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ABSTRACT

Higher strength steels (HSS) hollow sections with steel grades from S460 up to and including
S700 are becoming increasingly competitive in long span structures. Reduction of self weight
is accomplished with the smaller wall thickness of the hollow section, leading to fabrication,
transport and execution benefits. The use of HSS has a positive effect on the CO> equivalent
emission, which is aligned with the European Green Deal for the future development of the
construction sector. Lack of experimental evidence is identified as one of the main reasons to
propose rather pessimistic material factors in the revised version of EN1993-1-8 [5] for
design in tubular joints. The revised version, published in 2020, recommends material
reduction factors for the design of joints made of steel with yield strength larger than 460 and
up to 700 MPa, in the range from 0.9 to 0.8.

In this thesis, the behaviour of the X-joints made of steel grade S355, S500 and S700 are
investigated experimentally and numerically, and the proposed material reduction factors are
discussed. Five full-scale welded X-joints in tension with rectangular hollow section were
tested Stevin Lab I, TUD. Additionally, base material and butt-welded coupon specimens are
tested to obtain the engineering stress-strain relationship of the base material, weld and heat
affected zone (HAZ).

Based on the results of coupon tests, finite element software ABAQUS is used to model X-
joint and to supplement the limited number of experiments. Furthermore, result of a
parametric study is presented in which effects of three parameters: the yield strength, the
parameter B (ratio of the width of the brace member to that of the chord member) and the
thickness of the chord are investigated to analyse their influence on the structural
performance of X-joints. Following properties are thoroughly examined: static strength,
stiffness, ductility and failure mode. Finally, conclusions are drawn on the validity of the
material reduction factors.

Keywords: Hollow Section, Cold-formed High strength steel, Welded X-joint , Heat affected
zone, Tensile coupon test, Numerical simulation.
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1 INTRODUCTION

1.1 PROBLEM DEFINITION

Hollow sections are increasingly popular in structural applications, such as buildings, bridges
and off-shore platforms because of their high strength-to-weight ratio, great flexibility, and
attractive aesthetic appearance. The structural behaviour of hollow sections of steel grades up
to S355 has been studied over the past decades. The research findings of those studies have
been published and developed into design standards for hollow sections.

Owing to the advancements in steelmaking, the production of high-strength steels (HSS)
hollow sections with yield strength higher than 460 MPa up to 700 MPa have gained attention
in recent years. HSS are known for their superior mechanical properties such as strength and
good toughness. The use of HSS allows the reduction of the structural components and
structural self-weight, resulting in material saving and significant economic and environmental
benefits [1,2].

Due to the intricate structural behaviour of joints between hollow sections, considerable
experimental and numerical investigations on these joints under different loading conditions
have been conducted in the past years. The outcomes of those investigations have facilitated
the structural application of hollow section joints. Design recommendations have been
developed and incorporated into design specifications such as CIDECT design guides and EN-
1993-1-8 [3]. Currently, EN1993-1-8 contains design rules for joints with steel grades up to
S355. In order to make these rules apply for steel grades beyond 355, a material reduction
factor Cr of 0.9 is introduced in the design strength equations of HSS joints. EN1993-1-12 [4]
covers additional rules for HSS joints and specifies a reduction factor of 0.8 for steel grades
above S460 up to S700. The revised version of EN1993-1-8 [5] recommends new material
reduction factors for steel grade up to and S700 and specifies the limitation on the yield
strength to 0.8 times the ultimate stress. The proposed material factors are presented in Table
1-1.

Steel grade [N/mm?]  Material reduction factor Cs

f, <355

355 < f, < 460

460 < f, < 550

550 < f, < 700

Table 1-1 Material reduction factor prescribed in Eurocode part 1-8

It should be noted that the existing design guidelines are developed based on a limited number
of experiments, since there were insufficient experimental data at that time. In recent years,
experimental and numerical studies have been conducted on various types of circular and
rectangular hollow section joints with different geometrical parameters [6,55,56,57,58] to
facilitate the application of HSS hollow section joints in practice. The experimental results
have revealed that the reduction factor prescribed EN-1993-1-8 for steels up to 700 might be
too conservative. Previous research investigations on the behaviour of RHS hollow section
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joints have primarily focused on joints under bending and compression. There is lack of
research study on the tensile behaviour of RHS X-joints under tension. Therefore, in this
research work, a comprehensive experimental and numerical investigation on the structural
behaviour of mild steel and HSS RHS X-joint subjected to axial tension in the braces will be
conducted. Finally, the need for the reduction factors will be justified

Welding of HSS is unavoidable in the fabrication and is considered as an operation that dictates
the quality of the joint. During welding, the high thermal cycles cause changes in the
microstructure and corresponding material properties across the weld line. Various studies
confirmed that the strength is reduced after welding due to the softening of the heat-affected
zone, especially in HSS [6,7,8,9]. Therefore, a comprehensive study is carried out to
investigate the effect of HAZ on the static strength and structural performance of HSS butt-
welded joints.

1.2 RESEARCH OBJECTIVES AND RESEARCH QUESTIONS

The main goal of this research is to investigate the structural performance, in terms of static
strength and stiffness and ductility of butt-welded RHS X-joints made of steel grade S355,
S500 and S700 experimentally and numerically. Experimental tests are conducted on five RHS
X-joints under axial tension in the braces. The experiments are supported by a preliminary
numerical simulation to validate the finite element (FE) model of the X-joint against the test
results. To provide an accurate and consistent prediction of the structural performance of X-
joints, a distinction is made between the base material, heat affected zone (HAZ) and the weld
region in the X-joint modelling. Each region is assigned with an appropriate material property
which is obtained from the tensile coupon tests. The validated FE models are used to conduct
a parametric study on the geometry of the joints is performed to investigate the structural
performance of RHS X-joints and evaluate the applicability of the reduction factors introduced
in EC3 part 1-8 [5] for steel grades of S355, S500 and S700.

Parallel with the full-scale joint experiments, experimental tests on material level are carried
out on butt-welded coupon specimens to investigate the tensile behaviour of butt-welded joints
made of steel grade S355, S500, and S700. The post-weld strength of the butt-welded joints is
obtained and the material properties of the weld and the HAZ are obtained.

The main objectives of this research are summarized in the following points:

e To characterize the material properties of HSS.
The material properties of HSS differ from those of mild-strength steel in terms of
strength and ductility. In this study, the material properties of steel grade S500 and
S700 are obtained through tensile testing. The steel grade S355 is employed for the
sake of comparison.

e To evaluate on the tensile behaviour of HSS butt-welded joints.
Welding is associated with high thermal cycles resulting in changes in the
microstructure and mechanical properties around the weld area. The area near the weld,
the so-called heat-affected zone (HAZ), represents the weakest part of the joints in
many cases. Therefore, it is necessary to investigate the effects of HAZ on the post-
weld strength and ductility of HSS butt-welded joints. This is accomplished by carrying
tensile test.

e To obtain the material properties of the weld and HAZ.
Since the number of the test specimens is limited, the tensile behaviour of HSS butt-
welded X-joints is evaluated by numerical models. To provide an accurate and
consistent prediction of the tensile behaviour, the material properties of the weld and
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the heat-affected zone have to be taken into consideration. The extents and material
properties of these individual zones will be identified through a number of tests series,
including microhardness measurement and tensile tests.

To investigate the structural behaviour of butt-welded RHS X-joints under axial tension in
terms of static strength, stiffness, and ductility.

This is accomplished by carrying out experimental and numerical investigations on
the joint level. Five full-scale RHS X-joints are tested under axial tension in the
braces. In addition, numerical investigations are conducted to supplement the
limited test data.

To justify the material reduction factor.

Previous studies have shown that material reduction factors introduced in EC3 part
1-8 for HSS might be too conservative. In other words, the introduction of these
factors provides a simple and safe design at the expense of structural efficiency.
Based on the experimental and numerical investigation in this study, the suitability
of these factors will be evaluated by conducting the parametric study.

The main research question is:

What is the structural behaviour of HSS RHS butt-welded X-joints under
axial tension? What is the suitability of the material reduction factors
prescribed in EN1993-1-8 for RHS butt-welded X-joints made of HSS?

In order to answer the main questions, answers to the following sub-questions are needed:

What is the influence of HAZ on the capacity of mild strength steel and HSS butt-welded
joints and what are the failure modes of HSS butt-welded joints?

How can the material properties of the weld and the HAZ be experimentally established
for HSS and mild strength steel?

Is the current design for full penetration butt welds according to prEN 1993-1-8:2021 safe
for HSS?

What are the static strength, the ductility and failure modes of the tested RHS HSS X-
joints?

What should be considered in the simulation to predict the real behaviour of the RHS X-
joints?

What is the influence of varying the brace-to-chord width ratio p on the strength, stiffness,
and ductility of the HSS RHS X-joints?

What is the influence of varying the brace to chord thickness ratio t on the strength,
stiffness, and ductility of the HSS RHS X-joints?

1.3 RESEARCH METHODOLOGY
The research methodology is as follows:

Perform a literature study to gain more insight into the production process and the material
properties of HSS and how it differs from that of mild strength steel. What is the influence
of welding on the structural behaviour of HSS. What is the structural performance of HSS
hollow section joints compared to mild steel hollow section joints. What are the design
rules for hollow section joints and which restriction exists for high-strength steel hollow
section joints.

Conduct tensile tests on base material coupon specimens extracted from cold-formed
hollow sections made of steel grade S355, S500, and S700 to obtain their mechanical
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properties. Compare the material characteristic, in terms of strength and ductility, of the
high strength steel with the mild strength steel.
Create numerical models of the base material coupon specimens. The finite element results
are validated against the experimental results
Evaluate the tensile behaviour of butt-welded joints made of steel grade S355, S500, and
S700. Obtain the post-weld strength of the butt-welded joints and determine the material
propertles of the weld and HAZ.
Tensile tests are conducted on butt-welded coupon specimens extracted from the centre
of transversely butt-welded tubes. The digital image correlation technique is employed
to measure the deformation of the specimen. Microstructure observations on small
samples extracted from the weld zone are carried out to evaluate the microstructure of
the individual zones corresponding to the base material, HAZ, and the weld. Low-force
Vickers hardness tests are employed to identify the extents of these regions. Based on
the strain distribution measured by DIC, tensile tests and the microhardness
measurement, the material properties of the weld and HAZ are determined.
Assess the accuracy of the obtained properties of the individual zones. Finite element
models of the butt-welded coupons specimens are developed and validated against the
experimental results.
Test five RHS X-joints made of steel grade S355, S500, and S700 under axial tension to
evaluate the static strength and the ductility of the joints. Compare the test strength with
the design strength prescribed in EC3 part 1-8.
Create finite element models of the RHS X-joints. The geometry of the X-joints is
modelled in compliance with the measured dimension. The material properties of the HAZ,
the base material, and the weld obtained from the tensile tests are used as input for the
model. The finite element results, including the load-displacement curve and the failure
modes, are validated with the experimental results.
Perform a parametric study to characterize the tensile behaviour of HSS RHS X-joint in
terms of strength and ductility and to supplement the limited test results. A total of twenty-
four RHS X-joints made of steel grade S355, S500, and S700 are analysed by varying the
brace width to chord width ratio  and the brace thickness to chord thickness ratio t on the
static strength and the failure modes of the X-joints. Hereby the tensile behaviour of the
RHS X-joints within the range of interest is covered.
Justify the material reduction factor introduced in the revised version of EN1993-1-8 [5]
based on the results obtained from the parametric study.

1.4 SCOPE AND LIMITATION

The scope of this thesis is limited to the following:

Tensile tests are conducted on coupon specimens extracted from the flat portion of the
cold-formed hollow sections. The corner portion of the hollow sections are not included in
the test series.

The number of butt-welded coupon specimens is limited to seven specimens which are
employed for the tensile test.

The number of X-joints is limited to five butt-welded RHS joints. The experimental
program consists of two X-joints made of steel grade S355, two X-joints using steel grade
S500, and one X-joint using steel grade S700. The X-joints are tested under axial tension
in the braces.

The parametric study for RHS X-joints is carried out by varying only two parameters,
namely the brace to chord width ratio B and the brace to chord thickness ratio T for RHS.
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1.5 THESIS OUTLINE
This thesis consists of chapters and is presented as follows:
Chapter 1 given an introduction, objectives, and methodology of the research.

Chapter 2 deals with the state of art relevant to this research study. Literature review regarding
the production process, the formability, and weldability of HSS is presented. Research on the
effect of welding on the mechanical performance of HSS joint are reviewed. Besides, the
current design rules for hollow section X-joints are described.

Chapter 3 presents the test set-up and procedure to obtain the material properties of the base
material of the cold-formed section made of steel grade S355, S500, and S700.

Chapter 4 describes the experimental and numerical investigation on the behaviour of the butt
welded coupon specimens under tension. The experimental program consists of micro-
observation and micro hardness measurement and tensile tests. The specimen preparation,
welding processes, test setup, and procedure are discussed. The test results are then presented
and the material properties of the weld and the HAZ are obtained. During the numerical study,
the butt-welded joints, including the weld, HAZ, and base material properties will be
simulated. The accuracy of the model is then verified by validation against the test results.

Chapter 5 deals with the experimental testing on RHS X-joints made of steel grade S355, S500,
and S700. The test set-up is presented, and the results are discussed.

Chapter 6 focuses on the FE modelling of the X-joints. First, the geometrical model of the X-
joints is shown. Secondly, the material properties, boundary conditions, the mesh size
implemented in the simulation are shown. Finally, the results and the validation of the model
against the experimental results are discussed.

Chapter 7 presents the parametric study to investigate the effect of varying f and t on the
strength, ductility, and stiffness of butt-welded RHS X-joint.

Finally, the conclusion and recommendations for future work are presented in chapter 8.



2 STATE OF ART

This chapter provides a literature review of the research studies and the current design rules
which are related to this study. The review consists of five parts. The first part covers the
production processes and the mechanical properties of HSS. The second part reviews the
formability and the weldability of HSS. In the third part, research on the effect of welding on
the mechanical performance of HSS joint are reviewed. In the fourth part, the current design
rules for tubular X-joint are covered. Finally, a review of the recent research studies of HSS
tubular joints are presented in the fifth part.

2.1 PRODUCTION PROCESS OF HSS

HSS, steels with steel grades from S460 up to S700, have been preferred to a great extent in
civil engineering applications due to their great strength to weight ratio resulting in lighter
structures and significant economic and environmental benefits. shows that by increasing the
strength of steel, the weight of the structure can be reduced. The weight can be reduced by
70% when S700 steel is used instead of S235 [29].
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Figure 2-1 Reduction of wall thickness and weight with increasing strength [29]

Modern production processes such as quenching and tempering (QT), thermomechanical
controlled processing (TMCP) and direct quenching (DQ) have evolved over the past decades,
producing HSS with acceptable strength and ductility.

By quenching and tempering, steel with a yield strength of up to 1100 MPa can be reached.
The QT heat treatment process is applied subsequent to hot rolling. During QT, the steel is
rapidly cooled down, by water, from the austenitizing temperature (900°C). The Austenite
crystalline structure is transformed into martensite which is not only hard but also extremely
brittle. In order to obtain adequate combination of strength and toughness properties,
tempering is applied. The quenched steel is reheated to a lower temperature (600-700°C) and
slowly cooled down again, by air or water [24].

Another possibility to refine the microstructure is to apply a thermomechanical controlled
process, which is now preferred by more steel manufactures [30]. The fine-grained structure
is achieved by a minimum of alloying element and low finish rolling temperature of about
700°C. The steel benefits from a low carbon equivalent (CEV) value resulting in improved
weldability. CEV is a measure of carbon content and other alloying elements which is used to
assess the weldability of steel, see Equation 2.1.
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Currently, Plates with guaranteed yield strength up to 500 MPa can be produced in thicknesses
up to 120 mm for construction steel work [29].
CEV_C+Mn+Cr+Mo+V+Ni+Cu 2.1)
B 6 5 15 '

The typical microstructure of TMCP is dominated by ferrite and small fraction of pearlite.
Further grain refinement can be achieved by the so called accelerated cooled process (AC)
after the TMCP rolling operation. The use of TMCP+AC makes it possible to replace the
ferrite-pearlite structure with a fine-grained ferrite-bainite structure improving the strength and
toughness significantly [33].

Direct quenching DQ is an effective way to improve the strength and the hardenability of steel.
In this process the steel is quenched directly after hot rolling. In contrast QT where steel is air
cooled to room temperature after hot rolling, then reaustenitized at 900°C and quenched [31].
The DQ steels are tempered with the same condition applied to the QT specimen.

This difference is clearly visible in Figure 2-2 where (a) corresponds to the DQ process and
(b) corresponds to the QT process [16].

T(K)4 T(K)
(K) 1423 K 4 1423 K
Reaustenitize
Quench
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quench Air cool m
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o cool
> >
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Figure 2-2 Schematic representation of different heat-treatment processes: (a) DQ (b) QT
[31]

An overview of the different production processes of HSS and the corresponding features are
summarized in Table 2-1.

QT TMCP TMCP + AC DQ
-Reduce excess - To produce better | - Enhances grain -Improved
hardness and refined grain refinement of ferrite. hardness and
residual stresses. microstructure. - Prevents formation of high strength
-Reduce brittleness | - Smaller carbon pearlite during cooling. | -Decrease in
of martensite. content toughness

-Smallest grain size.
-Improved ductility | - Better ductility - Lower carbon - Formation of
and toughness, and | and toughness. content hard martensite

highest strength. structure
- High strength and

toughness

Table 2-1 overview of the production processes and features of HSS



2.2 MECHANICAL PROPERTIES OF HSS

The typical mechanical properties of steel are illustrated by the engineering stress strain
curve, see Figure 2-3. The modulus of elasticity (E), which is independent of the steel grade,
is defined by the slope of the linear elastic region of the stress-strain curve. In this stage the
stress is proportional to the strain and the material undergoes elastic deformation. The end of
this stage is the initiation point of the plastic deformation. The stress component of this point
is defined as the yield strength. In the second region, the strain hardening region, the stress
increases as the material elongates until it reaches the ultimate strength point. Beyond the
ultimate strength point, the material exhibits necking where the cross-sectional area reduces

in a localized region of the specimen. Finally, the material fails at the fracture point [74].
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Figure 2-3 Classic characterization of a typical engineering stress strain curve of steel [74]

The stress-strain relationships of mild steel and HSS vary widely. Figure 2-4 shows the
typical stress-strain curves for different steel grades. As the steel grade increases, there is a
lack of a clear yield plateau and strain hardening and deformation capacity becomes lower
[19]. Due to lack of a well-defined yield point in HSS engineering stress strain curves, the
0.2% proof stress is defined as the yield strength.
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Figure 2-4 Stress strain curves for some structural steel grades [35]



The ability to avoid brittle failure and allow for stress redistribution are important
requirements in the design of steel structure. These requirements can be fulfilled if the
material has sufficient ductility. From Figure 2-4, it is observed that HSS has a reduced
ductility compared to mild steel.

As a measure of the material ductility, the standards specifies some requirements based on
the tensile to yield strength ratio f, /£, , ultimate to yield strain ¢, /¢, and strain at facture &,
[18,19]. The ductility requirements given in EN-1993-1-1 [71] for mild steels (steel grades
up to and including S460) are:

e fu/f, = 110
o Ef > 15%
fy

. &y/€y > 15,where g, = n

For high strength steel, the ductility requirements given in EN-1993-1-12 [4] are:

o fu/fy 2 1-05
L] Sf > 10%

o &4/€y > 15,where g, = Iy

E
It should be noted that lower ratio indicates less deformation capacity

2.3 FORMABILITY

Cold-forming is an important strengthening process where steel sheets, at room temperature,
are plastically deformed into different section shapes by roll-forming or press-braking through
a series of dies. The different levels of plastic deformation result in changes to the stress-strain
characteristics of the material. This process increases the yield and ultimate tensile strength
but decreases the ductility. Cold-formed steels are characterized by a more rounded stress-
strain response with a smoother transition between the elastic and plastic regions. As shown
in Figure 2-5, there is no clear yield plateau as the degree of cold forming increases.
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Figure 2-5 Degree of cold forming [16]
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In cold-formed open and tubular sections (such as square hollow section, channel sections and
angle sections), higher level of material hardening is generated in the corner regions compared
to the flat regions, resulting in nonuniform mechanical properties around the cross-section.

Several authors investigated the effect of cold forming on the enhancement of strength and the
reduction of the ductility of corner regions. Ma et al. [43] investigated the effect of cold
forming on the material properties of HSS hollow sections. A large number of tensile tests
were conducted on coupon specimens extracted from the flat and corner regions. These
specimens were extracted from HSS hollow sections with S700 (indicated by H-series) and
S900 (indicated by V-series) steel grade. The results have captured that the yield strengths
(0.2% proof stresses — gy, , ) of the corner specimens are 19 to 24% higher compared to the flat
specimens for H-series. However, the elongation at fracture &, decreased by 24 to 40%. For

the V-series, g, , increased by 14 to 18% and ¢ decreased by 6 to 13%. Figure 2-6 presents
the stress-strain curves of the flat and corner coupons.
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Figure 2-6 Stress-strain curve obtained from the tensile test (a) flat coupon (b) corner
coupons [43]

Similar experiments were conducted by Wang et al. [18] on flat and corner coupon specimens
extracted from HSS cold-formed sections with minimum yield strengths of 500 and 700 MPa.
The tubes were produced through TMCP. Figure 2-7 shows the stress-strain curves of the flat
and corner coupon specimens. The results revealed that the 0.2% proof stresses of the corner
specimens are 5 to 15% and 7-11% higher than the flat specimens for S500and S700,
respectively. The elongations at fracture decreased by 43% to 68% and 65 to 68%,
respectively.
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Figure 2-7 Flat and corner stress-strain curves obtained for S500 (left) and S700 (right)
[18]
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Besides the tensile tests on flat and corner coupon specimens, the tensile performance of cold-
formed steel tubular section with the whole cross-section was investigated by Chen and Young
[44]. A full cross-section test was executed to study the structural performance of cold-formed
normal and high-strength steel tubular sections under tension. In addition, tensile tests on
coupons specimens extracted from the flat regions of the tubes were carried out to compare
the cross-sectional mechanical properties with the mechanical properties of the coupons. The
results found that the 0.2% proof stress and the ultimate strength of tubular section were on
average 8% and 6%, respectively, higher than the corresponding coupon specimens. This was
attributed to the corner strength enhancement due to cold forming. In terms of material
ductility, the fracture strain of the tubular section was lower than those of the coupon
specimens.

In view of all the experimental investigation, it can be concluded that the mechanical
properties of the corner regions in RHS and SHS tubes are significantly enhanced by cold
forming compared to that of flat regions. This enhancement subsequently influences the
overall resistance and deformability of the tubular sections.

Additionally, it is worth mentioning that scattering in mechanical properties of flat coupon
specimens extracted from different faces of the same cold-formed section is observed. This
phenomenon is evaluated by Nseir [45]. Figure 2-8 illustrates the location of the coupon test
specimens extracted from squared hollow sections with steel grade S355 and the stress-strain
curve of the specimens. For the flat coupons, a deviation for yield and ultimate tensile
strength in the range of 1 to 11% and 2 to 15% was found, respectively, with respect to the
minimum material strengths. The fracture strain was ranging from 3 to 25%.
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Figure 2-8 Stress-strain curves flat coupons extracted from different faces of cold-formed
sections [45]
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2.4  WELDABILITY

Weldability is the ability of steel to be welded using normal processes without the
occurrence of cold cracking. Weldability is influenced by the chemical composition and the
metallographic structure of steel. The common measure for the weldability of steel is the
carbon equivalent value. It is used to assess the effect of carbon content in steel on the
cracking susceptibility and to determine whether the steel needs pre-weld or/and post-weld
heat treatments to avoid cracking. As the carbon content decreases, the weldability improves.

The thermal-time cycles during welding and the operational parameters including the heat
input and cooling time Atgs (time for the material to cool down from 800°C to 500 °C) have a
significant effect on the microstructure and subsequently the mechanical properties of steel.
[23] In order to understand how the parameters mentioned above affect the properties of steel,
it is essential to look deeper into the microstructure of the different zones in the welded area.

2.4.1 HEAT AFFECTED ZONE

After welding, three distinct zones can be identified in the weld area: the weld, heat-affected
zone, and base material. The weld itself is called the fusion zone. This zone is the portion of
the material that has been melted and blended with the filler material. The mechanical property
of fusion zone (FZ) mainly depends on the properties of the base material and the filler metal
used. The HAZ is defined as the non-melted zone adjacent to the FZ that has experienced
changes in the microstructure and properties as a result of being exposed to high temperatures.

