Nbra  Nbee  Nogke  Noke  Failure
eries Designation — ¢ts " dified) (mm?) (mm?) (KN) M kN) (kN) Nyga Newa  mode
(1) S1A-P 42.6 4 3343 3184 2334 051 1959 2603  1.33 1.12 local

(2) S2A-P 57.4 4 4495 3530 2587 041 2309 2981 1.29 1.15 overall

(3) S3A-P 32.7 1 7326  NA 5524 040 4951 5448 1.10 0.99 overall

(4) S4A-P 41.9 3 9196  NA 6933 0.38 6293 6867 1.09 0.99 overall

(5) S5A-P 25.8 1 2065 NA 1513 1.18 674 919 1.36 0.61 overall

SA (6) S6A-P 324 1 2528 NA 1853 096 1047 1632 1.56 0.88 overall
(7) S1A-Q 42.4 4 3322 3176 2328 0.81 1523 2187 1.44 0.94 overall

(8) S2A-Q 57.5 4 4498 3531 2662 0.50 2250 2913 1.29 1.09 overall

(9) S3A-Q 32.7 1 7266 NA 5478 0.63 4220 4917 1.17 0.90 overall

(10) S4A-Q  42.0 3 9298 NA 7010 0.51 5879 6698 1.14 0.96 overall

(11) S5A-Q  26.0 1 2058 NA 1508 1.32 575 792 1.38 0.53 overall

(12) S6A-Q 323 1 2522 NA 1849 1.08 916 1302 142 0.70 overall

(13) S1B-P 43.5 4 3390 3224 2363 0.53 1950 2477 @ 1.27 1.05 overall

(14) S2B-P 58.3 4 4558 3572 2618 042 2320 2724 @ 1.17 1.04 overall

(15) S3B-P 33.6 2 7425 NA 5598 042 4963 5556 1.12 0.99 overall

(16) S4B-P 42.8 4 9420 8985 6775 038 6146 7149 1.16 1.06 overall

(17) S5B-P 26.9 1 2154  NA 1579 1.19 692 1227 1.77 0.78 overall

SB (18) S6B-P 332 2 2640 NA 1935 097 1075 1839 1.71 0.95 overall
(19)S1B-Q 433 4 3390 3225 2364 0.84 1503 2213 147 0.94 overall

(20) S2B-Q 58.4 4 4560 3573 2694 0.51 2252 2852 1.27 1.06 overall

(21) S3B-Q 33.6 2 7433 NA 5605 0.67 4181 5451 1.30 0.97 overall

(22) S4B-Q 429 4 9430 8988 6777 0.51 5658 7027 1.24 1.04 overall

(23) S5B-Q 26.9 1 2173 NA 1593 132 607 1257  2.07 0.79 overall

(24) S6B-Q 33.1 2 2640  NA 1935 1.09 943 1402  1.49 0.72 overall

Average:  1.36

Note 1: for Series SA, ¢’=B - 3tor H - 3t, whichever is greater; for Series SB, ¢’=B - 2t or ¢ = H - 2.5t, whichever is greater.
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CHAPTER 5: COLD-BENDING EFFECTS OF S690 CFSHS

5.1 Introduction

This Chapter presented an experimental-numerical-analytical investigation into cold-bending
effects of cold-formed square hollow sections (CFSHS). A total of 19 flat and curved coupons
were extracted from four 10 mm thick CFSHS with R/t = 3.0, and they were then tested under
uniaxial tension to obtain their stress-strain characteristics, and to determine any strength
enhancement. Both 2D and 3D numerical models were established, to simulate transverse
bending in forming round corners of these CFSHS, and they could predict the stress-strain
characteristics and the strength enhancements at these corner regions of the cold-bent plates.
An integration method was proposed to predict stress-strain characteristics of the corner regions
under transverse bending. This method was further developed as a hand calculation method.

Hence, the predictions on strength enhancements at the corner regions were achieved efficiently.
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5.2 Experimental Investigation

5.2.1 Test programme

Initial stress-strain states in various parts of a CFSHS are induced by transverse bending and
longitudinal welding, and different structural behaviour is exhibited in these parts, including
flat portions, corner portions and welding seams. Two cold-formed sections without welding,
i.e. Sections SA-nw and SB-nw, and two cold-formed welded sections, i.e. Sections SA and SB
as shown in Fig. 5.1 are prepared. The cross-sectional dimensions of these four CFSHS are
consistent with the other sections investigated in the present project, i.e. t = 10 mm and Rin/t =
3.0. As it is proposed to determine mechanical properties of various parts of the sections and to
find out relationships between their stress-strain characteristics and the fabrication processes, a
total of 19 flat and curved coupons are extracted from various parts of these CFSHS and then
tested under monotonic tension forces. The locations where the coupons are extracted from are
illustrated in Fig. 5.2. It should be noted that this test programme consists of four series with a
total of 19 coupons, and their shapes, materials and quantities are summarized in Table 5.1.
Series FP represents flat coupons extracted from flat portions away from the welding seams of
the sections; Series FW represents flat coupons extracted from the welding seams of the sections;
Series CS represents small curved coupons extracted from the corner portions of the sections;
and Series CL represents large curved coupons extracted from the corner portions of the sections.
The dimensions of these four series of coupons are shown in Fig. 5.3. It should be noted that,
the gauge length, Lg, of Series FP, FW and CS coupons are taken 35 mm in accordance with
EN ISO 6892-1 (CEN 2019g). It should be noted that despite the gauge length for Series CL
coupons should be 84 mm, a reduced gauge length, Lrg, is taken for this series of coupons Due
to limited lengths of the CFSHS. Fig. 5.4 shows Sections SA and SB after the coupons are

extracted.
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5.2.2 Test set-up and procedure

The set-up for flat coupon tests is identical to that introduced in Chapter 3. Besides, a new set-
up is designed for curved coupon tests as illustrated in Fig. 5.5. Each of the ends of the curved
coupon is connected to two steel plates with a grade 12.9 bolt. A third plate is connected to the
other ends of these two plates and then directly gripped by the testing machine. Alignment is
ensured before testing, and a tension force is applied vertically through the centre lines of all
the bolts. The attachments used for Series CS and CL coupons are designed with bolts and bolt
plates with proper dimensions, which have passed various resistance checks given in EN 1993-
1-1 (CEN 2014) and EN 1993-1-8 (CEN 2010), including shear resistances of the bolts, bearing
resistances of the plates, resistances of the net sections and detailing of the bolt holes, to ensure
that material yielding along the gauge length is critical among all possible failure modes. As
shown in the figure, a digital camera is mounted in front of the test set-up. High resolution
photos are captured at an interval of 30 seconds during testing, and these photos are analysed
with a simple image processing method to determine post-necking engineering strains within
the gauge length of a coupon while pre-necking engineering strains are obtained from readings
of strain gauges mounted on coupons. The loading procedure and the image process method are

identical to those introduced in detail in Chapter 3.

The dimensions of all these coupons are measured before testing. However, it should be noted
that large curvatures exist on both surfaces in the curved coupons with Rin/t = 3.0 and Rout/t =
4.0 as shown in Fig. 5.6 a), so the cross-sectional areas of the curved coupons should not be
taken as a rectangle. A scanning-CAD method is employed to measure the areas accurately. As
shown in Fig. 5.6 b), it is proposed to measure both dimensions of B and b physically with a
calliper, and, then to measure the profile of the gripping end of the curved coupon with a scanner.
The scanned area outlined in blue is calculated automatically with AutoCAD, and the scanned

area outlined in red is readily obtained based on the proportional relationship between B and b.
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5.2.3 Test results

All coupon tests have been conducted successfully. The deformed shapes of all 19 coupons at
failure are shown in Fig. 5.7. Pre-necking strains are taken as the average readings of strain
gauges, and post-necking strains are calculated with the image processing method on the
elongations of the red grids. The measured areas and the key mechanical properties of all tests
are summarized in Table 5.2, including the Young’s modulus, E, the 0.2% proof strength, fo.,
the tensile strength, fy, the strain at tensile strength, €, and the strain at elongation limit, €. For
Series FP coupons, all the mechanical properties satisfy the requirements given in EN 1993-1-
12 (CEN 2007) for parent metal of high strength steels, i.e. fo» > 690 N/mm?, f./fo» > 1.05 and

eL > 10 %.

a) Series FW vs Series FP

Compared with Series FP, the changes of E, fo.» and f, of the other three Series are summarized
in Table 5.3. By comparing Series FW with Series FP, a reduced Young’s modulus, Erw/Erp =
0.78, is found, which indicates that the weld metal has a more softening elastic behaviour than
the parent metal. As the weld metal has larger fu and ,, thus no early failure will occur in the
weld before the parent metal attains its tensile strength. The comparison is also illustrated in
Fig. 5.8, showing engineering stress-strain curves of these four flat coupons. Very little variation
i1s found between the curves of the two FP coupons extracted from Sections SA and SB.
Although different post-buckling stress-strain characteristics are shown by the two weld metal
coupons FW-A1 and FW-B1, both of them are regarded as qualified to match or overmatch the

steel materials.
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b) Series CS vs Series FP

Both Table 5.3 and Fig. 5.9 present a comparison between Series CS and Series FP. A reduction
of 9 % is found in the E-value of Series CS curved coupons, which may be due to the loading
history of bending-springback-tension (BST) processes at the corner regions, and a detailed
discussion on this softening phenomenon is provided in Section 5.3.2. Besides, fo.2 is increased
by 6 % while fy is increased by 10%. Such a significant enhancement in strength is due to the
cold-working effects at the corner regions under transverse bending with a small Rin/t ratio.
This effect also results in significant decreases in €, and €. as exhibited by the curved coupons.
This is because there are large initial plastic strains at the corner regions, which modify the

stress-strain characteristics of the curved coupons significantly.

¢) Series CL vs Series CS

As summarized in Table 5.3, similar enhancements in strengths and reductions in deformation
limits in those small curved coupons of Series CS are also found in those large curved coupons
of Series CL. This indicates that the cold-working effects are consistent within the corner
regions. However, the size effects of the large curved coupons should be further evaluated by
comparing the engineering strains from the strain gauges attached around the coupons at the
middle of the parallel length. Fig. 5.10 shows the arrangement of the strain gauges for Series
CL coupons and their engineering stress-strain curves. Obviously, significant variations are
observed among the seven strain gauges in the Series CL coupons. For each test, under the same
stress level of foo, these strains are significantly different in their values in the linear elastic
range up to an elongation at 1.0%. The discrepancies found in these strains of both surfaces are
probably attributed to the eccentricities of the applied loads through various attachments, which
were inevitably induced during testing. Moreover, as the measured strengths of the large curved
coupons in both tests are almost identical, and very consistent with those of the small curved
coupons in Series CS as shown in Table 5.2, the variation of strains across the sections is

considered to be insignificant, and thus can be ignored.
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5.3 Numerical Analyses: 3D Transverse Bending Models

As demonstrated by the test results of the curved coupons, cold-working effects are induced
after a steel plate is cold-bent. Due to the existing of these plastic strains, the load-extension
behaviour of the corner portions is different from that of the flat portions under uniaxial tension.
To further investigate the effects of plastic strains and strength enhancements under transverse
bending, a 3D model is established with the commercial software package ABAQUS (2013),

simulating the bending-springback-tension (BST) processes.

5.3.1 Constitutive model of the steel material
a) Von Mises yielding criterion
Von Mises yielding criterion is employed as default in ABAQUS to describe the stress-strain

behaviour of most metallic materials, and it is also commonly used for steels. It is expressed as:

1
Omises = —=[(Oxx — ny)z + (Uyy - Gzz)z + (0,7 — Gxx)z
V2 Eq. (5.1)

+ 6(t3) + 715, + 5]

where
Omises 1S the von Mises stress;
oii 1s the normal stress, where i = X, y and z; and

Tij 1s the shear stress, where 1 =x, yand z, =X, y, z, but 1 #J.



The strain corresponding to von Mises stress, Gmises, 1S defined as the equivalent plastic strain,

PEEQ, and it is expressed as:

PEEQ = [(exx — gyy)z + (Syy - gzz)z + (&2 — gxx)z

+ 6y + Vo + V)]

V2
3 Eq. (5.2)

where
&ii 1s the normal strain, where i = x, y and z; and

vij 1S the shear strain, wherei=x,y and z, j = X, y, z, but i #J.

It should be noted that under transverse bending, the magnitudes of the shear stresses are found
to be very small in all three directions in the cold-bent plate. To simplify this constitutive model
for transverse bending, it is proposed to ignore those minor shear effects, and thus, remove the

shear stress terms, tij from Eq. (5.1). Therefore, the von Mises stress, Gmises, is simplified as:
1
Omises = ﬁ [(Gxx - Uyy)z + (ayy - Uzz)z + (Gzz - Uxx)z] Eq- (53)

Similarly, after removing the shear strain terms, vij, from Eq. (5.2), the equivalent plastic strain,

PEEQ, is simplified as:

PEEQ = [(xx — gyy)z + (gyy - fgzz)2 + (&2 — gxx)z] Eq' (54)

V2
3
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b) True stress-strain curve

When adopting the von Mises yielding criterion for numerical analyses, a true stress-true plastic
strain curve should be incorporated into the model as the constitutive model of the parent metal,
with isotropic hardening considered. In this project, this curve is readily obtained from a
standard tensile test of a flat coupon. It should be noted that the engineering stress-strain curves
of all the Series FP coupons extracted from four sections are identical as demonstrated in
Section 5.2, so Coupon FP-B4 is selected as a typical one, and its results are thus presented as
the true stress-true plastic strain curve after adopting the transformation method introduced in
Chapter 3. Therefore, the true stress-true plastic strain curve (see Fig. 5.11) is directly

incorporated into the finite element models to simulate the BST processes.
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5.3.2 Simulation: curved coupons in Series CS

a) Establishment of models

Fig. 5.12 illustrates a 3D finite element model of the BST processes simulated with ABAQUS.
Both the punch and the die are modelled as rigid bodies, and their dimensions are assigned
according to the set-up for transverse bending as introduced in Chapter 3. A 10 mm thick S690
steel plate is modelled as a deformable body, which will be bent along its transverse direction
numerically. The length and the width of the plate are both 200 mm, and only the portion at the
middle of the parallel length of the curved coupon is extracted. The dimensions of the coupon
are 48 mm in length and 4 mm in width. Compared with the curved coupon to be extracted, the
dimensions of the plate are large enough to ensure that strains will distribute uniformly in the

longitudinal direction along its the gauge length.

A solid element C3D8R is selected for the modelling of the plate, which is a three-dimensional
linear solid element for general purposes of stress analyses. A mesh convergence study has been
carried out as a pilot study, including various element sizes at 0.5, 1.0 and 2.0 mm. It is found
that when the mesh size is equal to 1.0 mm, the numerical results converge well with limited
computational costs, and this meshing strategy is, therefore, adopted for all the subsequent 3D

models of transverse bending.
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Simulation of the BST processes is divided into several steps as illustrated in Fig. 5.13: 1) a
bending force is imposed to the plate by the punch; ii) the force is removed after removal of
punch, and springback occurs in the plate; iii) a curved coupon is extracted from the plate after
springback; and iv) the coupon with initial strains is loaded with a tension displacement until
failure. It should be noted that the final corner angle after springback, B, should be as close as

possible to 90°. Normally the springback angle, AB, for a 10 mm thick S690 steel plate is about

8°, as estimated with Ap = fu/100 (SSAB 2017). This estimated value for AP is adopted in the

trial-and-error iteration process to determine an accurate final corner angle.

It should be noted that a tested curved coupon extracted from a CFSHS has two parallel edges,
as shown in Fig. 5.14 a). To have accurate numerical results, it is recommended to simulate a
curved coupon with its two edges assigned to be parallel when it is extracted from the plate
numerically. An iteration on the coupon dimensions has been carried out before establishing the
models. Fig. 5.14 b) shows a simulated curved coupon extracted from the plate numerically
after iterations, which has two parallel edges, and its cross-sectional area matches well with that
of the tested coupon. Besides, as the gauge length, Lg, in the tested curved coupon is 35 mm,
as shown in Fig. 5.15 a), the same Lg of 35 mm is taken in the simulated coupon, as shown in

Fig. 5.15 b). Hence, the engineering strains of both coupons are very close to one another.
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b) Numerical results

The engineering stress-strain curves of the tested curved coupon and the simulated curved
coupon of Coupon CS-B2 are shown in Fig. 5.16. These engineering stress-strain curves are
obtained from the applied load-extension curves, i.e. the applied loads are divided by their
cross-sectional areas, and the measured extensions are divided by the assigned gauge lengths.
For the tested curved coupon, its tensile strength f, is 893 N/mm? with a corresponding strain
gu at 2.07 %. For the simulated curved coupon, its tensile strength f; is found to be 901 N/mm?
with a corresponding strain &, only at 1.23 %. It is considered that the prediction on tensile
strength is highly accurate with an error smaller than 1 %, though the tensile strain is
underestimated, probably due to different softening behaviour between the tested coupon and

the simulated coupon.
It should be noted that the predicted stress-strain curve follows closely to the measured one not

only in the elastic range, but also in the large-deformed range up to necking. There are

significant differences in these two stress-strain curves after their strains beyond 10 %.
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In the test, softening is initiated when the engineering stress reaches 600 N/mm?, but no

significant softening occurs in the numerical model at the same stress level. It is considered that

such a softening in strength may be attributed to the following two aspects:

Loading history. As the tested curved coupon is extracted from a cold-bent plate after
springback, and it is loaded with a tension force, the coupon actually undergoes a
loading history of bending (transverse loading)-springback (transverse unloading)-
tension (longitudinal loading). Although no load is applied onto the corner regions along
the longitudinal direction during bending, longitudinal strains always exist due to the
Poisson’s effect. Such a loading history has induced large cyclic effects onto the tested

coupon, and this may cause significant softening.

Initial stress state. Another possible reason is the initial stress state of the CFSHS due
to flame cutting. As demonstrated by the residual stress measurements in Chapter 3, the
flame cutting is found to induce significant longitudinal tensile residual stresses onto
the edges of the plates, with magnitudes as large as the yield strengths of the S690 steels.
Therefore, the residual stresses due to flame cutting may have made some contributions

to the softening as observed in the test.

