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ABSTRACT

Motivation

Compared with normal strength steel (NSS), high strength steel (HSS) has a higher strength-
to-self-weight ratio, which is highly efficient in heavily loaded structures. Structural hollow
sections have been widely applied in various construction projects all over the world, and a
circular hollow section (CHS) is one of the most common types of sections used in steel
structures because it has a highly desirable architectural appearance and a large resistance
against torsion. In general, structural hollow sections are manufactured through hot rolling
or cold forming and welding. These manufacturing processes will affect structural
performance of these sections to different extents. At present, the use of high strength cold-
formed circular hollow sections (CFCHYS) is rather limited due to a lack of understanding on
their structural performance. Hence, it is necessary to investigate the structural behaviour of
these high strength S690 CFCHS as well as to provide effective design rules for their

applications.

Objectives and scope of work

In this research project, a systematic experimental and numerical investigation into structural

behaviour of high strength S690 CFCHS has been carried out. The scope of work is:

e Task 1: Residual stresses in S690 CFCHS

To examine residual stresses in S690 CFCHS due to 1) transverse cold-bending, and 1i)
longitudinal welding through experimental and numerical studies. Simplified residual
stress patterns will be proposed for subsequent studies.

e Task 2: Stocky columns of S690 CFCHS

To examine section resistances of stocky columns of S690 CFCHS under axial
compression, and to propose relevant section classification rules.

e Task 3: CHS T-joints under various loading conditions

I
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To examine structural performance of T-joints between S690 CFCHS under i) brace
axial compression, ii) monotonic brace in-plane bending, and iii) cyclic brace in-plane

bending, and to validate current design rules.

Four different cross-sections of CFCHS, namely Sections C1 to C4, were fabricated with
S690 steel plates of 6 and 10 mm thick, and a total of 32 CFCHS were prepared for the

experimental investigation.

Research methodology and key findings

The research work is based on a series of experimental and numerical investigations, and all

the above-mentioned tasks have been completed successfully.

e Task 1: Residual stresses in S690 CFCHS

A total of eight CFCHS were tested as follows: i) surface temperature measurements during
welding were conducted on four CFCHS with thermocouples, ii) residual stress
measurements using the sectioning method were conducted on two CFCHS and two CFCHS-
NW (no welding). Numerical models were established and calibrated with measured
temperature history at specified points and measured surface residual stresses through
coupled thermomechanical analyses. Simplified residual stress patterns were proposed based

on these experimental and numerical results.

e Task 2: Stocky columns of S690 CFCHS

A total of eight stocky columns of CFCHS were tested, which covered Class 2 to Class 4
sections according to section classification rules provided in EN 1993-1-1. Test results on
these stocky columns confirmed that predicted section resistances based on EN 1993-1-1
were readily attained in all these columns. Moreover, the proposed residual stress patterns
for S690 CFCHS obtained in Task 1 should be incorporated into numerical models of these

stocky columns for accurate prediction of their deformation characteristics.

Current section classification rules for S355 CHS provided in EN 1993-1-1 were found to be
generally applicable for S690 CFCHS with notable conservatism.

e Task 3: T-joints under various loading conditions

v
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A total of sixteen T-joints between S355 and S690 CFCHS were tested under the following

loading conditions: i) brace axial compression, ii) monotonic brace in-plane bending, and iii)

cyclic brace in-plane bending. A digital image correlation (DIC) technique was employed to

measure surface strain contours of these T-joints under in-plane bending. Various failure

modes were identified, and numerical models were established and calibrated against

experimental results. In general, these T-joints were found to have large resistances and

ductility under various loading conditions. Current reduction factors provided in EN 1993-

1-12 were found to be very conservative when applied to T-joints between S690 CFCHS.

Key findings and their significances

Major academic merits of this research project are:

This is the first research which systematically investigates residual stresses in CFCHS
induced by both transverse cold-bending and longitudinal welding. Experimental studies
on residual stresses of high strength S690 steel CFCHS have been conducted, and
advanced numerical models have been established to simulate deformation characteristic
of CFCHS with different steel grades, and geometrical dimensions.

Generalized finite element models are developed to predict residual stresses in CFCHS
through coupled thermomechanical analyses. Simplified residual stress patterns for S355
to S690 CFCHS have been proposed.

Current design rules for section resistances in EN1993-1-1 have been confirmed to be
applicable to S690 CFCHS through experimental and numerical studies.

Current design rules for T-joints between CHS under monotonic in-plane bending in EN
1993-1-8 have been confirmed to be applicable to T-joints between S690 CFCHS
through experimental and numerical studies. Suitable design parameters have been
proposed to improve structural efficiency.

Structural performance of T-joints between S690 CFCHS under cyclic in-plane bending
is confirmed through experimental and numerical investigations, and they have a high

level of resistance and ductility.
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e Application of high strength S690 steels in CFCHS is fully validated through a series of
comprehensive experimental and numerical investigations. They are technically ready

for wide applications in construction.
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CHAPTER ONE

INTRODUCTION

1.1 RESEARCH BACKGROUND

Since 1970s, structural hollow sections have been widely applied in construction projects

around the world, including long span foot bridges, space trusses and roof structures.

Circular hollow sections, or CHS, are often preferred by architects because of their
desirable architectural appearance. Structural performance of S235, S275 and S355 steel
CHS has been studied by many researchers in the past thirty years. Research outcomes of
those studies have been widely published (Wardnenier et al., 2002), and developed into
various design specifications, such as CIDECT Design Guidel (Wardnenier et al., 2008)
and EN 1993-1-8 (CEN, 2005), which are regarded as definitive technical guides for

structural design.

CHS are usually manufactured by hot-rolling or cold-forming. Hot-rolling is widely
applied for large scale industrial production of seamless steel tubes. Cold-forming of CHS
is developed when it becomes possible to manufacture steel strips and plates. Nowadays,
there have been various cold-forming methods, as shown in Figure 1.1. It should be noted
that both the three-roll bending process and the C-ing press process are suitable for small
scale production, while the U-ing press process, the O-ing press process and the spiral
tube forming process are more frequently used for massive industrial production. The gas
metal arc welding and the submerged arc welding are two welding methods which are
widely adopted for longitudinal welding of these cold-formed circular hollow sections
(CFCHS). Other welding methods including electric resistance welding and induction
welding are also commonly applied in industrial production. These methods do not require
welding electrodes as the weld is generated by molten parts of the steel materials caused

by resistance heat.
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However, the use of high strength steel in construction has not been widely adopted,
especially for high strength steel S690 welded tubular hollow sections. The main reasons
may be attributed to 1) a lack of understanding on manufacturing processes and their
effects onto structural behaviour, and ii) insufficient guidance on structural design of S690
tubular structural hollow sections. Therefore, effects of various manufacturing processes
onto structural behaviour of CFCHS need to be investigated systematically. Structural
performance of high strength S690 tubular structural hollow sections also needs to be

assessed. Applicability of existing design rules should be examined.

In order to promote effective use of high strength S690 steel in construction and to develop
a good understanding on structural behaviour of high strength S690 steel structural hollow

sections, this research project is devised to work on the following issues:
1) Residual stresses in cold-formed circular hollow sections (CFCHS)

Circular hollow sections are manufactured by either a hot-rolling process or a cold-
forming process. Different levels of residual stresses are generated during these
manufacturing processes. These residual stresses are generally considered to have adverse

effects on structural behaviour of these sections in terms of both strength and ductility.

These residual stresses in high strength S690 CFCHS are considered to be one of the key
areas of this research project, and they will be studied through experimental and numerical
investigations. These residual stresses will be quantified and simplified into residual stress

patterns for direct incorporation into numerical models of CFCHS.
i1 ) Structural behaviour of T-joints between CFCHS

In tubular structures, joint behaviour is very important. For T-joints between CFCHS, they
are commonly found in typical roofs, where the brace is mainly i) under compression, ii)
under monotonic in-plane bending, iii) under cyclic in-plane bending. Structural
behaviour of T-joints between S690 CFCHS subjected to various loading conditions is

another key area of this research project.
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1i1) Structural design on T-joints between CFCHS

EN 1993-1-12 has extended design rules given in EN 1993-1-1 and EN1993-1-8 to cover
high strength steels with yield strengths up to S700 by simply specifying additional
requirements on ductility of the steel materials, and also reduction factors in calculating
joint resistances. These design rules are generally considered to be applicable to design of
S690 structural hollow sections with a certain extent of conservatism. This research
project will examine these design rules to establish whether these reduction factors are

sufficient, and any modification should be made to improve their design efficiency.

1.2 OBJECTIVES AND SCOPE OF WORK

The main objectives of this research work presented in this thesis are:
* Task 1: Residual stresses in S690 CFCHS

To examine residual stresses in S690 CFCHS due to 1) transverse cold-bending, and 11)
longitudinal welding through experimental and numerical studies. Simplified residual
stress patterns will be established and proposed for practical design and subsequent

numerical investigations.
e Task 2: Stocky columns of S690 CFCHS

To examine section resistances of stocky columns of S690 CFCHS under axial

compression, and to propose relevant section classification rules to EN 1993-1-1.
e Task 3: T-joints between CFCHS under various loading conditions

To examine structural performance of T-joints between S690 CFCHS under 1) brace axial
compression, ii) monotonic brace in-plane bending, and iii) cyclic brace in-plane bending,

and to validate applicability of the current design rules given in EN 1993-1-8.
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1.3 RESEARCH METHODOLOGY

The research work is based on a series of experimental and numerical investigations, and

details of these investigations are presented as follows:

e Task 1: Residual stresses in S690 CFCHS

Surface temperatures are measured with thermocouples during welding on four CFCHS.
Residual stress measurements using the sectioning method are conducted on two CFCHS
and two CFCHS-NW (no welding). Numerical models are established and calibrated with
temperature history measured at specified points as well as measured surface residual
stresses through coupled thermomechanical analyses. Simplified residual stress patterns

are proposed which are based on these experimental and numerical results.

e Task 2: Stocky columns of S690 CFCHS

A total of eight stocky columns of S690 CFCHS are tested under axial compression, and
they are regarded as Class 2 to 4 sections according to current section classification rules
provided in EN 1993-1-1. The proposed residual stress patterns for S690 CFCHS obtained
in Task 1 are incorporated into the numerical models of these stocky columns for
prediction of their axial resistances and deformation characteristics. A series of parametric
studies are conducted to examine applicability of current section classification rules

provided in EN 1993-1-1.

e Task 3: T-joints under various loading conditions

A total of sixteen T-joints between S690 CFCHS are tested under the following loading
conditions: 1) brace axial compression, ii) monotonic brace in-plane bending, and iii)
cyclic brace in-plane bending. A digital image correlation (DIC) technique was employed
to measure surface strain contours of these T-joints under in-plane bending. Various
failure modes are identified, and numerical models are established and calibrated against

experimental results. A series of parametric studies are carried out to study various effects
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onto structural behaviour of these T-joints between CFCHS. Applicability of current

reduction factors provided in EN 1993-1-12 are examined.

1.4 SIGNIFICANCE OF THE RESEARCH PROJECT

This is a highly systematic research which investigates residual stresses in high strength
S690 CFCHS induced by 1) transverse cold-bending, and i1) longitudinal welding through
both experimental and numerical investigations. Experimental studies on residual stresses
of these S690 CFCHS have been conducted, and advanced numerical models have been
established to simulate deformation characteristic of these CFCHS with different steel

grades, and geometrical dimensions.

Advanced finite element models are developed to predict residual stresses in these S690
CFCHS through coupled thermomechanical analyses. Simplified residual stress patterns

for both S355 and S690 CFCHS have been proposed.

Current design rules for section resistances in EN1993-1-1 have been confirmed to be

applicable to these S690 CFCHS through experimental and numerical studies.

Current design rules for T-joints between CHS under monotonic in-plane bending in EN
1993-1-8 have been confirmed to be applicable to these S690 CFCHS through
experimental and numerical studies. Suitable design parameters have been proposed to

improve design efficiency.

Structural performance of these T-joints between S690 CFCHS under cyclic in-plane

bending is also confirmed through experimental and numerical investigations.

Structural behaviour of these S690 CFCHS steels in structural hollow sections is
thoroughly examined through a series of comprehensive experimental and numerical
investigations. They are technically ready for wide applications in construction with

design rules with improved structural efficiency.
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1.5 OUTLINE OF THE THESIS

This thesis consists of seven chapters, which are listed as follows:
*  Chapter I — Introduction

This chapter gives an overview on the research background of this research project. The
scope of work covered in this research project and the research significance are also

presented.
*  Chapter 2 — Literature Review

This chapter presents a comprehensive review of existing research on high strength
CFCHS, including experimental and numerical investigations into residual stresses in
S690 CFCHS, stocky columns of S690 CFCHS and T-joints between S690 CFCHS.

Current design rules for S690 CFCHS are also reviewed and presented.
*  Chapter 3 — Investigations into Residual Stresses in CFCHS

This chapter presents a systematic experimental and numerical study into both thermal
and mechanical responses in these S690 CFCHS induced by various manufacturing
processes. Surface temperature and residual stress measurements on a total of eight S690
CFCHS are conducted. Finite element models are established to simulate 1) transverse
cold-forming, and ii) longitudinal welding process. Simplified residual stress patterns for

these S690 CFCHS are proposed.
*  Chapter 4 — Structural Behaviour of Stocky Columns under Axial Compression

Structural behaviour of stocky columns of these S690 CFCHS are examined in this chapter.
Based on experimental results on a total of eight stocky columns of these S690 CFCHS,
finite element models are constructed and calibrated, which incorporate residual stresses
due to cold-forming and welding. Parametric studies with finite element models are
carried out to examine applicability of current section classification rules in EN 1993-1-1

to high strength CFCHS under axial compression.
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*  Chapter 5 — Structural Behaviour of T-joints between CFCHS under Axial

Compression

This chapter presents an experimental results of a total of six T-joints between these S355
and S690 CFCHS under axial compression in brace members. Typical failure modes are
identified. Finite element models are established and calibrated against test results on their
compression resistances. Parametric studies with the finite element models are conducted
to study effects of various geometric parameters. Applicability of current design rules in
EN 1993-1-8 and CIDECT Design Guide 1 to T-joints between these CFCHS under brace

axial compression are examined.

*  Chapter 6 — Structural Behaviour of T-joints between CFCHS under In-plane
Bending

An experimental investigation of a total of ten T-joints between these S355 and S690
CFCHS under in-plane bending moment are reported. Six of them are tested under
monotonic in-plane bending moments while the other four are tested under cyclic in-plane
bending moments in brace members. A Digital Image Correlation (DIC) technique is
employed to monitor surface strains and to identify fracture initiation in these T-joints.
Numerical investigations are also conducted to simulate in-plane bending of these T-joints
between CFCHS. Applicability of current design rules in EN 1993-1-8 and CIDECT
Design Guide 1 to these T-joints between CFCHS under in-plane bending moments in

brace members are examined.
*  Chapter 7 — Conclusions and future work

This chapter summarizes the conclusions drawn from this research project and discusses

relevant research studies to be conducted in the future.
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Figure 1.1. Various cold-forming methods of CHS (Brensing and Sommer, 2008)
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter, a literature review on existing research on steel circular hollow sections
(CHS), especially high strength steel cold-formed CHS (CFCHS) was presented. The

literature review consists the followings:

(1) Previous experimental investigations into residual stresses in CHS were reviewed.
Various test methods, such as the sectioning method, the hole-drilling method and the
neutron diffraction method were introduced. Both advantages and disadvantages of these
methods were compared. Available experimental results of residual stresses in normal
strength and high strength steel CHS were summarized. Existing residual stress patterns
of CHS given in literature were reviewed. Their ranges of applicability were also

addressed.

(2) Numerical investigations into various manufacturing processes of CHS, including
cold-bending and welding were reviewed. Simulation of transverse cold bending process
using nonlinear geometrical and material finite element analyses, and simulation of

longitudinal welding process using coupled thermomechanical analyses were introduced.

(3) Current design rules for T-joints between CHS under various loading conditions were
reviewed. Design formulae given in EN 1993-1-8 and CIDECT Design Guide 1 were
compared. Experimental and numerical evidence for development of current design rules
were discussed. Additional rules on application of these design formulae with high

strength steel in EN 1993-1-12 were also described.
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(4) Previous studies on T-joints between CHS members were summarized while
experimental and numerical results of these T-joints subjected to various loading
conditions were reviewed. Test results and key findings were compared and analyzed to

establish the research needs for the present study.

2.2 EXPERIMENTAL INVESTIGATIONS INTO RESIDUAL
STRESSES OF CHS

Residual stress is an important initial imperfection in structural steels, which is always
generated in various fabrication processes. Such imperfection will result in premature

yielding of steels, and hence, influence structural behaviour of structural steel members.

The formation of residual stresses can be attributed to macroscopic reasons such as
manufacturing processes or microstructural effects such as phase transformation (Withers
and Bhadeshia 2001). Anderson (2000) has classified residual stresses into three main
types. In this study, the Macroscopic Type I residual stress is under investigation, as it has
the most significant effect on the structural behavior of steel structures. In a cold-formed
CHS, cold-bending and welding will both generate residual stresses. Cold-bending
induced residual stresses were studied by Moen ef al. (2008), which includeded both
plastic bending and elastic spring back. The generation of welding-induced residual

stresses is examined in Masabuchi (2001).
2.2.1 Measurement techniques

During the past three decades, a large number of experimental investigations have been
carried out to study effects of residual stresses on normal strength and high strength steels.
Various methods have also been developed for residual stress measurements. These

methods are basically divided into destructive methods and non-destructive methods.

Rossini et al. (2012) summarized different measurement techniques and compared
advantages and disadvantages of each method, as shown in Table 2.1. The penetration and

the spatial resolution of each method are presented in Figure 2.1.
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In recent years, the advantages of the neutron diffraction method has been recognized.
This method can be applied to measure the internal residual stresses of many materials. A
neutron is able to penetrate up to 25 mm in steel (Kim ef al., 2019), which enables to
provide through thickness residual stress profiles within the material. However, the cost
of the equipment is very high, and complicated calibration procedures make it difficult to

be used in engineering applications.

At present, most of the residual stress measurements on steel sections are obtained from
the hold-drilling method and the sectioning method as these two methods are relatively
simple in operation. Experimental results of residual stresses on steel sections with the
hole-drilling method were presented by several researchers (Lee ef al., 2012; Tong et al.,
2012; Liu and Chung, 2018). This method was also incorporated into ASTM (2001) as
the standard procedure for residual stress measurements. However, for structural hollow
sections such as RHS and CHS with small cross-sectional dimensions or curved corners,
the method may be applied with some difficulty. Only limited test results are available in

the literature.
2.2.2 Residual stress measurement of CHS

The sectioning method is widely adopted for residual stress measurements of CHS. The
methodology of this method is detailed in Tebedge ef al. (1973) and Rossini et al. (2012).
Figure 2.2 illustrates a typical instrumentation for residual stress measurement using this
method. This method requires the measurement of relative deformations due to a release
of residual stresses upon removal of part of the material through wire-cutting. The
deformations released during the cutting process can either be measured with strain gauges,
Whittemore gauges or curvature dials, as shown in Figure 2.3. In general, both axial
deformation and curvature may occur in the strips after cutting, which correspond to two
different residual stress components, i.e. membrane residual stress, o, and bending
residual stress, op, as illustrated in Figure 2.4. Membrane residual stresses are found to
dominate in hot-rolled and welded sections, while bending residual stresses are dominant

in cold-formed sections (Rossini et al. 2012). It should be noted that through thickness
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distribution of residual stresses of the sections cannot be measured with strain gauges as
they are mounted onto the surfaces of the specimen only. Therefore, the residual stress
patterns obtained with this method is based on an assumption that bending residual

stresses vary linearly through the thickness of the sections.

The sectioning method has been successfully applied to obtain residual stress distributions
of normal strength steel and stainless steel sections in the past forty years (Chen and Ross,
1977; Cruise and Gardner, 2008, Ban ef al., 2013, Ma et al., 2015, Somodi and Ko6vesdi,
2017; Zheng et al., 2019). The cross-sectional types include I-section, RHS and CHS.

For high strength steel CHS, many researchers conducted residual stress measurements in

the past years. A summary of these tests are shown in Table 2.2.

Jiao and Zhao (2003) measured residual stresses of a CHS with a nominal yield strength
at 1350 N/mm?. The measured residual stresses were found to be about only 4% of the
yield strength. Shi et al. (2013) conducted residual stress measurements on five high
strength Q420 steel CHS with a nominal yield strength of 420 N/mm?. The released strains
were measured by Whittemore gauges with a gauge length of 254 mm. Experimental
results of this study are shown in Figure 2.5. Residual stresses on both the inner surface
and the outer surface are provided. However, the test results are found to have large
scattering among themselves. Ma ef al. (2015) measured both longitudinal and transverse
residual stresses of a high strength CFCHS with a nominal yield strength at 1100 N/mm?.
The released strains after wire-cutting were measured by strain gauges. Figure 2.6 presents
the measured residual stress distributions, where the magnitudes of the residual stresses
were normalized with 0.2% proof strength obtained from respective coupon tests. Yang
et al. (2016) presented experimental results of residual stresses on eight high strength
Q690 cold-formed CHS. Both the sectioning method and the hole-drilling method were
adopted to study relative accuracy of these two measurement methods. It was found that
strain measurement using handheld Whittemore gauges may affect the precision of

measurement, and cause the scattering of results.
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2.2.3 Residual stress patterns for CHS

A number of residual stress patterns for normal strength steel CHS have been proposed
based on experimental data reported in the literature since 1970s. Wagner et al. (1976)
proposed a bilinear model to describe residual stress distributions in CHS, while Chen and
Ross (1977) recommended a multi-linear residual stress distribution. Shi et al. (2013)
proposed simplified models on both the outer and the inner surfaces for high strength
Q420 steel CHS. Yang et al. (2016) proposed a bilinear model for high strength Q690

CHS. These residual stress models are illustrated in Figure 2.7.

It should be noted that the simplified models proposed by Wagner et al. (1976) and Yang
et al. (2017) are able to fulfil cross-sectional force equilibrium while the model proposed

by Chen and Ross (1977) does not fulfill force equilibrium.
2.2.4 Summary

It is found from the selected literature reported in previous sections that experimental
results of residual stresses in high strength steel CHS are limited. Effects of various
manufacturing processes, including cold-forming and welding onto the residual stress
distributions in CHS have not been quantified. Moreover, it is difficult to define a single
residual stress pattern for high strength steel CFCHS for use in all levels of inelastic
analysis because both the magnitude and the distribution of these stresses are dependent

on the manufacturing process and the cross-section geometry.