The HAZ could be further divided into four sub-zones; namely, coarse-grained heat-affected
zone (CGHAZ), fine-grained heat-affected zone (FGHAZ), inter-critical heat-affected zone
(ICHAZ), and subcritical heat affected zone (SCHAZ), see Figure 2-9 [9,22]. Due to the
variation of the thermal cycles within the HAZ, the microstructure and the mechanical
properties become non-uniform [13].
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Figure 2-9 Schematic diagram of heat affected zone (HAZ): (a) the sub-zones and (b) the
corresponding equilibrium phase diagram [22]
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The coarse-grained heat-affected zone, also known as the grain growth zone, the zone near the
weld, reaches a temperature between 1100 °C and the melting temperature. In the CGHAZ,
the embrittlement due to the grain growth is the problem. When a low heat input is used, the
thermal cycle will be such that a relatively short time is spent above the temperature, which
allows grain growth. This will influence the zone in two ways. The austenite grain growth will
not be large, and only a very narrow CGHAZ will be formed, limiting the development of the
maximal grain size in the zone. The second drawback which is associated with a low heat input
is the low cooling time Atgs which leads to the formation of martensite. Martensite is very hard
as well as brittle which is not always desirable for welded joints. A post-heating treatment
(tempering) could be applied to achieve better microstructure and mechanical properties, or
the cooling time could be increased.

The FGHAZ, also known as the grain refinement zone, located further away from the weld,
reaches a temperature between 900°C and 1100°C. In this zone, the martensite also transforms
into Austenite (y) and finally transforms during cooling to fine and larger ferrite grains with
excellent toughness. The final microstructure of FGHAZ is usually not associated with any
problems.

The ICHAZ, also called partially refined zone, reaches a peak temperature between 700°C and
900°C. The microstructure is transformed to Austenite and ferrite during welding, which is
finally transformed into fine pearlite grains (soft and ductile), bainite, or martensite(hard and
brittle) depending on the cooling rate.

SCHAZ, also known as the over-tempered region, reaches a temperature below Al 700°C.
The mechanical properties of this zone remain unchanged, and no phase transformations take
place. In most cases, this zone is difficult to distinguish from the base material by the optical
microscope. However, the hardness of this zone is slightly lower compared to that of the base
material due to the tempering effect.

2.4.2 PREVIOUS STUDIES

Many researchers have conducted experimental and numerical investigations to study the
effect of welding parameters on the mechanical properties of the HAZ and predict the
structural behaviour of welded joints made of Mild steel and HSS.

Celin et al. [11] investigated the effect of cooling time Atgs on coarse grain heat-affected
zone microstructure for steel grade S690. The investigated parent material was produced by
the quenching and tempering process. Five samples were heated to a peak temperature of
1350°C and cooled down with five different cooling times varied from 5 to 80s. The
microstructure of CGHAZ was observed with a scanning electron microscope (SEM), and
hardness tests were conducted on the specimens. The results show that the microstructure of
the base material consists of tempered martensite and a small amount of bainite. While the
microstructure of the CGHAZ with the shortest cooling time of 5s only consists of
martensite. As the cooling rate decreases, a combination of martensite and bainite is formed.
The microstructure with the longest cooling time exhibits a fine-grained bainitic morphology
which is much softer than martensite.

The hardness test revealed that the large hardness value in the CGHAZ is owing to the
martensitic transformation that took place at a high cooling rate (Atss= 5 s). As the cooling
time increases, the hardness decreases, caused by the reduction of the volume fraction of
martensite and increase of the formation of bainite, see Figure 2-10
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Figure 2-10 Simulated CG HAZ HV5 hardness variation [11]

Chen et al. [13] investigated the influence of heat input on the mechanical performance of the
HSS butt joint. Two butt-welded coupon specimens were fabricated by welding two 8 mm
thick quenched tempered S690 steel plates together using shielded metal arc welding with
different heat inputs. The butt weld joint specimen, which experienced high heat input, is
labelled as BJ-5.0, and the specimen with lower heat input is labelled as BJ-3.2.

Microstructure and scanning electron microscope (SEM) observations and Vickers hardness
tests were carried on butt-welded specimens to determine the width of the HAZ. In addition,
tensile tests are conducted to investigate the tensile strength of the butt joints.
The SEM showed that the microstructure changed from tempered martensite to bainite within
the CGHAZ. In the FGHAZ, the microstructure changed from martensite to ferrite and
cementite, which has a lower hardness than bainite. This is justified by the microhardness
profiles, shown in Figure 2-11.

Based on the hardness distribution of the joints BJ-3.2 and BJ-5.0, it is found that the size of
the HAZ increases with the increase of the welding heat input.

BJ-3.2 BJ-5.0

) Base Base
Base material HAZ Weld HAZ Base material material HAZ Weld HAZ material

360 360

R 130 330

2 300 e 300

= -

= %Woo%oo% 29--0, FF, T o 72\ 0Py,

g \ Pl % ‘ 2 ? -0 o &

= & & 1 t$}<><><> P £ o w00°<>° 240 (9 00%0

= [} Lo X0 = 5 <

= " o 210 Q¢ 2 o 210 Qe

2 & g Ed ° L 0, ¢
180 o) 180 Qy

130 150
-15 -12 -9 -6 -3 1] 3 ] 9 12 15 15 -12 -9 -6 -3 [1] 3 6 9 12 15

Distance (mm) Distance (mm)

Figure 2-11 Hardness variation for BJ-3.2 and BJ-5.0 [13]
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The tensile test showed that the tested specimens failed in the HAZ. Figure 2-12 shows the
engineering stress strain curves of the butt-welded coupon specimens and that of the base
material coupon specimen. It is observed that the yield strength of BJ-3.2 decreased by 10.2%
compared to that of the base material. The tensile strength is decreased by 3.8%. In contrast,
the yield strength and the tensile strength of the BJ-5.0 joint are reduced by 24.1% and 10.8%,
respectively.

It is also noticeable that the strength reduced as the heat input increased. The yield strength
and the tensile strength of BJ-5.0, which experienced higher heat input, decreased by 15.5%
and 7.2%, respectively, compared to that of BJ-3.2.

Besides the strength, the ductility also decreased because the deformation was primarily
localized within the HAZ due to its lower tensile strength. Therefore, necking occurred earlier
and fractured with a smaller elongation than the base material coupon specimen.
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Figure 2-12 Stress-strain curves of butt joint coupons [13]

Chen [14] investigate the influence of the welding cooling rate of the HAZ on the tensile
strength of the butt-welded joints. Five S690Q butt joints were fabricated using plates with
different thicknesses (8,12 and 16 mm) and different welding heat inputs and cooling rates.

Table 2-2 summarizes the welding parameters of the joints. The cooling time increased as the
heat input increased. A linear relationship is observed between the heat input Q,, and the
cooling time Atgs for the 16 mm joints, as shown in Figure 2-13.

The results from the tensile test showed that all the joints fractured within HAZ. The stress
strain curves of the coupon specimens are shown in Figure 2-14. The strength and the ductility
were reduced after welding. As Atgss increased from 12.6 s to 39.2 s, the yield strength
decreased by 14% to 27% and the ultimate strength decreased by 8% to 18%.
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Joint Electrode  Voltage  Current Quve Algs

diameter (V) (A) (k}/mm) (s)
(mm)
Bj8-40 50 30 160 1.58 392
BJ12-50 5.0 30 160 160 307
Bj16-32 32 30 117 114 126
Bj16-40 4.0 30 125 160 226
BJ16-50 5.0 30 160 1.74 26.0

Table 2-2 Welding parameters of S690 HSS butt joints [14]
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Figure 2-13 Relationship between average heat input Qa and cooling time Atgs [14]
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Figure 2-14 Stress strain curves of S690Q butt joints [14]
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Additionally, a parametric study was carried out to have a more thorough understanding of the
effect of Atgs on the properties of the HAZ. The thicknesses and the plate welding parameter
including the welding heat input and the peak temperature were kept the same as the tested
joints. The cooling time was varied in a range of 10s to 60s. Based on the results, it was found
that the failure position shifted from the base material to HAZ as the cooling time increased.
The strength of the HAZ can be as strong as the strength of the base material under a short
cooling time. Moreover, the yield and ultimate tensile strength showed a decrease as the
cooling time increased. As shown in Figure 2-15, the yield strength was more affected than
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Figure 2-15 Atgs — R, curves (Left) and Atgs — R,, curves (Right) [14]

Hancock et al.[21] investigated the effect of the welding heat input on the strength of a fillet
welded double-lap joint made of high-strength cold-formed sheets. From the test results, it was
found that a high heat input causes a wider softening zone and results in a large reduction of
the yield and ultimate strength.

Hochhauser et al. [15] investigated the influence of the cooling time on mechanical property
of HAZ in S7T00 TMCP steel. For the different cooling times, varying from 5 to 18s, the tensile
strength and the width of the HAZ were determined. The latter is expressed by the ratio of the
width of the soft zone to plate thickness as Xsz. The results showed that the width of the HAZ
increased linearly with the increase of the cooling time. Furthermore, the extension of the HAZ
with an Xsz between 0.33 and 0.6 resulted in a reduction of tensile strength of 3-8 % compared
to base metal strength. These results prove that a low cooling time keeps the soft zone small
and the strength high, which is consistent with Chen [14] and Hancock [21] observations.
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The effect of the production processes and steel grades on the strength and hardness of the
HAZ were studied by Javidan et al. [8]. For the investigation, three different tube materials
were fillet welded to plate specimens. The configuration of the fabricated sections is shown in
Figure 2-16a. The tube materials consist of mild steel (with a yield strength of 305 MPa),
TMPC high Strength Steel HSS (with a yield strength of 772 MPa), and DQ ultra-high strength
Steel UHSS (with yield strength of 1247) welded to MS plates.

Ultra-High Strength Tube ZF 4P 6F BP TP5P3P1

5T 3TIT 2T 4T

Manufacturing tube weld

Fabrication Fillet weld

High Strength Tube Mild Tube

(a) (b)

Figure 2-16 a) configuration of the fabricated test specimens. (b) side view showing the
extracted coupon specimens for the tensile testing labelled according to their position [8]

Tensile tests were performed on coupon specimens to obtain the mechanical properties of the
weld affected area. The specimens were extracted from various locations of the fabricated
section. Figure 2-16b shows the extracted specimens labelled according to their position.

The results of the tensile tests show that the behaviour of the steel is significantly affected by
welding. The weld induced heat leads to a decrease in the tensile strength of the HSS and
UHSS material in the immediate vicinity of the weld (position 1T). This reduction is 8% for
the HSS and 30% for the UHSS tube.

For MS, the tensile strength of the coupon specimen at position 1T increased to 13% compared
with the specimen at position 5T which is not affected from welding. The yield strength of the
MS specimens was not affected by the heat induced by welding. In contrast, the 0.2% yield
strength decreased by 5% and 30% in HSS and UHSS, respectively.

Furthermore, the microstructure was examined to have a better understanding of the behaviour
of the steel types. In MS, a typical microstructure was observed, consisting of ferrite grains
and small pearlite grains. The yield strength is governed by the ferrite grain size. On the optical
micrographs, it was observed that ferrite grainsizes at 5T and 1T were very similar. This
explains the negligible change in yield strength for the MS.

The reduction of the strength of HSS can be explained by the formation of fine ferrite grain
structures close to the weld. While the coupon specimen which is not affected by welding (at
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position 5T) exhibits a slightly coarsened version of the original bainitic microstructure, which
is much harder and stronger than ferrite.

UHSS material exhibits a completely different microstructure to that of MS and HSS, it
consists of martensite which is less ductile and has a much higher strength. The examined
samples showed a heterogeneity in the microstructure in the vicinity of the weld. This was
confirmed by the Vickers hardness test. The coupon specimen at position 1T was divided into
different regions, as shown in Figure 2-17. In region 1, a slight decrease in hardness (400 VH)
was observed compared to the hardness of the material far from the weld (450 VVH). This region
was slightly heat-affected by welding which caused the formation of tempered martensitic
structure. After welding, region IV was exposed to high cooling rates due to its vicinity to the
mild steel plate and its exposure to the cooling argon gas. The formation of the martensite was
encouraged but was much softer (360 VH) than the original martensite, due to the tempering
of martensite. The regions between | and 1V is softened due to the formation of a mix of ferrite
and bainite structures.

|Position 1T | |Position 27 |

- @D O
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Figure 2-17 Micro-hardness profile [8]

Siltanen et al. [49] investigated that UHSS (S960) manufactured by DQ have a larger soft zone
after welding than those of conventional QT steels. Additionally, it was observed that the
hardness of the CGHAZ of 960DQ steel is significantly lower than that of QT steel. Based on
the results of the HAZ, it was found that the strength reduction of DQ S960 steel is around
20%, while that of QT steels was negligible.

Lan et.al [50] investigated the effect of the HAZ on the structural behaviour, in terms of the
stiffness and the static strength, of S960 steel RHS X-joints subjected to axial compression.
FE simulations were carried out on seven fillets welded RHS X-joint models with different
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geometric parameters (2y, T and ). A distinction in material properties between the red and
blue regions within the HAZ was made, as shown in Figure 2-18. The yield and ultimate
strength is reduced by 20% in the red region, and by 10% in blue regions. In addition, the
ultimate strain of the red region was taken as 2.1 times the ultimate strain of the base material.
Finally, the elastic modulus of HAZ was taken the same as that of the base material. The stress
strain curve of the base material and both HAZ regions are shown in Figure 2-19.

The results of the numerical analysis have shown that the strength and stiffness reduction of
the X-joint are visible when plastic deformation of the chord face occurred. This was
confirmed by the following: the static strength of the joints with large p ratio reduced by 8 %
which failed by chord side wall. while the joints with medium f ratio, the reduction was up to
15% which failed by chord face plastification. The chord face plastification typically involves
the formation of yield lines in the chord faces. The strength reduction of HAZ in the chord
faces could therefore lower the joint strength more significantly.

brace unit: mm 1

fillet weld chord butt weld

[ 1K) T T ' '

| R |
= b0 H |
[
Z
2
F~ _!';'g'lﬁl]

-« mmee SUED=E 10 ]

224 — - — S050-R20

Strain (%)
Figure 2-19 Stress strain curves of the base material S960 and HAZ regions [50]
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Similar numerical simulations were carried out by Lan et.al [51] on CHS X-joints using steel
grades of S900 and S1100. The effects of the HAZ on the static strength and stiffness of X-
joints were examined. For the HAZ modelling, the width of the HAZ was divided into two
regions, as depicted in Figure 2-18. The size and the implemented mechanical properties of
these regions were the same as used for the previous research [50]. The results had shown that
the joint strength of S900 steel X-joints reduced by 3-5% and 5 to 7% for the S1100 steel X-
joints. However, the joint strength reduction was lower compared with large reduction of
material strengths in HAZ probably because of the redistribution of the plastic stresses in HAZ
to the nearby regions of the base material.

2.4.3 CONCLUDING REMARKS

In summary, the investigations confirmed that the cooling time and the heat input have a great
influence on the material properties of HAZ. The low heat input leads to a shorter cooling
time, resulting in smaller HAZ, higher hardness and higher strength. Additionally, it was
shown that the manufacturing processes and the various steel grades influence the post welding
strength. QT material has a less strength sensitivity to welding compared to TMCP and DQ.
The reduction was more significant for higher steel grades. Therefore, it is of great importance
to control the welding parameters and optimize the manufacturing processes in order to
minimize the material strength reduction and the size of the HAZ.

In this thesis, the tensile behaviour of butt-welded joints made of steel grade S355, S500, and
S700 is evaluated. The post-weld strength of the butt-welded joints is obtained and the material
properties of the weld and HAZ are determined.
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2.5 HOLLOW SECTION JOINTS

Hollow section joints are widely used in trusses, onshore and offshore structures. These joints
are composed of circular or rectangular chord and brace member (hollow sections) which are
joined together by welding. Depending on the type of structure, different types of joints can
be used. The common types of joint configurations are T, Y, N, X and K, as shown in Figure
2-20. T and Y joints include a single brace member, while N, X and K joints include two brace
members. In a T joint, the brace is perpendicular to the chord. Ina Y joint, the brace is inclined
to the chord. X-joints consist of two braces on opposite sides of the chord, the brace could be
inclined or perpendicular to the chord. K joints consist of two inclined braces on the same side
of the chord. Whereas the N joints composed of one inclined brace and one brace perpendicular
to the chord.

The classification of the joints is also based on the method of load transfer [3]:

-The joint is classified as a T joint when the force component in the brace member reacted by
beam shear and bending in the chord member, otherwise it is classified as a Y joint.

-The joint is classified as a X joint when the force component normal to the chord is transmitted
through the chord and balanced by the braces.

-The joint is classified as a K joint when the force component a brace member is essentially
equilibrated (within 20%) by loads in other brace member on the same side of the joint. An N
joint is to be considered as a type of K joint with one brace perpendicular to the chord.

Figure 2-20 Type of joints [3]

In this section, the main focus will be on the joint behaviour and the failure modes of hollow
section joints, especially rectangular hollow section (RHS) X-joints as it is the scope of this
thesis.
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2.5.1 JOINT PARAMETERS

The geometry of the X joint is defined by geometric parameters as shown in Figure 2-21,
where B ratio indicates the ratio of the width of the brace to the width of the chord, the y value
stands for the ratio of the width of the chord to the thickness of the chord and t denotes the

thickness of the brace to the thickness of the chord.

L
d1l© -
' 0 b "b, - chord RHS width
Ml ¥ h, - chord RHS height
't t; - chord RHS thickness
J *.' d, - diameter of the RHS braces
do o - bg| (i=1,2)
™™ =t | i D1 v ™™t - thickness of the RHS braces
SR I ) (=12
""""" N 8, - angle between the chord and
=t l the braces
= h
{' B - b, 2?=|::,3, T=_t
Nit o, b, t, t
(Y
L] i
d,@

Figure 2-21 The geometric parameter of the X-joint [75]

2.5.2 STRESS DISTRIBUTION OF RHS X-JOINT

In order to understand the behaviour and the failure modes of the RHS X-joint, it is important
to consider the load path, stiffness distribution in the joints.

The load path highly depends on the stiffness distribution in the joints which finally determines
the stress distribution. For the sake of clarification, a plate connected to the face of the chord
member is considered, as shown in Figure 2-22. When the plate is axially loaded in tension,
the force will flow directly through the plate into the side walls of the chord or resisted by
bending of the chord face. Considering the first path where the load (g:) flows directly into the
side walls. The deformation of the sides is determined by the axial stiffness of the side wall.
For the second path, consider a unit load g2 at the centre of the chord face. The load will be
transferred to the sides by bending of the flexible chord face. The deformation is determined
by both the bending stiffness of the chord face and the axial stiffness of the sides.
Consequently, the stiffness for a g2 load is significantly smaller than that for gi. Due to the
difference in stiffnesses, the highest stresses will occur at the side walls (the stiff part). The
sides will be heavily loaded than the other parts resulting in a non-uniform stress distribution.
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Figure 2-22 Plate to RHS chord joint [59]

2.5.3 JOINT STRENGTH

The joint strength is characterized by two criteria including the ultimate load resistance and
deformation limit. The ultimate load resistance is defined as the maximum load the joint can
resist till failure. However, a deformation limit has to be defined in order to control the joint
deformations at serviceability. This limit corresponds to a joint indentation equal to 3% of the

chord width bo (in case of RHS).

The joint strength is defined as the load at a 3% bo deformation if the ultimate load occurs at a

larger deformation; otherwise, it is the ultimate load resistance, see Figure 2-23.
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Figure 2-23 Criteria of failure [60]
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2.5.4 FAILURE MODES

Depending on the joint type, the stiffness distribution and the geometric parameters, hollow
section joints exhibit different failure modes. The following failure modes can be expected in
RHS X-joints:

- Chord face failure. This type of failure leads to extremely large plastic deformations
and is most common in joints with {8 ratio < 0.85. Yield lines will develop on the
chord face connecting braces.

- Chord side wall failure is a common failure for joints with a {3 ratio close or equal to
1.0. Since the width of the brace and the chord are equal, all the stress will directly
flow through the side walls., resulting in the yielding and failure in the chord side
wall.

- Punching shear failure may occur in joints with low or high {8 ratios. The brace is
pulled away from the chord, resulting in cracking and eventually rapture in the chord
face. This failure is governing for joint with thick-walled braces

- Brace failure, also known as effective width failure, occurs for joints with relatively
thin-walled braces and arises due to cracking and rapture in the brace member. This
failure may also occur in the HAZ due to lower material strength compared to the
base metal.

An overview of the abovementioned failure modes is demonstrated in Figure 2-24. It is
important to note that the weld failure should be avoided by making the welds stronger than
the connected sections. The weld should be designed to have sufficient resistance to allow
for non-uniform stress and sufficient deformation capacity.

o= =g - —

Chord (face) failure Chord side wall failure

Punching shear failure Brace failure

Figure 2-24 Failure modes between RHS brace members and RHS chord member [3]
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2.5.5 ANALYTICAL MODELS AND DESIGN EQUATIONS

Analytical models are composed for each failure mode. Based on these models design
equations are established in to order to determine the strength of the joint.

2.5.5.1 The yield line model

This model is widely used for square and rectangular hollow section joints than circular joints.
It gives a good estimate of the chord face plastification. This method gives an upper bound of
the yield strength, therefore the possible mechanisms (yield lines patterns) have to be
examined in order to obtain the lowest yield load capacity. The simplified pattern (model a)
for which the yield lines give the lowest yield load are shown in Figure 2-25. The principle of
this model is based on equating the work done by the external force N1 over a deflection 6 and
the internal work by the plastic hinge system with yield lines of length £; and rotation angles
¢i.
N1 sin(@l) 6 = Z'ligoimp

. _1 2
Where: m,, = " fyoto

After several mathematical operations and substitutions, the following equation for the
minimal load N1 obtained:

_ fyots [ 2n 1
Ny = 1-p8 (sin(@l) TAVI=F >sin(01)

A

N

A
e I —
- hD = = | —

Maodel

3
5 4 5
model a 1 2 2 1 by -2t
5 3 5

2
osel s .
7 NS

Figure 2-25 Yield line model [59]

2.5.5.2 Effective width model

Since the stiffness distribution along the perimeter of the chord-brace intersection is non-
uniform, the deformation capacity of certain parts may not be sufficient to obtain a full
effective perimeter for resisting the load from the brace. Therefore, the effective width model
is established in order to describe the brace failure and the punching shear failure. Due to the
difference in deformation capacities for both failures, different values for the effective width
will be found.
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25521 Punching shear failure

This failure occurs when the brace is pulled out of the chord, resulting in cracking in the
chord face by shear around the brace connection perimeter. The effective punching shear
width bep highly depends on the bo/to. The larger bo/to , the smaller bep.

{gt( M, !

N -
e sm(91)+ ep 51n(01)

ereeremeemm—

a) Longitudinal section b) Cross section
0,5b,., )
: - 1
/, ]' Lur _2(5m6,+2b"°)
=5 j
h,
4'_ sin®, + 0,5b,
c} Plan

Figure 2-26 Chord punching shear failure [59]

2.5.5.2.2 Brace failure

When the effective area of brace is not capable to resist the load, failure can occur by
cracking and finally rupture of the brace. The effective width bes is also highly dependent on
the bo/to. The bert becomes larger when bo/to decreases or when sufficient deformation can
occur by yielding at the stiff parts of the intersection.

N, = fit;(2hy + 2b,sp — 4t,)

Figure 2-27 Brace failure
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2.5.5.3 Chord side wall failure

This failure occurs when f ratio is close to 1. The forces in the brace member directly flow
into the chord sides (illustrated by the distributed arrows in Figure 2-28). The capacity is
determined by:

N, =2 t( hy +5t> !
1= 2fyolo sin(6,) %) sin(6;)

a) Elevation b) Cross-section

Figure 2-28 Chord side wall failure [59]

Since the scope of this research includes only X-joints with 6 equal to 90°, the effect of the

angle 6 is eliminated.

Based on these analytical models, semi-empirical design resistance equations are adopted in

EN-1993 part 8. Table 2-3 highlights the design resistances of X joints with RHS chords and
RHS or CHS braces.
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Failure mode Design resistance

Chord face failure N = fyots ( 2n N 4 ) 0./
B <0.85 L7 Y sin(op \(1 - Bsin(8y) ~ J1—p ) I
Chord side wall failure frto ( 2hy )
== - + 10t

B=1.0 17 sin(6,) \ 'sin(6,) 0 ) Qr/vms
Punching shear failure t 2h

. N, =Cr fjfo . ( — 2b, )/YMS
bi< (bo—210) V3sin(6;) \ sin(6:)
Brace failure N, = Cffy1t1(2h1 — 4ty + 2byss )/VM5

For tension: f5, = fy0

For compression: X joint configurations f, = 0.8 x fyo sin (6,)

x is the reduction factor for flexural buckling obtained from EN 1993-1-1 and the
normalized slenderness 2 is determined by:

hy 1
_ % ~2sim@p
1=3.46
n\/E/fyo
10 fyoto 10
D00, <p b,, = b, < b
T bo/tofiuts T “P " bo/ty !