The equivalent plastic strains, PEEQ, through the plate thickness along the centre line of the

simulated cold-bent plate, are shown in Fig. 5.17. These values are obtained from the numerical

models after successful analyses. The distribution of PEEQ between the inner surface and the

outer surface is almost symmetrical about the neutral surface. However, the neutral surface does

not coincide with the middle surface as shown in the figure. It should be noted that the inner

elements shrink along the transverse direction, and stretch through thickness under compression.

Hence, the outer elements stretch along the transverse direction, and shrink through thickness

under tension. Therefore, the different deformed shapes of the elements result in a shift of the

neutral surface towards the inner surface.
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5.3.3 Simulation: flat coupons in Series FP

a) Establishment of models

It is considered that initial PEEQ due to transverse bending in the coupons plays a very
important role in their strength enhancement in their tensile resistances. To investigate the
effects of initial PEEQ), it is proposed to simulate a flat coupon in which the effects of transverse
bending are incorporated through adoption of the PEEQ values obtained in the bending-
springback (BS) process. The initial PEEQ values are shown in Fig. 5.17. The cross-sectional
dimensions of the flat coupon are 3.88 x 9.52 mm, and its cross-sectional area is 36.93 mm?.
These dimensions match well with those of Coupon CS-B2 in Section 5.3.2. A control flat
coupon is also simulated for a direct comparison, which is a flat coupon without any initial
PEEQ. The initial states and the necking states of these two simulated flat coupons together

with a simulated curved coupon are shown in Fig. 5.18.
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b) Numerical results

A comparison is made among the engineering stress-strain curves of the tested coupons and the
simulated coupons, as shown in Fig. 5.19. By comparing the curves between Models “Flat
Coupon (Test)” and “Flat Coupon without iPEEQ (3D FEM)” in Fig. 5.19 a), it is found that
they are similar with only a very minor difference after the on-set of necking. By comparing
the stress-strain curves between Models “Flat Coupon with iPEEQ (3D FEM)” and “Curved
Coupon (3D FEM)” Fig. 5.19 b), it is found that these two curves are very similar except for an
early softening in the simulated curved coupon. Hence, it is demonstrated that a proper
incorporation of the initial PEEQ values in the flat coupon is able to simulate the structural

behaviour of the curved coupons modelled through the BST processes.

As demonstrated in the last paragraphs, the most significant difference between these two
models of the flat and the curved coupons lies in their geometry. The curvatures in both the
outer and the inner surfaces of the curved coupon result in a shift of the centroid. Therefore, a
combined effect of tension and bending, i.e. an eccentric tension force, is applied to the curved
coupon, thus resulting in a smaller applied force. However, it is shown that the geometry has
an insignificant influence on the strength enhancement, and hence, this minor error may be

ignored.

A direct comparison is also illustrated in Fig. 5.20, showing the changes of the sections at

various states of the necked sections throughout testing.

Consequently, by incorporating initial PEEQ values into a flat coupon as its initial state of

strains, this simplified flat coupon model is able to accurately and efficiently predict strength

enhancements at the corner regions of a CFSHS under tension.
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5.4 Numerical Analyses: 2D Transverse Bending Models

5.4.1 Establishment of models

A remarkable advantage of a 3D transverse bending model is that it can simulate the whole
bending-springback-tension (BST) processes, and thus, directly incorporate the changes in
geometry and the modified stress-strain behaviour of the curved coupon extracted from the
corner regions. It is shown that a simulated flat coupon with initial PEEQ is able to achieve this
purpose with a high accuracy. Hence, the problem may further be simplified into one that
calculates the through-thickness distribution of initial PEEQ within a cold-bent plate. It is
proposed to establish a 2D transverse bending model so that numerical results with sufficient

accuracy are readily generated.

The 2D transverse bending model is established as illustrated in Fig. 5.21. Similar to the 3D
model, both the punch and the die are modelled as rigid bodies while the steel plate is modelled
as a deformable body. Interaction surfaces are set between the surfaces to enable friction
between the punch and the plate as well as that between the die and the plate. Theoretically,
transverse bending in this problem meets the description of a plane-strain problem, and the plate
is modelled with the commonly used plane strain element CPE4R in ABAQUS. A bending force
is imposed using a punch with a radius of Ry, = 18 mm, and, thus, the plate is bent until its inner
radius, Rin, reaches Rp. Then, the bending force is removed, and springback occurs in the plate.
As discussed in Section 5.3, a compensation to the springback angle, AB, should be included in
the initial bending angle, B, so a trial-and-error iteration is performed to obtain the final corner

angle, B, to be as close as possible to 90°.

In terms of the constitutive model of the steel, the von Mises yielding criterion is also adopted

in the plane-strain problem. The true stress-true plastic strain used for establishing the 3D

transverse bending model presented in Section 5.3 is also adopted in this 2D model.
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5.4.2 Mesh convergence study

A mesh convergence study is carried out to establish a balance between numerical accuracy and
computational efficiency. Table 5.4 summarizes the study programme with four mesh sizes
adopted. It should be noted that although Mesh D@ 100 has 17 times more elements than Mesh
A@4, the total computational time of the former one is only 16 minutes, which is usually

acceptable.

A comparison on the contours of the transverse stresses is shown in Fig. 5.22, and it is evident
that the stress patterns of Meshes C and D are very similar. The transverse stresses in Mesh B
are also very similar to those two models with finer mesh sizes though the stresses along the
centre line of the section is different. This is because a singularity problem occurs in the border
lines between the compression zone (in blue) and the tension zone (in red), which is attributed
to a sudden change in the transverse stresses close to the neutral surface. A more direct
comparison is made by comparing the strains and stresses along the centre line of the cold-bent
plate with different mesh sizes, as illustrated in Fig. 5.23. Another comparison is made onto the
equivalent plastic strains. As shown in graph a), Meshes B, C and D exhibit almost identical
patterns, and they are symmetrically distributed near their neutral surfaces, though accuracy of
Mesh B for stresses along the centreline is not as good as the other two Models. The transverse
stresses in graph b) are consistent with the contours as illustrated in Fig. 5.22. It should be noted
that as more details are demonstrated by the curves shown in Fig. 5.23 b), it is found that both
Meshes B and C have the similar singularity problem around their neutral surfaces due to the
sudden changes of the transverse stresses. However, no such a problem is found in Mesh D as
its transverse stresses vary very smoothly from the compression zone to the tension zone due
to the refined mesh sizes adopted. In terms of longitudinal stresses, similar patterns are
illustrated in graph c). The only difference is that Mesh B also transmits smoothly near its
neutral surface, and this may be readily explained with a less acute change in the longitudinal

stresses, when compared with that of the transverse stresses.
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Based on the key findings of the convergence study on the models, it is proposed that for a 10
mm thick S690 steel plate with Rin/t = 3.0, different mesh sizes should be adopted depending
on the specific interest of the investigation: 1) if only the PEEQ values are needed to be solved,
amesh with 20 layers of elements may be adopted; ii) if the longitudinal stresses are also needed,
a mesh with 50 layers of elements may be adopted; and iii) if all the field variables of the model
are needed, it is highly recommended to further refine the mesh sizes of the 2D model, and a
mesh of 100 layers of elements should be adopted. In general, the sudden change in the
transverse stresses near the neutral surface demands a fine mesh through the plate thickness in

order to avoid the singularity problem.
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5.5 Analytical Solutions and Simplified Calculation Methods

5.5.1 Theoretical solutions

Moen et al. (2008) reported an analytical solution to describe both the residual strains and the
residual stresses when a plate undergoes transverse bending. Transverse bending is regarded as
a combination of two sequential mechanical processes, namely, 1) plastic bending, and i) elastic
springback. An elastic-plastic material model is employed to reflect the stress-strain
relationship under transverse bending. Transverse stresses are changed during springback
because of release of applied moment to achieve moment equilibrium. It should be noted that
the moment released after elastic springback, Mg, is equal to the moment due to plastic bending,

My, and that is Ms = My. Hence, M and M, are given by:

+t/2

M, = f (G ) dy Eq. (5.5)
—t/2
+t/2

M, = f (G- ¥) dy Eq. (5.6)
_t)2

where

M; is the moment released after elastic springback;
M, is the moment due to plastic bending;

Ox,s 1s the transverse stress due to elastic bending; and

Ox,b 1s the transverse stress due to plastic bending.
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Longitudinal stresses, 6., are calculated with the Poisson’s ratio elastically:

Ozs = Vel " Ox,s Eq. (5.7)

Therefore, the transverse residual stresses, Aok, and the longitudinal residual stresses, Ac,, are
calculated:

Ao, = Oyp — Oxs Eq. (5.8)
Ao, = 0, — Oz Eq. (5.9)

Fig. 5.24 a) illustrates transverse stress distributions due to plastic bending and elastic
springback as well as transverse residual stresses. However, since no force is applied to the
longitudinal direction, the longitudinal stresses are generated due to the Poisson’s effect only.
Considering a typical value of the Poisson’s ratio for steel, i.e. vei = 0.3 for elastic deformations,
and vp1 = 0.5 for plastic deformations, the longitudinal stress distributions are obtained as shown

in Fig. 5.24 b).
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5.5.2 Integration methods

Quach et al. (2006) reported an integration method to predict residual strains and residual
stresses of the steel plates due to transverse bending, which is an analytical-numerical
incorporated method developed based on the theoretical solution to sheeting bending. It can
provide predictions with a high accuracy because of reduced number of assumptions. A critical
one is to consider a shift of the neutral surface. Neglection of such a shift is acceptable for a
thin plate with a large Rin/t, i.e. t <3 mm and Rin/t > 9.0, since the thinner the plate is, the smaller
the effect is. For the 10 mm thick plate with Rin/t = 3.0 in this project, the shift of the neutral
surface is as large as 1.0 mm, so the effect should be carefully considered. Besides, the elastic
strains and the strain hardening of the steel are also considered in the integration method. The

theoretical backgrounds of this integration method are introduced as follows.

The theoretical solutions to sheet bending are reported in the literature. (Hill 1950, Hosford and
Caddell 2011). For a plate under transverse bending (see Fig. 5.25), the radius of the neutral

surface, Ry, is calculated as:

t t
R, = \/(Rc - E)(Rc + E) Eq. (5.10)

where
t 1s the plate thickness;

R¢ is the corner radius at the middle surface, i.e. Rc = (Rin + Rout)/2.
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For an element in a thin plate under bending, y is the through-thickness distance of the element
from the middle surface. So its engineering transverse strain is calculated as the elongation of
the arch length, i.e. (Ly - Lc)/Le = (y - 0)/(Rc - 8) = y/Rc. However, as the shift of the neutral
surface is considered, the true transverse strain due to plastic bending, &xp, is expressed as:

S — y)
R s Eq. (5.11)

gp = In(1 +

where

s is the shift of the neutral surface, i.e. s = R, - Re.

To solve the transverse stresses and the longitudinal stresses through the plate thickness, it is
necessary to employ a material model for the steel. Quach et al. (2006) proposed three types of
material models for steels with different types of nonlinear and hardening behaviour, and they
are: a) an elastic-linear hardening model, b) an elastic-nonlinear hardening model, and c) a
nonlinear hardening model. The first model is considered to match best with the mechanical

properties of the S690 high strength steels in this project.

This material model is as follows:

PEEQ = (o,, — 0y0)/H Egq. (5.12)
EOEst
H=—/"— Eq. (5.13)
EO - Est

where

PEEQ is the equivalent plastic strain;

oyb 1s the yield stress for the steel under transverse bending, which is equal to the von Mises
Stress, Omises;

oyo 1s the yield strength;

Eo is the initial elastic modulus; and

Es¢ is the modulus at the strain hardening stage.
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To develop the integration method, wp is defined as a ratio of the longitudinal stress to the

transverse stress:

Eq. (5.14)

where
Ox,b 18 the transverse stress due to plastic bending; and

oz 1s the longitudinal stress due to plastic bending.

Combining Eq. (5.14) with the von Mises yielding criterion (see Eq. (5.3)), the stress

components at the transverse and the longitudinal directions are expressed as:

Oxp = T > Eq. (5.15)

WpOyp
Ozp = T Eq. (5.16
The transverse yield strain, &xpy, is given by:
ovo(l — v,,2
ol er’) Eq. (5.17)

Expy = I
¢ Eo(1 — v + vZ)Y?
The increment of the stress ratio dwy is then obtained as follows:

_2(1 = wp + wp)(Qp — wp)
dw, = olZ = wp) + 2wy = D] do Eq. (5.18)
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where the stress ratio, Qp, is given by:

_do,,  AveH( = wp + wp) — B2 — wp)QRw, — 1)
Cdoyy, E,Qw, — 12 + 4H(1 — w), + w?)

Q Eq. (5.19)

Finally, the integration formula is constituted. The transverse strain, &xp, at any location of y is

expressed as a function of wp and o:

fwb [(1 = 2wp)* = 2ve(1 = 20p)(2 — wp) + (2 — wp)?*]o

dw
v 2E,wy, — (1 — wp + w?)3/? b

Exb = Exby t {

Eq. (5.20)
do

+ f v (1= w1 — 2vy)
oo EoQwp — (1 — wp + wp)l/?

yo

Therefore, the equivalent plastic strain, PEEQ, the transverse strain, &xp, the transverse stress,
ox,b and the longitudinal stress, 6. at an arbitrary location of y due to plastic bending are readily
obtained, and the calculation process may be implemented with a spreadsheet or other
programming languages. The through-thickness distributions of both the strains and the stresses
are available, and they are directly compared with the numerical results. In the current project,
by substituting the given parameters into Eqgs. (5.10) to (5.20), the through-thickness
distributions of both the strains and the stresses are available, and they are directly compared
with the numerical results. It should be noted that the given parameters include t = 10 mm, Rin

=30 mm, Royt = 40 mm, oy0 = 793 N/mm?, Eg = 217000 N/mm? and E = 397 N/mm?.
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A comparison on PEEQ is made between the results obtained from the 3D model and the
integration method, as shown in Fig. 5.26 a). It is found that the initial PEEQ calculated with
the integration method are underestimated, when compared with those results of the 3D model,
though the error is small. Another comparison is made on the transverse strains between the
results obtained from the two methods, as shown in Fig. 5.26 b). It is acceptable to have these
insignificant errors, because the simplifications employed in the integration method, including
the material model, the integration step size and reduced iterations, always reduce accuracy to
some extent, but improve computational efficiency. In addition, Fig. 5.26 c) shows the
longitudinal strains of the 3D model at the middle along the bending length, which are very
small through-thickness strains, i.e. &z = 0.02%. This may be explained that the essence of
transverse bending is a plane-strain problem, and longitudinal strains are very small, and thus,

they may be ignored if simplification is needed.
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5.5.3 Hand calculation method on strength enhancement

Fig. 5.27 demonstrates the calculation process of the hand calculation method. It considers a
S690 steel plate with a specified Rin/t ratio. The corresponding through-thickness initial PEEQ
values along the centre line of the cold-bent plate are readily calculated with the integration
method (see Eq. (5.20)). First of all, a “virtual” flat coupon with its cross-sectional area of A is
assumed to be extracted from the corner regions of the cold-bent plate (see graph a)). Then, the
flat coupon is uniformly divided into several layers (see graph b) through the plate thickness,
and each layer is assigned with the corresponding initial PEEQ values obtained above (see
graphs ¢) and d)). Thus, the initial value of the PEEQ of each layer is plotted onto the
corresponding locations along the horizontal axis of the true stress-true plastic strain curve as
shown in graph e). When a tension force is applied to the coupon, all the layers deform
uniformly, and, hence, their stress-strain data are readily found in graph f). Thus, the final PEEQ
and omises are determined (see graphs g) and h)). Since the coupon is under uni-axial tension,
PEEQ and omises are regarded as the strains and the stresses along the direction of tension, i.e.
& plastic and oz. The summation of the stresses multiplied with the areas of across the section
gives the force of the section, F, and the elongation along the gauge length is calculated with

PEEQ.
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To plot a load-extension curve of the “virtual” flat coupon, the calculation of PEEQ and Gmises
is broken down into several steps in a calculation loop, so that a series of load-extension data
are obtained. Fig. 5.28 shows a flowchart of the hand calculation process, which can be easily
implemented with a computer programme. The loop begins with a small step size of APEEQ.
Normally, as a S690 curved coupon with Rin/t = 3.0 reaches its tensile strength when the total
APEEQ reaches about 2.0 %, the APEEQ of each step is set 0.2 %, and the loop is completed
after 10 steps. In step n, a APEEQ of 0.2 % is superimposed into the PEEQ of the previous step,
and both PEEQ (n) and F (n) are updated correspondingly, i.e. PEEQ (n) = PEEQ (n-1) +
APEEQ. Then repeat the abovementioned loop until n = 10. Finally, a series of data of both
PEEQ (n) and F (n) are obtained, and it is presented as an engineering stress-strain curve by

dividing the cross-sectional area and the gauge length of the “virtual” flat coupon.

Section 5.6.2 presents a comparison between the engineering stress-strain curves obtained from

this hand calculation method and those obtained from the other methods, for a direct

comparison.

5-26



5.6 Comparison among Various Methods
As demonstrated in the previous Sections, there are various methods to determine the stress-
strain characteristics due to transverse bending and the strength enhancements at the corner

regions of a cold-bent steel plate. The following methods are considered:

a) The experimental method, i.e. the curved coupon tests, can provide the most accurate results
among all the methods, and all the mechanical properties are readily obtained after execution
of the tests. However, this method is time-consuming, and requires careful preparation and

execution.

b) The numerical method is also effective. A 3D transverse bending model is an alternative
approach to predict strain distributions and strength enhancements at the corner regions.
Accurate results are readily obtained with a validated model using certain computational
resources. However, it is necessary to calibrate the model against test data. This process is rather

demanding and requires extensive modelling techniques.

c¢) The third one is the integration method which is a simplified method developed based on the
theory of sheet bending. Compared with the abovementioned experimental and numerical
methods, there is no requirement on either laboratory resources or modelling techniques when
adopting this method. As demonstrated in Section 5.5.2, only little accuracy is sacrificed, but
the results are determined in an efficient way. To further develop this approach, a hand
calculation method is proposed, which can predict the strength enhancements at the corner

regions based on various parameters and data obtained from the integration method.