In general, existing residual stress patterns proposed by the researchers are based on their
own test results. Their range of application remains questionable on steel sections with
high strength steel or different cross-section dimensions. Hence, it is necessary to conduct
experimental investigations to study these residual stresses in high strength CFCHS to
enrich existing database and to develop a general finite element approach to predict

residual stresses in CFCHS with different section dimensions.
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2.3 NUMERICAL SIMULATION OF MANUFACTURING
PROCESSES

Laboratory measurements of residual stresses in CFCHS are time-consuming, and only
limited test results can be obtained by adopting the sectioning and the hole-drilling
methods. With assistance of increasingly developed finite element programnes, many
research studies have been conducted to simulate the manufacturing processes and to

predict mechanical responses of CHS.
2.3.1 Modeling of cold-forming

Quach et al. (2004) established a two dimensional plane strain pure bending model to
simulate the coiling and uncoiling process of a steel sheet, and an analytical solution was
proposed to predict residual stresses of cold-formed steel sections. When dealing with
strain hardening, a theoretical method was proposed that involved complicated differential
equations. Residual stress distributions throughout the thickness of a cold-formed steel
sheet were predicted. It was found that through-thickness variations of residual stresses
were non-linear. The magnitude of residual stresses are also found to be sensitive to the
coiling radius and the yield strength of the steel sheet. It should be noted that simple forms
of analytical solutions of the residual stresses were difficult to be obtained. Spring back

after bending was not considered.

Moen et al. (2008) presented a simplified analytical solution to predict both longitudinal
and transverse residual stresses due to cold bending. It was assumed that the stress-strain
curve of the steel sheet was elastic-perfectly plastic, and the bending radii were very small,
i.e. /t ranging from 2 to 8. The cold forming process consisted of two stages: 1) plastic
bending, and i1) elastic spring back. The simplified analytical solution is shown in Figure

2.8.

It should be noted that there are simple forms of residual stress distributions available in
the literature, and the values were quantified as fractions of the yield strengths of the steel

plates. These solutions did not consider any cold work strain hardening of the steel plates.
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The residual stresses were, therefore, considered to be somehow underestimated for

CFCHS with large 7/t ratios.
2.3.2 Modeling of welding

Numerical investigations into welding process in steel structures were extensively studied
in the past decades. Various heat source models, reduction factors for mechanical
properties of steel as well as thermal properties of steel at elevated temperatures have been

investigated.

Both two dimensional and three dimensional models have been developed for coupled
thermomechanical analysis to obtain temperature history and residual stresses for welded
steel sections. At present, there are still some factors that are difficult to be considered in
numerical simulation of welding, including phase transformation of steel, microstructures
of weld metal and heat affected zones. Hence, assumptions and some degree of
simplification on these factors are adopted to reduce complexity of the numerical models

as well as to obtain results with acceptable accuracy.
3D modeling

A double ellipsoidal model proposed by Goldak ef al. (1984) has been widely employed
to simulate a moving heat source during welding in three dimensional models (Sonti and
Amateau, 1989; Wahab et al., 1998; Gery et al., 2005; De et al., 2013; Chukkan et al.,
2015). A schematic view of this model is presented in Figure 2.9. Heat flux densities at

specified positions are presented in Equations 2.1 and 2.2.

3x? 37 377
a4 (%.3.2) = — = =exp(== ) exp(= “r)exp(-)
aberN 7 a ¢ @.1)

: 3x? 3y’ 3z
X, y,z)=——""=exp(——) exp(——) exp(———
qr ( y ) a2 C/Z'\/_ p( (122 ) p( b2 ) p( 02 )
where grand g, are the volumetric heat flux in the front and the rear [W/m?];
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ai, a2, b and ¢ are semi-axes of the double ellipsoid [m];

Q is the total heat energy input of welding [J];

x, y and z are the local coordinates; and

frand f are fractions illustrating energy distribution, and fr+f, = 2.

And the total heat energy Q is calculated according to

O=n-U-1 (2.2)
where # denotes the welding efficiency;
U denotes the voltage of the welding arc [V]; and
I denotes the welding current [A].

The input of the heat source model can be achieved by defining the subroutine function
*DFLUX in ABAQUS. Liu and Chung (2018) conducted parametric studies on various
parameters of this heat source model. Recommended values for these parameters were
provided for GMAW and SAW of high strength S690 steel. The numerical models were
calibrated with measured temperature histories and residual stresses of high strength steel

S690 welded H-sections.

It is shown that with careful calibration, three dimensional thermomechanical analyses are

effective to predict residual stresses within high strength steel welded sections.
2D modeling

Coupled thermomechanical analysis using a 3D model is rather time consuming,
especially for multi-pass welding of thick plates or sections. In order to reduce
computational resources, Pilipenko (2001) introduced a method which simplified a 3D
welding process into a 2D process. A ramp heat model is proposed by Shim et al. (1992)
for such 2D analysis. The motion of heat source is simplified by applying the body heat
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flux to the elements, as shown in Figure 2.10. This model has been employed in various

2D analyses (Lindgren, 2001; Jiang et al., 2005; Liu et al., 2011).
2.3.3 Sequentially and fully coupled thermomechanical analysis
Sequentially coupled thermomechanical analysis

The differences between sequentially and fully coupled thermomechanical analyses have
been introduced in Ellobody (2014). In a sequentially coupled thermomechanical analysis,
the stress/deformation field is dependent on the temperature field, while the temperature

field is not dependent on the stress/deformation field, which can be obtained separately.

The analysis is performed by firstly conducting an uncoupled heat transfer analysis to get
the temperature results. Then a stress analysis is carried out with an input of nodal
temperature results as predefined fields. The mesh scheming and step increments in these
two models should be identical. It should be noted that any mechanical properties will be
ignored in the heat transfer analysis. The material nonlinearity will be considered in a
separate stress analysis. Also, different elements are employed in these two different
processes. Linear heat transfer elements are adopted for heat transfer analysis while linear

or nonlinear stress elements can be used for stress analysis.
Fully coupled thermomechanical analysis

A fully coupled thermomechanical analysis is usually conducted when the mechanical and
thermal results strongly affect each other, and therefore, must be obtained simultaneously.
In ABAQUS (Standard), it is computed by a coupled temperature-displacement analysis.
Temperature-dependent material properties are considered. Coupled temperature-
displacement elements are adopted, but pure heat transfer elements cannot be used in this
analysis. Both temperature and stress results can be obtained from a single model, but the
computational time of a fully coupled analysis is usually much longer than that of a

sequentially coupled analysis.
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2.3.4 Summary

Numerical modeling of various fabrication processes of CHS involves complex material

models which require certain extents of simplification.

In the present study, two different stages, i.e. transverse cold-bending and longitudinal
welding are considered for manufacturing of CHS. From the extensive review and the
comparison among various modeling techniques discussed in previous sections, it is
adopted that cold-bending of steel plates will be simulated by 2D plane strain analysis
while welding of CHS will be modelled by 3D sequentially coupled thermomechanical

analysis.

2.4 CURRENT DESIGN RULES

Structural behaviour of tubular joints between normal strength steel hollow sections have
been extensively investigated in the past decades. The research findings have been
developed into various design rules adopted by some international design specifications.
Design recommendations for the design of tubular joints were firstly proposed by the
International Institute of Welding (ITW) Subcommission XV-E in 1981(I1IW, 1981). This
document was then developed into the 2nd and the 3rd editions 1989 and 2009
respectively (Lan and Chan, 2018). Eurocode EN 1993-1-8 (CEN, 2005) adopted the
design recommendations proposed by the 2nd edition of IIW recommendations (IIW,
1989). The latest version of CIDECT Design Guide 1 (Wardenier et al., 2008) follows
closely to the 3rd edition of IIW recommendations (IITW, 2009).

2.4.1 Design strength for CHS T-joints

The design formulae for T-joints between CHS given in both CIDECT Design Guide 1
and EN 1993-1-8 are compared in Table 2.3. It is found that the design formulae for chord
plastification in both design codes have similar forms of expressions, and both consist of

a strength function Q,, and a chord stress function Qr (or k).
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It should be noted that in CIDECT, a reduction factor of 0.9 is adopted for calculating the
design strengths of joints with S460 steels, but no guidance is provided for S690 steels. In
general, lower ductility of high strength steel and larger deformations that may occur are
considered. The design yield strength of steel, f;, is also limited to be not larger than 0.8
fu, which results in a total reduction of joint resistance at about 15%. Similarly, according
to EN 1993-1-12 (CEN 2007), a reduction factor of 0.8 is applied for calculating joint

resistances of T-joints between structural hollow sections with steel grade up to S700.
2.4.2 Deformation limits

The ductility requirements for T-joints between CHS are dependent on various cases
(Havula 2018). In general, deformation limit proposed by Yura et al. (1981) and Lu et al.
(1994) are widely adopted to determine ultimate loads of these sections. Yura et al. (1981)
proposed a deformation limit of 60 d1f, / E, and a rotation limit of 80 f, / E. Moreover, Lu
etal. (1994) proposed a general out-of-plane deformation limit of 3% of the outer diameter
of the chord (0.03do) to define the ultimate resistances of joints. Such deformation limit is
also incorporated in CIDECT Design Guide 1 to determine the resistances of a joint
between CHS. A deformation limit of 1% (0.01do) is adopted to control joint deformations

at serviceability limit states.

2.5 PREVIOUS STUDIES ON T-JOINTS BETWEEN HIGH
STRENGTH CHS

Current design rules for T-joints between high strength CHS were developed based on
extensive numerical results and re-assessment of existing experimental results (Qian et al.,
2008). However, it was generally considered that there were insufficient experimental
results for these joints at that time. Therefore, strength reduction factors combined with
limitations on the ratios of tensile to yield strengths, f, / f,, were adopted to provide

conservative design rules for practical design.

In recent years, there has been an increasing number of research on joints between high

strength steel structural hollow sections. Various joint types with various cross-section
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geometry were studied to enlarge the database for these joints, as well as to appraise
applicability of the current design rules. Analyses on experimental results on X-joints
between high strength CHS and RHS subjected to brace axial compression suggested that
the current reduction factors from EN 1993-1-8 may be too conservative for high strength
steel. (Becque and Wilkinson, 2017; Lee et al., 2017; Kim, 2018) Applicability of these

reduction factors still remains controversial.
2.5.1 Behaviour of T-joints between high strength CHS

For T-joints between high strength CHS subjected to brace axial compression, the
interaction between overall chord bending and local joint failure should be considered. It
is difficult to investigate each of these two failure modes in tests. Therefore, it is more
straightforward to conduct experiments on those X-joints because axial brace loads do not

cause in-plane bending moments in chords.

Up till the presence, experimental investigation on T-joints between high strength CHS
are found to be limited. Choi et al. (2012) conducted experiments on four T-joints between
hot-finished CHS under axial compression. The nominal yield strength of the CHS was
480N/mm?. All these four test specimens failed in chord plastification. Kim et al. (2012)
reported experimental results of 12 T-joints between high strength CHS under cyclic in-
plane bending. The measured yield strengths of the CHS are 464 and 584 N/mm?. From
these test results, it is found that joints between high strength CHS have desirable
performance in joint resistance without any significant reduction in ductility, when

compared with those of joints between normal strength CHS.

Moreover, numerical investigations have been widely carried out. Van der Vegte and
Makino (2005) introduced a finite element approach to exclude effects of boundary
conditions and chord lengths to the joint resistances by applying compensating in-plane
bending moments at the ends of the chords, as shown in Figure 2.11. It was also pointed
out that the chord length parameter, o (=2 Lo/ do ) , will influence the resistances of these
T joints. And a chord length of 10 do (o = 20) is sufficiently long to exclude any influence
caused by chord end conditions. By adopting this approach, a function Qy, which took
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accounts of the effect of chord stresses was further developed, and this function was
incorporated into various design codes such as EN1993-1-8 (CEN, 2005) and CIDECT
Design Guide 1 (Wardenier et al., 2008).

2.5.2 Summary

Existing experimental data on T-joints between high strength CHS are found to be limited
in the literature. Current design rules for T-joints between high strength CHS are
considered to be developed based on test results of normal strength steels and numerical
analyses. Hence, it is necessary to carry out specific experimental investigations on T-
joints between high strength CHS under various loading conditions to enlarge the existing

database.

It is also highly desirable to develop finite element models with high precision to assess
accuracy of various reduction factors on axial resistances of these T-joints between high
strength steel CHS in order to improve design efficiency. Effects of cold-forming,
welding-induced residual stresses and strength reductions in the heat affected zones of

these joints on their structural behaviour should also be investigated.
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Figure 2.1 Penetration and spatial resolutions of various techniques (Rossini et al. 2012)

Figure 2.2 Typical instrumentation for residual stress measurement (Cruise and Gardner
2008)
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Whittemore gauge
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Figure 2.3 Deformation measured by Whittemore gauge and curvature dial (Cruise and
Gardner, 2008)
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Figure 2.4 Modeling of residual stresses with membrane and bending stress components
(Cruise and Gardner, 2008)
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Figure 2.5 Experimental results of residual stresses of Q420 CHS (Shi et al., 2013)
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Figure 2.6 Experimental results of residual stresses of CHS (Ma et al., 2015)
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Figure 2.7 Comparison of existing residual stress patterns for CFCHS
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Figure 2.8 Analytical solutions of longitudinal and transverse residual stress (Moen et al.,
2008)
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Figure 2.9 Double ellipsoidal heat source model (Goldak et al., 1984)
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Figure 2.10 Ramp heat source model for 2D analysis (Shim et al., 1992)

Figure 2.11 Loading scheme and moment distribution of T-joints (van der Vegte and Makino,
2005)
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Table 2.1 Comparison of residual stress measurement techniques (Rossini et al., 2012)

Technique

Advantage

Disadvantage

X-ray diffraction

Ductile, Generally available,
Wide range of materials,
Hand-held systems,

Macro and Micro RS

Lab-based systems,
Small components,

Only basic measurements

Hole Drilling

Fast, Easy use, Generally available,

Hand-held, Wide range of materials

Interpretation of data,
Semi destructive,

Limited strain sensitivity and resolution

Neutron Diffraction

Macro and Micro RS,
Optimal penetration and resolution,

3D maps

Only specialist facility,
Lab-based system

Barkhausen Noise

Very quick,

Wide sensitive to Microstructure effects
especially in welds,

Only ferromagnetic materials,

Need to divide the microstructure signal
from that due to stress

Hand-held
Ultrasonic Generally available, Very quick, Limited resolution,
Low cost, Hand-held Bulk measurements over whole volume
Sectioning Wide range of material, Destructive,
Economy and speed, Interpretation of data,
Hand-held Limited strain resolution
Contour High-resolution maps of the stress normal to | Destructive,
the cut surface, .
Interpretation of data,
Hand-held, Wide range of material, . . .
Impossible to make successive slices
Larger components close together
Deep hole drilling Deep interior stresses measurement, Interpretation of data,
Thick section components, Semi destructive,
Wide range of material Limited strain sensitivity and resolution
Synchrotron Improved penetration and resolution of X- | Only specialist facility,

rays,
Depth profiling, Fast,

Macro and micro RS

Lab-based systems
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Table 2.2 Summary of residual stress measurement of high strength steel CFCHS

Yield
strength of D t
Author Fabrication method Method of teel D/t ratio
measurement stee (mm) (mm)
(N/mm?)
Jiao and Zhao Cold-forming and .
(2003) welding Sectioning 1350 38to 75 1.6 24 to 46
Shi ez al. (2013) Cold-forming and Sectioning 38110506 | 16810377 | 5t08 | 31tod47
welding
Ma et al. (2015) Cold-forming and Sectioning 937 to 1160 139 6 23
welding
Yang et al. (2017) Cold-forming and Sectioning 690 250 to 350 8 31 to 44

welding
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Table 2.3 Comparison of design formula from CIDECT Design Guide 1 and Eurocode EN

1993-1-8

CIDECT Design Guide 1 (2008)

EN 1993-1-8 (2005)
EN 1993-1-12 (2007)

Brace axial f ol‘; f Otg
compression N, = - N, =0k =+
p 1 Qlle Sing 1 Qu P sing
0, =(2.6+17.78°)y" 0, =(2.8+14.28%)y"
0, =(1-|n)" For n, >0.k,=1-0.3n,(1+n,)
peNo M, For n <0.k, =1
Npl,O MpI,O
. O-p Ed
C, =0.45-0.254 for chord compressive | n,=———
stress ¥0
C, =0.20 for chord tension stress
Brace in-plane [t fote
bendi M,=0,0,~—d M, =Qk, 2>d
ending 1 Q Qf sinHl 1 1 Qu P sin@l 1
0, =43pr", Q, =4.858y"
0, =(1-[n)" For n >0,k,=1-0.3n,(1+n,)
pe N My, For n, <0.k, =1
NpLO Mpl,(]
. O-p Ed
C, =0.45-0.25p for chord compressive | n,=———
stress 0
C, =0.20 for chord tension stress (n > 0)
Material limit | f, <460 N/mm? and £, < 0.8 f, Ju/f;>1.05

for 460 N/mm? < f, < 700 N/mm?

Strength
reduction
factor

1.0 for S355
0.9 for S355 to S460

1.0 for S355
0.9 for S355 to S460
0.8 for S460 up to S700
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INVESTIGATIONS INTO
RESIDUAL STRESSES IN COLD-FORMED CHS

3.1 INTRODUCTION

In this chapter, a comprehensive experimental and numerical investigation into residual
stresses of S690 cold-formed circular hollow sections (CFCHS) was presented in order to

examine the effects of various fabrication processes on residual stresses of CFCHS.
The key activities of the investigation are:
Task A Experimental investigation

* To fabricate eight CFCHS of different cross-sectional dimensions.

* To measure surface temperature history at specific locations using thermocouples
during welding.

* To measure residual stresses in these CFCHS using the sectioning method, and to

obtain the residual stress distributions.
Task B Numerical investigation

* To establish finite element models to simulate (i) transverse cold-forming, and (ii)
longitudinal welding of CHS, and to predict mechanical responses after welding.
* To compare measured and predicted surface residual stresses of these CHS.

* To propose simplified residual stress pattern for subsequent analyses.

In order to obtain basic mechanical properties of S690 high strength steel and S355 normal
strength steel, standard tensile tests were carried out on standard coupons made from steel

plates with various thicknesses.
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It should be noted that a total of eight CFCHS with different geometric dimensions were
manufactured, and they were classified into two series for comparison, namely, (i) cold-
formed circular hollow sections without welding, and (i1) cold-formed welded circular
hollow sections. Steel plates were formed into circular tubes using a three-roller bending
machine. Then, longitudinal welding was performed by a qualified welder while welding
parameters during the entire welding process were recorded for subsequent numerical
analyses. Surface temperature history at selected positions were measured with
thermocouples. Surface residual stresses of both cold-formed and welded sections were

measured with the sectioning method.

Numerical models were established to simulate both the transverse cold-forming and the
longitudinal welding operations. The residual stresses predicted with various
manufacturing processes were compared with measured residual stresses obtained in this
study as well as test results reported by other researchers. Moreover, a simplified residual

stress pattern for high strength S690 steel was proposed for subsequent analyses.
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3.2 EXPERIMENTAL INVESTIGATION

3.2.1 Material tests

In order to obtain the basic mechanical properties of both normal strength S355 steel and
high strength S690 steel plates with various thicknesses, a series of standard tensile tests

were carried out according to BS EN ISO-6892-1 (CEN, 2009).
Test programme

A total of 16 standard tensile coupons were tested, among which 10 were rectangular
coupons and 6 were circular coupons. The test programme for the material tests is listed
in Table 3.1 while the geometric dimensions of these standard tensile coupons are shown

in Figure 3.1.

The gauge lengths of the standard tensile coupons are determined according to Equation

3.1 from BS EN ISO-6892-1.

L, =5.654, G

where Ao is the original cross-sectional area along the parallel portion of the coupon.
Test setup

The tensile coupon tests were conducted with Instron 8803 Servo Hydraulic Fatigue
Testing System. It is a multi-function material testing system which can be used for both
monotonic and cyclic tests. The tension/compression capacity of the testing system is
500kN. An extensometer with a gauge length of 25mm is mounted onto test specimens to

measure their strains throughout testing.

A photographic deformation analysis (PDA) method is adopted to measure longitudinal
deformations and instantaneous diameters of the test coupons. A digital camera is used to

take high resolution images of these test coupons during tests at a regular time interval of
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30 seconds. The camera is properly held in position throughout testing so that the
deformations and the instantaneous diameters of the test coupons can be obtained by
calculating changes in number of pixels of corresponding images. The test setup is

demonstrated in Figure 3.2.
Test results

A total of 16 coupons were tested successfully. The measured material properties of S355
and S690 steel plates are summarized in Table 3.2. The stress-strain curves of all the

coupons are plotted in Figure 3.3.

It should be noted that in EN 1993-1-12, requirements for high strength steel materials up
to grade S700 have been specified as follows:

1) fu/fy=>1.05, i) &, > 15f,/ E, and 1i1) gr> 10%
where f, and f, are the tensile strength and the yield strength of steel
&u 1s the elongation at tensile strength

gr 1s the elongation at fracture

Based on the test results, it is found that the test results of S690 steels are highly consistent.
The average yield strength of 6 mm and 10 mm thick S690 steel plates are found to be
731 N/mm? and 783 N/mm? respectively, and the elongation at fracture of each of the
S690 coupons exceeds 15%. Hence, all high strength S690 steel materials in this study are

shown to satisfy these requirements.

3.2.2 Manufacturing process of welded CHS

In general, steel plates were first cut from the parent steel plates through the use of plasma
cutting technique. Then, the edges of these plates were bent locally using a press-brake
machine. After that, these plates with pre-bent edges were bent transversely to form
circular sections by a three-roller bending machine. Finally, longitudinal welding was
performed by a qualified welder using a gas metal arc welding (GMAW) method. The

fabrication processes are shown in Figure 3.4.
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3.2.3 Temperature measurement

Test programme

A total of four S690 CFCHS with different cross-sectional dimensions were prepared,
namely, Sections C1 to C4. The test programme of these sections is summarized in Table
3.3. Measured geometric dimensions of Sections C1 to C4 are presented in Table 3.4. All

these sections are welded using a GMAW method.
Test setup and instrumentations

Type-K thermocouples were used in the present study, and they were attached at specified
locations on the outside surface of the sections. The accuracy of these thermocouples is £
1.5 C, and their working temperature can reach up to 1200°C. A schematic arrangement

of the thermocouples is illustrated in Figure 3.5.