Table 2-3 Design resistance of welded joints between RHS or CHS brace member and RHS

chords [3]

Besides, the equations that are derived from the analytical models. Eurocode included the
chord stress function Qr which takes the effect of the chord loading into account in the
design resistance for the chord side wall failure and the chord face failure. The chord stress
Qr is a function of the chord stress ratio n, and the exponent for the chord stress factor C;,

see Table 2-4.

Chord in compressionn <0 | Q7 = (1 — [no)

For X joint: C; = 0.6 — 0.58

Chord in tension n >0 Qr = (1 —noD
¢, = 0.10

o No,Ed Mip,O,Ed Mop,O,Ed
0=
AOfyO VVip,pl,O fyO Wop,p,O fyo

Table 2-4 Chord stress factor [3]
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2.5.6 LIMITATIONS ON GEOMETRIC PARAMETERS

The design resistance equations which are presented in Table 2-3 are validated by experimental
and numerical research within a range of geometrical parameters. This means that these
equations are only applicable if the geometry of the joints are within the range of validity, as
shown in Table 2-5. Joints with geometry outside the ranges of validity are occasionally
allowed, but they may result in lower joint efficiencies. Further verifications are highly
required.

0 > 30°
General fy <460 MPa *
fy < 0.8f,
t; <t
RHS Chord Compression by/ty and hy/t, < 35
Class 1 & 2
Tension by/ty and hy/t, < 35
RHS braces Compression by/ty and hy/t, < 35
Class 1 & 2
Tension by/ty and hy/t, < 35
Aspect ratio 0.5<h;/b; <2

Table 2-5 Range of validity [3]

2.5.7 LIMITATIONS ON MATERIALS

The design resistance equations for hollow sections are applicable for steel grade up to S355
N/mm?. In order make these equations applicable for higher steel grades, Eurocode 3 part 1-8
specifies a reduction factor of 0.9 for tubular joints made of steel grades higher than S355
and up to S460. The revised version of EN1993-1-8 [5] recommends new material reduction
factors for steel grade up to and S700 and specifies the limitation on the yield strength to 0.8
times the ultimate stress. The proposed material factors are presented in Table 2-6.

Steel grade [N/mm?]  Material reduction factor Ct

f, <355

355 < f, < 460

460 < f, <550

550 < f, < 700

Table 2-6 Material reduction factor
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2.5.8 PREVIOUS STUDIES ON HSS HOLLOW SECTION JOINTS

The restrictive requirements of HSS tubular joints and the excessive softening of HAZ in HSS
joints partially eliminate the advantages of using HSS. The joint strength reduction factors,
which are proposed in the revised version of Eurocode 3 part 1-8, can be conservative.
Therefore, many researchers have conducted experimental and numerical investigations to
predict the structural performance of HSS hollow section joints under static tension to re-
evaluate the design rules. This chapter summarises the recent studies.

Becque and Wilkinson [55] carried out an experimental program to investigate the effect of
the increased yield strength and the decreased ductility resulting from cold forming on the
static resistance of the joint and re-evaluate the need for a material reduction factor of 0.9 on
the resistance of the joints with steel grade S450. A total of 15 joints, including 4 T-joint and
11 X-joints, were fabricated from cold-formed RHS T and X-joints made of steel grade C450
and tested under axial compression and tension. Different failure modes depending on the joint
geometry are observed during the test. The obtained test strength was compared with the
design resistance with and without applying the additional reduction factor, expressed by ratio
1 and ratio 2 in Figure 2-29. The results revealed that the experimentally measured strength
exceeds the CIDECT design strength without applying the reduction factor for the joints that
failed in a ductile mode of chord face failure. This might suggest that there is no need for the
additional reduction factor of 0.9. However, the experimental results justify the application of
the reduction factors for joints that failed by punching shear and brace failure.

Mohan and Wilkinson [56] carried out extensive finite element simulations on T & X-joints
made of steel C450. This study aimed to assess the need for additional reduction factors. It
was found that the obtained strengths were higher than the CIDECT design strengths without
applying the additional reduction factor.

Puthli et al. [58] conducted tests and numerical analysis on CHS X-joints in steel grades up to
S700. The additional reduction factors introduced to the static strength of CHS X-joints in
S460 and S690 were examined. The test and numerical results have shown that the joint
strengths are higher than the design strengths calculated from design equations in EN 1993-1-
without applying the reduction factors. The reduction factors of the joint strength are larger
than 0.8 for S690 joints and higher than 0.9 for S460 joints.

Feldmann et al. [7]carried out experimental tests and FE-analysis on X and K-joints using
S500, S700, and S960 steel to validate the reduction factors introduced in EC3. The ultimate
loads are compared with the design strength without and with applying the reduction factors.
It is found that the ultimate loads exceed the design strength without applying the reduction
factor. It is concluded that the joints made of S500 behave safely, and a reduction factor of 1.0
could be recommended. For the S700 joints, a reduction factor of 0.9 is suggested due to the
limited deformation capacity. However, for the S960 joints, the load-carrying capacity and the
ductility are found to be insufficient. Therefore, the reduction factor is set to 0.8.
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Figure 2-29 Test strength and design resistance with and without applying the reduction
factor [55]

Lee and Kim [54] investigated the structural behaviour of HSS CHS X-joints experimentally
and numerically. The main objective of this study was to examine whether the current design

criteria are still applicable to HSS tubular joints. A total of nine X-joints made of steel grades

SM490, SM570, and HAS800 with a nominal yield strength of 325, 450, and 650 MPa,
respectively, were tested under static compression. Figure 2-30 compares the results from this

study and other experimental sources. Necs denote the joint strengths without reduction factor
according to EC3. The stepped lines indicate the level of strength reduction required in EC3.

The results show that the high-strength steel CHS X-joints developed a strength higher than

the non-reduced nominal strength of EC3. Further relaxation of the current restriction on the

use of HSS in tubular structures is suggested.
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Figure 2-30 Experimental and numerical joint strength [54]

Havuala et al. [53] conducted experimental tests on twenty welded SHS T-joints using S420,
S500, and S700 steels to investigate the moment-rotation behaviour in terms of the moment
resistance rotational stiffness and ductility. Three different weld types, fillet welds with a
throat thickness of 6 mm and 10 mm and % v butt welds, were used to evaluate the effect of
the weld type and size on the joint's resistance and stiffness. It is found that the joints with 6
mm fillet welds have significantly lower resistance than the joints with 10 mm throat thickness
but have a higher resistance than those with butt welds. This is attributable to the fact that the
fillet welds enlarge the cross-section of the brace at the chord-brace intersection, increasing
the total length of the yield lines, which finally leads to higher resistance. Furthermore, the
moment resistances obtained from the test are compared with the design strength predicted by
EN1993-1 part 8 without using the reduction factors. It is found that the test strengths of the
the S420 and S500 steel T-joints using large fillet welds are higher than the design strengths
without applying the reduction factor. These observations justify that no reduction factors are
required for joints with large welds. However, the test strength of the S700 steel joints with a6
fillet welds and the butt-welded joints are lower than the design strengths without applying the
reduction factor. In summary, it was concluded that the reduction factors are needed only for
butt welded joints as well as for joints with small fillets welds made of steel grades higher than
S500.

Kim et al. [57] investigated the behaviour of RHS X-joints experimentally and numerically.
Six cold-formed RHS X-joints using steels with a nominal yield strength of 325 and 650 MPa
were tested under compression. The results have shown that all the joints, especially the high
strength steel joints, show sufficient strength margin compared to the EC3 design resistance
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2.5.9 CONCLUDING REMARKS

Based on the experimental and numerical investigations mentioned above, it is found that the
test strengths were generally higher than the design strength without applying the additional
reduction factors. This indicates the need to re-examine the introduction of the strength-
reduction factor in the current standards that have impeded HSS tubular joints' use. Previous
research investigations on the behaviour of RHS hollow section joints have primarily focused
on joints under bending and compression. There is lack of research study on the tensile
behaviour of RHS X-joints under tension. Therefore, in this thesis, a comprehensive
experimental and numerical investigation on the structural behaviour of RHS X-joint subjected
to axial tension in the braces will be conducted. The joints are made of steel grade S355, S500
and S700. Finally, the need for the reduction factors will be justified.
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3 BASE MATERIAL INVESTIGATION

This chapter covers the experimental investigation which is conducted to obtain the
mechanical properties of the cold-formed hollow sections with a nominal yield strength of 355
MPa, 500 MPa, and 700 MPa through tensile coupon tests. Besides, finite element models
(FEM) are developed and validated against the test results.

This chapter is organized as follows:

Section 3.1 elaborates on the material for the experimental investigation.

Section 3.2 deals with the testing setup and test procedure.

Section 3.3 discusses the test results and the observations.

Section 3.4 elaborates on the methodology adopted for extracting the initial

eccentricity of the coupon specimens.

e Section 3.5 deals with the FEM developed to validate the modelling results against the
experimental results.

e Section 3.6 is a summary of the chapter.

3.1 MATERIAL

3.1.1 BASE METAL

Seven cold-formed tubes made of steel grade S355, S500, and S700 were prepared for
obtaining the mechanical properties through tensile coupon tests. Two flat coupon specimens
are extracted from each rectangular and squared hollow sections by water jet cutting to avoid
any residual stresses resulting from the cutting processes. In addition, two coupon specimens
are extracted from the end of the chord member from each X-joint to obtain the material
properties of the chord member. These material properties are used for the validation of the
FEM of the X-joints against the experimental results and for the parametric study further on
in this thesis to guarantee accurate prediction of the behaviour of the modelled X-joints. All
the coupon specimens are taken from the opposite side of the cross-section in relation to the
side with the longitudinal weld. The location of the coupon specimen extracted from the cross-
section is shown in Figure 3-1.

Longitudinal weld

1 — |

Figure 3-1 Location of tensile coupon specimen in cross-section

Each coupon is labelled such that the nominal thickness and the steel grade could be identified.
The first group of coupon specimens extracted from the tubular section is labelled as
BSxxxtyy-Nr where the first letter ‘B’ indicates the base material coupon specimens, xxx
denotes the steel grade, yy denotes the nominal thickness of the profile, and Nr denotes the
number of specimens. For instance, BS500t8-1 refers to the coupon specimen with a steel
grade of S500 and a thickness of 8 mm. The second group of specimens extracted from the
chord member of the X-joint is labelled as XSxxxtyy-Nr where the first letter X indicates the
extracted coupon specimen from the X-joint.
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The dimensions of the coupon specimens are prepared in compliance with 1SO-6892-1 [68].
All the coupon specimens have a total length of 176 mm and a parallel length of 64 mm. The
gauge length of 50 mm is calculated based on Eq. 3.1, where Ao is the nominal cross-sectional
area of the specimen. The gauge width varies for each specimen depending on the profiles’
thickness in order to achieve a nominal cross-sectional area (Aq) of 80 mm?. The typical
nominal dimensions of the flat coupon specimen with 10mm thickness are shown in Figure
3-2.

Ly = 5.65\/4, (3.1)

56 64 o6
| 1‘
. 2
+ 176 O:L

Figure 3-2 Details of coupon specimen X355t10 (a) Dimension of coupon specimens
(dimensions in mm) (b) Layout of the coupon specimen

o
N

A digital calliper is used to measure the actual cross-section dimensions of the specimens
within the gauge length. The measured dimensions are used to determine the actual cross-
sectional area of each coupon specimen. The hollow section from which the specimens are
extracted, and the coupon specimen dimensions, including the gauge width w, and thickness
to and the cross-sectional area A, are summarized in Table 3-1.

36



Name Profile Steel to W Ap

grade
BS355t5-1 S355 | 4.94 15.95 78.75
RHS 100x50x5
BS355t5-2 S355 | 4.94 15.97 78.90
BS355t8-1 S355 | 8.14 10.02 81.52
SHS 140x140x8
BS355t8-2 S355 | 8.09 10.01 80.97
BS355t10-1 S355 | 9.99 8.19 81.74
SHS 160x160x10
BS355t10-2 S355 | 9.84 8.02 79.12
o
S  BS500t8-1 S500 | 7.88 10.09 79.44
= SHS 140x140x8
2 BS500t8-2 S500 | 7.86 10.04 78.93
w
BS500t10-1 S500 | 9.81 8.02 78.69
— SHS 160x160x10
BS500t10-2 S500 | 9.97 8.01 79.81
BS700t8-1 S700 | 7.93 10.14 80.46
| SHS 120x120x8
BS700t8-2 S700 | 7.94 10.10 80.17
BS700t10-2 S700 | 9.99 8.09 80.74
SHS 120x120x10
BS700t10-1 S700 | 10.0 8.02 80.26
XS500t10-1 S500 | 9.77 7.84 76.61
SHS 160x160x10
. XS500t10-2 S500 | 9.67 7.86 75.98
2
S XS700t6-1 S700 | 5.84 13.29 7757
5 SHS 140x140x6
S  XS700t6-2 S700 | 5.80 13.31 77.12
[<B]
)
XS355t10-1 S355 | 9.79 7.82 76.54
SHS 160x160x10
XS355t10-2 S355 | 9.77 7.85 76.72

Table 3-1 Measured coupon specimen dimensions
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3.1.2 INITIAL BOW IN THE COUPON SPECIMENS

The coupon specimens are extracted from cold-formed tubular sections, which include a
certain amount of residual stresses. These stresses are released upon cutting the coupon
specimens, causing a bending in the planar shape of the specimens. Figure 3-3 shows the initial
deformed shape of the specimen.

Figure 3-3 Deformed shape coupon specimens cut from the cold-formed tubular section

In order to grip the coupon specimens in the tensile testing machine, the two ends of the coupon
specimens, the grip sections, are flattened by bending. This is done by applying a vertical force
through a steel plate to the top centre of the grip section, which is supported by two steel bars
at both ends. The flattening method is shown in Figure 3-4. The initial bow along gauge length
remained untouched, which is measured using the digital image correlation (DIC) software
later during the tensile tests. This will be explained in further detail in section 3.4.

Figure 3-4 Flattening of the grip sections
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3.2 TESTSET-UP & TEST PROCEDURE

3.2.1 TEST SETUP

The tensile tests are carried out in an INSTRON hydraulic loading machine with a capacity of
100 kN. The loading is applied by displacement control.

Two measuring methods are used for the test. The first measuring method is the DIC. It is a
3D full-field, non-contact optical technique for measuring strains and displacements of the
specimen’s surface. Prior to the test, the specimen’s surface is sprayed with a white paint using
an airbrush gun; then, a black speckle pattern is created on the white background. It should be
noted that the accuracy and precision of the DIC measurement relies on a high contrast speckle
pattern. Reu [69] suggests that the range of the speckle size should be at least 3-by-3 pixels
but should not exceed 7-by-7 pixels. The analysed images in this research have a resolution of
0.081 mm/pixel. The size of the majority sprayed speckles was between 0.2 mm and 0.3 mm
in the tested specimens which falls within desired speckle size ranges from 0.24 to 0.57 mm
per speckle. Two DIC cameras are positioned at a specified angle and distance relative to each
other and the coupon specimen. Two LED spotlights are placed on either side of the cameras
to achieve appropriate lighting of the tested specimen. The system is then calibrated until a
calibration deviation smaller than 0.1 is reached.

The second measuring method is the extensometer of 50 mm gauge length used to measure
the longitudinal displacement along the gauge length. The test set-up is shown in Figure 3-5.
In the light of these two measuring techniques, the strains are measured on two sides of the
specimens to account for the initial bow in the coupon specimens: one side of the coupon
specimens faces the DIC camera, while the extensometer is mounted onto the other side.

Extensometer »

- e
& DIC Camera

B

- >
i\

r=1 %
- 1

Figure 3-5 Test set-up
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3.2.2 TEST PROCEDURE

Four different loading rates are used during the test. In the elastic stage, a loading rate of 0.01
mm/s is applied. Higher loading rates are applied in the plastic range to improve the testing
efficiency; near the 0.2% proof stress, a rate of 0.02 mm/s is applied, and near the ultimate
strength, the rate is 0.5 mm/s. Finally, the loading rate is increased to 0.1 mm/s at the post-
ultimate state until failure.

To eliminate the effect of loading rate during the test and to avoid the overestimation of the
yield strength and the ultimate strength, the applied displacement is held for 1 min at four
positions creating four drops before and after the 0.2% proof stress, near the ultimate tensile
strength and post-ultimate strength. This is explained further in detail in section 3.3.1.

In addition, the unloading-reloading method was performed to determine the Youngs modulus,
because the initial bow results in a combined tensile and bending deformation which may
results in a inaccurate determination of the Young modulus. When the material started to yield,
the stress was released to zero stress and re-loaded again to the original stress level with a
loading rate of 0.01 mm/s.

3.3 TESTRESULTS

All the test data, including the applied load, jack displacement, and deformation measured by
the extensometer, were recorded at 0.5 second intervals using the acquisition system. The
displacement field on the side that DIC captures is analysed using the software GOM correlate.

The axial displacement measured by DIC is obtained by placing six virtual extensometers with
a gauge length of 50 mm on the surface of the specimens in the undeformed state, whereof
three are placed above the clip of the extensometer, and the other three are placed under the
clip, as shown in Figure 3-6. The measured displacements are averaged to capture the
displacement between the clips of the extensometer.

R SR i

Figure 3-6 Location of the virtual extensometer
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3.3.1 ENGINEERING STRESS-STRAIN CURVE

Before explaining how the test data are processed. It is important to define the orientation of
the coupon specimen. Each coupon specimen has a concave and convex side due to the initial
bow, see Figure 3-7. The deformations based on the 50 mm gauge length on these sides are
measured by either the DIC or the extensometer.

Convex

Concave

Figure 3-7 Orientation of the coupon specimen

The engineering stress-strain curve is obtained to characterize the mechanical properties of
materials. The engineering stress is determined by dividing the applied force by the initial
cross-sectional area, and the engineering strain is obtained by dividing the axial displacement
by the gauge length of 50 mm.

The engineering strains measured on the concave and convex side are different due to the
initial bow. Hence, three engineering stress-strain curves are obtained where three engineering
strains are distinguished; strain measured on the concave side, the strain measured on the
convex side, and the averaged strain calculated by averaging the strains measured on both
sides to represent the engineering strain of the material. The engineering stress-strain curves
of the coupon specimens XS500t10-1 are shown in Figure 3-8.

600 ﬁ Tﬂ
500
£ 400
E
—
=
3=
w 300
i
[i1]
=
un
200
100 —— DIC - Concave
—— Real Extensometer - Convex
— Average Curve

0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175 0.200
strain (-)

Figure 3-8 The three-engineering stress-strain curves of the coupon specimens XS500t10-1
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During the test, the straining is held for 1 min at critical locations to obtain the static material
properties by eliminating the effect of the strain rate and allowing the stress relaxation
associated with plastic straining to occur. When the straining is held, the stress relaxation
begins. The total strain can be decomposed into elastic and plastic strain. The total strain
remains constant in every relaxation period while part of the elastic strain is replaced by plastic
strain. This elastic strain reduction concomitantly results in stress reduction; this is known as
stress relaxation [72].

The static stress-strain curve is obtained by considering four stress drops. The exact locations
of the static drops in the stress-strain curve are shown in Figure 3-9.

—— DIC - Concave
—— Real Extensometer - Convex
— Average Curve

mﬁr‘@

|

300

Stress in N/mm?

200

100

0.00 0.05 a.ia 0.15 020
Strain (-)

Figure 3-9 Location of the static drops on the stress-strain curve

The static curve is calculated from the dynamic average stress-strain curve by reducing the
dynamic stress by A, which can be calculated using the following equation:

A= L (e — &) + A
X gj_gi (x l) l

(3.2)

where A, is the reduced amount of stress corresponding to &, and 4; is the reduced amount of
stress at the static drop corresponding to &;, which is calculated by dividing the minimum stress
at the static drop by the stress before the drop

The dynamic and the static engineering stress-strain curves of XS500t10-1 is shown in Figure
3-10. The engineering curves for the remaining coupon specimens are presented in Appendix
A. It can be observed that the stress strain curves of S500 and S700 steel base material
specimens have no sharply defined yield plateau in the stress-strain response. In addition, the
deformation capacity of HSS grades is significantly lower compared to that of S355.
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Figure 3-10 The dynamic and the static stress-strain curve

3.3.2 MECHANICAL PROPERTIES

The mechanical properties of the cold-formed tubes of different steel grades are calculated
based on the average stress-strain curve, where the strain is obtained by averaging the strains
measured on both sides. The Young’s modulus is determined using the unloading-reloading
method. It is obtained from the reloading part of the dynamic stress-strain curve, while the
yield and tensile strengths are calculated from both the dynamic and the static stress-strain
curve.

3.3.2.1Young’s modulus

The Young’s modulus (E) is one of the material properties which is of vital significance for
the design and finite element modelling. The inaccuracy in the measurement of the young’s
modulus has an impact on obtaining reliable values for the proportional limit and the 0.2%
proof stress, as can be seen in Figure 3-11. Inaccuracy can be caused in the initial portion of
the stress-strain curves due to the presence of the initial bow in the coupon specimens. This is
compensated for by averaging the engineering strains from both sides.

According to the recommendation in ISO 6892-1 [68], the E-modulus can be obtained by the
unloading- reloading method. This method is chosen to eliminate the effects of the initial bow
of the coupon specimens. Reloading is applied when the material started to yield. The elastic
modulus is determined from the slope of the linear part of the reloading curve based on a stress
interval of 20-45% of the nominal 0.2% proof stress [70]. The obtained E-modulus for the two
groups of coupon specimens is summarized in Table 3-2.

For the sake of clarification, the elastic modulus of the coupon specimen XS500t10-1 is
determined. Figure 3-12 shows the obtained stress strain curves of the coupon specimen. The
E-modulus is determined from the linear part of the reloading curve based on a stress interval
of 20%-45% of the nominal 0.2% proof stress. The nominal 0.2% proof stress of this specimen
equals 500 MPa, which means that the stress interval for the determination of E-modulus is
between 100 and 225 Mpa. This results in an E-modulus of 187138 MPa for this specimen.
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Figure 3-11 The influence of the variation in the Young s modulus on the proportional limit
and proof stress
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Figure 3-12 Determination of the young's modulus
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3.3.2.2 Dynamic and static material properties

For materials that have no well-defined yield plateau in the stress-strain curve, the yield
strength is defined as the 0.2% proof stress (fy). This is determined by the 0.2% offset method.
A straight line with the slope equal to the obtained young’s modulus is constructed and offset

by 0.2% from the origin. The intersect of this line and the stress-strain curve defines the 0.20%
proof stress, as shown in Figure 3-13.

B00
500
N 400
E
E
=
E
w 300
i
A
200
100 —— Dynamic curve
—— Static curve
—— Slope ~ E-modulus
® Dynamic 0.2% proof stress
0 ® Static 0.2% proof stress
0.000 0.005 0.010 D.015 0.020 0.025 0.030

Strain (-)
Figure 3-13 Determination of the 0.2% proof stress (Specimen X500t10-1)

The ultimate tensile strength f,,, is defined as the maximum stress that the material can resist
before failure. The strain at fracture is defined as the strain at fracture point which is
obtained from the strain prior to the considerable reduction of tensile force due to fracture of
the specimen, as shown in Figure 3-14.
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Figure 3-14 Determination of the fracture strain
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The static and the dynamic properties, fy, strain at 0.2% proof stress (g0.2), fu, ultimate strain
(eu), &r are determined and summarized in Table 3-2.

The mean values and ranges of the yield strength and the tensile strength for BS355 coupon
specimens are 503 = 20 MPa and 533 + 10 MPa, respectively. For BS500 coupon specimens,
the mean values and ranges of the yield strength and the tensile strength are 590 + 16 MPa and
618 £ 10 MPa, respectively. The mean values and ranges of the yields strength and the tensile
strength for BS700 coupon specimens are 800 + 30 MPa and 872 + 30 MPa, respectively. The
average fracture strain based on an initial gauge length of 50 mm for BS355-, BS500- and
BS700 coupon specimens are 25%, 21%, and 13%.

3.3.2.3 Ductility limits

The ability to avoid brittle failure and allow for stress redistribution are important requirements
in structural steel design. These requirements can be fulfilled if the material has sufficient
ductility. As a measure of the material ductility, EN 1993-1-1 [71] prescribes minimum
requirements in the form of ultimate tensile strength to yield strength ratio £, /f, , ultimate
tensile strain to yield strain &, /¢, and strain at fracture e¢. For HSS, more relaxed minimum
requirements are specified in EN-1993-1-12 [4].