To evaluate the accuracy and the efficiency of these different methods, comparisons are made

in the following Sections, among their predictions on both stress-strain characteristics and

strength enhancements.
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5.6.1 Through-thickness stress-strain characteristics

The mesh convergence study in Section 5.4.2 demonstrates that Mesh D@ 100 achieves a good
balance between accuracy and efficiency. This 2D model is compared with the strains and the
stresses obtained from the following methods: i) the theoretical solution, ii) the analytical
solution, and iii) the 3D transverse bending model. Various stress and strain distributions
through the plate thickness are illustrated in Fig. 5.29. The equivalent plastic strains, PEEQ,
along the centre line of the cold-bent plate are shown in graph a). It is evident that the similar
patterns are predicted with these four methods, but the variations in the magnitudes of PEEQ
are found at the heights from the neutral surfaces. It is considered that highly accurate results
are obtained with both the 3D and the 2D models, because the strain hardening of the steel and
the large deformations of the elements are fully considered in the calculation of these two
numerical methods. However, as the convergence of the 2D model has been well validated, the
location of the neutral surface predicted with this model may be considered as the most accurate
among all the methods, which is at 1.10 mm above the middle surface. Consistent patterns of
the transverse stresses and the longitudinal stresses are also found in these four curves in graphs
b) and c), respectively. In summary, compared with the other methods, the 2D model is shown
to be able to provide highly accurate results of both the strains and the stresses with small
computational resources. It is proposed to employ this 2D model to simulate the equivalent
plastic strains and the residual stresses at the corner regions of the S690 CFSHS with Rin/t =
3.0. Hence, both the strains and the stresses predicted with this 2D transverse bending model
are readily incorporated into the finite element models for the sequentially-coupled

thermomechanical analyses the structural analyses in the subsequent Chapters.
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5.6.2 Strength enhancements

As illustrated in Fig. 5.30, a comparison is made on the engineering stress-strain curves
obtained with various methods, where Model “Flat Coupon with iPEEQ (Hand)” is the
engineering stress-strain curve calculated with the hand calculation method. The results of this
method agree very well with Models “Flat Coupon with iPEEQ (3D FEM)” and “Curved
Coupon (3D FEM)”, and only a very small difference is found in the softening behaviour of the
curved coupon simulated with the 3D transverse bending model. As discussed in Section 5.3.2,
the early softening in the stress-strain curve of Model “Curved Coupon (Test)” lies in loading
histories and flame cutting on edges, but this softening behaviour does not affect strength
enhancement at large deformations, and similar results are predicted with both the hand
calculation method and the simulated flat coupon with initial PEEQ. Besides, the insignificant
softening exhibited by Model “Curved Coupon (3D FEM)” has been discussed in Section 5.3.3,
which is attributed to the loading eccentricity caused by the geometry change of the curved
coupon. In summary, the hand calculation method is shown to be able to achieve a high accuracy
as a simulated flat coupon with initial PEEQ does, and it is considered as an effective method
to predict the strength enhancement at the corner regions of a cold-bent steel plate with a

specified Rin/t.
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5.7 Conclusions

An experimental-numerical-analytical investigation into the cold-bending effects of the S690
CFSHS is presented in this Chapter. Four 10 mm thick CFSHS with Rin/t = 3.0 are examined.
Various methods are employed to obtain the stress-strain characteristics of the corner regions,

and thus, to determine their strength enhancements at large deformations.

e The experimental method is shown to be able to provide the most accurate results among
all the methods. However, this investigation is time-consuming, and requires careful

preparation and execution of the tests.

e Both the 3D and the 2D numerical methods are developed, respectively. The accurate
results are obtained with the validated 3D model using certain computational time.
However, it is necessary to calibrate the model against the test data, which is a
demanding process that requires extensive modelling techniques. Considering the
essence of the plane-strain problem, the simplified 2D transverse bending model is
established, which is able to provide accurate results using reduced computational
resources. It is proposed to use this 2D model to predict the PEEQ values and the
corresponding residual stresses at the corner regions for all the S690 CFSHS. Both the
strains and the stresses obtained from this 2D model are readily incorporated into finite
elements models for both sequentially-coupled thermomechanical analyses and

structural analyses.

e The integration method, a simplified method developed based on the theory of sheet
bending, has no specific requirement on either laboratory resources or modelling
techniques. Only a small degree of accuracy is sacrificed, but the results are determined
in a highly efficient way. This approach is further developed as a hand calculation
method. Hence, the predictions on the strength enhancements at the corner regions are

readily achieved.

5-30



200
R, = 30
\
100 200 200 200
Section SA-nw Section SA Section SB-nw Section SB
Rin/t =3.0 Rin/t =3.0 Rin/t=3.0 Rin/t =3.0
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Fig.5.2  Locations of coupons extracted from CFSHS
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Fig.5.3 Dimensions of coupons extracted from CFSHS
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a) Section SA b) Section SB

Fig. 5.4  Sections SA and SB after coupons extracted
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Fig. 5.5  Test set-up for curved coupons
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Fig. 5.6 Measurements of dimensions along gauge length for Series CS coupon
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Fig. 5.8 Engineering stress-strain curves of Series FP and FW coupons
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Fig. 5.9 Engineering stress-strain curves of Series FP and CS coupons
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Fig. 5.11  True stress-true plastic strain curve for numerical analyses: Coupon FP-B4
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Fig.5.12 3D transverse bending model
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Fig. 5.13  Simulation of bending-springback-tension (BST) processes
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Fig.5.14  Dimensions of curved coupons: Coupon CS-B2
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a) Series FP coupon without initial PEEQ
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¢) Series CS coupon after BST processes (Coupon CS-B2)

Fig. 5.20  Necked sections of simulated coupons with 3D FEM (Coupon CS-B2)
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Fig.5.21 Simulation processes of 2D transverse bending model (Mesh D@100)
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a) Mesh A@4 b) Mesh B@20

c¢) Mesh C@50 d) Mesh D@100

Fig.5.22  Contours of transverse stresses of the cold-bent plate:
2D FEM with different meshes
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Fig. 5.25  Sketch of a plate under transverse bending
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Table 5.1

Test programme of all coupons extracted from S690 CFSHS

Series Shape of Material along Designation t b A 5.65 - A"
coupon gauge length (mm) (mm) (mm?) (mm?)
(1) FP-Al 9.70 3.94 38.22 34.93
(2) FP-A2 9.72 3.95 38.39 35.01
(3) FP-B1 9.68 3.94 38.14 34.89
FP Flat Flat portion of  (4) FP-B2 9.64 3.94 37.98 34.82
(moRy/t)  4x10mm S690 steel (5) FP-B3 977  3.95 38.59 35.10
(6) FP-B4 9.76 3.94 38.45 35.04
(7) FP-B5 9.79 3.94 38.57 35.09
Average: 9.72 3.94 38.34 34.98
. (1) FW-Al 9.34 3.94 36.80 34.27
FwW Flat T Union GM 110
(0 R/t) 4% 10 mm clectrode (2) FW-B1 9.29 3.97 36.88 34.31
Average: 9.23 3.96 36.84 34.29
(1) Cs-Al 9.55 391 38.01 34.83
(2) CS-A2 9.56 3.90 37.27 34.49
(3) CS-A3 9.54 3.90 37.01 34.37
. (4) CS-A4 9.55 3.90 37.59 34.64
CS Small curved  Corner region of
(Rin/t=3.0) 4x10mm S690 steel (5) CS-B1 9.52 391 37.64 34.66
(6) CS-B2 9.52 3.90 36.93 34.33
(7) CS-B3 9.53 3.91 36.92 34.33
(8) CS-B4 9.56 391 36.71 34.23
Average:  9.54 3.91 37.26 34.49
. (1) CL-A1 9.53 23.96 219.44 83.70
®, /23_ 0 Iizriefo“fn"rf Cog‘gggi‘i’é‘é? of  )CL-A2 956 2395 21999  83.80
Average:  9.55 23.96 219.72 83.75
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Table 5.2

Test results of all series of coupons

Series Designation E ) foz ) . o fulfoz2 Eu i
(mm) (kKN/mm®) (N/mm®) (N/mm?) (%) (%)
(1) FP-Al 38.2 222 784 830 1.06 534 1734
(2) FP-A2 38.4 218 783 827 1.06 549 16.72
(3) FP-B1 38.1 221 796 839 1.05 554 17.64
FP (4) FP-B2 38.0 218 791 837 1.06 6.62 15.43
(no Rin/t) () FP-B3 38.6 217 790 833 1.05 6.28 16.59
(6) FP-B4 38.5 217 795 837 1.05 6.26 16.45
(7) FP-B5 38.6 218 787 829 1.05 5.54 1643
Average:  38.3 219 789 833 1.06 5.87 16.67
W (1) FW-Al 36.8 153 642 872 1.36 8.07 18.11
(0 Rut) (2) FW-BI 36.9 188 667 850 1.27 4.83 16.43
" Average:  36.9 171 655 861 1.31 6.45 14.26
(1) Cs-Al 38.0 196 832 879 1.06 1.55 11.81
(2) Cs-A2 37.3 196 827 895 1.08 1.79 12.26
(3) CS-A3 37.0 198 844 908 1.08 1.53 13.53
cs (4) CS-A4 37.6 195 838 898 1.07 1.52 11.62
(Ru/t = 3.0) (5) Cs-B1 37.6 196 831 891 1.07 1.78 12.11
" ’ (6) CS-B2 36.9 193 830 901 1.09 2.07 11.93
(7) Cs-B3 36.9 210 852 909 1.07 1.61 13.68
(8) CS-B4 36.7 206 850 916 1.08 1.81 12.06
Average: 373 199 838 900 1.07 1.71 12.38
CL (1) CL-A1 219.4 201 829 919 1.11  2.12 --
(Rin/t = 3.0) (2) CL-A2 220.0 197 827 919 .11 2.19 --
" ] Average: 219.7 199 828 919 L1l 216  --
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Table 5.3  Key mechanical properties of all series of coupons
Series (kN /];jrlmz) (N /il.:izmz) (N /imz) (:,(2 ) (f/i ) E/Erp  fox/forpe  fu/fure €u/€urpr €L/eLrp
FP 219 789 833 587 16.67 1.00 1.00 1.00 1.00 1.00
FW 171 655 861 6.45 1426 0.78 0.83 1.03 1.10 0.86
CS 199 838 900 1.71 1238 091 1.06 1.08 0.29 0.74
CL 199 828 919 2.16 - 0.91 1.05 1.10 0.37 -
Table 5.4  Mesh convergence study of 2D transverse bending models
Meshed layers Global mesh size Total number Computational time . PEEQ Normallz?d transverse stress
Model through thickness of elements on inner surface on inner surface
(mm) (min) (%) ()
Mesh A@4 4 2.5 320 2 14.4 0.077
Mesh B@20 20 0.5 5560 2 19.4 0.643
Mesh C@50 50 0.2 20100 5 18.7 0.757
Mesh D@100 100 0.1 51000 16 17.8 0.795

5-56



CHAPTER 6: THERMOMECHANICAL ANALYSES FOR S690 CFSHS

6.1 Introduction
This Chapter presented a theoretical-numerical investigation into the temperatures and the

residual stresses of four S690 cold-formed square hollow sections (CFSHS) due to welding.

The classic heat transfer mechanism was introduced as a basis of theory for this Chapter.
Various thermal and mechanical properties for thermomechanical analyses were determined. A
double-ellipsoidal heat source model was introduced to describe the energy distribution of a
welding electrode. Based on this heat source model, an analytical solution to the temperature
fields was then developed to predict fusion zones and to determine the lengths of the semi-axes

adopted in the double-ellipsoidal model.

In order to predict the residual stresses of four CFSHS, the numerical models were established
based on the theoretical studies and adopted to perform the sequentially-coupled
thermomechanical analyses. In the numerical models, both the residual stresses due to
transverse bending and the temperature fields due to longitudinal welding were incorporated. It
was found that the residual stresses predicted with the numerical models matched well with the
measurements of the sectioning method, and force equilibrium was well achieved in the results
of these numerical models. Hence, this validated numerical method was considered to be

qualified to predict the residual stresses in the S690 CFSHS.

To consider the fabrication effects into the structural analyses, the residual stresses and the
plastic strains obtained from both the bending models and the thermomechanical analyses were
simplified, and thus, were readily incorporated as the initial stress states of the numerical

models for the structural analyses in Chapter 7.
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6.2 Thermomechanical Properties in Heat Transfer
6.2.1 Basic formulae in heat transfer
The classic heat transfer theory is adopted in this project, and it is widely regarded as a

complicated process of energy exchanging, involving conduction, convection and radiation.

Conduction is considered to be the most important part of heat transfer during welding as the
energy in this form contributes the largest portion of heat energy input of the whole welding
process. The net heat flux due to conduction is given by Fourier’s Law, which is a simplified

expression that describes a one-dimensional case of heat transfer:

dT
Anetecd = A= Eq. (6.1)

dx
where
Qnetcd is the net heat flux due to conduction (W/m?);
dx is the material thickness (m);
dT is the temperature difference (K) from a hot area to a cold area across a thickness of dx; and

A is the thermal conductivity (W/m/K).
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However, as the real welding processes are more complicated than a one-dimensional heat
transfer problem, a spatial- and time-dependent distribution of temperatures during welding
should be considered. To specify the transient temperature fields in the vicinity of welding, the

law of energy conservation is introduced as follows:

oT A 0°T 0°T  0°T qs
— = —(== + + + =
ot cp 0x?  0y? = 0z? cp

Eq. (6.2)

where
c is the specific heat (J/kg/K);
p is the mass density (kg/m?), i.e. p = 7850 kg/m? for steels; and

gs is the volumetric heat flux of the welding heat source (W/m?).

It should be noted that the thermal properties mentioned above, i.e. the conductivity and the
specific heat, are temperature-dependent. In order to incorporate these properties into heat
transfer analyses, a detailed discussion on thermal properties of steels at elevated temperatures

is presented in Section 6.2.2
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In addition to conduction, convection and radiation are the other two forms of heat transfer. The

net heat fluxes due to convection and radiation are given by Egs. (6.3) and (6.4), respectively:

Gnetcv = @ (TO - T) Eq. (6.3)

where

Qnetev is the net heat flux due to convection (W/m?);
o is the film coefficient (W/m*/K);

To is the ambient temperature (K); and

T is the material temperature (K).

Qnetr = @+ €-5.67 x 1078[(Ty + 273)* — (T +273)*] Eq. (6.4)
where
Qnetr 1S the net flux due to radiation (W/m?);

¢ is the configuration factor, and it is taken to be 1.0 in this project for simplification; and

& is the emissivity coefficient.
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It should be noted that the film coefficient, a, in Eq. (6.3) and the emissivity coefficient, &, in
Eq. (6.4) are two thermal properties that vary insignificantly at elevated temperatures. Both of
these two properties have large ranges of values for steels at ambient temperatures, but no
specific values are given in EN 1993-1-2 (CEN 2009). To evaluate the sensitivity to both the
film coefficient and the emissivity coefficient in heat transfer analyses and thermomechanical
analyses, a pilot study was carried out by the author numerically. When a is taken to vary from
1 to 30 W/mm?/k, the peak temperatures during welding change from 5977 to 5934 °C, i.e. with
adecrease by only 0.7 %, and the corresponding maximum tensile residual stresses after cooling
change from 585.5 to 584.1 N/mm?, i.e. with a decrease by only 0.2 %. When & is taken to vary
from 0.3 to 0.9, the peak temperatures during welding change from 7088 to 5099 °C, i.e. with
a decrease by 28.1 %, and the corresponding maximum tensile residual stresses after cooling
change only from 598.6 to 570.9 N/mm?, i.e. with a decrease by only 4.6 %. In summary, the
change of the film coefficients has only minor influences on the temperature histories and the
residual stresses. However, the numerical results of the thermomechanical analyses are sensitive
to the emissivity coefficients. In practical welding, it is demanding to precisely measure the
emissivity coefficient of every steel plate as this coefficient is highly sensitive to the surface

statue of the plate (Zhu et al. 2020).

According to the pilot study, it is recommended that the film coefficient, a, is therefore taken
to be 25 W/m?*/K, which is a commonly adopted value for heat transfer analyses as in EN 1993-
1-2. As the emissivity coefficient, &, is commonly taken to vary between 0.75 and 0.85 for cold-
rolled steels in engineering practice, it is therefore to adopt to be 0.80 for all the heat transfer

analyses in this project.
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6.2.2 Thermomechanical properties at elevated temperatures

During welding, steel plates normally undergo quick changes in temperatures with large
gradients. It is important to determine how the steel properties vary with temperatures during
welding because these parameters allow the steels to behave differently in both heat transfer
analyses and thermomechanical analyses. EN 1993-1-2 provides a set of reduction factors for
temperature-dependent thermomechanical properties for S235 to S460 steels at elevated
temperatures, and they are thermal conductivity, heat specific, thermal expansion coefficient,
yield strength and Young’s modulus. However, as there are limited studies on the temperature-
dependent material properties of high strength steels, it is acceptable to employ these reduction
factors in EN 1993-1-2 directly for the heat transfer analyses and the thermomechanical

analyses for high strength S690 steels in this project accordingly to EN 1993-1-12.

The reduction factors for yield strength and Young’s modulus are shown in Fig. 6.1. In this
project, 6 and 10 mm thick S690 steel plates are used for manufacturing various members, and
the curves shown in Fig. 6.2 represent typical true stress-strain characteristics of these plates at
ambient temperatures as presented in Chapter 3. By adopting the reduction factors shown in
Fig. 6.2, both the elastic and the plastic stress-strain characteristics of these two plates at
elevated temperatures are obtained. Therefore, the constitutive models of these steel plates for

the thermomechanical analyses are readily developed.
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6.3 Heat Source Model

A heat source model is a tool that describes the distribution of the energy induced by an
electrode during welding. In this project, a double-ellipsoidal heat source model is employed to
describe the movement and the distribution of the heat source of arc welding. The model is a
widely-adopted heat source model developed by Goldak et al. (1984). It should be noted that
this model is demonstrated to has been working effectively together with various
thermomechanical properties and welding parameters while the thermomechanical properties
employed are introduced in Section 6.2. The welding parameters are introduced in the following

paragraphs.
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6.3.1 Weld parameters

Linear heat input energy is a controlling welding parameter that influences significantly the
mechanical properties of the heat affected zones (HAZ) of a welded section. In order to control
welding quality, this key parameter should be determined prior to welding by considering the
plate thickness, the welding method, the chemical compositions and the mechanical properties

of the steel. The linear heat input energy, q, is given by:

Eq. (6.5)

where

q is the linear heat input energy (kJ/mm);

n is the efficiency of welding, normally taken to be 0.80 ~ 0.90 for GMAW;
U is the voltage (V);

I is the current (A); and

v is the speed of welding (mm/s).