A total of 6 thermocouples were attached onto the outside surface of each specimen, and
they were 100 mm apart in the longitudinal direction, while the spacing between the two
thermocouples on the transverse direction was 10 mm. HT putty was employed to isolate
exposed surfaces of these thermocouples from the air so that temperature measurement
was not interfered by heat convection nor radiation. Hence, their temperatures were
measured only through direct heat conduction in this study. An Avio R500 high resolution
infrared thermal imaging camera was also employed to obtain the temperature field during
welding. It should be noted that the camera is able to capture high resolution images with

a measurement range from -40°C to 2000 ‘C. Figure 3.6 shows the test setup for

temperature measurement on a test specimen.
Welding procedures

Before welding, single-V weld grooves at the edges of the steel plates were prepared, and
ceramic backings were attached at the underside of the weld seams. The cross-sectional
dimensions and the weld groove details are illustrated in Figure 3.7. Figure 3.8 shows the

GMAW welding method employed, and the welding electrode ER110S-G (with a
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diameter of 1.2 mm) according to AWS AS5.28 is employed. It should be noted that the
nominal yield strength of the welding electrode is 720 N/mm? while the measured yield
strengths of S690 steel plates with thicknesses of 6 mm and 10 mm are 731 N/mm?and
787 N/mm? respectively. Therefore, an under-matched welding is achieved although an
over-matched welding is designed. The mechanical properties of the welding electrode

are summarized in Table 3.5.

A multi-pass weld method was adopted to control the heat energy input. For Sections C1
and C2, a two-pass welding procedure was employed while for Sections C3 and C4, a
three-pass welding procedure was employed. Key welding parameters, including current,
voltage and welding speed have been carefully recorded during welding, as summarized

in Table 3.6.
Test results

Temperature history of Sections C1, C2, C3 and C4 obtained from thermocouples are
plotted in Figures 3.9 to 3.12. The measured maximum temperatures are listed in Tables
3.8 to 3.11. The first group of thermocouples, T1, T3 and T5, were found to increase
rapidly when the heat source approached. After reaching peak values, the temperatures of
these thermocouples dropped approximately to 200°C in about 250s. The other group,
namely, T2, T4 and T6 which were further away from the weld seam, were found to record

lower temperatures during welding.

3.2.4 Residual stress measurements

Residual stresses of CFCHS were measured using a sectioning method. This method is
based on the elastic theory, and the principles of this method are described in the previous

chapter. The objectives of residual stress measurements are:

* To provide measured residual stress distributions in both S690 CFCHS and CFCHS-
NW (no welding).
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* To study effects of the transverse cold-forming onto the residual stress distributions
in S690 CFCHS.
* To propose a simplified residual stress model for high strength S690 CFCHS based

on experimental results.

Two CFCHS, namely, Sections C1 and C2, and two CFCHS without welding, namely,
Sections C1-NW and C2-NW were prepared for residual stress measurements. Each CHS
was cut with the use of cold-sawing into three parts with different lengths, i.e. 150 mm,
260 mm and 250 mm. Sectioning of the CHS was performed in the middle part with a

length of 260 mm. The test programme is summarized in Table 3.11.
Test setup and instrumentation

It is widely considered that longitudinal residual stresses have the most significant
influence on the structural behaviour of CHS. Therefore, in this study, only longitudinal

residual stresses are measured.

Arrangements of measurement points of each CHS are shown in Figures 3.13 and 3.14.
The distribution of residual stresses are assumed to be symmetrical along the weld seams

of the CHS. Hence, only half of each of the CHS is prepared for strain measurement.

During preparation of the tests, strain gauges were attached to both outer and inner
surfaces at the mid-length of each section. The width of each longitudinal strip was 10
mm, and waterproof glue was applied to protect all the strain gauges. Wire-cutting was
then performed to give a total of 24 strips from Sections C1-NW and C1, and a total of 32
strips from Sections C2-NW and C2. Coolant was applied during the cutting process in

order to minimize any heat generated, as shown in Figures 3.15 and 3.16.
Test results

Strain readings prior to and after the wire-cutting were recorded. Residual strains on both
the outer and the inner surfaces, &, and &; respectively, were calculated by subtracting the

final measured strains from the initial measured strains. Residual stresses were calculated
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according to the Hook’s Law, as shown in Equations 3.2 and 3.3, where E is the measured

elastic modulus of the steel material.

o,=—¢,-E (3.2)

o =—¢"F 3.3)

By assuming a linear distribution of residual stresses within the thickness of a strip, the
residual stresses can be divided into two components, namely, 1) membrane residual stress

om, and ii) bending residual stress g, according to Equations 3.4 and 3.5 as follows:

o, +0;
o =Z. 10 (3.4)
" 2

O —O.;
O-h: 02 L (3.5)

Residual stresses of all the strips before and after wire cutting are listed in Table 3.12 a)
to d), where a positive value indicates a tensile residual stress and a negative value
indicates a compressive residual stress. The residual stresses are normalized with the

measured yield strengths of the steel plates.

The measured residual stress distributions on the outer and the inner surfaces of each CHS
are presented in Figure 3.17 while the calculated membrane and bending residual stresses

are illustrated in Figure 3.18. It should be noted that
*  For cold-formed CHS without welding, i.e. CFCHS-NW

a) Tensile residual stresses are found on the outer surface of the cold-formed CHS

while compressive residual stresses are found on the inner surface.

b) Bending residual stresses with an average magnitude of 0.28 f, are measured,

except that very low values were obtained from the strips on the edge.

e For cold-formed CHS, i.e. CFCHS,
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c¢) Residual stresses are shown to be very high in adjacent to the weld seams, where
a maximum value is obtained on the outer surface of the CHS. This should be
attributed to the differential cooling between the weld metal and the parent metal
nearby after welding. This will cause quick contraction and formation of high locked-
in tensile stresses adjacent to the weld seam. As the distance from the weld seam
increases, the membrane residual stresses decrease significantly. Moreover, a
magnitude of about 0.3 £, of bending residual stress also indicates the effect of cold-
forming to the welded CHS. The deformed shape of strips cut from the test specimens

are illustrated in Figure 3.19.

3.3 NUMERICAL MODELING

In order to predict residual stresses due to both transverse cold bending and longitudinal
welding, 2D and 3D numerical models have been established with a widely employed
finite element package, namely, ABAQUS (2009). An overview of the numerical analysis
is presented in Figure 3.20. A 2D model is adopted to simulate the transverse cold-bending
process to predict residual stresses due to cold bending. A sequentially coupled
thermomechanical analysis is then performed to simulate the longitudinal welding process.
Heat transfer analysis is carried out to obtain the temperature field during welding and
cooling. The predicted temperature history at specified points are compared with the

measured temperature history in order to calibrate the heat transfer model.

Then, the time-dependent temperature field is incorporated into another 3D model with
different elements for thermomechanical analysis. The predicted residual stresses due to
welding on both the inner and the outer surfaces of the CHS are compared with the
measured residual stresses as presented in previous sections. A simplified residual stress

pattern is proposed based on both the experimental and the numerical results.
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3.3.1 Transverse cold bending

Cold bending is simulated using a 2D finite element model. A steel plate with a length of
the mid-surface perimeter of the CHS is bent numerically into a circle. Both the mesh and
the boundary conditions of the 2D model are shown in Figure 3.21. Twelve layers of 2D
plane strain elements CPE4R with reduced integration and hourglass control are employed.
It should be noted that one end of the steel plate is fixed while the other end is free. Both
geometrical and material nonlinearities are incorporated into the model. All the nodes at
the free end of the steel plate is set to be coupled to the reference node. A unit rotation is
applied to the reference node to simulate the bending process. Von Mises criterion is
applied to capture yielding of the steel plates. Simplified true stress-strain curves obtained
from standard tensile tests are adopted in the numerical model, as illustrated in Figure

3.22.

Through a number of parametric studies, it is found that for those CHS with radius to
thickness ratios, 7/t, ranging from 10 to 25, the normalized residual stresses are very close
to one another, and they may be considered to be the same. The predicted residual stress
distributions in S355 and S690 CHS after cold-forming are plotted in Figure 3.23. It is
found that both longitudinal and transverse residual stresses in S690 CHS are smaller than
those in S355 CHS having the same bending radii. The longitudinal surface residual
stresses in S690 and S355 CHS are very close to one another. Figure 3.24 plots the
proposed simplified residual stress patterns for S690 CHS with a 7/t ratio at 12.5. It is
shown that the residual stress patterns are similar to the simplified analytical solutions
from Moen et al. (2008), although the predicted longitudinal residual stress is found to be
0.2f,. It should be noted that 0.05f, is given in an analytical solution which is calculated

according to an elastic-perfect plastic stress-strain relationship.

3.3.2 Longitudinal welding

Sequentially-coupled thermomechanical analysis
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A sequentially-coupled thermomechanical analysis is conducted to simulate longitudinal
welding of CFCHS. A two-stage analysis including (i) heat transfer analysis, and (ii) stress
analysis are carried out sequentially in this study. Three dimensional heat transfer element
DC3D8 is adopted in the heat transfer analysis while stress element C3D8R is employed
for the stress analysis. An overall view of the numerical model of Section C1 is shown in
Figure 3.25. Four layers of solid elements are adopted throughout the thickness of the steel

plate. Local mesh refinement is adopted in the model for computational efficiency.

Relevant temperature-dependent material properties including thermal conductivity,
specific heat and thermal expansion coefficient given by EN 1993-1-2(CEN, 2005) are
adopted in the present study, as shown in Figure 3.26. Mechanical properties of S690 steel
plates at ambient temperature are provided in Figure 3.22. A double-ellipsoidal model is
used to simulate a moving welding heat source. The welding parameters discussed in
Section 3.2.3 are also employed in the model. Longitudinal residual stresses obtained from
the 2D model in Section 3.3.1 are fully incorporated into the model as the initial stresses
at various integration points of the solid elements. These initial residual stresses within

the plate thickness are shown in Figure 3.27.
Mesh convergence study

A mesh convergence study is carried out to determine the optimum mesh sizes of the
proposed numerical model. Three different mesh schemes are adopted for comparsion.
The programme for the mesh convergence study is shown in Table 3.13. The global mesh
sizes vary from 5 mm to 10 mm, and the local mesh sizes at the weld seam vary from Imm
to 3mm. The detailed finite element meshes of these three models are presented in Figure

3.28.

Figure 3.29 illustrates a comparison of the residual stresses on the outer surfaces at the
mid-section of these three models. A convergence trend can be found among these three
models from a coarser mesh to a finer mesh. The difference in the maximum surface
residual stress on the outer surfaces between “fine” and “very fine” meshes is only 0.4%,

which is considered to be satisfactory. Therefore, a global mesh size of 5 mm and a local
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mesh size of 2 mm the weld seam are adopted for subsequent numerical analyses in order

to achieve both numerical accuracy and computational efficiency.

3.3.3 Finite element results

Temperature history

Figure 3.30 illustrates the transient temperature distributions of each weld run during
welding of Section C1. The regions in grey colour represents the filler metal for welding,
where the temperatures are higher than 1500 °C. In Figures 3.31 and 3.32, the measured
surface temperature history at the locations of thermocouples are compared with those
predicted by numerical models. It is found that the predicted temperature history agree

very well with the measured data.
Residual stress distributions

Both the measured and the predicted surface residual stresses at the mid-sections of
Section C1 and C2 are plotted in Figures 3.33 and 3.34, where 0 represents the angle from
the weld seam, as shown in Figure 3.35. In general, the predicted residual stresses are
found to agree well with the measured data. However, the predicted residual stresses at
the weld seam have a large variation from the measured values. The measured residual
stresses on both the inner and the outer surfaces at the weld seam are significantly smaller
than the predicted values. This is because the weld metal at this location has already been
yielded after welding. Therefore, the sectioning method is considered to be not accurate
enough to measure the residual stresses at this location as this method is only applicable

to measure elastic strains.

3.3.4 Proposed residual stress distributions

Proposed residual stress pattern

Based on the experimental and numerical results, a simplified multilinear model is
proposed to describe the residual stress distributions in S690 CFCHS. The mathematical

equations are presented as follows
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~10.80+1 0<6<0.083

For outer surfaces 2 —10.539+0.055 0.083<6<0.55 (3.6)
1y —0.110+0.41 0.55<6<1
~18.160+1 0<6<0.083

For inner surfaces 2 =10.539-0.54 0.083<0<0.55 (3.7)
1y —0.110-0.19 0.55<0<1

where o, denotes the residual stresses, f, denotes the yield strength of the steel material,
and 6= O/n . In Figures 3.36 and 3.37, the proposed residual stress model on both the
outer and the inner surfaces are compared with the measured and the predicted residual
stresses of Sections C1 and C2. The proposed model is demonstrated to be able to predict

the measured residual stress distributions of S690 CFCHS covered in this study.

In addition to the above equations, an averaged through-thickness residual stress model is
also provided. It should be noted that the bending residual stresses are not considered, and

only the membrane residual stresses are shown in this model. The equations are presented

as follows:
~14.400+1 0<0<0.083
Average residual stresses S _J0.530-024 0.083<6<0.55 (3.8)
1y —0.116+0.11 0.55<0<1

Check of self-equilibrium of residual stresses

It is acknowledged that residual stresses are self-equilibrant stress systems within a cross
section. Therefore, self-equilibrium is examined for the proposed average residual stress

model to ensure there is no out-of-balance force.

Integration of residual stresses within a CFCHS is carried out as follows:
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[ (14.400+1)46+ [ (0.530-0.24)46 + | _(-0.11x+0.11)dF=0.009~0  (39)

Consequently, the proposed residual stress model is proved to be in self-equilibrium.
Comparison with existing residual stress models

A residual stress model for CFCHS for normal strength steel was first proposed by Wagner
et al. (1976) while Chen and Ross (1977) suggested a bilinear model based on
experimental results obtained from the sectioning method. Yang et al. (2017) carried out
residual stress measurements on the high strength S690 steel CFCHS, and a modified
bilinear model was proposed. They pointed out that the area of tensile residual stresses,
which was attributed to the effect of welding, was smaller in the high strength steel CHS
than that in the normal strength steel CHS. Moreover, the maximum compressive residual
stresses in the high strength steel CHS was smaller than that in the normal strength steel

CHS, which is only 0.2f,.

A comparison between the proposed residual stress model and the existing models is
presented in Figure 3.38. It is shown that the general distribution pattern of the proposed
model is similar to the model proposed by Yang ef al. (2017). The maximum tensile
residual stress is 0.2f,, which is equal to that of the Yang’s model, but significantly smaller
than 0.3/, and 0.35f), as proposed for the normal strength steel. The area under tensile
residual stresses is even smaller than that of the Yang’s model. Hence, it is demonstrated

that the effect of welding is less significant.

3.4 CONCLUSIONS

In order to examine the effects of various fabrication processes on residual stresses of the
S690 cold-formed circular hollow sections (CFCHS), a systematic experimental and
numerical investigation into thermal and mechanical responses in S690 CFCHS with

different cross-sectional dimensions was carried out in this study.

The following conclusions are drawn:
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a) Surface temperature history in S690 CFCHS were measured with thermocouples during
welding and cooling, and they have been employed to calibrate successfully against
advanced numerical models for heat transfer analyses in sequentially thermomechanical

coupled analyses.

b) Residual strains on both the inner and the outer surfaces of S690 CFCHS were measured
with strain gauges, and corresponding residual stresses were obtained with sectioning
method. These residual stresses were successfully employed to calibrate the proposed 2D
and 3D numerical models through comparison of measured and predicted surface residual

stresses.

¢) Based on both experimental and numerical results, residual stress distributions on both
the inner and the outer surfaces of high strength S690 CFCHS were proposed. A simplified
average residual stress model was also proposed after comparison with existing residual
stress models available in literature. The proposed residual stress model is readily
employed for numerical investigation into structural behaviour of various structural

members made of S690 CFCHS.
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Figure 3.3 b) Stress-strain curves of coupons from 10 mm thick S355 steel plate
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Figure 3.3 d) Stress-strain curves of coupons from 10 mm thick S690 steel plate



CHAPTER THREE

a) A press-brake machine b) A steel plate with pre-bent edge on one side

c¢) Three-roller bending machine d) CFCHS after welding

Figure 3.4 Fabrication process of welded CFCHS
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Section C1-NW Section C1 Section C2-NW Section C2

Figure 3.15 Test specimens with strain gauges and waterproof glue

Figure 3.16 Wire cutting of Section C1
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Figure 3.17 Measured surface residual stresses of CFCHS
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a) Deformed strips cut from Section C1-NW  b) Deformed strips cut from Section C1

c¢) Deformed strips cut from Section C2-NW d) Deformed strips cut from Section C2

Figure 3.19 Deformed strips cut from CFCHS
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Figure 3.20 Flowchart of numerical prediction for residual stresses

Figure 3.21 2D model of transverse bending
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Figure 3.22 True stress-strain curves for finite element modeling
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Figure 3.23 Predicted residual stresses in S355 and S690 CFCHS-NW after cold-
bending and elastic spring back (r/t = 12.5)
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Figure 3.25 3D numerical model of Section C1 for welding
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Figure 3.26 Thermal properties for S690 CFCHS at elevated temperatures
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Figure 3.27 Initial longitudinal residual stress pattern in 3D model for S690 CFCHS
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Figure 3.28 Mesh convergence study
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Figure 3.31 Comparison of measured and predicted temperature history in S690
CFCHS - Section C1
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Figure 3.32 Comparison of measured and predicted temperature history in S690
CFCHS - Section C2
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Figure 3.34 Comparison of measured and predicted surface residual stresses in S690
CFCHS - Section C2
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Figure 3.35 Residual stresses at mid-section of S690 CFCHS — Section C1
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Figure 3.37 Comparison of surface residual stresses of S690 CFCHS — Section C2
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Table 3.1 Test programme of standard tensile tests for S355 and S690 steel materials

Gauge
Stecl grade Plate thickness Cross-sectional Cross-sectional length No. of
(mm) shape dimension (mm) tests
(mm)
S355 6 Rectangular 6%x6 33 6
S355 10 Circular D=6 30 3
S690 6 Rectangular 6%x6 33 4
S690 10 Circular D=6 30 3
Table 3.2 Summary of measured material properties
Ratio of
Steel Plate Young's Yield Tensile tensile | Strain at Elongation
No. strength tensile
grade | thickness modulus strength strength o yield | strength at fracture
strength
- E 5 fo fulfy 6 &
(KN/mm?) [ (N/mm?) | (N/mm?) (%) (%)
1 205 391 527 1.35 14.5 24.7
2 205 370 525 1.42 11.8 22.6
3 204 369 515 1.40 15.1 22.6
° 4 204 370 516 1.39 13.7 24.0
S355 5 203 371 519 1.40 14.7 239
6 202 367 514 1.40 13.5 23.1
1 207 360 541 1.50 16.0 31.2
10 2 204 357 536 1.50 16.8 30.0
3 206 357 539 1.51 17.0 31.1
1 201 745 826 1.11 6.2 15.9
2 202 729 809 1.11 6.8 18.6
¢ 3 201 728 808 1.11 5.8 15.1
S690 4 204 722 808 1.12 6.1 17.4
1 203 788 835 1.06 6.5 17.8
10 2 205 786 837 1.06 6.7 17.8
3 210 775 834 1.08 6.7 18.5
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Table 3.3 Test programme of temperature measurements

) D t L Welding
Weld . r Section
¥ (mm) (mm) (mm) method

: Cl 150 6 660

C2 200 6 660
GMAW

C3 200 10 660

D
Cc4 250 10 660

Table 3.4 Measured geometric properties

D t L
Specimen
(mm) (mm) (mm)
150.0 6.0 660.0
Cl 151.0 59 661.0
150.0 59 658.0
201.0 6.0 661.0
C2 201.0 59 658.0
200.0 6.0 659.0
202.0 10.0 661.0
C3 201.0 10.0 659.0
200.0 9.9 661.0
251.0 10.0 660.0
C4 249.0 10.0 659.0
249.0 10.1 659.0

Table 3.5 Material properties of welding electrode

Yield Tensile

Weld Diameter Elongation
Standard | Electrode Supplier strength strength
method (mm) (%)
(N/mm?) | (N/mm?)
AWS
A58 ER110S-G Bohler GMAW 1.2 720 880 15
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Table 3.6 Welding parameters for CFCHS

Welding Welding Heat input energy
Weld run | Current I Voltage U )
Section speed v efficiency Q
No. (A) V)
(mm/s) n (kJ/mm)
1 135-150 18.2 1.84 0.85 1.14~1.26
Cl1
2 175-185 21.2 2.81 0.85 1.12~1.19
1 165-180 19.5 2.40 0.85 1.14~1.24
C2
2 166-185 21.1 3.25 0.85 0.92~1.02
1 175-180 19.7 2.32 0.85 1.26~1.30
C3 2 200-210 23.6 3.67 0.85 1.09~1.15
3 200-210 24.2 3.04 0.85 1.35~1.42
1 160-175 19.7 2.92 0.85 0.92~1.00
Cc4 2 200-210 24.2 4.13 0.85 1.00~1.05
3 215-230 25.2 3.04 0.85 1.53~1.62

Table 3.7 Measured maximum temperatures of Section C1

Maximum temperature at measurement points (°C)

Welding
run T1 T2 T3 T4 T5 T6
1 409 241 454 268 454 270
2 425 255 473 283 473 309

Table 3.8 Measured maximum temperatures of Section C2

Maximum temperature at measurement points (°C)

Welding
fun T1 T2 T3 T4 TS T6
1 352 200 335 188 364 194
2 376 244 358 229 395 236

-
5% 4 Thermocouples
6 \
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Table 3.9 Measured maximum temperatures of Section C3

Welding Maximum temperature at measurement points (°C)
un Tl T2 T3 T4 T5 T6
1 247 163 252 173 255 178
2 304 210 310 223 308 230
3 315 252 336 260 332 230

Table 3.10 Measured maximum temperatures of Section C4

Welding Maximum temperature at measurement points (°C)
e Tl T2 T3 T4 TS T6
1 236 158 247 166 245 171
2 289 204 304 215 301 221
3 393 266 412 280 409 288
Table 3.11 Test programme of sectioning method
Outer diameter
) Plate thickness t | Length L .
Section D Welding method
(mm) (mm)
(mm)
C1-NW 150 6 260 —
C1 150 6 260 GMAW
C2-NW 200 6 260 —
C2 200 6 260 GMAW
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Table 3.12 a) Longitudinal residual stresses of Section C1-NW

Inner

Outer

Membrane

Bending

Point | - Nmm2) | O | 6o Nmm2) | O | o omm?) | O | sy Nmm?) | D
1 78 0.1 35 0.05 21 | -003 56 0.08
2 252 | 034 162 0.22 45 | -006 | 207 | 028
3 253 | 034 227 0.31 13 | 002 | 240 | 033
4 227 | -031 226 0.31 B 000 | 227 | 031
5 209 | -0.28 217 0.29 4 0.01 213 | 029
6 91 | 026 206 0.28 8 0.01 199 | 027
7 168 | 0.3 182 0.25 7 0.01 175 | 0.4
8 170 | 023 180 0.24 5 0.01 175 | 0.4
9 200 | 027 199 0.27 0 0.00 199 | 027
10 199 | 027 203 0.28 2 000 | 201 0.27
1 205 | -028 213 0.29 4 0.01 200 | 028
12 213 | -029 235 0.32 1 0.01 24 | 030
3 217 | 029 241 0.33 12 002 | 229 | 031
14 201 | 027 194 0.26 3 0.00 197 | 027
15 219 | 030 216 0.29 R 000 | 218 | 030
16 229 | 031 210 0.29 9 001 | 220 | 030
17 222 | 030 194 0.26 4 | -002| 208 | 028
18 216 | -0.29 194 0.26 a1 | -001 | 205 | 028
19 224 | 030 207 0.28 8 001 | 216 | 029
20 215 | -0.29 210 0.29 2 000 | 212 | 029
21 214 | 029 230 031 8 0.01 222 | 030
2 224 | 030 225 0.30 0 000 | 225 | 030
23 216 | -0.29 201 0.27 7 001 | 208 | 028
2 210 | -028 195 0.26 7 001 | 202 | 027
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Table 3.12 b) Longitudinal residual stresses of Section C1