The ductility limits are calculated and are summarized in Table 3-3. It can be seen that the
ductility limit requirement based on £, /£, fall below the 1.1 limited for the mild strength steel.
The maximum f, /f, ratio found equals 1.09. The requirement of ¢, /¢,, and & are satisfied
for the BS355 coupon specimen, except for BS355t5-2, BS355t8-1 and BS355t10-1 coupon
specimens, the ¢, /¢,, ratios fall below the 15% limit.

For BS500 coupon specimens, all the ductility requirements are met, except for the BS500t10
coupon specimen, the ductility requirement based on the g, /¢, is not met. A maximum ratio
of 2.9 is found where the minimum limit should be 15. This is reflected by the limited strain
hardening that the coupon specimen BS500t10 experienced compared to the coupon specimen
from the same steel grade, as can be observed in Figure 3-15.

For BS700 coupon specimens, the f,,/ f, and efrequirements are met, while the &, /¢, is failed
to satisfy the requirement. The ¢, /¢, the ratio of all the tests coupon specimens falls below

the limit of 15, the maximum obtained ratio equals 4,0. This can be explained by extensive
strengthening mechanisms used in the production of the S700 tubes (cold working) which
results in a significant increase in the yield strength and a large reduction in the ductility.
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Dynamic Static

Coupon E £y fu &y & [y £y, fu &y
[GPa] [MPa] | [%] @ [MPa] [%] [MPa] [%] [MPa] [%]

BS355t5-1

BS355t5-2

BS355t8-1

BS355t8-2

BS355t10-1

BS355t10-2

BS500t8-1

BS500t8-2

BS500t10-1

BS500t10-2

BS700t8-1

BS700t8-2

BS700t10-1

BS700t10-2

XS500t10-1

XS500t10-2

XS700t6-1

XS700t6-2

XS355110-1

XS355t10-2

Table 3-2 Dynamic and static mechanical properties of the tested coupon specimens
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Table 3-3 Ductility limit requirements
BS355t5 BS355t8 BS355t10 XS355t10

1 2 1 2 1 2 1 2

fulf, =110

&y/&y =215

BS500t8 BS500t10  XS500.t10 BS700.t8

fulf, =1.05

&/&, =15

BS700.t10 XS700.t6

1 2 1

fulf, =1.05

ey = 1S

Stress in N/mm?2
& &
=) =]

[
o
o

100 1
—— Engineering stress-strain Curve of the BSS500t8 coupon specimen
0- —— Engineering stress-strain Curve of the BS500t10 coupon specimen
0.00 0.05 0.10 0.15 0.20 0.25

Strain [-]

Figure 3-15 Engineering stress strain curves of BS500t8 and BS500t10 coupon specimens
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3.4 DETERMINATION OF THE INITIAL BOW

The observed initial bow in the coupon specimens is measured using the software GOM
correlate. The extent of bowing is determined by using the function Project Point. This
function allows for capturing the projection of each point on the specimen surface (in the XY
plane) onto the z-axis. As a result, the distance of every point on the surface to the z-axis can
be measured. For the sake of illustration, the distance of the green point (in the XY plane) is
measured, as shown in Figure 3-16. By inserting the x- and y-coordinate of the point (0,10),
the distance to the z-axis of 15.6779 mm is obtained, as shown in Figure 3-17.

Surface component 1
Bpst
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Figure 3-16 Specimen BS355.t5-1 in XY-plane in GOM correlate software
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Figure 3-17 Specimen BS355.t5-1 in YZ-plane in GOM correlate software

This procedure is repeated for several points along the length of the specimen. The obtained
bow is graphicly shown in red in Figure 3-18, with the length of the specimen on the x-axis
and the measured distance to the z-axis on the y-axis.
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Figure 3-18 Obtained curvature for coupon specimen

In order to make the baseline of the curve aligned with the x-axis, the coordinate system is
transformed by rotating the axes through a certain angle, as shown in blue in Figure 3-18.
Finally, the eccentricity is obtained by fitting a second-order polynomial through the data
points. The obtained eccentricity equals the distance from the highest point of the parabola to
the baseline. In this case, the eccentricity of the specimen BS355.t5-1 equals 0.69 mm. The
eccentricities of the rest of the coupon specimens are summarized in the Table 3-4. It can be
observed that different eccentricities are found in the coupon specimens with the same steel
grade and thickness. This is due to the variation of the residual stresses across the cross-section
of the tube, induced from cold-forming.
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Eccentricity [mm)]

1 0.69
BS355t5-
2 0.48
BS355t8- 1 0.95
2 0.45
BS355t10- 1 0.37
2 0.29
BS500t8- 1 0.31
2 0.37
BS500t10- 1 0.16
2 0.31
BS700t8- 1 0.25
2 0.41
BS700.t10- 1 0.25
2 0.27
XS8355t10- 1 0.25
2 0.19
XS§500.t10- 1 0.62
2 0.26
XS700.t6- 1 0.25
2 0.71

Table 3-4 Measured eccentricity of the coupon specimens
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3.5 FINITE ELEMENT MODEL

A numerical study is carried out using the finite element (FE) software ABAQUS (2019) in
parallel with the experiment investigation described in the previous section. Three FE models
are developed and validated against the experimental results. The explicit solver is used for
the analysis, which is more versatile than the implicit solver because it is more efficient for
solving non-linear problems, requires less computation time, and has no converging issues.

3.5.3 GEOMETRICAL MODEL

Three coupon specimens, BS355t5-2, BS500t8-1, and BS700t10-2 are modelled in ABAQUS.
The measured dimensions are summarized in Table 3-1 in Section 3.1.1. The grip sections are
removed from the model to improve the calculation efficiency. The end of the grip section is
considered as rigid compared to the critical cross section. Besides, the measured eccentricity
profile is considered, which is defined by one maximum eccentricity in the centre of the
specimen. The measured eccentricities are summarized in Table 3-4. The geometry and the
eccentricity profile of coupon specimen BS500t8.1 are shown in Figure 3-19.

E‘ﬁ‘
Deleted \ Deleted
=) Grip | | Grip
section section
| -
4118 | 14,82 32 | 32 14,82 | 41,18
56 64 56
176
1
ooy
] w
~ ™
=]

Figure 3-19 The measured geometry and the eccentricity profile of coupon specimen
BS500t8-1

3.5.4 MATERIAL PROPERTIES

The obtained material properties from the tensile test are adopted for the FE modelling. The
elastic response is defined by E and Poisson’s ratio of 0.3. The Plastic properties are
implemented by converting the measured engineering stress oz, 4 and engineering strain &gy,
to true stress or, and true plastic strain &, ,;, using Eq. 3.3 and 3.4. The true plastic strain
is obtained by subtracting the elastic strain, which is defined as the value of the true stress
divided by E, from the total true strain, as shown in Eqg. 3.5.
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Errue = In (EEng +1) (3.3)

OTrue = OEng * (gEng +1) (3.4)
or
Etrpl = €True — % (3:5)

Eq. 3.3 and 3.4 are based on volume prevention which is valid up to ultimate tensile strength
when the strain is evenly distributed along the gauge length. However, once the necking starts,
the steel experiences a triaxial stress state, and the cross-section begins to distort. This
demonstrates that the above equations cannot be used to obtain the true stress-strain curve after
necking because the assumption of volume prevention is not valid. In this study, the plastic
behaviour up to on-set necking is simulated. In order to capture the local instability of necking,
damage evaluation material modelling should be employed. The damage modelling is out of
this thesis scope.

The material properties used as the input of the FE models are based on the averaged material
properties. The elastic and density properties are summarized in Table 3-5. The true stress-
strain curves for the plastic input are presented in .

Specimens E Density

[N/mm?] [ton/mm3]

BS355 15-2 197967

199242 | 0.3 7.85e-9

BS700.t10-2

BS500.t8-1
208547 |03 | 7.85e-9

Table 3-5 Material input: Elastic properties

Material input for abaqus: True stress strain curves

1000
800 F
E I
S 6001
£ (’
(%]
i
g
£ ao00
1]
2
l—
200 —— BS355t5-2
—— BS500t8-1
— BST00t10-2
D T T T T T T
0.00 0.02 0.04 0.06 0.08 010 0.12
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Figure 3-20 Material input: Plastic properties
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3.5.5 BOUNDARY CONDITIONS

The boundary conditions are set in compliance with the test setup. The multi-point coupling
(MPC) constraints of the type beam are applied between the specimen end and the concentric
reference point located on the centroid of the cross-section of each end. The rotational and
translational degrees of freedom of the specimen ends are coupled to the corresponding
reference points, as shown in Figure 3-21. All degree of freedom of reference point two (RP2)
are constrained (Ux = Uy = U;= URx = URy = UR; = 0) and the rotational and the translational
constraints ( Uy = Uz = URx = URy = UR; = 0) are applied to reference point one (RP1) except
for the axial displacement (Ux # 0), see Figure 3-21

3.5.6 LOADING

The axial load is applied by a Ux displacement at RP1. A 5 mm displacement is linearly
imposed on the specimen throughout the time period, which is predefined in the Amplitude
reference. Besides, the effect of the geometric nonlinearity is accounted for by adopting the
NLGROM. The mass scaling is introduced to improve the computation efficiency by speeding
up the simulation without sacrificing the accuracy. The target time increment used equals
0.0001.

3.5.7 ELEMENT TYPE

The coupon specimens were modelled using the eight-node solid element C3D8R with reduced
integration and hourglass control. A mesh size of 0.5 mm is adopted through the thickness and
the gauge length of 50 mm. For the remaining parts, a mesh size of 2 mm is used.

Reference Point
(Uy = Uz = URXx = URy = URz = Q)
(Ux =5mm)

Reference point
(Ux=Uy =Uz=URx =
URy = URz = 0)

Multi-point coupling constraint

1}
Multi-point coupling constraint

Boundry condition

Figure 3-21 Coupling constraints, boundary conditions, and Mesh Size of the coupon specimen
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3.5.8 RESULTS

In this section, the FE results in terms of engineering stress-strain curves are calibrated with
the corresponding experimental results.

As already mentioned, each coupon specimen has a concave and convex side due to the initial
bow. During the experiments, the deformations on each side are measured by either DIC or the
extensometer. The engineering stress strain curve obtained from each side are compared with
the FE-results. First, the FE results are obtained by extracting the displacements from two
nodes with an initial distance of 50 mm from the concave and the convex side. These
displacements are then converted into strains. Next, the stress is obtained by dividing the
extracted reaction force from the concentric reference point, where the force is applied, by the
measured initial cross-sectional area. Finally, the engineering stress-strain curves are
determined for each side and compared to the corresponding experimental engineering stress
strain curve.

3.5.8.1B5355t5-2

For this coupon specimens, the DIC camera was measuring the strain field on the convex side
during the experiments, while the strains on the concave side are measured by the
extensometer. The FE stress strain curve whereby the deformations are extracted from the
convex side are compared with the stress strain curve obtained from the DIC measurement.
The same done for the concave side. The engineering stress strain curves obtained from both
sides are obtained and compared with the finite element results. Figure 3-22 shows that the
finite element results are in good agreement with the experimental results up to the ultimate
strength.

Engineering stress strain curve of coupon specimen B5355t5-2 ~ measured by DIC
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Engineering stress strain curve of coupon specimen BS355t5-2 ~ measured by Extensometer
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Figure 3-22 Finite element results vs. Experimental results of BS355t5-2 from the concave
and convex side
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DIC Extensometer

FEM  Test/FEM  Test FEM  Test/FEM

Table 3-6 Material properties of BS355.t5-2 obtained from test and FEM

In addition, the material properties, including the young modulus, yield strength, tensile strength and
their corresponding strains, obtained from the experiments are compared with the material properties
extracted from the FE models. As shown in Table 3-6, A maximum difference of 1.05 is found.

3.5.8.2 BS500t8-1

As shown in Figure 3-23, the stress-strain curves obtained from the FE modelling agreed well
with the corresponding experimental results. Table 3-7 presents material properties obtained from
the experiments are compared with the material properties extracted from the FE models.

Engineering stress strain curve of coupon specimen BS500t8-1 ~ measured by DIC
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Figure 3-23 Finite element and. Experimental results of BS500t8-1 from the concave and
convex side
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DIC Extensometer

FEM  Test/FEM  Test FEM  Test/FEM

Table 3-7 Material properties of BS500.t8-1 obtained from test and FEM

3.5.8.3B5700t10-2

The stress-strain curves of the test and finite element analysis of the specimen are shown in
Figure 3-24. Good consistency for the stress-strain curve between the FEM and the experiment
can be observed up to the ultimate strength. Table 3-8 presents material properties obtained from
the experiments are compared with the material properties extracted from the FE models. A maximum
difference of 1.1 is obtained.

Engineering stress strain curve of coupon specimen BS700t10-2 ~ measured by DIC
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Figure 3-24 Finite element and Experimental results of BS700t10-2 from the concave and
convex side
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DIC Extensometer

Test FEM  Test/FEM  Test FEM  Test/FEM

Table 3-8 Material properties of C700.t10-2 obtained from test and FEM

In conclusion, the results have shown that numerical stress-strain curves fit very well the
stress-strain curves obtained from the experiments. This highly proves the confidence in the
finite element models up to the onset of necking.
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4 METALLURGICAL AND MECHANICAL INVESTIGATION
OF BUTT-WELDED JOINTS

High strength steels (HSS) are widely used in onshore and offshore structures because of the
superior properties such as high strength, good toughness, and low carbon resulting in
excellent weldability. Welding is unavoidable in the fabrication of steel structures and is
considered as an operation that determines the quality the joint. The welding process generates
high thermal cycles around the weld area, resulting in microstructural changes and
heterogeneous mechanical properties in the vicinity of the weld. Therefore, a proper
understanding of the variation of the microstructural and mechanical changes is essential for
the design and the modelling of welded joint.

This study investigates the mechanical behaviour of butt-welded joints experimentally and
numerically. The microstructures of the welded joints are observed to evaluate the
microstructural inhomogeneity across the weld zone. Besides, low-force Vickers hardness
measurements are carried out on small samples to obtain the hardness variation across the weld
zone and to identify the width of the heat-affected zone (HAZ). Finally, the mechanical
properties of the weld and HAZ are obtained from tensile coupon tests using the digital image
correlation (DIC).

This chapter is organized as follows:

e Section 4.1 elaborates on the material and the welding technique used for the
experimental investigation. Besides, the section covers the tensile tests, the
microscopic observations, and the low-force Vickers hardness tests conducted on the
welded samples.

e Section 4.2 discusses the test results and the observations and elaborates on the
methodology adopted for extracting the properties across the weld zone.

e Section 4.3 validates the finite element model (FEM) against the experimental results.

e Section 4.4 is a summary of the chapter.
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4.1 EXPERIMENTS

In this section, the various operations employed for the experiment, such as specimen
preparation, microscopic observation, low-force Vickers hardness testing, and tensile testing,
are elaborated.

4.1.1 MATERIAL

4.1.1.1 Base material

Cold-formed rectangular and squared hollow sections of steel grade S355, S500, and S700,
each with 5-, 8-, and 10-mm thicknesses, are used as the base material. The mechanical
properties of the base materials are introduced in Section 3.3.2.

4.1.1.2 Filler metal

The filler metal Carbofil-1 with a diameter of 1,2 mm was used for welding the S355 tubes.
The filler metal Union NiMoCr with a diameter of 1,2 mm was selected for the high strength
steel tubes. The chemical composition and the mechanical properties of the filler metals are
given in Table 4-1 and Table 4-2, respectively.

Cr Mo Ni \V Cu Ti Al Zr

Filler metal Carbofil

Con oo 1 oom om Lo o5 117 om0 s or o0

Filler metal Union NiMoCr

0,078 | 0,85 | 1,45 | 0,008 | 0,004 | 0,03 |001 001 O (0,01 0,02 |0,01]0,02

Table 4-1 Chemical compositions of Carbofil and Union NiMoCr filler wires (wt-%)

Filler metal Yield Ultimate Tensile Elongation Impact value
strength strength [%] [J]

[Mpa] [Mpa]
Carbofil 102 (-40°C)

Union NiMoCr > 720 > 780 >17 > 47 (-60°C)

Table 4-2 Mechanical properties of Carbofil and Union NiMoCr filler wires

Based on the mechanical properties of the base material and the filler metal, the weld is
matched for the S355 joints. For the high strength steel joints, the filler metal produced an
overmatched weld for the S500 joints and undermatched for the S700 joints.

4.1.2 WELDING PROCESS

Prior to welding, the tube ends are prepared with a 45° bevel. The tubes were transversely
welded together using the Metal Arc active gas (MAG) welding process. Multi-pass butt welds
were performed with a heat input varying from 1 to 1,4 KJ/mm depending on the steel grade
and the thickness of the tube.
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4.1.3 TEST SPECIMENS

Butt-welded coupon specimens and small samples are extracted from the centre of each
transversely welded cold-formed tube for the tensile test and metallurgical tests, respectively.
These are taken from the opposite side of the longitudinal weld, as shown in Figure 4-1.

V-groove single butt weld Small sample
A

rd — 4;' Longitudinal weld
IF_J'—’:

¥
Butt-welded coupon specimen

Figure 4-1 Test specimens cut out for low-force Vickers hardness measurement and tensile
tests

4.1.4 METALLURGICAL INVESTIGATION

4.1.4.1Sample preparation

Prior to the microstructure observation and the low-force Vickers hardness measurement, the
small samples with 40 mm total length are prepared. The preparation required four primary
operations: mounting, grinding, polishing, and etching. First, the samples were mounted in
resin which allows for convenient handling of the samples for the subsequent operations. The
samples were then grinded using Silicon carbide papers with grit sizes ranging from 80 to
2000. The grinding procedure was performed wet using water to keep the specimen cool and
get rid of the grinding debris. Next, the scratches introduced from grinding were removed by
polishing. First, the coarse polishing is conducted with 3um diamond abrasives onto an
MD/PD-Mol cloth, followed by polishing with 1pum diamond abrasives onto an MD/PD-Nap
cloth. Isopropanol and dried hot air were used to clean the samples during and after the
polishing operation. Finally, the scratch-free and mirror-like appearance of the surface is
achieved. The surface is etched with a 2% nital solution for 25 seconds to observe the
microstructure, as shown in Figure 4-2.

A et i

Figure 4-2 Polished and etched sample
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4.1.4.2 Microstructure observation

The microstructure variation across the weld zone is observed with a digital Keyence VHX-
7000 digital microscope.

4.1.4.3 Low-force Vickers Hardness test

The low-force Vickers hardness measurements are conducted using an EMCO DuraScan 70
G5 automatic hardness tester, according to 1ISO 6507-1:2006 [63]. Four indentation lines with
a total length of 28 mm were made through the thickness and transverse to the welding line,
as illustrated in Figure 4-3. The distance of each indentation line to the top edge of the sample
Is summarised in Table 4-3.

ISO 6507 specifies that the indentations must be a distance of at least three times their diagonal
apart. An interval of 0,25 mm was used between two indentations in the HAZ region, while an
interval of 1 mm was adopted in the weld and the base material region.

40

Line 1 N // >
A —— o —
Line 3 AN / >

Line 4 \> (j >

Name

Samples with a thickness of 5 mm

Samples with a thickness of 8 mm

Samples with a thickness of 10 mm

Table 4-3 The distance between the indentation lines
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4.1.5 TENSILE TEST

4.1.5.1Sample preparation

The coupon specimens, with a butt weld in the centre, are milled to 3mm to achieve a
uniform cross-section of the specimens. The measured dimensions of the coupon specimens
are given in Table 4-4. The specimens are labelled such that the steel grade and the tube’s
thickness, from which the specimen is extracted, could be identified from its label. The
letters ‘BW” indicates the butt-welded coupon specimens.

Specimen Width [mm] Thickness [mm] Cross-sectional area
[mm?]

BW355t5

BWa355t8

BWa355t10

BW500t8

BW500t10

BW700t8

BW700t10

Table 4-4 Dimension of the butt weld coupon specimens

4.1.5.2Test set-up

The butt-welded coupon specimens were tested under static loading using an INSTRON
hydraulic loading machine with a capacity of 100 kN. Displacement control was used during
the test. The loading rate was 0.01 mm/s. The DIC method is used to measure the strain
distribution across the weld zone. The extensometer is employed to measure the average
displacement over a gauge length of 50 mm. The experimental setup is shown in Figure 4-4.

Figure 4-4 Experimental setup
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4.2 RESULTS AND DISCUSSION

4.2.1 MICROSTRUCTURE OBSERVATION

Light optical microscopy images were taken with different magnifications to identity the
microstructure variation across the different zone. The microstructure observation of the
sample with steel grade S500 is shown in Figure 4-5. The microstructure observations of the
samples with steel grades S500 and S700 are presented in Appendix B. It can be observed
that the microstructure of the CGHAZ contains grains larger than those in the FCGHAZ. The
grain size decreases gradually in the HAZ until the grain has the same size as the base
material.

Figure 4-5 Overview of the microstructure in the weld zone 0f S500 sample
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4.2.2 MICROHARDNESS MEASUREMENTS

The low-force Vickers hardness distribution of the sample BWS500t8 is shown in Figure 4-10.
The hardness distribution for the remaining samples is presented in Appendix C.

Sample BWS500t8

260 1
240 - Base material
th 2201
@
o
E
£ 200 1
: |
i A
180 - ! !
i 1 i
I e o Hardness line 3mm ! !
160 ! ! —e— Hardness line 5mml H H
i i +— Hardness line 6,5mm i i
-15 -10 -5 0 5 10 15

Length in [mm]
Figure 4-10 Low-force Vickers hardness distribution of the sample BWS500t8

The HAZ is characterized by low hardness value compared to the hardness of the weld and the
base material. The minimum hardness (HAZwn) of the HAZ and the average hardness of the
base material (BMavc) and the weld (WELDavc) are presented in Table 4-5.

Specimen BMave HAZuin | WELDAvG ~ Wweld ~ WHAZleft | WHAZ Right

[mm]  [mm] [mm]

BW355t5 157

175

BWa355t8 185 156 183 10.5 2.75 3.5

BW355t10 188 166 185 10.5 3.75 4

BW500t8 210 164 253 6 4 4.25

BW500t10 210 183 257 10 3.25 3

BW700t8 274 208 264 8.75 3.25 3.25

BW700t10 298 219 282 10 3.25 3.25

Table 4-5 HV 0.5 hardness test results
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The hardness results are highly symmetric about the weld centreline. For the S355 samples,
the average hardness values measured in the weld area are close to that of the base material.
The minimum hardness value of the HAZ is 13% and 16% lower than the average hardness
values of the base material and the weld, respectively. For the S500 samples, the results
revealed that the weld area is characterized by higher hardness with respect to the base
material, which confirms that the weld is overmatched. The minimum hardness value of the
HAZ is 35% lower than the average hardness of the weld and 21% lower than of the base
material. For the S700 samples, the results revealed that the hardness values measured in the
weld area are lower than that of the base material. The difference between average hardness
of the base material and the minimum hardness of HAZ equals 26%. The difference between
the hardness value of the weld and that of the HAZ is 22%.

It is worth noting that in all test specimens, the lowest hardness values are observed in the
HAZ regardless of the matching condition of the filler metal. However, the hardness loss in
the HAZ is less significant in the S355 samples than in the S500 and S700 samples.

From the microhardness profiles, the width (wi) of HAZs on either side of the weld and the
weld is estimated and summarised in Table 4-5.

4.2.3 TENSILE TEST RESULTS

4.2.3.1 Global mechanical properties

For all the tested coupon specimens, it is found that the failure occurred within the HAZ. The
global mechanical properties of the welded coupon specimens are determined from the stress-
strain curves obtained by the extensometer and DIC. The term ‘global’ indicates that the strain
is measured over a predefined gauge length of 50 mm covering the base material, HAZ and
the weld. Figure 4-11 shows the obtained stress-strain curves from DIC and extensometer of
the BSW355.15 specimen. It can be observed that both curves are in very good agreement.
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Figure 4-11 Stress-strain curve of BWS355t5 coupon specimens
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The global mechanical properties of the welded coupon specimens are summarized in Table
4-6. The mean values and ranges of the yield strength and the tensile strength for BWS355
coupon specimens are 451 + 9 MPa and 556 + 8 MPa, respectively. For BWS500 coupon
specimens, the mean values and ranges of the yields strength and the tensile strength are 555
+ 21 MPa and 621 + 14 MPa, respectively. The mean values and ranges of the yield strength
and the tensile strength for BWS700 coupon specimens are 652 + 37 MPa and 747 + 35 MPa,
respectively. The average strain at fracture based on an initial gauge length of 50 mm for
BWS355-, BWS500- and BWS700 coupon specimens is 13%, 8% and 4%, respectively.