In this project, a qualified welder is employed to carry out GMAW to all the specimens, so that
the heat input is well controlled under 1.5 kJ/mm. Under such a low heat input, the mechanical
properties of the HAZ have very little reductions in both strength and ductility. Typical welding
parameters are presented in Section 6.5. For further information on the welding passes, the

preheating temperatures and the interpass temperatures refer to Chapter 3.
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6.3.2 Double-ellipsoidal heat source model

A heat source model is commonly employed in a heat transfer analysis to describe the
distribution of energy during a welding process. Among many heat source models in the
literature, one of the most efficient and commonly employed models is the double-ellipsoidal
model (Goldak et al. 1984). With development of finite element methods, the double-ellipsoidal
model has been extensively employed in heat transfer analyses in the past few decades that
residual stresses of a welded section are readily predicted in thermomechanical analyses. The

definition of the double-ellipsoidal heat source model is given by:

_ 6\/§f1q 3(z — vt)?

7 (x,y,z,t) = - pr—— (——) xp(— )exp(—c—lz) Eq. (6.6)
B 6\/_f2q 3x 3y? 3(z — vt)?

2 (xy,2t) = p—- xp(——) exp(— 2)exp(—T) Eq. (6.7)

where

qi1 (X, y, z, t) is the power density in the front ellipsoid;

qQ2 (X, Y, z, t) is the power density in the rear ellipsoid;

q is the linear heat input energy (kJ/mm), as defined in Eq. (6.5);
f1 is the portion of the heat deposited in the front ellipsoid;

f> 1s the portion of the heat deposited in the rear ellipsoid; and

a, b, ¢ and c» are the lengths of the semi-axes.



Fig. 6.3 illustrate a typical double-ellipsoidal heat source model, and the symbols defined above
are also shown in the figure. The two normal distributions, i.e. one in the front ellipsoid and the
other one in the rear ellipsoid, of the heat fluxes are presented along the z-axis. It should be
noted that these two normal distributions have the same mean values, i.e. i = p2 = 0, but they
have two different standard deviations, i.e. o1 # 62. However, the heat flux function must keep

continuity at the point of z = 0, which means mathematically:

g1 (z =0) = qz(z = 0) Eq. (6.8a)
'(z=0)=¢q¢'(z=0 =0 Eq. (6.8b)
Due to:
Therefore,
_ 24 Eq. (6.10)
fi = c1+c, 4 &
_ e Eq. (6.11
f2 = o+, q. (6.11)
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6.4 Analytical Solution to Temperatures due to Welding

A double-ellipsoidal heat source model is important for a thermomechanical analysis to predict

temperatures with properly defined thermal properties and welding parameters. The

temperature fields during welding are spatial- as well as time-dependent, i.e. T=T (X, y, z, t).

As demonstrated in the previous Sections, the temperature fields in heat transfer are constituted

with a number of variables as follows:

Txyzt) = TxyztTy,AcULnva/fab,cg,cy) Eq. (6.12)

A total of 17 variables shown in Eq. (6.12) are categorized into five Groups from A to E as

follows:

Group A: the independent field variables, namely the spatial coordinates (x, y and z),
the time of welding, t, and the ambient temperature, To. These 5 variables are
independent variables.

Group B: the temperature-dependent thermal properties, namely the thermal
conductivity, A, and the specific heat, c. These 2 variables are discussed in Section 6.2.2,
and their values are readily determined in accordance with EN 1993-1-2.

Group C: the welding parameters, namely the voltage, U, the current, I, the welding
efficiency, 1, and the welding speed, v. These 4 varibales are discussed in Section 6.3.1.
The welding parameters of each welding pass should be meausred during welding for
effective modelling.

Group D: the coefficients for convection and radiation, namely the film coefficient, a,
and the emissivity coefficient, &. These 2 variables are discussed in Section 6.2.1 while
they are taken to be 25 W/m?*/K and 0.80, respectively.

Group E: the parameters of the double-ellipsoidal heat source model, namely the lengths

of the semi-axes (a, b, ¢i and ¢»).
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It is found that except for the variables in Group E, all the other ones are readily employed in
the thermomechanical analyses. To find a proper set of the lengths of the semi-axes of the
double ellipsoidal heat source model, iterations should be carried out. Obviously, complicated
calculations on temperature fields must be implemented with numerical methods. But the
modelling process is quite demanding, and it probably takes much computational time to
perform running heat transfer analyses numerically. Hence, it is proposed to develop an

analytical solution to predict the temperature fields due to welding with a high level of accuracy.

Fachinotti et al. (2011) reported an analytical solution that is capable of predicting the
temperature fields induced by a double-ellipsoidal model. The analytical solution is developed

with an integration formula, which is given by:

exp [ 3x2 B 3y? :
3v3 g LEPLT okt — 0) + a2 12k(t — €) + b?
T(x,yzt)=T)y+——X
mmpe o J12k(t — t) + a? J12k(t — t') + b2 Eq. (6.13a)

X [f1A;(1 + By) + f,4,(1 — B.)] dt’

exp [ 3(z — vt')? !
12 -t 2
A = At t,c) = -+ Eq. (6.13b)
JlZK(t -t + ¢
B, = B(zt,t,c) = erf [ z = vt
i = B@tta) =efly ] Eq. (6.13¢)

Jr(t — t')\/lZK(t -t + ¢

It should be noted that the index, 1, is taken to be 1 or 2, where “1” donates the front ellipsoid

while “2” donates the rear ellipsoid.
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where

p is the density (kg/m?), which is taken to be 7850 kg/m? for steel;

c is the specific heat (J/kg/K), which is taken to be 600 J/kg/K for steel;

A s the thermal conductivity (W/m/K), which is taken to be 25 W/m/K for steel; and
K is the diffusion coefficient (W-m?/J), which is defined as « = M/(p-c) = 5.31 W-m%/1.

The integration formulae shown in Eq. (6.13) are implemented with the software MatLab in
this project. After inputting the parameters of the formulae into the software, the analytical
solution is able to provide details of the distributions of the temperatures at the time of t along
x-, y- and z-axes, respectively. Therefore, the dimensions of the fusion zone are directly
evaluated. After trial-and-error iterations, the best-fitted lengths of the semi-axes of the model

are determined.

Heat transfer analyses can precisely predict temperature fields of the finite element models.
However, the analytical solutions are more efficient in calculation as some assumptions may be
introduced for simplification. One of the most important assumptions is that only the heat flux
due to conduction is calculated in this analytical solution, i.e. the heat fluxes due to both
convection and radiation are totally ignored. Besides, all the temperature-dependent thermal
properties are taken to be constant. These two assumptions may reduce accuracy but
significantly simplify the calculation process. Therefore, it is recommended to employ both the
analytical solutions and the numerical methods simultaneously when predicting the temperature

fields due to welding, so that a balance between accuracy and efficiency is readily achieved.
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A heat transfer analysis of single-pass welding is developed numerically with ABAQUS (2013).
The welding parameters incorporated in this analysis are consistent with the recorded values of
the first welding pass of Section S3A, i.e. U=20.4V, =150 A, v=2.09 mm/s, n = 0.80 and
q = 1.24 kJ/mm. The analytical solution is also developed to predict the distributions of the
temperatures with the same welding parameters incorporated. Fig. 6.4 illustrates a direct
comparison on the dimensions of the fusion zones between the analytical solution and the
numerical model, i.e. the half-widths along the x-axis of the fusion zones and the lengths along
the z-axis of the fusion zones. It is defined that the fusion zones in this comparison are the areas
where temperatures are larger than 1400 °C. As demonstrated by the numerical results in graph
a), the half-width of the fusion zone is 3.0 mm along the x-axis, and its length is 8.5 mm along
the z-axis while as demonstrated by the analytical results in graph b), the half-width of the
fusion zone is 3.2 mm along the x-axis, and its length is 7.2 mm along the z-axis. The
dimensions of the fusion zones obtained from these two methods are considered to in a good
agreement. After several iterations, a set of welding parameters of the double-ellipsoidal heat
source model are determined as summarized in Table 6.1, and these parameters are readily

employed in the investigations of the heat transfer analyses in the subsequent Sections.
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6.5 Sequentially-Coupled Thermomechanical Analyses

In order to predict residual stresses in S690 CFSHS, both transverse bending and longitudinal
welding should be considered in the numerical simulation simultaneously. Fig. 6.5 shows a
flowchart of numerical predictions for residual stresses in which three numerical models are
developed consistently with ABAQUS, and they are: i) 2D transverse bending model, ii) 3D

heat transfer model, and iii) 3D thermomechanical model.

As described in Chapter 5, both the initial plastic strains and the residual stresses of a S690
cold-bent plate with Rin/t = 3.0 have been successfully simulated with the 2D transverse bending
models. Besides, the whole analysing processes of the models in items ii) and iii) are defined
as a “sequentially-coupled thermomechanical analysis”, which is a widely employed technique
for simulating the temperatures and the residual stresses due to welding numerically. A
validated heat transfer model is able to predict the temperature fields of a welded section due
to welding. By incorporating both the initial stress-strain components due to transverse bending
and the temperature fields due to longitudinal welding into a thermomechanical model, the

resultant residual stresses of a CFSHS are readily predicted.
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6.5.1 Investigation programme

A total of four welded CFSHS are investigated with the sequentially-coupled thermomechanical
analyses, including i) two 6 mm thick Sections S1A and S1B, and ii) two 10 mm thick Sections
S3A and S3B. Fig. 6.6 illustrates the dimensions of these four CFSHS, which are identical with
all the other CFSHS covered in this project. The member lengths of Sections S1A and S1B are
560 mm, and the member lengths of Sections S3A and S3B are 760 mm. It should be noted that
the member lengths of these sections are all larger than three times of the widths of these
sections. This allows the residual stresses induced by both transverse bending and longitudinal
welding to be distributed uniformly at both ends over a length about the width of the section.
Hence, only the residual stresses at the mid-length are taken to be typical pattern, and thus,

compared with those measured with the sectioning method.

Table 6.2 summarizes the investigation programme of the sequentially-coupled
thermomechanical analyses. All the sections are fabricated with both transverse bending and
longitudinal welding, and details of their fabrication processes are introduced in Chapter 3. It
is presented in Table 6.2 that the welding parameters, the temperature histories and the residual
stresses of Sections S3A and S3B are well measured and recorded, so the numerical models of
these two sections are readily established. After a successful validation, the numerical models
are able to simulate the temperature histories and the residual stresses of Sections S1A and S1B

with a high level of accuracy.

Fig. 6.7 shows the sketches of four different types of multi-pass welding in the four CFSHS.
The key welding parameters of each pass are summarized in Table 6.3, including the current, I,
the voltage, U, the welding speed, v, the welding efficiency, n, and the linear heat input energy,
g- As demonstrated in Section 6.3, these welding parameters are very important to the modelling
accuracy of the heat transfer analyses and the thermomechanical analyses, because they define
key parameters of the double-ellipsoidal heat source model, and thus, determine both the

temperatures and the residual stresses of the CFSHS.
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6.5.2 Establishment of models

Fig. 6.8 illustrates the modelling process of the multi-pass welding in Sections S1A and S1B.
The sequences of four welding passes are shown in both graphs, with each welding pass
allocated with the similar volume of the welding groove. Each graph shows that Passes 1 and 2
are welded sequentially at the top of the section, followed with Passes 3 and 4 welded
sequentially at the bottom of the section. Similarly, Fig. 6.9 illustrates the modelling process of
the multi-pass welding in Sections S3A and S3B. The only difference is that one more welding
pass is imposed into each welding groove in Section S3A and S3B, because their plate

thicknesses are increased from 6 to 10 mm.

Fig. 6.10 illustrates the boundary conditions of the thermomechanical models of Series SA and
SB Sections. In general, the boundary conditions of these two Series of sections are similar. At
one end of the specimen, the degrees of freedom for translation are fixed in all the three
directions, i.e. Ux = Uy = U, = 0 while at the other end, the degrees of freedom for translation
are fixed in both directions in the plane of the section, i.e. Ux = Uy = 0. Hence, all the specimens

can expand along their longitudinal direction freely during welding.

The material properties and the double-ellipsoidal heat source model are introduced in Sections

6.2 and 6.3, respectively, and, they are readily incorporated into the sequentially-coupled

thermomechanical analyses.
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6.5.3 Simplified residual stresses due to transverse bending

As demonstrated in Section 6.5.1, the residual stresses due to transverse bending should be
incorporated into the thermomechanical analyses. The 2D transverse bending models developed
in Chapter 5 are shown to be able to predict through-thickness residual stresses at the corner
regions with a high level of accuracy using very little computational resources. In the present
project, the CFSHS are fabricated with 6 and 10 mm thick plates, but only one Rin/t ratio is
employed for all the cold-bent corners, i.e. R/t = 3.0. Therefore, two patterns of residual
stresses due to transverse bending are readily obtained with the above-mentioned validated
models, and they are: i) t = 6 mm and Rij, = 18 mm, and ii) t = 10 mm and Ri, = 30 mm, as
shown in Fig. 6.11. It should be noted that these two patterns exhibited by 6 and 10 mm thick
plates are very similar. This indicates that with the same Rin/t ratio, different plate thicknesses

may not affect the distributions of the longitudinal residual stresses.

To incorporate the residual stresses predicted with the 2D transverse bending models into the
3D finite element models for thermomechanical analyses, the two patterns shown in Fig. 6.11
should be adopted in which the numbers of layers are significantly reduced. The through-
thickness longitudinal stresses in the 6 mm plate are discretized into 3 layers. The values of the
longitudinal stresses within one layer are taken to be the average stress within that layer.
Similarly, the pattern in the 10 mm plate is discretized into 4 layers evenly. Therefore, the
longitudinal residual stresses obtained from the 2D transverse bending models are readily

incorporated into the 3D models for further investigation.
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6.5.4 Simplification of models and mesh convergence study

a) Half models vs full models

Before carrying out a mesh convergence study, it is proposed to simplify full models into half
models because high computational efficiency is achieved in the latter ones. Fig. 6.12 illustrates
the establishment of both the full modes and the half models of the four CFSHS. Section S3A
is taken as an example to demonstrate the modelling process: the full model represents the
welding processes with six sequential analysing steps in which the six welds are activated one
by one in each step, and these six welding passes are imposed onto the welding grooves of the
section in sequence as shown in this figure. The half model is simplified by taking symmetry
about the zx-plane of the full model, so that only the three welding passes at the top are
performed numerically in this half model. It should be noted that the major difference between
these two models lies in the welding sequences. Hence, both the top passes and the bottom
passes of the section are assumed to be performed into the half model at the same time, which
is different from the real welding sequences in the fabrication process. It is apparent that the
half model can achieve high computational efficiency while ignoring welding sequences may
result in errors in the residual strains across the section. Therefore, the effectiveness of this half

model should be checked by comparing the residual strains between these two models.
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Two full models and two half models are established, and they are referred as Models S3A-F,
S3A-H, S3B-F and S3B-H. Fig. 6.13 shows a comparison of the longitudinal residual strains
on both surfaces of Models S3A-F and S3A-H. As Section S3A is symmetrical about both the
yz-plane and the zx-plane, the results of only half a section are shown in the graphs, namely the
longitudinal residual strains from Points A to A’. It should be noted that the largest magnitude
and gradient of the longitudinal residual strains are found at Points A and A’, which are the
locations of the weld centres. By comparing the results of the two models at these two Points
and the other locations, very small differences are found in both the magnitude and the gradient
of the residual strains. Hence, it is shown that welding sequences have very minor effects on

the longitudinal residual strains.

Another comparison between the results of Models S3B-F and S3B-H is also carried out, as
shown in Fig. 6.14. The residual strains around the whole perimeter of the sections are plotted
in the graphs. The largest magnitude and gradient of the longitudinal residual stresses are found
at Points D and D’, which are the locations of the weld centres as well. Similarly, there are only
small differences in both the magnitude and the gradient along the perimeter of the section, but
there are some differences in the compressive residual strains between Points D to D’ of these
two models. In the half model, the compressive strains are found to be constant at -0.081 %
from one weld to another, i.e. from Points D to D’, due to symmetry of the section. But the
compressive strains from Points D to D’ are found to decrease from -0.074 % to -0.062 %.
However, this variation in the residual strains along the flat plate is considered so small that it

does not affect the overall residual strains of the section, and, thus, it effects could be ignored.

It is found that the results from the half models and those from the full models are very similar
to one another, and only very small differences in the residual stresses are found within the flat
plates in Section S3B. In summary, a half model is shown to be able to predict the residual
strains with the same level of accuracy as a full model does, but the computational time is
significantly decreased. It is recommended to employ half models to carry out the mesh
convergence study, and also the investigations for the sequentially-coupled thermomechanical

analyses.
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b) Mesh convergence study

A mesh convergence study is carried out on Section S3A, to find out proper mesh sizes
achieving a balance between accuracy and computational efficiency for the sequentially-
coupled thermomechanical analyses of all four CFSHS. Fig. 6.15 shows three models with
coarse to fine meshes. Different layers are provided across the plate thickness, i.e. three layers,
four layers and six layers, respectively. The longitudinal residual stresses due to transverse
bending shown in Fig. 6.11 b) are divided into the corresponding numbers of layers, and thus,
incorporated into the corner regions of these three models with different mesh sizes. Fig. 6.16
shows the various through-thickness distributions of the longitudinal residual stresses at the

corner regions of these three models.