) Inner Outer Membrane Bending
Point 1 Nimm?) | " [oaimm?) | ™Y [onvmm?) | O [ oy | ®
1 212 0.29 184 0.25 198 0.27 -14 -0.02
2 262 0.36 400 0.54 331 0.45 69 0.09
3 211 -0.29 118 0.16 -46 -0.06 165 0.22
4 -323 -0.44 95 0.13 -114 -0.15 209 0.28
5 -328 -0.45 117 0.16 -106 -0.14 223 0.30
6 -298 -0.40 114 0.15 -92 -0.13 206 0.28
7 -259 -0.35 133 0.18 -63 -0.09 196 0.27
8 =221 -0.30 150 0.20 -35 -0.05 186 0.25
9 -199 -0.27 177 0.24 -11 -0.01 188 0.26
10 -186 -0.25 193 0.26 3 0.00 190 0.26
11 -183 -0.25 227 0.31 22 0.03 205 0.28
12 -166 -0.23 230 0.31 32 0.04 198 0.27
13 -177 -0.24 240 0.33 31 0.04 208 0.28
14 -166 -0.23 241 0.33 38 0.05 204 0.28
15 -156 -0.21 214 0.29 29 0.04 185 0.25
16 -165 -0.22 208 0.28 22 0.03 187 0.25
17 -166 -0.23 183 0.25 8 0.01 174 0.24
18 -177 -0.24 203 0.27 13 0.02 190 0.26
19 -187 -0.25 190 0.26 2 0.00 188 0.26
20 -190 -0.26 180 0.24 -5 -0.01 185 0.25
21 -206 -0.28 207 0.28 1 0.00 207 0.28
22 -204 -0.28 189 0.26 -8 -0.01 197 0.27
23 -194 -0.26 190 0.26 2 0.00 192 0.26
24 -194 -0.26 190 0.26 2 0.00 192 0.26
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Table 3.12 ¢) Longitudinal residual stresses of Section C2-NW

Inner Outer Membrane Bending
Point ou,ilfy Orl,o/fy on/fy ov/fy
61,(N/mm?) Gl o(N/mm?) om(N/mm?) ob(N/mm?)
1 -41 -0.06 159 0.22 59 0.08 100 0.14
2 -257 -0.35 138 0.19 -60 -0.08 197 0.27
3 -247 -0.34 203 0.28 -22 -0.03 225 0.31
4 -241 -0.33 224 0.30 -9 -0.01 233 0.32
5 -218 -0.30 233 0.32 7 0.01 225 0.31
6 211 -0.29 234 0.32 12 0.02 222 0.30
7 -212 -0.29 231 0.31 9 0.01 222 0.30
8 -200 -0.27 215 0.29 8 0.01 208 0.28
9 -190 -0.26 209 0.28 9 0.01 199 0.27
10 -197 -0.27 195 0.26 -1 0.00 196 0.27
11 -196 -0.27 194 0.26 -1 0.00 195 0.26
12 -196 -0.27 196 0.27 0 0.00 196 0.27
13 -189 -0.26 192 0.26 2 0.00 190 0.26
14 -186 -0.25 193 0.26 3 0.00 189 0.26
15 -185 -0.25 194 0.26 4 0.01 189 0.26
16 -196 -0.27 217 0.29 11 0.01 206 0.28
17 -190 -0.26 210 0.29 10 0.01 200 0.27
18 -200 -0.27 205 0.28 2 0.00 203 0.27
19 -195 -0.26 203 0.27 4 0.01 199 0.27
20 -182 -0.25 192 0.26 5 0.01 187 0.25
21 -183 -0.25 200 0.27 8 0.01 191 0.26
22 -201 -0.27 202 0.27 1 0.00 201 0.27
23 -197 -0.27 178 0.24 -9 -0.01 187 0.25
24 -194 -0.26 197 0.27 2 0.00 196 0.27
25 -191 -0.26 204 0.28 7 0.01 198 0.27
26 -195 -0.26 205 0.28 5 0.01 200 0.27
27 -195 -0.26 196 0.27 1 0.00 196 0.27
28 -195 -0.26 205 0.28 5 0.01 200 0.27
29 -191 -0.26 206 0.28 7 0.01 199 0.27
30 -195 -0.27 203 0.27 4 0.00 199 0.27
31 -192 -0.26 204 0.28 6 0.01 198 0.27
32 -180 -0.24 188 0.26 4 0.01 184 0.25
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Table 3.12 d) Longitudinal residual stresses of Section C2

Inner Outer Membrane Bending
Point on,i/fy G0/ fy on/fy ov/fy
61.i(N/mm?) il o(N/mm?) 6m(N/mm?) on(N/mm?)
1 159 0.22 68 0.09 114 0.15 -46 -0.06
2 413 0.56 362 0.49 387 0.53 -25 -0.03
3 -131 -0.18 59 0.08 -36 -0.05 95 0.13
4 -270 -0.37 32 0.04 -119 -0.16 151 0.21
5 =277 -0.38 61 0.08 -108 -0.15 169 0.23
6 -259 -0.35 85 0.11 -87 -0.12 172 0.23
7 -245 -0.33 118 0.16 -63 -0.09 182 0.25
8 -221 -0.30 143 0.19 -39 -0.05 182 0.25
9 -214 -0.29 166 0.23 -24 -0.03 190 0.26
10 -189 -0.26 197 0.27 4 0.01 193 0.26
11 -181 -0.25 193 0.26 6 0.01 187 0.25
12 -164 -0.22 187 0.25 11 0.02 176 0.24
13 -176 -0.24 218 0.30 21 0.03 197 0.27
14 -171 -0.23 222 0.30 26 0.03 197 0.27
15 -176 -0.24 222 0.30 23 0.03 199 0.27
16 -170 -0.23 206 0.28 18 0.02 188 0.25
17 -170 -0.23 195 0.26 13 0.02 183 0.25
18 -172 -0.23 189 0.26 9 0.01 181 0.24
19 -182 -0.25 192 0.26 5 0.01 187 0.25
20 -189 -0.26 197 0.27 4 0.01 193 0.26
21 -191 -0.26 196 0.27 2 0.00 193 0.26
22 -188 -0.25 185 0.25 -1 0.00 186 0.25
23 -185 -0.25 179 0.24 -3 0.00 182 0.25
24 -187 -0.25 181 0.25 -3 0.00 184 0.25
25 -190 -0.26 176 0.24 -7 -0.01 183 0.25
26 -190 -0.26 187 0.25 -1 0.00 189 0.26
27 -195 -0.26 191 0.26 ) 0.00 193 0.26
28 -188 -0.26 191 0.26 1 0.00 189 0.26
29 -189 -0.26 193 0.26 2 0.00 191 0.26
30 -189 -0.26 190 0.26 0 0.00 189 0.26
31 -186 -0.25 189 0.26 1 0.00 188 0.25
32 -184 -0.25 155 0.21 -15 -0.02 169 0.23
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Table 3.13 Mesh convergence study

Maximum
Global Local . residual Difference in
. . Number of | Runtime . .
Model mesh size mesh size elements (hrs) stress on the axial resistance
(mm) (mm) outer surface (%)
(kN/mm?)

Coarse mesh 15 3 5,120 3.0 756 0.9%
Fine mesh 10 2 17,820 9.0 752 0.4%
Very fine 5 1 38,800 33.0 749 0

mesh
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CHAPTER FOUR

STRUCTRUAL BEHAVIOUR OF
STOCKY COLUMNS UNDER AXTAL COMPRESSION

4.1 INTRODUCTION

This chapter presents an experimental and numerical investigation into local buckling
behaviour of stocky columns of high strength S690 cold-formed circular hollow sections
(CFCHS). A total of eight stocky columns with four different cross-sections have been
tested successfully. Measured cross-section resistances of these S690 CFCHS are
compared with those predicted resistances according to design rules provided in EN1993-
1-1. It is shown that the existing design rules are applicable to predict compressive

resistances of these S690 CFCHS.

Numerical models of these stocky columns of S690 CFCHS are established. Initial
residual stresses due to transverse bending and longitudinal welding have been
incorporated into these numerical models. Geometrical and material non-linear analyses
of these models have been successfully completed. It is shown that numerical compressive
resistances of these sections are compared well with these measured compressive

resistances.

Then, the validated numerical models are adopted to carry out a series of parametric
studies in order to investigate effects of various welding procedures and structural
parameters onto the compressive resistances of these stocky columns of S690 CFCHS.
After a comprehensive data analyses on the numerical results of the parametric studies,
the existing rules on section classification given in EN1993-1-1 are shown to be highly

applicable to high strength S690 CFCHS.
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4.2 EXPERIMENTAL INVESTIGATION

4.2.1 Test specimens and material properties

A total of eight stocky columns of high strength S690 CFCHS were proposed to be tested
under axial compression. Fabrication processes of those CFCHS are described in Chapter
3 in detail. Steel plates with a thickness of 20 mm were welded onto both ends of each
stocky column to ensure that axial loadings are uniformly distributed onto the sections
during the compression tests. The cross-sectional dimensions of Sections C1, C2, C3 and
C4 are illustrated in Figure 4.1. For each section, two identical test specimens are prepared
as repeated tests. For example, for Section C1, the two stocky columns are labeled as
Columns C1-A and C1-B. Measured geometric properties of all test specimens are listed
in Table 4.1, where L denotes the height of columns, D denotes the outer diameter, ¢

denotes the wall thickness of the sections, and r,, denotes the weld size.

Standard coupon tests were carried out to obtain basic mechanical properties of these S690
steel plates with thicknesses of 6 mm and 10 mm. Details of test procedures and test results
are described in Chapter 3. The key parameters including Young’s moduli, yield strengths,
and tensile strengths are taken as the average values of the results from the coupon tests,

and they are summarized in Table 4.2.
4.2.2 Test setup and test procedures

Two different testing systems were employed to apply axial compression forces according
to the expected ultimate test loads of these stocky columns, as shown in Figure 4.2 a) and

b).

A MTS testing system with a compressive loading capacity of 3,500 kN was employed
for compression tests of Sections C1 and C2 while Sections C3 and C4 were tested with a
hydraulic servo control testing system with a compressive loading capacity of 10,000 kN.
Instrumentation of the stocky column tests is illustrated in Figure 4.2 c). Four strain gauges
are mounted at the mid-height of the test specimens in order to measure their axial strains

while four displacement transducers are installed to measure their axial shortenings.
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It should be noted that, in the beginning of the test, a preloading process was performed.
All specimens were loaded to 30% of the design resistances, N rs, and unloaded back to
zero at a loading rate of 300 kN/min. Such a preloading process was performed for three
times, so that unintended eccentricities were minimized through careful re-alignment of
the test specimens. Then, a compression force up to 70% of the design resistance, Nera
was applied at a loading rate of 200 kN/min. The loading was then continued through a
displacement control at a rate of 0.5 mm/min. The testing procedure was terminated when

the applied load was reduced more than 20% of the peak value.

4.2.3 Test results

Failure mode

As both ends of each stocky column of CFCHS were welded with end plates, they were
effectively restrained from rotation, and hence, it was regarded as a fixed end condition.
It should be noted that these test specimens fail in local buckling, and no weld fracture is
observed. As illustrated in Figure 4.3, an outward buckle in the circumferential direction,
which is often called an ‘elephant’s foot’ buckle, is observed. For Sections C1, C2 and C3,
buckling failure occurs at approximately D/4 away from the section end. For Section C4,
local buckling is found at about D/2 away from the section end. Local buckling is also
observed at the mid-height of specimen C4-A. The difference in the failure positions may

be attributed to different initial imperfections among these sections.
Section resistances

A summary of key experimental results, including the ultimate test loads, N 7es, the
corresponding axial shortenings, A,, the predicted compressive resistance N rq, and ratio
of Nerest /| Nera are presented in Table 4.4. The axial resistance, N ra, is calculated

according to Equation 4.1.

Nowa=41, 4.1)

where £, is the yield strength of the steel plate, and 4 is the cross-sectional area of the

section. It is found that the measured compressive resistances of Sections C1, C2, C3 and
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C4 are all higher than the predicted values according to the design rules provided in EN
1993-1-1(CEN 2006). It should be noted that the strength enhancement of Sections C1 are
over 10% of predicted compressive resistance. For Sections C3, the measured
compressive resistances are about 8% higher than the predicted values. For sections C2
and C4, the measured compressive resistances are about 5% higher than the predicted

values.
Load-shortening behaviour

The applied load versus axial shortening curves of all these stocky columns are illustrated
in Figure 4.4. The axial shortening, A, is taken as the average readings from the four
displacement transducers. The applied load increases linearly up to about 70% of the
expected section resistances of these stocky columns. Then, the slopes of the load-
shortening curves begin to reduce gradually, when the applied loads continue to increase.
This is considered to be attributed to the presence of residual stresses which are induced

during fabrication, which cause early yielding in parts of the sections.
Section classifications

Cross-section classification rules for steels with yield strengths up to 460 N/mm? are
described in EN 1993-1-1 (CEN 2005) and EN 1993-1-6 (CEN 2007). The geometrical

limits for Class 1 to 3 are given by:

Class 1: D/ t-g <50 (4.2)
7

Class 2: D/ t-g <70 (4.3)
7

Class 3: D/ t-g <90 (4.9)
7

where D denotes the outer diameter, ¢ denotes the wall thickness of the section, and f,

denotes the yield strength of the steel material.
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For Classes 1 to 3 sections, the compressive resistances of those cross sections are
calculated by Equation 4.1 while for Class 4 sections, the compressive resistances are

calculated according to Equation 4.5.

Nowa=x-4-1, (4.5)

where y is a reduction factor for local buckling determined as a function of the relative

slenderness of the section.

In the present study, only Section C2 is classified as a Class 4 section, which implies that
premature local buckling may occur, and the section may not reach the plastic section
resistance. However, the test results of C2 show that there is no reduction in the axial
resistance. The current geometrical limits provided by EN1993-1-1 is therefore considered

to be too conservative for S690 CFCHS in this study.

4.3 VALIDATION OF NUMERICAL MODELS
4.3.1 Proposed FE model

A finite element package ABAQUS 6.12 is adopted for nonlinear numerical analyses of
these stocky columns. An overall view of an established finite element model for Section
Cl is illustrated in Figure 4.5. It should be noted that four layers of solid elements C3D8R
are employed in the numerical model to capture plate buckling behaviour in these sections.
An optimal mesh size of the finite element models are determined through a mesh
convergence study. After a series of mesh convergence study, a general mesh size of 5
mm is adopted with an additional local mesh refinement for the weld seam. A local mesh

size of 2 mm is adopted for weld elements.
4.3.2 Boundary conditions

It should be noted that two 20 mm thick S355 steel plates are welded at both ends of each
stocky column, and axial compression forces are applied onto these columns without any
eccentricity. Therefore, two reference points are set, and they are coupled with all nodes

on the two ends of each stocky column with all six degrees of freedom in order to simulate
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the boundary conditions during the tests. Hence, axial load is imposed onto the top
reference point while a fixed end condition is set for the bottom reference point to receive

the reaction force. The boundary conditions of the model are shown in Figure 4.6.
4.3.3 Material properties

Two typical input stress-strain curves of these S690 steel plates are shown in Figure 4.7.
They are simplified from the measured true stress-strain curves obtained from the standard
tensile tests, which have been reported in the previous chapter. Isotropic hardening rule
and Von Mises criteria are adopted for material plasticity of the steel material. The

Poisson’s ratio of the steel plates is taken as 0.3.

4.3.4 Initial imperfections

Residual stresses

Numerical models for predicting residual stresses due to both the transverse cold-forming
process and the longitudinal welding process in these CFCHS are described in Chapter 3
in detail. It has been verified that the proposed numerical models are able to predict
residual stress distributions in Sections C1 to C4 satisfactorily. The predicted residual
stresses on both the inner and outer surfaces at the mid-section of Sections C1 to C4 from
sequentially coupled thermomechanical analyses are shown in Figure 4.8. Hence, these
residual stress fields obtained through sequentially coupled thermomechanical analyses
are directly incorporated into the proposed models as initial stress states through the use
of *initial conditions command in ABAQUS. The effects of residual stresses induced
during both the cold-forming process and the longitudinal welding process are fully

incorporated into the proposed model.
Initial geometrical imperfections

Global imperfection is not considered in the models of these stocky columns in this study
while local imperfection is taken as the lowest buckling mode of the model after an
eigenvalue analysis. It is widely known that the amplitude of local imperfection, w, has
an important influence on the structural behaviour of these stocky columns. However,
measurements of these local imperfections are extremely time-consuming to be conducted.

In order to determine an appropriate amplitude of local imperfections, a parametric study
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on four different local imperfection amplitudes, namely, w = 0.01¢, 0.1¢, 0.2¢ and 0.5¢ are

adopted for assessment.

Tables 4.3 summarizes the parametric study of Sections C1 and C2. The applied load
versus axial shortening curves of these numerical models and the corresponding test
curves are plotted in Figure 4.9. It is shown that differences between the curves with w =
0.01¢# and w = 0.1¢ are so small that these two curves are almost the same. It should be
noted that an imperfection amplitude of 0.2¢ gives the most accurate predictions in terms
of both the ultimate loads and the corresponding axial shortenings. Therefore, w = 0.2¢ is
taken as the amplitude of the local imperfection for subsequent numerical analyses of all

the stocky columns.

4.3.5 Numerical results

Failure modes and load-deformation behaviour

Figure 4.9 illustrates a comparison between the observed and the predicted failure modes
of Sections C1 and C2. It should be noted that both the failure mode and the location of
the occurrence of local buckling are shown to be well predicted by the proposed numerical

model.

The predicted applied load versus axial shortening curves of Sections C1 to C4 are plotted
in Figures 4.10 together with the corresponding test curves. The design resistances of these
sections, N r4, are provided in these figures for comparison. The numerical models are
shown to be able to capture the load-deformation behaviour of these sections very well,
and the predicted compressive resistances of all these sections are higher than the design

values.
Comparison of section resistances

The predicted and the measured section resistances of these stocky columns are
summarized in Table 4.4 for direct comparison. The ratios of the measured to the predicted
resistances of all these stocky columns are found to range from 0.94 to 1.02 with an

average ratio of 0.98 and a standard deviation of 0.03. Hence, the section resistances of
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these stocky columns of S690 CFCHS are considered to be accurately predicted with the

proposed numerical models.

4.4 PARAMETRIC STUDY ON STOCKY COLUMNS OF CFCHS
4.4.1 Introduction

In order to generate a wide range of data on the structural behaviour of stocky columns of
CFCHS, a series of parametric studies are conducted. The following parameters are

selected:

*  Yield strengths of steel, i.e. S355 and S690
* Residual stress patterns

e Cross-sectional slenderness
4.4.2 Effect of yield strengths of steel

In order to study effect of yield strengths of steel on the structural behaviour of the stocky
columns, residual stress patterns for CFCHS with S355 and S690 steels need to be
determined. These residual stresses of CFCHS with S690 steel are obtained from
sequentially coupled thermomechanical analyses, and the numerical results have been
validated with experimental results from the sectioning method in Chapter 3. This finite
element approach has been proved to be able to predict residual stresses in CFCHS
provided that the following key information are available: material properties of steel, and
welding parameters. In the present study, material properties of S355 and S690 steel plates
with 6 mm and 10 mm thicknesses have been obtained from standard tensile coupon tests.
As shown in Figure 4.11, simplified true stress-strain curves are adopted in the numerical
models. Moreover, the welding parameters are assumed to be the same for these two steel
materials. Table 4.5 summarizes the welding parameters for each section adopted for

numerical simulation.

The predicted surface residual stresses at the mid-sections of Sections C1 to C4 of CFCHS
with S355 steel are shown in Figure 4.12. The predicted residual stresses are normalized
with the yield strengths of the steel plates. A comparison on the predicted surface residual

stresses of Section C1 with S355 and S690 steel are illustrated in Figure 4.13. The
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normalized residual stresses in Section C1 with S355 steel are found to be higher than
those in Section C1 with S690 steel. The effect of welding onto both tensile and
compressive residual stresses in S690 sections are less significant than that in S355
sections. For Section C1 with S690 steel, the averaged maximum normalized tensile and
compressive residual stresses are found to be 1.16 f, and -0.20 f, respectively. They are
found to be lower than those of S355 section by more than 19 % and 47 %. Similar findings
are identified for the other sections, and they are summarized in Table 4.6. In general, the

residual stresses of S690 sections are much lower than that of S355 sections.

Based on the numerical results of Sections C1 to C4 with S355 steel, a simplified

longitudinal residual stress pattern for CFCHS with S355 steel is proposed as follows:

-122760+1 0<6<0.11
Average residual stresses r—)1.016-046 0.11<60<0.55 (4.6)

Y ~0.2260+022 055<6<1

~19

where o, denotes the residual stresses, f, denotes the yield strength of the steel material,

and 6= 0/n, 0 denotes the angle measured from the weld seam.

Integration of the residual stresses along the perimeter of half of a CFCHS with S355 steel

is carried out as follows:
j:" 1 (-12276+1)d6+ j:is (1.016-0.46 )6 + jol.ss (10.220+0.22)46=0.003 ~ 0 (4.7)

Consequently, the proposed residual stress model is shown to be in self-equilibrium.

By adopting the proposed residual stress fields as initial conditions, the structural
behaviour of stocky columns of CFCHS with S355 and S690 steels under axial
compression are analyzed numerically. It should be noted that for CFCHS with S355 steel,
the same magnitudes of initial geometrical imperfections as those of CFCHS with S690

steel are employed in the numerical models. Table 4.7 presents the finite element results
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for compressive resistances of Sections C1 to C4 with S355 and S690 steels, and they are

compared with the design resistances determined to EN 1993-1-1.

It is found that the predicted resistances for CFCHS with S355 steel are generally larger
than the design resistances by more than 18% while the predicted resistances for CFCHS
with S690 steel are larger than the design resistances by 3% to 8%.

Although the residual stresses in CFHCS with S690 steel are smaller than those in CFCHS
with S355 steel, they follow a self-equilibrant system within the cross-section, and they
have almost no influence on the compressive resistances of these stocky columns. Hence,
the design rules for CFCHS with S355 steel are generally applicable for CFCHS with
S690 steel.