Specimen E[MPa] f,[MPa] fu[MPal]

g [%]

BW355t5 200752

BWa355t8 200738 442 o547 12

BWa355t10 199621 456 570 12

BW500t8 197751 534 607 7

BW500t10 198352 576 635 8

BW700t8 202274 615 712 4

BW700t10 197911 688 782 4

Table 4-6 Mechanical properties of the welded coupon specimens

In Figure 4-11, Figure 4-12 and Figure 4-13, the global stress-strain curves of the welded
coupon specimens made of steel grade S355, S500 and S700 are compared with that of the
base material coupon specimen, obtained in Section 3.3.1. It can be seen that the mechanical
properties of the welded coupon are inferior to that of the base material for the S700 butt
welded specimens. The yield and tensile strength decreased by 19% and 15%, respectively
when compared with that of the base material. For the butt-welded coupon specimen
BWS500t8, the yield and tensile strength decreased by 10% and 2%, respectively when
compared to those of the base material. For the S355 and BWS500t10 welded specimens, a
reduction in the yield strength is observed. The yield strength is respectively 5% and 9% lower
than that of the base material. The tensile strength, however, increased by 6% and 5%,
respectively.

The deterioration of the ductility observed in all the welded specimens is due to the localized
deformation within the HAZ. As a result, a small final deformation overall the gauge length is
obtained. Compared to the base material, the ductility was reduced by 48%, 61% and 69%,
respectively for BWS355-, BWS500- and BWS700 coupon specimens.
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Figure 4-12 Stress strain curves of the butt-welded and base material coupon specimens of
steel grade S355
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Figure 4-13 Stress strain curves of the butt-welded and base material coupon specimens of
steel grade 500
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Figure 4-14 Stress strain curves of the butt-welded and base material coupon specimens of
steel grade S700
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The longitudinal strain distribution (,,), captured by DIC, of the welded specimen BWS500t5
Is presented in Figure 4-15. The strain distribution for the remaining welded coupon specimens
is presented in Appendix D. The figure shows the strain distribution at the ultimate load. It can
be seen that the longitudinal strain varies along the specimen length. At this stage, localized
deformation and necking in the HAZ regions are observed. The base material region
experiences a slightly lower strain level compared to the weld region. This can be explained
by its higher mechanical properties.
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Figure 4-15 The longitudinal strain distribution (,,), captured by DIC, of the welded
specimen BWS355t5

Regarding the specimens made of steel grade S500, localized deformation and necking in the
HAZ regions are observed. The weld zone experienced a small amount of strain compared to
the base material, which reflects the overmatching condition of the weld. The undermatching
weld used for the S700 welded specimen is reflected by the higher strain in the weld zone
compared to the base material.
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4.2.3.2 Local material properties

Based on the strain distribution and the microhardness results, the stress-strain curves of the
individual regions corresponding to the weld and HAZ. The strain is measured locally by
placing a virtual extensometer within the identified region, as illustrated in Figure 4-16. The
uniform stress method is used in the study, assuming that each cross section of each zone
undergoes the same stress. The local stress-strain curves for the WS355t8 specimen are shown

in Figure 4-17. The local stress-strain curves of the remaining specimens are presented in
Appendix E.

Surface component 1
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Figure 4-16 Identification of the individual regions across the weld
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Figure 4-17 Local stress-strain curve of the individual zone of BWS355t8 specimen
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The material properties of the HAZ are obtained from the local stress strain curve. The Young’s
modulus, the yield and tensile strength and their corresponding strains are summarized in Table
4-7 for the seven welded coupon specimen. The strain fracture is omitted because it highly
depends on the length of the extensometer.

Specimen E [MPa] f,[MPa] f,[MPa] &,[%] &, [%]

BW355t5 201 452 561 0.4

BW355t8 189 439 545 0.39 17

BW355t10 192 460 569 0.38 16

BW500t8 198 530 606 0.33 15

BW500t10 198 555 634 0.32 13

BW700t8 202 614 742 0.67 11

BW700t10 198 660 780 0.76 11

Table 4-7 Material properties of HAZ

The stress strain curve of the base material coupon specimen BS355t8 is compared with the
local stress strain curve of the base material which is measured by DIC from the welded coupon
specimen WBS355t8, see Figure 4-18. It can be observed that the strain hardening portion in
the obtained stress-strain curve for the base material, measured by DIC, is slightly steeper than
that in the stress-strain curve of the base material coupon specimens. This can be explained by
the work hardening that the welded coupon specimens undergo during the milling process.
Besides, it can be seen that the base material in the welded coupon specimen reaches higher
stresses compared to the maximum stress the base material coupon specimen reached during
the test. These observations reveal that the material properties of the base material are
enhanced after milling and subsequently alter the behaviour of the welded coupon specimens.
These findings explain the high ultimate tensile strength of the welded coupon specimen
compared to that of the base material coupon specimen, observed in Figure 4-12

The (local) stress-strain curve of the base material BS355t8

— .
500 1 |I E“\\

Stress in N/mm?

local stress strain curve obtained by DIC

0 Stress strain curve of the base material coupon specimen
0.00 0.05 0.10 0.15 0.20 0.25
Strain [-]

Figure 4-18 (Local) stress strain curve of the base material BS355t8
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4.3 VALIDATION OF FEM FOR THE BUTT-WELDED SPECIMEN

4.3.1 INTRODUCTION

In order to validate the obtained stress-strain curves of the individual zones across the weld, a
numerical study is carried out using the finite element (FE) software ABAQUS in parallel with
the experiment investigation described in Section 4.2.3. Two FE models are developed and
validated against the experimental results. The explicit solver is used for the analysis.

4.3.2 GEOMETRICAL MODEL

Two butt-welded coupon specimens, namely, BWS500t8, and BWS700t10 are analysed. The
models are developed based on the measured dimension of the milled specimens. The
measured dimension including the gauge width w, and thickness t, and the radius R are given
in Table 4-8. The welded specimen is divided into three regions: the weld, the HAZ, and the
base material. The width of the weld and the HAZ on either side of the weld is determined
based on the obtained hardness profiles, see Table 4-5. It is assumed that the widths of the
different regions are uniform through the thickness as can be seen in Figure 4-19 (Side view).

Y

Top view

BMH | W H | BM

56 64 b}
176

I_. X Side view

| BM |H|W |H |BM

BM = Base material
W = Weld
H = Heat affected zone

Figure 4-19 The configuration of the butt-welded coupon specimen

Specimen

WS500.t110

WS700.t10

Table 4-8 Dimension of the butt-welded coupon specimen
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4.3.3 MATERIAL PROPERTIES

The measured material properties of HAZ, weld and base material are adopted for the
validation of FE models. The elastic response is defined by Young’s modulus and Poisson’s
ratio of 0.3. The Youngs modulus obtained for the HAZ, weld and base material are
summarized in Table 4-9.

Youngs Modulus [GPa]

Specimens

Base material Weld

BWS500t8

BWS700t10

Table 4-9 Youngs Modulus of the different regions in the welded coupon specimens

The plastic behaviour is accounted for by converting the determined engineering stress-strain
curves to true stress-true plastic strain curves. A detailed description of these conversions is
given in section 3.5.4. The plastic true stress-strain curves for each region of the butt-welded
specimens BWS500t8 and BWS700t10 are presented in Figure 4-20 and Figure 4-21,
respectively. For the S500 specimen, a limited plastic deformation occurred in the weld. The
post-yielding behaviour is therefore estimated by the power law. This is used to extend the
true stress-strain curves up to the predefined ultimate strain in the filler material certificates.
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Figure 4-20 Input plastic properties for the butt-welded coupon specimens BWS500t8
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Figure 4-21 Input plastic properties for the butt-welded coupon specimens BWS700t10
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4.3.4 BOUNDARY CONDITIONS

The boundary conditions are set in compliance with the test setup and are applied in the same
way as described in Section 3.5.5.

4.3.5 LOADING

The axial load is applied by means of displacement using the “ Dynamic Explicit” procedure
in Abaqus. A displacement load of 5 mm is linearly imposed on the specimen throughout the
time period, which is predefined in the Amplitude reference.

4.3.6 ELEMENT TYPE

The coupon specimens were modelled using the eight-node solid element C3D8R with
reduced integration and hourglass control. A mesh size of 0.5 mm is adopted through the
thickness and the gauge length of 50 mm. For the remaining parts, a mesh size of 2 mm is
used, see Figure 4-22.

Reference point:

Ux=Uy:Uz=L.Rx:L.Ry=L—R::O

Reference point:
Uy=U:=URx=URy=URz=0

Figure 4-22 Coupling constraints, boundary conditions, and Mesh Size of the coupon
specimen
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4.3.7 FE RESULTS

In this section, the finite element results, including the global stress-strain curves of the
welded coupon specimens and the longitudinal strain distribution, are presented and
validated against the experimental results.

4.3.7.1WS500.t8

The stress-strain curves obtained from the tensile test and FE analysis of the coupon
specimen are shown in Figure 4-23. Good consistency for the stress-strain curve between the
FEM and the experiment can be observed up to the onset of necking. Table 4-10 presents the
material properties obtained from the experiment and FEM. Good agreement is observed, as
a ratio of 1.0 is found between the experiment and the numerical results.

Besides, the longitudinal strain distribution, at the ultimate load, along the specimens is
obtained from FEM and is compared with the experimental results, as shown in Figure 4-24.
It is observed that high strains are localized in the HAZ. From the experiments, a peak strain
of 18% is found and the highest strain obtained from FEM equals 17%. In this case as well,
the difference is minor. The predicted failure, which occurs in the HAZ, also shows perfect
agreement with the observed failure mode during the test, as shown in Figure 4-25.

Global stress-strain curve of the welded coupon specimen WS500.t8

—— Experimental results
=—— FEM results

Stress in N/mm ™2
=]
[=]

100 4

Strain [-]

Figure 4-23 Experimental and FEM global stress-strain curves of the welded coupon
specimen WS500.t8

Table 4-10 Material properties of C500.t8-2 obtained from test and FEM
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Strain distribution at ultimate load

—— FEM results

0175 —— Experimental results
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Figure 4-24 Experimental and FEM strain distribution of WS500.t8 butt-welded coupon
specimen
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Figure 4-25 The strain distribution and failure mode of WS500.t8 welded coupon specimen
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4.3.7.2WS700.t10

Figure 4-26 shows a comparison of the stress-strain curves obtained from the tensile test and
FE analysis. It can be seen that FE results show good agreement with the experimental
results up to the onset of necking.

The material characteristics are derived from the stress strain curve obtained from FE and
compared with the properties obtained in Section 4.3.3. From Table 4-11, it can be observed

that the difference is minor, a ratio of 1.0 is found between the experimental and numerical
results.

In addition, the longitudinal strain distribution along the specimen length is obtained at the
ultimate stress, as shown in Figure 4-27. It can be observed that the strains are localized in
the HAZ region. It is found that the maximum strain at HAZ from DIC equals 11% and the
peak strain obtained from FE equals is 9%. The base material experiences lesser strain
compared to the weld. These observations are in line with the obtained test results, see
Figure 4-28.

Global stress-strain curve of the welded coupon specimen WS700.t10

800 4 —— Experimental results

—— FEM results
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Figure 4-26 Experimental and FEM global stress-strain curves of the welded coupon
specimen WS700.t10

Table 4-11 Material properties of C700.t10-2 obtained from test and FEM
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Strain distribution at ultimate load

—— FEM results
— Experimental results
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Figure 4-27 Experimental and FEM strain distribution of W700.t10 butt-welded coupon

Specimen

"¢10.000 9.000 §.000 7.000 6.000 5.000 4.000 3.000 2.000 1.000 0.000
3

@

@ E

<3

o

n

®

n

)

2

y B

o ©

s -

4 o

g2

o=

PEEQ

(Avg: 75%)
+9.769e-02
+8.955e-02
+8.141e-02
+7.327e-02
+6.513e-02
+5.699e-02
+4.885e-02
+4.070e-02
+3.256e-02
+2.442e-02
+1.628e-02
+8.141e-03
+0.000e+00

Figure 4-28 The strain distribution and failure mode of WS700t10 welded coupon specimen

Altogether, the FE results, including the stress-strain curves and the strain distribution, give
an excellent correlation with the experimental results. This highly proves the reliability of the
obtained material properties up to the onset of necking for the weld and HAZ.
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4.4 PROPOSED DESIGN RESISTANCE OF BUTT-WELDS

Experimental investigations are carried out on butt-welds made of high-strength steels by the
research project High-Buttweld [60]. The experimental results showed a significant influence
of the observed failure mode on the resistance of butt welds. Although, the design of full
penetration butt welds according to EN 1993-1-8 [3] (see Figure 4-29) is usually carried out
in the base metal and not in the weld or the heat-affected zone. The strength of welds or the
heat-affected zone is often lower than the strength of the base metal. This means the current
rules for full penetration butt welds of high-strength steel are insufficient or even unsafe. A
design resistance function is proposed, as given in Equation 4.1, which takes into account the
influencing parameter as well as the possible failure modes of a butt weld in high-strength
steel.

The current design resistance of full penetration butt welds of EN 1993-1-8 [3] :

(1)  The design resistance of full penetration butt welds should be taken as equal to
the design resistance of the weaker of the parts connected, provided that the weld is
made with a suitable consumable that will produce all-weld tensile specimens having
both minimum yield strength and a minimum tensile strength not less than those
specified for the parent metal.

(2)  The resistance of butt-welded connections in steel grades equal to or higher than
S460, using undermatching filler metals may be based on the strength of the filler metal,

Figure 4-29 Current design resistance of full penetration butt welds of EN 1993-1-8 [3]

085 X fu,PM + 015 ' fu’FM

Ym2

(4.1)

OyRd —

where,

fupm  NOminal ultimate tensile strength of the parent metal, which is of lower
strength grade

furm  Nominal ultimate tensile strength of the filler metal according to Table 6.2,
and according to EN ISO 2560, EN 1SO 14341, EN ISO 16834, EN ISO
17632, and EN I1SO 18276

x coefficient of softening in the heat-affected zone of butt welds according to
Table 4-12

Ym2 Partial safety factor of 1.25
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Standard and steel grade
EN 10025 series EN 101452 Coefficient of softening x

S460ML 1,00
S500MC 0,95

S690QL 0.03
S700MC 0,88

5890QL 0.96
S900MC 0,95
S960MC 0,94

59600L 0.03

Table 4-12 Coefficient of softening x in the heat-affected zone of butt welds

The load-carrying capacities of the butt welds obtained in this thesis are compared with the
proposed design resistance. In this thesis, the filler metal Union NiMoCr with a diameter of
1,2 mm was used for welding the high-strength steel, producing an overmatched weld for the
S500 steel and undermatched weld for the S700 steel. The experimental results revealed that
almost all the joints fractured in the heat affected zone, therefore the load-carrying capacity is
calculated based on the tensile strength of the HAZ (funaz). In addition, the contribution of
the filler material is accounted for in the calculation of the test resistance otest, to be
consistent with the proposed design resistance ov,rd. AS shows in Table 4-13, a maximum
ratio otest/ov,rd OF 1.3 is found. This means that the introduction of the softening coefficient x
provides a reasonable prediction for the strength of the HAZ. It can be concluded that the
proposed design model for the butt welds, where the occurrence of a soft zone, is taken into
account, provide a safe and sufficient design for the butt-welded high strength steel
connection.

Specimens fi u,HAZ | Otest fi u,PM fi ufFM X Oy,Rd Otest/ Oy,Rd

WS500.t8

WS500.t110

WS700.t8

WS700.t10

Table 4-13 Comparison of the new design model and the test results
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45 SUMMARY

In this chapter, the tensile behaviour of butt-welded coupon specimens are investigated
experimentally and numerically. Cold-formed tubes of steel grade S355, S500, and S700,
each with 5-, 8-, and 10-mm thicknesses, are used as the base material. The match filler
metal Carbofil-1 is used for welding the S355 steel tubes. The filler metal Union NiMoCr is
employed for the high strength steel tubes, producing an overmatched weld for the S500
steel tubes and an undermatched weld for the S700 steel tubes. Butt-welded coupon
specimens and small samples with a length of 40 mm are extracted from the center of the
transversely welded tubes for the experimental investigation.

The experimental study consisted of microstructures observations, microhardness tests, and
tensile tests. The microstructure observation and the microhardness test revealed that a
softening zone is generated from welding and is characterized by inhomogeneous
microstructure and low hardness value compared to the base material. The tensile test
showed that all the joints fractured within the HAZ. The results revealed that the post-
welding properties, namely the strength and ductility of the joints, were deteriorated due to
the existence of the softening zone. In addition, it is found that the mechanical properties of
the welded coupon are inferior to that of the base material for the S700 butt welded
specimens. The yield and tensile strength decreased by 19% and 15%, respectively when
compared to those of the base material. For the butt-welded coupon specimen BWS5008, the
yield and tensile strength decreased by 10% and 2%, respectively when compared with that
of the base material. For the S355 and BWS500t10 welded specimens, a reduction in the
yield strength is observed. The yield strength is respectively 5% and 9% lower than that of
the base material. The tensile strength, however, increased by 6% and 5%, respectively. The
material properties of the individual regions corresponding to HAZ, and the weld are
obtained by DIC.

For the numerical simulation, finite element models are developed to assess the accuracy of
the local material properties obtained from experiments. The stress-strain curves and strain
distribution along the gauge length of 50 mm, obtained from experiments, are compared to
the FE results. It found that the FE results agree well with the experimental results up to the
onset of necking. Subsequently, these validation results show that the models could predict
the tensile properties of butt-welded coupon specimens with good accuracy. Based on the
obtained experimental and numerical results, the local material properties of each region will
be used to investigate the structural performance and the static strength of the X-joints.

Experimental investigations are carried out on butt-welds made of high-strength steels by the
research project High-Buttweld. The experimental results showed a significant influence of
the observed failure mode on the resistance of butt welds. Although, the design of full
penetration butt welds according to EN 1993-1-8 is usually carried out in the base metal and
not in the weld or the heat-affected zone. The strength of welds or the heat-affected zone is
often lower than the strength of the base metal. This means the current rules for full
penetration butt welds of high-strength steel are insufficient or even unsafe. A design
resistance function is proposed which takes into account the softening in HAZ of butt weld
joints in high-strength steel. The load-carrying capacities of the butt welds obtained in this
thesis are compared with the proposed design resistance. It is found that the ratio between the
test strength and the new design resistance equals 1.3, which means that the introduction of
the softening coefficient provides a reasonable prediction for the strength of the HAZ.
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5 STRUCTURAL PERFORMANCE OF RHS X-JOINTS

This chapter presents a series of experimental tests on tubular X-joints to investigate their
structural performance. A total of five X-joints of square and rectangular hollow sections of
steel grades S355, S500 and S700 are tested under axial tension.

This chapter is organized as follows:

e Section 5.1 elaborates on the test specimens and the welding technique used for the
experimental investigation.

e Section 5.2 deals with the test setup and procedures.

e Section 5.3 discusses the test results.

e Section 5.4 is a summary of the chapter.

5.1 TESTED SPECIMENS

Five X-joint composed of cold-formed steel tubes made of steel grade S355, S500, and S700,
are tested under axial tension in the braces. The tests are conducted on tubular joints of square
and rectangular hollow sections using different values of the ratio of brace width to chord
width (B) ranging from 0.25 to 1, the ratio of brace thickness to chord thickness (t) from 0.5
to 1, and the ratio of chord width to chord thickness (2y) from 15 to 25. The measured cross-
section dimensions of the X-joints and the corresponding joint parameters are summarised in
Table 5-1. The X-joints are labelled according to their steel grade and the value of the ratio p.
For example, the label X50000.875 refers to the X-joint specimen with a steel grade of S500
and a 3 of 0.875.

The length of the chord member is chosen as 1500 mm to exclude the effect of the chord length
on the stresses at the brace-chord interaction, because the points of contraflexure on the chord
due to the applied load occur sufficiently far away from the intersection region.

Brace Steel B 2y T

[mm] grade by/by b,/ty @ ti/tg

|

v Gleefiererin) 160.8 x 160.9x9.8 | 140x140x 7.9 | S500 | 0.875 16 0.8

X500p81.0 150.2 x 150.7 x 6.0 | 150 x 150.5x 6 | S500 1 25 1

L pelierera 14.40 x 140 x 5.9 80x120.7x6 | S700 | 0.857 | 23.3 1

veRpieren 160.5x159.6 x 10 | 140 x 140x 8.3 | S355 | 0.875 16 0.8

X355p1.0 150 x 150.5 x 6.2 150 x150x 6 | S355 1 25 1

Table 5-1 Measured dimensions and joint parameters of the X-joints
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The full-penetration butt weld is designed according to EN1993-1-8 [3] and laid using MAG
welding. The 1.2 mm electrodes of type Union Nimocr are used for welding HSS X-joints
while the 1.2 mm electrode of type Carbofil-1 are used for welding the mild steel X-joints.
The chemical composition and material properties of the weld metals are presented in Table
4-1 and Table 4-2, respectively. Prior to welding, the brace member ends are prepared with a
45-degree bevel. The brace members are centrally positioned and then welded to the chord
face at an angle of 90°. The joints are welded by a certificated welder, following the welding
specifications in terms of heat input, welding speed, preheat temperature and the interpass
temperature.

A slotted connection is made by slotting the brace member ends and inserting a tail plate into
the slot. The plate is welded to the brace with a butt weld and an additional fillet weld with a
throat thickness of 3 mm to ensure that the weld is not critical. In other words, to guarantee
that the failure occurs in the brace or chord member rather than at the tail plate and brace
connection. The tail plate contains a hole with a diameter of 102 mm to fit the X-joint in the
test set-up. Figure 5-1 shows the configuration of the RHS X-joint.

Tail plate |
| z+;:.-1::il_ I/+-r'3j'_1l
N |
butt weld 1 butt weld a
I v/ butt weld I
| l_ : ] [ | [
ok
- Ll = IF S 0 L : :
| =-\/ butt weld S
butt weld : butt weld | .
A E_ E\L E
radp | | a3y L

Tail plate H

Figure 5-1 Configuration of the RHS X-joint
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5.2 TEST SET-UP AND TEST PROCEDURE

The hydraulic testing machine with a maximum capacity of 10,000 kN is used to apply axial
tension in the brace members through the tail plates. Displacement control is adopted at a
constant loading rate of 0.01 mm/s.

For the test, two different measuring methods are used. The first measuring method is 3D DIC
which is used to measure the displacement field on one side of the joint. Hence, a speckle
pattern is created on the surface of the X-joint prior to testing. Two cameras are positioned at
a specified angle and distance relative to each other and the X-joint. Two LED spotlights are
placed on both sides of the cameras to achieve appropriate lighting on the measuring surface.
The system is then calibrated until a calibration deviation smaller than 0.1 is reached. The test
setup is shown in Figure 5-2.

Figure 5-2 Test set-up of the X-joint

The second measuring method is the linear variable displacement transducers (LVDTSs) which
are employed to measure the deformations between two cross sections in the brace. The
LVDTs are fixed on a steel frame which is mounted onto the top and bottom brace members
and is positioned 100 mm away from the chord face as shown in Figure 5-3 and Figure 5-4a.
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Figure 5-3 Assembled steel frame onto the top and bottom of the braces with four LVDTs

Another LVDT was placed at the centre of the chord side wall to measure the inward
displacement of the chord sidewall (e.g., LVDT No.5 as shown in Figure 5-4). The chord face
indentation was measured along the brace axial direction by one LVDT and was positioned 30
mm away from the brace surface (e.g., LVDT No. 6 as shown Figure 5-4). This LVDT was
positioned on the other side of the joint, which did not face the DIC camera.

During the test, the straining was held for 30 seconds every 300 kN to allow for stress
relaxation to obtain the static load.

| |
LVDT | | LVDT
Mo 1&2 | " Ma. 3 & 4
o Staul frama b
T T I
,IUD![' | | LVDT LVDT DIC Camera LVDT
Lo | mee 30 No. 1 __ - Ne. 4
i i 1 I ; e - =
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Ha. & Steel frame LVDT
Mo. 6
*—*—H'——I—'——=*——~I ——————————— I A= = = = =
o | LvoT [ 0 L vor
Ho, 2 HNo. 3
10[]" \ | LVDT °
| j i No. 5
| Steel frame |
I ]
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Figure 5-4 Exact location of the LVDTSs: a) side view of joint and b) top view
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5.3 TESTRESULTS

The curves of the applied load versus the deformation, in terms of the chord face indentation,
of the joints are shown in Figure 5-5. The deformation of the X-joint is determined based on
the vertical displacement of the two black points shown in Figure 5-6. The vertical distance
between the two points equals the width of the chord bo. The first point is located at the
centreline of chord member and the second point is located at the centreline of the brace.
These displacements are extracted from DIC by placing an extensometer on the undeformed
surface of the joint with an initial length of bo as shown in Figure 5-7. The same procedure is
followed for all the joints.