Table 6.4 summarizes the programme and the results of the mesh convergence study. It is found
that, with an increase in the numbers of the total elements, the computational time increases
considerably. Fig. 6. 17 presents direct comparisons on the temperature fields and the
longitudinal residual strains among the three models with different mesh sizes. Obviously, the
mesh sizes have significant influences on the temperature fields in the heat transfer analyses,
as shown in graph a). But the mesh sizes have some minor influences on the longitudinal
residual strains, as shown in graph b). To precisely evaluate convergence of these three models
with different mesh sizes, the maximum residual strains in each model are identified and
compared. As presented in Table 6.4, the maximum tensile strain on the inner surface, &inmax,
and the maximum compressive strain on the inner surface, €cin,max, are selected as indicators to
evaluate the convergence of the models with three mesh sizes. Fig. 6.18 shows the longitudinal
residual strains on both surfaces. Since Section S3A is double-symmetrical, the results of only
half a section is presented, from Points A to A’. For &inmax, there are very small variations
among these three models, and the residual strains range between 0.379 % to 0.391 %. It is
shown that the mesh sizes do not affect the tensile residual strains due to longitudinal welding.
However, for &in,max, the variations among these three models are found to be quite large, and
the residual strains range between -0.115 % to -0.164 %. These maximum compressive strains
are all found at the corner regions with Rin/t = 3.0. It should be noted that the longitudinal strains

change significantly through the plate thickness, and, in particular, the strains are found to be
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very small on both surfaces. Hence, a model with coarse mesh sizes may overestimate the

strains on the inner surfaces.

It is found that the results from the models with three different mesh sizes are very similar to
one another, and only very small differences in the residual strains are found at the corner
regions because of the variation of the through-thickness residual strains due to transverse
bending. In summary, considering a balance between accuracy and computational efficiency,
Mesh B@5.0 is regarded to be the most qualified among the three models. And, this meshing
strategy is employed for further investigations of the other three CFSHS in the sequentially-

coupled thermomechanical analyses.
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6.5.5 Numerical results

Table 6.5 summarizes the dimensions and the mesh sizes of four models. As convergence of
Section S3A is fully checked in Section 6.5.4, it is proposed to adopt the equal meshing strategy
for Section S3B, and to adopt the matched mesh sizes for Sections S1A and S1B by using three-

layer, i.e. 2 mm per layer. Hence, the convergence of all these four sections are satisfied.

Fig. 6.19 shows the longitudinal stresses at the mid-length before and after welding in Sections
S1A and S1B. The three-layer stresses due to transverse bending in Fig. 6.11 are incorporated
into these models as their initial stress states. To accurately simulate the welding processes, the
two-pass welding is realized with the “birth-and-death” technique, and each welding pass is
activated sequentially with their welding parameters summarized in Table 6.3. After simulating
the processes of welding and cooling with the thermomechanical analyses, the welds are filled

into the grooves, and the residual stresses are successfully generated.

Similarly, Fig. 6.20 shows the longitudinal stresses at the mid-length before and after welding

in Sections S3A and S3B. After following the simulation procedure described in the last

paragraph, their residual stresses are successfully generated.
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a) Temperature histories

With incorporation of the welding parameters, the double-ellipsoidal heat source model and the
temperature-dependent thermomechanical properties of the steel, the heat transfer analyses are
able to predict the temperature histories with a high level of accuracy. During welding, an
infrared camera is employed to record the temperature histories for each welding pass at a
location 15 mm away from the weld centres of Section S3A and S3B. Therefore, the temperature
histories predicted with the numerical models are directly compared with those measured by
the infrared camera as illustrated in Fig. 6.21. It should be noted that some sudden changes of
temperatures during welding are captured by the infrared camera as shown in the both graphs.
Some changes result from the flame heating between two welding passes, to maintain the
interpass temperatures, as shown in graph b). The other sudden changes of temperatures shown
in these graphs are due to the inevitable blocks by the welder, as the welder needs to move along
the specimen while welding, and thus, acquisition of temperatures may be disturbed. Hence,
some dash lines are plotted onto the graphs, to eliminate these sudden changes of temperatures
and to demonstrate a direct comparison between the predicted and the measured temperature

histories.

For Section S3A shown in graph a), the peak temperatures measured by the infrared camera are
349, 346 and 484 °C in sequence while the peak temperatures predicted with the numerical
models are 306, 356 and 486 °C in sequence. For Section S3B shown in graph b), the peak
temperatures measured by the infrared camera are 259, 304 and 361 °C in sequence while the

peak temperatures predicted with the numerical models are 196, 304 and 437 °C in sequence.

In summary, it is considered that the temperatures predicted with these two numerical models

are fairly close with those measured by the infrared camera.
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b) Residual strains and residual stresses
The longitudinal residual stresses of Sections S3A and S3B measured with the sectioning
method are presented in Chapter 3, and the measurements are readily compared with the

numerical results predicted with the sequentially-coupled thermomechanical analyses.

It should be noted that the longitudinal residual stresses across a CFSHS should be self-
equilibrant. To evaluate the residual stresses measured with the sectioning method and those
predicted with the thermomechanical analyses, the total tension forces and the total
compression forces across the sections are calculated, respectively. The residual stresses used
for evaluating force equilibrium are taken to be the average values of both surfaces, i.e. the
membrane residual stresses. As summarized in Table 6.6, the force equilibrium in each section
is evaluated by presenting the total tension force of the section, Fr, the total compression force

of the section, Fc, the resultant force of the section, Fr, and the ratio of Fr / (Fc — Fr).

e For Section S3A measured with the sectioning method, i.e. Test “S3A-Sectioning”, the
resultant force, Fg, is found to be -92 kN while the ratio of Fr / (Fc — Fr) is found to be
15.8 %.

e For Section S3A predicted with the thermomechanical analysis, i.e. Model “S3A-FEM”,
the resultant force, Fr, is found to be -34 kN while the ratio of Fr / (Fc — Fr) is found to
be 2.9 %.

e For Section S3B measured with the sectioning method, i.e. Test “S3B-Sectioning”, Fr
is found to be -96 kN while Fr / (Fc — Fr) is found to be 25.0 %.

e For Section S3B predicted with the thermomechanical analysis, i.e. Model “S3B-FEM”,
Fr is found to be -15 kN while Fr / (Fc — Fr) is found to be 1.5 %.

According to the ratios of Fr / (Fc — Fr) summarized in Table 6.6, it is evident that the numerical

results achieve a higher level of force equilibrium across the sections, when compared with

those measured with the sectioning method.
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The major differences between the predicted and the measured results lie in the tensile residual
stresses in the vicinity of the welds. It is considered that the total compression forces are
significantly underestimated by the sectioning method. Theoretically, the ratios of Fr / (Fc — F)
in both FEM should be zero, but the resultant forces of both sections are shown to be in
compression. A pilot study carried out by the author shows that, a sequentially-coupled
thermomechanical without any residual stress due to transverse bending achieves force
equilibrium very well, i.e. Fr / (Fc — Fr) is equal to about zero. However, incorporation of the
non-uniform through-thickness residual stresses due to transverse bending modifies the state of
the force equilibrium of the membrane residual stresses. Moreover, the four cold-bent corners
in Model S3A-FEM show this effect, when compared with only two cold-bent corners in Model
S3B-FEM. That is why a larger ratio of Fr / (Fc — Fr) is found in Model S3A-FEM than that in
Model S3B-FEM.

To make a direct comparison on the residual strains, both the predicted and the measured results
are plotted in the same graph, as shown in Figs. 6.22 and 6.23, illustrating the longitudinal
residual strains at the mid-length of the sections. Fig. 6.22 shows a comparison between the
predicted and the measured results of the longitudinal residual strains in Section S3A, from
Points A to A’. One major difference between the results is the tensile residual strain. The tensile
residual strain predicted numerically on the outer surface is 0.381 %, which is located at the
weld centre of the section, i.e. Point A, while the residual strain measured with the sectioning
method at Point A is only 0.139 %. Similar difference is also found on results along the inner
surface, with 0.388 % and 0.157 % as the predicted and the measured results. It is apparent that

the tensile residual strains are underestimated by the sectioning method.
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Another major difference is the large tensile strains at the corner regions measured with the
sectioning method, and this is considered as the error of the measuring method. Before cutting
a strip from a CFSHS, the outer surface of the strip is under tension at the longitudinal direction,
but under compression at the transverse direction. This longitudinal tensile strain is then
released after the strip is cut from the section. However, the measured longitudinal strain on the
outer surface after cutting is actually larger than its real magnitude. Hence, this is because the
cutting also releases transverse compressive strains, as large as 0.5¢y, superimposition into the
longitudinal tensile strains on the outer surface due to the Poisson’s effect, thus resulting in an
overestimated longitudinal strain measured from the outer surface. It should be noted this error
cannot be avoided in the sectioning method when large transverse residual strains exist within

the measured regions (Huang et al. 2013).

Another comparison on the results of Section S3B is illustrated in Fig. 6.23. It is found that the
predicted and measured tensile strains on the outer surfaces at their weld centres, i.e. Point D,
are 0.344 % and 0.034 %, respectively. And the predicted and the measured tensile strains on
the inner surfaces at their weld centres are 0.378 % and 0.254 %, respectively. Similarly, due to
the very large Rr/Fc of Test S3B-Sectioning shown in Table 6.6, it is considered that the tensile
residual strains are underestimated by the sectioning method as well. Besides, the overestimated
tensile stresses are also considered to be attributed to the error inevitably caused by the

sectioning method.

Fig. 6.24 presents the longitudinal residual strains of Sections S1A and S3A. Small differences
are found between these two sections, and they are considered to be caused by the differences
in the plate thicknesses, the corner radii, the weld sizes and the numbers of layers through the
plate thickness. Similar differences are also found between the two curves of Sections S1B and

S3B in Fig. 6.25, which are also believed to be attributed to the reasons above.
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6.6 Simplified Patterns of Longitudinal Residual Stresses

6.6.1 Simplification of longitudinal residual stresses

The contours of longitudinal residual stresses in Sections S3A and S3B are illustrated in Figs.
6.26 and 6.27, respectively. As shown in the figures, the resultant longitudinal residual stresses
predicted with the numerical models consist of two parts, i.e. Part i): the residual stresses at the
corner regions due to transverse bending, and Part ii): the residual stresses across the section
due to longitudinal welding. The distributions of these two parts of residual stresses are very
different. Part 1) has a large variation through the plate thickness as shown in Fig. 6.11, but it is
basically constant at the same through-thickness location within the corner regions. Part ii)
basically distributes uniformly across the plate thickness, but it varies considerably within the
section, and the largest tensile residual stresses are found to be in the vicinity of the welds with

their magnitudes larger than the yield strengths of the steels.

Due to the different patterns of these two parts of residual stresses in a CFSHS, it is suggested
to incorporate these two patterns independently into the models for structural analyses. Chapter
7 demonstrates how to incorporate the initial plastic strains and the residual stresses due to
transverse bending into structural analyses. In this Section, the simplified residual stress

patterns due to welding are proposed.
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Considering the uniform through-thickness distribution of the longitudinal residual stresses in
Section S3A, it is proposed to take the average residual stresses among four layers of elements,
and these averaged longitudinal residual stresses around the middle surface of the section are
shown in Fig. 6.28 a), which are referred as “Full RS”. This pattern is simplified into an
approximated one with several polylines according to force equilibrium, and then, it is plotted
onto the same graph, which is referred as “Approximated RS”. Moreover, this approximated
pattern may be further simplified into “Simplified RS” as shown in Fig. 6.28 b). This simplified
pattern consists of two tension zones and one compression zone. Each tension zone takes up a
width of 4t in the vicinity of the welds, with its tensile residual stress equal to the yield strength,
fy; and the compression zone takes up the remaining part of the section, with its residual stress
equal to B-fy. B is readily calculated according to force equilibrium of the whole section, and it

is equal to -0.073 in Section S3A.

Similarly, “Full RS”, “Approximated RS” and “Simplified RS” in Section S3B are also
proposed, as shown in Fig. 6.29. The simplified pattern has two tension zones and three
compression zones. Each tension zone takes up a width of 3.5t in the vicinity of the welds, with
its tensile residual stress equal to the yield strength, fy; each compression zone at the side takes
up a width of H - 7.5t, with its compressive stress equal to Bi-fy; and the compression zone at
the bottom takes up a width of B - 2t, with its compressive stress equal to B2-fy. Both B and 2
are readily calculated according to force equilibrium of the whole section, and they are equal to

-0.097 and -0.253, respectively, in Section S3B.
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6.6.2 Numerical studies into columns with two different patterns of residual stresses

In order to evaluate the differences between the two residual stress patterns, i.e. Patterns “Full
RS” and “Simplified RS”, a numerical investigation into columns of various member lengths
with Sections S3A and S3B under compression is carried out, as shown in Table 6.7. For each
section, six models with three non-dimensional slenderness ratios, A, are designed to cover the
slenderness ratios of the columns tested in Chapter 4. Besides, for each section and each
slenderness ratio, both Patterns “Full RS” and “Simplified RS” are incorporated into the
analyses, respectively, so the numerical predictions on the member resistances, Nrgm, are
compared directly. Establishment of these numerical models for columns under compression is
demonstrated in detail in Chapter 7, including their material properties, boundary conditions,

meshing strategies, geometric imperfections and initial stress-strain characteristics.

For all these 12 models, as shown in Table 6.7, the values of Nrem predicted with two RS
patterns are found to be very close, with their errors all smaller than 1 %. Moreover, to have a
direct comparison between the load-deformation behaviour of columns with these two different
RS patterns, the applied load-axial shortening curves of each member are plotted onto the same
graph, as shown in Figs. 6.30 and 6.31. Moreover, for each model, the deformed shapes at three
representative stages, i.e. “initial”, “peak load” and “critical failure”, are illustrated. It is found

that the deformed shapes predicted with two different RS patterns are identical at all these stages.

It is fully demonstrated through the numerical results of these columns under compression that
there is no significant difference by using Patterns “Full RS and “Simplified RS” for numerical
analyses. Both the two patterns can be adopted to predict the member resistances of various
columns to the same level of accuracy. Therefore, it is proposed to adopt the simplified patterns
of longitudinal residual stresses in the further numerical investigation in this project, including
calibration of the structural models, and parametric studies in Chapter 7. According to force
equilibrium, the simplified residual stress patterns for four sections in Series SA and four
sections in Series SB are proposed, as summarized in Tables 6.8 and 6.9. Effectiveness of these

simplified residual stress patterns is demonstrated in subsequent numerical investigations.
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6.7 Conclusions

This Chapter presents a theoretical-numerical investigation into the temperatures and the

residual stresses of four S690 CFSHS due to welding. In order to predict the temperature fields

and the residual stresses, both the analytical solution and the numerical analyses are developed.

The key findings of this investigation are:

The analytical solution and the numerical method are developed based on the welding
parameters, the temperature-dependent thermomechanical properties and the double-
ellipsoidal heat source model. The analytical solution is shown to be effective to predict
the dimensions of the fusion zones due to welding, which is useful for determining the

lengths of the semi-axes adopted in the double-ellipsoidal heat source model.

The numerical predictions on the residual stresses of the S690 CFSHS through
sequentially-coupled thermomechanical analyses are shown to match well with the
measurements of the sectioning method, and force equilibrium is well achieved in these

residual stresses.

The simplified patterns of the residual stresses of the S690 CFSHS are developed based
on the numerical results of the sequentially-coupled thermomechanical analyses, and
these patterns are thus readily adopted as the initial stress states of the numerical models

for the structural analyses in Chapter 7.
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Fig. 6.7  Sketches of multi-pass welding in four CFSHS (top welds only)
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Table 6.1 Parameters adopted in the double-ellipsoidal heat source model
Length of semi-axis (mm)

a b C1 C2
5.0 10.0 7.5 22.5 0.80

Table 6.2  Investigation programme and scope of work

Fabrication process Experimental measurement Numerical modelling
Section transverse longitudinal welding  temperature residual transverse heat transfer thermomechanical
bending welding parameters histories stresses bending analysis analysis
(1) Section S1A Y Y Y -- -- Y Y Y
(2) Section S1B Y Y Y -- -- Y Y Y
(3) Section S3A Y Y Y Y Y Y Y Y
(4) Section S3B Y Y Y Y Y Y Y Y
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Table 6.3 Measured welding parameters of all welding passes

Current, I Voltage, U Welding speed, v

Line hear input energy, q

Section Weld pass Welding efficiency,
(A) ) (mm/s) (kJ/mm)
(1) SIA 1 (back welding) 135 ~ 145 19.6 2.60 0.80 0.81 ~0.87
2 180 ~ 190 21.4 4.41 0.80 0.70 ~0.74
(2) SIB 1 (back welding) 130 ~ 140 19.7 2.81 0.80 0.73 ~0.79
2 185 ~ 195 21.1 3.81 0.80 0.82 ~0.86
1 (back welding) 145 ~ 155 20.4 2.09 0.80 1.13~1.21
(3)S3A 2 200 ~ 210 23.0 4.11 0.80 0.90 ~ 0.94
3 185~ 195 23.1 2.86 0.80 1.20~1.26
1 (back welding) 160 ~ 170 20.2 2.81 0.80 0.92~0.98
(4)S3B 2 200~ 210 22.6 3.80 0.80 0.95~1.00
3 190 ~ 200 22.8 3.35 0.80 1.03~1.09

Table 6.4 Programme and results of mesh convergence study

Global  Local mesh size Number of elements . .
. Total number Computational time  &ginmax  €cinmax
Model mesh size at weld groove through at along
. of elements (hours) (%) (%)
(mm) (mm) thickness corner length
(1) Mesh A@6.7 6.7 3.5 3 9 66 11,880 12 0.379 -0.164
(2) Mesh B@5.0 5.0 2.1 4 11 76 23,104 31 0.389 -0.148
(3) Mesh C@3.3 33 1.4 6 16 115 88,920 145 0.391 -0.115
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Table 6.5 Investigation programme of numerical models for sequentially-coupled thermomechanical analyses

Model Dimensions (mm) Number of Number of layers Total number of
Rin B H L welding passes through thickness elements
(1) Section ST1A 6 18 150 150 560 2 3 55,860
(2) Section S1B 6 18 150 150 560 2 3 46,368
(3) Section S3A 10 30 200 200 760 3 4 23,104
(4) Section S3B 10 30 200 200 760 3 4 23,408

Table 6.6  Force equilibrium in Sections S3A and S3B

Total tension force, Total compression force, Resultant force,

Fr/(Fc-F
Section Residual stress Fr Fc Fr=Fr+ Fc r/(Fe R

(kN) (kN) (kN) (%)

) S3A (Sectioning) 246 -338 -92 15.8
Section S3A

S3A (FEM) 567 -601 -34 2.9

. S3B (Sectioning) 144 -240 -96 25.0
Section S3B

S3B (FEM) 486 -501 -15 1.5
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Table 6.7 Numerical results of columns with two residual stresses patterns
- Residual st N N
Section Specimen estqutart Stress FEM 0 Negw/ Nera
pattern (kN) (kN)

(a) S3A-0.10 0.10 Full RS 5761 5458 1.06

VSR ' Simplificd RS~ 5781 5458 1.06

) Full RS 5107 5458 0.94
Section S3A (b) S3A-0.40 0.40 L

Simplified RS 5067 5458 0.93

Full RS 4576 5458 0.84
(c) S3A-0.67  0.67 o

Simplified RS 4554 5458 0.83

Full RS 5789 5594 1.03
(a) S3B-0.10 0.10 o

Simplified RS 5813 5594 1.04

. Full RS 5377 5594 0.96
Section S3B (b) S3B-0.40 0.40 .