4.4.3 Effect of residual stresses

In order to study the influence of residual stresses on the structural behaviour of stocky
columns of CFCHS with S690 steel, three different cases are incorporated in numerical

models of Sections C1, C2, C3 and C4 for comparison as follows:

* No initial residual stresses
* Residual stress fields predicted with sequentially coupled thermomechanical analyses

* Simplified longitudinal residual stress patterns

Residual stress fields for Sections C1 to C4 of CFCHS with S690 steel are presented in
section 4.4.1. In order to provide simplified residual stress patterns for comparison. The
surface longitudinal residual stresses at mid-height of each section are averaged to give

the through thickness residual stresses.

Figure 4.14 shows the simplified longitudinal residual stress pattern which is employed in
the numerical models for Sections C1 to C4 of CFCHS with S690 steel. They are

incorporated into three dimensional finite element models.

Figures 4.15 shows a comparison of each section with different cases of residual stress

distributions. The predicted compressive resistances of each section are compared in Table
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4.8. The residual stress patterns are found to have almost no effect on the section
resistances of these stocky columns of CFCHS with S690 steel, but they have slightly
affected the initial extensional rigidity of these stocky columns. The relative errors of the
predicted compressive resistances among these three conditions are within 1%. Hence,
accuracy of these numerical analyses by adopting the proposed simplified residual stress

pattern is considered to be acceptable.
4.4.4 Effect of cross-sectional slenderness

In order to study the effect of the cross-sectional slenderness on the structural behaviour
of these stocky columns of CFCHS with S690 steel, a total of 16 CHS with different cross-

sectional dimensions are adopted in a parametric study, as listed in Table 4.9.

A slenderness parameter, D/[#(235/f,)], ranging from 59 to 318, is adopted to define the
slenderness of each section. It should be noted that these CFCHS with S690 steel are
classified as Class 2 to 4 according to EN 1993-1-1.

An elastic-perfectly plastic stress-strain model of the S690 steel is adopted, and the
nominal engineering stress-strain curve is transformed to give the true stress-strain curve

according to Equations 4.8 and 4.9 as follows:
Otrue = 0 (1+¢) (4.8)
e = In(1+€) -Oue/ E (4.9)

where E denotes the initial Young’s modulus, ¢ and ¢ are the nominal stress and the
nominal strain respectively. The proposed true stress-strain curve of S690 steel is shown
in Figure 4.16. The lowest eigenmode is adopted as the initial geometrical imperfection
while the amplitude of initial geometrical imperfection w, is assigned to be 0.2 times of
the plate thickness. The Riks method is used for application of load increment in
ABAQUS to capture local buckling behaviour of these stocky columns. Moreover, the
effect of longitudinal residual stresses is incorporated through the use of a simplified

residual stress pattern.
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The numerical results of all the 16 sections are presented in Table 4.9. The resistance ratio,
Ncre/Nera of each section is plotted against the slenderness parameter, D/[#235/f,)] in
Figure 4.17. The predicted resistances of these sections are compared with the design
resistances. It is found that the predicted resistances have almost no reduction until the
slenderness ratio exceeds 130. When the slenderness ratio exceeds 160, the reduction to
the compressive resistance of these sections is 5%. It should be noted the existing
slenderness limit for class 4 sections is 90, and it is confirmed to be rather conservative.
Consequently, a revised value for the slenderness limit is highly desirable for improved

structural efficiency.

4.5 DESIGN IMPLICATIONS

Both EN 1993-1-1 and CIDECT Design Guide 1 provide section classification rules for
CFCHS with a steel grade not higher than S460. EN 1993-1-12 expands the scope of these
rules to steel grade up to S700 with no further modification. The formulae are presented

in Section 4.2.3.

Chan et al. (2015) carried out a systematic numerical investigation on high strength stocky
columns of CFCHS under axial compression to examine applicability of existing section
classification rules provided in EN 1993-1-1. Finite element models with shell elements
without residual stresses were used for parametric studies. It was suggested that current
slenderness limits for high strength CFCHS with a steel grade up to S700 may be relaxed
from 90 to 185.

From the results of the current parametric studies, the slenderness limit of 90 is confirmed
to be generally applicable for CFCHS with S690 steel while the slenderness limit of 185
is considered to be unconservative. A new slenderness limit of 130 is proposed in the
present study. It should be noted that the proposed numerical models have not considered
any strain hardening of the steel materials, therefore the predicted resistances represent
values of a lower bound condition with a certain safety margin. The new slenderness limit

will allow effective use of stocky columns of S690 CFCHS steel corresponding to the
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proven structural behaviour as demonstrated in both the experimental and the numerical

investigations conducted in the present study.

4.6 CONCLUSIONS

This chapter presents a systematic experimental and numerical investigation into stocky

columns of S690 CFCHS under axial compression.
A summary of the findings are concluded as follows:

a) Eight stocky columns with four cross-sectional dimensions of CFCHS with S690 steel
have been tested successfully under axial compression. The measured compressive
resistances of these sections are larger than the design values according to EN 1993-1-1.

Full section resistances of these CFCHS with S690 steel have been successfully mobilized.

b) Residual stresses of S355 and S690 CFCHS with four different cross-sectional
dimension have been studied with validated finite element models through sequentially
coupled thermomechanical analyses. Simplified residual stress patterns have been

provided, and they are readily applied to structural models for practical design.

¢) Parametric studies on various parameters such as yield strengths of steel, residual stress
patterns and cross-sectional slenderness have been conducted. The numerical results has
shown that with the same cross-sectional dimensions, compressive resistances of stocky
columns of CFCHS with S690 steel are larger than those of CFCHS with S355 steel by
more than 60%. Residual stresses have almost no effect on the compressive resistances of

these stocky columns of CFCHS with S690 steel.

d) Current section classification rules are found to be very conservative for CFCHS with
S690 steel. A new slenderness limit of 130 is recommended to replace the existing

slenderness limit of 90 in EN 1993-1-1 to improve design efficiency.
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Figure 4.3 Deformed shapes of stocky columns of S690 CFCHS after test
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Table 4.1 Measured geometric dimensions of S690 CFCHS

Section | Length, | Outer diameter, | Plate thickness, Section D/t Weld size, | Area
I D ; Classification . 4

(mm) (mm) (mm) (mm) | (mm*)
Cl-A | 501.0 149.5 5.9 Class 3 25.2 9.7 26724
C1-B 499.5 150.0 6.0 25.2 9.8 2694.1
C2-A | 650.6 200.7 6.0 Class 4 33.6 9.8 3653.6
C2-B 649.5 200.3 6.0 33.6 9.8 3645.3
C3-A | 6495 201.8 10.0 Class 2 20.2 154 6013.1
C3-B 650.2 201.2 10.0 20.1 154 6017.3
C4-A | 799.7 251.0 10.0 Class 3 25.1 13.0 7566.4
C4-B 799.7 251.0 10.0 25.1 13.0 7566.4

Table 4.2. Test results of tensile coupon tests

Young's Yield Tensile Stralr'1 at Elongation at
dulus strength strength tensile fracture
Steel plate mo g g Julfy strength
E b Ju . &
(kKN/mm?) (N/mm?) (N/mm?) (%) (%)
S690-6 mm 202 731 813 1.11 6.23 16.8
S690-10mm 204 787 836 1.06 6.51 17.0
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Table 4.3 Parametric study on initial geometrical imperfections of Sections C1 and

C2
. Predicted Measured
Predicted Measured N axial axial A
Section Local ultimate load ultimate load c.FE shortening shortening u,FE
impgrfection Ne re Neres N, res under Nepg | under Nerest Ay res
amplitude, w AurE A Test
(kN) (kN) (mm) (mm)
0.01t 2144 0.968 6.71 0.99
0.1t 2143 0.967 6.62 1.00
C1 2223 6.64
0.2t 2143 0.967 7.23 0.92
0.5t 2077 0.938 6.77 0.98
0.01t 2839 1.005 6.62 0.95
0.1t 2838 1.005 6.62 0.95
C2 2824 6.97
0.2t 2838 1.005 6.81 0.98
0.5t 2814 0.996 8.12 1.16
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Table 4.4 Summary of test results of stocky columns of S690 CFCHS

Measured

Predicted

Measured Predicted : . Resistance
. . axial axial ratio
axial axial . .
) resistance resistance shortening at | shortening at
Section Se.CtIOIl. Nc,Test NC,FE Nc,FE
Classification Ne Test Nere N—
c,Tes C, Au,Test Au,FE c,Test
(kN) (kN) (mm) (mm)

Cl-A 2223 2143 6.64 7.23 0.96
Class 3

C1-B 2206 6.43 0.97

C2-A 2824 2838 5.75 6.81 1.00
Class 4

C2-B 2808 6.90 1.01

C3-A 5117 4852 10.15 9.78 0.96
Class 2

C3-B 5158 10.30 0.96

C4-A 6329 6255 13.06 10.51 0.99
Class 3

C4-B 6214 9.27 1.01

Mean 0.98

Standard deviation, ¢ 0.03
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Table 4.5 Welding parameters for numerical modeling

) ) Heat input
Welding Welding
) Weld run Current] | Voltage U ) energy
Section speed v efficiency
No. (A) V) Q
(mm/s) n
(kJ/mm)
1 150 18.2 1.84 0.85 1.26
Cl
2 185 21.2 2.81 0.85 1.19
1 180 19.5 2.40 0.85 1.24
C2
2 185 21.1 3.25 0.85 1.02
1 175 19.7 2.32 0.85 1.26
C3 2 210 23.6 3.67 0.85 1.15
3 200 242 3.04 0.85 1.35
1 175 19.7 2.92 0.85 1.00
Cc4 2 210 24.2 4.13 0.85 1.05
3 215 25.2 3.04 0.85 1.53

Table 4.6 Comparison of numerical results of average longitudinal residual stresses
in S355 and S690 CFCHS

'Tensile Maximum Cqmpressive Maximum
Secti residual stress residual stress residual stress residual stress
ection on / fy ratio of Orc / fy ratio of

S355 S690 S690/S355 S355 S690 S690/S355
Cl 1.44 1.16 0.81 -0.38 -0.2 0.53
C2 1.34 1.03 0.77 -0.29 1.03 0.77
C3 1.48 0.94 0.64 -0.27 -0.11 0.41
C4 1.56 1.06 0.70 -0.31 -0.12 0.39
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Table 4.7 Parametric study on material yield strengths of stocky columns of CFCHS

S355 S690
Section
NcrE Ne,rd N ke NerE Nerd &
(kN) (kN) N, (kN) (kN) N, ra
Cl 1319 1012 1.30 2143 1984 1.08
C2 1634 1364 1.20 2838 2673 1.06
C3 2774 2137 1.30 4852 4698 1.03
Cc4 3179 2699 1.18 6255 5934 1.05

Table 4.8 Parametric study on residual stresses of stocky columns of CFCHS

Case 1 Case 2 Resist.ance Simplified Resist.ance

. Residual stress | No residual ratio 1mp ratio
Section N residual stress N

field stress ¢.FE2 N (kN) .FE3
Nere,1 (kKN) Nere2 (KN) N, e eFE3 A\
Cl 2143 2148 1.00 2132 0.99
C2 2838 2849 1.00 2837 1.00
C3 4932 4914 1.00 4895 0.99
C4 6188 6255 1.01 6211 1.00
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Table 4.9 Parametric study on cross-sectional slenderness of S690 CFCHS

Slenderness D.esign FE result Reiias;[tizi)nce
Section (rrlljm) (mtm) Class parameter resﬁ:iﬁce Nere N
D/[t(235/1y)] (kf\I) (kN) N
Cl 150 6 2 73 1873 1893 1.01
C2 200 6 4 98 2523 2523 1.00
C3 200 10 2 59 4119 4200 1.02
C4 250 10 3 73 5202 5257 1.01
Cs 150 2 4 220 642 516 0.80
Coé 200 2 4 294 858 643 0.75
Cc7 250 3 4 245 1606 1313 0.82
C8 250 4 4 184 2133 1781 0.83
Cc9 650 6 4 318 8376 6459 0.77
C10 700 10 4 206 14957 12222 0.82
C11 700 12 4 171 17897 15391 0.86
C12 800 14 4 168 23853 20836 0.87
C13 800 15 4 157 25525 24482 0.96
Cl4 800 16 4 147 27192 26342 0.97
C15 800 18 4 130 30513 30213 0.99
Cl6 800 20 4 117 33816 33735 1.00
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CHAPTER FIVE

STRUCTRUAL BEHAVIOUR OF T-JOINTS
BETWEEN CFCHS UNDER AXIAL COMPRESSION

5.1 INTRODUCTION

In order to investigate the structural behaviour of high strength S690 welded steel T-joints,
a series of T-joints between cold-formed circular hollow sections (CFCHS) were

fabricated and tested under axial compression in brace members.

A total of six T-joints between CFCHS with two different steel grades were tested. A
typical failure mode was observed that all joints failed in an interaction between the local

plastification of the chords and overall plastic bending of the chords.

Three dimensional finite element models with geometrical and material non-linearity have
been established and verified after calibration against test results. Both measured
geometrical dimensions and material properties of these CFCHS are also incorporated into
the proposed models. The verified finite element models are employed for parametric

studies on effects of various geometric parameters and material strengths.

Both the experimental and the numerical results are compared with design resistances
obtained from existing design codes, including EN 1993-1-8 and CIDECT Design Guide
1. Applicability of these design methods for design of high strength S690 welded steel T-

joints between CFCHS were examined.
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5.2 EXPERIMENTAL INVESTIGATION

5.2.1 Test programme

A total of six T-joints between S690 CFCHS were fabricated. Figure 5.1 shows a
schematic view of a typical T-joint specimen for testing. The test programme is presented
in Table 5.1 while Figure 5.2 presents detailed configuration of a T-joint. The lengths of
both the chords and the braces of the joints are Lo = 1200 mm and L; = 600 mm
respectively. The span between two pinned supports are L = 1500 mm. To study the effect
of different steel grades on the structural behaviour of these T-joints, both the normal
strength steel S355 and the high strength steel S690 are used for fabrication of T-joints.
Specimens T1-C and T3-C are made from S355 steels while the other four were made
from S690 steels. The following geometrical parameters are covered: i) the brace to chord
diameter ratio (5 = di1 / do) is assigned to range from 0.6 to 0.8, ii) the ratio of brace wall
thickness to chord wall thickness (z = #1 / 1) is assigned to range from 0.8 to 1.0. The
diameter of the chord is assigned to be 250 mm, and its thickness is assigned to be 10 mm.
The measured geometric dimensions of the six T-joint specimens are summarized in Table

5.2.

Standard tensile tests were conducted to obtain the basic material properties of both the
S355 and the S690 steel plates. The test method and the procedures are detailed in Chapter
3. Figures 5.3 and 5.4 present the geometric dimensions of the tensile coupons and the
typical stress-strain curves of the S355 and the S690 steel plates. A summary of key results

of the standard tensile tests are shown in Table 5.3.

All of these T-joints were welded between CFCHS. The fabrication processes of theses
CFCHS are described in detail in Chapter 3. Edge preparation was performed for the ends
of braces in order to make profiled connecting surfaces for joint welding. The chords and
the braces were then connected together through a combination of partial penetration butt
welds and fillet welds. Welding of all these T-joints between CFCHS were performed by
a highly skilled welder in a well-equipped fabricator. The welding electrode ER110S-G
(with a diameter of 1.2 mm) according to AWS A5.28 (AWS, 2005) was employed for
GMAW of high strength S690 steels. It should be noted that the nominal yield strength of
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the welding electrode is 720 N/mm?, while the measured yield strengths of S690 steel
plates are 731 N/mm?and 787 N/mm?. Therefore, an under-matched welding was achieved
dispite an over-matched welding was designed. For welding of S355 steels, the welding
wire E71T-1 (with a diameter of 1.2 mm) in accordance with AWS A5.20 (AWS, 1995)
was adopted. Both chemical compositions and mechanical properties of these welding
electrodes are summarized in Tables 5.4 and 5.5. The measured weld sizes at crown points

and saddle points of each joint were shown in Table 5.6.
5.2.2 Test setup and test procedures

Figure 5.5 illustrates typical test setup and instrumentation for the joint tests. All these
tests were carried out at the Structural Engineering Research Laboratory of the Hong Kong
Polytechnic University. A hydraulic servo control testing system with a compressive
loading capacity of 10,000 kN was employed for the compression tests. Both ends of the
chord of each T-joint were attached to two vertical supports through two steel pins. Only
in-plane rotations were allowed at both ends of the chord. Two laser levels were installed
in front of and at the left of the T-joint during testing to ensure the centre of the brace was

carefully aligned with the centre of the loading attachment.

For each T-joint, four strain gauges with a 5 mm gauge length were mounted onto the
brace to monitor axial strains of the brace during testing. Twelve displacement transducers
were used to measure horizontal and vertical deformations of the T-joints at various
specified locations during tests, including deformations at crown points and possible

support slippages.

Compression force was applied onto the loading plate on the top plates of the braces of
the T-joints through a vertical loading actuator. Before each test, a preloading process was
first conducted for three times. An axial load of 30% of the predicted axial resistances of
the T-joints, N¢ra, was applied, and then unloaded at a loading rate of 150 kN/mm to

minimize initial bending.

In each test, the loading rate was firstly set to be about 50 kN/min. When the axial load

reached up to 80% of the predicted resistance of the T-joint, an axial displacement rate of

5-3



CHAPTER FIVE

0.3 mm/min was set to control the axial load. After reaching the peak load, a displacement

rate of 0.5 mm/min was set until the applied load dropped below 80% of the peak load.

5.2.3 Test results

Failure modes

All the T-joints were tested successfully and they all failed in an interaction between a

global failure mode and a local failure mode as follows:

*  Opverall plastic bending of the chord

*  Local plastification of the chord at the joint panel zone

This is because the axial compression force acting on the brace will induce bending
moment and shear force in the chord. The chord section at the joint panel zone is therefore
under compressive stresses (Figure 5.8). Such compressive chord stresses will reduce the
joint resistance. The deformed shapes and the typical failure modes of these T-joints are

illustrated in Figures 5.6 and 5.7. No weld cracking was observed among all these tests.
Load-displacement curves
The vertical displacement at the mid-span of the chord of each T-joint is calculated as

follows

D, +D,
2

5=

(5.1)

Applied load versus chord mid-span vertical displacement curves of these T-joints are

shown in Figure 5.9.
Load-chord indentation curves

In the present study, the maximum indentation, or distortion, is found to occur at the crown
point of the chord. Hence, this deformation, namely, chord indentation A, is taken as the
maximum relative deformation at the crown points and the center of the chord, which is

calculated according to Equation 5.1.

Chord indentation, A=max(D,—J,D;—0) (5.2)
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The applied load versus chord indentation curves of all the T-joints are shown in Figure

5.10.

5.2.4 Data analyses

Joint resistances

In the present study, the maximum load resistance of each T-joint is defined by the lower
value of: 1) the applied ultimate load of the joint, and ii) the applied load corresponding to
an ultimate deformation limit, where the deformation limit is proposed by Lu et al. (1993).
This out-of-plane deformation limit is defined as 3% of the outer diameter of the chord,

1.e. 0.03do, according to CIDECT Design Guide 1.

It is observed from the applied load versus chord indentation curves of all the tests that all
tested joints reached the ultimate loads prior to the deformation limit, i.e. 0.03do or 7.5
mm. Hence, the applied ultimate load of each joint is determined as its axial compressive

resistance.

The axial resistances of these T-joints are calculated according to various equations given

in the following design specifications:
a) CIDECT Design Guide 1

In CIDECT Design Guide 1, the design resistances of T-joints between CHS for chord

plastification is calculated according to Equations 5.3 to 5.6 as follows.

Nepger = 0,0, iygtg (5.3)

0, =2.6(1+6.85%)y" (5.4)

0, = (1) (5.5)

n= Ny + M, in connecting face (5.6)
Ny pLO
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where Ncipect is the ultimate resistance predicted by CIDECT, fjo is the yield strength of
the chord, 7o is the thickness of the chord, @ is the angle between the centerlines of the
chord and the brace, £ is the ratio of brace diameter to chord diameter (5= di/do), y is do/21t,
No and M, are the axial force and the bending moment applied to the chord, N, is the
axial resistance of the chord, M, is the plastic moment resistance of the chord, C1 = 0.45-

0.25p for chord compression stress (7<0), and C; = 0.20 for chord tension stress (n>0).

It should be noted that the mean strength function QyMmean in CIDECT are derived from a
regression analysis based on numerical database of normal strength steel T-joints, (van

der Vegte et al. 2009) as follows

Ouniemn =1.19%2.6(1+6.84°) (5.7)
A safety factor of 1.19 was adopted for design.
b) EN 1993-1-8

In EN 1993-1-8, the design resistances of T-joints between CHS for chord plastification

is calculated according to Equations 5.8 to 5.10 as follows:

Foolo
Nyes =0k, = 5.8
EC3 Qu P Sin9 ( )
0, =(2.8+14.28%)y"* 5.9
_ O-p,Ed . .
n,=——— 1n connecting face (5.10)
y0

where Necs is the axial resistance predicted by EN 1993-1-8, &, = 1-0.3n,(1+n,) for n, >
0 (compression) and k, = 0 when n,, < 0 (tension), o, £4 is the maximum compressive stress

in the chord excluding the stress due to components parallel to the chord axis.

It should be noted that in both design codes, there is a function which considers the effect

of chord stress on the joint resistance. For these T-joints under brace compression, the
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applied axial load always causes large bending moment in the chord. Therefore, the chord
stress function is lower than 1.0, which will result in a reduction in the joint resistance.

For long chords, such a reduction will be significant.

The design resistances of all the T-joints are summarized in Table 5.7. For Joints T1-C,
T3-C, T4 and T5, the calculated maximum bending moments in the chords all exceed the
plastic moment resistances of the chord. Hence, an overall failure mode of chord bending
is considered to be dominant in these joints. However, a local failure mode of chord
plastification is considered to be dominant in Joints T2A and T2B through a back analysis

on the maximum bending moments in the chords.

It is found that with the same geometric dimensions, the measured resistances of S690
Joints T2A and T2B are higher than those of the S355 Joint T1-C by 58% and 69%
respectively. Similarly, the measured resistance of S690 Joint T4A is higher than that of
the S355 Joint T3-C by 80%. By comparing results of Joints T4 and TS5, it is shown that
the resistance of a T-joint does not always increase by increasing the wall thickness of the

brace.

Both CIDECT Design Guide 1 and EN1993-1-8 are considered to be structurally adequate
for prediction of the axial resistances of T-joints between S690 CFCHS without the need
of applying the reduction factors of 0.9 or 0.8. Even without these reduction factors, both
formulae give an under-prediction of about 12% to 35%. The safety margin is considered
to be quite large. Therefore, the strength reduction factor of 0.8 defined by EN 1993-1-12
is considered to be very conservative for these S690 T-joints in the present study, as it will

give an even larger under-prediction of the joint resistances.