Load-deformation curves of the X-joints

2500 1 ; —— X500B0.875
X500B1.0
2000 | —— X700B0.857
\— X355B0.875
— X35581.0
Z 1500 1 Maximum load\
@
¢
S 1000 \ \
500 -
U_

0 1 2 3 4 5 6 7
Deformation [%ba]

Figure 5-5 Load-deformation curve of the X-joints

'hﬂ'

Figure 5-6 Measuring points to determine the 3% deformation limit
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Figure 5-7 The vertical displacement measured by DIC

The experimental results, the joint strength as well as the observed failure modes of the X-
joints are summarized in Table 5-2. The strength of the joint is determined based on two
criteria: the ultimate load Fy and the load corresponding to 3% deformation limit Fss as shown
in Figure 5-5. The ultimate load Fy is the maximum load the joint sustained, which is
considered to be the joint strength if the joint has an ultimate load at a deformation smaller
than the deformation limit. If the joint has an ultimate load F, at a deformation larger than the
deformation limit, the load at deformation limit Fas is considered to be the joint strength. The
deformation limit is based on the deformation of the chord face at the connecting face when it
reaches 3% of the RHS chord width (0.03hbo) [66].

Steel B 2y T Fu Failure mode

grade bo/to tl/tO [kN]

X500p0.875 : Brace failure in HAZ

X500p1.0 S500 1 25 1 1696 | Brace failure in HAZ

Llieesra s S700 | 0.857 23.3 1 959 Punching shear

ekpieren ) S355 | 0.875 16 0.8 | 1907* | Brace failure in HAZ

X355p1.0 Chord side wall

* Determined based on 3% deformation limit criteria

Table 5-2 Experimental results of the X-joints
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For all joints except for joints X70080.857 and X50081.0, the joint strength is determined
based on the 3% deformation limit. Considering the joints X355(0.875 and X50000.875,
which have the same B but different steel grade, it can be observed that the joint strength
increases by 14% as the steel grade increases from S355 to S500. At the same time the
deformation capacity of the joints decreases as the steel grade increases. The deformation at
the ultimate load of X50080.875 is decreased by 40% compared to that of X35530.875. This
can be explained by material characteristic of HSS. Comparing load-deformation curves and
the joint strengths of the joints X355B1.0 and X50081.0, similar observations are found: the
joint strength increases by 24% as the steel grade increases from S355 to S500, while the
deformation at the ultimate load decreased by 60%. For the X70080.857 joint, minimal
deformation is observed in the joint before it failed. The joint failed at a deformation of 1.6%hbo
(which is equal to 2.24 mm). In view of all observations, it can be said that the material
characteristics of steel has a pronounced effect on the joint performance.

Different failure modes are observed from the tests. The failure modes of the tested joints are
provided in Appendix F. It is observed that brace failure was the governing failure mode for
X500p0.875, X500p1.0 and X35580.875 joints. Punching shear occurred in joint X70030.857,
a crack is observed in the HAZ in the chord face. For joint X35581.0, the chord sidewall is the
governing failure. The failure modes of the joints which have the same f values and different
steel grade are compared. For the joints with § =1, the observed failure mode changed from
chord side wall failure to brace failure in HAZ when the steel grade increased from S355 and
S500. For B = 0.875, both joints failed in the brace in HAZ. It can be observed the material
softening in the HAZ becomes more pronounced in the failure of HSS joints.

Furthermore, the test strengths of the X-joints are compared with the design strengths
calculated from EN 1993-1-8 with and without applying the reduction factors, in Table 5-3.
The calculation is performed based on the measured yield strength of the material. For
X500p0.875, X500p1.0, X700p0.857 and X355p0.875, the failure occurred in the HAZ. Thus,
the yield strength of the HAZ is employed. For X355p31.0, the yield strength of the base
material is used because of the chord side wall failure. The detailed calculation of the design
resistances of the joints according to Eurocode is provided in Appendix G. The predicted
design strength with and without the reduction factors are graphicly presented by the horizontal
dashed line in Figure 5-8 and Figure 5-9, respectively.

[y Feyp Fecscr Fexp Fies Fxp
[N/mm?]  [kN] [kNl  Fpese, [KNII Fpes

X500p0.875 0.86 530 2181 1197 1.8 1392 1.6

X500p1.0 0.86 530 1696 1083 1.6 1259 1.3

X700p0.857 0.8 610 959 444 2.2 555 1.7

X3550.875 1 439 1907 1153 1.6 1153 1.6

X355p1.0 1 451 1362 974 1.4 974 1.4

Table 5-3 Tests and design strength of the X-joints
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Figure 5-8 Load-deformation curves of the X-joints and design strength applied with Ct
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The results show that the design strength considerably underestimate the joints strength for the
joints with B equals 0.5, 0.7 and 0.85. The ratios 1.8 to 2.2. Even without the reduction factor,
the ratios range from 1.6 to 1.7. Regarding, the joints with B equals 1.0, the ratio Frem/ Fec3
are close to 1.3 for the S500 joints. The necessity of using material reduction factor will be
evaluated in the next chapters.

In addition to the joint strength, the predicted failure mode from Eurocode is obtained and
presented in Table 5-4. It is worth noticing that the observed failure modes in the tests are in
line with the predicted EC3 failure mode except for X355-$0.875 and X500-p0.875. All most
all the joints failed in the heat-affected zone which means that the presence of the HAZ has
influence on the static strength and failure modes.

Joint Observed Failure mode Predicted Failure mode

X50080.875 Brace failure in HAZ Punching shear

X500p1.0 Brace failure in HAZ Brace failure

X700p0.857 Punching shear in HAZ Punching shear

X35540.875 Brace failure in HAZ Punching shear

X35501.0 Chord side wall Chord side wall

Table 5-4 Predicted and obtained failure modes of the X-joint
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54 SUMMARY

This chapter presents the structural behaviour, in terms of static strength and failure mode, of
butt-welded tubular X-joints. The experimental program consisted of five X-joints made of
steel grade S355, S500, and S700. The tests are conducted on tubular joints of square and
rectangular hollow sections using different 3 values.

The results have shown that the 3% bo deformation limit was found to be critical for all joints
except for the joints X70080.857 and X50081.0. Considering the joints X35530.875 and
X500p0.875, which have the same B but different steel grade, it can be observed that the joint
strength increases by 14% as the steel grade increases from S355 to S500. At the same time,
the deformation at the ultimate load of X50080.875 is decreased by 40% compared to that of
X35530.875, which can be explained by material characteristic of HSS. Similar comparison
was done for the joints X35501.0 and X5001.0, it was found that the joint strength increases
by 24% as the steel grade increases from S355 to S500, while the deformation capacity of the
joints decreases by 60%. For the joint X70080.857, minimal deformation is observed in the
joint before it failed.

Almost all the joints failed in the HAZ, except for joint X35581.0, the observed failure mode
is chord sidewall failure. These observations reveal that the HAZ has a certain effect on the
structural performance in terms of strength and ductility of the X-joints.

The results show that the design strength considerably underestimate the joints strength for the
joints with B equals 0.5, 0.7 and 0.85. The ratios 1.8 to 2.2. Even without the reduction factor,
the ratios range from 1.6 to 1.7. Regarding, the joints with  equals 1.0, the ratio Frem/ Fecs
are close to 1.3 for the S500 joints, see Table 5-5. The necessity of using material reduction
factor will be evaluated in the next chapters.

Fecact  FExp

[kN] F EC3,Cy

X500p0.875 . 2181 1197 1.8

X500p81.0 0.86 530 1696 1083 1.6 1259 1.3

X700p0.857 0.8 610 959 444 2.2 555 1.7

X355p0.875 1 439 1907 1153 1.6 1153 1.6

X355p1.0 1 451 1362 974 1.4 974 1.4

Table 5-5 Tests and design strength of the X-joints
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6 FINITE ELEMENT MODELLING OF THE RHS X-JOINT

This chapter covers the finite element models (FEMs) of the RHS X-joints which are
developed and validated against the experimental results. The developed FEMs are adopted
for the parametric study in the next chapter. The commercial software ABAQUS (2019) is
used to the finite element analysis.

This chapter is organized as follows:

e Section 6.1 describes the FEM in terms of the geometry of the joint, material properties,
the boundary condition and the meshing.

e Section 6.2 deals with the FE results in terms of the load-deformation curves and the
failure modes.

e Section 6.3 is a summary of the chapter.

6.1 FINITE ELEMENT MODELLING

6.1.1 THE GEOMETRY OF THE X-JOINT

A total of five models are generated for the simulation. The models are built-up with the
measured geometric dimension in order to bring it as close as possible to reality. The measured
geometric dimensions of the joints, including the inner and outer radius of the brace and chord
member, the chord length and the brace length are shown in Table 6-1. The joints are labelled
in the same way as described in Section 5.1. Taking advantage of the geometric symmetry,
only a quarter of the joint is created. An example of the FEM is shown in Figure 6-1.

Brace Chord Brace

[mm]
Yout Tin Yout Tin

Gy 160.8 x 161 x 9.8

140x 140x 7.9 | 25

X500p81.0 150 x 150.7x 6.0 | 150x150.5x6 |13 | 7 |13 | 7 | 752

lelioreera) 1440 x140x 5.9 | 80x120.7x6 |13 | 7 |13 | 7 | 570 | 1500

iRl 160.5x159.6 x10 | 140x140x8.3 | 25 | 15 | 20 | 12 | 738

X355p1.0 150x150.5x6.2 | 150x150x6 |11 | 6.1 | 11 | 5.0 | 752

Table 6-1 Geometric dimension of the X-joint
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As already mentioned, full penetrated butt welds are used to connect the brace and chord
member. It is worthy to know that the laid butt welds consist of several weld passes: root, fill
and cap passes. The root pass is made at the base of the bevel. Subsequently, a number of fill
passes to fill the bevel are applied depending on the thickness of the connected member. The
last weld pass is the cap which is applied to cover the welded region. Generally, this final
weld pass results in an additional weld material on the welded joint which has an
approximate throat thickness of 3mm. The exact geometry of the weld is measured prior to
the test and is considered in the modelling. The weld detailing is shown in Figure 6-2.

X

Figure 6-1 Developed finite element model

_

Weld material ( Root + Fill passes)

— Additional weld material

'\Q \ (Cap passes )

)
»

Figure 6-2 Weld detailing
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The X-joints are divided into four regions; base material, HAZ, weld, and corner, as
illustrated in Figure 6-3. The base material region refers to the flat region of the chord and
the brace members. The HAZ region in the brace is oriented parallel to the bevelled surface,
while the HAZ in the chord is oriented through the thickness of the cross section. The width
of HAZ is determined from the hardness measurement which are conducted on the welded
coupon specimens, as discussed in Section 4.2.2. Depending on the thickness of the profiles,
the HAZ width may differ for the chord and the brace members. The exact width of HAZ
used in the model is given in Table 6-2.

Figure 6-3 Different regions of the X-joint

Joint HAZ in Chord HAZ in Brace

X50080.875

X5001.0

X70080.857

X355p0.875

X355p1.0

Table 6-2 Width of the HAZ in the connected members
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6.1.2 MATERIAL PROPERTIES

The material properties of HAZ and weld which are used in the simulation of the welded
coupon specimens are adopted for the simulation of the X-joints, see Section 4.3.3. The
material property for the base material is defined based on tensile tests on the coupon
specimens taken from the flat regions of the chord members of the full-scale X-joints. The
engineering stress-strain curves of the coupon specimens extracted from the chord members
are presented in Appendix A. These are labelled in the following way: XSxxx.tyy-Nr.

Different material property is used for the corner region of the cross section. During cold
forming, high plastic deformation and strain hardening appear in the corner regions compared
to the flat regions, resulting in nonuniformity in the mechanical properties around the cross-
section. The properties of the corner region are found in literature since these properties are
not covered in this study. The corner properties for the S355 profiles are shown in Figure 6-4.
The corner properties for the S500 and S700 profiles are shown in Figure 6-5 and Figure 6-6,
respectively.
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Figure 6-4 Corner material properties for steel grade S355 [67]
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Figure 6-5 Corner properties for steel grade Figure 6-6 Corner properties for steel grade
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In order to assign these corner properties to the corner regions of the investigated joints, the
stress strain curve of the flat coupon specimens obtained from the experiments are compared
with that are found in literature for the different steel grade. For S355, It was found that the
stress strain curve of the coupon specimen extracted from the flat region are almost identical
to the material properties found in literature. Hence the material property of the corner regions
presented in Figure 6-4 is used in the simulation. For S500 and S700, the material properties
(yield and tensile strength) of the flat coupon specimens deviated from the tested coupon
specimens by 8% and 15% reduction, respectively. The corner properties found in literature
are reduced with the same amount.

The Youngs modulus of the different regions are presented in Table 4-6. The plastic behaviour
is defined by the plastic true stress strain curves. The plastic true stress strain curves of the
different region for X50080.875 is presented in Figure 6-7. The curves for the remaining joints
are presented in Appendix H.

Youngs Modulus [GPa]

Joint
Base material Weld o VAV

X5000.875

X500p1.0

X700p0.857

X3550.875

X355p1.0

Table 6-3 Young's modulus of the different regions

QPIastic True stress strain curves of the different region for X500-B0.B75
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Figure 6-7 Plastic true stress strain curves of the different region for the joint X50040.875
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6.1.3 BOUNDARY AND LOADING CONDITIONS

The boundary condition reflects those in the X-joint experiments. The multi-point coupling
(MPC) constraints of the type ‘beam’ are applied between the brace end and the concentric
reference point (RP) located on the centroid of the complete cross-section. In this way, the
translational and rotational degrees of freedom of the brace ends are coupled to the
corresponding reference point.

At one end, all degree of freedom of RP2 are fixed (Ux = Uy = U;=URx = URy = UR; = 0) and
at the other end, the rotational and the translational constraints of RP1 (Ux = Uz= URx = URy
= UR; = 0) are applied except for the axial displacement along the longitudinal axis of the
brace member (Uy # 0). A displacement load of 20 mm is linearly imposed on RP1 throughout
the time period.

Symmetry boundary conditions are applied in order to simulate the behaviour of the entire X-
joint properly. Symmetry conditions are applied by fixing the X-axis (U1=UR2=UR3=0) and
the Z-axis (U3 = UR1=UR2 = 0) in the global coordinates for the brace and chord. The
symmetry boundary conditions are illustrated in green for the Z-axis and red for the X-axis in
Figure 6-8.

» Load

Reference point 1
RP1

Ux=Uy=U:=URx =

URy=URz=0

Reference point 2
#® RP2

Ux = Uz = LRx =
URy=UR:=0

Figure 6-8 Loading and boundary condition of the FE model
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6.1.4 MESHING

The linear 8-node brick element C3D8R with reduced integration was used in FEM. A mesh
size of 1 mm is used in the connection region, while a mesh size of 2 mm is used towards the
chord and brace ends since these regions have less influence on the X-joint behaviour, which
also allows for a reduction in the computation time.

Due to the complex geometry at the brace-chord interaction region and the weld corners,
partitions are made to ensure that hexahedral elements are applied, which improves the
calculation accuracy compared to tetrahedral elements. The FEM meshes are shown in Figure
6-9.

ITY
i‘.
& W
=

Figure 6-9 Meshed model of the X-joint
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6.2 FINITE ELEMENT RESULTS

In this section, the finite element (FE) results, including the load-displacement curves and the
failure modes, are presented and validated against the experimental results.

6.2.1 LOAD DISPLACEMENT CURVE

The experimental force-displacement curves are based on the measured axial displacement of
the brace members by the LVDTs assembled to the steel frame. The steel frame has an initial
length of 200 mm+ho depending on the height of the chord of each joint. The FE load-
displacement curves are obtained from each model by extracting the applied load from the
reference point which is located at the center location of the full brace member. The
displacement is extracted from two points located on the braces, see Figure 6-10. The vertical
distance between those points is 200 mm-+ho.

Applied load g

200 mm + hy

Figure 6-10 The extracted force and displacement from the FE model

The load-displacement curves from the experiments and the FEMs are compared in Figure
6-11- Figure 6-15. Two curves are obtained from the FEMs. One of the FE-curves is extracted
from the model whereby the corner regions of the brace and chord member are assigned with
the same base material properties adopted for the flat region of the cross-section. While the
other curve is extracted from the model whereby the corner regions are assigned with the
corner properties found in Literature [42,67].

It can be observed that when the corner regions are assigned with the base material properties
used for the flat regions, the deformation capacity of the joint is overestimated. These
deviations are resolved by assigning the corner region with the proper properties. This is
reflected in the load displacement curves of X5000.875, X700p0.857 and X355p30.875.

For the joints X355(0.875 and X500p0.875, it can be seen that the FE models with the assigned
corner properties gives a good predication of the test results. In these joints, the brace members
are supported by the corner region of the chord member. The load is transferred from the brace
to the chord web causing high stresses in the corner region. Material features of the corner
region are, therefore, crucial for the overall performance of X-joints.
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The maximum load that the joint sustained is not affected by corner properties for these joints
because the brace failure is the governing failure mode.

The joint X70080.857, however, showed a different response. It is found that the deformation
capacity decreases, and the joint strength slightly increased when the corner properties are
assigned to the proper regions. This is because the fracture was observed at the corner region
of the chord member adjacent to the weld, see Figure I-3 in Appendix I (classified as punching
shear failure). Thus, when this region is assigned with stronger material properties, not only
the stiffness is affected but also strength influenced.

For both X35581.0 and X5001.0 joints, the force-displacement curves show a proper initial
stiffness and joint strength prediction.

Load-displacement curves of test and FEA for X500B0.875
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Figure 6-11 Test and FEA load-displacement curves for of X50080.875
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Load-displacement curves of test and FEA for X500B1.0
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Figure 6-12 Test and FEA load-displacement curves for X50051.0

Load-displacement curves of test and FEA for X7000.857
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Figure 6-13 Test and FEA load-displacement curves for X700$0.857
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Figure 6-14 Test and FEA load-displacement curves for X35540.875
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Figure 6-15 Test and FEA load-displacement curves for X35531.0
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6.2.2 JOINT STRENGTH

The ultimate resistance obtained from experiments (Fexp) and FEM (Frg) are compared in
Table 6-4. The FE results agreed well with the test results with a maximum of 3% difference.

Joint Steel grade Fiyp™*

[keN]

X50080.875 S500 2199

2198

X50081.0 S500 1696 1701 <1.0

X700p0.857 S700 983 958 0.97

X355p0.875 S355 1971 1964 ~1.0

X355p1.0 S355 1373 1330 1.03

Table 6-4 Comparison of the joint strength obtained from tests and FEM
* Fexp =maximum load the joint sustained

6.2.3 FAILURE MODE

Figure 6-16 demonstrates that the predicted failure mode of the brace failure in the HAZ for
joint X50080.875 can closely mirror the test observation. The same observations are found for
the other investigated joints. The failure modes of these joints are presented in Appendix I.

Figure 6-16 Test and FEA failure mode of X50080.875

To summarize, the experimental results and the FE results are in good correlation. Therefore,
it can be concluded that FE model give a good prediction of the structural behavior of the RHS
X-joints and can be used in further parametric study.
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6.3 SUMMARY

FEMs are developed and validated against the experimental results in order to simulate the
behaviour of the RHS X-joints under tension. The numerical simulation is carried out to ensure
that the developed FE models can be adopted for the parametric study. The obtained local
properties of the weld, base material, and HAZ are used as input for the FE analysis. The
properties of the corner region are found in literature since these properties are not included in
the test series. The FE results are compared with the experimental results. The FE results show
good agreements with the experimental results. As shown in Table 6-5, a maximum difference
of 3% was found between the experimental and numerical ultimate resistances.

Based on these finding, it is concluded that the developed FE model can provide a reasonable
prediction of the structural performance of the RHS joints, including the load displacement
curves, joint strength and failure mode. The validated models will be adopted for the
parametric study.

Fisp/FrEa

X50080.875

X500p1.0

X700p0.857

X3550.875

X355p1.0

Table 6-5 Comparison of the joint strength obtained from tests and FEM
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7 PARAMETRIC STUDY

This chapter covers the extensive parametric study which is conducted to supplement the
limited X-joint tests. The validated FE models (presented in previous chapter) are adopted for
this study. A total of 24 RHS X-joints subjected to axial tensile load of steel grades S355, S500
and S700 are analysed. The effect of the different steel grade and the geometrical parameters
on the structural behaviour of RHS X-joints in terms of static strength, ductility and failure
mode are investigated. Based on the parametric study, the necessity of the material reduction
factors introduced for HSS in the revised version of EN 1993-1-8 is discussed.

7.1 PARAMETERS

Three varying parameters are considered in this study: steel grade, the brace width to chord
width ratio (B) and the brace to chord thickness ratio (t). A range of common values used in
practice were assumed for the parameters: 3 =0.5, 0.7, 0.85, 1 and t=0.8, 1.0. The investigated
steel grades are S355, S500 and S700. The parameters are summarised in Table 7-1

The joint dimensions, such as, chord height, brace cross section, chord length and brace length
are kept constant.

Butt welds are employed to assemble the chord and the brace into the X-joint.

Parameters

Steel grade S355, S500 and S700

Chord
100 X bo X to

B

Table 7-1 Parameters used in the parametric study

7.2 FINITE ELEMENT MODEL

7.2.1 GEOMETRY

In all models considered in the parametric study, the brace height, width, thickness and chord
height are taken to be 100 mm, 100mm, 8mm and 100 mm, respectively. The angle between
the brace and chord is 90°. The chord length Lo is designed to be 15000 mm to exclude the
effect of the chord length on the joint behaviour. The brace length L; is selected to be 5b; for
all the X-joints. The geometry of the joints and the investigated parameters are summarized in
Table 7-2. Each X-joint is labelled such that the steel grade and the investigated geometrical
parameter could be identified from its label. The X-joints are labelled as XxxxByytzz where
xxx denotes the steel grade, yy denotes the value of the brace width to chord width ratio (B),
and zz denotes the value of the brace to chord thickness ratio.

To reduce the computational time and memory storage, only a quarter of the full X-joint is
modelled with symmetric boundary condition, as shown in Figure 7-1.

The brace and the chord are connected using full penetration butt welds, indicated in red see
Figure 7-2. The brace ends are prepared with a bevelled edge with an angle of 45° which
follows the welding preparation used for the tested X-joints.
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XXXXPyyTz2z

Steel

grade

S355,
S500 and
S700

Chord

Brace

100x200x10 | 100x100x8

140x100x10 | 100x100x8 | 0.7 | 0.8

120x100x10 | 100x100x8 | 0.85 | 0.8

100x100x10 | 100x100x8 | 1.0 | 0.8
200x100x8 | 100x100x8 | 0.5 | 1.0
140x100x8 | 100x100x8 | 0.7 | 1.0
120x100x8 | 100x100x8 | 0.85 | 1.0
100x100x8 | 100x100x8 | 1.0 | 1.0

Figure 7-1 FE model

Figure 7-2 Brace preparation and butt welds
detailing
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Table 7-2 Geometric properties of the investigated X-joints of the parametric study




7.2.2 BOUNDARY CONDITIONS AND LOADING
The boundary conditions used in the experiments validation and are applied in the same way
as described in 6.1.3.

7.2.3 MESH

The linear 8-node brick element with reduced integration (C3D8R) was adopted to mesh the
X-joint. Due to the complex geometry at the brace-chord interaction region and the welds,

partitions are made to ensure that hexahedral elements are applied.

The mesh size used for the whole model equals 1 mm. A five layered mesh is applied through
the thickness direction, this can be seen in Figure 7-3.
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i

Figure 7-3 Meshing of the X-joint
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7.2.4 MATERIAL PROPERTIES

The welded X-joints consists of separate zones (such as the base material, the weld and HAZ)
with different material properties. The material properties of these different zones have been
obtained from the tensile coupon test, as described in Chapter 3 and Chapter 4.

The elastic properties are defined by the Young’s modulus and the Poisson’s ratio which is
taken as 0.3. The Young’s modulus is presented in Table 6-3 in Section 6.1.2. The plastic
properties of the different zones are defined based on the obtained stress strain curves from
experiments. The plastic true stress strain curves of the different zones in the RHS X-joint,
specified for each steel grade, are presented in Figure 7-4, Figure 7-5 and Figure 7-6. Two
material properties are plotted for the base material and HAZ. This distinction is made based
on the considered thicknesses of the cross sections.