Simplified RS 5393 5594 0.96

Full RS 4856 5594 0.87
(c) S3B-0.67 0.67 o

Simplified RS 4821 5594 0.86
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Table 6.8  Simplified longitudinal residual stresses for Series SA sections
fy

Section (N/mm?) B
Section S1A 733 -0.056
Section S2A 733 -0.089
Section S3A 754 -0.073
Section S4A 754 -0.056

Table 6.9  Simplified longitudinal residual stresses for Series SB sections
fy

Section (N/mm?) B1 B2
Section S1B 733 -0.074 -0.192
Section S2B 733 -0.053 -0.137
Section S3B 754 -0.097 -0.253
Section S4B 754 -0.074 -0.192
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CHAPTER 7: NUMERICAL INVESTIGATION INTO S690 CFSHS COLUMNS

7.1 Introduction
This Chapter presented a numerical investigation into the structural performance of S690 cold-

formed square hollow section (CFSHS) columns under compression.

A total of 30 numerical models were established and successfully validated against the test data.
It was shown that both the failure modes and the resistances obtained from the numerical

predictions were consistent with all the test results presented in Chapter 4.

In order to evaluate the member resistances of the columns with different combinations of
fabrication processes, material models, initial states and non-dimensional slenderness, a series
of parametric studies were developed based on the validated numerical models. A total of 52

parametric studies were carried out, demonstrating the influences of various effects.

Design recommendations were then proposed according to the direct comparison among the
test data, the parametric studies and the design rules, to improve the design of S690 CFSHS
columns under axial buckling given in EN 1993-1-1 (CEN 2014). It was summarized that the
design curve with a smaller imperfection factor should be adopted, so that the structural
advantages of the S690 CFSHS were readily exploited in an effective design of columns under

axial buckling
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7.2 Validation of Models

An experimental investigation into S690 CFSHS columns under compression is presented in
detail in Chapter 4. All the tests have been conducted successfully. Numerical models should
be carefully calibrated against the test data, and the validated models are considered to be
capable of predicting accurate member resistances of columns, and thus, to build a database for

improving the current design rules.

7.2.1 Combability of solid elements

In this Chapter, all the numerical models are established with ABAQUS (2013) using a
commonly used solid element C3D8R. Table 7.1 summarizes the solid elements used in
Chapters 5 to 7 for various purposes of numerical analyses, including two types of solid
elements (see Fig. 7.1): 1) element C3D8R for stress-strain analyses, and ii) element DC3D8
for heat transfer analyses. It should be noted that the degrees of freedom as well as the nodal
numbers of these two types of solid elements are identical, so that combability among different
analyses is satisfied. Although the plane strain elements CPE4R are used for 2D transverse
bending models as demonstrated in Chapter 5, it is feasible to incorporate all the strain and

stress components from the 2D models into the 3D models for structural analyses.

7.2.2 Material properties

True stress-strain characteristics of S690 steel plates are employed in structural analyses for
model validation. Fig. 7.2 shows the true stress-strain curves of steel materials, where both the
curves of the 6 mm and the 10 mm thick S690 steel plates are converted from the test data with
the image processing method as demonstrated in Chapter 3. It should be noted that a true stress-
strain curve of S355 steel plate a typical Young’s modulus of 205 kN/mm? and a typical yield

strength of 400 N/mm? is also adopted in the modelling.
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7.2.3 Stocky columns under concentric compression

a) Investigation programme

Chapter 4 demonstrates the test programme and the results of a total of 8 S690 CFSHS stocky
columns under concentric compression. The same designations are adopted in this Chapter for
model validation, and the corresponding investigation programme is summarized in Table 7.2.
All the models for validation are established according to the measured dimensions shown in

the table.

b) Establishment of models

Fig. 7.3 shows the boundary conditions of the finite element models of the stocky columns
under concentric compression. Each end of the S690 stocky column is attached with an end
plate made of S355 steel. Both the end plates have large rigidity, and “tie” interactions are

assigned between the end plates and the column.

In terms of boundary conditions, all six degrees of freedom are fixed at the bottom end, i.e. Uy
= Uy =U,=0and Rx=Ry =R, =0 while five degrees of freedom are fixed at the top end except
the translation degree along the x-axis, i.e. Uy = U, = 0 and Rx = Ry = R, = 0. An axial
displacement is applied along the x-axis through the centre of the top end plate so the load-

displacement behaviour of the column under concentric compression is readily determined.
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¢) Mesh convergence study

To achieve a good balance between accuracy of numerical predictions and computational costs,
it is necessary to conduct a mesh convergence study before validating the models for structural
analyses. Test S3A-S is employed to demonstrate the convergence of the numerical results. Fig.
7.4 shows three models established with solid elements in the same aspect ratio but in different
sizes. It should be noted that their global mesh sizes are controlled by the numbers of elements

through the plate thickness, i.e. three, four and six layers through thickness, respectively.

Table 7.3 summarizes the investigation programme and the results of the mesh convergence
study. In order to evaluate the convergence of models, the section resistances, N¢ rem, predicted
by these three numerical models are compared with the measured section resistance, N¢ g, of
Test S3A-S. It is found that the results converge well when Mesh B@4-layer is adopted.
Although Mesh A predicts satisfactory results when compared with N, it is acceptable to

adopt Mesh B for accurate analyses, as the computational time increases by only 25 minutes.

According to the results of the mesh convergence study, it recommended to adopt the four-layer
meshing strategy for all 10 mm thick sections for subsequent numerical studies in this Chapter.
Besides, it is proposed to adopt the three-layer meshing strategy for those 6 mm thick sections.
Since this 2.0 mm-per-layer meshing in 6 mm thick sections is finer than that 2.5 mm-per-layer
meshing in 10 mm thick sections, the numerical results calculated by the former meshing

strategy can converge as well for sure.
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d) Initial states: plastic strains and residual stresses

Initial plastic strains and residual stresses are inevitably induced by transverse bending and
longitudinal welding during fabrication of CFSHS. In order to properly consider the influences
on structural performance caused by these effects due to fabrication processes, these strain and

stress components are simplified and incorporated into numerical models as initial states.

e Plastic strains and residual stresses due to transverse bending
Fig. 7.5 shows the initial equivalent plastic strains and the longitudinal residual stresses
at the corner regions of a 10 mm thick S690 plate with Rin/t of 3.0, which is a key finding
of the numerical studies demonstrated in Chapter 5. It should be noted that the
distributions of strains and stresses in a 6 mm thick plate are very similar to those of a
10 thick plate. To consider the cold-bending effects in a three-layer or a four-layer model
for structural analysis, it is proposed to take average values of the strains and the stresses
within each layer. Fig. 7.6 illustrates the three-layer through-thickness distributions of
both the strains and the stresses, which are readily incorporated into the corner regions
for the structural analyses of S690 CFSHS with 6 mm thick steel plates. Similarly, the
4-layer distributions shown in Fig. 7.7 are readily incorporated into the structural

analyses of S690 CFSHS with 10 mm thick steel plates.

e Residual stresses due to longitudinal welding
Fig. 7.8 illustrates the longitudinal residual stresses for Series SA and SB sections
obtained from the thermomechanical analyses presented in Chapter 6. In order to
incorporate these residual stresses into structural analyses efficiently, it is proposed to
convert the complex distributions into simplified block-shaped patterns according to
force equilibrium of the whole sections, as shown in Fig. 7.9. The effectiveness of these
“Simplified RS” patterns has been demonstrated in Chapter 6, and the “Simplified RS”
patterns can be used to predict identical structural behaviour of those columns under

compression with the “Full RS” patterns.
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Combined initial plastic strains and residual stresses

The initial equivalent plastic strains shown in Figs. 7.6 and 7.7 are readily input into the
structural analyses as the initial states of strains of the curved corners. Figs. 7.10 a) and
7.11 a) illustrate the initial equivalent plastic strains of Series SA and SB sections, where
the stresses due to transverse bending and longitudinal welding are considered
simultaneously. Therefore, the values of the longitudinal residual stresses due to
longitudinal welding shown in Fig. 7.9 should be considered together with the
longitudinal residual stresses due to transverse bending, as shown in Figs. 7.6 and 7.7.
Therefore, the resultant initial states of longitudinal residual stresses in Sections S3A

and S3B are determined, as illustrated in Figs. 7.10 b) and 7.11 b), respectively.
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e) Initial state: geometric imperfection
Initial geometric imperfections, vo, are measured prior to testing. It is found that all the
measurements are very small, i.e. smaller than 0.5 mm, along the member length of the all the

columns, and thus, these may be ignored.

Normally, geometric imperfections should be considered in modelling. In order to quantify how
vo affects the section resistances numerically, and how to select a proper value for model
validation, it is proposed to carry out a sensitivity study on Tests S1A-S and S3A-S. The models
are established accordingly, complying with the boundary conditions, the mesh sizes, the plastic
strains and the residual stresses as described in this Section. vo is normalized with plate
thickness, t, and five vo/t values, i.e. 0.010, 0.025, 0.050, 0.075 and 0.100, are investigated in

this sensitivity study.

Fig. 7.12 shows the results of the sensitivity study. The measured section resistance of the test,
Nckt, is compared with the predicted section resistances of the models, N¢rem, to evaluate the
effects of vo/t. For Test S1A-S, the ratio of N¢r/Ncrem varies from 0.961 to 1.050 when vo/t
increases from 0.010 to 0.100; and for Test S3A-S, the ratio of of N¢ g/N¢ rem varies from 0.997
to 1.057 when vo/t increases from 0.010 to 0.100. Obviously, the section made of a thinner plate,
1.e. Test STA-S in 6 mm thick, is more sensitive to the change of vo/t than that made of a thicker
one, i.e. Test S3A-S in 10 mm thick. It is found that when vo/t is smaller than 0.050, the
numerical results are overestimated with N g/Ncrem smaller than 1.0. On the contrary, when
vo/t is taken to be larger than 0.050, conservative results are predicted. Hence, it is proposed to
adopt vo/t = 0.050 to validate all the columns under concentric compression, so that a balance

between safety margin and accuracy of numerical prediction will be achieved.
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f) Results

Table 7.4 compares the test data and the numerical results of 8 stocky columns under concentric
compression. The measured section resistances, N, of all these tests are shown to be larger
than the predicted section resistances, N¢ rem. Fig. 7.13 shows a comparison between the failure
modes of Test S3A-S obtained from the test and predicted by the FEM, respectively. It is found
that these two failure modes are very similar. Moreover, the failure modes of all the tests
predicted by FEM are shown in Fig. 7.14, and they are highly consistent with the failure modes
of the tests. A detailed comparison is found in Fig. 7.15, showing the load-axial shortening
curves between all the tests and all the numerical models. It is found that, with consideration of
the non-linearity of materials, the effects due to fabrication processes and the geometric
imperfections, all the numerical models are well validated. It is considered that these validated
numerical models are able to predict accurate load-deformation characteristics of stocky

columns under concentric compression.
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7.2.4 Stocky columns under eccentric compression

a) Investigation programme

Chapter 4 demonstrates the test programme and the results of a total of 6 S690 CFSHS stocky
columns under eccentric compression. The same designations are adopted in this Chapter for
model validation, and the corresponding investigation programme is summarized in Table 7.5.
All the models for validation are established according to the measured dimensions shown in

the table.

b) Establishment of models

Fig. 7.16 shows the boundary conditions of the finite element models of the stocky columns
under eccentric compression. Each end of the S690 stocky column is attached with an end plate
made of S355 steel. Both the end plates have large rigidity, and “tie” interactions are assigned

between the end plates and the column.

In terms of boundary conditions, five degrees of freedom are fixed at the bottom end, i.e. Ux =
Uy = U, =0 and Rx = Ry = 0 while four degrees of freedom are fixed at the top end, i.e. Uy =U,
=0 and Rx = Ry = 0. Such a pair of boundary conditions at both ends allow for free rotation of
the column about the z-axis. An axial displacement is applied along the x-axis with a loading
eccentricity, eo, from the centre of the top end plate, so the load-displacement behaviour of the

column under eccentric compression is readily determined.

The mesh sizes for model validation are determined based on the results of mesh convergence
study demonstrated in Section 7.2.3 ¢), and the same meshing strategy is adopted for all the
stocky columns under eccentric compression. Fig. 7.17 shows the typical mesh sizes of the

numerical model for validating Test S3A-E.
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c) Initial states: plastic strains and residual stresses
The simplified patterns of the residual stresses and the plastic strains are proposed in Section
7.2.3. These patterns are incorporated into the numerical models as the initial states to validate

the stocky columns under eccentric compression.

d) Initial state: geometric imperfection
Initial geometric imperfections, vo, are measured prior to testing. It is found that all the
measurements are very small, i.e. smaller than 0.5 mm, along the member length of the all the

columns, and thus, these may be ignored.

As demonstrated by the sensitivity study in Section 7.2.3, it is proposed to adopt vo/t = 0.050 to
validate all the columns under eccentric compression, so that a balance between safety margin

and accuracy of numerical prediction will be achieved.

e) Results

Table 7.5 compares the test data and the numerical results of 6 stocky columns under eccentric
compression. The measured section resistances, N¢ri, of most of tests are larger than the
predicted section resistances, N rem, except for two tests with Class 4 sections, i.e. Tests S2A-
E and S2B-E. Fig. 7.18 shows a comparison between the failure modes of Test S3A-E obtained
from the test and predicted by the FEM, respectively. It is found that these two failure modes
are very similar. Moreover, the failure modes of all the tests predicted by FEM are shown in
Fig. 7.19, and they are highly consistent with the failure modes of the tests. A detailed
comparison is found in Fig. 7.20, showing the load-axial shortening curves between all the tests
and all the numerical models. It is found that, with consideration of the non-linearity of
materials, the effects due to fabrication processes and the geometric imperfections, all the
numerical models are well validated. Hence, these validated numerical models are able to
predict accurate load-deformation characteristics of stocky columns under eccentric

compression.
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7.2.5 Slender columns under concentric compression

a) Investigation programme

Chapter 4 demonstrates the test programme and the results of a total of 24 S690 CFSHS slender
columns under concentric compression. The same designations are adopted in this Chapter for
model validation, and the corresponding investigation programme is summarized in Table 7.6.
All the models for validation are established according to the measured dimensions shown in

the table.

b) Establishment of models

Fig. 7.21 shows the boundary conditions of the finite element models of the slender columns
under concentric compression. Each end of the S690 slender column is attached with an end
plate made of S355 steel. Both the end plates have large rigidity, and “tie” interactions are

assigned between the end plates and the column.

In terms of boundary conditions, five degrees of freedom are fixed at the bottom end, i.e. Ux =
Uy = U, =0 and Ry = Ry = 0 while four degrees of freedom are fixed at the top end, i.e. Uy = U,
=0 and Rx =Ry = 0. Such a pair of boundary conditions at both ends allow for free rotation of
the column about the z-axis. An axial displacement is applied along the x-axis through the centre
of the top end plate, so the load-displacement behaviour of the column under concentric

compression is readily determined.

The mesh sizes for model validation are determined based on the results of mesh convergence
study demonstrated in Section 7.2.3 c), and the same meshing strategy is adopted for all the
slender columns under concentric compression. Fig. 7.22 shows the typical mesh sizes of the

numerical model for validating Test S3A-P.
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c) Initial states: plastic strains and residual stresses
The simplified patterns of the residual stresses and the plastic strains are proposed in Section
7.2.3. These patterns are incorporated into the numerical models as the initial states, to validate

the slender columns under concentric compression.

d) Initial states: geometric imperfection and loading eccentricity

It should be noted that a slender column is not always “perfectly” straight along its member
length direction, and the concentric loading may not exactly go through the centroid of the
section. Fig. 7.23 shows the initial geometric imperfection existing in a slender column under
concentric compression, including: 1) initial out-of-straightness, vo, and ii) initial loading
eccentricity, eo. Both vo and eo are measured prior to testing and summarized in Table 7.6. Those
initial states may significantly affect member resistances of slender columns, and thus, they

should be carefully considered into model validation.