5.3 NUMERICAL INVESTIGATION
5.3.1 Proposed FE model

Nonlinear finite element models of these six T-joints between S355 and S690 CFCHS
with brace axial compression are established and analyzed using the commercial finite

element programme ABAQUS (2009). A large number of numerical investigations on T-
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joints between CHS have been conducted with shell elements in which the weld between
the brace and the chord is simplified with shell elements so that their effects on strengths

and stiffness of T-joints are considered. (van der Vegte and Makino, 2010)

In the present study, solid elements C3D8R are employed for modeling the T-joints. Three
layers of solid elements are employed through the thickness of the CFCHS in order to
capture local bending behaviour. A general mesh size of 6mm is determined through a
mesh sensitivity study, after considering both computational efficiency and accuracy of
the numerical results. An overall view of the finite element mesh of a typical T-joint is
shown in Figure 5.11. Partial penetration butt-welds are simplified as deep penetration
fillet welds in accordance with EN 1993-1-8 (2005). The weld size between the chord and
the brace of each joint is determined as the average measured weld sizes obtained from

the experiments.

The stress-strain curves of the S690 steel plates of 6 and 10 mm thick obtained from
standard tensile tests are converted to true stress-strain curves, as illustrated in Figure 5.12.
Stress-strain curves of S355 and S690 welds are simplified using an elastic-perfect plastic
model. The initial elastic moduli of both S355 and S690 welds are taken as 210 kN/mm?,
according to EN 1993-1-1. The input true stress-strain curves of the welds are shown in
Figure 5.13. The Poisson’s ratio is taken as 0.3. Isotropic hardening rule and von Mises

yield criterion are adopted.
5.3.2 Mesh convergence study

A convergence study on mesh configurations of the proposed model of Joint T2A is
conducted to determine the optimum mesh size for the numerical simulation. Three
different mesh sizes are adopted for comparison, i.e. 3 mm, 5 mm and 10 mm, as shown
in Table 5.8. The detailed finite element meshes of these three models are presented in

Figure 5.14.

Figure 5.15 illustrates a comparison of the results of these three models under axial
compression in terms of applied load versus chord indentation curves. A convergence

trend can be found among these three models from a coarser mesh to a finer mesh. The
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difference in axial resistances between “fine” and “very fine” meshes is only 0.35%,
which is considered to be satisfactory. Therefore, a general mesh size of Smm is adopted
for subsequent numerical analyses in order to achieve both numerical accuracy and

computational efficiency.
5.3.3 Boundary conditions

The boundary conditions of the proposed FE models are shown in Figure 5.16. Three
reference points are set, and they are coupled with the nodes on both surfaces of the chord
ends and the top surface of the brace with all six degrees of freedom. An axial load is
applied onto Reference Point A through the static Riks method given in
ABAQUS/Standard.

5.3.4 Validation of numerical models

Figures 5.17 to 5.22 illustrate both the observed and the predicted deformed shapes of the
T-joints at failure. The measured and predicted axial load versus chord mid-span vertical
displacement curves and the axial load versus chord indentation curves of each T-joint

and compared in Figure 5.23 and Figure 5.24 respectively.

The axial resistances from the numerical results are also compared with the test results in
Table 5.9. The differences between the measured and the predicted axial resistances of
these T-joints are lower than 6%, with a mean value of the axial resistance ratio N rg/
Ne 1est of 1.00. Therefore, the proposed numerical models are found to be able to predict
structural behaviour of these T-joints under brace axial compression well, and they are

readily employed for subsequent parametric studies.
5.3.5 Parametric studies

In order to generate a comprehensive set of numerical data, a total of 186 numerical
models are constructed to investigate effects of various parameters on the structural
behaviour of T-joints between S690 CFCHS under brace axial compression. These
parameters include yield strength of steel materials, various geometric parameters such as
B, 2y, and chord stress ratio, n. The numerical parametric study programme is shown in

Table 5.10. It should be noted that 3 varies from 0.2 to 1.0, 2y varies from 25 to 40, and n
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varies from -0.8 to +0.8. The thicknesses of the brace and the chord are 6 and 10 mm
respectively. The geometrical dimensions of the FE models for the parametric studies are
presented in Table 5.11. True stress-strain curves of S690 steel plates and the welds are
input in the FE models, as described in the previous section. The weld size of each joint
is set to satisfy the requirement by Clause 4.5.2 in EN 1993-1-8 (CEN, 2005) and Clause
3.9 in CIDECT Design Guide 1 (Wardenier et al. 2008). The minimum throat thickness a

is assigned to be 1.48¢1, where ¢ is the thickness of the brace.
A method to eliminate chord bending moments

It should be noted that the failure mode of these T-joints under brace axial compression is
found to be an interaction between chord overall bending and chord local plastification.
Separate failure modes are difficult to be obtained through experiments. However, effects
of chord bending moment can be compensated by applying negative bending moments at
the chord ends in numerical analyses (van der Vegte and Makino, 2005) and the
magnitudes of these chord end moment are calculated according to Equation 5.11 as

follows:

M, =025N(L—d,) (5.11)

where L is the span of the chord, N is the applied axial force and d is the outer diameter

of the brace.

By adopting this method, the failure mode for each T-joint with compensating chord end
moments will be chord plasitfication only. After bending moments due to brace
compression are eliminated, the numerical results are ready for direct comparison with

predictions from various design specifications.

Figure 5.25 shows a comparison of the applied load versus chord indentation curves of
Joint T2A with and without chord end compensation moments. The predicted axial
resistance of Joint T2A with chord end compensation moments is 1140 kN, which is found

to be higher than the regular corresponding resistance without compensation moments at
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864 kN, by 32%. The difference between these two values indicates the significant effect

of chord bending moment due to a brace axial load.

Therefore, in the subsequent parametric studies, all FE models are analyzed with chord
end compensation moments so that the numerical results will not be influenced by chord

bending moments due to brace axial loads.
Effect of chord length parameter, a. (=2 Lo / do)

Previous studies from van der Vegte and Makino (2010) have shown that a chord length
of 6do (a = 12) is considered to be sufficient to exclude the influence of the chord length
on the axial resistance of T-joints between CHS, especially when y and £ are relatively
small (2y = 25.4 or = 0.25). For all the T-joints in the present study, a is 9.6, which is
smaller than the suggested value proposed by van der Vegte and Makino (2010). Therefore,

a parametric study on « is carried out.

6 FE models of these T-joints with three different values of the chord length parameter a
at 9.6, 15.0 and 20.0 and two different values of the brace to chord diameter ratio, £ at 0.6
and 0.8 are established.

The load versus chord indentation curves of these T-joints with different values of @ when
S = 0.6 are shown in Figure 5.26. Figure 5.27 illustrates the normalized axial resistances

of the S690 T-joints with different values of a and f.

It i1s shown that the chord length parameter o has almost no influence on the axial
resistances of these S690 T-joints with chord end compensation moments when a > 9.6.
Therefore, a = 9.6 is considered to be sufficient in this study to exclude any effect of chord

end conditions and of bending moments due to brace axial loads.
Effect of brace to chord diameter ratio, (= d1 / do)

Figure 5.28 illustrates the effect of f on the axial resistances of T-joints with different

values of 2y at 25, 30, 35 and 40. The axial resistances of these T-joints are normalized
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with f0 f% and they are compared with those predicted resistances according to i)
CIDECT mean strength equations, Equation 5.7 and design equations, Equations 5.3 to
5.6, and i1) EN 1993-1-8 equations, Equations 5.8 to 5.10. In general, the axial resistances

of these T-joints are found to increase with an increase of .

The numerical results are found to be larger than the design resistances according to both
design codes, but smaller than the predictions according to CIDECT mean strength
equations, except when f=1.0. Among these three equations, CIDECT design equations

give the most accurate predictions for the axial resistances of these T-joints.
Effect of chord diameter to thickness ratio, 2y (= do / to)

Figure 5.29 illustrates the effect of y on the axial resistances of these T-joints with different
values of f at 0.2, 0.4, 0.6, 0.8 and 1.0. Similarly, it is found that the axial resistances
increase with an increase of y. The dotted line in the figure shows the predicted resistances
from the CIDECT design equation. When £ is small, CIDECT is found to be able to give
accurate predictions. However, as f is increases, CIDECT design resistances are found to

be increasingly conservative.
Effect of chord stress ratio, n

EN1993-1-8 defines a chord stress function, &, , to consider a reduction to the axial
resistances of these T-joints due to different levels of chord stresses. Similarly, a function
of QOris also defined in CIDECT Design Guide 1. The detail formulae have been described
in Section 5.2.3. It should be noted that in EN 1993-1-8, no reduction is considered when
the chord is in tension. This is subsequently modified in CIDECT in order to provide more

accurate predictions for the axial resistances of these T-joints.

Figure 5.30 illustrates the numerical reduction factors with different chord stress ratios
when 2y = 25. It is found that the numerical results are larger than the predicted results
obtained from either CIDECT Deisgn Guide 1 or EN 1993-1-8. When the chords are in

compressive stresses, the predictions of both design specifications are very close to each
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other while when the chords are in tensile stresses, the predictions to CIDECT provide

more conservative results.

It should also be noted that when £ is small (f < 0.4) and the chords are under moderate

tensile stresses, there is a strength enhancement to the axial resistances of these T-joints.

Hence, it is considered that the chord stress function proposed in CIDECT Design Guide
1 is sufficiently accurate to predict any reduction in the axial resistances of these T-joints

in the presence of both compressive and tensile chord stresses.
5.3.6 Summary of parametric study results

A series of parametric studies have been carried out to study effects of various parameters
on the axial resistances of T-joints under brace axial compression. According to the
numerical results, CIDECT Design Guide 1 is generally considered to be applicable for
the design of T-joints between high strength S690 CFCHS as it provides more accurate
predictions than those design equations given in EN 1993-1-8.

The current reduction factors of 0.8 in EN 1993-1-12 and 0.9 in CIDECT Design Guide 1
are both considered to lead to very conservative design resistances of these T-joints
between S690 CFCHS under axial compression. It is suggested that these reduction factors

should be removed to improve structural efficiency.

5.4 CONCLUSIONS

In this chapter, an experimental and numerical investigation into structural behaviour of

T-joints between S690 CFCHS is presented.
It should be noted that:

a) A total of six T-joints between S355 and S690 CFCHS have been successfully tested
under brace axial compression. All test specimens are found to have sufficient strength

and ductility.
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b) With the same geometric dimensions, the measured resistances of those S690 joints are
higher than those of the S355 joints by 58% to 80%. Hence, the axial resistances of these
T-joints do not increase in a linear manner with an increase in the wall thickness of the

brace or steel grade.

c) Current design rules provided in CIDECT Design Guide 1 and EN1993-1-8 are
considered to be structurally adequate for prediction of the axial resistances of these T-

joints between S690 CFCHS with a large safety margin.

d) Through a series of parametric studies on these T-joint between CFCHS, CIDECT
Design Guide 1 is shown to provide more accurate prediction in the axial resistances of
the T-joints than those design equations provided in EN 1993-1-8. Current reduction
factors of 0.8 in EN 1993-1-12 and 0.9 in CIDECT Design Guide 1 are suggested to be

removed to improve structural efficiency while maintaining a sufficient safety margin.
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Figure 5.1 Schematic view of a T-joint test under brace axial compression
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Figure 5.2 Configuration of a typical T-joint
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Figure 5.3 Geometric properties of standard tensile coupons
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Figure 5.4 Measured stress-strain curves of S355 and S690 steel plates
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Figure 5.5 Test setup and instrumentation
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Joint T1-C Joint T2A
Joint TZB Joint T3'C
Joint T4 Joint TS

Figure 5.6 Deformed T-joints under brace axial compression after test
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Local plastic deformation of the chord

Out-of-plane ovalization of the chord

Figure 5.7 Typical local failure of Joint T2A

................................

My =N (L-d)/4

Figure 5.8 Bending moment of the chord in a typical T-joint test
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Figure 5.9 Applied load-chord mid-span vertical displacement curves of T-joints
between CFCHS
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Figure 5.10 Applied load-chord indentation curve of T-joints between CFCHS
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Figure 5.11 Finite element mesh of a typical T-joint
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Figure 5.12 True stress-strain curves for numerical study
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Figure 5.13 True stress-strain curves for the welds
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Figure 5.15 Results of mesh convergence study
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Figure 5.16 Boundary conditions for the FE models
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Joint T1-C
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Figure 5.17 Observed and predicted deformed shapes of Joint T1-C
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Joint T2A
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Figure 5.18 Observed and predicted deformed shapes of Joint T2A
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Joint T2B
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Figure 5.19 Observed and predicted deformed shapes of Joint T2B
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Joint T3-C
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Figure 5.20 Observed and predicted deformed shapes of Joint T3-C
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Joint T4
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Figure 5.21 Observed and predicted deformed shapes of Joint T4
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Joint TS5
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Figure 5.22 Observed and predicted deformed shapes of Joint TS
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Figure 5.24 Load-chord indentation curves of T-joints between CFCHS
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Table 5.1 Test programme for T-joints between S690 CFCHS under brace axial
compression

Chord Brace
member member
Test Steel grade a B T
specimen g doxt o dixt Y
(mmxmm) (mmxmm)

T1-C S355 25010 150%6 9.6 0.6 12.5 0.6
T2A S690 25010 150%6 9.6 0.6 12.5 0.6
T2B S690 250%10 150%6 9.6 0.6 12.5 0.6
T3-C S355 250x10 200%x6 9.6 0.8 12.5 0.6
T4 S690 250%10 200%x6 9.6 0.8 12.5 0.6
T5 S690 250%10 200x10 9.6 0.8 12.5 1.0

Table 5.2 Measured geometric dimensions of test specimens

Specimen | Steel grade | Chord length dgrlr?;ir Brace length | Brace diameter
Lo (mm) Do (mm) Li (mm) D; (mm)
T1-C S355 1199.9 251.6 599.3 152.3
T2A S690 1198.8 251.6 599.4 152.6
T2B S690 1198.8 251.5 599.4 152.0
T3-C S355 1201.1 251.5 599.4 200.5
T4 S690 1199.0 251.8 599.2 200.9
T5 S690 1198.5 251.5 599.4 201.3
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Table 5.3 Summary of results for tensile coupon tests

Young's Yield Tensile Stralp at Du.c tility Elongation at
modulus strength strength tensile requirement fracture
fu/fy strength for S690
Tensile coupon
E fy fu & 156,/E o
(KN/mm?) | (N/mm?) (N/mm?) (%) (%) (%)
S690-6 mm 202 731 813 1.11 6.23 5.43 16.8
S690-10mm 204 787 836 1.06 6.51 5.79 17.0
S355-6mm 204 373 519 1.39 13.9 - 23.5
S355-10mm 206 358 539 1.50 16.6 - 30.8
Table 5.4 Chemical composition of welding electrodes
Electrode C Si Mn P S Cr Ni Mo Cu
ER110S-G 0.090 | 0.80 1.70 0.015 0.015 0.3 1.85 0.6 0.1
E71T-1 0.055 | 0.38 1.35 0.015 0.010 - - - -
Table 5.5 Mechanical properties of welding electrodes
Diameter | Yield strength | Tensile strength | Elongation
Standard | Electrode Supplier Weld
method | (mm) (N/mm?) (N/mm?) (%)
AWS | ER110S-G | Bohler | GMAW | 12 720 880 15
A5.28
AWS
A5.20 E71T-1 Lanyu | GMAW 1.2 490 580 27
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Table 5.6 Measured weld sizes at crown and saddle points

Crown point ‘7

Brace

T

h;

| Chord

Saddle point

Chord

hy hy hs hy
Joint

(mm) | (mm) | (mm) | (mm)

T1-C 9.0 11.2 43 3.3
T2A 10.1 11.5 35 3.7
T2B 11.0 12.5 29 4.0
T3-C 11.3 12.6 33 4.2
T4 11.1 12.9 5.5 4.5
T5 12.0 12.8 1.7 2.7
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Table 5.7 Summary of test results of T-joints between S690 CFCHS

Joint  [Steel grade Ne, Test Mo Test Mo Mo Test/ Nemecr Netest/ | INCIDECT Mean N NeTest/ NEic3 | Nere/ | Failure

(kN) (kNm) (kNm) Mo (kN) | Neweer | vy [CPECTMent (kN) | Nees mode
TI1-C S355 544 183.6 155.7 1.18 349 1.56 293 1.31 311 1.75 CB
T2A S690 861 290.6 342.3 0.85 767 1.12 645 0.94 683 1.26 CP
T2B S690 920 310.5 3423 0.91 767 1.20 645 1.01 683 1.35 CP
T3-C S355 679 220.7 155.7 1.42 439 1.55 369 1.30 391 1.74 CB
T4 S690 1223 397.5 342.4 1.16 968 1.26 813 1.06 860 1.42 CB
TS S690 1175 381.8 342.4 1.12 968 1.21 813 1.02 860 1.42 CB

N, test denotes the measured strength of T-joints

Mo rest denotes the calculated maximum bending moment in the chord

M0 denotes the plastic moment resistance of the chord

Ncecr denotes the ultimate resistance predicted by CIDECT design guide 1 without reduction factor
Nceipecr, Mean denotes the ultimate resistance predicted by mean strength equation by CIDECT design guide 1
NEecs denotes the ultimate strength predicted by according to EN 1993-1-8 without reduction factor

CB denotes an overall failure mode of chord bending

CP denotes a local failure mode of chord plastification
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Table 5.8 Mesh convergence study

Mesh size Number of Runtime Axml D1fferepce n
Model (mm) clements (hrs) resistance axial resistance
(kN) (%)
Coarse mesh 10 36,960 0.1 878 1.27
Fine mesh 5 138,864 1.0 864 -0.35
Very fine mesh 3 355,932 4.0 867 0

Table 5.9 Comparison of measured and predicted axial resistances for T-joints

Nt Nore Resistance

Joint Steel grade & lest N ratio
kN kN

( ) ( ) Nc,FE/Nc,Tesl
T1-C S355 544 523 0.96
T2A S690 861 864 1.00
T2B S690 920 931 1.01
T3-C S355 679 652 0.96
T4 S690 1223 1244 1.02
T5 S690 1175 1248 1.06
Mean 1.00

Table 5.10 Parametric studies on T-joints between CFCHS under brace axial
compression

Parameter Range of parameter
§ 0.2,0.4,0.6,0.8,1.0
2y 25,30, 40, 50
n -0.8,-0.6,-0.4,-0.2,0,+0.2, +0.4, +0.6, +0.8
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Table 5.11 Geometrical dimensions of FE models for parametric studies

FE Steel di do t to
model | grade | (mm) | (mm) B (mm) | (mm) t n
Tl 50 250 0.2 6 10 0.6
T2 100 250 0.4 6 10 0.6
2y=25 | T3 150 250 0.6 6 10 0.6
T4 200 250 0.8 6 10 0.6
TS 250 250 1.0 6 10 0.6
T6 60 300 0.2 6 10 0.6
T7 120 300 0.4 6 10 0.6
2y=30 | T8 180 300 0.6 6 10 0.6
T9 240 300 0.8 6 10 0.6 0.8, 0.6,
TI0 | o0 | 300 300 1.0 6 10 0.6 -0.4,-02, 0,
T11 70 350 0.2 6 10 0.6 +0.2, +0.4,
T12 140 350 0.4 6 10 0.6 +0.6,+0.8
2y=35 | TI3 210 350 0.6 6 10 0.6
T14 280 350 0.8 6 10 0.6
T15 350 350 1.0 6 10 0.6
T16 80 400 0.2 6 10 0.6
T17 160 400 0.4 6 10 0.6
2y=40 | TI8 240 400 0.6 6 10 0.6
T19 320 400 0.8 6 10 0.6
T20 400 400 1.0 6 10 0.6
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CHAPTER SIX

STRUCTRUAL BEHAVIOUR OF T-JOINTS
BETWEEN CFCHS UNDER IN-PLANE BENDING

6.1 INTRODUCTION

This chapter presents an experimental and numerical investigation into structural
behaviour of high strength S690 welded T-joints between cold-formed circular hollow
sections (CFCHS) subjected to in-plane bending. A total of ten specimens were tested. Six
of them were tested under monotonic in-plane bending in the braces while the other four
specimens were tested under cyclic in-plane bending. For those T-joints tested under
monotonic in-plane bending, four of them were made from high strength S690 steels while
the other two were made from normal strength S355 steels. Failure modes, load carrying
capacities and deformation capacities of all the test specimens were reported. An
innovative Digital Image Correlation (DIC) technique was employed to measure surface
strain contours of specified areas of the T-joints. Surface strain developments at specified
locations of the T-joints were monitored, and facture failure at heat affected zones were

identified.

For those T-joints tested under cyclic in-plane bending, four specimens with identical
geometrical dimensions were tested with two different loading protocols. The moment
resistances of these T-joints were compared with those measured resistances obtained
from the monotonic tests. Strength reduction to moment resistances due to cyclic loads
was quantified, while energy dissipation characteristics of these T-joints were also

identified.

Numerical investigation is conducted to simulate the structural behaviour of these T-joints
under both monotonic and cyclic in-plane bending. Finite element models are established
and calibrated against experimental results. The validated finite element models are

adopted for subsequent parametric analyses to study various effects onto the structural
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behaviour of these T-joints between CFCHS. Both the measured and the predicted
moment resistances are compared with design moment resistances obtained from EN
1993-1-8 and CIDECT Design Guide 1, and applicability of these two existing design

rules are examined.

6.2 EXPERIMENTAL INVESTIGATION

6.2.1 Test programme

A total of ten T-joints between S690 CFCHS were fabricated for structural testing. Figure
6.1 illustrates a schematic view of a typical joint under investigation. The overall test

programme is shown in Table 6.1.

Figure 6.2 presents a detailed configuration of a T-joint between CFCHS. The lengths of
the chords and the braces are Lo= 1200 mm and L; = 600 mm respectively, and the span
between two pinned supports are L = 1500 mm. Joints T1-C and T3-C are made with S355
steels, and they are regarded as reference joints while the others are made with S690 steels.
The following geometrical parameters are covered in the present test programme: 1) the
brace to chord diameter ratio (f = d1 / do) 1s assigned to range from 0.6 to 0.8, ii) the ratio
of brace wall thickness to chord wall thickness (7 = #1 / to) is assigned to range from 0.8 to
1.0. The diameter of the chord is assigned to be 250 mm, and its thickness is assigned to
be 10 mm. The measured geometric properties of these T-joints are summarized in Table

6.2.

Standard tensile tests were conducted to obtain basic material properties of both S355 and
S690 steel plates. The test methods and the procedures are described in Chapter 3. Figure
6.3 presents the geometric dimensions of the tensile coupons and Figure 6.4 presents the
typical stress-strain curves of S355 and S690 steel plates. A summary of results of the

standard tensile tests are presented in Table 6.3.