It is noteworthy to mention that the thickness of the profiles, i.e., the chord and brace, are
limited to two thicknesses of 8 and 10 mm, because only the material properties of the HAZ
in the butt-welded specimens of these two thicknesses are obtained experimentally for the
different steel grades. This limitation ensures the accuracy and consistency in the prediction
of the structural behaviour of the X-joints within the specified range. The width of the HAZ in
the brace and the chord are summarized in Table 6-2 in section 6.1.1

The corner regions are assigned with material properties found in literature. The plastic true
stress strain of the corner region are shown in Figure 7-4, Figure 7-5 and Figure 7-6

Plastic True stress strain curves of the different region for S355 steelgrade joints
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Figure 7-4 Plastic True stress strain curves of the different regions for S355 steel grade
joints
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Plastic True stress strain curves for S500 steelgrade joints
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Figure 7-5 Plastic true stress strain curve of the different regions for S500 steel grade joints

Plastic True stress strain curves of the different region for S700 joints
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Figure 7-6 Plastic True stress strain curve of the different regions for S700 steel grade joints
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7.3 FINITE ELEMENT RESULTS

7.3.1 EFFECT OF B PARAMETER

The influence of the B parameter on the structural behaviour of the joints are analysed using
four models for each steel grade. The investigated values of 3 are 0.5, 0.7, 0.85 and 1.0. The
load-deformation curves of all the simulated joints of steel grades S355, S500 and S700 with
the different values of 3 and constant t ratio of 1, are presented in Figure 7-7, Figure 7-8 and
Figure 7-9, respectively. The load-deformation curves of the remaining joints with constant t
ratio of 0.8 are presented in Appendix J. The load is extracted from the reference point which
is located at the center location of the full brace member. The deformation of the X-joint is
determined based on the vertical displacement of the two black points shown in Figure 7-10.
The first point is located at the centreline of chord member and the second point is located at
the centreline of the brace. The vertical distance between the two points equals the width of
the chord bo.

Furthermore, the joint strength is obtained from the finite element model Frem based on two
criteria. The joint strength is defined to be the ultimate load if the corresponding deformation
is smaller than 3% bo. Otherwise, the load at 3% deformation limit is considered to be the
joint strength.

Load deformation curve for the different B value for the 5355 joints
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Figure 7-7 Load deformation curve for the different § values for the S355 joint

Load deformation curve for the different B value for the S500 joints
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Figure 7-8 Load deformation curve for the different  values for the S500 joint
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Load deformation curve for the different B value for the S700 joints
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Figure 7-9 Load deformation curve for the different  values for the S700 joints

=ho

Figure 7-10 Determination of the deformation of the X-joint

Joint strength Frem Frem, =i/ Frem, p=05

XS835511 518 838 1241

XS850071 279 610 980 1468 - 2.2 3.5 5.3

XS700t1 327 790 1370 1872 - 2.4 4.2 5.7

XS§835510.8 384 812 1140 1582 - 2.1 3.0 4.1

XS50070.8 S 963 1330 1880 - 21 | 30 | 41

XS70070.8 556 1330 1815 2325 - 2.4 3.3 4.2

Table 7-3 Joint strength of the X-joints
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First, the joint strength is considered. The joint strength based on the 3%bg criteria is critical
for all the joints expect for the joint XS70081t1 and XS7008110.8. Table 7-3 presents the
obtained Frewm of the joints of steel grades S355, S500 and S700 with different values of p and
1 ratio of 0.8 and 1.0. The influence of B on the joint strength for each steel grade is described
by the ratio of the joint strength of the joints with f = 0.7, 0.85 or 1.0 (Frem, pi) to the joint
strength Frewm, p-0s Of the joints with = 0.5. It can be observed that the ratio increases as f3
increases. The joint strength of the S355 and S500 joints with T = 1 increased by 421% when
the B increased from 0.5 to 1.0. The joint strength of the S700 joints with T = 1 increased by
472% when the B increased from 0.5 to 1.0.

The joint strength as a function of B of the joints with a 1 ratio of 1.0 is presented graphically
in Figure 7-11. It is reasonable that higher steel grade lead to higher joint strength. The strength
of the S500 joints increased with 18% when compared to the strength of the S355 joints for all
B-values, see Table 7-4. The difference between the joint strength of S355 and S700 for =
0.5 equals 37%. As the B increases, the effect of the steel grade becomes more significant. For
the joints with B-value ranging from 0.7 to 1, a minimum difference of 51% is found.

Joint strength as a function of B
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Frem, ss00/ Frem, s355 [%0]

Frem, s700/ Frem, s3ss [%]

Frem, ss00/ Frem, s3s5 [%]

Frem, s700/ Frem, s355 [%0]

Table 7-4 Comparison of the joint strengths with strength of the 355 joints for the different
values
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Initial stiffness Si [KN/mm]

B : 0.7 0.85

XS835511

XS50071

XS§70071

Table 7-5 Initial stiffness of the X-joints

Initial stiffness as a function of B

»
-+- 5355
— 3500 o
£ -+- 5500 e
E 30001 _o- 5700 R
s
2 2500 o
w A
g 2000 Py
£ 1500 e
= P
i J":;:;—"
= 1000 1 A
= 55
£ 5001 R
0{ &=~
0.5 0.6 0.7 0.8 0.9 1.0
B

Figure 7-12 Initial stiffness as a function of g for the different steel grades

Secondly, the initial stiffness of the X-joint for each steel grade and different  values with a
T ratio of 1.0 is obtained in Table 7-5 and is graphically presented in Figure 7-12. The increase
of the stiffness is more significant when 3 approaching one. The stiffness increased from 18
to 3869 kN/mm as P increased from 0.5 to 1.0. This can be explained by the transfer of the
applied load to the chord side wall. When B-value is large, the applied load is resisted by the
stiff chord side walls. However, when B-value is small (f < 0.85) the applied load is mainly
resisted by the bending action of the relatively flexible chord face rather than directly to the
stiffer side walls, resulting in lower initial stiffness.

Regarding the deformation capacity, both the mild and high strength steel X joints with <
0.85 exhibit large deformation through chord plasticisation. A clear hardening stage can be
observed in the load deformation curves of the joints with B equals 0.5, 0.7 and 0.85, resulting
in high deformations, exceeding the 3% deformation limit. The joint with 3 = 0.85 has a lower
deformation capacity compared to the joints with p = 0.5 and B = 0.7. This can be explained
by the contribution of the ‘chord side wall’ to the stiffness of the joint which results in a stiffer
joint with lower deformation capacity.

Considering the deformation capacity of the joints with =1 as a function of the steel grade, it
can be observed that the joints made of steel grade S355 and S500 exhibit a deformation
characteristic with sufficient ductility while the S700 joints exhibit a limited deformation
capacity. The joints failed before the 3% deformation limit. This attributes to the material
characteristic of HSS: the strength increases while the ductility decreases as the steel grade
increases, as demonstrated in Chapter 3.
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7.3.2 FAILURE MODE

The FEA results including the von Mises stress and the equivalent plastic strain (PEEQ)
contour plots at the governing load (3% deformation limit) of the joint XS500 with different
B values and t ratio of 1 are presented in Figure 7-13-Figure 7-16.

It can be observed that chord plasticisation is the governing failure for the joints with = 0.5
and 0.7. The joint with B = 0.85 failed by punching shear failure. For the joint with 3 = 1.0,
the governing failure is chord side wall failure.

Similar failure modes were observed in the XS355 joints. For the joints made of steel grade

S700, similar failure modes are found for the joints with g = 0.5 and = 0.7, while for the
joints with  equals 0.85 and 1.0 the failure occurred in the brace in the HAZ.
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Figure 7-13 Von Mises stress distribution (Left) and PEEQ (Right) at the governing load of
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Figure 7-14 Von Mises stress distribution (Left) and PEEQ (Right) at the governing load of

the joint XS50040.7t1
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Figure 7-15 Von Mises stress distribution (Left) and PEEQ (Right) at the governing load of

S, Mises

(Avg: 75%)
+8.066e+02
+7.394e+02
+6.722e+02
+6.050e+02
+5.377e+02
+4.705e+02
+4.033e+02
+3.361e+02
+2.68%e+02
+2.017e+02
+1.345e+02
+6.728e+01
+7.232e-02

aseiiannuna
HH T

7 Step:
Prima
Defarr

Figure 7-16 Von Mises stress distribution (Left) and PEEQ (Right) at the governing load of
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7.3.3 EFFECT OF T PARAMETER

The influence of the T parameter on the structural behaviour of the joints are analysed for
each steel grade. The investigated values are 0.8 and 1.0. It should be noted that the varying
geometry is the chord thickness while the brace thickness is kept constant. The load-
deformation curves of all joints with different values of t and f ratio of 0.7, are presented in
Figure 7-17. The load deformation curves of the remaining joints with a f ratio of 0.5, 0.85
and 1 for different t ratios and steel grade are presented in Appendix J.
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Figure 7-17 The load-deformation curves of all joints with different values of r and = 0.7

The obtained joint strengths are summarized in Table 7-6. The joint strength is determined
based on either the peak load or the 3% deformation limit. From the load deformation curves,
it can be observed that the 3% deformation limit is critical for all joints except for the joints
XS700B1t1 and XS7008110.8.

Frem, =08/ =1 1=0.8 Frem =08/
Frem, =10 Frem, =10

XS35580.5 . XS835580.7

XS50080.5 . XS50080.7

XS700B0.5 . XS700B0.7

XS8355p0.85 . XS35581.0

XS500pB0.85 . XS500B1.0

XS700p80.85 mEHY . XS700p81.0

Table 7-6 Joint strength of the X-joints

116



The influence of t on the joint strength is described by the ratio of the joint strength of the
joints with T = 0.8 (Frem,«0.3 ) to the joint strength (Frem,—1) of the joints with t = 1. For all
the X-joints, it appears that a decreasing value of t (increase of the chord thickness) results in
an increase of the joint strength. Figure 7-18 illustrates the comparison of Frem, =08/
Frem=1 for all the simulated joints. It is shown that the ratio decreases with increasing p.

The ratio F,t=0.8 / F,T1=1.0 as a function of B
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Figure 7-18 Freum, =08/ Fren =1 as a function of p for different steel grades

In the joints with B value of 0.5 and 0.7, the applied load is mainly resisted by the bending
action of the chord face, which means that the bending resistance of the chord face governs the
strength of the joints. When the chord thickness increases (t decreases), the bending resistance
of the chord face increases which subsequently results in an increase in the joint strength.
Moreover, the resistance increases with the increase of the yield strength. Hence, an increasing
trend in the ratio Frem, 0.8/ Frem, =1 IS observed as the steel grade increases in the joints with
f value of 0.5 and 0.7. The joint strength of the S355 joints with  value of 0.5 and 0.7 increased
by 61% and 57%, respectively when the chord thickness increased from 8 mm to 10 mm. For
the S500 and 700 joints with 3 value of 0.5, the joint strength increased by 61% and 70%, and
for the joints with  value of 0.7, the strength increased by 58% and 68%.

In addition, it is observed that the increase of the chord thickness lead to the same increase in
the joint strength for the S355, S500 for all B. The S700 joints have shown different behaviour.
Lower Frem, =08/ Frem,=1 ratios were found for the S700 joints with 3 value of 0.85 and 1.0
compared to the S355 and S500 joints. The joint strength of the S700 joint with  value of 0.85
increases by 32%, while the joint strength of the S355 (and S500 joint) joint increases by 36%,
when the chord thickness increased from 8 mm to 10 mm. It is worthy to note that the S355
and S500 joints with 3 value of 0.85 failed by punching shear, while the S700 joints failed in
the HAZ in the brace for both values of t. The increase of the chord thickness has a higher
influence on the joint strength for the S355 and S500 joints rather than that for the S700 joints.
Because the resistance of punching shear is increased as the chord thickness increased for the
S355 and S500 joints, while the capacity of the S700 joint is governed by load bearing capacity
of the brace in HAZ.

The increase of the joint strength in the S700 joints can be explained by the stress distribution
in the brace at the chord-brace interaction. Figure 7-19 demonstrates the non-uniform stress
distribution in the brace due to the non-linear stiffness distribution along the perimeter of the
connected braces. When the chord thickness increases, the axial stiffness of the chord side wall
increases resulting in lower stresses at the sides. The stresses are lower at the sides of the brace
(especially in HAZ) in the joint with a thickness of 10 mm than that in the joint with a chord
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thickness of 8 mm when exposed to the same load. This results in high load bearing capacity
of the joints with thicker chord member until the capacity of load bearing capacity of the brace
in HAZ is reached

-

L

|

Figure 7-19 Stress distribution in the brace at the chord-brace interaction

The S355 and S500 joints with a  value of 1.0 and a t value of 1 failed by the chord side wall.
When the chord thickness increased (t = 0.8), the failure shifted from the chord side wall to
the brace in HAZ. For the S700 joints, the failure occurred in the brace in HAZ for both values
of t. The joint strength of the S355 (and S500 joint) joint increased by 28% when the thickness
increased from 8 mm to 10 mm. While the joint strength of the S700 joint increased by 24%
which investigates that the effect of the material reduction in HAZ is more pronounced in S700
joints.

Besides, the initial stiffness increases, as the value of t decreases for the different steel grades,
see Figure 7-20. The reason is the increase of the bending stiffness of the chord face, especially
for the joints with a f < 0.85, and the axial stiffness of the chord side wall. The initial stiffness
of the S355, S500 and S700 joints with B = 0.7 increased by 75%, as the chord thickness
increases from 8 mm to 10 mm.
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Figure 7-20 initial stiffness as a function of z with = 0.7
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7.3.4 FAILURE MODE

The FE results including the von Mises stress and the equivalent plastic strain (PEEQ) at a load
520 kN of the joint XS5000.710.8 and XS50000.7t1.0 are presented in Figure 7-21 and Figure
7-22, respectively. It can be observed that the localized strains in the chord face for the joint
with t of 0.8 (thicker chord face) are lower compared to that of the joint with t of 1.0. This
explained by the stronger and stiffer chord face. Similar observations are found for the S355
and S700 joints with B value of 0.7. All the joints with B value of 0.5 and 0.7 and a t values of

0.8 and 1.0 failed by chord face failure.
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Figure 7-22 Von Mises stress distribution (Left) and PEEQ (Right) at the governing load of
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Figure 7-23 presents the failure modes of the XS500 joint with p value of 1.0 and t-values of
0.8 and 1. It can be observed that the failure mode changed from chord side wall to brace failure
in HAZ. The failure occurred in the base material in both cases. Similar observations were
found for the joints XS355. For the joint XS700 with t-values of 0.8 and 1 and f3 value of 1.0,
the failure occurred in the brace in HAZ, see Figure 7-24. This investigates that the material
softening in the HAZ becomes more pronounced in the failure of HSS joints.
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Figure 7-23 The failure mode of the joint XS50041.071.0 (Left) and XS50041.070.8 (Right)

Figure 7-24 The failure mode of the joint XS70041.071.0 (Left) and XS70041.0z0.8 (Right)

PEEQ
PEEQ (Avg: 75%)
vag: 759 +8.000e-01
(PG /) +7.333e-01
+7.391e+00 16.6676-01
+8.000e-01 +6.0009'01
+7.333e-01 +5333e_01
+6.667e-01 +4.667e-01
+6.000e-01 +4.000e-01
+5.333e-01 +3.333e-01
+4.667e-01 +2.667e-01
+4.000e-01 +2.000e-01
+3.333e-01 +1.333e-01
+2.667e-01 +6.667e-02
+2.000e-01 +0.000e+00
+1.333e-01
+6.667e-02
+0.000e+00




7.3.5 COMPARISON TO EUROCODE DESIGN STRENGTH

In this section, the need for the reduction factor will be evaluated for the joints covered in this
study. The obtained joint strengths Frem are compared with the design strength Fecact with
and Fecs without applying the reduction factor Cs. The material reduction factor introduced in
the revised version of EC3 part 8 [5] are presented in Table 7-7.

Steel grade [MPa] Material reduction factor Cs

f, < 355

355 < f, < 460

460 < f, < 550

550 < f, < 700

Table 7-7 Material reduction factors

Table 7-8 provides the summary of the comparative analysis. It can be observed that all the
joints of different steel grade, p-values and t-values except for the joints XS5003170.8 and
XS50081t1 are on the safe side because Frem/ Fecsct and Frem/ Fecs ratios are larger than
1; in other words, the Frem strength exceeds the design strength Fecs.cr and Fecs with and
without applying Cr. Regarding, the joints XS5008110.8 and XS500p1t1, without reduction
the design strengths Fecz exceed the Frem with a ratio of 0.97. At the same time, taking into
account the reduction factors the joints are on the safe side with a ratio of 1.13.

An increasing trend in the ratios Frem / Fecace and Frem / Fecs from p=0.5 to $=0.85 is
observed for all the joints with t = 0.8 and T = 1. However, the ratios decrease as the p-value
is approaching 1.0, as shown in Figure 7-25-Figure 7-28.

Figure 7-29 presents the Frem/ Fecs ratio of the joints as a function of t for B=0.7. It can be
observed the ratios are constant for the joints of steel grade S355 and S500 as the t decreases
from 0.8 to 1.0, while the ratios increase in the S700 joints. For the Frem/ Fecact ratio, it can
be observed that ratio increases as the t decreases for all steel grades, as shown in Figure 7-30.
The same trend is observed for the joints with $=0.5, 0.85 and 1.0, see Appendix K.

In addition to the joint strength, the observed failure modes in FEM are compared with the
predicted failure mode from Eurocode. Table 7-9 demonstrate that the predicted failure mode
of the joints closely mirrors the FEM failure modes.

In view of the above-mentioned observations, the necessity of the material reduction factors
for the investigated joints are judged. The results show that the design strength considerably
underestimate the joints strength for the joints with  equals 0.5, 0.7 and 0.85. The ratios
range from 1.07 to 1.79. Even without the reduction factor, the ratios range from 1.25 to 2.2.
Regarding, the joints with  equals 1.0, the ratio Frem/ Fecs are close to 0.97 for the S500
joints. For the S700 joints, a minimum ratio of 1.13 is found. Therefore it is suggested that
reduction factor can be relaxed i.e. 1.0 for steel grade S500 and S700 with B equals 0.5, 0.7
and 0.85. While the material reduction factors are necessary for RHS joints with § =1.
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XS355p0.511
XS355p0.711
XS355p0.8511
XS355p1.011
XS355p0.570.8

XS355p0.770.8

XS355p0.8570.8

XS355p1.070.8
XS500B0.511
XS500B0.711
XS500p0.8571
XS500p1.071
XS500B0.570.8
XS500p0.770.8
XS500p0.8570.8
XS500p1.070.8
XS700B0.571
XS700B0.771
XS700B0.8571
XS700p1.071
XS700B0.570.8
XS700B0.7:0.8
XS700p0.8570.8

XS700p1.070.8

Cs fy 2y  Fecs Fecscr Frem Frem  Frem
[N/mm?] [KN]  [KN] [kN] Fecs Fecse
1 439 25 215 215 238 111 111
1 439 175 | 351 351 518 1.48 1.48
1 439 15 556 556 838 151 151
1 503 125 | 1127 1127 1241 1.10 1.10
1 439 20 336 336 384 1.14 1.14
1 439 14 548 548 812 1.48 1.48
1 439 12 869 869 1140 1.31 1.31
1 503 10 1509 1509 1582 1.05 1.05
0.86 530 25 260 223 279 1.07 1.25
0.86 530 175 | 423 364 610 1.44 1.68
0.86 530 15 672 578 980 1.46 1.70
0.86 582 12,5 | 1515 1304 1468 0.97 1.13
0.86 530 20 405 349 451 111 1.29
0.86 530 14 662 569 963 1.45 1.69
0.86 530 12 1049 902 1330 1.27 1.47
0.86 582 10 1946 1673 1880 0.97 1.13
0.8 614 25 301 241 327 1.09 1.36
0.8 614 175 | 490 392 790 1.61 2.02
0.8 614 15 778 622 1370 1.76 2.20
0.8 614 125 | 1611 1289 1872 1.16 1.45
0.8 614 20 470 376 556 1.18 1.48
0.8 614 14 766 613 1330 1.74 2.17
0.8 614 12 1216 973 1815 1.49 1.87
0.8 614 10 2053 1642 2325 1.13 141

Table 7-8 Joint strength FEM and design strength with and without Cs
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Joint

XS35571

XS50071

XS70071

XS35510.8

XS50070.8

XS70070.8

XS35571

XS50071

XS70071

XS35570.8

XS50070.8

XS70070.8

XS33571

XS50071

XS70071

XS35510.8

XS50070.8

XS70070.8

XS35571

XS50071

XS70071

XS35510.8

XS500710.8

XS70070.8

Observed failure mode

Chord face failure
(Chord plastification)

Predicted failure mode

Chord face failure
(Chord plastification)

Chord face failure
(Chord plastification)

Chord face failure
(Chord plastification)

Punching shear

Punching shear

Punching shear

Punching shear

Brace failure in HAZ

Punching shear

Punching shear

Punching shear

Punching shear

Punching shear

Brace failure in HAZ

Punching shear

Chord side wall

Chord side wall

Chord side wall

Chord side wall

Brace failure in HAZ

Brace failure

Brace failure in HAZ

Brace failure
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Table 7-9 Observed Failure mode (FEM) and predicted failure mode EC3




Material reduction factor

Material reduction factor

Material reduction factor
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Figure 7-25 Frem / Fecs for 7 =1 as a function of S

Feem !/ chs,cffor T=1

W 5355
m 5500
m 5700

B =0.85
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Figure 7-27 Frem / Fecs for £ =0.8 as a function of S

124



Material reduction factor

Material reduction factor

Material reduction factor
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Figure 7-28 Frem / Fecacr for 7 =0.8 as a function of S
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Figure 7-30 Frem / Fecacr for = 0.7 as a function of ¢
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8 CONCLUSIONS AND RECOMMENDATIONS

8.1 SUB-QUESTIONS

This thesis intents to investigate the structural performance, in terms of static strength, stiffness
and ductility of butt-welded RHS X-joints made of steel grade S355, S500 and S700
experimentally and numerically. Based on the test and FE results, the applicability of the
reduction factors introduced in EC3 part 1-8 [5] for steel grades of S355, S500 and S700 are
evaluated. In addition to the experimental and numerical investigations on the joint level,
experimental examinations are conducted on butt-welded coupon specimens made of steel
grade S355, S500, and S700 to investigate their properties in tension. In order to answer the
main research question, the following sub-questions are answered first:

What is the influence of the HAZ on the capacity of mild steel and HSS
butt-welded joints and what are the failure modes of HSS butt-welded
joints?

The tensile tests are conducted on coupon specimens with a transverse butt-weld in the middle
of steel grades S355, S500 and S700. The results have shown that all the coupon specimens
fractured in HAZ. As a consequence of the softened zone, the strength of the butt-welded
coupon specimens reduced compared to the strength of the base material. It is found that the
strength reduction of the butt-welded coupon specimens in steel grade S700 was more
significant than that of the butt-welded coupon specimens in steel grade S355 and S500,
because of the more pronounced material strength reduction in HAZ of S700 specimens.
Compared to the yield strength of the base material, the yield strength in HAZ is reduced by
20% in the S700 sample, while for the S355 and S500 the strength reduction equals 5%, as
shown in Figure 8-1.

From the results, it can be concluded that the existence of the HAZ has a strong influence of
the strength reduction of the butt-welded coupon specimens. The yield strength reduction of
the HAZ is larger in the S700 steel butt-welded specimens than in the S355 and S500
specimens.

800 1
5]
£
E 600
S,
=
E ]
" 400
i
u
| ]
i 20071 — Yield strength of the base material
= Yield strength of HAZ
D 1

5355 5500 5700
Figure 8-1 The yield strength of the base material versus the yield strength of HAZ

It should be noted that this conclusion regarding the strength reduction are based on the tensile
tests carried out on S500 and S700 butt-welded coupon specimen which is welded by an filler
metal which produces an undermatched weld for the S700 specimens and an overmatched weld
the S500. These matching condition are commonly used in practice for welding high strength
steel.
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How can the material properties of the weld and the HAZ for mild
strength steel and HSS be experimentally established?

Microhardness examination and low-force Vickers hardness test were employed to identify the
width of the different region corresponding to the weld and HAZ.

The digital image correlation (DIC) technique was used in the tensile test to measure the
deformation and strain on the butt welded coupon specimens. Using DIC makes it possible to
change the position of the initial set range after the tests. In addition, it is very useful when
studying the strain localization which would be rather difficult to study with a simple strain
gauge or extensometer. Therefore, DIC was employed to determine the local material
properties across the weld zone.

Based on the measured strain distribution along the length of the specimens, different regions
corresponding to the base material, weld, HAZ are identified. The deformation of the weld and
the HAZ are derived from DIC by placing ‘virtual’ extensometers over each individual zone.
The length of the extensometer is taken to be equal to the width of each zone obtained from
the hardness test. Based on these measured deformations and the recorded applied force, the
engineering stress strain curves of the weld and HAZ is derived. [40]

The determined material properties are implemented in a FE model of the butt-welded coupon
specimens. The specimen was divided into three regions: the base material, weld and HAZ.
The engineering stress strain curve obtained from the tensile test on the butt welded coupon
specimens, where the deformation is measured over a predefined gauge length of 50 mm, are
compared with the numerical stress strain curve. The results have shown that FE results give
an excellent correlation with the experimental results up to the onset of necking.