A sensitivity study is carried out to quantify how vo and ey influence the member resistances of
slender columns under compression. The models are established accordingly, complying with
the boundary conditions, the mesh sizes, the plastic strains and the residual stresses as described
in this Section. A total of 12 sensitivity studies are carried out to compared with the measured
member resistance, Ny g, of Test S3A-Q, with vo of 0.5, 1.0, 1.5 and 2.0 mm and eo of 1.0, 2.0

and 3.0 mm.
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Fig. 7.24 shows the results of 12 sensitivity studies. It is found that the predicted member
resistances, Ny rem, have the consistent linear relationships between Np r/Nprem and vo with
three different values of eo, and the variations among different combinations of vy and e are
found to be insignificant. As shown in Table 7.6, the measured vo and eo of Test S3A-Q are both
equal to 2.0 mm, and its Ny, g/Nprem is found to be 1.028 as shown in Fig. 7.24. This indicates
that, by incorporating the measured vo and eo into structural analyses, the numerical predations
could match well with the test results. Therefore, it is proposed to input the measured values of
vo and ep summarized in Table 7.6 into the structural analyses as their initial states, to validate

the slender columns under concentric compression.

e) Results

Table 7.6 compares the test data and the numerical results of 16 slender columns under
concentric compression. The measured section resistances, Ny g, of most of the tests are larger
than the predicted section resistances, Ny rem. Fig. 7.25 shows a comparison between the failure
modes of Test S3A-Q obtained from the test and predicted by the FEM, respectively. It is found
that these two failure modes are very similar. A detailed comparison is found in Figs. 7.26 to
7.29, showing the load-displacement curves between all the tests and all the numerical models.
It is found that, with consideration of the non-linearity of materials, the effects due to fabrication
processes, the initial loading eccentricities and the geometric imperfections, all the numerical
models are well validated. Hence, these validated numerical models are able to predict accurate

load-displacement behaviour of slender columns under concentric compression.
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7.3 Parametric Studies of Slender Columns under Concentric Compression

7.3.1 Investigation programme

Tables 7.7 and 7.8 summarize the investigation programmes of the parametric studies for
slender columns under concentric compression with Sections S3A and S3B, respectively. The
parameters under investigation include: (A) type of section, (B) material model, (C1) initial
state: GI (geometric imperfection), (C2) initial state: PEEQ (equivalent plastic strain), (C3)
initial state: RS (residual stress), and (D) non-dimensional slenderness. In summary, this series
of parametric studies consider various effects that may significantly influence member
resistances under axial buckling, including two types of sections, two material models, five
combinations of initial states and four non-dimensional slenderness ratios. A total of 52
combinations of parameters are investigated, and their results are considered to be able to well
demonstrate the structural performance of S690 CFSHS slender columns under concentric

compression in various cases.

Establishment of the models in parametric studies are consistent with that described in Section
7.2.5 b), except that both end plates are excluded from the analyses for simplification. The mesh
sizes for model validation are determined based on the results of mesh convergence study given

in Section 7.2.3 ¢), and the same meshing strategy is adopted for all the parametric studies.
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7.3.2 Material models

Fig. 7.30 illustrates two different material models employed in this series of parametric studies.
Typical mechanical properties are used in both material models that their Young’s moduli, E,
are both taken to be 205 kN/mm?, and their yield strengths, fy, are both taken to be 690 N/mm?.

The difference between these two models lies in the hardening behaviour after yielding:

1) The linear hardening model shown in graph a) exhibits a strain hardening behaviour with a
slope of 1.05 from yielding to necking, with its tensile strength, f,, equal to 725 N/mm?, and

the curve no longer goes up, but remains flat up to a true strain over 120 %.

i1) The non-linear hardening model shown in graph b) has a short yielding plateau after its first
yield, followed with a non-linear strain hardening behaviour until its tensile strength is reached,

and this material curve continues to rise with a gentle slope up to its true strain over 100%.

7.3.3 Initial states

Three initial states shown in Tables 7.7 and 7.8 are taken into account simultaneously. When
GI is taken to be the smaller values, i.e. Les/1500 and Les/1000, the effects of PEEQ and RS
are considered. The patterns of PEEQ and RS are directly input into the numerical models as
demonstrated in detail in Section 7.2.3 d). However, when GI is taken to be Le/500, this large
geometric imperfection is considered to represent all these three initial states at the same time.
Hence, the effects of PEEQ and RS are both excluded from the analyses. Therefore, a total of

five combinations of initial states are adopted for this series of parametric studies.
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7.3.4 Results

Tables 7.9 and 7.11 summarize the results of 32 parametric studies on Section S3A, and Table
7.13 summarizes the results 20 parametric studies on Section S3B. Among these parametric
studies, the material models used in Tables 7.9 and 7.13 are “S690, linear hardening” while the
material models used in Table 7.11 are “S690, non-linear hardening”. The member resistance,
Nb,rem, of each numerical model is determined and then normalized with the design section
resistance, N rd. The reduction ratios of Nb,rem/Nc,ra are employed to directly evaluate various
combinations of effects. Detailed comparisons are made in Tables 7.10, 7.12 and 7.14, to
evaluate the changes of reduction ratios when different combinations of initial states are

adopted.
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a) Section S3A, linear hardening

A comparison among a total of 20 parametric studies on Section S3A are presented in Table
7.10, including five combinations of initial states and four non-dimensional slenderness, A.As
shown in the table, “Case a” only considers GI of Les#/1500 but excludes PEEQ and RS from
the initial states, and they have the largest reduction ratios among all the five combinations of
initial states. If only RS is added into modelling, i.e. “Case b”, the predicted member resistances
all decrease, but such a decrease caused by RS becomes less significant when the A increases
from 0.6 to 1.8. Moreover, if PEEQ and RS are both added into the model with GI of Les/1500,
i.e. “Case c”, the member resistances increase slightly, and this enhancement due to cold-
forming effects also diminishes as the A increases from 0.6 to 1.8. Therefore, it is reasonable
to incorporate both PEEQ and RS for slender columns under compression, in particular, when

the 1 <1.0.

Considering both PEEQ and RS but increasing GI from Les/1500 to Les/1000, i.e. “Case d”, up
to 3.4 % smaller reduction ratios are found when compared with those of “Case c”, which is
considered to be insignificant. However, if only GI of L.#/500 is incorporated into the analyses
as the initial state, i.e. “Comb e”, its reduction ratios are the largest among “Case c”, “Case d.”
and “Case e”, but it decreases significantly as the A increases from 0.6 to 1.8, and it finally

becomes the smallest one when the 1 > 1.4.
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b) Section S3A, non-linear hardening

Another comparison on 12 parametric studies on Section S3A are summarized in Table 7.12.
The only difference between the models in Tables 7.10 and 7.12 lies in the hardening behaviour
of two material models. By comparing the results of “Case c¢”, “Case d” and “Case ¢” in Table
7.12, it is found that the key findings are similar to what are discussed in the last paragraph

based on the data summarized in Table 7.10.

After comparing the results between Tables 7.10 and 7.12, it is found that the reduction ratios
of “Case ¢” and “Case d” summarized in Table 7.12 are all larger than those summarized in
Table 7.10, but the enhancement caused by the non-linear hardening model, namely “S690,
non-linear hardening”, is limited by member slenderness. When the 1 reaches to 1.8, the effect
of non-linear hardening becomes very small, and thus, it may be ignored. This is because the
failure of a very slender column is governed by Euler’s elastic failure instead of material failure,
and the strain hardening will have little contribution to the failure of the member. However, the
results of “Case ¢”” summarized in the two tables are the same. This is because PEEQ is excluded

from these analyses.

¢) Section S3B, linear hardening

Table. 7.14 summarizes a total of 20 parametric studies on Section S3B, and the results are
compared with one another as shown in Table 7.14. The key findings shown in this table are
basically similar to those found in Table 7.10. “Case a” has the largest member resistance, and
“Case c” has the second largest one. By comparing “Case b” with “Case c”, it is found that the
enhancement caused by PEEQ becomes less significant as the A increases. Obviously, “Case
d” exhibits smaller than “Case ¢ due to the larger GI assigned into the structural analyses. The
behaviour of “Case e” with Section S3B is a bit different from that with Section S3A, as it keeps

the smallest one among “Case ¢”, “Case d” and “Case ¢” when the 1 > 1.0.
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7.3.5 Summary

In summary, Series SA and SB sections have very similar structural performance which is
influenced by the parameters under investigation. RS plays an essential role in accessing these
member resistances. As demonstrated by the parametric studies, the member resistances are
significantly decreased when A is small,i.e. 1 =0.6. However, its effect is obviously reduced
as A increases from 0.6 to 1.8. For PEEQ, it readily enhances the member resistances when A
is small, i.e. A = 0.6, but such an enhancement tends to be minor or even trivial as a column
becomes very slender, i.e. 4 > 1.4. This is because the failure of a very slender column is
governed by Euler’s elastic failure instead of material failure, and the initial plastic strains
present at the corner regions may have little contribution to the member resistances. In terms of
material model, the non-linear hardening model predicts an increased member resistance when

A is small, i.e. 1 = 0.6, compared with that predicted by the linear hardening model. But this

enhancement significantly diminishes as A increases from 0.6 to 1.8.

To achieve accurate numerical predictions, it is proposed to take all three initial states into
account at the same time, i.c. “Case c¢” and “Case d”. It is shown that these two combinations
of initial states are able to predict accurate member resistances of S690 CFSHS. An alternative
method with simplification is to incorporate a large GI only, i.e. “Case e¢” GI = Le#/500, to
represent all the initial states of the column. This combination of initial states is also considered
to predict the structural performance with sufficient accuracy, but the member resistances

predicted with this simplified initial state are found to be conservative when A is large, i.e. 1

>14.
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7.4 Design Recommendations for Slender Columns under Concentric Compression
Chapter 4 compares the member resistances obtained from the column tests and predicted by
the design rules given in EN 1993-1-1. It is found that the current design rules are conservative
as the design curve with a large imperfection factor, namely the design curve “c”, is adopted
for the CFSHS under axial buckling. In order to achieve design of S690 CFSHS members with
improved structural efficiency, it is recommended to adopt the curves with a smaller
imperfection factor. An expanded database of member resistances is successfully built, as
demonstrated by the parametric studies in Section 7.3, and a direct comparison is made among
the test data, the parametric studies and the design rules. As compared in Section 7.3, the
accurate predictions are successfully achieved by selecting two combinations of parameters:

1) “Case ¢”: S690 linear hardening, GI = L1500, PEEQ and RS; and

i1)  “Case d”: S690 linear hardening, GI = Le/1000, PEEQ and RS.

Fig. 7.31 shows a comparison among the test data, the parametric studies and the design rules
for all Series SA sections with their section classes ranging from 1 to 3. Obviously, all the
numerical results are above the design curve “b”, and most of them even above the design curve
“a”. Moreover, it is shown that the test data attain considerably larger member resistances than
the numerical predictions, which proves that there is sufficient safety margin when directly

adopting the design curve “b” for the columns with Series SA sections under axial buckling.

Fig. 7.32 shows another comparison among the test data, the parametric studies and the design
rules for all Series SB sections with their section classes ranging from 1 to 3. Similarly, all the
numerical results and test data are above the design curve “b”, and most of them even above
the design curve “a”. Moreover, the test data of Series SB sections exhibit larger resistances
than those of Series SA sections, as all the test data shown in Fig. 7.32 are above the design
curve “ap”. Hence, it is reasonable to adopt the design curve “b” for the columns with Series

SB sections under axial buckling.
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In summary, a small imperfection factor should be adopted for the design of member resistances
of columns with S690 CFSHS. It is proposed to adopt the design curve “b”, which is able to
predict considerably larger member resistances than the design curve “c” recommended by EN
1993-1-1 for CFSHS. Therefore, the improved design rules allow for an efficient design of S690

CFSHS members under axial buckling.
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7.5 Conclusions

This Chapter presents a numerical investigation into the structural performance of S690 CFSHS
columns under compression. A total of 30 numerical models are established and carefully
validated against the test data presented in Chapter 4. A total of 52 parametric studies are
developed based on the validated numerical models, generating a database of members
resistances considering various combinations of parameters. The design methods are improved
by comparing the test data, the parametric studies and the design curves. The key findings of

this investigation are listed as follows:

e All the numerical models are successfully validated, with consideration of the effects of
transverse bending and longitudinal welding. With incorporation of the initial plastic
stains and the residual stresses, which are predicted in Chapters 5 and 6, into the

structural analyses as initial states, the accurate numerical predictions are generated.

e The influences on structural performance of member resistances caused by various
effects are evaluated, including types of sections, material models, geometric
imperfections, initial equivalent plastic strains, residual stresses and non-dimensional
slenderness. Material models, initial equivalent plastic strains and residual stresses
affect member resistances when their non-dimensional slenderness ratios are small, but

these effects are significantly eliminated as the member becomes slender.

e Two combinations of initial states are selected to predict the structural behaviour of the
members under concentric compression. By comparing the test data, the parametric
studies and the design curves, it is found that the current design rules given in EN 1993-
1-1 are conservative by simply adopting the design curve “c” for all CFSHS members
under axial buckling. It is recommended to adopt a design curve with a smaller
imperfection factor to improve the design. It is shown that the design curve “b” matches
well with all the test data and all the parametric studies. Therefore, it is proposed to

adopt the design curve “b” for S690 CFSHS columns under axial buckling.
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Fig. 7.3  Boundary conditions for stocky columns under concentric compression
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Fig. 7.4  Mesh sizes for mesh convergence study: Test S3A-S
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Fig. 7.22  Mesh sizes of slender column under concentric compression: Test S3A-P
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Fig. 7.23  Initial out-of-straightness and initial loading eccentricity
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Fig. 7.25  Comparison between failure modes:
slender columns under concentric compression—Test S3A-Q
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Table 7.1  Compatibility of solid elements in various numerical analyses

. . . Corresponding
Type of analysis Name of solid element Purpose of analysis . )
Chapter in the Thesis
) ) To analyse stresses and strains due to transverse
(1) 3D transverse bending analysis C3D8R . i Chapter 5
bending and springback.
) To analyse temperature fields and histories due to
(2) 3D heat transfer analysis DC3D8 L ) Chapter 6
longitudinal welding.
) ) To analyse residual stresses due to longitudinal
(3) 3D thermomechanical analysis C3D8R ) Chapter 6
welding.
) ) To analyse stresses, strains, forces and displacements
(4) 3D column buckling analysis C3D8R Chapter 7

under compression.

Note:

C3D8R is an 8-node linear, reduced integration and hourglass control solid element; and

DC3DS8 is an 8-node linear heat transfer solid element.
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Table 7.2  Investigation programme of model validation: stocky columns under concentric compression

Measured dimension of specimen

. . . Section Ag I, _
Series  Designation . . (mm) s 4 2
classification (mm?) (mm*)
B H t Rout IJm
(1) S1A-S 2 163.0 150.0 5.88 23.88 461 3355 1301 x10* 0.08
SA (2) S2A-S 4 207.7 204.5 5.88 23.88 608 4497  2955x10* 0.08
(3) S3A-S 1 212.0 206.7 9.89 39.89 610 7297 4673 x10* 0.08
(4) S4A-S 1 252.0 260.0 9.89 39.89 759 9143 8652 x10* 0.08
(5) S1B-S 3 150.0 156.0 5.88 23.88 461 3355  1152x10* 0.08
SB (6) S2B-S 4 200.0 207.0 5.88 23.88 609 4542 2841 x10* 0.08
(7) S3B-S 2 202.0 208.5 9.89 39.89 608 7432 4499 x10*  0.08
(8) S4B-S 3 250.0 257.0 9.89 39.89 758 9341 8873 x10* 0.08

Table 7.3  Programme and results of mesh convergence study: Test S3A-S

Global Number of elements ) .
] Total number  Computational time Ne,reEm
Model mesh size  through at along . Neet / Ne,pam
. of elements (min) (kN)
(mm) thickness corner length
(1) Mesh A@3-layer 3.33 3 15 92 59892 12 5862 1.023
(2) Mesh B@4-layer 2.50 4 22 122 142008 37 5878 1.021
(3) Mesh C@6-layer 1.67 6 33 184 490176 349 5882 1.020

Note: Nege = 5999 kN for Test S3A-S.
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Table 7.4  Comparison between test data and numerical results: stocky columns under concentric compression

Measured dimension of specimen

Series  Designation Se.ctlon. (mm) As Nege  Nerew Nkt / NeFem
classification
H t Rowt Lm  (mm?) (kN) (kN)
(1) S1A-S 2 163.0 150.0 5.88 23.88 461 3355 2450 2412 1.02
SA (2) S2A-S 4 207.7 204.5 588 23.88 608 4497 2745 2752 1.00
(3) S3A-S 1 212.0 206.7 9.89 39.89 610 7297 5999 5884 1.02
(4) S4A-S 1 252.0 260.0 9.89 39.89 759 9143 6914 6842 1.01
(5) S1B-S 3 150.0 156.0 5.88 23.88 461 3355 2517 2394 1.05
B (6) S2B-S 4 200.0 207.0 5.88 23.88 609 4542 2719 2699 1.01
(7) S3B-S 2 202.0 208.5 9.89 39.89 608 7432 5891 5831 1.01
(8) S4B-S 3 250.0 257.0 9.89 39.89 758 9341 7108 6896 1.03

Table 7.5  Comparison between test data and numerical results: stocky columns under eccentric compression

Measured dimension of specimen

Series  Designation Se.ctlon. (mm) As © Nege  Nerew Nkt / NerEm
classification
H t Rout Ln (mm?» (mm) (kN) (kN)
(1) S2A-E 4 210.0 202.3 5.88 23.88 328 4499 99.5 1235 1286 0.96
SA (2) S3A-E 1 214.0 203.5 9.89 39.89 329 7274 99.5 2772 2768 1.00
(3) S4A-E 1 265.0 253.0 9.89 39.89 529 9261 100.5 3599 3482 1.03
(4) S2B-E 4 198.0 206.7 5.88 23.88 329 4515 100.5 1246 1264 0.99
SB (5) S3B-E 1 198.5 210.0 9.89 39.89 329 7392 101.0 2704 2646 1.02
(6) S4B-E 3 250.0 260.3 9.89 39.89 529 9405 101.0 3713 3707 1.00
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Table 7.6

Comparison between test data and numerical results: slender columns under concentric compression