All these T-joints are welded between CFCHS by experienced welders. The

manufacturing process of these T-joints is described in Chapter 5. Both the chemical
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compositions and the mechanical properties of the welding electrodes are summarized in
Tables 6.4 and 6.5. The measured weld sizes at crown points and saddle points of each

joint are shown in Table 6.6.

It should be noted that three T-stub supports with two 20 mm thick S355 steel plates were
welded to both ends of the chord and the top of the brace in order to connect with the

loading attachments and the end supports through steel pins.

6.2.2 Test setup and test procedures

T-joints under monotonic in-plane bending

Figure 6.5a) presents an overall view of the test setup for these T-joints under monotonic
in-plane bending, where these T-joints were attached to two supports and a lateral loading
attachment through three steel pins. The lateral loading attachment was connected to a
load cell, and strain gauges were mounted onto the brace to capture strain distributions
during the entire test. Transducers were used to measure the displacements at selected
locations. Displacements from LVDTs, i.e. A7 and A8 were used to calculate the rotation

of the chord, 6.

0 :A7—A8

=300 1) (6.1)

Al and A2 were used to calculate the rotation of the brace, which is given by

Al A2
0, =—,0,=— (rad 6.2
h=360" % =0 ™Y (©2)
It was found that these two rotations were very close to each other, hence, the brace can
be regarded to act rigidly during tests. The joint rotation of the T-joint is given by

_ Oyt

0 -0, (rad) (6.3)

An in-plane bending moment was applied to the T-joint by pulling the end of the brace
laterally through a hydraulic jack. The applied load was measured with a load cell, and it
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was applied at a controlled loading rate at about 0.3 kN/s in the elastic range. After
attaining 0.8 times of nominal moment resistances of the brace, a displacement control at
a rate of 1 mm/min was employed. In general, all the tests were terminated only after
fracture failure occurred in all the roots of the braces of these T-joints except that Joints
T1-C and T3-C were terminated when the lateral displacements exceeded the predicted

deformation limits.

T-joints under cyclic in-plane bending

Joints T6 to T9 were tested with a hydraulic servo control testing system with a lateral
loading capacity of 1000 kN. The test setup is shown in Figure 6.5b). The instrumentation
of these T-joints are identical with Joints T1 to TS5 under monotonic loads, as mentioned
in the previous section. Cyclic in-plane bending moments were applied to these T-joints
by pulling and pushing the ends of the braces laterally through a horizontal actuator. The

horizontal load was applied through a displacement control at a rate of 3 mm/min.

Loading protocols for T-joints under cyclic in-plane bending

Two different loading protocols are adopted for the present study to apply lateral loads to
the brace end, namely a) SAC loading protocol (Clark et al. 1997), and b) ECCS loading
protocol (1986).

SAC and ANSI/AISC 341-16 (AISC 2016) both recommend cyclic tests on beam-column
moment joints to be conducted by controlling the story drift angle, 8, imposed on the test
specimen. The loading protocol is shown in Figure 6.6, and the target drift angles in

various loading steps are presented in Table 6.7.

ECCS (1986) suggests that two monotonic tests need to be conducted to determine the
positive and the negative reference elastic loads, and the corresponding reference elastic
displacements. The positive and the negative reference elastic load Py, and the

corresponding reference elastic displacement A,, are obtained from the force—
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displacement curve. The reference elastic load is defined as the intersection between the
tangent modulus E, at the origin of the force—displacement curve and the tangent that has
a slope of £/10 as indicated on Figure 6.7. And the cyclic test is conducted with increasing
displacements as presented in Table 6.8. It should be noted that, P, and A, are determined
to be 120 kN and 30 mm from the load-displacement curves of Joints T2A and T2B, as

shown in Figure 6.8.

In the present study, Joints T6 and T7 were tested with SAC loading protocol and Joints
T8 and T9 were tested with ECCS loading protocol. It should be noted that the interstory
drift angles are converted to the lateral displacements and those calculated lateral
displacements at each loading step of these two loading protocols are compared in Figure
6.9. It is found that T-joints tested with SAC loading protocol will perform more load
cycles while plastic deformations will be achieved before those tested with ECCS loading

protocol.

6.2.3 Test results

Failure modes

a) Monotonic tests

The deformed shapes of all these T-joints after tests are presented in Figure 6.10. A
number of failure modes have been identified among the six monotonic tests, depending
on the steel grades of the T-joints. For Joints T1-C and T3-C, both with S355 steels,
apparent local buckling at the compression sides of the braces was observed. Significant
out-of-plane plastic deformation of the chords was also observed. For Joints T2A, T2B
and T4, all of S690 steels, cracks were observed to be initiated within heat affected zones
of the braces when the measured lateral displacements of the brace ends reached 85, 88
and 75 mm respectively. For Joint TS5, also of S690 steels, a crack was observed to be
initiated within the heat affected zone of the chord when the lateral displacement of the
brace end reached 86 mm. Then, the crack propagated along the weld toe, causing a
significant drop in the applied load. Figures 6.11 and 6.13 illustrate various fracture within

the heat affected zones in these T-joints after tests.
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b) Cyclic tests

Fatigue cracks were found in the heat affected zones of the braces of all the joints tested
under cyclic in-plane bending moments, as shown in Figure 6.15. For Joints T6 and T7,
fatigue cracks were observed to be initiated at the 37th and the 35th load cycles. For Joints
T8 and T9, fatigue cracks were observed to be initiated at the 6th and the 5th load cycles.

The lateral load dropped significantly after initiation of fracture.
Load displacement curves

a) Monotonic tests

The measured lateral load versus lateral displacement curves of all the T-joints under
monotonic in-plane bending are plotted in Figures 6.12 and 6.14 for comparison. For those
joints made of S690 steels, and also Joint T3-C, the ultimate lateral load resistance is
defined as the maximum applied load in the tests. For Joint T1-C, the applied load is
shown to increase continuously even after yielding, and no drop in the applied load was
ever recorded throughout the entire test. In this case, a deformation limit according to
Yura et al. (1981) 1s adopted to define the ultimate resistance of the joint, and hence, the
joint is considered to have failed when its end rotation has reached 80 £, / E or 0.139 rad.
The corresponding applied lateral load and displacement are found to be 76.4 kN and 107

mm respectively.
b) Cyclic tests

The measured lateral load versus lateral displacement hysteretic curves of Joints T6 to T9
are shown in Figure 6.16. The load-displacement hysteretic loops of these Joints T6, T7
and T8 are smooth and they are almost symmetrical in the tensile and the compressive
area while the hysteretic loops of Joint T9 are not symmetrical, as only 4 load cycles are
completed before fracture takes place. The strength hardening effect is observed in all

these T-joints with an increase of the load cycles.
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Strain contours obtained from digital image correlation (DIC) system

A digital image correlation (DIC) technique has been reported to be successfully applied
to measure true stress-strain curves of standard coupon tests by several researchers (Li et
al., 2018, Ho et al., 2018). The idea of this method is to use correlation algorithm to track
speckle patterns with small facets on the specimen surfaces to obtain displacement fields.

Principal strains are then calculated according to the measured displacement fields.

In this study, a DIC system with two cameras was employed to monitor the surface strain
development of Joitns T4 and T5. According to the focal length of the digital cameras, an
area of 240 mm x 200 mm was able to be covered in this study. Hence, these two cameras
were set to focus on the tension side of the conjunction part of the brace and the chord, so
that the maximum surface strain at tension side of the T-joint could be obtained. A black
and white speckled pattern was painted on the surface of the T-joint. The setup of the DIC
system is shown in Figure 6.17 a) while Figure 6.17 b) illustrates a typical joint with the
speckled pattern and its image in the DIC system. Before testing, an image was first taken
as reference, then subsequent images were captured at an interval of 60 seconds under

loading.

Figure 6.18 presents the surface principal strain contours of Joint T4 at various
deformation stages. The corresponding lateral loads and lateral displacements at specific
points are also illustrated. Stress concentration is found to be at present from the HAZ
adjacent to the weld toe. The maximum principal strain is observed at the HAZ at the
brace as Point A on load-displacement curve. Then, the principal strain continues to
increase in value until a tensile fracture occurs. Similar analyses are conducted on Joint
T35, and the strain contours obtained from the DIC system are shown in Figure 6.19. The
maximum principal strain is observed at the HAZ adjacent to the weld toe at of the chord.
Then, the principal strain continues to increase in value until a tensile fracture occurs in

the chord.

Applied load-surface principal strain curves at specified locations of Joints T4 and TS5 are

also plotted in Figures 6.18 and 6.19. For each joint, three points are selected for
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comparison. Points 1 and 2 are located on the surface of the brace. The distance between
these two points is 60 mm. Point 3 is located on the surface of the chord. It should be
noted that with an increase of the applied load, the principal strain at Point 1 on Joint T4
is found to develop most significantly, while the principal strain at Point 3 on Joint T5 is
the largest among these three points. The local principal strains exceed 19.2 % and 33.9 %
when fracture is observed. The results also indicate that fracture failure occurs at different

locations of these two T-joints.

6.2.4 Data analyses

Moment resistances of T-joints under monotonic loads

The measured moment resistances of all the T-joints under monotonic in-plane bending

are calculated according to Equation 6.4.
Mrest=r X Prest (kNm) (64)

where » = 0.76 m and it is the lever arm measured from the point of application of the
applied load to the crown point of the joint. The corresponding moment-rotation curves

of these joints are plotted in Figure 6.20.

The design moment resistances of the T-joints are compared with 1) the design plastic
moment resistances of braces, i1) the design moment resistances according to CIDECT
Design Guide 1, Mra,1, and iii) the design moment resistances according to EN 1993-1-8,

Mprap.

The design formulae recommended by CIDECT Design Guide 1 and EN 1993-1-8 are

presented as follows:

a) CIDECT Design Guide 1

Fuo

My, =09, “nd d, (6.5)
1

O, =436y (6.6)
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0, =(1—|n)° (6.7)
N, M, . )
n= + in connecting face (6.8)
pl,0 pl,0

Where Mra,1 is the design moment resistance determined with CIDECT Design Guide 1,
/o 1s the yield strength of the chord, to s the thickness of the chord, @ is the angle between
the centerlines of the chord and the brace, f is the ratio of the brace diameter to the chord
diameter (f= di/dv), y is do/2to, No and My are the axial force and the bending moment
applied to the chord, N, is the axial resistance of the chord, M), is the plastic moment
resistance of the chord, Ci = 0.45-0.25p for chord compression stress (#<0), and C; = 0.20

for chord tension stress (7>0).

b) EN 1993-1-8 with additional reduction factors

ool
My, =485 Si; 7 d,\y Bk, (6.9)
_Opra . :
n,= in connecting face (6.10)
»0

where Mrgap 1s the design moment resistance determined with EN 1993-1-8, k, = 1-
0.3n,(1+np,) for n, >0 (compression) and k, = 0 when n, < 0 (tension), op£q 1s the
maximum compressive stress in the chord excluding the stress due to components parallel

to the chord axis.

Table 6.9 summarizes the comparison between the measured and design moment
resistances of these T-joints. It is shown that EN 1993-1-8 generally provides an over-
prediction of about 13% in the design moment resistance of the T-joints with normal
strength steels, when compared with those determined with CIDECT. However, it should
be noted that in CIDECT, a reduction factor of 0.9 is adopted for S460 steels, but no

guidance is provided for S690 steels. Nevertheless, the reduction factor of 0.9 is also
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adopted in the present study. Similarly, a reduction factor of 0.8 is adopted in determining

the design moment resistances of these S690 T-joints according to EN1993-1-12.

With the same joint geometry, there is generally an increase of 69 to 77% in the moment
resistances of these S690 T-joints, when compared to those of T-joints with S355 steels.
For those T-joints with S355 steels, the measured moment resistances are found to be
higher than the design moment resistances approximately by 20% according to CIDECT
while EN 1993-1-8 gives an overestimation of about 5%, which is considered to be more

accurate in this study.

For those T-joints with S690 steels, both design specifications give very close moment
resistances when different reduction factors are adopted. For T-joints with S690 steels, the
measured moment resistances are found to be higher than those predicted values by 4% to
7%. A reduction factor of 0.9 adopted in CIDECT and a reduction factor of 0.8 adopted

in EN 1993-1-8 are, therefore, shown to be structurally efficient for practical design.
Rotational capacity of T-joints under monotonic loads

The ductility requirements for S690 T-joints are dependent on various parameters (Havula,
2018). EN 1998-1(CEN, 2005) specifies a general rotation requirement of 0.035 rad for
joints in seismic design. For tubular structures, deformation limits proposed by Yura et al.
(1981) and Lu et al. (1994) are widely adopted for determination of their ultimate loads.
Yura et al. (1981) proposed a rotation limit of 80 f, / E. For S355 steels, it gives a nominal
value of 0.139 rad. However, for S690 steels, the corresponding rotation calculated is
0.269 rad. It is shown from Figure 6.20 that fracture failure was observed in all joints with
S690 steels before they reached a rotation of 0.15 rad, which is much lower than the

proposed deformation limit by Yura.

Lu et al. (1994) proposed a general deformation limit of 3% to define the ultimate strength

of the joints. For all the T-joints in the present study, the rotation limit is given by

~0.03d,
max dl /2

(rad) (6.11)
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where do and d are the outer diameters of the chord and the brace respectively.

As shown in Figure 6.20, the rotation capacities of all the joints exceed the proposed
deformation limit by Lu. It is shown that all the S690 CFCHS T-joints are able to

demonstrate a certain level of ductility before fracture occurs.
Strength reduction of T-joints under cyclic loads

Table 6.10 summarizes the test results of Joints T6 to T9. Both the measured positive
moment resistances and the negative moment resistances of these joints are compared with
those measured from the monotonic tests reported above. It is found that the reduction in
the moment resistances of Joints T6 and T7 are about 5% to 6%. While the reduction in
the moment resistances of Joints T8 and T9 are smaller than 3%, the results indicate that
the number of load cycles may affect the moment resistances of the T-joints. For those T-
joints tested under more load cycles, it is evident that their moment resistances are reduced

accordingly.

The backbone curves of Joints T6 to T9 are plotted in Figure 6.21 together with the
measured load-displacement curve of Joint T2A. These backbone curves are found to be
very close among themselves and they are very similar to the test curve of Joint T2A.
Therefore, the cyclic behaviour is considered to provide accurate predictions for the

monotonic behaviour of these joints in term of the back bone curve before fracture.
Rotational capacities of T-joints under cyclic loads

It should be noted that the maximum interstory drifts of all these T-joints exceed 0.07 rad,
which is larger than the value of 0.035 rad required by EN 1998-1. Therefore these T-
joints are considered to possess adequate rotational capacities, and they are applicable for

seismic resistant structures.

Moreover, a reduction of about 33% to 42% are found in the ductility of those T-joints
under cyclic loads, when compared with those tested under monotonic loads, and it is

considered not to be influenced by the number of load cycles.
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Energy dissipation characteristics of T-joints under cyclic loads

Energy dissipation characteristics of the T-joints under cyclic in-plane bending are
evaluated by the energy dissipation ratio, 74, which has been adopted in some research.

(Soh et al., 2001, Wang and Chen, 2007)

For each T-joint, the dissipated energy, E; of each load cycle is defined as the area enclosed

by the load-displacement curve, and it is calculated as follows:
E =E"+E =S g +Sepy (6.12)

where Sszc and Scpa are defined in Figure 6.22. E;" and E; are the energy dissipated in

the tension and the compression half-cycle.

n

The energy dissipation ratio, 77, = Z (El.+ +E” ) / E, (6.13)

i=1
E,=PA /2 (6.14)

It should be noted that P, and A, are determined to be 120 kN and 30 mm from the load-

displacement curves of monotonic tests, as shown in Figure 6.8.

The dissipated energy of each cycle, the accumulative energy dissipation and the
calculated energy dissipation ratios of Joints T6 to T9 are summarized in Table 6.11. It
is found that the energy dissipation capacity of Joint T6 is the largest among these four
T-joints. The energy dissipation ratios of Joints T6, T7 and T8 are all larger than a value
of 4, which is required by API provision. (API 2002). Therefore, these T-joints are
considered to have adequate energy dissipation capacities for application in seismic

resistant structures.
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6.3 NUMERICAL INVESTIGATION
6.3.1 Proposed FE models

Nonlinear finite element models are established using the finite element programme
ABAQUS (2009). The modeling technique for T-joints between CFCHS under brace axial
compression with solid elements are introduced in detail in Chapter 5, including the mesh

scheming, and the material properties of both the steels and the welds.

For those T-joints under monotonic in-plane bending, these proposed finite element
models are able to be adopted with only minor modifications in both the loading and the
boundary conditions. Hence, for details of these models and input of the key parameters,

please refer to Section 5.3.

For those T-joints under cyclic in-plane bending, material hardening of the steels is
considered by adopting a kinematic hardening model. The true stress-strain curves
obtained from standard coupon tests are adopted. It should be noted that fracture
mechanism is outside the scope of the present study, and hence, it is not considered in the
proposed models. Therefore these models are not able to predict initiation of cracks nor

their propagation.
6.3.2 Boundary conditions

The boundary conditions of the proposed FE models are shown in Figure 6.23. Three
reference points are set, and they are coupled with the nodes on both surfaces of the chord
ends and the top surface of the brace with all six degrees of freedom. The lateral load is

applied onto Reference Point A through a static general method in ABAQUS/Standard.

6.3.3 Validation of numerical models

Monotonic tests

Figure 6.24 illustrates a comparison of the measured and the predicted lateral load versus
lateral displacement curves of the T-joints under monotonic in-plane bending. The
proposed numerical models are shown to be able to predict the structural behaviour of

these T-joints with a high accuracy. Local buckling behaviour of these T-joints, their
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initial stiffness, their load carrying capacities and the corresponding lateral displacements

predicted with the numerical models are found to agree well with the experimental results.

As the proposed numerical models are not able to predict the initiation of fracture, the
moment resistances of the numerical models are determined by adopting the proposed
deformation limit by Lu. The predicted moment resistances of the T-joints are compared
with those measured values in Table 6.12. Differences between the measured and the
predicted moment resistances of these T-joints are found to be smaller than 8%, with a

mean value of the moment resistance ratio Mre / Mres: at 0.98.

Cyclic tests

The predicted hysteretic curves of Joints T6 to T9 are compared with those measured

hysteretic curves from the tests in Figure 6.25.

It is found that the load-deformation behaviour of these joints within the elastic range
agree very well with the test results. However, the numerical models give slightly higher
stiffness in the plastic range than the measured values. Differences in the stiffness between
the numerical and the test results may be attributed to the limitation of the material
constitutive model which does not consider any accumulative damage in the steels.
Therefore, degradation in the joint stiffness after repeated load cycles are not simulated

accordingly.

Nevertheless, the maximum positive moments and the maximum negative moments
obtained from the numerical models agree well with the measured values, as summarized
in Table 6.13. Differences between the measured and the predicted positive moment
resistances of these T-joints are found to be smaller than 3%, with a mean value of the
moment resistance ratio at 1.01. Differences between the measured and the predicted
negative moment resistances of these T-joints are found to be smaller than 3%, with a

mean value of the moment resistance ratio at 1.02.
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Hence, the proposed finite element models are generally considered to be applicable to
simulate the structural behaviour of these T-joints under monotonic as well as cyclic in-

plane bending moments.
6.3.4 Parametric studies

A total of 20 numerical models are established to investigate effects of various parameters
on the structural behaviour of T-joints between S690 CFCHS under brace in-plane
bending moments. Effects of various geometric parameters such as  and 2y are studied.
It should be noted that effect of chord stress ratio, n has been studied in Chapter 5. For T-
joints between S690 CFCHS under brace in-plane bending, both design specifications uses
the same formulae as those defined for T-joints under brace axial compression. Therefore,

this parameter will not be studied repeatedly in the present study.

The numerical parametric study programme is shown in Table 6.14. It should be noted
that B varies from 0.2 to 1.0, and 2y varies from 25 to 40. The thicknesses of the brace and
the chord are 6 mm and 10 mm respectively. The geometrical dimensions of the FE models

for the parametric studies are presented in Table 6.15.
Effect of brace to chord diameter ratio, p ( = d1 / do)

Figure 6.26 illustrates the effect of # on the moment resistances of T-joints with different

values of 2y at 25, 30, 35 and 40.

The moment resistances of these T-joints are normalized with difyoto®, and they are
compared with those predicted resistances according to i) CIDECT design equations, and
i1) EN 1993-1-8 design equations. The moment resistances of these T-joints are found to

increase with an increase of § almost linearly.

The numerical results are found to be smaller than the design moment resistances
determined with both design codes when 2y = 25, while they are closer to the design

resistances according to CIDECT.

Effect of chord diameter to thickness ratio, 2y (= do / to)
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Figure 6.27 illustrates the effect of y on the axial resistances of these T-joints with different
values of f at 0.2, 0.4, 0.6, 0.8 and 1.0. Similarly, it is found that the moment resistances
increase with an increase of y. The dotted line in the figure shows the predicted resistances
from the CIDECT design equation. When f is small, CIDECT is found to be able to
provide accurate predictions. However, when £ is larger than 0.6, CIDECT design

resistances are found to be increasingly conservative for 2y > 30, while they are found to

be unconservative for 2y << 30.

6.4 CONCLUSIONS

This chapter presents a series of structural tests on welded T-joints between CFCHS
subjected to in-plane bending moments. A total of 10 tests on T-joints between CFCHS

have been conducted successfully. It is found that:

a) Compared with those T-joints with S355 steels, those T-joints with S690 steels
generally achieve an increase of over 69% in term of moment resistances. The failure
mode of fracture at HAZ was identified, which is found to be different from that of those
T-joints with S355 steels.

b) Through the application of a DIC technique, the failure mechanism of those T-joints
with S690 steels is identified from the surface principal strain contours. Both strain
development and crack initiation at specified locations of the joints are also monitored
systematically. The maximum principal strains in these joints are found to be 19.2% and

33.9% before fracture.