This highly proves:

e The confidence in the finite element model up to onset of necking
e The reliability of the obtained material properties for the weld and HAZ by DIC.

Is the current design for full penetration butt welds according to prEN
1993-1-8 safe for HSS?

The tensile tests on the butt-welded coupon specimens showed a significant the influence of
the observed failure mode on the resistance of the butt-welds. The current design resistance of
the full presentation butt-weld according to prEN 1993-1-8:202 are carried out in the base
material and not in the weld seam or the heat affected zone. The strength of welds or the heat-
affected zone is often lower than the strength of the base metal. As found from the tensile tests
results, all the coupon specimens failed in HAZ. Therefore, the current rules for the full
penetration butt welds are insufficient and unsafe. The research project HighButtWeld [61]
carried out experimental investigations on butt-welds made of high-strength steels. They
proposed a design resistance function which takes the exitance of the softening zone as well as
the possible failure modes of a butt welded joint in high-strength steel into account. The load-
carrying capacities of the butt welds obtained in this thesis are compared with the proposed
design resistance. In this thesis, the filler metal Union NiMoCr was used for welding the high-
strength steel, producing an overmatched weld for the S500 steel and undermatched weld for
the S700 steel. As already mentioned, all the joints fractured in the heat affected zone, therefore
the load-carrying capacity is calculated based on the tensile strength of the HAZ (fynaz). In
addition, the contribution of the filler material is accounted for in the calculation of the test
resistance Gtest, to be consistent with the proposed design resistance ovrd. AS shows in Table
8-1, a maximum ratio otest/ov,rd Of 1.3 is found. This means that:
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e The introduction of the softening coefficient x in the design resistance provides a
reasonable prediction for the strength of the HAZ. It can be concluded that the proposed
design model for the butt welds, where the existence of a soft zone is taken into account,
provide a safe and sufficient design for the butt-welded high strength steel connection.

SpeCimenS f u,HAZ Otest f u,PM f u,FM X Uv,Rd Utest/ Uv,Rd

WS500.t8

WS500.t10

WS700.t8

WS700.t10

Table 8-1 Comparison of the new design model and the test results

What are the static strength, the ductility and failure modes of the tested
RHS HSS X-joints?

A total of five X-joints of square and rectangular hollow sections of steel grades S355, S500
and S700 are tested under axial tension. The structural performance of the X-joints are
described by the joint strength, ductility and failure mode. The joint strength for all joints
except for joints X7008=0.857 and X500B=1.0, is determined based on the 3% deformation
limit. Considering the joints X35580.875 and X50000.875, which have the same [ but different
steel grade, it was observed that the joint strength increases by 14% as the steel grade increases
from S355 to S500. At the same time the deformation capacity of the joints decreases as the
steel grade increases. The deformation at the ultimate load of X50000.875 is decreased by 40%
compared to that of X35580.875. Similar observations are found for the joints X35531.0 and
X500B1.0: the joint strength increases by 24% as the steel grade increases from S355 to S500,
while the deformation at the ultimate load decreased by 60%. For the X70080.857 joint,
minimal deformation is observed in the joint before it failed. The joint failed at a deformation
of 1.6%bo (which equals 2.24 mm).

It is observed that brace failure was the governing failure mode for X500£0.875, X50081.0
and X355p0.875 joints. Punching shear occurred in joint X70080.857, a crack is observed in
the HAZ in the chord face. For joint X355p31.0, the chord sidewall is the governing failure.
The failure modes of the joints which have the same f values and different steel grade are
compared. For the joints with =1, the observed failure mode changed from chord side wall
failure to brace failure in HAZ when the steel grade increased from S355 and S500. For =
0.875, both joints failed in the brace in HAZ. It can be observed the material softening in the
HAZ becomes more pronounced in the failure of HSS joints.
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What should be considered in the simulation to predict the real behaviour
of the RHS X-joints?

Since the number of the experiments is limited, the structural performance of HSS butt-
welded X-joints is evaluated by numerical models. A preliminary numerical simulation is
carried out to validate the finite element (FE) models of the X-joints against the test results.

The welded X-joints consist of separate zones such as the weld, HAZ and corner and flat
region of the hollow section, each with different material properties. To provide an accurate
and consistent prediction of the behaviour of X-joints, the material properties of the distinct
zones has to be considered in the X-joint modelling. The material properties of each zone are
obtained through the tensile coupon tests, except for the properties of the corner region these
are taken from literature. The width of the HAZ are taken to be equal to the measured width
by the hardness test.

Firstly, a model is created whereby the corner regions of the brace and chord member are
assigned with the same base material properties adopted for the flat region of the cross-
section. The FE results have shown good consistency in terms of the strength and failure
mode with the corresponding test results. A maximum difference of 3% was found between
the experimental and numerical ultimate resistances. However, the deformation capacity of
the joint was overestimated. This can be devoted to the fact that the corner properties are not
assigned with the proper material properties. During cold working, high plastic deformation
and strain hardening appear in the corner regions compared to the flat regions of the hollow
section, resulting in nonuniformity in the mechanical properties around the cross-section. The
effect of cold working was, therefore, considered by assigning the corner region with corner
properties found in literature. The FE results have shown that the deformation capacity
overestimation was resolved.

e Based on these findings, it is concluded that the numerical model can be
considered as sufficiently accurate and consistent. By assigning the proper
material properties to the distinct zones of the welded joint and by accounting for
the proper dimensions of the HAZ, the actual behaviour of the X-joint under
tension can be predicted.

What is the influence of varying the brace-to-chord width ratio B on the
strength, initial stiffness, and ductility of the HSS RHS X-joints?

Strength
As the B increases from 0.5 to 1.0, the same strength increases is observed in RHS X-joints

made of steel grade S355 and S500. The strength increased by 421%, while the strength of the
S700 RHS X-joint increased by 472%. The strength increase is more pronounced in the S700
RHS X-joint.

Initial stiffness

The initial stiffness of joint also increases by the increase of B. The increase of the stiffness is
more significant when B approaching one. The stiffness increased from 18 to 3869 kN/mm as
B increased from 0.5 to 1.0, for all the steel grades. This can be explained by the transfer of the
applied load to the chord side wall. When B-value is large, the applied load is resisted by the
stiff chord side walls. However, when B-value is small (B < 0.85) the applied load is mainly
resisted by the bending action of the relatively flexible chord face rather than directly to the
stiffer side walls, resulting in lower initial stiffness
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Deformation capacity

The deformation capacity decreases with increasing B and steel grade. Both the mild and high
strength steel X joints with < 0.85 exhibit large deformation through chord plasticisation.
The deformation capacity decreases as p approaching 1.0. It is found that the joints with =
1.0 made of steel grade S355 and S500 exhibit a deformation characteristic with sufficient
ductility while the S700 joints exhibit a limited deformation capacity. The S700 joints failed
before the 3% deformation limit.

What is the influence of varying the brace-to-chord thickness ratio T on
the strength, stiffness, and ductility of the HSS RHS X-joints?

Strength
For all the X-joints, it appears that a decreasing value of t (increase of the chord thickness)

results in an increase of the joint strength.

The joint strength increases with the increase of the yield strength. The joint strength of the
S355 joints with B value of 0.5 and 0.7 increased by 61% and 57%, respectively, when the
chord thickness increased from 8 mm to 10 mm. For the S500 and 700 joints with  value of
0.5, the joint strength increased by 61% and 70%, respectively. For the S500 and S700 joints
with B value of 0.7, the strength increased by 58% and 68%.

The joint strength of the S355 and S500 joint with  value of 0.85 increased by 36%, while the
joint strength of the S700 joint increased by 32%, when the chord thickness increases from 8
mm to 10 mm. It can be observed that the increase of the chord thickness has a larger influence
on the joint strength for the S355 and S500 joints rather than that for the S700 joints. This can
be explained by the failure mode which has taken place. The S355 and S500 joints with 3 value
of 0.85 failed by punching shear, it failed in the chord face around the perimeter of the brace,
while the S700 joints failed in the HAZ in the brace for both values of t. This means that when
the chord thickness increases, the resistance of punching shear increases for the S355 and S500
joints, while the capacity of the S700 joint is governed by load bearing capacity of the brace
in HAZ.

The S355 and S500 joints with a 3 value of 1.0 and a t value of 1 failed by the chord side wall.
When the chord thickness increased (t = 0.8) the failure shifted to the brace in HAZ. For the
S700 joints, the failure occurred in the brace in HAZ for both values of t. The joint strength of
the S355 (and S500 joint) joint increased by 28% when the thickness increased from 8 mm to
100 mm. While the joint strength of the S700 joint increased by 24%.

Initial stiffness

The initial stiffness increases, as the value of t decreases for the different steel grades. The
reason is the increase of the bending stiffness of the chord face, especially for the joints with a
B <0.85, and the axial stiffness of the chord side wall.
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8.2 MAIN QUESTIONS

What is the structural behaviour of HSS RHS butt-welded X-joints under
axial tension?

The structural behaviour of the RHS butt-welded X-joints under tension is investigated
experimentally and numerically in terms of the static strength, stiffness and ductility. The
behaviour of the X-joint is characterized by its failure mode which is highly dependent on the
geometric parameters and steel grade of the joints. To answer the main question, first the
following experimental results are considered.

A total of five RHS butt-welded X-joint are tested under tension, whereby two X-joints are
made of steel grade S355 (X355 $=0.875 and X355 B=1.0), two X-joints are made of steel
grade S500 (X500 B=0.875 and X500 B=1.0) and one X-joint in steel grade S700 (X700
[3=0.857). Based on the test results the following conclusions are drawn:

e Increasing the steel grade from S355 to S500 has a higher influence of the ductility
reduction of the joints than the joint strength increase. The ductility reduction is more
pronounced in the joints with f=1.0 where the joint failed before the 3% deformation limit.
Considering the S355 and S500 joints with f=0.875, it is observed that the joint strength
increases by 14% as the steel grade increases from S355 to S500, while deformation at the
ultimate load decreased by 40%. Similar observations are found for S355 and S500 joints
with B=1.0, the joint strength increases by 24% as the steel grade increases from S355 to
S500, while the deformation at the ultimate load decreased by 60%.

e The material reduction in HAZ has a significant influence of the capacity and ductility of
the S700 joints. The joint failed in the brace in the HAZ before reaching the 3%
deformation limit. This observation is inline with what is observed from the tensile tests
on the butt-welded coupon specimens it is found that the strength reduction in the S700
joint are more pronounced because of the significant material reduction in HAZ compared
with the base material.

The experimental tests are supported by numerical simulations covering a wide range of
geometric parameters. A total of 24 RHS X-joints under of steel grades S355, S500 and S700
are analysed. The influence of the steel grade, brace to chord width ratio and brace to chord
thickness ratio on the structural behaviour of RHS X-joints in terms of static strength, ductility
and failure mode are investigated. . A range of common values used in practice were assumed
for the parameters: g = 0.5, 0.7, 0.85, 1.0 and t = 0.8, 1.0. For the latter, the chord thickness
is increased while the thickness of the brace is kept constant. Based on the results from the
parametric study the following conclusions are drawn:

e The joint capacity of RHS X-joints of steel grade S355, S500 and S700 with § = 0.5,
0.7 are sensitive to the increase of the chord thickness by 80%. As the steel grade
increases, the influence becomes more pronounced. The increase of the chord thickness
by 80%, result in an increase of the joint strength by 61% for the S355 and S500 joints
and an increase of 70% in the S700 joints. All the joints failed by chord plasticisation.
Regarding, the initial stiffness, the same increase for the three steel grade of 75% is
found, when the chord thickness increased by 80%. The joint strength increase is
explained by the increase of the bending resistance of the chord face, and subsequently
the bending stiffness of the chord face which mainly resist the applied load when the
chord thickness increased.
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The joint capacity of RHS X-joints of steel grade S355, S500 with 3 = 0.85 are sensitive
to the increase of the chord thickness by 80%, while the effect is less in the S700 joints.
The increase of the chord thickness by 80% in RHS X-joints with 3 equals 0.85, results
in an increase in the joint strength of 36% in the S355 and S500 joints, while in the
S700 joints, the joint increased by 32%. Both S355 and S500 joints failed by punching
shear, while the S700 joint failed in the brace in HAZ for both values of t. The more
pronounced increase in the joint strength of S355 and S500 joints is, because of the
increase of punching shear resistance as the chord thickness increased, while the
capacity of the S700 joint is governed by load bearing capacity of the brace in HAZ.
Regarding, the initial stiffness, the same increase of 50% for the three steel grade is
found, when the chord thickness increased by 80%.

The material reduction in HAZ is more pronounced in the S700 joints with f=1 than
that in the S355 and S500 joints when the chord thickness increases by 80%. The
increase of the chord thickness by 80% in RHS X-joints with 8 equals 1.0, results in an
increase in the joint strength of 28% in the S355 and S500 joints, while in the S700
joints, the joint increased by 24%. All the joints regardless of the steel grade failed in
HAZ when the chord thickness increased by 80%. The less increase in the joint strength
is explained by the more significant reduction of HAZ in the S700 joints compared to
the S355 and S500 joints.

The effect of the material reduction in HAZ on the strength and ductility is more
significant in the RHS X-joints made of steel grade S700 with > 0.85, regardless the
value of . These joints failed in the brace in HAZ before reaching the 3% deformation
limit. In other words, the joints exhibit a limited deformation capacity and the failure
was sudden and brittle in nature.

The increase of B value increases the strength and stiffness while reduces the ductility
of the RHS X-joints. The joint strength increases by 472% as the 3 value increases from
0.5 to 1.0 for S700 joints, while the joint strength increased by 426% for the S355 and
S500 joints. The initial stiffness is also increases when f value increases from 0.5 to
1.0, regardless of the steel grade because for joints with small  the applied load is
resisted by the flexible chord face in bending while for joint with p > 0.85 the applied
load is mainly resisted by the stiff chord side walls.

The joints with B = 1.0 made of steel grade S355 and S500 exhibit a deformation
characteristic with sufficient ductility, exceeding the 3% deformation limit, while the
S700 joints exhibit a limited deformation capacity. The S700 joints failed before the
3% deformation limit.

Increasing the steel grade from S355 to S500 has a higher influence of the ductility
reduction of the joints with § =1 than the joint strength increase, which is confirmed by
the experiments. The deformation capacity of the joint decreased by 50% while the
joint strength increased by 15%.
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What is the suitability of the material reduction factors prescribed in
EN1993-1-8 for RHS butt-welded X-joints made of HSS?

The applicability of the reduction factors introduced in EC3 part 1-8 [5] for steel grades of
S500 and S700 are evaluated. The joint strength obtained from experimental tests and the
numerical simulation are compared to the design resistance predicted according to EN-1993-
1-8 [5] without applying the material reduction factors. It is found that the design resistance
becomes increasingly conservative for RHS X-joints with small brace to chord width ratio (3
<1). Therefore it is suggested that reduction factor can be relaxed i.e. 1.0 for steel grade S500
and S700. For the joints with B =1, the design resistance without applying the reduction
factor are unconservative and becomes conservative when the reduction factor are applied for
S500. For S700, it is observed that the material reduction in HAZ has a significant influence
on the joint strength and ductility. It is therefore necessary to account for the material
reduction in HAZ in order to provide safe design. It is concluded that the material reduction
factors are necessary for HSS RHS X-joints with (B =1).

It should be noted that the conclusion regarding the material reduction factor are based on the
experimental tests and the numerical simulation of RHS butt-welded X-joints within a
specific range of geometric parameters.
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8.3 RECOMMENDATIONS FOR FUTURE WORK

The following recommendations for future work are proposed:

Investigate the effect of the different welding parameters on the material properties of
HAZ in HSS.

o The material properties of HAZ depends on different operational parameters during
welding such as the heat input, welding type, cooling time and inter-pass temperature.
If these parameters are not properly controlled, significant strength reduction of HAZ
can be found. Therefore, it is of great importance to investigate the influence of these
parameters to avoid excessive material reduction in HAZ.

Investigate the matching condition of the weld on the capacity of HSS joints

More experiments should be carried out on RHS X-joints under tension with wider range
of geometric parameters in order to investigate their structural performance and validate
the material reduction factor prosed in the revised version of EN1993-1-8.

Investigate on the deformation capacity of S700 high strength steel joints.

Determine the material properties of the corner region in the cold-formed hollow sections
and Evaluate the effect of welding on the properties of the corner region

o In cold-formed hollow sections, corner material properties differ from the properties of
the flat region. Higher level of material hardening is generated in the corner regions
compared to the flat regions during cold forming, resulting in nonuniform mechanical
properties around the cross-section. The strain hardening increases the strength but
decreases the deformation capacity in the corner areas. The FE results have shown that
implementing the corner properties in the numerical simulation give accurate and
consistent prediction of the real behaviour of the X-joints.

Examine the structural performance of HSS tubular joints subjected to different loading
types. Experimental and numerical investigations could be carried out on other joint types
such RHS and CHS T-,Y-,K- and N-joints with different loading types e.g., axial
compression and bending.
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Figure A-2 Dynamic and static engineering stress strain curve of BS355t8-2
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Figure A-4 Dynamic and static engineering stress strain curve of XS355t10-2
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Figure A- 7 Dynamic and static engineering stress strain curve of BS500t10-1
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Figure A-8 Dynamic and static engineering stress strain curve of BS500t10-2
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Figure A- 9 Dynamic and static engineering stress strain curve of BS700t8-1
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Figure A- 10 Dynamic and static engineering stress strain curve of BS700t8-2
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Figure A-11 Dynamic and static engineering stress strain curve of BS355t10-1
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Figure A-12 Dynamic and static engineering stress strain curve of BS700t10-2
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Figure A-13 Dynamic and static engineering stress strain curve of XS700t6-1
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Figure A-14 Dynamic and static engineering stress strain curve of XS700t6-2
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APPENDIX B

B.1 THE MICROSTRUCTURE OF THE S700 SAMPLE

Figure B-2 Microscopy image of the weld of S700 sample
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Figure B-5 Microscopy image of the base material of S700 sample
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B.2 THE MICROSTRUCTURE OF THE S 355 SAMPLE

Figure B-6 Overview of the microstructure in the weld area of S355 sample

Figure B-8 Microscopy image of the CGHAZ of S355 sample
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Figure B-9 Microscopy image of the FGHAZ of S355 sample

10 Microscopy image of the base material of S355 sample

Figure B-
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Figure C-1 Low-force Vickers hardness distribution of the sample BWS355t5
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Figure C-2 Low-force Vickers hardness distribution of the sample BWS355t8
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Figure C-4 Low-force Vickers hardness distribution of the sample BWS500t10
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APPENDIX D
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Figure D-2 The longitudinal strain distribution (e,,), captured by DIC, of the welded
specimen BWS355t10
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Figure D-4 The longitudinal strain distribution (e,,), captured by DIC, of the welded
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APPENDIX E
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Figure E-1 Local stress-strain curve of the individual zone of BWS355t5 coupon specimen
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Figure E-2 Local stress-strain curve of the individual zone of BWS355t10 coupon specimen
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Figure E-4 Local stress-strain curve of the individual zone of BWS500t10 coupon specimen
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Figure E-6 Local stress-strain curve of the individual zone of BWS700t10 coupon specimen
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APPENDIX F

BRACE FAILURE IN HAZ IN XS5008B0.875

Figure F-1 Failure mode of XS50040.875

BRACE FAILURE IN HAZ IN XS500B1.0

4 v T

Figure F-2 Failure mode of XS50041.0

PUNCHING SHEAR FAILURE IN HAZ IN XS5700B0.857

[ ,

Figure F-3 Failure mode of XS70040.857
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Figure F-4 Failure mode of XS35540.875

CHORD SIDE WALL FAILURE IN XS3558B1.0

Figure F-5 Failure mode of XS35541.0
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APPENDIX G

G.1 DESIGN CALCULATION X50080.875

Brace Steel B 2y T
grade by/by bo/ty t1/tg

[mm]

160.8 x 160.9x 9.8 | 140x 140x 7.9 | S500 | 0.875 m

Brace Failure

10 fyo 0
eff = bO/tOfyl ty

——b; =109.4mm

Ngas,i = Cffyltl(Zhl — 4t + Zbeff)/VMs = 1702 kN

Punching shear

10
bep = 7——b; =87.5mm
Y b/t

fyoto ( 2hy

+b ) =1197.4 kN
Cr V3 - sin(6;) \sin(6, ) ep )/ Yus

Nga,; =

G.2 DESIGN CALCULATION X50081.0

Chord Brace Steel B 2y T Cr
[mm] [mm] grade b;/by bo/ty ti/tg

Brace Failure

b
1~ bo/to fi b

Nrasi = Crfyrt1(2hy — 4t; + 2bs)/Yus = 1083 kN

Chord side wall Failure

fyo 0 2n

) Qr/vus = 1145 kN

Nl,i,Rd sm(@ ) ((1 ﬁ \/_
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G.3 DESIGN CALCULATION X700B0.857

Chord Brace Steel B 2y T Cr
[mm] [mm] grade by/by b,/ty t1/to

Brace Failure

10 fyoto

= — b; =51.4mm
T bo/to fyiti

Nrasi = Crfyrti(2hy — 4t; + 2boss)/yms = 699 kN

Punching shear

= i = A mm
“p bO/tO '
’yoto ( 2h1
! V3 Sin(el) Sln(el) ep / >

G.4 DESIGN CALCULATION X3558B0.875

Brace Steel B 2y T Cr
[mm] grade by/by b,/ty ti/tg

160.5x 159.6 x 10 | 140 x 140x 8.3 | S355 | 0.875 m
Brace Failure

b = 10 fyoto
s bo/to fyi ti

b; = 109 mm

Nrasi = Crfyrti(2hy — 4t; + 2bess)/Yus = 1639 kN

Punching shear

b 10 b 87.5
=——b, =87.5mm
P bo/ty
fyoto ( 2hy
Npyi =0C - +b ) = 1153 kN
Rat= ™3 -sin(6,) \sin(8;) P [Yws
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G.5 DESIGN CALCULATION X355B1.0

Chord Brace Steel B 2y T Cr
grade by/b, b,/ty ti/t

[mm] [mm]

Brace Failure

_ 10 fyo to
T bo/to fyi t;

b; = 60 mm

Niasi = Crfyrti(2hy — 4t; + 2bess)/yms = 1072 kN

Chord side wall Failure

fyo tg 2n

Nyira = Cr - (

* ) Qr/yYus = 974 kN
-5 f/Yms =

sin(8) ‘A1—B "
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APPENDIX H

Plastic True stress strain curves of the different region for X500-B1.0
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Figure H-1 Plastic true stress strain curves of the different region for the joint X50041.0

Plastic True stress strain curves of the different region for X700-80.857
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Figure H-2 Plastic true stress strain curves of the different region for the joint X70040.857
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Plastic True stress strain curves of the different region for X355-B0.875
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Figure H-3 Plastic true stress strain curves of the different region for the joint X35540.875
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APPENDIX |

BRACE FAILURE IN HAZ IN XS50080.875

-

Figure I-1 FE failure mode of XS500£0.875

BRACE FAILURE IN HAZ IN XS500B1.0

w. Europe DayligheTi

Figure 1-2 FE failure mode of XS50041.0
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PUNCHING SHEAR FAILURE IN HAZ IN XS5700B0.857

Figure 1-3 FE failure mode of XS700£0.857

BRACE FAILURE IN HAZ IN XS355B0.875

HIHTHIR NIy

Figure I- 4 FE failure mode of XS35540.875
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CHORD SIDE WALL FAILURE INHAZ IN XS3558B1.0
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Figure I-5 FE failure mode of XS35541.0
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APPENDIX J
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Figure J-1 Load deformation curve for the different £ values for the S355 joint with 7= 0.8
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Figure J-2 Load deformation curve for the different £ values for the S500 joint with 7= 0.8
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Figure J-3 Load deformation curve for the different £ values for the S700 joint with 7= 0.8
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Figure J-4 Load deformation curve for the different z values for the S700 joint with = 0.5
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Figure J-5 Load deformation curve for the different z values for the S700 joint with f = 0.85
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Figure J-6 Load deformation curve for the different z values for the S700 joint with = 1.0
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APPENDIX K
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Figure K-1 Frem / Fecs for g = 0.5 as a function of ¢
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Figure K-2 Frem / Fecacr for = 0.5 as a function of z
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Figure K-3 Frem / Fecs for = 0.85 as a function of ¢
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Figure K-4 Frem / Fecacr for = 0.85 as a function of ¢
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Figure K-5 Frem / Fecs for g = 1.0 as a function of ¢
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Figure K-6 Frem / Fecscr for f = 1.0 as a function of ¢
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