Measured dimension of specimen

Series Designation Se.ctlon. (mm) A @ v A Noge  Nogev Nb,et / No,rEm
classification
H t Rowt Lm (mm? (mm) (mm) (kN) (kN)
(1) S1A-P 2 160.7 1533 5.88 23.88 1280 3343 +1.0 - 0.52 2603 2296 1.13
(2) S2A-P 4 209.0 203.0 5.88 23.88 1580 4495 +1.0 - 046 2981 2919 1.02
(3) S3A-P 1 213.5 206.7 9.89 39.89 1278 7326 +1.5 +0.5 0.40 5448 5165 1.05
SA (4) S4A-P 1 261.7 2530 9.89 39.89 1579 919 - +1.5 0.38 6867 6640 1.03
(5) S1A-Q 2 159.5 152.8 5.88 23.88 2281 3322 -1.5 +1.0 0.83 2187 2092 1.05
(6) S2A-Q 4 209.8 202.5 5.88 23.88 1978 4498 +2.0 - 0.56 2913 2886 1.01
(7) S3A-Q 1 220.5 196.6 9.89 39.89 2278 7266 +2.0 +2.0 0.63 4917 4783 1.03
(8) S4A-Q 1 2643 2555 9.89 3989 2279 9298 +1.0 +1.5 0.51 6698 6399 1.05
(9) S1B-P 3 149.5 159.5 588 23.88 1279 3390 +2.0 +0.5 0.55 2477 2210 1.12
(10) S2B-P 4 199.7 208.7 5.88 23.88 1580 4558  +1.5 - 048 2724 2667 1.02
(11) S3B-P 1 199.8 2104 9.89 39.89 1280 7425 +2.0 +0.5 042 5556 5284 1.05
SB (12) S4B-P 3 250.0 261.0 9.89 39.89 1580 9420 -2.5 +0.5 039 7149 6779 1.05
(13) S1B-Q 3 150.3 158.8 5.88 23.88 2281 3390 -1.0 +0.5 0.86 2213 2068 1.07
(14) S2B-Q 4 199.5 209.0 5.88 23.88 1978 4560 +2.0 - 0.58 2852 2696 1.06
(15) S3B-Q 1 2004 2102 9.89 39.89 2278 7433 25 +0.5 0.67 5451 4886 1.12
(16) S4B-Q 3 250.0 261.5 9.89 39.89 2279 9430 -1.0 +0.5 0.53 7027 6611 1.06
Note: “--” denotes that ey or vo is smaller than 0.5 mm, thus ignored in modelling.
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Table 7.7  Investigation programme of parametric studies: Section S3A

(B) Material model

(C) Initial state

(D) Non-dimensional slenderness

(C1) GI (C2) PEEQ (C3)RS
(1) S690, linear hardening (1) Len/1500 No No (1)0.6
(2) S690, non-liner hardening (2) Lew/1500 No Yes 2)1.0
(3) Lew/1500 Yes Yes 3)14
(4) Le/1000 Yes Yes (4)1.8
(5) Le#/500 No No

Total number of models: 32

Table 7.8  Investigation programme of parametric studies: Section S3B

() Initial stat
(B) Material model (C) Initial state (D) Non-dimensional slenderness
(C1H Gl (C2) PEEQ (C3)RS

(1) S690, linear hardening (1) Le/1500 No No (1)0.6
(2) Lew/1500 No Yes 2)1.0
(3) Lew/1500 Yes Yes 3)14
(4) Les/1000 Yes Yes 4)1.8
(5) Lew/500 No No
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Table 7.9  Results of parametric studies for Section S3A (material: S690 linear hardening)

Initial state Nb,rem / Nera
Case 1) (2 (C3) - - - -
Gl PEEQ RS A =0.6 A =10 A =14 A =18
Casea  L./1500 No No 0.965 0.808 0.478 0.298
Caseb  Lc/1500 No Yes 0.844 0.689 0.454 0.291
Case ¢ Les/1500 Yes Yes 0.854 0.700 0.459 0.293
Cased  Le/1000 Yes Yes 0.843 0.676 0.445 0.287
Casee  L.w/500 No No 0.904 0.695 0.434 0.279

Note: Nera = 4829 kN for Section S3A.

Table 7.10  Comparison among parametric studies for Section S3A (material: S690 linear hardening)

Initial state Nb,rem / Nera
Case (C1 (C2) (C3) - - - _

GI PEEQ RS A =0.6 A=1.0 A=14 A =18

Casea Le/1500 No No 0.965 0.808 0.478 0.298

Caseb Le/1500 No Yes 0.844 0.689 0.454 0.291
Case b / Case a: 87.5% 85.3% 95.0% 97.7%

Caseb Le/1500 No Yes 0.844 0.689 0.454 0.291

Case ¢ Lew/1500 Yes Yes 0.854 0.700 0.459 0.293
Case ¢/ Case b: 101.2% 101.6% 101.1% 100.7%

Case ¢ Lew/1500 Yes Yes 0.854 0.700 0.459 0.293
Cased Lew/1000 Yes Yes 0.843 0.676 0.445 0.287
Case d / Case c: 98.7% 96.6% 96.9% 98.0%

Case ¢ Les/1500 Yes Yes 0.854 0.700 0.459 0.293
Casee Lew/500 No No 0.904 0.695 0.434 0.279
Case e/ Case c: 105.9% 99.3% 94.6% 95.2%
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Table 7.11  Results of parametric studies: Section S3A (material: S690 non-linear hardening)

Initial state Nb,rem / Nera
Case 1) (2 3) = = _— _—
Gl PEEQ RS A =0.6 A =10 A =14 A =18
Case ¢ Le/1500 Yes Yes 0.866 0.715 0.465 0.294
Cased Let/1000 Yes Yes 0.855 0.689 0.450 0.288
Case e Let/500 No No 0.904 0.695 0.434 0.279

Note: Nera = 4829 kN for Section S3A.

Table 7.12  Comparison among parametric studies: Section S3A (material: S690 non-linear hardening)

Initial state Nb,rem / Nera
Case (C1) (C2) (C3) - - - _

GI PEEQ RS A =0.6 A =10 A=14 A =18

Case ¢ Lew/1500 Yes Yes 0.866 0.715 0.465 0.294
Cased Lew/1000 Yes Yes 0.855 0.689 0.450 0.288
Case d / Case c: 98.7% 96.4% 96.8% 98.0%

Case ¢ Lew/1500 Yes Yes 0.866 0.715 0.465 0.294
Casee Le/500 No No 0.904 0.695 0.434 0.279
Case e/ Case c: 104.4% 97.2% 93.3% 94.9%
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Table 7.13  Results of parametric studies: Section S3B (material: S690 linear hardening)
Initial state Nb,rem / Nera
Case (1) (2) 3) - - - -
GI PEEQ RS A =0.6 A =10 A=14 A =18
Case a Le/1500 No No 0.962 0.811 0.480 0.298
Caseb Le/1500 No Yes 0.890 0.722 0.469 0.286
Case c Le/1500 Yes Yes 0.895 0.725 0.471 0.286
Case d Le/1000 Yes Yes 0.885 0.701 0.456 0.280
Case e Lew/500 No No 0.907 0.698 0.436 0.279

Note: Nera = 5037 kN for Section S3B.

Table 7.14  Comparison among parametric studies: Section S3B (material: S690 linear hardening)
Initial state Nb,rem / Nera
Case (1 (2 (C3) - - - _

GI PEEQ RS A =0.6 A=1.0 A=14 A=18

Casea Lew/1500 No No 0.962 0.811 0.480 0.298
Caseb Lew/1500 No Yes 0.890 0.722 0.469 0.286
Case b / Case a: 92.5% 89.0% 97.7% 96.0%

Caseb Lew/1500 No Yes 0.890 0.722 0.469 0.286
Case ¢ Lew/1500 Yes Yes 0.895 0.725 0.471 0.286
Case ¢/ Case b: 100.6% 100.4% 100.4% 100.0%

Case ¢ Lew/1500 Yes Yes 0.895 0.725 0.471 0.286
Case d Le/1000 Yes Yes 0.885 0.701 0.456 0.280
Case d / Case c: 98.9% 96.7% 96.8% 97.9%

Case ¢ Ler/1500 Yes Yes 0.895 0.725 0.471 0.286
Casee Le/500 No No 0.907 0.698 0.436 0.279
Case e/ Case c: 101.3% 96.3% 92.6% 97.6%
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK

8.1 Introduction

This research project presents a systematic experimental-numerical incorporated investigation
into the structural behaviour of high strength S690 cold-formed square hollow sections
(CFSHS) under compression. Effects of fabrication processes, namely, i) transverse bending,
and ii) longitudinal welding, onto the structural behaviour of these sections are also examined.
The key findings from Chapters 3 to 7 are summarized in following Sections, and the work to

be done in the future is also recommended.
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8.2 Experimental Investigation

A comprehensive experimental investigation was carried out to demonstrate the effects of
fabrication processes in S690 CFSHS, including monotonic tensile coupon tests and
measurements of residual strains. Moreover, large scale tests on stocky and slender columns
under compression were also conducted. The key findings from all these experiments are

summarized as follows:

8.2.1 Monotonic tensile tests on flat and curved coupons

In order to evaluate strength enhancements induced by transverse bending, a total of 19 flat and
curved coupons extracted from four 10 mm thick S690 CFSHS with R/t = 3.0 were tested
under uni-axial tension. An increase of 5 % in yield strength and an increase of 10 % in tensile
strength were found in the curved coupons extracted from the corner regions, when compared

with those extracted from the flat portions.

8.2.2 Measurements of residual strains

The temperature histories and the welding parameters of S690 CFSHS were measured during
welding, and the residual strains of four typical S690 CFSHS were measured with the sectioning
method. Two welded cold-formed sections and two cold-formed sections without welding were
investigated. All those test results were used for calibrating the numerical models of predicting

residual strains due to transverse bending and longitudinal welding.
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8.2.3 Structural behaviour of columns under compression

A total of 12 CFSHS fabricated with different combinations of transverse bending and
longitudinal welding were investigated. To examine structural behaviour of these sections under
compression, a total of 38 S690 CFSHS column tests were conducted under three loading
conditions, including 8 stocky columns under concentric compression, 6 stocky columns under
eccentric compression, and 24 slender columns under concentric compression. Details of these

tetes were summarized as follows:

e Stocky columns under concentric compression

A total of 8 stocky columns were tested under concentric compression. Except for those
columns with Class 4 sections, all these stocky columns with Classes 1, 2 and 3 sections
were demonstrated to have mobilized the full resistances of their gross sections. For those
Class 4 sections, by considering local buckling in their plated elements, they were
demonstrated to have attained the design resistances of their effective sections. Besides,
both series of these sections were shown to have achieved their section resistances, but
larger plastic deformations were mobilized in Series SA sections, when compared with
those in Series SB sections. Hence, Series SA sections were demonstrated to possess a high

degree of ductility under compression.

e Stocky columns under eccentric compression

A total of 6 stocky columns were tested under eccentric compression. Except for those
columns with Class 4 sections, all these stocky columns with Classes 1, 2 and 3 sections
were demonstrated to have mobilized the full resistances of their gross sections. For those
Class 4 sections, by considering local buckling in their plated elements, they were
demonstrated to have attained the design resistances of their effective sections. Besides,
both series of these sections were shown to have achieved their section resistances while
large plastic deformations were mobilized in Series SA sections, when compared with those
of Series SB sections. Hence, Series SA sections were demonstrated to possess a high degree

of ductility under combined compression and bending.
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e Slender columns under concentric compression

A total of 24 slender columns were tested under concentric compression. Except for those
columns with Class 4 sections, all these columns with Classes 1, 2 and 3 sections were
demonstrated to have mobilized their member resistances against axial buckling. For those
Class 4 sections, by adopting their effective sections, they were also demonstrated to have
attained their member resistances against axial buckling. Based on a direct comparison
between the measured and the design resistances of these slender columns, it was proposed
to improve the design method so that a higher design curve with a smaller imperfection

factor should be used, when compared with the current code of practice.
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8.3 Analytical and Numerical Investigation
Analytical solutions and numerical models were developed to provide various efficient
solutions to predict residual stresses in these CFSHS, and their effects on structural behaviour

of slender columns of these S690 CFSHS.

8.3.1 Prediction on strength enhancement with various methods

Both the 3D and the 2D press-braking numerical methods were developed to obtain the stress-
strain characteristics at the corner regions of the S690 CFSHS, and thus, to determine their
strength enhancements at large deformations. The accurate results were obtained with the
validated 3D models using certain computational resources. However, it was necessary to
calibrate the models against the test data, which was a demanding process that required
extensive modelling techniques. Considering the essence of the plane-strain problem, the
simplified 2D transverse bending models were also established, which were able to provide
accurate results using reduced computational resources. It was proposed to use these 2D models
to predict the plastic strains and the corresponding residual stresses at the corner regions for all
the S690 CFSHS. Both the strains and the stresses obtained from these 2D models were readily

incorporated into finite elements models for both thermomechanical and structural analyses.

Moreover, a simplified method, which was developed based on the theory of sheet bending, did
not have any specific requirement on either laboratory resources or modelling techniques. With
only a small accuracy sacrificed, the results were determined in a highly efficient way. This
approach was further developed to offer a hand calculation method. Hence, the predictions on

the strength enhancements at the corner regions were readily achieved.
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8.3.2 Numerical prediction on residual stresses with thermomechanical analyses

Both the analytical solution and the numerical model were developed based on the welding
parameters, the temperature-dependent thermomechanical properties and the double-ellipsoidal
heat source model. The analytical solution was shown to be effective to predict the dimensions
of the fusion zones due to welding, which helped to determine the lengths of the semi-axes
adopted in the double-ellipsoidal heat source model. The numerical predictions on the residual
stresses of S690 CFSHS implemented with the sequentially-coupled thermomechanical
analyses were shown to match well with the measurements of the sectioning method, and force

equilibrium was well achieved in this numerical method.

The simplified patterns of the residual stresses of the S690 CFSHS were developed based on
the numerical results of the sequentially-coupled thermomechanical analyses, and thus, these
patterns were readily input as the initial states of the numerical models for subsequent structural

analyses.
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8.3.3 Model validation of S690 CFSHS columns under compression

A total of 30 numerical models were established and carefully validated against the test data
presented in Chapter 4. All the numerical models were successfully validated, with
consideration onto the effects of transverse bending and longitudinal welding. These initial
plastic stains and the residual stresses, which were predicted in Chapters 5 and 6, were
incorporated into the structural models of the S690 CFSHS as initial states. The influences on
structural performance of member resistances caused by various effects were evaluated,
including types of sections, material models, initial geometric imperfections, initial equivalent
plastic strains, residual stresses and member slenderness. Material models, initial equivalent
plastic strains and residual stresses were found to affect member resistances significantly when
their non-dimensional slenderness ratios were small, but these effects were obviously reduced

as the member became slender.

8-7



8.4 Design Recommendation for S690 CFSHS under Compression

8.4.1 Material properties and strength enhancements

An experimental investigation into S690 standard tensile coupons was presented. It was found
that the measured mechanical properties of the S690 steels complied well with the requirements
given in EN 1993-1-12 and EN 10025-6. The measured yield strengths of the S690 steels were

used to predict section and member resistances of the S690 CFSHS columns after testing.

Strength enhancements at the corner regions were examined in this project, as they were
introduced as plastic deformations due to cold-bending. Based on the results of the curved
coupon tests extracted from S690 CFSHS, an enhancement in yield strength of 5 % was found
when Rin/t = 3.0. However, as the corner regions took up only 20 ~ 30 % the gross section in
area, the enhancement of the section resistances was typically smaller than 1.5 %, and thus, this
enhancement may be ignored in the design of section and member resistances for these S690

CFSHS.
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8.4.2 Section classification of CFSHS

Two sets of rules of section classification for CFSHS are proposed in EN 1993-1-1 and EN
1993-1-5. It was found that the sections classified by the modified rules given in EN 1993-1-5
matched well their anticipated mobilization in both strength and ductility. Therefore, it was
proposed to adopt the modified rules to classify all CFSHS under compression. However, this
modification was applicable to the design of stocky columns of S690 CFSHS only, because
using this modification may further increase safety margin for member resistances under axial
buckling, but their resistances have already underestimated based on the design curve “c”. It is
therefore recommended that the modified c-values should not be adopted for the design of

slender columns.

8.4.3 CFSHS slender columns under axial buckling

A total of 52 numerical analyses were performed using the validated numerical models to
generate a set of numerical data on the members resistances of these S690 CFSHS. By
comparing the test data, the numerical data and the design curves, it was found that the current
design rules given in EN 1993-1-1 were conservative in adopting the design curve “c” for these
CFSHS members under axial buckling. It was recommended to adopt a design curve with a
smaller imperfection factor to improve the design efficiency. It was shown that the design curve
“b” matched well with all the test data and all the numerical data. Therefore, it was proposed to

adopt the design curve “b” for these S690 CFSHS columns under axial buckling.
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8.5 Recommendations for Future Work

This Thesis presents the first systematic research to investigate the structural behaviour of S690
CFSHS, and the effects of fabrication on structural behaviour were also examined. However, in
order to promote effective use of this type of high strength steel sections, more work should be
done. It is proposed to further investigate various aspects of this research project and to provide

an efficient solution to structural design with both theoretical and experimental evidences.

8.5.1 Effects of steel grades, plate thicknesses and Rin/t ratios with transverse bending

Effects of transverse bending were investigated in this project by using 6 and 10 mm S690 steel
plates with Rin/t = 3.0. After reviewing the literature, bendability is significantly influenced by
three key factors, namely 1) plate thickness, ii) steel grade, and iii) Riy/t ratio. Therefore, it is
reasonable to design a test programme to cover 1) more plate thicknesses, i.e. from 3 mm to 16
mm, ii) more steel grades, i.e. from S355 to S960, and iii) more Rin/t ratios, i.e. from 1.0 to 12.0.
It is believed that these test data will facilitate assessment on bendability of these steel plates in
various conditions, and thus, to develop generalized analytical and numerical solutions to

transverse bending effects at cold-bent corners.

8.5.2 Material properties of high strength steels at elevated temperatures

In this project, the material properties of S690 at elevated temperatures for the
thermomechanical analyses were assigned to be the recommended values for the normal
strength steels given in EN 1993-1-2. Errors may exist in the numerical results of the residual
stresses due to inaccurate values of these material properties at elevated temperatures. Hence,
it is recommended to carry out an experimental investigation into the high strength S690 steels
at elevated temperatures, to quantify their mechanical properties from the ambient temperatures
up to 1800 °C, and these include conductivity, expansion coefficient, specific heat, yield

strength and Young’s modulus.
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8.5.3 Structural member tests in other cross-sectional shapes with S690 steels

The structural performance of S690 CFSHS stocky and slender columns under compression
was examined experimentally and numerically in this project. The results proved that these
types of structural members had high resistances under these specified loading conditions.
However, members in other cold-formed structural hollow sections are equally important in
engineering practice, such as CFRHS as well as CFCHS. It is recommended that those structural
members should be designed, fabricated and tested accordingly, following the research
methodology employed in this project. Moreover, the current design rules for these cold-formed
structural hollow sections should be reviewed thoroughly, and thus, be improved with the

upcoming experimental and numerical data.
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