¢) The measured moment resistances of these T-joints are compared with those predicted
values obtained from CIDECT Design Guide 1, and EN 1993-1-8. It is shown that these
modern design methods are generally applicable for prediction of the moment resistances
of these T-joints with both S355 and S690 steels. It is necessary to apply the reduction
factors proposed in various design specifications in the design of all these T-joints with

S690, considering reduced ductility in these joints under in-plane bending moment.
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d) The rotational capacities of all these T-joints are compared with the deformation limits
proposed by Yura and Lu. The deformation limit proposed by Yura is found to
overestimate the rotational capacities of the joints because it does not consider the
occurrence of fracture and the reduced ductility of the high strength steels. However, all
thes joints have succeeded in fulfilling the requirement of the proposed deformation limit
by Lu. It is shown that all the T-joints between S690 CFCHS have adequate rotation

capacities.

e) Hysteretic behaviour of the T-joints between S690 CFCHS are studied experimentally.
The test results have shown that there is only a reduction of smaller than 6% in the moment
resistances of the T-joints tested under cyclic loads when compared with those tested
under monotonic loads. The measured maximum interstory drifts in these T-joints fully
satisfy the requirements given in EN 1998-1-1. The energy dissipation capability of the
T-joints tested with SAC loading protocol are larger than those tested with ECCS loading
protocol. Hence, these T-joints between S690 CFCHS are generally considered to be

applicable for seismic resistant structures.

f) Numerical investigations are carried out to simulate the structural behaviour of the T-
joints between CFCHS under monotonic and cyclic in-plane bending. The proposed finite
element models are shown to be effective to predict the load-deformation behaviour and

the moment resistances of these T-joints.

g) Through a series of parametric studies on T-joints between CFCHS, CIDECT Design
Guide 1 is shown to provide more accurate prediction in the moment resistances of the T-
joints than those design equations provided in EN 1993-1-8. Current reduction factors of
0.8 in EN 1993-1-12 and 0.9 in CIDECT Design Guide 1 are considered to be necessary
for design of T-joints between S690 CFCHS.
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Figure 6.1 Schematic view of a T-joint test under brace monotonic and cyclic in-
plane bending

o= 2L0/d0
B= d1/do
2y=d/t,
T= tl/tO

Figure 6.2 Configuration of a typical T-joint
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Figure 6.3 Geometric properties of standard tensile coupons
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Figure 6.4 Measured stress-strain curves of S355 and S690 steel plates
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a) A T-joint under brace monotonic in-plane bending b) A T-joint under brace cyclic in-plane bending

¢) Instrumentation for T-joint tests

Figure 6.5 Test setup and instrumentation
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Figure 6.6 Loading steps defined by SAC loading protocol for cyclic tests
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Figure 6.7 Definition of reference elastic force Py and elastic displacement Ay
(ECCS, 1976)
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Figure 6.8 Determination of reference elastic force Py and elastic displacement Ay
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Figure 6.9 Comparison of SAC and ECCS loading protocols
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Joint T1-C Joint T2A

Joint T2B Joint T3-C
Joint T4 Joint TS
Joint T6 Joint T7

Joint T8 Joint T9

Figure 6.10 Deformed T-joints under brace in-plane bending moments after tests
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Figure 6.11 Failure modes in Joints T1-C, T2A and T2B after tests
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Figure 6.12 Lateral load-lateral displacement curves of JointsT1-C, T2A and T2B
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Figure 6.13. Failure modes in Joints T3-C, T4 and TS after tests
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Figure 6.14 Lateral load-lateral displacement curves of Joints T3-C, T4 and TS
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Joint Specimen

Camera 2
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a) Test setup

b) Joint T4 with a speckled pattern

¢) Image taken by a DIC system

Figure 6.17 Setup of DIC system for strain measurement
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Figure 6.18 Strain contour and DIC measurement points of Joint T4
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Table 6.1 Geometric properties of T-joints

Chord Brace
Steel member member
Loading type Joints grade doto ity a B Y T
(mmxmm) | (mmxmm)
T1-C S355 250%10 150%6 9.6 0.6 125 | 0.6
T2A S690 250%10 150%6 9.6 0.6 125 | 0.6
T2B S690 25010 150%6 9.6 0.6 125 | 0.6
Monotonic
T3-C S355 25010 200%6 9.6 0.8 125 | 0.6
T4 S690 25010 200%6 9.6 0.8 125 | 0.6
T5 S690 250%10 200x10 9.6 0.8 12.5 1.0
T6 S690 250%10 150%6 9.6 0.6 125 | 0.6
SAC
T7 S690 250%10 150%6 9.6 0.6 125 | 0.6
Cyclic
T8 S690 250%10 150%6 9.6 0.6 125 | 0.6
ECCS
T9 S690 250%10 150%6 9.6 0.6 125 | 0.6
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Table 6.2 Measured geometric properties of test specimens

Chord length Chord Brace length | Brace diameter
. . diameter
Loading type Joints Steel grade
Lo (mm) do (mm) L; (mm) d; (mm)
T1-C S355 1199.3 251.6 599.3 151.4
T2A S690 1197.9 251.8 599.2 152.6
T2B S690 1199.3 251.9 599.3 152.2
Monotonic
T3-C S355 1200.7 251.5 599.4 201.5
T4 S690 1199.6 251.9 599.2 201.5
T5 S690 1198.6 251.8 599.2 201.5
T6 S690 1198.8 251.9 599.3 152.2
SAC
T7 S690 1200.7 251.1 599.6 152.5
Cyclic
T8 S690 1202.5 252.1 599.0 152.0
ECCS
T9 S690 1199.0 251.8 599.3 151.5
Table 6.3 Summary of results for tensile coupon tests
Young's Yield Tensile Strau'l at Du.c tility Elongation at
modulus strength strength tensile requirement fracture
fufy strength for S690
Tensile coupon :
E fy fu & 156,/E o
(kKN/mm?) (N/mm?) (N/mm?) (%) (%) (%)
S690-6 mm 202 731 813 1.11 6.23 5.43 16.8
S690-10mm 204 787 836 1.06 6.51 5.79 17.0
S355-6mm 204 373 519 1.39 13.9 - 23.5
S355-10mm 206 358 539 1.50 16.6 - 30.8
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Table 6.4 Chemical composition of welding electrodes

Electrode C Si Mn P S Cr Ni Mo Cu
ER110S-G 0.090 | 0.80 1.70 | 0.015 0.015 0.3 1.85 0.6 0.1
E71T-1 0.055 | 0.38 1.35 0.015 0.010 - - - -
Table 6.5 Mechanical properties of welding electrodes
Diameter | Yield strength | Tensile strength | Elongation
Standard | Electrode Supplier Wild
method | () (N/mm?) (N/mm?) (%)
AWS ER110S-G Bohler | GMAW 1.2 720 880 15
A5.28
AWS
A5.20 E71T-1 Lanyu | GMAW 1.2 490 580 27
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Table 6.6 Measured weld sizes at crown and saddle points

Crown point Brace
I

| h, HI | Chord

Brace
Saddle point
hs

Chord

Joint . he hs e
(mm) | (mm) | (mm) | (mm)
T1-C 9.5 11.5 6.9 6.0
T2A 9.5 10.8 5.0 4.0
T2B 9.9 12.5 4.5 3.5
T3-C 10.2 11.9 4.0 5.8
T4 12.5 13.0 4.9 4.8
T5 8.9 13.4 2.9 2.5
T6 8.4 11.9 4.8 4.9
T7 9.6 9.9 6.4 7.2
T8 9.5 12.4 43 4.2
T9 12.2 11.5 6.1 52
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Table 6.7 Drift angles defined by SAC loading protocol

Load step Drift angle, 6 Number of cycles, n
1 +0.00375 6
2 +0.005 6
3 +0.0075 6
4 +0.01 4
5 +0.015 2
6 +0.02 2
7 +0.03 2

Continue with increments in 8 of 0.01 and perform two cycles in

each step

Table 6.8 Displacements defined by ECCS loading protocol

Load step Lateral displacement, A Number of cycles, n
1 +0.25 Ay 1
2 +0.5 Ay 1
3 +0.75 Ay 1
4 + A, 1
5 +2 Ay 3
6 +4 Ay 3
7 +6 Ay 3

Continue with increments in A of 2A, and perform three cycles

in each step
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Table 6.9 Summary of test results for T-joints under monotonic in-plane bending

Lateral
displacement CIDECT EC3
PTest 1 1 M 1,Rd
Joint Steel at failure Mes Fallur: ’ MRa,1 Mrest/ Mra,1 Mrq2 Mrest/ Mrd2
grade (kN) A (kNm) | mode (kNm)
(kNm) (kNm)
(mm)
T1-C S355 76.4 107.4 58.1 BF, CP 35.1 49.0 1.18 55.2 1.05
T2A S690 132.7 76.3 100.9 HAZ 68.7 96.9 1.04 97.1 1.04
T2B S690 134.2 78.7 102.0 HAZ 68.7 96.9 1.05 97.1 1.05
T3-C S355 138.5 86.2 105.3 BF,CP 64.2 87.1 1.21 98.2 1.07
T4 S690 234.2 59.8 178.0 HAZ 125.9 172.3 1.03 172.7 1.03
T5 S690 243.3 79.7 184.9 HAZ 212.6 172.3 1.07 172.7 1.07

*Notes: BF denotes failure in the brace
CP denotes plasitification of the chord
HAZ denotes fracture within a heat affected zone.
Mrest =1 X Pregt , where r=0.76 m
M,1ra denotes the design moment resistance of the brace
Mgq,1 denotes the design moment resistance determined with CIDECT Design Guide 1

Mgg,> denotes the design moment resistance determined with EN 1993-1-8
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Table 6.10 Summary of test results for T-joints under cyclic in-plane bending

Maximum Maximum Strength Maximum Maximum Strength _ Ductility No. of
; .. positive reduction negative negative reduction Maximum reduction cycles at
: Loading | positive load :
Joint protocol moment factor load moment factor Interstory factor failure
4P M > M drift
(kN) (kNm) (kN) (KNm) (rad)
T6 SAC 125.9 95.7 0.94 -127.1 -96.6 0.95 0.08 0.67 37
T7 SAC 125.7 95.5 0.94 -127.3 -96.7 0.95 0.07 0.58 35
T8 ECCS 134.9 102.5 1.00 -132.8 -100.9 0.99 0.08 0.67 6
T9 ECCS 132.4 100.6 0.99 -129.2 -98.2 0.96 0.08 0.67 5
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Table 6.11 Energy dissipation parameters of T-joints under cyclic in-plane bending

SAC Loading Protocol Dissipated Energy, E; (kNm)
Cycle Joint T6 Joint T7
1to18 0.01 0.01
19 to 22 0.02 0.02
23 0.04 0.05
24 0.04 0.05
25 0.13 0.16
26 0.12 0.13
27 0.64 0.73
28 0.64 0.73
29 1.74 1.94
30 1.91 2.06
31 3.69 3.93
32 4.03 4.14
33 6.06 6.56
34 6.56 6.75
35 8.72
36 9.13
Accumulative energy
dissipation 43.71 27.49
Esum (kNm)
Ey (kNm) 1.8 1.8
Energy dissipation ratio, na 24.23 15.24
ECCS Loading Protocol Dissipated Energy, E; (kNm)
Cycle Joint T8 Joint T9
1 0.04 0.04
2 0.22 0.27
3 0.92 0.94
4 2.33 2.3
5 12.53
Accumulative energy
dissipation 16.04 3.55
Esum (kNm)
Ey (kNm) 1.8 1.8
Energy dissipation ratio, 1, 8.91 1.97
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Table 6.12 Comparison of measured and predicted moment resistances of T-joints
under monotonic in-plane bending

Moment
. Prest Mrest Mg . .
Joint Steel grade (Nmm) resistance ratio

(kN) (kNm) Mre/Mtest
T1-C S355 76.4 58.1 55.9 0.96
T2A S690 132.7 100.9 100.8 1.00
T2B S690 134.2 102.0 101.0 0.99
T3-C S355 138.5 105.3 96.8 0.92
T4A S690 234.2 178.0 181.9 1.02
T5 S690 243.3 184.9 176.2 0.95
Mean 0.97

Table 6.13 Comparison of measured and predicted moment resistances of T-joints
under cyclic in-plane bending

1\/ITestJr 1\/IFEJr .Moment . MTest- MFE_ .Momel'lt .
Joint resistance ratio resistance ratio

(kNm) (kNm) Mee" /Moo (kNm) (kNm) Mie-/ Mo
To6 95.7 98.9 1.03 -96.6 -99.3 1.03
T7 95.5 98.2 1.03 -96.7 -98.2 1.02
T8 102.5 100.2 0.98 -100.9 -101.0 1.00
T9 100.6 100.6 1.00 -98.2 -100.2 1.02
Mean 1.01 Mean 1.02
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Table 6.14 Parametric studies on T-joints between CFCHS under brace in-plane
bending

Parameter Range of parameter
B 0.2,0.4,0.6,0.8,1.0
2y 25, 30, 40, 50

Table 6.15 Geometrical dimensions of FE models for parametric studies

FE Steel di do B t to .
model grade (mm) (mm) (mm) (mm)
Tl 50 250 0.2 6 10 0.6
T2 100 250 0.4 6 10 0.6
2y=25 T3 150 250 0.6 6 10 0.6
T4 200 250 0.8 6 10 0.6
T5 250 250 1.0 6 10 0.6
T6 60 300 0.2 6 10 0.6
T7 120 300 0.4 6 10 0.6
2y=30 T8 180 300 0.6 6 10 0.6
T9 240 300 0.8 6 10 0.6
T10 300 300 1.0 6 10 0.6
T11 5690 70 350 0.2 6 10 0.6
T12 140 350 0.4 6 10 0.6
2y=35 T13 210 350 0.6 6 10 0.6
T14 280 350 0.8 6 10 0.6
T15 350 350 1.0 6 10 0.6
T16 80 400 0.2 6 10 0.6
T17 160 400 0.4 6 10 0.6
2y=40 T18 240 400 0.6 6 10 0.6
T19 320 400 0.8 6 10 0.6
T20 400 400 1.0 6 10 0.6
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CONCLUSIONS AND FUTURE PLAN

7.1 INTRODUCTION

In this research project, a comprehensive experimental and numerical investigation is
conducted to study the structural behaviour of S690 cold-formed circular hollow sections
(CFCHS). The key findings from this research project are summarized, and

recommendations on the work to be done in the future are also discussed in this chapter.

7.2 EXPERIMENTAL INVESTIGATIONS

A comprehensive experimental investigation has been carried out in this research project,
including material tests, temperature measurements during welding, residual stress
measurements, stocky column tests under axial compression and T-joint tests under
various loading conditions. Through this experimental programme, effects of various
fabrication processes onto structural behaviour of S690 CFCHS are examined in details.

The key findings are summarized as follows:
*  Residual stresses in S690 CFCHS

Surface temperature history of four S690 CFCHS were measured with thermocouples

during longitudinal welding. Detail welding parameters were recorded.

Surface residual stresses in two S690 CFCHS without welding (CFCHS-NW) and two
CFCHS were measured using the sectioning method to obtain the residual stresses due to
transverse cold-bending and longitudinal welding. For S690 CFCHS-NW, tensile residual
stresses are found on the outer surface of the CFCHS while compressive residual stresses
are found on the inner surface. Bending residual stresses with an average magnitude of

0.28 f, are measured, except that very low values are obtained from the strips on the edge.
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For CFCHS, residual stresses are shown to be very high in adjacent to the weld seams,
where a maximum value is obtained on the outer surface of the CHS. A magnitude of
about 0.3f) is measured as the maximum bending residual stress also indicates the effect

of cold-forming to the CFCHS.
*  Stocky columns of S690 CFCHS under axial compression

A total of eight stocky columns of S690 CFCHS with Class 2, 3 and 4 sections were tested
under axial compression. All these stocky columns failed in local buckling and full section
resistances of these S690 CFCHS have been mobilized. The measured compressive
resistances of all these CFCHS are larger than the design resistances according to EN

1993-1-1 by over 5%.
*  T-joints between CFCHS under brace axial compression

A total of six T-joints between S355 and S690 CFCHS were tested under brace axial
compression. All these T-joints failed in an interaction between the local plastification of
the chord and overall plastic bending of the chord, and they are found to have sufficient
strength and ductility. With the same geometric dimensions, the measured resistances of

S690 joints are higher than those of the S355 joints by 58% to 80%.
*  T-joints between CFCHS under brace in-plane bending

Six tests on T-joints between CFCHS were carried out under monotonic in-plane bending
in the braces. Various failure modes have been identified. Local buckling at the
compression sides of the chords are found for T-joints between S355 CFCHS while
fracture is found within the heat affected zone at brace ends for T-joints between S690
CFCHS. Through the application of a DIC technique, the failure mechanism of those T-
joints with S690 CFCHS is identified from the surface principal strain contours. The
maximum principal strains in these joints are found to be 19.2% and 33.9% just before

fracture.

Four T-joints between S690 CFCHS were conducted under cyclic in-plane bending in the

braces with two different loading protocols. They all failed in fracture at the heat affected
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zones of the braces. A reduction of less than 6% is found in the moment resistances of
these T-joints under cyclic loads, when compared with those measured from monotonic
tests. While a reduction of about 33% to 42% are found in the ductility of these T-joints
under cyclic loads. It is considered not to be influenced by the number of load cycles.
Energy dissipation characteristics of these T-joints under cyclic in-plane bending are
evaluated by an energy dissipation ratio. These T-joints between S690 CFCHS are shown
to have sufficient strength and ductility under both monotonic and cyclic in-plane bending

moments, and they are considered to be applied for seismic resistant structures.

7.3 NUMERICAL INVESTIGATIONS

e Residual stresses in S690 CFCHS

2D numerical models with plane strain elements are used to simulate the transverse cold-
bending of CFCHS. The residual stress distributions due to transverse cold-bending are
obtained. 3D numerical models with solid elements are established to carry out
sequentially coupled thermomechanical analyses. Measured surface temperature history,
recorded welding parameters and measured surface residual stresses are used to calibrate
these numerical models. It is shown that residual stress distributions on both the inner and
the outer surfaces of S355 and S690 CFCHS are able to be predicted with the proposed

numerical models. Simplified residual stress models for S690 CFCHS have been proposed.
*  Structural behaviour of stocky columns of S690 CFCHS

3D Numerical models with solid elements are established to study the structural behaviour
of stocky columns of S690 CFCHS. Residual stresses obtained from sequentially coupled
thermomechanical analyses are directly incorporated in these models as initial stress states.
Typical failure modes, load-deformation behaviour and compressive resistances of these
sections are predicted with these models with a high accuracy. Parametric studies are
conducted to study effects of yield strengths of steels, residual stresses and cross-sectional

slenderness onto structural behaviour of stocky columns of S690 CFCHS. The residual
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stress patterns are found to have only a small effect on the section resistances of these
stocky columns of S690 CFCHS, but they have some effects onto the initial extensional
rigidity of these stocky columns. In general the cross-sectional slenderness has some

effects on the section resistances of stocky columns of S690 CFCHS.
*  Structural behaviour of T-joints between S690 CFCHS

Numerical analyses on T-joints between CFCHS under various loading conditions are also
carried out. Test results of these T-joints have been used to calibrate the proposed 3D

numerical models with solid elements.

The proposed models are shown to be effective to provide accurate predictions in terms
of typical failure modes, load versus chord indentation curves and axial resistances for
these T-joints under brace axial compression. For T-joints between CFCHS under brace
in-plane bending moments, both the static moment versus rotation curves and the
hysteretic behaviour under cyclic loadings of these T-joints are also predicted by the

proposed models with a high accuracy.

Hence, these proposed models are adopted for a series of parametric studies to study
various geometric parameters on the structural behaviour of T-joints between S690

CFCHS.

7.4 DESIGN RECOMMENDATIONS

e Residual stresses in S690 CFCHS

At present, there has been no clear reference provided for design of the residual stress
distribution in the S690 CFCHS. In this research project, residual stress distributions on
both the inner and the outer surfaces of these S690 CFCHS are proposed. A simplified
average residual stress model is also proposed after comparison with existing residual

stress models available in literature. The proposed residual stress model is readily
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employed for numerical investigation into structural behaviour of various structural

members made of S690 CFCHS.
*  Structural behaviour of stocky columns of S690 CFCHS

The applicability of existing section classification rules provided in EN 1993-1-1 is
examined through a systematic parametric study. The current slenderness limit of 90 for
Class 1 to 3 sections is confirmed to be generally applicable for S690 CFCHS with

considerable conservatism. A new slenderness limit of 130 is proposed in the present study.
*  Structural behaviour of T-joints S690 CFCHS

Current design rules provided in CIDECT Design Guide 1 and EN1993-1-8 are considered
to be generally adequate for prediction of the axial resistances of these T-joints between
S690 CFCHS. CIDECT Design Guide 1 is shown to provide more accurate prediction in
the axial resistances and moment resistances of the T-joints than those design equations

provided in EN 1993-1-8.

Current reduction factors of 0.8 in EN 1993-1-12 and 0.9 in CIDECT Design Guide 1 are
considered to be too conservative for design of T-joints between S690 CFCHS under brace
axial compression, and they are suggested to be removed to improve structural efficiency.
However, these reduction factors are considered to be necessary for design of T-joints

between S690 CFCHS under brace in-plane bending moments.

7.5 RECOMMENDATIONS FOR FUTURE WORK

The recommendations for future research work are proposed as follows.
*  Experimental investigation

In the present study, material properties of weld metals and heat affected zone materials
are not studied. Further standard coupon tests are suggested to be conducted. They are

important material information which can be incorporated into various numerical models
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to consider the effect of welding in HAZ. Strength reduction of HAZ materials due to

various heat energy input are also required to be quantified.

Surface residual stresses in CFCHS are measured with the sectioning method in the
present study. Transverse residual stresses in CFCHS are recommended to be measured.
Further residual stress measurements for other cross-section types, including cold-formed
rectangular hollow sections (RHS) and square hollow sections (SHS) are suggested to be

carried out.

Stocky columns of S690 CFCHS are tested under axial compression. More structural tests
on slender columns of S690 CFCHS should be carried out to study effects of various

manufacturing processes onto buckling behaviour of these columns.

Structural tests on T-joints between S690 CFCHS under brace axial compression and
brace in-plane bending moment are conducted. Further experimental investigations on
other types of high strength steel tubular joints, including X-joints, K-joints and Y-joints

etc. are suggested to be carried out.

*  Numerical investigation

In the present study, residual stresses in CFCHS is predicted with sequentially-coupled
thermomechanical analyses. Material properties of weld metals and heat affect zones, as
well as phase transformation of steels at elevated temperature is not considered in the
proposed models. These parameters are suggested to be considered in further numerical

investigations.

Residual stresses are found to have a minor effect on the compressive resistances of stocky
columns of S690 CFCHS. Their effect on structural behaviour of slender columns, beams
and other structural members are suggested to be investigated through further parametric

studies.
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Residual stresses induced by cold-forming and welding are not considered in the
numerical investigations on T-joints between CFCHS although they have been reported
to have minor influence on the structural behaviour of these T-joints in some literature. It
is recommended to conduct further numerical analyses to define the residual stress

patterns in these T-joints between CFCHS.

It should be noted that fracture mechanism is not considered in the proposed numerical
models for T-joints between CFCHS under in-plane bending moments. Further studies are
suggested to be carried out to establish numerical models which incorporate fracture

mechanism in order to predict initiation of cracks and their developments.

*  Design of high strength S690 steel structural members

In the present study, the applicability of current section classification rules for stocky
columns of CFCHS under axial compression are examined. Whether these rules are
applicable for slender columns, beams and other structural members are necessary to be

verified through further investigations.

Current design rules for T-joints between S690 CFCHS under brace axial compression
and brace in-plane bending moment are examined. The applicability of the design rules
for other types of high strength tubular joints, including X-joints, K-joints and Y-joints

etc. are recommended to be investigated.
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